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Transporting Renewables: Systematic
Planning for Long-Distance HVDC Lines

Tom Brown, Stanislav Cherevatskiy, Eckehard Troster
Energynautics GmbH
MuhlstraBe 21, 63225 Langen, Germany
Email: t.brown@energynautics.com

Abstract—The planning and operation of high voltage
direct current (HVDC) lines within synchronous alter-
nating current (AC) transmission networks has become
an important topic, particularly with the integration of
remote renewables into the grid. The optimal dispatch
of particular fixed AC-DC networks has already been
studied in the literature; we focus in this paper on
optimizing the initial positioning of the DC network within
the AC network and how it should be optimally sized. The
problem is challenging because the optimization criteria
(such as reducing congestion, overloading and losses)
are non-linear while the optimization space of possible
connection points of the DC terminals is discrete. Tech-
niques are presented here based on a linearized version
of the AC load-flow equations known as power transfer
distribution factors (PTDFs). Examples are calculated for
Germany in the year 2030 and for the European network
up to the year 2050, with renewable power plants built
out to provide 90% of electrical energy.

Keywords: HVDC, HVDC planning, PTDF, optimization,
AC/DC interaction

1. INTRODUCTION

The integration of large amounts of renewable energy
into the power system requires new power corridors to
transfer the energy to where it is needed. For example,
good wind resources are often geographically remote,
on coastlines or in the sea, and thus can be far away
from load centres; in addition, the balancing effects of
aggregating multiple wind sites can best be leveraged
when very wide areas are interconnected.

For the transmission of power over long distance high
voltage direct current (HVDC) has several advantages
over high voltage alternating current (HVAC): lower
losses over long distances and therefore lower costs;
higher power transmission for the same mast height and
ground clearance; no need for reactive power compen-
sation along the line; as a result, it is feasible to put
underground or in the sea; much better controllability
and hence greater ease of allocating the cost of the
transmission assets; and, in the case of voltage source
converter (VSC) HVDC technology, the stabilization of
weak grids (see for example [1]).

A further advantage of HVDC is the ability to connect
different synchronous AC networks and thus enable
power transfers between them. The majority of HVDC
lines that have thus far been built have been be-
tween grids that are not synchronous; exceptions are

"Presented with peer review at EWEA 2013 in Vienna.

mostly lines under bodies of water, such as Fenno-
Skan between Finland and Sweden and the connection
between Italy and Greece. However this is now chang-
ing, as the need for long distance power transmission,
particularly to accommodate renewables, has lead to
plans for HVDC lines within meshed synchronous AC
zones. Examples in Europe include the currently under
construction Inelfe line between Spain and France [2]
and planned lines between Belgium and Germany [3]
and within Germany itself [4].

A high voltage DC network running parallel to an AC
network presents several challenges, many of which
have been tackled in the literature. The effects on
stability and voltage control during disturbances have
been widely studied for different technologies (see for
example [5] and [6] for recent operation and control
strategies). Interactions between several nearby HVDC
systems where the subject of, for example, [7]. From a
more economic perspective, optimal power flow strate-
gies for mixed AC-DC systems with fixed topology were
considered in [8] and [9], while hourly scheduling of
HVDC with VSC was discussed in [10].

From a planning point of view, the optimal expan-
sion of AC transmission systems is already a highly
developed field, with various strategies being employed
depending on the size of the network, the time horizon,
whether generation assets are also included in the
optimization and what kind of objective function is used.
The optimization problem is non-linear because the
load-flow equations and computation of losses are non-
linear; it is constrained by the various characteristics
of the assets; it is in general non-convex; and it is a
mixed integer problem, since transmission and gener-
ation assets can only be built out in discrete steps.
Usually the topology of the network is assumed to
be fixed. To enable computation in reasonable times
simplifications are often made, such as the linearization
of the load-flow equations, neglecting losses, forcing
convexity of the solution space or allowing expansion of
the network in arbitrarily-sized steps. Literature surveys
can be found in [11], [12], [13].

Some optimal planning studies have also incorpo-
rated HVDC systems alongside AC networks [14], [15]
but they assume that the location and topology of the
HVDC line is fixed and only optimize its capacity. DC
lines are built out in preference to the AC grid to
enable longer distance power flows and thus cheaper



generation technologies to be dispatched. By allowing
more controllable power transfers, they can also relieve
large parts of the AC grid, although they may require
the AC grid to be strengthened at the connection points.
Overdimensioning of the DC line must also be avoided,
to prevent parallel flows in the opposite direction on the
AC network.

In this paper we introduce and investigate some
algorithms for choosing not just the size but also the
optimal placing of HVDC lines within an AC network.
They can be located to relieve congestion in the AC
network, to reduce overloading of AC lines, to reduce
power losses or to reduce overall network expansion
costs. To simplify the problem we linearize the load-
flow equations using Power Transfer Distribution Fac-
tors (PTDFs), a strategy already used in other studies
[16], [17]. However the optimization problem remains
non-linear since the objective functions are non-linear.
The problem is also by nature discrete, since particular
nodes must be selected for attaching the DC network.

Case studies are presented for the European trans-
mission system, with a particular focus on Germany.
An aggregated grid model is used for the power flow
calculations, while the scenario for installed capacities
and dispatch of generation technology is taken from
the SmoothPV project [18], in which generation and
transmission assets were jointly optimized for social
welfare up to the year 2050 with a 90% reduction in
CO, emissions. Germany was chosen as the main
focus because the need for HVDC links within Germany
is already known (to carry wind from the North to
the South of the country to replace shut-down nuclear
capacity) and because studies already exist against
which we can compare our results, such as the German
Network Development Plan 2012 [4].

The remainder of the paper is structured as follows:
Section|l| presents the methodology. The algorithms are
applied to Germany in Section[llll Section [IV] expands
the analysis to the rest of Europe. Section [V|concludes.
In the Appendix a flow-allocation algorithm for detecting
long distance flows in AC networks is presented which
is related to the other algorithms presented here.

2. METHODOLOGY

The basic methodology is to minimize an objective
function which gives each HVDC configuration within
the AC network a score based on how much it reduces
losses, congestion, costs or overloading in the AC net-
work. Load-flow equations are incorporated into the ob-
jective function so that the effect of the HVDC network
on every AC line is taken into account. Each different
HVDC configuration (i.e. the different connection points,
including simple multiterminal examples) is optimized
separately and then the results are compared.

2.1. The PTDF representation of the load-flow equa-
tions

To simplify the problem, linearizations of the load-flow
equations are used called Power Transfer Distribution
Factors (PTDFs), which are essentially the same as

what is known as a ‘DC load flow’ calculation. It is a
linearized relation between the net power imbalances
at each node and the active power flows on the lines,
based only on series reactances of the lines and the
voltage angles.

The non-linear AC load-flow equations can be lin-
earised if we assume that: all voltages are setto 1 p.u.;
reactive power is neglected; losses are neglected; line
series reactance is always bigger than the resistance
X >> R = 0; voltage angles between busses are small
enough to make the approximation sin(d; —4d;) ~ d; —d;.

If i,7 € {1,...n} label the nodes, then let P;; rep-
resent the real power flow along the branch between
nodes i and j, ¢; the voltage angle at each node with
respect to some reference and x;; the reactance of the
branch. Then the load-flow equation for each branch
simplifies to )

Pij
Tij

(0; — ;) (1)
Combining this equation with the fact that that the power
transfers in each branch incident at each node must add
up to the power balance at that node, the branch flows
can be related linearly to the nodal balances

Pbranch = PTDF - Pnodal (2)

The elements of the matrix PTDF are the power
transfer distribution factors, constituting the linear re-
lationship between the load flows on the lines and
nodal power balances. They can also be calculated by
choosing a slack bus within the network and measuring
the change in power flow on each line for an additional
power transfer between a chosen node in the network
and the slack bus (this is where the name PTDF comes
from).

2.2. Optimization and objective functions

A variety of different objective functions were tested,
each with different advantages and disadvantages that
should be taken into account when planning an HVDC
line.

For each topology (e.g. single HVDC line, two HVDC
lines, multiterminal configurations) the different possible
locations of the connection nodes were enumerated
and then the power flow for each configuration was
optimized separately. The optimization space is the
power transfers {x} between nodes connected by the
HVDC network, represented as power injections at the
nodes. For a single line connecting two nodes there
is one variable; for three nodes in a multi-terminal
configuration there are two variables.

For the non-linear optimization the quasi-Newton al-
gorithm of Broyden, Fletcher, Goldfarb and Shanno
(BFGS) as implemented in the Python library SciPy
[19] was used, which offered good performance for the
problems under consideration.

The optimization is highly dependent on the gener-
ation dispatch data, which determines the power flows
in the AC network. The data will be discussed shortly.
The optimization was performed separately for each



dispatch snapshot and then the scores were summed
across the snapshots to get the optimal configuration
for a variety of load flow situations.

The objective functions considered here were:

1) Power losses reduction: The power-loss objective
function optimizes for the reduction in losses in all
branches b of the AC network with and without the
HVDC lines

fiosses (%) = Z {sz,before - Pb2,after<x) * Ve (3)
b b

This is only an approximation of the actual losses on
the line, since by simplifying the load flow equations we
have neglected reactive power flows and losses, but it
serves as a reasonably accurate proxy, where R, is the
resistance of the line and V}, the (constant) voltage. The
losses incurred in the HVDC lines, assuming a rate of
3% for every 1000km [20Q], are small in comparison to
the losses reduction on the AC network, so we neglect
them here.

2) Congestion reduction: The congestion reduction
function measures the reduction in power flow on each
line multiplied by its length ¢,

Svwkm (X) = Z {|Pb,bef0re| - |Pb,after(x)‘ * Ly (4)
b

This function is particularly sensitive to parallel loop
flows in the AC network where power spreads out in
the network, travelling over long indirect routes to get
to where it is used. It is also useful for deciding how
much power to dispatch in the DC network {x} so that
it doesn’t cause backward flows in the reverse direction
in the AC network (which would worsen the score).

3) Cost reduction: The congestion function can be
adapted to optimize the cost of building the DC network
versus the AC network

fCost(X) = Z [|Pb7before| - |Pb,after(x)‘] * 0y * COHL
b

- Z ‘xh‘ * (gh * CoHL + CConverter) (5)
h

The first term is the cost saved by reduced flows on
the AC lines, while the second term is the cost of the
DC lines h and converters. cop, is the cost per MW per
kilometre of overhead lines (assumed to be the same for
AC and DC) and cconverter is the cost per MW of the AC-
DC converters required at the connection points of the
DC network to the AC grid. We have taken cost values
coHL = €400/MW/km and cconverter = €150,000/MW
from [18], but neglected the terrain factors used there.

This function is not perfect, since one would only build
out transmission capacity in discrete parts. It also gives
positive scores to power reductions within the thermal
limits of existing infrastructure, which wouldn’t provide
a cost benefit. In addition, it does not take into account
costs incurred by the higher losses and reactive power
compensation in the AC network, so it must be treated
with caution.

4) Loading reduction: For the loading reduction the
score is weighted according to whether the DC lines
helps reduce the loading on AC lines which are already
loaded over 70% of their thermal limit (70% was chosen
as a safety margin following n—1 security criteria and
also to allow flexbility for future increases in load and
generation)

Sihermal (X) = Z [ reduction of loadings above 70%} x f (6)
b

Let the loading be L, = P,/ P, thermal imit- If the loadings
before and after the introduction of the HVDC system
are below 70%, the score is zero. If the loading before
is less than 70% but the HVDC system has increased
the loading above 70% then the score is the negative
of the difference between the new loading and 70%.
If the loading before is more than 70% then the score
corresponds to how much the HVDC system has de-
creased (positive score) or increased (negative score)
the loading. Reductions below 70% are ignored.

This function is perhaps more relevant than the con-
gestion MWkm function from a planning perspective,
since it is sensitive to reductions only on overloaded
AC lines. The MWkm function may reward configura-
tions that reduce loading on lines that are already well
below their thermal limits, which are not of concern to
planners.

2.3. Network model

To analyse the power flows in the European transmis-
sion network, a detailed model of the high voltage grid
is used. This model was developed with DIgSILENT’s
power system calculation tool PowerFactory and covers
all ENTSO-E members. It consists of over 200 nodes,
representing generation and load centers within Eu-
rope, 450 high voltage AC (HVAC) lines and all the high
voltage DC (HVDC) lines within the ENTSO-E area (see
Figure [1] for the German part of the network). The grid
model is built for AC load flow calculations, but in this
paper only DC load flow was used.

The model includes load and generation allocation
keys, which distribute generation per technology across
the nodes within each market region. The network and
distribution keys were validated by comparing cross-
border flows in the model against publicly available data
from ENTSO-E, after which the impedances and allo-
cation keys were optimized to ensure good agreement
across several snapshots of the network.

The model covers four points in time: 2011, based
on the current network; 2020, including all mid-term
planning projects from ENTSO-E’s Ten Year Network
Development Plan [3] (constituting 82 GVA of extra AC
and 13 GW of extra DC capacity comparated to 2011);
and 2030 and 2050 based on the optimal generation
and transmission expansion taken from the SmoothPV
project [18]. The 2030 and 2050 networks include a
fixed HVDC overlay grid which connect the major load
centres in each market region (see Figure [4). The
initial motivation for the study presented in this paper
was to determine where HVDC lines should be placed



in the SmoothPV network, since the linear optimiza-
tion algorithms used for that project needed fixed line
topologies before they could optimize for the size of the
transmission assets.

For the Germany case study the 2020 network was
used with the 2030 dispatch data, so that the stresses
on the network in 2030 could be seen from the per-
spective of a present-day planner.

For the European case study a slightly different ap-
proach was used: the overlay grid in 2030 and 2050
was assumed to be in fixed locations (but the capacity
was free to be optimized), while HVDC lines were then
optimized in each country but forced to be connected
to the overlay grid landing point in each market region.

2.4. Generation dispatch scenario to 2050

The load, generation and transmission system expan-
sion scenario up to 2050 was taken from the SmoothPV
project [18], which jointly optimized generation and both
AC and DC network infrastructure using similar PTDF-
based methods (the methodology is discussed in [17])
based on a 90% CO- reduction target compared to
1997. The grid model was the same as that presented
above; the electricity market model was developed at
the Institute of Energy Economics in Cologne [22].

For the years 2011, 2020, 2030 and 2050 the dis-
patch was calculated for eight typical days per year
on an hourly basis, representing variations in electricity
demand as well as in solar and wind resources [23].
Extreme events that particularly stress the power sys-
tem, such as periods of low wind and high demand,
were also covered. For the case studies in this paper
we have focused on snapshots with high wind, to model
situations when the network is put under strain by large
wind power inflows.

For the study of Germany, 42 GW of onshore wind
were installed by 2030 along with 44 GW of offshore
wind (28 GW in the North Sea and 16 GW in the
Baltic Sea), assuming cost-optimal development. (In
the Network Development Plan of 2012 by contrast,
64 GW of onshore wind and only 28 GW of offshore are
foreseen in the lead scenario by 2032.) All the nuclear
plants are assumed to have been taken off-line.

For the entire ENTSO-E area the installed capacities
for onshore wind were 264 GW in 2030 and 266 GW
in 2050, and for offshore wind 166 GW in 2030 and
497 GW in 2050. Big cost reductions were assumed
and predictions this far ahead should obviously be
treated with caution.

2.5. Simplifications and assumptions

The use of DC load flow, a simplification necessary to
reduce computation complexity, means that we cannot
take account of reactive power flows, voltage stability
or reactive power compensation in the AC networkE]
No account was taken of fault behaviour either.

We have made no assumptions about the HVDC
technology used; the HVDC line is modelled with a

2A study of these issues for several HVDC configurations in the
network of the German TSO Amprion can be found in [21].

static generator taking up active power in one place
and another delivering it somewhere else. We assume
by 2050 VSC or similar technology will be available for
large power transfers and will be favoured due to its
ability to provide reactive power and hence contribute
towards system stability.

3. TEST CASE: GERMANY IN 2030

Germany was chosen as a test case for these al-
gorithms both because the aggregated network model
is most detailed for Germany and because there are
already existing plans for HVDC capacity in Germany
[4] with which we can compare our results.

For each topology all possible nodes within Germany
were considered in the optimization for the connection
of the HVDC terminals. For the changes in power flows
on the network measured by the objective functions, all
branches in Germany and the bordering countries were
included. The network capacities from 2020 were used
with the dispatch data predicted for 2030, as explained
above. This means that in the base case, without HVDC
lines, there are already a significant number of AC lines
which are overloaded (see Figure [2).

For each optimization we have taken an average
across 8 winter snapshots with high wind levels; a
maximum score is also included for comparison. The
nodal dispatch in the windiest snapshot is indicated
graphically in Figure [1]

3.1. Optimizing for a single line

The results for a single HVDC line are displayed
in Tables [l to [V} The highest scoring lines for losses
reduction and congestion reduction are in agreement:
a line with capacity around 20 GW is recommended
from Hamburg (DE03), in between the offshore wind
parks in the North and Baltic seas, and load centres
in the very south of Germany, around Ulm (DE34),
Augsburg (DE30) and Munich (DE35). With such a line
one can save around 4 GW of losses in the AC network
under windy winter conditions, around 14000 GWkm
of loading on the AC network and reduce the number
of overloaded lines by a factor of 3. The line between
Hamburg and Ulm is marked on the map in Figure

The graphic in Figure [1] shows the extent to which
the loading on the AC network is reduced by the
introduction of the HVDC line. All routes going from
north to south have their burden reduced, including loop
flows that go through the Netherlands, Belgium and
France and on the other side through Poland and the
Czech Republic. Some lines near the connection points
have increased loading, particularly in the south, as the
connection point stresses the network locally delivering
the power.

These capacities agree broadly with the German Net-
work Development Plan 2012 (NEP) [4], which foresees
capacity of 20 GW from the North Sea to southern
Germany in its scenario for 2032. In the NEP strain

3The background image in this figure and others is courtesy of
ENTSO-E.



on the AC network is avoided by splitting the capacity
into four separate corridors’| across the country with
multiple terminals in each corridor, although one must
bear in mind that this also increases the costs by adding
converter stations. We will explore simpler versions of
such multiterminal solutions in the next section.

The avoided losses in Table [| appear quite high, but
there are several reasons for this. Firstly, the 2020
version of the network was used for this study, so
the capacities of the AC lines are under-sized; as
you can see from Figure [2| many of the lines are
overloaded, so their losses will be higher than in a
properly-dimensioned network. Secondly, there is a
very large amount of power (50 GW including Denmark)
being injected in the north, enough to cover most of
Germany’s demand at its lowest point and around 60%
of its peak demand, therefore a significant amount of
power is being transported over long distances. From
Figure [1] it is clear that many lines, including those far
away, are affected by this power flow. And thirdly, since
the losses go quadratically with the power, reducing the
power from higher values has a very large effect on the
losses reduction.

The scores in saved costs from Table [ll] are roughly
in agreement for location, with the exception of a high-
scoring line going from North (DE03, Hamburg) to the
East (DE18, Chemnitz), which appears because of a
lack of West-East capacity dating back to the Reunifi-
cation of Germany and because the shorter length of
the HVDC line leads to a lower cost.

The optimized capacities are noticably lower than for
the other objective functions, between 3 GW and 8 GW.
For reasons discussed before, the cost savings for the
AC network are most likely a significant underestimate,
since it doesn’t take account of the discrete steps in
which transmission capacity is built out and it doesn’t
take account of the cost of losses and reactive com-
pensation in the network.

The scores for reducing overloading on lines loaded
over 70% can be found in Table In contrast to the
losses and congestion scores, the highest scoring are
delivering power to the East. This is because around
half the overloaded lines are in this eastern region,
so there is a strong bias towards reducing the loading
there. Because the distances there are not so great and
the losses in the AC network correspondingly lower, it
may be better to build out the AC network here, and
then use HVDC for the longer routes.

An example of the change in loading profile for the
AC network is depicted in Figure [2 for a 17 GW line
from DEO3 to DE32. The single DC line has reduced
the number of overloaded lines by a factor of three,
reducing the total which are over their thermal capacity
from 39% to 13%. (That so many lines are overloaded
shouldn’t be alarming, since we’ve used the 2020 net-
work.)

Given the discrepancies between the other scores,
it is surprising that the losses and congestion scores

4The line DEO3 to DE34 most resembles Corridor C in the NEP.

TABLE |
SCORES FOR LOSSES REDUCTION

Averaged Averaged | Max Power
Line score power score max
(MW) (GW) (MW)  (GW)
DEO3 — DE34 | 4458 18 6250 21
DEO3 — DE30 | 4362 17 6005 20
DEO3 — DE35 | 4268 17 5829 20
DEO3 — DE32 | 4122 16 6046 20
DEO3 — DE18 | 3957 20 5263 23
DEO3 — DE33 | 3876 15 5639 18
DEO3 — DE31 | 3791 15 5183 17
TABLE I
SCORES FOR CONGESTION REDUCTION
Averaged Averaged | Max Power
Line score power score max
(GWkm) (GW) (GWkm)  (GW)
DEO3 — DE34 | 13864 19 18123 23
DEO3 — DE30 | 13495 19 17402 23
DEO3 — DE35 | 13326 20 17065 23
DEO3 — DE18 | 12347 22 14916 26
DEO3 — DE31 | 12287 19 15823 22
DEO3 — DE29 | 12126 19 15529 22
DEO3 — DE32 | 12082 18 17336 22
TABLE Il
SCORES FOR REDUCED COST
Averaged Averaged | Max Power
Line score power score max
(million €)  (GW) (m€) (GW)
DEO3 — DE18 | 362 8 495 11
DEO3 — DE35 | 201 3 209 5
DEO3 — DE31 | 136 2 112 3
DEO3 — DE34 | 128 4 289 8
DEO3 — DE30 | 118 2 178 2
DEO7 — DE35 | 109 3 93 3
DEO3 — DE23 | 98 4 203 8
TABLE IV
SCORES FOR REDUCING OVERLOADED LINES
Averaged Averaged | Max Power
Line score power score max
(%) (GW) (%) (GW)
DEO3 — DE18 | 3116 19 3992 22
DEO3 — DE19 | 2871 18 3670 21
DEO3 — DE32 | 2617 15 3855 17
DEO3 — DE30 | 2569 14 3393 16
DEO3 — DE11 | 2567 18 3309 21
DEO3 — DE35 | 2564 14 3344 16
DEO3 — DE34 | 2535 15 3397 18

are in such close accord. They show good agreement
on recommended locations and for the recommended
capacities the congestion method recommends lines
about 10% bigger. A possible explanation is that the
length of each line ¢, in equation is a good enough
proxy for the resistance in (3) and for large currents the
quadratic relation of losses to current is flat enough that
it is sufficient to model the losses as linearly dependent
on the powerE] The congestion method is significantly
faster computationally, so presents a good compromise
when the size of the potential solution space grows
large.

5In equations, we are saying that for large I, we can approximate
the loss function P = RI? with P = A + BI. Since the losses score
(3) is a subtraction of losses, the constant A disappears.
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Fig. 1. The aggregated network model for Germany. For this windy
winter snapshot, blue nodes have net generation, red net load, while
their radii are in proportion to their power. The orange line is the
HVDC, carrying 20 GW. Blue AC lines have their loading reduced
by the HVDC line; for red lines the loading increases (in both cases
proportional to the width of line).

450%

400%

350%

= hefore

300%

e rith HY DC
17GW
DEO3-DE32

. )
o ey

0%

o 10 20 30 40 50 &0 70

Fig. 2. Loading as a percentage of the thermal limits of the 76 lines
in Germany on a windy winter day, with and without an HVDC line
carrying 17 GW from Hamburg (DEO3) to Freiburg (DE32).

3.2. Optimizing for a multiterminal three-node network

In this section we consider a multiterminal topology
which connects three nodes with HVDC lines. To sim-
plify the problem we treat this configuration as two
HVDC lines with a common connection node, although
in reality the lines would split at a fourth point, see the
examples drawn in Figure [3| Results are calculated for
the losses-reduction and congestion objective functions
in Tables [V and [VI, since these methods gave the

TABLE V
LOSSES SCORES FOR THREE-NODE NETWORK

Averaged Averaged | Max Power
Lines score power score max
(MW) (Gw) (MW)  (GW)
DE0O3—DE18 | 5299 10 6817 11
DE03—DE34 12 15
DEO1—DE34 | 5269 11 6997 13
DE03—DE34 13 16
DE03—DE32 | 5052 9 6835 12
DE03—DE35 10 11
TABLE VI
CONGESTION SCORES FOR THREE-NODE NETWORK
Averaged Averaged | Max Power
Lines score power score max
(GWkm) (GW) (GWkm)  (GW)
DEO3—DE18 | 16425 12 20760 12
DE03—DE34 13 16
DEO1—DE34 | 15296 12 21196 16
DE03—DE34 15 19
DEO3—DE32 | 14847 12 19941 16
DE03—DE35 9 8

best indications in the previous section for long-distance
power transfers. For interest’s sake and to save space,
we have left out some configurations which were very
similar to the others.

The three highest scoring configurations are a line
from North to South that branches off to the East (DE18,
Chemnitz), a line from the North that splits when it gets
to the South, and lines from the Northwest (DE0O1) and
the North (DEO3) that join and then go down to the
South. Two of these configurations are show in Figure

Compared to single line configurations, the amount
of losses that can be avoided in such configurations
rises by around 24% and the congestion score by 18%.
The amount of power being transported away from the
coast has also been increased by just over 20%, which
is enabled because the power is able to be dispatched
more evenly around the network, avoiding strain around
the connection points.

3.3. Optimizing for two HVDC lines

From the previous multiterminal solutions it is clear
that HVDC lines connecting the big power injection
points in the Northwest (DEO1) and North (DEO3) are
prefered. Therefore in this section we consider two
lines, one from each of these points, and optimize for
the positions of the other ends of the two lines. The
results for the losses-reduction and congestion metric
are in Tables VI and [VTIl (again we have not repeat
configurations that are very similar).

The optimal connections are from the North-East to
the South and then from the North to Chemnitz in
the East. The top-scoring result is drawn in Figure
Comparing the optimal solutions with the three-terminal
case, the losses avoided increases only 7% and the
congestion reduction by 10%. However the amount of
power transferred increases by 41%, which is signifi-
cant. This increase in power is because the two lines



Fig. 3. Two different 3-node multiterminal solutions (in yellow and
brown) and one two-line solution (in green). The branching points in
the middle for the 3-node solutions are indicative only and have not
been optimized.

TABLE VI
LOSSES SCORES FOR TWO LINES

Averaged Averaged | Max Power
Lines score power score  max

(MW) (GW) (MW)  (GW)
DEO1—DE34 | 5666 16 7594 19
DE03—DE18 15 18
DEO1—DE32 | 5550 13 7653 17
DE03—DE18 16 19
DEO1—DE32 | 5471 12 7692 15
DEO03—DE30 14 16

can be far enough apart that the strain induced at the
connection points is spread out.

It's also interesting to note that these results are not
fully in accordance with the NEP, in which all the HVDC
lines bring power to the South and not to the East.
An explanation is that the NEP assumes more onshore
wind expansion in the East, which would cover the load
there, while from Figure [3]it is clear that there is a big
load centre in the Czech Republic being served.

Also interesting is that the single HVDC line solution
from DEO3 to DE34 doesn’t appear high in the list.
This means if we'd taken the single solution and then
tried to add a second line separately, we would have
missed the optimal two-line solution. Solutions with
multiple terminals need to be considered jointly for
optimal results.

TABLE VI
MWKM SCORES FOR TWO LINES

Averaged Averaged | Max Power
Lines score power score max
(GWkm) (GW) (GWkm)  (GW)
DEO1—DE34 | 18141 16 22870 20
DEO3—DE18 17 20
DEO1—DE32 | 17433 15 23404 19
DE0O3—DE18 18 21
DEO1—DE34 | 17059 17 21737 24
DE03—DE28 15 16
/
N

Fig. 4. European model with an overlay HVDC grid between regional
load centres in purple and internal HVDC lines in orange.

4. EUROPE TO 2050

In this section we present results computed for the
SmoothPV project [18], a project to optimize generation
and transmission capacity for the whole of Europe up
to 2050 with 90% CO, reductions. For computational
reasons it was decided to first fix the topology of an
overlay HVDC grid connecting the major load centres
(in purple in Figure [4), whose capacities were set by
the main optimization algorithm along with the AC trans-
mission capacities and the generation distribution. The
HVDC lines internal to each market region (in orange
in Figure [4) were then selected using the algorithms
presented above, with the condition that they connect
directly to the overlay grid.

The resulting locations and capacities of the internal
lines are presented in Table With the exception of
Spain, every line was necessitated by the development
of offshore wind. Very large installed capacities far from
load centres meant that such lines scored highly.

Note that the capacities in Germany for 2030 are
lower than those presented above, since the locations
on the coast were fixed based on the 2050 dispatch,
which sees a proportionally bigger expansion of off-
shore wind in the Baltic Sea. In addition the other ends
of the lines were forced to connect to the overlay grid
landing point in the load centre of Stuttgart.



TABLE IX
DoMESTIC HVDC LINES CONNECTING TO THE OVERLAY GRID

Country From To Capacity Capacity
(Optimized) (Fixed) 2030 (GW) 2050 (GW)

DE Bremerhaven  Stuttgart 13 25

DE Greifswald Stuttgart 3 10

ES Algeciras Madrid 4 7

FR Cherbourg Paris 2 6

GB Glasgow London 3 6

IT Naples Milan 1 8

PL Gdansk Warsaw 2 16

5. CONCLUSIONS

In this paper we have developed four algorithms to
optimize the placement of HVDC networks within AC
transmission systems. They allow HVDC lines to be
planned in a systematic way in a variety of configura-
tions, which we hope will be useful not just for roadmap
studies with aggregated network models, but also for
real-life network planners.

In a case-study for Germany we found our predictions
for necessary HVDC capacity agreed broadly with the
scenario for 2032 from the German Network Develop-
ment Plan [4], which calls for significant capacity in a
North-South direction, although we also found a need
for lines connecting to the central eastern part of the
country. Results for a European HVDC supergrid were
also presented.

From a methodological point of view the losses- and
congestion-reducing objective functions worked well in
identifying the need for long-distance power transfers.
Since they largely agreed and the congestion function
was computationally quicker, for larger studies we would
recommend the congestion function for quick and accu-
rate results. We also found that for more complicated
topologies, multiple lines and terminals must be opti-
mized jointly to obtain the best results.

For future studies it would be very interesting to
increase the scope of the optimizations by working with
network models that have not been aggregated, and to
consider more complicated topologies. It would also be
useful to incorporate planning for the entire network,
including generation assets and AC capacity built out
in discrete steps. Some of the simplifications outlined
in Section [lI-E| could be avoided, but at the expense of
significantly higher computation times.
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APPENDIX: DETECTING LONG-DISTANCE FLOWS WITH
MARGINAL PARTICIPATION

In this section we present a method to allocate the
power flow on a particular line to the different producing
and consuming nodes in the network. There is a priori
no unique way to do this allocation; we borrow a method
called Marginal Participation that has been suggested
for calculating the compensation to transmission system
operators owed for the use of each other’s assets [25]
(it has also been used in South America). By allocating
flows to particular nodes, we can detect whether power
is flowing over long distances through the network, and
therefore whether there is a need for long distance
HVDC transmission.

We use a variant of Marginal Participation using
a ‘virtual’ slack bus, as described in [25]. Th PTDF
in equation already defines an allocation of flows
to the nodes, but the results depend very strongly
on the choice of slack bus. We can get around this
problem by adding a constant to each row of the PTDF
(corresponding to each branch), which has the effect of
distributing the slack ‘virtually’ around the network. This
might seem arbitrary but we can choose the constant
with a particular goal in mind: in our case, following
[25], we choose the constant so that for each branch
the contribution to the flows from generators and loads
is equal (we could have chosen any ratio between the
contributions of generators and loads, but we want to
detect when consumers and producers are far away
from each other, so 50-50% makes sense). In this way
the results are completely independent of the choice of
slack bus.

With this allocation in place we can take any line
we suspect is overloaded due to long-distance power
transfers and see whether this is indeed the case. For
example, in a windy snapshot the line DE18 — DE25
in eastern Germany from Chemnitz to Bamberg was
loaded at 113%. The decomposition of this flow into
contributions from specific nodes is in Table |X| along
with the distance of the nodes from the line.

TABLE X
MARGINAL PARTICIPATION ALGORITHM FOR LINE DE18—DE25

Node Type Fraction Distance
of flow (%) (km)
DEO1  producer 2 569
DEO2  producer 3 568
DEO3  producer 4 443
DE04 producer 9 300
DEO5 producer 12 420
DEQO9  producer 6 100
DE18 producer 12 0
DE25 consumer 3 0
DE27 consumer 3 93
DE32 consumer 6 603
DE33 consumer 8 449
DE34 consumer 10 449
DE35 consumer 14 280
DE36 consumer 6 536

The biggest contributors are indeed far away: the
coastal nodes where there is a lot of wind injection
(particularly on the Baltic sea at the node DEQ5 nearest
to Chemnitz) and the load centres in the far south
(particularly DE35, Munich). The average distance to
the producers is 343km and to the consumers is 344km,
so it would make sense to build a DC link between these
two groups given the likely losses over such a distance.
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Abstract—In the past few years a significant growth of the
number of photovoltaic (PV) systems has been observed
worldwide and particularly in Europe. Increasing maturity of
this technology and growing manufacturing capacities have
led to a considerable decline in prices. Looking at a future
possible development of installed PV capacities in Europe, the
paper at hand investigates how well the available PV energy is
made use of when the installed capacity of PV reaches nearly
2000 gigawatt-peak (GWp). A methodology is presented that
aims at optimal placement of PV plants taking into
consideration region-specific irradiation conditions in Europe
and restrictions imposed by the transmission network.
Additionally, a method for optimized placement and
dimensioning of storage systems along with their best possible
operation strategy is applied for assessment of the effect on PV
utilization.
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l. INTRODUCTION

Recent developments in prices for photovoltaic (PV)
systems have demonstrated that grid parity for this
electricity source might be reached sooner than expected
even in regions with less favorable irradiation conditions.
Germany alone currently accommodates around 30 GWp of
installed PV capacity taking the leading position worldwide
[1]. This development has been largely stimulated by
increasing manufacturing capacities, feed-in tariffs and
growing retail electricity prices. Assuming further price
decline of PV systems and growing electricity prices along
with the governmental goals towards a considerable
reduction of greenhouse gas emissions, a big increase in the
number of PV installations can be anticipated in Europe.
Therefore, this renewable electricity source has the potential
to cover a substantial amount of load in the upcoming
decades.

So far grid-connected PV installations in Europe have
taken place predominantly on the low and medium voltage
levels distributed quite homogenously, leading to a situation
where electricity produced by PV is consumed for the most
part in the vicinity of the producers without having to be
transported over large distances utilizing the transmission
system. However, with increasing PV capacity at certain

locations this situation will at some point change as PV-
generated electricity will be able to cover the complete
regional demand in certain hours and even provide excess
PV generation. Assuming that such a region is coupled to
the interregional transmission system this excess energy can
either be transported away over large distances to supply
consumers in other regions, be stored for later use or be
curtailed. Clearly the former two options would require the
availability of transmission capacity and storage systems as
prerequisites, which, if not existent or existent to insufficient
degree, would require investments in the corresponding
infrastructure. The curtailment of PV, on the other hand,
requires no additional infrastructure but decreases the
number of full load hours and may decrease economical
attractiveness of PV, let alone wasting a valuable source of
renewable electricity, which, although not usable locally,
could replace fossil generation elsewhere. Already today
lack of adequate transmission system capacity leads to
curtailment of wind power in Northern Germany as
described in [2]. Although issues associated with PV
systems currently predominate on the distribution system
level, large expansion of PV could lead to similar effects as
for wind power, especially if current postponements of grid
expansion measures are taken into account. Large-scale
storage limitations are currently given by location scarcity
for e.g. pumped hydro storage plants, limited maturity of
certain technologies and their high price. The latter two have
a large improvement potential whereas the former has only
limited potential for additional exploitation, partly due to
environmental aspects and resistance by the population.

In the light of restrictions imposed by the transmission
network and storage options described above, utilization of
electricity produced by an increasing number of PV plants in
the future may suffer setbacks leading to a decreasing
number of full load hours. In order to assess the influence of
the mentioned factors, simulations using Energynautics’
European transmission grid model were carried out in
DIgSILENT PowerFactory looking at future utilization of
grid-connected PV in Europe while taking into consideration
possible restrictions imposed by the electricity network and
storage infrastructures. Optimal placement of PV generation
capacities is determined by means of optimal power flow
simulations allowing for diverse solar insolation properties



of different European regions and transmission network
limitations. Several possible projections of future PV
capacity growth were then developed, starting with the
amount required to supply the complete European load on a
sunny summer weekend, then increasing this amount
linearly. Furthermore, the effect of optimally placed and
operated storage on PV utilization was investigated in
several scenarios representing various amounts of storage.
The results for each investigated case present the annual
load coverage through PV and the amount of curtailed PV
energy and offer reflections on the maximum feasible
amount of installed PV capacity in Europe aimed at
maximizing load coverage through PV on the one hand and
minimizing curtailed PV energy on the other.

It should be emphasized here that distribution system
issues associated with large amounts of installed PV
generating capacities, such as inadmissible voltage increase
and overloading of power systems equipment, are not taken
into consideration. Similarly, issues concerning power
system operation based on large amounts of nonsynchronous
generation are assumed to be solvable, permitting the
operation of the power system on the basis of inverter-
coupled generation.

Section 1l details the approach taken for modeling and
calculations while section Il presents calculations results.
Conclusions are drawn in section V.

1.  METHODOLOGY

The principal question aimed to be answered in this
study is how efficiently power available from PV
installations can be utilized on the European level. This
depends on how much power generated by PV is consumed
locally, how much of the excess power can be transported to
other locations and how much power can be stored provided
storage capabilities are in place. Several projections
concerning the installed capacity are considered with the
goal to increase PV’s share in supply of the demand.
Simultaneously, more PV capacity may lead to large
amounts of local excess PV power at certain locations in the
system in certain hours in relation to demand on the same
nodes. The limitations for power exchange between distant
regions by means of the transmission system given by the
limited thermal capacity of transmission lines lead to
curtailment of PV power. It is assumed that sufficient
reactive power compensation for the transmission network is
in place so that neither voltage stability nor voltage angle
stability are an issue. When PV is curtailed at one location
due to transmission grid restrictions other generating
capacities need to be present to supply load at another
location if there is not enough PV to cover demand locally.
These generating capacities could be constituted by other
renewable resources, fossil fuel plants and storage systems.
The present study focuses on photovoltaics and system
planning defined by its behavior. No correlation with other
volatile resources of renewable energy, such as wind power,
is considered.

The calculations that are described subsequently were
carried out using a detailed model of the European
transmission grid, which is described in section IL.A. In the
first step, suitable locations and appropriate amounts of PV
installations are identified under the assumption of demand
supplied completely by PV for a specific hour as explained
in section I1.B. Next, section I1.C describes the methodology
applied for calculations of a complete year for determination
of utilized and curtailed PV energy while considering
different scenarios in terms of available storage capacity.

A. European transmission grid model

Calculations were conducted with Energynautics’ high
voltage transmission network model, which was developed
with the power system calculation tool DIgSILENT
PowerFactory. The model covers all ENTSO-E member
countries and is designed for calculations of load flow and
optimal load flow. Having over 200 nodes the model
represents the load and generation centers in Europe in an
aggregated fashion. The load across the nodes is distributed
using a dedicated distribution key which is based on factors
such as population density and the location of heavy
industry. Aggregated transmission routes between and inside
the individual countries are mostly modeled as 380 kV high
voltage AC lines. In addition, high voltage DC lines are
present as well summing up to 450 lines in total for both
technologies. Although the model is capable of AC load
flow calculations and can determine losses, reactive power
flows and the necessary compensation, optimal power flow
calculations (OPF) were conducted on DC basis for this
study owing to the fact that the principal interest here lies in
the active power balancing of PV power on the European
level.

This study deals with large amounts of installed PV
capacity in Europe that could be reached at a certain point in
time in the future. As the exact time point depends on a
variety of factors it cannot be predicted with certainty.
Hence, the year 2050 was chosen as a rough target for
estimating the development of electricity consumption.
Moreover, a prediction concerning the expansion of the
transmission network was made. It is based on the
assumption that all projects in a mid-term planning horizon
from the ENTSO-E’s Ten Year Network Development Plan
(TYNDP) [3] will be built. The transmission system model
was upgraded by implementing most of these projects. In
total 82 GVA of additional capacity were added to account
for new HVAC lines and 13 GVA for new HVDC lines
representing the state of year 2020. From this point onwards
no further expansion of the transmission grid is considered
until the year 2050. This setting will provide understanding
of the role that the transmission grid plays in terms of
curtailment of PV. For a joint optimization of transmission
and generation systems please refer to a companion paper
[4]. The model’s aggregated nodes and lines are shown in
Figure 1 having the predicted year-2020 status. It is
furthermore assumed that Europe is able to fully cover its
electricity needs without importing solar-generated power
from North Africa.



Figure 1: Aggregated model of the European high-voltage transmission grid
(Source: Energynautics)

B. Determination of minimum PV capacity

The study at hand aims to determine the upper
reasonable limit for installed capacity with regard to utilized
PV energy. However, before calculations of PV usage are
conducted, a starting point for the installed PV capacity
needs to be found. This has been done using the
methodology that is described in the following.

PV is set to supply 100% of demand in all modeled
countries (EU27 excluding Malta and Cyprus, including
Norway and Switzerland) on a clear-sky summer weekend
day at noon. The rationale behind this approach is that the
power produced by PV plants at this hour is at its maximum
while the demand in the system is relatively low compared
to, for example, a winter weekday. If PV were set to supply
a certain hour on a day that bears the highest demand in a
year, such as a winter weekday, there would be a large
number of hours in a year with excess PV generation, i.e.
lots of hours when total European demand is smaller than
total PV produced. This setting would lead to inefficient PV
sizing from the outset. Dimensioning PV according to the
light-load day, in contrast, implies that none or only little
curtailment is expected throughout the vyear. Some
curtailment might still take place due to inhomogeneous
weather situation in different European regions and local
grid congestion. By setting the time point to noon, the
resulting PV capacity thus corresponds to one of the day’s
load peaks.

As mentioned previously, load assumptions are made for
2050 serving as the reference year and were developed by
EWI based on ENTSO-E data for 2011 weighted according
to region-specific GDP growth.

PV generation capacities determined using the described
approach were not set equal to the demand at the nodes in
the model they are installed at. Instead, in order to have PV
benefit from locations with best irradiation conditions
placement of generation capacities was carried out in
accordance with region-specific average annual solar
insolation data. To this end, generators on all nodes in the
grid model were assigned one of six possible production
costs representing six solar regions of distinct average
annual insolation amount. Essentially, those regions with
better irradiation properties were set to have lower
production cost and those exhibiting less irradiation were
assigned higher production cost. These regions are shown in
Figure 2. The segmentation was done by the Institute of
Energy Economics at the University of Cologne (EWI) and
is based on [5]. Darker regions represent locations with high
solar irradiation whereas the lighter ones stand for regions
with a smaller yield.

In the next step, after this cost setting was fed into the
model by allocating the production cost to all generators, a
DC optimal power flow (OPF) calculation with the objective
function set to minimization of generation costs was
performed. This optimization mode maximizes the power
output of those generators that are able to produce at lower
cost, which are in our case situated in areas with high
irradiation.

The transmission system limitations play a key role in
cross-border long-distance balancing of PV and demand.
Hence, the OPF was configured to respect the thermal limits
of the lines while still prioritizing generation at sunny
locations. With grid restrictions in place this yields a
distribution of PV similar to that of demand totaling
770 GWp in installed capacity. This number represents the
base case to be used for simulations of the complete year.
PV plants could be made up by both small and large PV
systems situated at all voltage levels underlying the
corresponding node in the transmission network. Table |
summarizes the relative distribution of PV and demand per
country.

o !
Figure 2: Solar regions (Source: EWI)



TABLE| RELATIVE DISTRIBUTION OF INSTALLED PV CAPACITY
AND DEMAND IN EUROPE
Country Installed PV, % Demand, %
Austria 1.6 1.9
Belgium 13 2.7
Bulgaria 11 11
Czech Republic 0.9 2.3
Denmark 0.7 0.9
Estonia 0.0 0.3
Finnland 2.1 2.1
France 134 14.1
Germany 11.8 12.7
Great Britain 9.0 9.5
Greece 2.7 24
Hungary 2.8 15
Ireland 1.0 0.9
Italy 129 11.7
Latvia 0.6 0.3
Lithuania 0.0 04
Luxembourg 0.0 0.2
Netherlands 5.4 3.2
Norway 13 25
Poland 6.4 5.6
Portugal 25 2.1
Romania 1.9 2.4
Slovakia 0.9 1.0
Slovenia 0.0 04
Spain 13.1 12.9
Sweden 4.6 3.7
Switzerland 2.1 1.3
Total 100 100

C. Whole-year calculation scenarios

With the determined amount of installed PV in Europe in
the base case, simulations of the complete year can be
started. Under several different scenarios each of these
calculations yields relevant quantities concerning the
utilization and curtailment of available PV energy. These
calculations comprise hourly OPF simulations using hourly
demand and irradiation data for Europe for model input.

Hourly irradiation data were taken from the Satel-Light
database [6] that offers access to solar radiation data all over
Europe based on measurements from a geostationary
satellite and estimations of cloud cover. As the exact
locations of the aggregated nodes in the model are known,
corresponding irradiation data were applied on the installed
PV capacity yielding PV power available hourly at each
network node. The data used here is based on irradiation
measurements for the year 2000. The 2050 load data were
extrapolated from 8 typical days to represent a complete
year.

Next, the PV power and demand data were fed into the
model for each node of the transmission network and for
each hour. An OPF calculation series of the complete year
was then performed, whose output showed how much PV
power was actually used at each node, how much needed to
be curtailed due to grid restrictions or excess PV generation
and how much power needed to be provided by other
sources of electricity in order to ensure that entire demand is
supplied. This process was applied a number of times to
allow for three scenario settings. Each of the scenarios
contained four options in terms of installed PV capacities,
which started with the base case and assumed proportional
increases in steps of 385 GWp (being 50% of the base case)
until the maximum of 1925 GWp. In scenario 1 no storage
was considered that would enable capturing PV power that
was curtailed owing to restrictions imposed by the thermal

capability of the lines or if excess PV power was being
generated at a certain hour in the complete system. This is
the most pessimistic scenario and leads to highest amount of
curtailed PV.

In scenario 2 storing PV energy was allowed in today’s
pumped hydro power plants, whose locations are known and
are placed on the corresponding nodes in the model. In
addition, some extra storage was added at nodes that
exhibited PV curtailment after simulations according to
scenario 1 with installed PV capacity in Europe
corresponding to that determined in the base case
(770 GWp). Dimensioning was carried out based on the
amount of energy curtailed in spring as this represents a
compromise between winter when only a small amount of
storage would be needed due to low PV irradiation and
summer when the needed storage would be too large for
other seasons. The determined amount of required storage
capacity totals to around 290 GWh. These strategically
placed units could be constituted both by small and large
units dispersed throughout the sub-transmission and
distribution level underlying the corresponding transmission
node. A prominent representative of a small unit is an
electric vehicle (EV). EV are expected to be present in large
numbers in the future of mobility and power systems. These
storage systems would absorb PV power that could neither
be consumed locally nor transported through the
transmission system to other locations and inject it back into
the network whenever required at a later time point.

Last, scenario 3 incorporated storage that was
dimensioned and placed in accordance with PV curtailment
as seen in the year calculated in scenario 1 having around
1155 GWp PV in the system. Clearly, the resulting amount
of storage capacity of about 1540 GWh is substantially
higher than the one derived from calculations with 770 GWp
PV installed in Europe. Table Il gives an overview of the
considered scenario settings. As can be seen from the table
the number of conducted whole-year calculations adds up to
12.

TABLE Il CALCULATION SCENARIOS

Total storage capacity in Europe in
Installed PV, GWp GWh
Scenario 1 Scenario 2 Scenario 3
770; 1155; 1540; 1925 none 290 1540

The calculation of quantities associated with storage
operation implemented in the model takes place according
to the rules described in the following. In the equations
below P, stands for the active power dispatched by the OPF
algorithm at a particular node i on a particular hour h. Ppyip
denotes residual PV power after netting of PV power
available a priori with the demand. This a priori netting
ensures that as much PV power as possible is consumed by
the demand in the network at the corresponding
transmission node. Py stori denotes the nominal power of the
aggregated storage unit at node i whereas SOC;y, SOC;n
and SOCyax; stand for current state of charge (SOC), SOC in
the previous simulated hour and the nominal storage
capacity of the storage unit at node i, respectively. The
hourly time resolution means that hourly power and energy
values are mutually interchangeable. Consider the case
where dispatched power on a particular hour and node is
below the available PV power:




SOC;, = min{SOC;,., + min(Py srori» (Pevin — Pin)), SOCwaxi}
if Pijn < Ppyin 1)

Here the following applies for PV power stored Ppystorein,
utilized PyrLin and curtailed Pcygrin:

Ppvstorepih = SOCij — SOCipn.1 2
PutiLin = Pin+ Ppvstorepin (3)
Pcurrin = Pevin — PuriLin (4)

Hence, if only a part of available PV power is dispatched by
the OPF algorithm, the remaining part will be stored by a
unit at the same node if within the limits imposed by
storage’s nominal power and capacity.

For the case that power dispatched by the OPF algorithm at
a particular node on a particular hour exceeds the available
PV power, storage is dispatched to discharge and free up
capacity, so that when PV is in excess again sometime later
it can be stored again instead of being curtailed due to the
fact that the storage is full.. This also means that storage is
prioritized over other plants, which is surely a reasonable
operation strategy when a lot of PV is present in the system.
Weather forecasts will definitely play an important role
when deciding how to operate storage in the future power
system management. For the described case the following
equations apply:

SOCi = max{SOC; .1 — Min(Pysrori: (Pin — Ppvin)), SOCwini}
if Pin > Ppyin (5)

where SOCyn; stands for the minimum allowed storage state
and

Ppvstorepih = 0 (6)
PutiLin= Pevin (7)
Pcurrin=0 (8)

Last, in the case that no PV but only residual load is present
at a node, storage is set to cover the load limited by its
nominal power and remaining capacity. If the load could be
completely covered, remaining storage capacity is made
available to the rest of the system.

IIl.  WHOLE-YEAR CALCULATION RESULTS

This section presents results obtained after calculations
of complete years in accordance with the distribution of PV
installations given in Table | and scenarios described in
section 11.C.

A. Scenario 1: no storage

In scenario 1 no storage was considered to be available
meaning that PV power that is present in abundance at one
node can only be transported by means of the transmission
grid to other locations up until the thermal limits of the
lines are hit. Relevant quantities can be seen in dependence
of total installed PV capacity in Europe in Figure 3.

Starting with 770 GWp of installed PV, less than 1% of
annual PV energy available in abundance at certain nodes
cannot reach other locations to be utilized solely due to grid
restrictions, as there is not a single hour in the year when
total power available from PV exceeds the total demand in
the system. This is the result of PV dimensioning for a
light-load day in summer as described in section I1.B. In
this case PV is able to supply around 17% of the yearly
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Figure 3: Calculation results for scenario 1 with no storage

load. As the installed PV capacity increases by 50% to
1155 GWp, curtailment can be seen to have increased to
over 6% in total, and the largest part of it is still caused by
the grid restrictions. However, there are some hours in a
year now where the total energy available from PV exceeds
the total amount of load in the system such that the surplus
amount could not be consumed even if the grid were not the
limiting factor and is therefore ascribed to missing load.
This quantity grows further with increasing PV capacity
and at some point shortly after 1700 GWp, PV curtailed due
to missing load exceeds the amount of curtailed energy
caused by grid restrictions. The latter share exhibits a
saturation behavior staying relatively constant at 10% of
total available PV energy from about 1550 GWp on. This
means that up to this amount of curtailed PV could be saved
by enforcing the grid appropriately.

The results of this scenario show that if the installed
capacity of grid-connected PV systems should reach
1925 GWp without any grid enforcement after 2020 or
storage options, 25% of available PV energy would be
wasted. The PV’s share in load coverage does not follow
the proportionality of increasing installed capacity and thus
only supplies about 32% of demand with 1925 GWp
installed as compared to 17% being supplied by a 2.5 times
smaller capacity of 770 GWp.

B. Scenario 2: 290 GWh storage

Storage simultaneously fixes the two factors that
influence the amount of curtailed PV energy, namely the
grid restrictions and excess of PV energy in relation to
demand in the system in certain hours. The wasted energy
caused by the latter factor can only be reduced through
storage, while the effect of the former, in contrast, can be
rectified either through storage or through grid
enforcement. Hence, in the evaluation of annual curtailment
figures the difference between the curtailed PV energy and
excess PV energy on a particular hour is attributed to
inadequate grid resources rather than to excess PV amount.

Figure 4 illustrates the quantities related to PV usage in
this scenario. As can be seen, storage introduced into the
system is now able to reduce the amount of curtailed PV
energy to around 23% compared to 25% seen in scenario 1
for 1925 GWp of installed PV. This seems to be a modest
number, however the absolute amount of avoided curtailed
energy still adds up to nearly 51000 GWh per year, which



corresponds to electricity consumed by Portugal in 2011
[8]. Storage essentially shifts the curtailment curves to
larger values of installed PV capacity by a certain degree.
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Figure 4: Calculation results for scenario 2 with 290 GWh of storage

C. Scenario 3: 1540 GWh storage

The effect of a larger storage than the one considered in
the previous scenario is visible in Figure 5.

Up until 1155 GWp the storage which has been
dimensioned to attend this very amount of PV installed in
the system is able to capture almost the complete excess PV
energy on all nodes and inject it into the system at a later
time thus effectively keeping the curtailment down at well
below 1%. It also significantly contributes to reduction of
curtailed PV energy caused by grid restrictions. With
1540 GWp PV in the system the curtailment totals to 5%.
In the end, with 1925 GWp present in the system the PV’s
share in load supply adds up to about 38% under a
curtailment of about 12% which is mostly attributed to grid
restrictions. In the present case appropriate grid
enforcement would contribute significantly to reduction of
the total curtailed PV energy.

The results show that even about 2000 GWp of PV in
the system could be feasible provided that the grid is
expanded in appropriate locations so as to enable transport
of abundant PV energy at some nodes to others where this
resource is scarce. A large damping effect is provided by
storage with a total capacity across Europe of 1540 GWh,
which is equivalent to the full capacity of nearly 31 Mio.
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Figure 5: Calculation results for scenario 3 with 1540 GWh of storage

electric vehicles, which is a quite significant number
although it could underlie significant variations considering
possible breakthroughs in terms of higher energy density of
future batteries®. Besides, Germany alone plans to have 6
Mio. electric vehicles rolling on its streets by 2030 as stated
in [7] such that the above number of 31 Mio. in total for the
whole of Europe appears to be a realistic number by 2050.
In addition, other storage technologies, such as compressed
air energy storage could be available on a wide scale by
then.

Figure 6 compares the number of annual average full
loads hours reached by PV in all Europe for the three
considered storage scenarios. Compared to scenarios 1 and
2 storage dimensioned for 1155 GWp of installed PV in the
European power system in scenario 3 is able to increase PV
usage substantially, even for larger installed capacities.

Summarizing, it has been shown in the present study
that curtailment of PV energy can be reduced significantly
if storage is dimensioned and placed strategically on
specific nodes in the transmission system. It can be thus
concluded that around 30 to 40% of annual demand in
Europe can be feasibly covered by PV. That is, the amount
of curtailed PV energy is acceptable in relation to the
amount of storage that needs to be built. Any further
expansion of PV capacity is likely to represent a high
economic burden owing to the disproportionately high
amount of required storage capacity.
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Figure 6: Comparison of full load hours of PV in Europe for different scenarios

1 50 kwh per EV were assumed with reference to the Tesla Roadster



IV. CONCLUSIONS

In this work a methodology is presented that aims at an
optimal placement of a large amount of grid-connected
photovoltaic installations according to the solar irradiation
potential in Europe and under consideration of restrictions
imposed by the European transmission network.

The transmission restrictions lead to a well-distributed
placement of PV capacities to match the distribution of the
demand. The resulting distribution is kept while the total
installed capacity is increased proportionally up until nearly
2000 GWp of installed PV while conducting optimal power
flow simulations of a complete year in order to assess the
curtailment of PV associated with excess PV energy and
insufficient transmission capacity. The influence of
strategically placed and dimensioned storage capacities is
determined in several simulations scenarios demonstrating
a potential for significant reduction of curtailed PV energy
in the interconnected European grid under a large-scale
deployment of distributed storage systems. With 1540 GWh
storage capacity in the system, which could be constituted
by, for example, electric vehicles, compressed air energy
storage and others, approximately 1550 GWp of PV
covering about 33% of the annual demand can be
accommodated by the system with a 5% annual curtailment
of PV energy. Demand side management could provide for
a shift in diurnal load cycle helping to keep the PV power
and demand in the system well-correlated. Appropriate grid
enforcement could further reduce the amount of curtailed
PV energy. For example, PV’s share in load coverage could
be increased to 38%, which however would lead to 12%
curtailment unless necessary grid extension or additional
storage capacity is provided. Further expansion of installed
PV capacity aimed at increasing PV’s share in load supply
would necessitate disproportionately high storage and grid
extension to keep the amount of curtailed energy low.
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Abstract—Due to massive reductions in the price for pho-

tovoltaic (PV) systems, PV grid parity has recently been
reached for German households. As PV system prices con-
tinue to decrease, the gap between the levelized costs of
electricity (LCOE) of PV and the retail electricity tariff will
grow and trigger investments in residential PV systems for
captive electricity generation — even in the absence of any
direct financial incentives such as solar power feed-in tariffs.
However, while the single household can lower its annual
electricity costs through investments in rooftop PV systems for
captive electricity generation, the partial optimization of the
single household is inefficient from an economic perspective.
Households optimize their PV investment by comparing the
LCOE of PV to the residential electricity tariff that includes
network tariffs, taxes, levies and other surcharges that can be
avoided when consuming self-produced PV electricity instead
of purchasing electricity from the grid. Therefore, private
investments in rooftop PV systems receive an indirect financial
incentive in the current regulatory environment.
This paper analyzes the consequences of PV grid parity in
Germany until 2030 from both the single household and the
wholesale market perspective. We find that exempting self-
consumed PV electricity from all additional charges induces
significant investments in rooftop PV systems and small scale
storage systems, allowing for high shares of in-house PV
electricity consumption. From the single household perspective,
the optimal PV and storage system capacities increase with
the number of residents living in the household, enabling
households to cover on average 72 % of their annual electricity
demand by self-produced PV electricity. The single house-
hold’s optimization behavior entails direct consequences for
the wholesale market, as it changes the residual load both in
volume and structure. The inefficiency caused by the partial
optimization of single households (induced by PV grid parity)
leads to significant excess costs of 7.1 bn €5p:1 compared
to the cost-optimal solution achieved under a total system
optimization which ensures the cost-efficient development of
Germany’s electricity generation mix up to 2030.

I. INTRODUCTION

The photovoltaic (PV) market in Germany has seen un-
precedented growth over the last years. Since 2009, installed
capacity rose by approximately 7.5 GW per year, reaching
25 GW at the end of 2011. This massive expansion was
due to a combination of generous solar power feed-in tariffs
— guaranteed to PV electricity producers by the German
Renewable Energy Sources Act (EEG) — and decreasing PV
system prices, which over the last 6 years have fallen at a
faster rate than the solar power feed-in tariffsﬂ

IPV system prices have fallen by over 65 % from 2006 to 2012 [T].

In order to slow down the expansion of PV capacities and
the associated costs of supporting PV electricity — which
are added to the electricity price and hence passed on to the
electricity consumers via the so called ‘EEG’ surcharge — the
federal government agreed to further cut the feed-in tariffs
for photovoltaics and to stop the direct financial incentives
once a cumulative capacity of 52 GW is reached However,
due to the fact that PV grid parity has recently been achieved
for households in Germany [2]], investments in rooftop PV
systems are expected to become a compelling option for
residential electricity consumers in the near future, even in
the absence of any direct financial incentives such as solar
power feed-in tariffs.

PV grid parity for households is defined as the threshold at
which the levelised costs of electricity (LCOE) - including
initial investment and operations and maintenance costs -
of the PV system over its lifetime reach parity with the
residential electricity tariff. Hence, PV grid parity marks the
point in time at which households can lower their annual
electricity costs by consuming self-produced PV electricity
rather than purchasing electricity from the grid.

Due to the fact that households avoid network tariffs, taxes,

Network tariff
20%

Indirect financial | _J
incentive 16%

7%

 Electricity tax

Value-added tax

Concession levy

14%
L ® CHP and §19 surcharge

EEG surcharge

 Procurement and Distribution

Residential electricity tariff

Fig. 1. Composition of Germany’s residential electricity tariff in 2012
based on [3]

levies and other surcharges for the amount of PV electricity
consumed in-house, the grid parity calculus depicts an indi-
rect financial incentive for PV electricity generation granted
to residential PV electricity consumers (see Figure [T)). How-

2Germany’s National Renewable Energy Action Plan forsees a target
value of 52 GW for PV in 2020
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ever, the expenditure savings on the side of the residential
PV electricity consumers go along with revenue shortfalls
on the side of the government, municipalities and system
operators, which will need to be somehow compensated. For
example, the costs for operating, maintaining and upgrading
the grid do not decrease with the amount of PV electricity
consumed in-house but rather increase due to necessary
investments in the distribution grid. Hence, system operators
will need to either increase the network tariffs or change
the tariff structure - e.g. from energy-related to capacity-
related tariffs - to be able to cover the costs. Moreover,
households save electricity tax payments for the share of in-
house PV electricity consumption, which contribute to public
funds (e.g. pension funds) in Germany. Hence, an increased
share of in-house PV electricity consumption induced by PV
grid parity results in a reallocation of financial resources: it
lowers the burden to be borne by households that consume
a part of their PV electricity generation and increases the
burden to all other electricity consumers. Moreover, society
is faced with significant excess costs under such a scenario,
due to the fact that investments in rooftop PV and small scale
storage capacities do not depict a cost-efficient investment
option in Germany before 2030. Specifically, the partial
optimization on the household level leads to an inefficient
electricity generation mix from the total system perspective.
The potential cost savings from the single household per-
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Fig. 2.  Potential costs savings from the single household perspective
induced by PV grid parity

spective correspond to the difference between the residential
electricity tariff and the LCOE of PV. The greater the
difference between the residential electricity tariff and the
LCOE of PV increases, the larger the potential cost savings
achievable by households become, as shown in Figure
However, potential cost savings are limited to the amount of
PV electricity that is consumed by the residents.

The rapidly growing gap between the residential electricity
tariff and the LCOE of PV is expected to lead to considerable
investments in rooftop PV systems for in-house electricity
consumption in the near futureﬂ However, given the preva-
lent mismatch of sunshine hours and residential electricity
consumption behavior, supplementary investments in storage

3The residential electricity tariff is assumed to increase by 3 % per year
and PV system prices to decrease by approximately 3.3 % per year until
2020.

4The greater the gap between residential electricity tariffs and LCOE of
PV, the higher the return on investment. To depict a compelling investment
option, the return on investment will at least need to exceed the capital
market interest rates for fiscal investments with a comparable investment
risk.

capacities could increase the potential cost savings, allowing
for higher shares of in-house PV electricity consumption.
At present, studies have primarily focused on the identifi-
cation of the point in time at which PV grid parity will
be reached ([4]], [2]) as well as on the analysis of factors
influencing this point of time ([3[,[6],[7]). The potential
consequences of PV grid parity, in contrast, have hardly been
analyzed.

An adequate assessment of the potential impact of PV grid
parity on the total electricity system requires a profound
analysis of the single household’s cost minimization behav-
ior. In the absence of any direct financial incentive such as
solar power feed-in tariffs, the single household’s decision
concerning the installation and the dimensioning of a PV and
storage system depends on the gap between the residential
electricity tariff and the LCOE of PV, the household’s
electricity consumption profile and the market value of the
non-consumed PV electricity that is fed into the grid. The
single household’s cost minimization behavior entails direct
consequences for the wholesale market. This is because
increased shares of in-house PV electricity consumption
cause changes in the residual load, both in volume and
structure, and in turn effect the provision and operation of
power plantsﬂ

In this paper, we analyze the consequences of PV grid parity
in Germany after 2020 - both from the single household and
the wholesale market perspective — by iterating a household
optimization model with an electricity system optimization
model. Within this framework, the following questions will
be answered:

o What are the optimal PV and storage system capacities
— from the single household perspective — induced by
PV grid parity?

« What is the share of total PV electricity generation that
can be consumed in-house by a single household (given
the optimal dimensioning of PV and storage system
capacities)?

o What is the share of a single household’s annual elec-
tricity demand that can be supplied by self-produced
PV electricity (given the optimal dimensioning of PV
and storage system capacities)?

o What are the consequences for the wholesale market?
o What are the excess costs induced by PV grid parity?

The remainder of the paper is structured as follows: Section
presents the scenario definition and the methodology
developed to analyze the consequences of indirect financial
incentives for PV electricity generation — induced by PV grid
parity in Germany until 2030. Section [[TI] summarizes the
model results and analyzes their implications for Germany’s
power sector up to 2030. Section [[V|concludes and provides
an outlook on further possible research.

II. METHODOLOGY

In this section, the scenarios are defined and the models
are presented that are used to analyze the effects of indirect

SIn the analysis, the residual load corresponds to Germany’s total
electricity demand (load) without the accumulated in-house PV electricity
consumption of the single households.
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financial incentives — induced by PV grid parity — both from
the single household and the wholesale market perspective.

A. Scenario definition

For the analysis of the grid parity effects, two scenarios
are defined. As seen in Table I} which lists the main settings
of the scenario simulations, the difference between the sce-
narios refers to the deployment of PV systems in Germany
after 2020. While in scenario A the expansion of PV systems
is based on the single household’s optimization behavior
(induced by PV grid parity), scenario B simulates a cost-
efficient development of Germany’s electricity generation
mix up to 2030. All other assumptions regarding political
targets or the expansion of interconnector capacities are iden-
tical in both scenarios. Germany (and its neighboring coun-
tries) are assumed to achieve their national renewable energy
targets stated in the National Renewable Energy Action Plans
(NREAP’s) by 2020 and the European COs reduction target,
which increase linearly up to 60 % until 2030 (compared
to 1990 levels). Moreover, the interconnector capacities
between Germany and its neighboring countries are assumed
to be expanded according to planned projects according to
the ENTSO-E’s 10-Year Network Development Plan 2012
(TYNDP) [8]].

The scenarios described above are simulated with two op-

TABLE I
SCENARIO DEFINITION
A B
Deployment of PV systems Household System
after 2020 optimization optimization
Expansion of renewables Realization of NREAP targets
until 2020

TABLE I
MODEL SETS, PARAMETERS AND VARIABLES

Sets

he H Hour of the year

1el Number of residents living in the household
reR Region

Parameters

ah,r Solar irradiance on tilted PV cell [W/m?]
PV PV investment costs [€/kW]

ST Storage investment costs [€/kW]

dpir Electricity demand [kWh]

n Efficiency of the storage [%]

m5T PV O&M costs [€/kW]

mST Storage O&M costs [€/kWh]

pf residential electricity tariff [€/kWh]

Y Market value of PV electricity [€/kWh]
U Discount rate [%]

w PV Performance ratio [%]

a Solar irradiance under STC [W/m?]

tPv PV lifetime [years]

5T Storage lifetime [years]

Variables

Cir Total costs [€ ]

CcrVv Annualized PV investment costs [€ ]
C;é,T Annualized storage investment costs [€ ]
Eff' v, Electricity purchased from the grid [kWh]
E,}; "i}ﬂ‘ Electricity supplied by PV system [kWh]
Ef_"?r Electricity sold to the grid [kWh]

Ef?r Electricity supplied by storage system [kWh]
Gf; Ym Total PV electricity generation [kW]

KLY Capacity of PV system [kW]

KZSTT Capacity of storage system [kWh]
LS?;T Storage level [kWh]

M; » O&M cost [€]

P Costs of purchasing electricity [€ ]
Ri.» Revenue from selling electricity [€]
Shir Storage input [kWh]

Expansion of interconnector
capacities until 2030
Reduction of CO-
emissions until 2030

Realization of TYNDP projects

60 % (compared to 1990)

timization models: a household optimization model and an
electricity system optimization model. The following sec-
tions introduce these two models and describe the iterative
approach used in the analysis to quantify the effects of PV
grid parity from the single household and the wholesale
market perspective in scenario AE]

B. Household optimization model

In the first step, a linear optimization model is developed
to minimize the annual electricity costs of households,
given yearly solar irradiance and electricity consumption
profiles, PV and storage system investment costs, residential
electricity tariffs and hourly market values of PV electricity
generation. The model in turn determines the optimal PV
and storage system capacities from the single household
perspective — depending on the number of residents living in
the house (¢) and the location of the house (r) — as well as
hourly system performance statistics, including hourly PV

%Note that the cost-efficient development of Germany’s electricity gen-
eration mix in scenario B is simulated by using the electricity system
optimization model. In specific, no iteration with the household optimization
model is conducted.

electricity self-consumption and grid feed-in profiles.

The annual electricity costs of a household are defined as the
sum of the annualized PV system investment costs (C,\),
the annualized storage system investment costs (CfTT ), the
annual operation and maintenance costs (M;,) and the
annual costs for the amount of electricity purchased from the
electricity grid (F; ;). In addition, annual electricity costs are
decreased by the revenue acquired from selling PV electricity
to the grid (R;,), which is assumed to be remunerated by
the market value of PV electricity in the specific hour (p}").
The annual electricity costs are minimized subject to several
techno-economic constraints. Equation (7)) depicts the power
balance of supply and demand that needs to be achieved
for each point in time. The electricity generation of the
household’s PV system in a specific hour and region (G¥’ XT)
can either be directly consumed by the household (E,Iz i)
sold to the electricity grid (Ef,ﬁr) or stored in the battery
system (S}, ; ). At the same time, however, the household’s
electricity demand in a specific hour and region (dj, ; ) needs
to be met by electricity supplied by the PV system (E,I; XT),
the storage system (E37 ) or the electricity grid (E}'Y)
(Eq. @®)). As stated in Equation @), the power output of a
household’s PV system in a specific hour and region (G,‘z XT)
depends on the solar irradiance on the tilted PV cells in
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the specific hour and region (as,) and on the performance
ratio of the PV cells (w). The maximum storage level of
a household’s battery system (L,S;E,T) is determined by the
storage capacity (K") (Eq. (10)), while the hourly change
in the storage level of a household’s battery system depends
on the storage operation in the specific hour and the losses
during the charging process (Eq. (T1)).

minC; . = Cfrv + CZSTT +M;,+P,— R, (1)
S.t.
o
PV _ PV PV

chV =cPV . KPY - |1- Trwe ()

U

S S S

CST = ST KPS (1 TrweT 3)
M, =m"V KLY +mST KT 4)
Pir=3 {pR -y, 5)

heH -
Rip=Y_ [pZV CERL, 6)

heH -
Ghte = Bt + By + Shii ()
dnir=ELY,. + BT + ELY, (8)
GrY = KPY . [} ©)

i : -

Lyt < KT (10)

1)

ST ST _ ST
Lh+1,1:,r - Lh,i,r = {Sh,i,r 'W} - Eh,i,r

Given that the focus of the analysis is on the German
electricity market, all country-specific input parameters of
the household optimization model — such as the residential
electricity tariff, the household’s electricity consumption
profile and the solar irradiance profile — have been defined
according to German levels.

The single households’ electricity consumption profiles were
derived with the model of domestic electricity use developed
in [9], which creates synthetic electricity demand data for 24
hours (with one-minute resolution) through the simulation
of domestic appliance use — depending on the number of
residents living in the house, the day of the week and
the month of the year The domestic electricity demand
model was configured to the use of domestic appliances in
Germany based on data from [10f], [11], [12] and [13] and
run for 8760 hours of the year. Overall, 250 annual electricity
consumption profiles were simulated, each differing with
regard to the number of residents living in the dwelling (1-5)
and the amount of domestic appliances.

The hourly solar irradiance profiles for three different regions
in Germany were taken from [14] and converted from a
horizontal to a tilted surface.

All other input parameters of the household optimization
model are listed in Table The input parameters are set
to the expected values achievable between the years 2025

"The domestic electricity demand model is distributed under

http://hdl.handle.net/2134/5786 and documented in [9].

TABLE 111
ASSUMPTIONS OF THE HOUSEHOLD OPTIMIZATION MODEL IN
SCENARIO A

Parameter

a 1000 [W/m?]

v 1250 [€ 2011/kWp]
ST 500 [€ 2011/kWh]

Ui 95 [%]

mPV 11 [€2011/kWp p.a.]
mST 7.5 [€2011/kWh p.a]
pft 0.378 [€ 2011/kWh]
tPv 30 [years]

t5T 15 [years]

uft 3 [%]

w 75 (%]

and 2030, at which time any direct financial incentives such
as solar power feed-in tariffs are assumed to be abolished.
However, at this time, the gap between the residential
electricity tariff and the LCOE of PV is assumed to have
increased to a level resulting in an attractive rate of return
from investments in PV and storage system capacities. In
specific, PV system investment costs (c”’V) are assumed
to amount to 1,250 € 911/kWp (incl. VAT of 19 %) and
the technical lifetime of PV systems (t©'V) is assumed to
amount to 30 years. Moreover, storage systems are assumed
to exhibit investment costs (¢°T) of 500 € 59;1/kWh and to
have a technical lifetime (¢°7) of 15 yearsﬂln contrast to the
residential electricity tariff (p’®), which is derived by linear
extrapolation of current values and assumed to amount to
0.378 € 2011/kWhﬂ the market value of PV electricity (p};v)
is endogeneously determined with the electricity system
optimization model, which is presented in the next section.

C. Iteration with an electricity system optimization model

From a wholesale market perspective, a large PV pen-
etration and a high share of self-consumed PV electricity
generation on the household level causes changes in the
load and the provision and operation of power plants. As a
result, there is a change in the marginal value of excess (not
self-consumed) PV electricity that is fed into the electricity
grid. To account for this interdependent relationship, the
household optimization model is iterated with an electricity
system optimization model.

The electricity system optimization model used in this
analysis is an extended version of the long-term investment
and dispatch model for conventional, renewable, storage and
transmission technologies as presented in [135]. It covers
29 countries (EU27 plus Norway and Switzerland), which
can be aggregated to larger market regions to reduce the
computational time. The model determines the cost-efficient
development of generation and storage capacities and their
operation for the time period up to 2030. The objective
of the model is to minimize accumulated discounted total
system costs while being subject to several techno-economic
restrictions, such as the hourly matching of supply and
demand, fuel availabilities and potential space for renewable

8The assumptions regarding the storage system reflect expectations for
Lithium-Ion batteries.

9The residential electricity tariff is assumed to increase by 3 % per year
until 2025.
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energies as well as politically implemented restrictions such
as EU-wide COy emission reduction targets and limited
nuclear power deploymentEl
The simulation of the European electricity markets is carried
out as a two-stage process: In the first step, investments
in generation and storage capacities are simulated in 5-
year time steps until 2030. For each of the years, the
model determines both investments in new capacities and
decommissionings of existing capacitiesEl The dispatch of
capacities is calculated for eight typical days per year on
an hourly basis (scaled to 8760 hours), representing vari-
ations in electricity demand as well as in solar and wind
resources along with their multivariate interdependencies. In
the second step, the capacity mix in 2030 is fixed and a
high-resolution dispatch is simulated. Instead of typedays,
the dispatch is simulated on the basis of hourly load profiles
as well as hourly electricity generation profiles of wind and
solar power technologies for 8760 hours of the year (based
on historical hourly wind and solar radiation data from [14]).
Due to computational time constrainst the simulation is run
for 9 European market regions, which are considered most
relevant for dispatch and investment decisions in Germany.
The simulated market regions are depicted in Figure [3]
The results of the electricity system optimization model

Fig. 3.

Simulated model regions

encompass the commissioning and decommissioning of con-
ventional, renewable and storage capacities until 2030, the
electricity generation of all technologies and the marginal
costs of electricity generation in each hour of the year 2030.
Since the optimal PV and storage system capacities from
the single household perspective directly depend on the

10Total system costs are defined by investment costs, fixed operation
and maintenance costs, variable production costs and costs due to ramping
thermal power plants.

ITAIl assumptions regarding techno-economic parameters, fossil fuel
prices and investment costs of conventional, storage and renewable tech-
nologies are based on [16].

Initial market value of PV
electricity (8760h)

i=1
\ 4
—

Household Model

- Optimal PV and storage capacity
- Self-consumption profiles
- Grid-infeed profiles

\4

. Upscaling to country level
i=i+1 P g y

Market Model ‘

Market value of
PV electricity (8760h)

Convergence?

@quilibrium solution fou@

Fig. 4. Schematic representation of the iterative process

marginal value of excess (not self-consumed) PV electricity,
the results of the household optimization model are iterated
with the results of the electricity system optimization model.
Figure [] shows a schematic representation of the iterative
process. Based on an initial market value of PV electricity
in 2030 (which was assumed to amount to 0.055 €/kWh
in all hours of the year) the household optimization model
determines the optimal PV and storage capacities (depending
on the number of residents living in the house and the
location in Germany), as well as hourly system performance
statistics, including the single household’s hourly electricity
self-consumption and grid feed-in profiles.

To analyze the impact of the single household’s optimization
behavior on the German electricity market, the results are
scaled up to the country level by multiplying the model re-
sults with the number of one- and two-family-houses located
in Germany (differentiated by the number of residents and
the location of the houses). The procedure assumes complete
rational behavior and abstracts from the so-called ‘landlord-
tenant’ problem ([17]). Hence, scenario A can be said to
depict a situation of ‘unconstrained grid parity’ in Germany
up until 2030.

The upscaled results of the household optimization model —
i.e. the household’s optimal PV and storage capacities, self-
consumption and grid-infeed profiles — serve as input param-
eters for the electricity system optimization model, which in
turn determines the marginal costs of electricity generation in
each hour of the year 2030. Given the fact that the marginal
costs of electricity generation reflect the market value of
excess (not self-consumed) PV electricity generation, the
marginal costs of electricity generation are in turn taken as
an input parameter for the household optimization model.
Specifically, the household’s PV electricity generation that
is not self-consumed, but rather fed into the electricity
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grid, is assumed to be remunerated by the marginal costs
of electricity generation — which are determined by the
electricity system optimization model.

Based on the new marginal costs of electricity generation
— which reflect the market value of PV electricity — the
household optimization model determines the optimal PV
and storage capacities from the single household perspective.
This iterative process is continued until the convergence of
results is achieved.

III. RESULTS

Figure [5] presents the development of optimal PV capaci-
ties during the iterative process in scenario A, depending on
the numbers of residents (1-5) and the location (Southern,
Central, Northern Germany) of the household. Optimal PV
capacities reach stable levels after only three iteration steps.
On average, optimal PV capacities change by less than 1 %
in the last iteration step. Other quantities that are subject to
change while iterating the two models — such as the optimal
storage capacities and the market value of PV electricity —
show the same convergent behavior.

Table [IV] shows the optimal PV and storage system ca-
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Fig. 5. Development of optimal PV capacities during the iteration in
scenario A

pacities, the share of the household’s annual PV electricity
generation that is consumed in-house and the share of the
household’s annual electricity demand that is covered by
self-produced PV electricity in scenario A after convergence
has been reached (i.e. for iteration step 6). Both optimal
PV and storage system capacities increase with the number
of residents living in the household. However, the shares
of in-house PV electricity consumption (i.e. the share of
the household’s annual PV electricity generation that is

consumed in-house and not fed into the electricity grid) lie
within a relatively low and narrow range between 43 %
and 46 % for all configurations. Interestingly, households
are able to cover 67 % to 77 % of their annual electricity
demand by self-produced PV electricity in scenario A, given
the optimized PV and storage capacities.

Figure [6] shows the average share of the (daily) household

TABLE IV
OVERVIEW OF MODEL RESULTS

[ North Germany
Optimal PV capacity [kW]

Central Germany  South Germany

1 Resident 4.2 4.4 4.4
2 Residents 5.8 6.1 6.0
3 Residents 6.3 6.6 6.4
4 Residents 6.8 7.0 7.0
5 Residents 7.2 7.6 7.4
Optimal storage capacity [kWh]
1 Resident 33 34 3.9
2 Residents 4.4 4.5 5.1
3 Residents 4.9 5.1 5.7
4 Residents 5.2 5.5 6.1
5 Residents 5.5 5.7 6.4
Share of in-house PV electricity consumption [%]
1 Resident 45% 43% 45%
2 Residents 45% 43% 45%
3 Residents 45% 43% 45%
4 Residents 45% 44% 45%
5 Residents 46% 44% 45%
Household demand coverage by PV electricity [%]
1 Resident 67% 71% 75%
2 Residents 67% 71% 76%
3 Residents 68% 72% 76%
4 Resdients 68% 72% 77%
5 Residents 68% 73% 77%

electricity demand that can be covered by self-produced PV
electricity during summer and winter in scenario A. On
average, households are able to cover up to 96 % of their
daily electricity demand by self-produced PV electricity in
the summer, and up to 80 % in the winter. After having

100%
80% /_/W\
- / \/\_/

11h  13h 15h 17h 19h 21h 23h

Summer

20% = Winter
o

20%

0% +——————————
1th  3h 5h  7h  9h

Fig. 6.  Average daily residential electricity demand coverage by self-
produced PV electricity in Germany in 2030

determined the optimal PV and storage system capacities for
each single household, results are scaled to the country level
by multiplying the optimal residential capacities with the
number of one- and two-family-houses located in Germany,
differentiated by the number of residents and the location of
the houses (Table — based on data from [[18]] and [19]@
In total, 82 GW of rooftop PV capacities are installed
by 2030 in scenario A — in addition to the 52 GW of
PV capacities foreseen in 2020 by Germany’s NREAP.

12To account for the fact that part of the rooftop potential of one- and two-
family-houses will already be used to achieve commitment with Germany’s
NREAP target for photovoltaic in 2020 (52 GW) only 90 % of the one-
and two-family-houses have been used for the upscaling.
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TABLE V
NUMBER OF ONE- AND TWO-FAMILY-HOUSES LOCATED IN GERMANY

North Germany  Central Germany  South Germany
1 Resident 927,873 2,019,445 130,7012
2 Residents 1,401,861 2,736,602 1,736,486
3 Residents 587,329 1,129,975 714,979
4 Residents 545,935 1,047,263 662,260
5 Residents 190,168 362,654 229,064

Storage capacities built in combination with these rooftop
PV facilities amount to 65 GWh, corresponding to 160 %
of currently installed pump storage capacities in Germany
(40 GWh in the year 2010).

As shown in Figure [7] and Figure [8] high shares of in-
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Fig. 7. Average (residual) load on weekdays in the summer and the winter
in Germany in 2030

house PV electricity consumption on the single household
level cause significant changes in the load supplied by the
wholesale electricity market (residual load) in scenario A
On average, the load supplied by the wholesale electricity
market on weekdays decreases by up to 12 % in the summer,
and by up to 8 % in the winter due to in-house PV electricity
consumption. Interestingly, the highest load reduction on
weekdays occurs in the evening hours — due to the in-house
consumption of PV electricity that was stored in the battery
system during the day. However, since Figure [7] and Figure
show the average load reduction on weekdays during
summer and wintertime, it cannot be concluded that peak
load is reduced. For such a conclusion, specific instances in
time would need to be analyzed in detail. This is subject to
further research.

The partial optimization of the single households (induced
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Fig. 8. Average load reduction on weekdays through in-house PV
electricity consumption in the summer and the winter in Germany in 2030

by PV grid parity) in scenario A leads to significant excess
costs. In comparison to scenario B — which assumes no
partial optimization of the single households but instead

131n this analysis, the term ‘residual load’ corresponds to Germany’s total
electricity demand (load) without the accumulated in-house PV electricity
consumption on the household level.

a total system optimization — accumulated and discounted
total system costs increase by 7.1 bn € 5917 up until 2030.
This massive increase in total system costs is caused by the
fact that investments in rooftop PV systems and small scale
storage technologies (such as lithium-ion batteries) on the
single household level do not depict a cost-efficient invest-
ment option in Germany before 2030. Instead of rooftop PV
and small scale storage systems, wind onshore (plus 7 GW)
and gas capacities (plus 9 GW) are deployed in scenario B
up until 2030. Furthermore, 11 GW of ground-mounted PV
systems are installed as a cost-efficient option in Southern
Germany after 2025 in scenario BPE]

IV. CONCLUSIONS

Our model-based analysis has shown that the rapidly
growing gap between the residential electricity tariff and
the LCOE of PV may lead to considerable investments in
rooftop PV systems and storage capacities for in-house PV
electricity consumption in Germany up until 2030. Given
our scenario assumptions, 82 GW of rooftop PV systems are
installed by 2030 in addition to the 52 GW of PV capacities
foreseen by the German NREAP for 2020. Accumulated
household storage capacities built in combination with these
PV facilities amount to 65 GWh, corresponding to 160 %
of currently installed pump storage capacities in Germany.
The optimal dimensioning of the PV and storage capacities
from the single household perspective allows on average 72
% of the household’s annual electricity demand to be covered
by self-produced PV electricity.

The single household’s optimization behavior entails direct
consequences for the wholesale market, as it changes the
residual load both in volume and structure. In terms of
volume, residential demand for electricity decreases dra-
matically, thus leading to significant revenue shortfalls for
conventional power plants. In addition, more than half of
the total PV electricity generation on the household level is
fed into the electricity grid.

Overall, the indirect financial incentive induced by PV grid
parity leads to massive excess costs of 7.1 bn €991 until
2030, due to the fact that rooftop PV and small scale storage
systems are not a cost-efficient investment option from a total
system perspective until 2030.

Further research will check the robustness of the results by
performing sensitivity analyses, specifically with respect to
both residential electricity prices and investment costs (of
both PV and storage systems). Moreover, specific effects of
increased in-house PV electricity consumption will be inves-
tigated in more detail, such as the impact of PV generation
on peak demand levels or on the future development of the
capacity mix. It would be particularly interesting to analyze
the consequences of PV grid parity for other EU member
states where solar resources as well as electricity pricing
systems are different than those in Germany.
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Abstract—Electricity market models, implemented as dy-
namic programming problems, have been applied widely to
identify possible pathways towards a cost-optimal and low
carbon electricity system. However, the joint optimization of
generation and transmission remains challenging, mainly due
to the fact that different characteristics and rules apply to
commercial and physical exchanges of electricity in meshed
networks. This paper presents a methodology that allows to
optimize power generation and transmission infrastructures
jointly through an iterative approach based on power transfer
distribution factors (PTDFs). As PTDFs are linear repre-
sentations of the physical load flow equations, they can be
implemented in a linear programming environment suitable for
large scale problems such as the European power system. The
algorithm iteratively updates PTDFs when grid infrastructures
are modified due to cost-optimal extension and thus yields an
optimal solution with a consistent representation of physical
load flows. The method is demonstrated on a simplified three-
node model where it is found to be stable and convergent.
It is then scaled to the European level in order to find the
optimal power system infrastructure development under the
prescription of strongly decreasing CO> emissions in Europe
until 2050 with a specific focus on photovoltaic (PV) power.

I. INTRODUCTION

Motivated by ambitious emission reduction and renewable
energy integration targets, the European power system is
expected to undergo substantial changes. Electricity market
models, implemented as a dynamic programming problem,
have been applied widely to identify possible pathways.
However, these models mostly lack an appropriate represen-
tation of the physical grid which represents the backbone
of today’s power system. Specifically, a joint optimization
of generation and transmission is difficult, mainly due to
the fact that different characteristics and rules apply to
commercial and physical exchanges of electricity in meshed
networks.

This is specifically true when dealing with an intermeshed
alternating current (AC) transmission network as the Euro-
pean power system. According to Kirchhoff’s circuit law,
multiple paths are taken by the physical flows when settling
trades from one point to another via the intermeshed grid (so

called loop flows), such that a large number of lines may be
impacted.

Many studies have dealt with the problem of transmis-
sion system expansion. Comprehensive literature surveys
for the general problem of transmission system expansion
and corresponding modelling issues are provided in [1I],
[2. As stated in [1]], the problem comprises economic and
engineering considerations, which can easily be confirmed
when analysing the corresponding fields of research.

From an engineering perspective, early approaches to
transmission system expansion can be found in [3]] or [4]]
that both formulate linear load flow equations in order to
find overloaded lines, however only considering snapshots of
the future power system. Besides linear programming, later
works also deploy various other optimization methods, such
as non-linear programming, mixed-integer programming or
artificial intelligence methods [J5].

The second stream of analysing transmission system ex-
tensions is mostly based on economic considerations: In
[6] the analytical model uses PTDF in order to integrate
loop flows that were previously found to have a significant
impact on the efficiency of the market outcome in meshed
networks [7]. They assume an invariant PTDF matrix and
furthermore do not address social welfare effects. A very
similar modelling framework is applied in [8]] to analyse
an incentive mechanism for transmission expansion with
a profit-maximizing transmission system company and a
competitive wholesale market based on nodal pricing, and
in [9] to specifically analyse the impact of different cost
functions.

This paper presents a methodology that couples an elec-
tricity market model with a power flow model to jointly
optimize both power generation and transmission grid in-
frastructures under flow-based market coupling using an it-
erative approach based on power transfer distribution factors
(PTDFs). The objective of the proposed method is to find
the overall cost-optimal solution for serving electricity to
the consumers, and thus to optimize social welfare. PTDFs
are linear representations of the load flow equations which



2" INTERNATIONAL WORKSHOP ON INTEGRATION OF SOLAR POWER INTO POWER SYSTEMS, 12-13 NOVEMBER 2012, LISBON 2

can be used to calculate physical active power flows in
the power network given market transactions. As such, they
can be implemented in a linear programming environment
determining the cost-optimal development of power system
infrastructures under certain restrictions. However, a set of
given PTDFs is only valid as long as certain criteria are met,
such as no reactive power flows and no losses. Furthermore
the PTDFs change with each change of grid configuration,
so we suggest a method whereby the PTDFs are updated
and fed back every time the grid is modified. The method
is demonstrated on a simplified three-node model where the
iterative optimization algorithm is found to be stable and
convergent.

The paper then provides an outlook on a large-scale
application that is currently being implemented in order to
find the optimal power system infrastructure development
under the prescription of strongly decreasing CO5 emissions
in Europe until 2050 with a specific focus on photovoltaic
(PV) power. The following two main questions shall be
answered within this framework:

« What does a cost-optimized European power system
(both generation and grid) look like in 2030 (medium
term) and 2050 (long term)?

o How does an optimized grid extension help to cost-
optimally deploy power from photovoltaic (PV) instal-
lations in Europe?

The results of this large-scale application will be published
in a separate paper.

The remainder of the paper is structured as follows:
Section [lI| presents the methodology developed to jointly
optimize power generation and transmission grid infrastruc-
tures in an iterative manner based on PTDFs. The algorithm
is applied to a simple three node network in Section
Section [[V] presents an outlook on the modelling framework
of the large-scale application to the European power system
with large shares of photovoltaics. Section [V| concludes.

II. METHODOLOGY

This section is subdivided into two parts. First, starting
from the most general formulation of the load flow equations
in an intermeshed AC grid, a linear PTDF representation is
derived suitable for being integrated in a large scale linear
optimization problem. Then, a model is presented focusing
on the problem of integrating load flow calculations in an
economic optimization framework with the objective to find
the cost-optimal grid infrastructure in a multi-node network
with different load and generation characteristics.

A. Load flow equations and PTDF representation

As noted in most electrical engineering books (e.g. refer
to [[10]), the most general form of the network equations in

an AC power system can be written as follows:

Pi= Ui Y Uj(gij cos(8; — 6;) + bij sin(6; — 6;))

jel
Qi = UZ Z Uj (g” sin(&- - 5]) - bij COS((SZ' — (Sj))

Jjel
-Pij = Uiggij — Uingij COS((SZ' — (SJ) — Uinbij sin(éi — (Sj)
Qij = — Uf(b” + bf]h) + Uinbij COS(&i — 5])

— Uingij sin(éi — (Sj)
()

In the above equations, P; and (); represent the active
and reactive power infeed at node ¢, whereas P;; and Q;;
stand for the active and reactive power flow on line ¢j
connecting node ¢ and j, respectively. [ is the set of nodes
the network consists of. As can be seen, voltage levels U and
phase angles § of the nodes as well as series conductances
g and series susceptances b of the transmission lines are
determining active and reactive power flows.

There are two well-known algorithms to solve this set
of equations, namely the Gauss-Seidel and the Newton-
Raphson methods [10]. These algorithms are capable of
dealing with the non-linearities in the above equations. No-
ticeably, both methods are iterative and need an initial guess
for all unknown variables. For the purpose of implementing
load flow calculations in a linear optimization environment,
as presented in this paper, a linear representation of the
above equations has to be found. To this end, the following
assumptions can be made:

« All voltages are set to 1 p.u., meaning that there is no

voltage drop.

« Reactive power is neglected, i.e. ; and Q;; is set to

Zero.
o Losses are neglected, and line reactance is by far larger
than the resistance: X >> R ~ 0.

 Voltage angle differences are small, such that sin(é; —

5j) ~ 5L — (Sj.

By making these assumptions, the AC load flow equations
can be simplified to a linear relationship:

T 1
Pi':bi'éi_(s' :é(si—é' %75,‘—(5‘ 2
= 0i=0) = e (=) = -(6,-5) @)
According to Kirchoff’s power law, the active power injec-
tion at bus ¢ is then given by

1 1 o
P = Z —(6; — 65) = (Z — )b + Z(*%) (3)
J}” . xlj : J?”
i JEQ, JEQ;
with ); being the set of buses adjacent to i. For a system
with multiple (V) branches, (@) can be written in matrix
form as
Prodai = B - (C) (4)

where P,,04q1 is the vector containing the net active power
injections P;, © the vector of phase angles and B is the
nodal admittance matrix with the following entries:

1

B =—— (5)
l‘ij
1

Bi=Y» — (6)
jeq; Y
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Due to the fact that B is singular, the row and column
belonging to the reference bus is deleted (thus assuming a
zero reference angle at this bus). The resulting vectors and
matrix are named B’, ®’ and P/, . We can now solve (@)
for @”:

®I = B,_l : Prlzodal (7)

Next, we consider the dependency between the load flow on
line 75 and the phase angle over the same line according to
[2] and find the matrix representation to be:

Pbranch =H- 6/ (8)

with Pprancn the vector of the net active power flows P
and Hy; = 1/x;5, Hy; = —1/2;5 and Hyp, = 0 form # 4, j
(note that k runs over the branches ¢j). ®’ can then be
inserted in (§) to give:

Pyranch = H-©' = H-B'™' P,

noda

1 =PTDF-P;, 4,

©)
The elements of PT D F are the power transfer distribution
factors, constituting the linear relationship between the load
flows on the lines and nodal power balances.

In the next step, a market model will be introduced
that simulates the dispatch of different power plants in
different market regions and thus nodal power balances
in a cost-minimizing manner. Power flows can then be
calculated using the PTDF approach that was introduced in
this section, and an additional restriction ensures that line
flows stay below thermal limits. Furthermore, the model will
be implemented such that thermal limits (i.e. transmission
capacity) can be increased when contributing to the cost-
optimal solution.

B. Model for the cost optimal expansion of grid infrastruc-
tures

The goal of the study presented in this paper is to
determine the cost-optimal extension of AC and DC grid
infrastructures. To this end, the above deduced linear power
flow representation can be embedded in an electricity mar-
ket model. Herein, an exogenously given demand shall be
supplied at least cost by the various technological options of
generation and transmission. Market models are commonly
modeled as linear optimization problem which is well suited
for most applications, especially when large systems with
high technological, spatial and temporal resolution shall be
analysed. With the methodology deduced in the previous
section, load flow calculations and grid extensions can
explicitly be included in such a linear program.

Moreover, the methodology presented in this section is
also able to account for possible DC grid extensions. Com-
pared to the AC system, flows on the DC lines are easier
to deal with due to the fact that all lines are assumed to be
point-to-point connections that are equipped with converter
stations. This technical equipment makes it possible to
perfectly control the flows on the corresponding line, such
that trades can directly be settled via those lines (in other
words, trades directly translate into physical flows).

Suppose that the level of demand in market ¢ at time
t, D! is an exogenous parameter entering the optimization
problem. The power that can be generated in market ¢ at

time ¢ by technology a at costs of ¢} , is denoted by G ,.
Furthermore, transmission capacities between ¢ and j are
denoted in vector-form by P,,,, and can be built up at
costs of A. All quantities are possibly different with respect
to space and time.

Within this framework, the following linear program
formalizes the optimization problem for the cost-efficient
supply of electricity including generation as well as AC and
DC transmission expansion.

min Ctot - Z Z Z Gi,a,tci,tl,t+}\AC'Pﬁzgx_k)‘DC'Pzgx

i€l a€AteT
(10)
S.t.

> Giar+ > Tjir=Diy (11

a€cA jeJ
T,; = T{C + TRC (12)
PAC — PTDF - TAC (13)
pPC —P° (14)
—Pa, < PAC < PLe, (15)
—PpC, < PPC < PRC (16)

, being the objective function, states that total costs
for electricity supply shall be minimized. Costs arise from
producing electricity on the one hand and costs related to
transmission grid extensions on the other (note that for the
sake of simplicity the expansion of generation capacity is not
included at this stage. This condition can easily be relaxed, as
done in the large-scale application presented in Section [[V).
The equilibrium condition ensures that supply equals
demand in each market region % at every instant in time t.
Electricity can be supplied either by generation in the local
market or by imports from other markets. Trades can be
settled via AC or DC grid infrastructures, as stated in (12).
Once trade flows are set, the resulting physical flows can be
calculated: For the AC grid, we use the methodology based
on PTDFs as introduced in section [[I-A| and recaptured in
(T3). For the DC grid, trades directly translate into physical
flows (T4). The last two Equations (T3] and restrict the
resulting flows to the line capacities P, that are currently
installed. Line capacities in turn are subject to optimization.

As shown in section the PTDF matrix depends on
the physical characteristics of the AC grid, especially on
line reactances. When AC grid capacities change, the PTDF
matrix will also change. Thus, whenever the optimal solution
includes increasing line capacities, the underlying PTDF ma-
trix that was used to deduce the optimum is no longer a valid
one for the resulting system. Consequently, a new PTDF
matrix is calculated based on the new grid infrastructure,
and updated within the above optimization problem. The
problem therefore has to be solved iteratively while updating
the PTDF matrix every time the market model has found an
optimal solution. A schematic representation of the resulting
process is shown in Figure

Note that an alternative approach to the process described
in Figure |l| would be the calculation of the PTDF matrix
directly in the market model according to (9). However,
as the elements of PT DF depend on the line capacities
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Fig. 1. Schematic representation of the iterative process
P2Y | this would make (T3) non-linear and the optimiza-

tion problem difficult to solve, especially in large-scale
applications. In fact, there are very effective methods for
solving linear programming problems, such as the Simplex
algorithm (see e.g. [[L1l], [12]]), whereas algorithms for non-
linear optimization problems are either inefficient or only
find a local instead of the global optimum (see e.g. [13])).

III. THREE NODE NETWORK

In this section the methodology developed in Section
shall be applied to a simple example. A three node network
was chosen as this is the easiest setting for which loop flows
play a role.

With a given demand as well as fixed available generation
capacities and costs, the cost-optimal solution for a full
electricity supply shall be found that potentially involves
transmission grid extensions.

A. Setting of the three node network example

The setting of the three node network considered in this
part of the analysis is shown in Figure

Node 1

Pmax 13 Pmax,12

Node 3

| Node 2

Prmax,23

Fig. 2. Three-node network considered in this section

With (9), the transaction-based PTDF matrix for this
network can be calculated as in the following equation.
Each entry of the matrix is labeled with the corresponding
transaction T; ; and impact on line L; ; in order to facilitate
reading.

T3 Ta3 Ti2
1 Liz | T12+%23 z23 z12

PI'DF = —— L, r13 —T23 r13+x23
Tiz+T13+T23 1, Z13 T13+T12 —T12

17

As in [6], we assume additional line capacity is added
in parallel, such that the reactances’ dependency on line
capacity takes the following form:

Zij,0
Pmax,ij/]Dij,O .
Note that the algorithm needs a starting point for the
iteration. Starting from an initial guess for line capacities
and corresponding line reactances the algorithm iteratively
searches for optimal grid capacities while updating line
reactances according to (T8).

We assume different generation and load levels at each
node that are exogenous and constant. We then consider a 10
year planning horizon for which the grid shall be optimized.
Generation costs at node 1 and 2 are 20 Eur/MWh or 1.752
Mio. Eur per MW supplied for 10 years, and 15 Eur/MWh or
1.314 Mio. Eur/(MW*10a) at node 3. Costs for grid upgrades
amount to 1000 Eur per MW and km, with distances of
300 km between all nodes. Furthermore we assume that for
security reasons a minimum of 50 MW shall be built on each
line which adds an additional restriction to the optimization
problem formulated in Equations [T0] to

Table E] summarizes load level Pj,,q4, available generation
capacity Pyey, and generation costs Cg., at each of the three
nodes, as well as the costs for grid upgrades.

(18)

Tij =

TABLE I

ASSUMPTIONS FOR THE THREE NODE NETWORK EXAMPLE
Parameter Unit Node 1 Node 2 Node 3
Pload MW 800 300 200
Pyen MW 300 300 800
Cgen  Mio.Eur/(MW*10a) 1.752 1.752 1.314
Line 1-2 Line 1-3  Line 2-3
cae Mio.Eur/MW 0.3 0.3 0.3
cb? Mio Eur/MW 1.5 1.5 1.5

B. Results of the three node network example

Based on the assumptions listed in the previous Section
we run the model as it was presented in Section [[I} in order
to determine necessary grid extensions when all three nodes
shall be connected through an AC and/or DC transmission
grid. The results are presented in Figures [3] to [5] that capture
all endogenous system properties that are subject to change
when running the iterative simulation. Noticeably, in this
example DC grid extensions are not part of the optimal
solution due to higher investment costs compared to AC
transmission grids.

For the initial guess all line capacities and reactances were
set to 100 MW and 1 Ohm, respectively. Consequently, a
power transfer of x from Node A to B results in power flows
of 2/3*x on line A-B and 1/3*x on lines A-C and C-B. Node
1 is lacking 500 MW of power generation that needs to be
imported from outside. Due to lower generation costs and
availability, the missing 500 MW are supplied by Node 3.
Transmission lines are extended such that these 500 MW can
be transported from Node 3 to Node 1, hence 2/3*500 MW
flow on line 1-3 and 1/3*500MW via node 2 (i.e. on line 1-2
and line 2-3). Furthermore, the optimal solution includes the
usage of the full capacity available at lower costs in Node 3.
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Fig. 3. Development of transmission line reactances during the iteration
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Fig. 4. Development of transmission line capacities during the iteration

The inherent advantage is that the flows on line 1-2 resulting
from the trade between nodes 3 and 2 counteract the flow
from 3 to 1 via 2, thus leading to a situation where less grid
extensions are needed on this particular line. Necessary grid
extensions in iteration step 1 then amount to 133 1/3 MW
on line 1-2, 366 2/3 MW on line 1-3 and 233 1/3 on line
2-3. Total costs sum up to 2.1472 Mio. Euros.

In the next iteration step, line reactances are updated
according to (I8) and previously optimized line capacities,
thus changing the PTDFs, power flows and optimized line
capacities. As can be seen in Figure f] necessary upgrades
on line 1-3 further increase. This is caused by the follow-
ing sequence of events: capacity extension on this line is
highest, and therefore, line reactance decreases the furthest.
As more power flows on lines with low reactance, larger
transmission capacities are needed on line 1-3 in order
to handle the increasing power flows. Following the same
logic, necessary transmission capacities on lines 1-2 and
2-3 decrease. Noticeably, as only one line is affected by
increasing transmission capacities whereas the capacities of
two lines are reduced, total system costs are lowered during
the iteration as can be observed in Figure[5} The reactance of
line 1-2 increases sharply in the third iteration step since only
moderate capacity upgrades were found to be cost-optimal.
During the next iterations, capacity of line 1-2 further

2.145¢

2141

2.135¢

2.13}F

Total Costs [Mio. Eur]

2.125¢

5 10 15
Iteration Step

Fig. 5. Development of total system costs during the iteration

decreases and rapidly approaches the minimum extension
capacity of 50 MW with corresponding line reactance of 2
Ohm.

During the iterative process, all endogenous system prop-
erties reach stable levels after only a few iteration steps.
Optimized line capacities, for instance, change by less than
0.1% after iteration step 10.

IV. LARGE-SCALE APPLICATION

This section presents an outlook on further work that
applies the previously developed method to a large-scale
problem. Specifically, an electricity market model and a
power flow model both covering the European power system
are coupled via PTDFs in order to find the optimal power
system infrastructure development under the prescription of
strongly decreasing CO4 emissions in Europe until 2050 with
a specific focus on photovoltaic (PV) power. The following
two main questions shall be answered within this framework:

o What does a cost-optimized European power system
(both generation and grid) look like in 2030 (medium
term) and 2050 (long term)?

o How does an optimized grid extension help to cost-
optimally deploy power from PV installations in Eu-
rope?

The two models are introduced in Sections and
whereas the iteration between them is described in Section
Please note that the results of the large-scale appli-
cation are still being finalized and will be published in a
separate paper.

A. Power flow model

To analyse the power flows in the European transmis-
sion network, a detailed model of the high voltage grid
is used. This model was developed with DIgSILENT’s
power system calculation tool PowerFactory and covers all
ENTSO-E members. It consists of a total of over 200 nodes,
representing generation and load centers within Europe, 450
high voltage AC (HVAC) lines and all the high voltage DC
(HVDC) lines within the ENTSO-E area. The grid model
is built for AC load flow calculations and thus can be used
not just for active power flows, but also to calculate losses
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within the network, reactive power flows and the necessary
compensation to maintain network stability.

As a starting point for the iterations two versions of the
grid model were prepared: one representing the European
grid as it was in 2011 and another for the predicted state
of the network in 2020. For the future projection, it was
assumed that all projects in mid-term planning from ENTSO-
E’s Ten Year Network Development Plan will be built. In
total 82GVA of extra capacity was added for new HVAC
lines and 13GVA for new HVDC lines between 2011 and
2020.

Whereas in the market model all the load and generation
is aggregated for each market region (i.e. assuming a copper
plate with no internal power transfers), the grid model con-
sists of multiple nodes per market regionﬂ The distribution
of demand and generation assets across the nodes within
each market region are set using allocation keys, which are
based on factors such as population density, siting of heavy
industry, location of thermal power plants and the availability
of renewable energy resources.

The network and distribution keys were validated by
comparing cross-border flows in the model against publicly
available data from ENTSO-E, after which the impedances
and allocation keys were optimized to ensure good agree-
ment across several snapshots of the network.

In 2011 and 2020 the majority of DC lines lie between the
different synchronous zones of the ENTSO-E area, such as
the undersea connection between France and Great Britain.
To allow the economic model the choice of extending the
HVDC network, an Overlay Network of DC lines was con-
structed for 2030 and 2050 with DC connections permitted
between all neighboring market regions, including those
within the same AC network. To take account of the effect
of DC transfers on the AC grid, a PTDF for DC transactions
was calculated, in addition to the AC PTDF for transactions
inside the AC network. This DC PTDF linearizes the effect
of DC transfers on the AC network, capturing for example
the power flows to and from the DC connection points.

An additional challenge was presented by the fact that
each market region spans several nodes within the grid
model. To accurately capture the flows between the nodes
inside each region, which change depending on the dispatch
of generation technologies at any given time, the node
allocation keys (K) were directly incorporated into the
PTDEF. In this way the nodal power balances within the
model can be determined for any dispatch situation, with the
power flows then following directly from the usual PTDF.
Thus (T3) is reformulated as follows:

PA° = PTDF . (K”.D-K%.G-KP"°.T"°) (19)

B. Electricity market model

The market model used in this analysis is an extended
version of the long term investment and dispatch model
for conventional, renewable, storage and transmission tech-
nologies as presented in [14]. It covers 29 countries (EU27

Note that this could be overcome by simulating a nodal pricing regime
where each node of the transmission grid is its own market region. However,
this would call for a market model that is even more complex than the one
that is currently used and could thus not be solved in a reasonable time.

plus Norway and Switzerland) at an aggregated level (i.e. 18
market regions). E]

The model determines possible paths of how the installed
capacities will develop and how they are operated until 2050
under different assumptions, assuming that the European
markets will achieve the cost-minimizing mix of different
technologies - a market result that is set in full competition.
The objective of the model is thus to minimize accumulated
discounted total system costs while being subject to several
techno-economic restrictions, such as the hourly matching of
supply and demand, fuel availabilities or potential space for
renewable energies, and politically implied restrictions, such
as an EU-wide CO2 emission reduction target or limited
nuclear power deployment. The dispatch is calculated for
eight typical days per year on an hourly basis (scaled to 8760
hours), representing variations in electricity demand as well
as in solar and wind resources along with their multivariate
interdependencies. Extreme events that particularly stress the
power system, e.g. periods of low wind and high demand,
are also covered. To account for local weather conditions,
the model considers several wind and solar power regions
(subregions) within market regions based on hourly meteo-
rological wind speed and solar radiation data [[15]]. For the
study presented in this paper, the grid optimization has been
implemented in the electricity market model as in equations
(TI0) to (16) and (19).

An important assumption concerns the congestion man-
agement, i.e. the restriction of electricity transactions be-
tween market regions: As opposed to NTC-based market
coupling which is still the predominant method for con-
gestion management in the European power system, our
calculations are all based on a flow-based market coupling
regime. The reason for this is two-fold:

o Flow-based market coupling is implemented in the
market model in order to optimize thermal limits of
the transmission grid directly and without having to
calculate Net Transfer Capacities (NTC) every time the
grid infrastructure is changed. This results in a clearly
defined interface between the market model and the
power flow model, namely the PTDF matrix.

o Previous studies have shown that flow-based market
coupling increases market efficiency, and should thus
be chosen in order to determine the cost-efficient elec-
tricity supply while optimizing social welfare.E]

C. Iteration between the models

Years of reference included in the analysis are 2011, 2020,
2030, 2050. As described in Section [lI} the interface for the
power system optimization is the PTDF matrix. It is initially
calculated from the flow model for the years 2011 and 2020
for which the grid infrastructure is not optimized; we argue
that for the year 2020 optimized grid extensions would not
be realistic within this timeframe, due to long planning and

2The aggregation was done due to very long computational times

3For a general discussion of flow-based transmission rights and conges-
tion management see [16]. Analyses of different congestion management
regimes in the European power system and possible increases in market
efficiency were published in [17], [18]], [L9], [20], [21]. Practical feasibility
of the concept is currently proven in the Central Western European (CWE)
Region, as discussed in [22].
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permission procedures of such projects. For the year 2011,
the model represents current line capacities while for 2020 a
number of mid-term grid extensions are included as reported
in the Ten Year Network Development Plan (TYNDP) [23].

For later years, however, optimal grid extensions are
allowed leading to variations in line capacities. These ex-
tensions alter the impedances within the network model,
which in turn change the PTDF. Since the way the PTDF
changes is non-linear, it cannot be incorporated directly
into the linear optimization problem, so instead the PTDF
is updated iteratively until it converges on the optimal
consistent solution. As a starting point for the 2030 and 2050
networks, the 2020 PTDF is used. Note that in the electricity
market model, generation capacities are optimized starting
from 2011.

Power Flow Model Market Model  optimal generation system

Gridygy PTDF 01, / (2020, 2030, 2050)
7o g
— i~ £ i
2011 5 > optimal grid for 2030 and 2050
N N
Grid;ozo PTDF0z0 £ '
! =
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Fig. 6. Iteration between the market and the power flow model of the
European power system

V. CONCLUSIONS

Joint optimization of generation and transmission is an
extremely important yet difficult task, mainly due to the fact
that different characteristics and rules apply to commercial
and physical exchanges of electricity in meshed networks.
In this paper a method is developed based on an iterative
PTDF calculation that is suitable for determining the cost-
optimal extension of large-scale power systems - such as the
European interconnected network - including generation as
well as grid facilities. An interface is implemented based
on PTDF matrices that couples market and grid models
and combines the inherent advantages of both model types.
Specifically, the algorithm is formulated as a linear optimiza-
tion problem that can be solved efficiently. It is tested for
a simple three node network where it is found to be stable
and convergent.

The method is currently implemented for a large-scale
case study to find an optimal power system infrastructure
development under the prescription of large shares of pho-
tovoltaics in Europe until 2050 by using a linear European
Electricity Market Model and a European Transmission
Network Model. Within this framework, it is analysed how
the cost-optimal European power system develops until 2030
(medium term) and 2050 (long term), and how enhanced
grid extensions help to cost-optimally deploy power from
photovoltaic (PV) installations in Europe. First results indi-
cate that - as expected - without grid extensions electricity
needs to be supplied more locally. However, the costs savings

enabled by optimal grid extensions is not as pronounced due
to strongly decreasing costs of renewable energy technolo-
gies that diminish the importance of local resource quality
(namely wind and solar radiation). Furthermore, it can be
observed that large-scale PV deployment calls for storage
devices in order to balance out the diurnal variations.

The approach presented in this paper could be further
developed in various directions, specifically with respect to
the market model that could be formulated as a different
class of optimization problem. The most interesting ones
would be:

o A mixed integer problem in order to formulate that only
multiples of available line configurations can be added.

o A non-linear optimization problem in order to avoid the
iteration.

o Further spatial disaggregation towards a nodal-pricing
regime in order to overcome the difficulty of having an
unequal number of nodes in the power flow and market
model.

Furthermore, it could be analysed numerically how gains in
social welfare can be created when switching from NTC to
flow-based market coupling all over Europe.
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Development of Tools for DER Components in
a Distribution Network

L. Mihet-Popa, C. Koch-Ciobotaru, F. Isleifsson and H. Bindner

Abstract -- The increasing amount of Distributed Energy
Resources (DER) components into distribution networks
involves the development of accurate simulation models that
take into account an increasing number of factors that
influence the output power from the DG systems. This paper
presents two simulation models: a PV system model using the
single-diode four-parameter model based on data sheet values
and a Vanadium Redox Battery (VRB) system model based on
the efficiency of different components and the power losses. The
unit models were implemented first in MATLAB/Simulink and
the simulation results have been compared with the data sheet
values and with the characteristics of the units. To point out the
strong dependency on ambient conditions and to validate the
simulation models a complex data processing subsystem model
has also been developed. A PV and a VRB inverter models have
also been developed and implemented in PowerFactory to study
load flow, steady-state voltage stability and dynamic behavior
of a distribution system.

Index Terms--distributed energy resources-DER; distributed
generation-DG; incidence and tilt angle; micro-grid; PV
panels; solar radiation; state of charge (SOC);vanadium redox
battery-VRB;

I.  NOMENCLATURE

A: diode quality factor; G,: solar irradiance; /), I.: open
circuit and short circuit currents; 7,,,p, Pupps Vinpp: Maximum
power point of current, power and voltage; NOCT: nominal
operating conditions; 7, 7, ng,: no. of panels in series, no of
cells in series in one panel and no. of strings in parallel; R;:
series resistance; T,, T..;: ambient and cell temperature; V.,
Vr: open circuit and junction thermal voltage; W,: wind
speed; a: solar altitude angle; ag: solar azimuth angle; o:
azimuth angle; B: panel tilt angle; B;: temperature coefficient
for change in I; ¢: location latitude; d: solar declination
angle; o: mounting coefficient.

II. INTRODUCTION

R enewable energy systems are expanding due to not
only environmental aspect but also due to social,
economical and political interest. The European Union
is aiming at a specific CO, reduction in the electricity sector
in the near future (20% reduction by 2020).This will involve
a significant growth of PV installation all over Europe
resulting in a few hundred GW of capacity [1].
The increased PV capacity will influence power system
operation and design. Power supplied from a PV array
depends mostly on present ambient conditions such as:
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irradiation and temperature [2-5].

PV output voltage changes mainly with temperature while
PV output current changes mainly with irradiation.
Therefore in order to develop a very precise simulation
model the local wind speed and the solar radiation incidence
angle, in terms of the slope and surface azimuth, should be
considered [5]-[8].

In order to determine the hourly incident radiation on a
surface of any orientation it is necessary to evaluate the ratio
of incident radiation on the tilted surface to that on a
horizontal surface considering beam, sky diffuse and ground
reflected radiation separately [3], [6], [9].

Increased distributed generation is becoming more
important in the current power system and in the future it
will rely more on distributed energy resources and micro-
grids. The flexible micro-grid has to be able to import/export
energy from/to the grid, control the active and reactive
power flows and manage of the storage energy [7], [10].

The battery package is an interesting option for storing

excess energy from the hybrid grid (wind intermittency) for
later use. It may also act as a peak shaving unit and thereby
contribute to a stronger grid [13], [15]-[17].
This paper proposes the development of simulation tools to
analyze and simulate power systems with renewable energy
sources and electricity storage devices. The tools are based
on models implemented first in MATLAB-Simulink and
validated by measurements. The paper focuses on simulation
models of a small-scale PV System and on a VRB system
connected to a micro-grid and on improvements and
validating it using experimental facility of an active and
distributed power systems laboratory called SYSLAB. In
order to find out the differences between DER components
in power systems and to study the impact on bus voltage and
frequency the systems have also been implemented in
DIgSILENT PowerFactory.

III. DISTRIBUTED ENERGY SYSTEM ARCHITECTURE.
EXPERIMENTAL FACILITY-SYSLAB

SYSLAB is a laboratory for research in distributed
control and smart grids with a high share of renewable
energy production. Its experimental facility is a
Wind/PV/Diesel Hybrid Mini-Grid with local storage and a
novel control infrastructure. The facility is spread across
three sites located several hundred meters apart, as can be
seen in Fig. la).

It includes two wind turbines (11kW and 55kW), a PV-
plant (7.8 kW), a diesel gen-set (48kW/60kVA), an
intelligent office building with controllable loads (20kW), a
number of loads (75kW, 3*36kW) and a Vanadium Battery
of 15 kW/190 kWh. At each of the three sites there is a
switchboard that allows the components installed at the site
to be connected to either of two bus bars. The two bus bars
at each site are connected to a crossbar switchboard allowing
the flexible setup of the system(s) to be studied. The bus bars
can be either connected to the national grid or can be part of
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an isolated system. It allows components and systems to be
in grid connected operation, island operation, or operation in
parallel with wind turbine or PV-plant, as it is shown in Fig.
1b).

Fig. 1. a) SYSLAB Risg’s new laboratory for intelligent, active and
distributed power systems and b) details about SYSLAB Micro-Grid
architecture.

The components are all connected in one distributed
control and measurement system that enables very flexible
setup with respect to experimental configuration.

A. PV Panel System

The PV panels are mounted in three strings: two strings
having 18 panels of 165 W each, and another one containing
12 panels of 100 W [19]. The strings are connected to the
SYSLAB grid through a three-phase PV inverter (SMA
Sunny Tripower).

From PV system two sets of data are provided. The first
set consists of the ambient measurements from the weather
station: solar irradiance on the horizontal, ambient
temperature, and wind speed. The second set represents the
electric measurements taken from the inverter: the AC
output power to the grid, and on each PV string the DC
power, voltage, and current. The two sets of data are read at
different sampling frequencies: 1 Hz for the electrical and
0.1 Hz for the ambient. These large sets of data are used to
develop an accurate model of the existing PV setup and to
validate it.

B.  Energy Storage System

The vanadium redox battery system installed in SYSLAB
is connected to the grid via a four quadrant power converter
and can deliver 15 kW on the AC side and the nominal
storage capacity is 190 kWh. The battery can operate in two
modes: P-Q mode (where the active and reactive power of
the battery is set by the user) and U-f mode where the power
is set according to the grid voltage and frequency and the
pre-defined droop-curves [15].

C. Data Acquisition and Control System

The data acquisition and control system (hardware and
software) is responsible for the supervision and control of
the research platform for distributed intelligent energy
systems with a high penetration of renewable energy. The
supervisory software code was written in Java and is able to
manage the data acquisition, processes the data and executes
the control loop and outputs the control variables. The
sensors outputs are connected to a signal conditioning board,
which in turn is connected to the data acquisition (DAQ)
board based on a PC (SCADA System).

IV. PV PANEL AND ARRAY MODELING

A.  Modeling of the PV Panel

To be able to develop an accurate PV panel model it is
necessary to define the right equivalent circuit. This paper
uses a single diode equivalent circuit for the PV model,
described by a simple exponential function:

i=1 —1,- (e(v+i~RS)/nS~VT _1) 1

Manufacturers typically provide limited operational data
for photovoltaic panels. These data are available only at
standard rating conditions, for which the irradiance is 1000
W/m® and the cell temperature is 25 °C, except for the
NOCT which is determined at 800 W/m® and an ambient
temperature of 20 °C.

Equations for the short circuit current and the open circuit
voltage as a function of absolute temperature A7 include
temperature coefficients that provide the rate of change with
respect to temperature of the PV performance parameters,
can be express as:

[ 213025.(1+ﬂ1'AT)

Sc
I/oc = I/OCZS (1+ZAT) (2)
AT =T, -T,
To complete the model it is also necessary to take into
account the variation of the parameters with respect to
irradiance:

1 = ISCZS ’ (Ga /1000) (3)

Sc
Using a four parameters model of a single diode
equivalent circuit, the v-i characteristics for a solar panel
string depending on irradiance and temperature has the
following expressions:

v=n V, +n n Ve lnll=iln, -1 s G,11000) 4)

(V=15 V, . +R 1) (151 -V)
SP'ISCO(I—e v ’ ) 35

The equations (4) and (5) can be used to calculate the
voltage and current over a string of panels.

The model used to obtain the static characteristics of the
PV panels has been developed in MATLAB using the
equations presented above. The model was developed for
one panel, as a function of irradiance and temperature. The
model has as inputs G, and T,.; on the panel and it sweeps
the voltage range of the PV panel in order to calculate the
output current and power. PV cells have nonlinear i-v and p-
v characteristics. Its output voltage and power change
according to temperature and irradiation.

Fig. 2 shows the typical characteristics for a PV model
and also a comparison between PV technical characteristics
from datasheet (on the left) and simulation results for one
panel.
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Fig. 2. Comparison between PV technical characteristics from datasheet
(on the left) and simulation results for one panel.

B.  Modeling of the PV Array

A Matlab/Simulink model has been developed, based on
the equations presented in the last section, in order to
reproduce the electrical behavior of the existing PV strings at
the SYSLAB experimental facility. The model has the
temperature and the solar radiance on the panel as inputs and
the AC power at the inverters’ grid side as output.

For obtaining the maximum power of the panel strings,
the condition (dp/dv=0) should be fulfilled.

The block diagram implemented in Simulink that was
developed to implement this model is depicted in Fig. 3.
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Fig. 3. PV string model implemented in Simulink.

C. Improvements and Validation of the Model

Two types of measurements are taken from the
experimental facility: ambient measurements from the
weather station and electrical measurements taken from the
inverter. All these measurements are implemented into our
model using a subsystem called “Measurements”, as can be
seen in Fig. 4.

The three ambient measurements: ambient temperature,
horizontal solar radiation, and wind speed are fed to a
module/subsystem (called Data Processing in Fig. 4) that
calculates the cell temperature of the PV panels and the solar
radiation on them, which are the inputs for the PV models
together with the number of panels in series, the number of
cells in series and the number of strings in parallel.

The simulation model, developed before in
MATLAB/Simulink for one PV panel (Fig. 3), has been
improved and modified for a PV array with three strings. A
block diagram of the model can also be seen in Fig. 4.

BERE®

@ 2| r a0 lem ] HEBS

[t tempamo)

itwspeed]

Ready 100% odets

Fig. 4. Block diagram of the simulation model for PV array.

1)  Cell Temperature

The cell temperature 7,.; can be very different from the
ambient temperature 7, and it depends on the solar
irradiation G,, T, and also on the wind speed W,. Solar
irradiation acts on increasing 7., and the wind speed has a
cooling effect and lowers T [3], [S].

If the PV panels are mounted in the regions with high
wind potential (as in our case), the wind speed must be
considered. The forced (wind) convection is large for high
wind speeds and the cell temperature function takes the
following form [5]:

T,=T +w-(0.32/(8.91+2-W,/0.67))-G, (6)

cell

Where W; is the wind speed measured on horizontal plane
and o is the mounting coefficient, which depends on the
mounting conditions of the PV panels and can be expressed
as:

w=15"-(SolarNoon — AT) (7)

The wind that produces the cooling effect through forced
convection is the wind parallel to the panel surface; that is
why the transformation W,,qe = Ws/0.67 is used.

For a better understanding on the influence of solar
irradiance and wind speed on the cell temperature, a
graphical representation of these values is depicted in Fig. 5.
The differences in temperature of the PV cells according to
different considerations are also presented.

ambient

~——considering Ga
considering Ga, Ws

Temperature (C)

15
Time (hours)
Fig. 5. Ambient measurements and
their effect on the PV cell temperature.

The solar irradiance has a high heating effect, at noon it
can be seen a 30°C increase of cell temperature. Considering
also the wind effect, the cell temperature is lowered, at noon,
with 12°C. This change in temperature has an effect on the
output power; as shown also in Fig. 2b). At each degree
change in temperature, the efficiency modifies with
approximately 0.44%: That means that if the temperature
rises, the efficiency decreases and vice versa [20, 21].

2)  Solar irradiance on the PV panel

As shown in Fig. 2c), the solar radiance has influence

2072



only on the current and implicitly on the output power of the
PV panel, so the plots contain the effect of the change in the
input solar irradiance, according to the ‘adaptation’ of the
horizontal solar irradiance to the real case of the PV panel.
The solar irradiance input to the model is the horizontal
value measured from the weather station. This translates into
substantial differences as can also be seen in Fig 5.
a) Considering the tilt angle of the PV panels

The PV panels from SYSLAB are tilted at f=60°. For
introducing this factor into the model, the declination angle
(0) has to be defined. The declination angle is the angular
position of the sun at solar noon with respect to the plane of
the equator. Its value is given by [6]:

& =23.45-5in(360- (284 +1/365.25)) (8)

Where 23.45 is the Tropic of Cancer latitude. For this
equation, the days are numbered from the spring equinox
(day 81) and using the fact that sin is a periodic function,
365-81=284.

The relation between solar irradiance on horizontal plane
Gori- and the solar irradiance on a tilted panel, facing south
is [6]:

Gpanel = (G

In which o = 90-¢+6.

From this equation it is clear that the ratio between the
solar irradiance on the PV panel and the one on the
horizontal changes during the year, as the earth orbits the
sun and the declination angle changes with every day. The
day number of the considered day for the simulation has to
be an input for the model [20].

b) Considering the orientation of the PV panels

For estimating the solar irradiance for a non facing south
PV panel from a facing south PV, which the model
calculates at this stage, some additional relations have to be
introduced, such as: solar hour angle, equation of time and
daylights saving time [3]. For calculating the solar
irradiation on the PV panels from the solar radiation on a
tilted panel, calculated at stage 2 (Fig. 6b), a correction
factor was defined as:

G . =cos(w)/cos(w— deviation) (10)

corr

sin(ar+ B))/sin(a) (9)

horiz

In addition to the day’s number in the year, the model has
to be provided with the local time, as of this 13° deviation,
the solar irradiance on the PV panel has a nonlinear variation
from the measured horizontal solar irradiation according to
the position of the sun on the sky in each moment of the day
(Fig. 6¢).

In Fig. 6 are presented the simulation results versus
measurements at different stages of the modeling. These
Figures also shows the importance of several factors that
have to be taken in consideration, especially PV panel tilt
angle and orientation.

In Fig. 6 a) is shown a comparison between measured and
simulated output power without considering wind speed
effect or any improvements.

Fig. 6 b) shows the same wave form for output power,
with the same peak values, and the same changes in power
due to shading effect in a synchronous manner. The
simulation has a delay of around 50 minutes. This is the
effect of the PV panels’ orientation, which have a 13°
deviation from the E-W axis.

Considering the tilt angle and orientation, the influence of
solar irradiance and wind speed on the cell temperature the
measurements and simulations are almost identically, as can

be seen in Fig. 6 c).
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Fig. 6. Solar irradiance adaptation steps.

V. VRB MODEL IMPLEMENTED IN MATLAB-SIMULINK
AND VALIDATED BY MEASUREMENTS

A.  VRB Modeling and Implementation

The VRB model has ©been developed in
MATLAB/Simulink and is based on the power balance
between the input and the stored power considering the
efficiency of different components and the power losses, as
it is shown in Fig. 7. These characteristics of the battery
have been computed based experiments by measuring
different electric values at different loads and SOC levels
[15].

The simulation model of the battery system contains four
subsystems: the power converter, the cell stacks, the energy
storage, voltage limitation and the auxiliaries, as it is
depicted in Fig. 7 b).
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Fig. 7 a) Schematic drawing of the battery system (the red arrows
indicate losses from the different parts of the system) and b) Simulink
implementation.
The power converter was modeled using a look-up table

with the efficiency of the AC-DC converter in charge and
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discharge operation modes.

The efficiency of the cell stacks was implemented as a
function of the DC power at different SOC levels, when the
battery was running in stable conditions during
charge/discharge modes.

The total power available is related to the electrode area
in the cell stacks and the total energy stored in the VRB
depends on both the SOC and the amount of active chemical
substances. The actual energy stored in the battery is defined
as:

Ebatt = EbattO + .[Pcell -dt (11)

Where Ej is the initial energy stored in the battery and
P, is the charge/discharge power at the electrolyte side.

The state of charge (SOC) is defined as the amount of
energy stored in the battery (£,,,) divided by the total energy
capacity Er:

SOC=FE

batt /ET (12)

The energy storage subsystem was implemented based on
(11) and (12) having as output Ey,, and SOC.

For a vanadium battery the auxiliary power consumption
is significant since the electrolyte has to be circulated for the
battery to be operational. The power of the auxiliaries
(control system, pumps, etc.) can be derived from the
measured AC power of the battery and the total power flow
over the bus (when only the battery is connected). When the
battery is off, the power consumption (for the control PC and
the displays) is 235W. When the battery is on and the pumps
are running the power consumption is between 1.1 and 1.6
kW depending on the AC power. The auxiliary block has
also been modeled by a look-up table considering
experimental data from [15].

The voltage limitation block has two functionalities: to
calculate the DC side voltage of the converter and to
calculate the AC limit power according to the SOC. The
power input is physically limited and at high SOC values,
the converter is not able to receive the prescribed power, but
a limited one. Also the subsystem contains an empirical
relation between the SOC and the voltage across the
electrolyte (V,.y), also implemented by a look-up table based
on experiments.

B.  Comparison between simulation and measurements

In order to validate the simulation model, measurements
were taken from the DAQ board of the VRB, fed into the
model and verifying the output values of the battery and of
the model.

The following experiment for a time scale of 36 hours
was considered: starting from a SOC=93.5% the battery was
discharged with a constant power Pac=15kW, until
SOC=18%. Then a charge sequence was considered from
SOC=14% until the level of SOC=87% at P,c=10kW.

A comparison between simulations and measurements of
SOC level and DC Voltage is presented in Fig. 8. As can be
seen it is a very small difference between graphics, which
means that the simulation model developed can be an
accurate tool for studying and analyzing the characteristics
of the energy storage system in a distributed network.

T 4 & & 0 17 u 7 7] ]
ame [sec] x10* time [sec] x10*
a) b)
Fig. 8. Comparison between simulations and measurements: a) State of
Charge sequence-SOC and b) DC Voltage-V versus time.

VI. SIMULATION MODEL OF DER COMPONENTS DEVELOPED
IN POWERFACTORY FOR DISTRIBUTION NETWORKS

Computer models of power systems are widely used by
power system utilities to study load flow, steady-state
voltage stability and dynamic and transient behavior of
power system.

DIgSILENT PowerFactory has been chosen because
provides the ability to simulate load flow, RMS fluctuations
in the same software environment. It provides a
comprehensive library of models for electrical components
in the power system [18].

The dynamic models of the PV System and VRB system
implemented in PowerFactory has been built with standard
components library and are based on the same equations
used for MATLAB/Simulink models presented before.

The blocks of the PV system (Fig. 9b), such as: PV
model, DC-Link and controller of the Static Generator and
of the VRB system (Fig. 9c), such as: battery model, charge
and P-Q controllers are implemented in the dynamic
simulation language DSL of DIgSILENT. DSL allows the
user to implement specific models that are not standard in
the DIgSILENT library and thus to create own developed
blocks either as modifications of existing models or as
completely new models. The internal simulation language
DSL has also been used to define the PV and VRB
characteristics and to initialize the parameters and variables
of the models.

Fig. 9 a) shows a single line diagram of the SYSLAB
architecture implemented in PowerFactory. For load flow
analysis, also shown in Fig. 9 a), the local voltage controller
could be set to three different modes: cosg, V and droop. For
RMS and EMT simulations the static generator supports two
different models: current source and voltage source models.
In our case we use a current source model which has as
inputs d-q axis reference current coming from the controller
and cosref and sinref'signals from a PLL model.

Fig. 9 b) shows the schematic structure of the PV System
model, developed for time-domain simulations where a DSL
model is required, including Photovoltaic Model, DC-Link
Model, PLL block and Static Generator with its Controller.
The Static Generator is an easy to use model of any kind of
static (non rotating) generators. Applications are PV
Generators, Storage devices, wind generators etc. The PV
system frame also contains the measurements blocks used as
inputs for different components of the model. For instance,
the Photovoltaic Model has as inputs irradiation G and cell
temperature tempCell, obtained from MATLAB-Simulink
model considering the tilt angle, orientation and the
influence of solar irradiation and wind speed on the cell
temperature, implemented as a look-up table, as can be seen
in Fig. 10a). Also the MPP of current, power and voltage as
a function of time for one module are shown.
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In Fig. 9 ¢) it is shown the VRB system block diagram
developed for time-domain simulations (RMS and EMT).
The battery energy storage system contains the model of
VRB, developed in DSL using the same equations like in
Simulink model presented in the last section and the
charge/discharge controller which takes in consideration the
SOC level of the battery, DC current and voltage of the cell
stacks and provides the current set-point for the inverter.
Also, to study the system stability the frequency and power
controllers have been implemented.

In order to validate the simulation model developed in
PowerFactory and to compare the results with MATLAB-
Simulink model, the same measurements have been used
like in the last section when we compare the results of
Simulink model with experiments (Fig. 8).

As can be seen in Fig. 11 a) the simulation results of DC
Voltage and Power for different SOC level are similar. Also,
to point out the accuracy of the simulation model developed
in PowerFactory in Fig. 11 b) is depicted a comparison
between simulated and measured SOC level.
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Fig. 9. a) Single line diagram of SYSLAB configuration, b) schematic
block diagram of the PV system model and c) VRB system
implemented in PowerFactory.
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Fig. 10. Simulation results of the PV system model, a) and a comparison
between simulations and measurements, b).
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VIIL

This paper proposes the development and implementation
of simulation tools to analyze and simulate power systems
with renewable energy sources and electricity storage. The
tools are based on models validated by measurements.

A four-parameter model of a PV panel and a PV system,
implemented in MATLAB/Simulink, using data provided by
the manufacturer with semi-empirical equations to predict
the PV characteristics for any condition. The PV
characteristics are modeled according to a single diode four
parameter equivalent circuit and according to PV parameters
values taken from the manufacturer technical data.

The paper also proposes a data processing simulation
model that relies on ambient data from a local weather
station, like most common in a real situation, not from
sensors mounted on the PV panels. The model calculates the
cell temperature and the solar irradiance on the PV panels
considering, among others, the tilt angle, the orientation of
the panels, and the wind cooling effect. The paper shows that
these factors significantly influence the power output from
the PV panels.

The VRB system model has been developed and
implemented first in MATLAB-Simulink considering the
efficiency and the power losses of different components. The
characteristics of the battery have been computed based
experiments by measuring electrical parameters at different
loads and SOC levels.

Comparison with experimental data, acquired by SCADA
system and processed by MATLAB, and with the
characteristics of the PV panels and VRB, provided by
manufacturers, has shown that the models implemented in
MATLAB/Simulink can be an accurate simulation tool to
study and analyze the characteristics of individual units and
for the prediction of energy production with energy storage
systems.

A PV system model and a VRB system model, using the
same equations and parameters as in MATLAB/Simulink
has also been developed and implemented in PowerFactory
to study load flow, steady-state voltage stability and
dynamic behavior of a distributed power system. Also, the
simulation results have shown a good similarity between
both tools.

CONCLUSIONS
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Abstract—This paper presents a PV panel simulation model
using the single-diode four-parameter model based on data
sheet values. The model was implemented first in
MATLAB/Simulink, and the results have been compared
with the data sheet values and characteristics of the PV
panels in standard test conditions. Moreover to point out the
strong dependency on ambient conditions and its influence
on array operation and to validate simulation results with
measured data a complex model has also been developed. A
PV inverter model, using the same equations and
parameters as in MATLAB/Simulink has also been
developed and implemented in PowerFactory to study load
flow, steady-state voltage stability and dynamic behavior of
a distributed power system.

L INTRODUCTION

Renewable energy systems are expanding due to not
only environmental aspect but also due to social,
economical and political interest. The European Union is
aiming at a specific CO, reduction in the electricity sector
in the near future (20 % reduction by 2020).This will
involve a significant growth of PV installation all over
Europe resulting in a few hundred Giga watts of capacity
[1].

The increased PV capacity will influence power system
operation and design. Power supplied from a PV array
depends mostly on present ambient conditions such as:
irradiation and temperature [2-5].

PV output voltage changes mainly with temperature
while PV output current changes mainly with irradiation.
Therefore in order to develop a very precise simulation
model the local wind speed and the solar radiation
incidence angle, in terms of the slope and surface azimuth,
should be considered [5-8].

In order to determine the hourly incident radiation on a
surface of any orientation it is necessary to evaluate the
ratio of incident radiation on the tilted surface to that on a
horizontal surface considering beam, sky diffuse and
ground reflected radiation separately [3], [6], [9].

Increased distributed generation is becoming more
important in the current power system and in the future it
will rely more on distributed energy resources and micro-
grids. The flexible micro-grid has to be able to
import/export energy from/to the grid, control the active
and reactive power flows and manage of the storage
energy [7, 10, and 14].

This paper focuses on the simulation models of a small-
scale PV System connected to a distributed network and
on improvements and validating it using experimental

facility of an active and distributed power systems
laboratory. In order to find out the differences between
DER components in power systems and to study the
impact on bus voltage and frequency the system has also
been implemented in PowerFactory.

II. DISTRIBUTED ENERGY SYSTEM ARCHITECTURE.
EXPERIMENTAL FACILITY

The experimental system is a laboratory for research in
distributed control and smart grids with a high share of
renewable energy production. Its experimental facility is a
Wind/PV/Diesel Hybrid Mini-Grid with local storage and
a novel control infrastructure. The facility is spread across
three sites located several hundred meters apart.

It includes two wind turbines (11kW and 55kW), a PV-
plant (7.8 kW), a diesel gen-set (48kW/60kVA), an
intelligent office building with controllable loads (up to
20kW), a number of loads (75 kW, 3*36 kW) and a
Vanadium Battery of 15 kW/190 kWh.

At each of the three sites there is a switchboard that
allows the components installed at the site to be connected
to either of two bus bars. The two bus bars at each site are
connected to a crossbar switchboard allowing the flexible
setup of the system(s) to be studied. The bus bars can be
either connected to the national grid or can be part of an
isolated system. It allows components and systems to be
in grid connected operation, island operation, or operation
in parallel with wind turbine or PV-plant.

A. PV Panels

The PV panels are mounted in three strings: two strings
having 18 panels of 165 W each, and another one
containing 12 panels of 100 W. The strings are connected
to the grid through a three-phase PV inverter.

B. Data Acquisition and Control System

The data acquisition and control system (hardware and
software) is responsible for the supervision and control of
the research platform for distributed intelligent energy
systems with a high penetration of renewable energy. The
supervisory software code was written in Java and is able
to manage the data acquisition, processes the data and
executes the control loop and outputs the control
variables. The sensors outputs are connected to a signal
conditioning board, which in tum is connected to the data
acquisition (DAQ) board based on a PC (SCADA
System).
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III. PV PANEL AND ARRAY MODELING

A. Modeling of the PV Panel

This paper uses a single diode equivalent circuit for the
PV model, described by a simple exponential function:

i=I, -1, -(e‘“*"‘Rs nsVe —1) (1)

In which I, and ], are the short-circuit and open-circuit
currents, R, is the cell series resistance, n, is the number of
cells in the panel connected in series and V represents the
junction thermal voltage which includes the diode quality
factor, the Boltzmann’s constant, the temperature at STC
and the charge of the electron.

Manufacturers typically provide limited operational
data for photovoltaic panels. These data are available only
at standard rating conditions, for which the irradiance G,
is 1000 W/m? and the cell temperature T, is 25 °Ci
except for the NOCT which is determined at 800 W/m
and an ambient temperature 7, of 20 °C.

Equations for the short circuit current I, and the open
circuit voltage V. as a function of absolute temperature
AT include temperature coefficients that provide the rate
of change with respect to temperature of the PV
performance parameters, can be express as:

Isc =Is¢:25 (l+ﬂ1 AT)
Ve =Voeas (14 2-AT) (2
AT =T -T.

a

To complete the model it is also necessary to take into
account the variation of the parameters with respect to
irradiance:

I.=1_:-(G,/1000) (3)

sc

Using a four parameters model of a single diode
equivalent circuit, the v-i characteristics for a solar panel
string depending on irradiance and temperature has the
following expressions:

v=n -V, +n, -0 Vy-Inll=iln, -1, G,/1000)

@

. 1, Voo +R, i) (1 g1,y
l=nsp-lsc-(l—e(v P Vot R DYt V)) )

The equations (4) and (5) can be used to calculate the
voltage and current over a string of panels.

The model used to obtain the static characteristics of the
PV panels has been developed in MATLAB using the
equations presented above. The model was developed for
one panel, as a function of irradiance and temperature.
The model has as inputs G, and T,.; on the panel and it
sweeps the voltage range of the PV panel in order to
calculate the output current and power. PV cells have
nonlinear i-v and p-v characteristics. Its output voltage
and power change according to temperature and
irradiation.

Fig. 1 shows the typical characteristics for a PV model
and also a comparison between PV technical
characteristics from datasheet (on the left) and simulation
results for one panel.
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Fig. 1. Comparison between PV technical characteristics from
datasheet (on the left) and simulation results for one panel.

B.  Modeling of the PV Array

A MATLAB/Simulink model has been developed,
based on the equations presented in the last section, in
order to reproduce the electrical behavior of the existing
PV strings at the experimental system. The model has the
temperature and the solar radiance on the panel as inputs
and the AC power at the inverters’ grid side as output.

For obtaining the maximum power of the panel strings,
the condition (dp/dv=0) should be fulfilled.

The block diagram implemented in Simulink that was
developed to implement this model is depicted in Fig. 2.
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Fig. 2. PV string model implemented in Simulink
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C. Improvements of the Model

Two types of measurements are taken from the
experimental facility: ambient measurements from the
weather station and electrical measurements taken from
the inverter.

The three ambient measurements: ambient temperature,
horizontal solar radiation, and wind speed are fed to a
module that calculates the cell temperature of the PV
panels and the solar radiation on them.

1) Cell Temperature

The cell temperature T,,; can be very different from the
ambient temperature 7, and it depends on the solar
irradiation G,, Ta and also on the wind speed Ws. Solar
irradiation acts on increasing 7., and the wind speed has a
cooling effect and lowers T, [3], [5]-

If the PV panels are mounted in the regions with high
wind potential (as in our case), the wind speed must be
considered. The forced (wind) convection is large for high
wind speeds and the cell temperature function takes the
following form [5]:

T.,=T, +®-(0.32/(8.91+2-W,/0.67))-G, (6)

cel

Where w is the mounting coefficient, which depends on
the mounting conditions of the PV panels and W is the
wind speed measured on horizontal plane.

The wind that produces the cooling effect through
forced convection is the wind parallel to the panel surface;
that is why the transformation Wg,sare: = W,/0.67 is used.

For a better understanding on the influence of solar
irradiance and wind speed on the cell temperature, a
graphical representation of these values is depicted in Fig.
3. The differences in temperature of the PV cells
according to different considerations are also presented.

2) Solar irradiance on the PV panel

The solar radiance has influence only on the current and
implicitly on the output power of the PV panel, so the
plots contain the effect of the change in the input solar
irradiance, according to the ‘adaptation’ of the horizontal
solar irradiance to the real case of the PV panel.
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Fig. 3. Ambient measurements and their effect on the PV cell
temperature.

The solar irradiance input to the model is the horizontal
value measured from the weather station. This translates
into substantial differences as can also be seen in Fig 3.

D. Simulation and validation of the array model

The simulation model, developed before in
MATLAB/Simulink for one PV panel, has been improved
and modified for a PV array with three strings. A block
diagram of the model can be seen in Fig. 4.

The PV array model is based on the equations (1-3).
These equations represent the PV characteristics taking
into account the no. of strings in parallel and the no. of
panels in series.

In Fig. 5 are presented the simulation results versus
measurements at different stages of the modeling. These
Figures also shows the importance of several factors that
have to be taken in consideration, especially PV panel tilt
angle and orientation.

Fig. 5 b) shows the same wave form for output power,
with the same peak values, and the same changes in power
due to shading effect in a synchronous manner. The
simulation has a delay of around 50 minutes. This is the
effect of the PV panels’ orientation, which have a 13°
deviation from the E-W axis.

Considering the tilt angle and orientation, the influence
of solar irradiance and wind speed on the cell temperature
the measurements and simulations are almost identically,
as can be seen in Fig. 5 c).

= R e

Fig. 4. Block diagram of the simulation model for PV array.
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Fig. 5. Solar irradiance adaptation steps.

IV. SIMULATION MODEL OF THE PV SYSTEM
DEVELOPED IN POWERFACTORY FOR DISTRIBUTION
NETWORKS

Computer models of power systems are widely used by
power system utilities to study load flow, steady-state
voltage stability and dynamic and transient behavior of
power system.

DIgSILENT PowerFactory has been chosen because
provides the ability to simulate load flow, RMS
fluctuations in the same software environment. It
provides a comprehensive library of models for electrical
components in the power system [14].

The dynamic model of the PV System implemented in
PowerFactory has been built with standard components
library and is based on the same equations used for
MATLAB/Simulink model presented before.

The blocks of the PV model, DC-Link and controller
of the Static Generator are implemented in the dynamic
simulation language DSL of DIgSILENT. DSL allows
the user to implement specific models that are not
standard in the DIgSILENT library and thus to create
own developed blocks either as modifications of existing
models or as completely new models. The internal
simulation language DSL has also been used to define the
PV characteristics and to initialize the parameters and
variables of the model.

Fig. 6 a) shows a single line diagram of the laboratory
architecture implemented in PowerFactory.

Fig. 6 b) shows the schematic structure of the PV
System model, developed for time-domain simulations

C. Koch-Ciobotaru et al. - Simulation Model developed for a Small-Scale PV System in Distribution Networks

where a DSL model is required, including Photovoltaic
Model, DC-Link Model, PLL block and Static Generator
with its Controller. The Static Generator is an easy to use
model of any kind of static (non rotating) generators. The
common characteristic of these generators is that they are
all connected to the grid through a static converter.
Applications are PV Generators, Storage devices, wind
generators etc.

On the basic date tab of the single line diagram it is
possible to set up the number of parallel generators and
the power ratings of one PV panel.

For load flow analysis, also shown in Fig. 6 a), the
local voltage controller could be set to three different
modes: cos@, V and droop.

For RMS and EMT simulations the static generator
supports two different models: controlled current and
voltage source models. In our case we use a controlled
current source model which has as inputs d-q axis
reference current coming from the controller and d-q
reference angles (cosref and sinref) from a PLL built-in
model.

Photovoltaic Model has as inputs irradiation G and cell
temperature tempCell, obtained from MATLAB-Simulink
model considering the tilt angle, orientation and the
influence of solar irradiation and wind speed on the cell
temperature (Fig. 4), implemented as a look-up table, as
can be seen in Fig. 7. Also the MPP of current, power and
voltage as a function of time for one module are shown.
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Fig. 6. a) Single line diagram of SYSLAB configuration
implemented in PowerFactory and b) schematic block diagram of the
PV system model.
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Fig. 7. Simulation results of the PV system model implemented in PowerFactory

V. CONCLUSIONS

This paper proposes a four-parameter model of a PV
panel and a PV system, implemented in
MATLAB/Simulink, using data provided by the
manufacturer with semi-empirical equations to predict the
PV characteristics for any condition. PV characteristics
are modeled according to a single diode four parameter
equivalent circuit and PV parameters values taken from
the manufacturer technical data.

The paper also proposes a model that relies on ambient
data from a local weather station, like most common in a
real situation, not from sensors mounted on the PV panels.
The model calculates the cell temperature and the solar
irradiance on the PV panels considering, among others,
the tilt angle, the orientation of the panels, and the wind
cooling effect. The paper shows that these factors
significantly influence the power output from the PV
panels.

Comparison with experimental data, acquired by
SCADA system and processed by MATLAB, and with the
characteristics of the PV panels, provided by
manufacturers, has shown that the model implemented in
MATLAB/Simulink can be an accurate tool for the
prediction of energy production.

A PV system model, using the same equations and
parameters as in MATLAB/Simulink to define the PV
module and characteristics, has also been developed and
implemented in PowerFactory to study load flow, steady-
state voltage stability and dynamic behavior of a
distributed power system.

A comparison between both simulation models,
implemented in MATLAB/Simulink and PowerFactory,
has shown a good similarity. That means that this work
can be used for further development of tools for DER
components in a distributed network.
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Abstract- The increasing amount of DER components into
distribution networks involves the development of accurate
simulation models that take into account an increasing number of
factors that influence the output power from the DG systems.
This paper presents two simulation models: a PV panel model
using the single-diode four-parameter model based on data sheet
values and a VRB system model based on the efficiency of
different components and the power losses. The models were
implemented first in MATLAB/Simulink and the results have
been compared with the data sheet values and with the
characteristics of the units. Moreover to point out the strong
dependency on ambient conditions and its influence on array
operation and to validate simulation results with measured data a
complex model has also been developed. A PV inverter model
and a VRB inverter model, using the same equations and
parameters as in MATLAB/Simulink, has also been developed
and implemented in PowerFactory to study load flow, steady-
state voltage stability and dynamic behavior of a distribution
power system.

I.  INTRODUCTION

Renewable energy systems are expanding due to not only
environmental aspect but also due to social, economical and
political interest. The European Union is aiming at a specific
CO, reduction in the electricity sector in the near future (20%
reduction by 2020).This will involve a significant growth of
PV installation all over Europe resulting in a few hundred
Giga watts of capacity [1].

The increased PV capacity will influence power system
operation and design. Power supplied from a PV array
depends mostly on present ambient conditions such as:
irradiation and temperature [2-5].

PV output voltage changes mainly with temperature while PV
output current changes mainly with irradiation. Therefore in
order to develop a very precise simulation model the local
wind speed and the solar radiation incidence angle, in terms of
the slope and surface azimuth, should be considered [5-8].

In order to determine the hourly incident radiation on a surface
of any orientation it is necessary to evaluate the ratio of
incident radiation on the tilted surface to that on a horizontal
surface considering beam, sky diffuse and ground reflected
radiation separately [3], [6], [9].

Increased distributed generation is becoming more important
in the current power system and in the future it will rely more
on distributed energy resources and micro-grids. The flexible
micro-grid has to be able to import/export energy from/to the
grid, control the active and reactive power flows and manage
of the storage energy [7], [10].

The battery package is an interesting option for storing excess
energy from the hybrid grid (wind intermittency) for later use.
It may also act as a peak shaving unit and thereby contribute
to a stronger grid [13], [15-17].

978-1-4673-1653-8/12/$31.00 ©2012 IEEE

This paper proposes the development of simulation tools to
analyze and simulate power systems with renewable energy
sources and electricity storage devices. The tools are based on
models implemented first in MATLAB-Simulink and
validated by measurements. The paper focuses on simulation
models of a small-scale PV System and on a VRB system
connected to a micro-grid and on improvements and validating
it using experimental facility of an active and distributed
power systems laboratory. In order to find out the differences
between DER components in power systems and to study the
impact on bus voltage and frequency the systems have also
been implemented in PowerFactory.

II. DISTRIBUTED ENERGY SYSTEM ARCHITECTURE.
EXPERIMENTAL FACILITY-SYSLAB

SYSLAB is a laboratory for research in distributed control and
smart grids with a high share of renewable energy production.
Its experimental facility is a Wind/PV/Diesel Hybrid Mini-
Grid with local storage and a novel control infrastructure. The
facility is spread across three sites located several hundred
meters apart, as can be seen in Fig. 1a).

It includes two wind turbines (11kW and 55kW), a PV-plant
(7.8 kW), a diesel gen-set (48kW/60kVA), an intelligent office
building with controllable loads (20kW), a number of loads
(75kW, 3*36kW) and a Vanadium Battery of 15 kW/190
kWh. At each of the three sites there is a switchboard that
allows the components installed at the site to be connected to
either of two bus bars. The two bus bars at each site are
connected to a crossbar switchboard allowing the flexible
setup of the system(s) to be studied. The bus bars can be either
connected to the national grid or can be part of an isolated
system. It allows components and systems to be in grid
connected operation, island operation, or operation in parallel
with wind turbine or PV-plant, as it is shown in Fig. 1b).

The components are all connected in one distributed control
and measurement system that enables very flexible setup with
respect to experimental configuration.

Fig. 1. a) SYSLAB Rise’s new laboratory for intelligent, active and
distributed power systems and b) details about SYSLAB Micro-Grid
architecture.
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PV Panel System

The PV panels are mounted in three strings: two strings
having 18 panels of 165 W each, and another one containing
12 panels of 100 W. The strings are connected to the SYSLAB
grid through a three-phase PV inverter (SMA Sunny
Tripower).

Two sets of data are provided by PV system. The first set
consists of the ambient measurements from the weather
station: solar irradiance on the horizontal, ambient
temperature, and wind speed. The second set represents the
electric measurements taken from the PV inverter: the AC
output power to the grid, and on each PV string the DC power,
voltage, and current. The two sets of data are read at different
frequencies: 1 Hz for the electrical and 0.1 Hz for the ambient.
These large sets of data are used to develop an accurate model
of the existing PV setup and to validate it.

Energy Storage System

The Vanadium Redox Battery (VRB) system installed in
SYSLAB is connected to the grid via a four quadrant power
converter and can deliver 15 kW on the AC side and the
nominal storage capacity is 190 kWh.

The battery can operate in two modes: P-Q mode (where the
active and reactive power of the battery is set by the user) and
U-f mode where the power is set according to the grid voltage
and frequency and the pre-defined droop-curves.

A. Data Acquisition and Control System

The data acquisition and control system (hardware and
software) is responsible for the supervision and control of the
research platform for distributed intelligent energy systems
with a high penetration of renewable energy. The supervisory
software code was written in Java and is able to manage the
data acquisition, processes the data and executes the control
loop and outputs the control variables. The sensors outputs are
connected to a signal conditioning board, which in turn is
connected to the data acquisition (DAQ) board based on a PC
(SCADA System).

III. PV PANEL AND ARRAY MODELING
A. Modeling of the PV Panel
To be able to develop an accurate PV panel model it is
necessary to define the right equivalent circuit. This paper
uses a single diode equivalent circuit for the PV model as it is
shown in Fig. 2, and which is described by a simple

exponential function:
v+iRg
i=In -1 (e"SVT - 1) (1)

The double diode model is considered, by many researchers,
to be more accurate than the single diode model; the latter one
is blamed for being imprecise particularly at low irradiance
levels.

Fig. 2. Equivalent circuit of a PV cell.

2

However, it has been found out that when it was used for
modeling the behavior of many interconnected modules, the
single diode model is preferred by many of the authors in the
literature [S], [11].

A solar cell can be characterized by the following fundamental
parameters:

a) Short circuit current: /,,=I,. It is the greatest value of the
current generated by a cell. It is produced under short circuit
conditions when V=0.

b) Open circuit voltage corresponds to the voltage drop across
the diode (p-n junction), when it is traversed by the
photocurrent /,;, (namely ID=I,;), namely when the generated
current is /=0. It reflects the voltage of the cell and it can be
mathematically expressed as:

V,. = KquAln (‘;’—0“) = Vyln (‘;’—0“) )
¢) Maximum power point is the operating point, at which the
power dissipated in the resistive load is maxim: Pp.=IxUmax-
d) Maximum efficiency is the ratio between the maximum
power and the incident light power:

- @ - Imameax (3)
Pin AG,
e) Fill factor is the ratio of the maximum power that can be
delivered to the load and the product of /. and V..
FF = fmax _ VmaxImax (4)

VOCISC VOCISC

Manufacturers typically provide limited operational data for
photovoltaic panels. These data are available only at standard
rating conditions, for which the irradiance is 1000 W/m® and
the cell temperature is 25 °C, except for the NOCT which is
determined at 800 W/m?” and an ambient temperature of 20 "C.
It is known that the temperature and irradiance play a central
role in PV conversion process since it affects basic electrical
parameters, such as the voltage and the current of the PV
generator. As a consequence, the operating temperature of a
PV device represents a fundamental variable which directly
affects the electrical power output of the device and its
efficiency.
Equations for the short circuit current and the open circuit
voltage as a function of absolute temperature include
temperature coefficients that provide the rate of change with
respect to temperature of the PV performance parameters, can
be express as:
Isc = Isc25(1 + B AT)
Voc = Vocas (1 + xAT) (5)
AT = T¢(°C) — 25°

To complete the model it is also necessary to take into account

the variation of the parameters with respect to irradiance:
G
Isc = Isczs T5q5 (6)
Using a four parameters model of a single diode equivalent
circuit, the v-i characteristics for a solar panel string
depending on irradiance G, and temperature 7, has the

following expressions:

v = npsVoc + npsngVrln | 1 — 4(; (D)
nspISCZSTgO

v-npsVoc+Rsi
i=nglg (1 —e DpshsVT ) (8)
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These equations can be used to calculate the voltage and
current over a string of panels.

The model used to obtain the static characteristics of the PV
panels has been developed in MATLAB using the equations
presented above. The model was developed for one panel, as a
function of irradiance and temperature. The model has as
inputs the solar irradiance G, and the cell temperature 7, on
the panel and it sweeps the voltage range of the PV panel in
order to calculate the output current and power.

PV cells have nonlinear i-v and p-v characteristics. Its output
voltage and power change according to temperature and
irradiation.

Fig. 3 shows the typical characteristics for a PV model and
also a comparison between PV technical characteristics from
datasheet (on the left) and simulation results for one panel.

B.  Modeling of the PV Array

A Matlab/Simulink model has been developed, based on the
equations presented in the last section, in order to reproduce
the electrical behavior of the existing PV strings at the
SYSLAB experimental facility. The temperature and the solar
radiance on the panel are the inputs of the model and the AC
power at the inverters’ grid side is the output of the model.

For obtaining the maximum power of the panel strings, the

condition (9) should be fulfilled:

dap

w=0 O
That means:

v-npsVoc+Rsi
nsplsc 1—e UpsisVt

v-npsVoc+Rsi

e NpshsVr

=0 (10)
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Fig. 3. Comparison between PV technical characteristics from datasheet (on
left) and simulation results for one panel.

The block diagram implemented in Simulink that is developed
to implement this model is depicted in Fig. 4.
In order to solve the implicit function expressed above with
the voltage as the unknown, the “algebraic constraints” block
was used.
An additional assumption was made in this case because the
equation also requires the current value, which is computed
from the voltage value; in order to break the loop, the current
value is taken from the last simulation step. This assumption
relies on the fact that the electric measurements have a sample
time of 1 second and the environment measurements have a
sample time of 10 seconds; thus the system changes states
each 10 seconds, and only once in this 10 seconds interval the
model takes the current value from the previous state.
However, if the parameters mentioned in Appendix are
provided, a more simple way of calculating the maximum
power, with highly accurate results, can be considered by
using (5) and (6):

Pmpp = FFISCvoc(l + jAT) (11)

For the model input values, the measurements from the
weather station had to be translated via additional function that
were implemented, in order to reproduce the values on the
actual PV panel conditions.

C. Improvements and Validation of the Model

As stated before, two types of measurements are taken from
the experimental facility: ambient measurements from the
weather station and electrical measurements taken from the
PV inverter.

The three ambient measurements: ambient temperature,
horizontal solar radiation and wind speed are fed to an
additional simulation module that calculates the cell
temperature of the PV panels and the solar radiation on them.

1. Cell temperature

The cell temperature can be very different from the ambient
temperature and it depends on the solar irradiation G,, ambient
temperature 7, and also on the wind speed W (Fig. 5). Solar
irradiation acts on increasing 7,.; and the wind speed has a
cooling effect and lowers 7.

M | GU L o 5
W PV_model GUIPY Panel subsystem 2 Safds SRS ==

[Fle Edt View Seuation Fomat Toos Hep ]
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Fig. 4. The PV string model implemented in Simulink.
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The simplest relation for the steady state operating cell
temperature 7, and the ambient temperature 7,, considering
only the influence of the solar irradiance G, is [13]:

T. =T, + kG, (12)
The values for k are usually in the range of 0.02-0.04. The

value for this coefficient can be obtained from the data sheet,
considering the NOCT values:

k

_ NOCT-TanocT

(13)

GaNocT

Usually, in low wind speed areas, the effect of the wind on the
PV cells is negligible, the free convection and the radiation
term having very small values [3], [5].

If the PV panels are mounted in regions with high wind
potential (as in our case), the wind speed must be considered
because it has a large influence. The forced (wind) convection
is large for high wind speeds and the cell temperature function
takes the following form [5]:

0.32
Tc = Ta +w<m) Ga (14)

0.67

Where o is the mounting coefficient, which depends on the
mounting conditions of the PV panels and W, is the wind
speed measured on horizontal plane.

The wind that produces the cooling effect through forced
convection is the wind parallel to the panel surface; that is
why the transformation W gyrei = W/0.67 is used.

For a better understanding on the influence of solar irradiance
and wind speed on the cell temperature, a graphical
representation of these values is depicted in Fig. 5.

The differences in temperature of the PV cells according to
different considerations are also presented in Fig. 5.

The solar irradiance has a high heating effect, at noon it can be
seen a 30°C increase of cell temperature. Considering also the
wind effect, the cell temperature is lowered, at noon, with
12°C. This change in temperature has an effect on the output
power; as it has been shown in Fig. 3b). For instance, at each
degree change in temperature, the efficiency modifies with
approximately 0.44 %, if the temperature rises, the efficiency
decreases and vice versa.

2. Solar irradiance on the PV panel
The major advantage of the SYSLAB experimental facility is
the multitude of measurements that can be used to identify
phenomenon or causes and to include them accurately into the
model.

ambient
———considering Ga
considering Ga, Ws

S
o

Temperature ('C)
[*) w
o Q

Time (hours)
Fig. 5. Ambient measurements and their effect on the PV cell temperature.
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As shown in Fig. 3c¢), the solar radiance has influence only on
the current and implicitly on the output power of the PV panel,
so the plots contain the effect of the change in the input solar
irradiance, according to the ‘adaptation’ of the horizontal solar
irradiance to the real case of the PV panel. The solar
irradiance input to the model is the horizontal value measured
from the weather station. This translates into substantial
differences.

3. Considering the tilt angle of the PV panels

The PV panels from SYSLAB, shown in Fig. 1a) are tilted at
60°. For introducing this factor into the model, the declination
angle has to be defined:

The declination angle is the angular position of the sun at solar
noon with respect to the plane of the equator. Its value is given
by [6]:

284+n

6 =23.45sin (360 m)

(15)
Where 23.45 is the Tropic of Cancer latitude.

For this equation, the days are numbered from the spring
equinox (day 81) and using the fact that sin is a periodic
function, 365-81=284.

The relation between solar irradiance on horizontal plane and
the solar irradiance on a tilted panel, facing south is:

S __ Shoriz sin(a+p)
panel —

- (16)
sina
In which o = 90-¢+9.
From this equation it is clear that the ratio between the solar
irradiance on the PV panel and the one on the horizontal
changes during the year, as the earth orbits the sun and the
declination angle changes with every day. The day number of
the considered day has also to be considered as input for the
simulation model.
4. Considering the orientation of the PV panels

For estimating the solar irradiance for a non facing south PV
panel from a facing south PV, which the model calculates at
this stage, some additional definitions and relations have to be
introduced.
Solar hour angle — the geometrical angle between the sun’s
sky position projected on the ground in each moment of the
day and the projection at solar noon; each hour, the sun travels
15° on the sky. It has a negative value before solar noon, zero
at solar noon and positive after.

o = 15°(SolarNoon — T) 17
Equation of time — is an astronomical term accounting for
changes in the time of solar noon for a given location over the
course of a year. Earth's elliptical orbit and Kepler's law of
equal areas in equal times are the culprits behind this
phenomenon. The equation describing this difference (in
minutes) is given bellow [3]:

M = 27 day (18)

365.25
Apoon= (—7.65sin M + 9.86 sin(2M + 3.6)) (19)
SolarNoon = 12(hours) + Ao, (minutes) (20)
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The daylights saving time has to be considered also: in
summer hour, the solar noon is at 12+1=13 hours.

For calculating the solar irradiation on the PV panels from the
solar radiation on a tilted panel, calculated at stage 2 (Fig. 7b),
a correction factor is defined as:

Cos W

Feorr =————— (21)

cos(w—deviation)

In addition to the day’s number in the year, the model has to
be provided with the local time, as of this 13° deviation, the
solar irradiance on the PV panel has a nonlinear variation from
the measured horizontal solar irradiation according to the
position of the sun on the sky on each moment of the day.

The simulation model, developed before in
MATLAB/Simulink for one PV panel, has been improved and
modified for a PV array with three strings. A block diagram of
the model can be seen in Fig. 6.

The PV array model is based on the equations (7-9). The
equations (7-9) represent the PV characteristics taking into
account the no. of strings in parallel and the no. of panels in
series.

Solving the equation (11) we can determines the maximum
power point, which the inverter should track precisely,
because in the PV systems there are no mechanical parts
involved, and thus, the time constants are very small, being all
electrical in nature (e.g. compared to wind turbine systems).

In Fig. 7 are presented the simulation results versus
measurements at different stages of the modeling. These
Figures also shows the importance of several factors that have
to be taken in consideration, especially PV panel tilt angle and
orientation.

In Fig. 7 a) is shown a comparison between measured and
simulated output power without considering wind speed effect
or any improvements, such as: the orientation and the tilt angle
of the PV panels.

Fig. 7 b) shows the same waveform for output power, with the
same peak values, and the same changes in power due to
shading effect in a synchronous manner. The simulation has a
delay of around 50 minutes. This is the effect of the PV
panels’ orientation, which have a 13° deviation from the E-W
axis.

Considering the tilt angle and orientation, the influence of
solar irradiance and wind speed on the cell temperature the
measurements and simulations are almost identically, as can
be seen in Fig. 7 ¢).

5. VRB MODEL IMPLEMENTED IN MATLAB-SIMULINK
AND VALIDATED BY MEASUREMENTS

A.  VRB Modeling and Implementation

The VRB model has been developed in Matlab/Simulink and
is based on the power equilibrium between the input and the
stored power considering the efficiencies of different
components and the power losses, as can be seen in Fig. 8.
These characteristics of the battery have been computed based
on experiments by measuring different electric values at
different loads and SOC levels [15].

The simulation model of the battery system contains five
subsystems: the power converter, the cell stacks, the energy

storage, voltage limitation and the auxiliaries, as it is depicted
in Fig. 8 b).
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Fig. 6. Block diagram of the simulation model for PV array.
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Fig. 8a) Schematic drawing of the battery system (the red arrows indicate
losses from the different parts of the system) and b) Simulink implementation.

The power converter was modeled using a look-up table with
the efficiency of the AC-DC converter in charge and discharge
operation modes.

The efficiency of the cell stacks was implemented as a
function of the DC power at different SOC levels, when the

battery was running in stable conditions during
charge/discharge modes, and can be described by:
_ effsocio0—1 _ (1 _ _effsoco
eff = (1 + 15 ) (iPDC) (1 (1 effSOClOO)
SoC (22)

In which the efficiency effsocy was considers at Ppc=15 kW
and SOC=0 % and effsocip9 at Ppc=15 kW and SOC=100 %.
The total power available is related to the electrode area in the
cell stacks and the total energy stored in the VRB depends on
both the SOC and the amount of active chemical substances.
The actual energy stored in the battery is defined as:

Epatt = Epatto + fpcell dt (23)
Where E}, is the initial energy stored in the battery and P..;
is the charge/discharge power at the electrolyte side.
The state of charge (SOC) is defined as the amount of energy
stored in the battery (E,,) divided by the total energy capacity
ET:

SOC = % 4)

T

The energy storage subsystem was implemented based on (23)
and (24) having as output £, and SOC.

For a vanadium battery the auxiliary power consumption is
significant since the electrolyte has to be circulated for the
battery to be operational. The power of the auxiliaries (control
system, pumps, etc.) can be derived from the measured AC
power of the battery and the total power flow over the bus
(when only the battery is connected). When the battery is off,
the power consumption (for the control PC and the displays) is
235W. When the battery is on and the pumps are running the
power consumption is between 1.1 and 1.6kW depending on
the AC power [15]. The auxiliary block has also been modeled
by a look-up table considering experimental data from [15].
The voltage limitation block has two functionalities: to
calculate the DC side voltage of the converter and to calculate
the AC limit power according to the SOC. The power input is
physically limited and at high SOC values, the converter is not

6

able to receive the prescribed power, but a limited one. Also
the subsystem contains an empirical relation between the SOC
and the voltage across the electrolyte (V) implemented by a
look-up table based on experiments.

B.  Comparison between simulation and measurements

In order to validate the simulation model, measurements were
taken from the DAQ board of the VRB, fed into the model and
verifying the output values of the battery and of the model.
The following experiment for a time scale of 36 hours was
considered: starting from a SOC=93.5% the battery was
discharged with a constant P,c=15kW, until SOC=18%. Then
a charge sequence from SOC=14% until SOC=87% at
PAoc=10kW was considered. A comparison between
simulations and measurements is presented in Fig. 9.

6. SIMULATION MODEL OF DER COMPONENTS
DEVELOPED IN DIGSILENT POWERFACTORY FOR
DISTRIBUTION NETWORKS

In the distribution network a high share of PV may require
new approaches for voltage control as the power output of PV
system can change rapidly if clouds pass very fast over the PV
system. New control approaches may include active P/Q
control from the PV system, changed design of the embedded
distribution system control as well as active demand-side
control [14].

Computer models of power systems are widely used by
power system utilities to study load flow, steady-state voltage
stability and dynamic and transient behavior of power system.

DIgSILENT PowerFactory has been chosen because
provides the ability to simulate load flow, RMS fluctuations in
the same software environment. It provides a comprehensive
library of models for electrical components in the power
system [18].
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Fig. 9. Comparison between simulations and measurements: a) State of
Charge sequence-SOC and b) DC Voltage-V..

1027



The dynamic models of the PV System and VRB system
implemented in PowerFactory has been built with standard
components library and are based on the same equations used
for MATLAB/Simulink models presented before.

The blocks of the PV system (Fig. 10b), such as: PV model,
DC-Link and controller of the Static Generator and of the
VRB system (Fig. 10c), such as: battery model, charge and P-
Q controllers are implemented in the dynamic simulation
language DSL of DIgSILENT. DSL allows the user to
implement specific models that are not standard in the
DIgSILENT library and thus to create own developed blocks
either as modifications of existing models or as completely
new models. The internal simulation language DSL has also
been used to define the PV and VRB characteristics and to
initialize the parameters and variables of the models.

Fig. 10 a) shows a single line diagram of the SYSLAB
architecture implemented in PowerFactory. For load flow
analysis, also shown in Fig. 10 a), the local voltage controller
could be set to three different modes: cosg, V and droop. For
RMS and EMT simulations the static generator supports two
different models: current source and voltage source models. In
our case we use a current source model which has as inputs d-
q axis reference current coming from the controller and cosref’
and sinref signals from a PLL model.

Fig. 10 b) shows the schematic structure of the PV System
model, developed for time-domain simulations where a DSL
model is required, including Photovoltaic Model, DC-Link
Model, PLL block and Static Generator with its Controller.
The Static Generator is an easy to use model of any kind of
static (non rotating) generators. Applications are PV
Generators, Storage devices, wind generators etc. The PV

7

system frame also contains the measurements blocks used as
inputs for different components of the model. For instance, the
Photovoltaic Model has as inputs irradiation G and cell
temperature tempCell, obtained from MATLAB-Simulink
model considering the tilt angle, orientation and the influence
of solar irradiation and wind speed on the cell temperature,
implemented as a look-up table, as can be seen in Fig. 11a).
Also the MPP of current, power and voltage as a function of
time for one module are shown.

In Fig. 10 c) it is shown the VRB system block diagram
developed for time-domain simulations (RMS and EMT). The
battery energy storage system contains the model of VRB,
developed in DSL using the same equations like in Simulink
model presented in the last section and the charge/discharge
controller which takes in consideration the SOC level of the
battery, DC current and voltage of the cell stacks and provides
the current set-point for the inverter. Also, to study the system
stability the frequency and power controllers have been
implemented.

In order to validate the simulation model developed in
PowerFactory and to compare the results with MATLAB-
Simulink model, the same measurements have been used like
in last section when we compare the results of Simulink model
with experiments (Fig. 9). The data were acquired by SCADA
system with a sampling time of 1 sec and process by
MATLAB. The simulations sample-time in PowerFactory was
the same like in measurements. As can be seen in Fig. 11 b)
the simulation results of DC Voltage and Power for different
SOC level are similar.
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Fig. 10. a) Single line diagram of SYSLAB configuration, b) schematic block diagram of the PV system model and
¢) VRB system implemented in PowerFactory.
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CONCLUSIONS

This paper proposes the development of simulation tools
to analyze and simulate power systems with renewable
energy sources and electricity storage. The tools are based on
models validated by measurements.

A four-parameter model of a PV panel and a PV system,
implemented in MATLAB/Simulink, using data provided by
the manufacturer with semi-empirical equations to predict the
PV characteristics for any condition. PV characteristics are
modeled according to a single diode four parameter
equivalent circuit and according to PV parameters values
taken from the manufacturer technical data.

The paper also proposes a model that relies on ambient
data from a local weather station, like most common in a real
situation, not from sensors mounted on the PV panels. The
model calculates the cell temperature and the solar irradiance
on the PV panels considering, among others, the tilt angle, the
orientation of the panels, and the wind cooling effect. The
paper shows that these factors significantly influence the
power output from the PV panels.

The VRB model has been developed and implemented
first in MATLAB-Simulink considering the efficiency and
the power losses of different components. The characteristics
of the battery have been computed based experiments by
measuring electrical parameters at different loads and SOC
levels.

Comparison with experimental data, acquired by SCADA
system and processed by MATLAB, and with the
characteristics of the PV panels and VRB, provided by
manufacturers, has shown that the models implemented in
MATLAB/Simulink can be an accurate simulation tool to
study and analyze the characteristics of individual units and
for the prediction of energy production with energy storage
systems.

A PV system and a VRB system model, using the same
equations and parameters as in MATLAB/Simulink has also
been developed and implemented in PowerFactory to study
load flow, steady-state voltage stability and dynamic behavior
of a distributed power system. Also, the simulation results
have shown a good similarity between both tools.

APPENDIX
TABLE L

OPERATIONAL DATA FOR PV PANEL FROM DATA SHEET

(ISC)

Temperature coefficient for change in

% (%/°C) -0.346

(UOC)
5 (%/°C) -0.004 Temperature coefficient for change in
[ ,
& (%/°C) 50 Temperature coefficient for change in
(Unmpp)

for NOCT - solar irradiance(GaNOCT):EZOOW/mZ, ambient air
temperature(T,noct)=20°C, wind speed 1m/s

46.2 Cell temperature on the above

NOCT (°C) mentioned conditions

TABLE IL

VRB MODEL PARAMETERS

PARAMETER VALUE
SERIES RESISTANCE, Ry[Q] 0.25
DC NOMINAL CURRENT, Ipc[A] 136
AC NOMINAL CURRENT, Izc[A] 30
DC VOLTAGE(OPERATING RANGE), V[ V] 130-190
AC VOLTAGE(OPERATING RANGE), Vac[V] 360-440
MAXIMUM OPERATING APARENT POWER, S[KVA] 20
MAXIMUM OPERATING ACTIVE POWER, P[KW] 20
MAXIMUM REACTIVE POWER, Q[KVAR] 12

Parameter (unit) | Value [ Description

for STC — solar irradiance (G,)=1000W/m?, cell temperature(T.)=25°C, wind

speed 1m/s

Prnpp (W) 165 Rated output power

Vanpp (V) 24.2 Nominal voltage

Lonpp (A) 6.83 Nominal current

Vs (V) 30.4 Open circuit voltage

Lios (A) 7.36 Short circuit current

o (%/°C) 0478 Temperature coefficient for change in

(Prpp)
B (%/°C) 0.057 Temperature coefficient for change in
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Abstract — The increasing amount of Distributed Energy
Resources (DER) components into distribution networks
involves the development of accurate simulation models
that take into account an increasing number of factors
that influence the output power from the Distributed
Generators (DG) systems. The modeling of DER
components in power systems and the relative control
architecture are an important part for the introduction of
relevant quantity of renewable energy in the future smart
grid. Therefore it is a strong necessity to have proper
validated models to help operators to perform better
studies and to be more confident with the results. This
paper presents two simulation models developed and
implemented in MATLAB/Simulink and DIgSILENT
Power Factory of a PV system using the single-diode
four-parameter model based on data sheet values. The
component models were implemented first in
MATLAB/Simulink and the simulation results have been
compared with the data sheet values and with the
characteristics of the units. To point out the strong
dependency on ambient conditions and to validate the
simulation models a complex data processing subsystem
model has also been developed. A PV inverter model have
also been developed and implemented in PowerFactory to
study load flow, steady-state voltage stability and dynamic
behavior of a distribution system. Validation of
simulation models have been carried out using RISO
experimental facility SYSLAB which include a PV System
as well as a Vanadium Redox Flow Battery-VRB and
various loads including an office building-FlexHouse in
a LV network which can be operated in different
configurations.

Distributed Energy Resources, Distributed
Generators, incident and tilt angle, Micro-
Grid, PV panels, solar radiation.

Keywords:

I. INTRODUCTION

Renewable energy systems are expanding due to not only
environmental aspect but also due to social, economical
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and political interest. The European Union is aiming at a
specific CO, reduction in the electricity sector in the near
future (20 % reduction by 2020). This will involve a
significant growth of PV installation all over Europe
resulting in a few hundred Giga watts of capacity [1-3].
The increased PV capacity will influence power system
operation and design. Power supplied from a PV array
depends mostly on present ambient conditions such as:
irradiation and temperature [3-7].

The distributed generation is taking importance pointing
out that the future utility line will be formed by distributed
energy resources and micro-grids. The flexible micro-grid
has to be able to import/export energy from/to the grid,
control the active and reactive power flows and manage of
the storage energy [3, 8].

PV output voltage changes mainly with temperature while
PV output current changes mainly with irradiation.
Therefore in order to develop a very precise simulation
model the local wind speed and the solar radiation
incidence angle, in terms of the slope and surface azimuth,
should be considered [4-7, 9-11].

In order to determine the hourly incident radiation on a
surface of any orientation it is necessary to evaluate the
ratio of incident radiation on the tilted surface to that on a
horizontal surface considering beam, sky diffuse and
ground reflected radiation separately [4], [6], [9].

Increased distributed generation is becoming more
important in the current power system and in the future it
will rely more on distributed energy resources and micro-
grids. The flexible micro-grid has to be able to
import/export energy from/to the grid, control the active
and reactive power flows and manage of the storage energy
[12-13].

This paper focuses on the simulation models of a small-
scale PV System connected to a distributed network and on
improvements and validating it using experimental facility
of an active and distributed power systems laboratory. In
order to find out the differences between DER components
in power systems and to study the impact on bus voltage
and frequency the system has been implemented in
MATLAB/Simulink and PowerFactory.



II. DISTRIBUTED ENERGY SYSTEM
ARCHITECTURE. EXPERIMENTAL FACILITY

SYSLAB is a laboratory for research in distributed control
and smart grids with a high share of renewable energy
production. Its experimental facility is a Wind/PV/Diesel
Hybrid Mini-Grid with local storage and a novel control
infrastructure [14]. The facility is spread across three sites
located several hundred meters apart, as can be seen in Fig.
la).

It includes two wind turbines (11kW and 55kW), a PV-
plant (7.8 kW), a diesel gen-set (48kW/60kVA), an
intelligent office building with controllable loads (20kW), a
number of loads (75kW, 3*36kW) and a Vanadium Battery
of 15 kW/190 kWh. At each of the three sites there is a
switchboard that allows the components installed at the site
to be connected to either of two bus bars. The two bus bars
at each site are connected to a crossbar switchboard
allowing the flexible setup of the system(s) to be studied.
The bus bars can be either connected to the national grid or
can be part of an isolated system. It allows components and
systems to be in grid connected operation, island operation,
or operation in parallel with wind turbine or PV-plant, as it
is shown in Fig. 1b).

The components are all connected in one distributed
control and measurement system that enables very flexible
setup with respect to experimental configuration.

A. PV Panels

The PV panels are mounted in three strings: two strings
having 18 panels of 165 W each, and another one
containing 12 panels of 100 W [15-18]. The strings are
connected to the SYSLAB grid through a three-phase PV
inverter (SMA Sunny Tripower [19]).

Fig. 1. a) SYSLAB Risg’s new laboratory for intelligent, active and
distributed power systems and b) details about SYSLAB Micro-Grid
architecture.

From PV system two sets of data are provided. The first set
consists of the ambient measurements from the weather
station: solar irradiance on the horizontal, ambient
temperature, and wind speed. The second set represents the
electric measurements taken from the inverter: the AC
output power to the grid, and on each PV string the DC
power, voltage, and current. The two sets of data are read at
different sampling frequencies: 1 Hz for the electrical and
0.1 Hz for the ambient. These large sets of data are used to
develop an accurate model of the existing PV setup and to
validate it.

B.  Data Acquisition and Control System

The data acquisition and control system (hardware and
software) is responsible for the supervision and control of
the research platform for distributed intelligent energy
systems with a high penetration of renewable energy. The
supervisory software code was written in Java and is able
to manage the data acquisition, processes the data and
executes the control loop and outputs the control variables.
The sensors outputs are connected to a signal conditioning
board, which in turn is connected to the data acquisition
(DAQ) board based on a PC (SCADA System).

III. PV PANELS and ARRAY MODELING

A. Modeling of the PV Panels
This paper uses a single diode equivalent circuit for the PV
model, described by a simple exponential function [15-18]:

i=1 -1, .(e(v+i»RS)/nS-VT _1) (1

In which I and [, are the short-circuit and open-circuit
currents, R, is the cell series resistance, ng is the number of
cells in the panel connected in series and V7 represents the
junction thermal voltage which includes the diode quality
factor, the Boltzmann’s constant, the temperature at
standard test conditions (STC) and the charge of the
electron.

Manufacturers typically provide limited operational data
for photovoltaic panels. These data are available only at
standard rating conditions, for which the irradiance G, is
1000 W/m? and the cell temperature 7, is 25 °C, except
for the nominal operation conditions (NOCT) which is
determined at 800 W/m” and an ambient temperature 7, of
20 °C.

Equations for the short circuit current /. and the open
circuit voltage V. as a function of absolute temperature AT
include temperature coefficients that provide the rate of
change with respect to temperature of the PV performance
parameters, can be express as [20-22]:

Isc :ISCZS.(1+ﬂI AT)
I/oc = VocZS (1+/¥AT) (2)
AT =T T

cell ~ ta
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To complete the model it is also necessary to take into
account the variation of the parameters with respect to
irradiance [20-22]:

I, =1_,.-(G,/1000) (3)

The model used to obtain the static characteristics of the
PV panels has been developed in MATLAB using the
equations presented above. The model was developed for
one panel, as a function of irradiance and temperature. The
model has as inputs G, and T,.; on the panel and it sweeps
the voltage range of the PV panel in order to calculate the
output current and power. PV cells have nonlinear i-v and
p-v characteristics. Its output voltage and power change
according to temperature and irradiation [15-17].

Fig. 2 shows the typical characteristics for a PV model and
also a comparison between PV technical characteristics of
the Schuko S165-SP panel from datasheet (on the left)
versus simulation results for the panel.

B.  Modeling and Implementation of the PV Array
Using a four parameters model of a single diode equivalent
circuit, the v-i characteristics for a solar panel string

depending on irradiance and temperature has the following
expressions:
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Fig. 2. Comparison between PV technical characteristics from datasheet
(on the left) and simulation results for one panel.
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The equations (4) and (5) were obtained replacing (2) and
(3) in (1) and also introducing the number of panels in
series (n,,) for each string and the number of strings in
parallel (n,,) and can be used to calculate the voltage and
current over a string of panels [20-22].

For obtaining the maximum power of the panel strings, the
condition (dp/dv=0) should be fulfilled.

The block diagram implemented in Simulink that was
developed to implement this model is depicted in Fig. 3.

IV. IMPROVEMENTS and VALIDATION of the PV
ARRAY MODEL

A. Parameters dependence on operating conditions

Two types of measurements are taken from the
experimental facility: ambient measurements from the
weather station and electrical measurements taken from the
inverter as can be seen in Fig. 4a). All these measurements
are implemented into our model using a subsystem called
Measurements, as it is shown in Fig. 4b).

The three ambient measurements: ambient temperature,
horizontal solar radiation, and wind speed are fed to a
module that calculates the cell temperature of the PV
panels and the solar radiation on them.

The simulation model implemented in MATLAB/Simulink
for a PV array with three strings is depicted in Fig. 4b). The
irradiation, ambient temperature and wind speed are
reading from a real data file measured by SCADA system
as a function of time and then converted by Data
processing subsystem in cell temperature and irradiation,
parameters used as inputs to PV panels, as can also be seen
in Fig. 4b).

1) Cell Temperature dependence

The cell temperature T, can be very different from the
ambient temperature 7, and it depends on the solar
irradiation G,, T, and also on the wind speed W,. Solar
irradiation acts on increasing 7., and the wind speed has a
cooling effect and lowers T, [4], [15-17].

o
i
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L@
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Fig. 3. PV string model implemented in Simulink
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Fig. 4. a) Description of the PV system model input values and b) the
block diagram of the simulation model for PV array.

If the PV panels are mounted in the regions with high wind
potential (as in our case) the wind speed must be
considered. The forced (wind) convection is large for high
wind speeds and the cell temperature function takes the
following form [6]:

T, =T +w-(0.32/(8.91+2-W,/0.67))-G, (6)

Where w is the mounting coefficient, which depends on the
mounting conditions of the PV panels and Ws is the wind
speed measured on horizontal plane.

The wind that produces the cooling effect through forced
convection is the wind parallel to the panel surface; that is
why the transformation Wgyarael = W/0.67 is used.

For a better understanding on the influence of solar
irradiance and wind speed on the cell temperature, a
graphical representation of these values is depicted in Fig.
5. The differences in temperature of the PV cells according
to different considerations are also pointed out.
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Fig. 5. Ambient measurements and their effect on the PV cell temperature.

2) Solar irradiance dependence

As can also be seen in Fig. 5 the solar irradiance has a high
heating effect, at noon it can be seen around 50°C increase
of cell temperature. Considering also the wind effect, the
cell temperature is lowered, at noon, with 12°C. This
change in temperature has an effect on the output power; as
was shown in Fig. 2b). At each degree change in
temperature, the efficiency modifies with approximately
0.44%: That means that if the temperature rises, the
efficiency decreases and vice versa [20, 21].

The solar radiance has influence only on the current (Fig.
2¢) and implicitly on the output power of the PV panel, so
the plots contain the effect of the change in the input solar
irradiance, according to the ‘adaptation’ of the horizontal
solar irradiance to the real case of the PV panel,
implemented in Data processing subsystem in Fig. 4b).
The solar irradiance input to the model (Gcell) is the
horizontal value measured from the weather station. This
translates into substantial differences as can also be seen in
Fig 5 [15-17].

B.  Validation of the Simulation Model

In order to validate the simulation model for the PV
system, implemented in MATLAB/Simulink, and to point
out the importance of considering the atmospheric
conditions, such as irradiation, temperature and wind
speed, and also the orientation and tilt angle of the panels,
the simulations will be compared with experiments carried
out using RISO experimental facility-SYSLAB.

In Fig. 6 are presented the simulation results versus
measurements at different stages of the modeling. These
Figures also shows the importance of several factors that
have to be taken in consideration for obtaining a good
accuracy of the simulation models.

In Fig. 6 a) is shown a comparison between measured and
simulated output power of the panels (Ppc) for a time series
of one day without considering wind speed effect or any
improvements. As can be seen the difference between both
curves is very big that means the simulation model should
be improved to fit the measurement.

Fig. 6 b) shows the same waveforms for output power, with
the same peak values, and the same changes in power due
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to shading effect in a synchronous manner. The simulation
has a delay of around 50 minutes. This is the effect of the
PV panels’ orientation, which have a 13° deviation from
the E-W axis.

Considering the tilt angle and the orientation of the panels,
the influence of solar irradiance and wind speed on the cell
temperature the measurements and simulations are almost
identically, as can be seen in Fig. 6 c).

In Fig. 7 are presented some simulation results versus
measurements for Schukol165 PV panel installed at RISO
campus. A good alignment between simulations and
measurements was found, as can also be seen in Fig. 7.
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Fig. 6. Simulation results versus measurements at different stages of the
modeling.
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Fig. 7. DC Current, Voltage and Power for Schukol165 PV panel and the
output power of the inverter (P,.) as a function of time for 24 hours.

V. SIMULATION MODEL of the PV SYSTEM
DEVELOPED and IMPLEMENTED in
POWERFACTORY for DISTRIBUTION NETWORKS

Computer models of power systems are widely used by
power system utilities to study load flow, steady-state
voltage stability and dynamic and transient behavior.
DIgSILENT PowerFactory has been chosen because
provides the ability to simulate load flow, RMS
fluctuations in the same software environment. It provides
a comprehensive library of models for electrical
components in the power system [23].

The dynamic model of the PV System implemented in
PowerFactory has been built with standard components
library and is based on the same equations used for
MATLAB/Simulink model presented before.

The blocks of the PV model, DC-Link and controller of the
Static Generator are implemented in the dynamic
simulation language DSL of DIgSILENT. DSL allows the
user to implement specific models that are not standard in
the DIgSILENT library and thus to create own developed
blocks either as modifications of existing models or as
completely new models. The internal simulation language
DSL has also been used to define the PV characteristics
and to initialize the parameters and variables of the model.
Fig. 8 a) shows a single line diagram of the SYSLAB
laboratory architecture implemented in PowerFactory [15-
17].

Fig. 8 b) shows the schematic structure of the PV System
model, developed for time-domain simulations where a
DSL model is required, including Photovoltaic Model, DC-
Link Model, PLL block and Static Generator with its
Controller. The Static Generator is an easy to use model of
any kind of static (non rotating) generators. The common
characteristic of these generators is that they are all
connected to the grid through a static converter.
Applications are PV Generators, Storage devices, wind
generators etc.
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On the basic date tab of the single line diagram it is
possible to set up the number of parallel generators and the
power ratings of one PV panel.

For load flow analysis, also shown in Fig. 9, the local
voltage controller could be set to three different modes:
cos®, V and droop [23].

For RMS and EMT simulations the static generator
supports two different models: controlled current and
voltage source models. In our case we use a controlled
current source model which has as inputs d-q axis reference
current coming from the controller and d-q reference angles
(cosref and sinref) from a PLL built-in model.

Photovoltaic Model has as inputs irradiation G and cell
temperature tempCell, obtained from MATLAB-Simulink
model considering the tilt angle, orientation and the
influence of solar irradiation and wind speed on the cell
temperature (Fig. 4), implemented as a look-up table in our
model. Also the MPP of current, power and voltage as a
function of time for one module are shown.

In Fig. 10 1is presented a comparison between
measurements and simulations of the inverter output power
for both PV modules (Schukol65 and SOLEL100)
installed at RISO campus in three strings, two strings of 18
Schuko165 panels each and one string of 12 SOLEL panels
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Fig. 8. a) Single line diagram of SYSLAB configuration implemented in PowerFactory and b) schematic block diagram of the PV system model.
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VI. CONCLUSIONS

This paper proposes a four-parameter model of a PV panel
and a PV system, implemented in MATLAB/Simulink,
using data provided by the manufacturer with semi-
empirical equations to predict the PV characteristics for
any condition. PV characteristics are modeled according to
a single diode four parameter equivalent circuit and PV
parameters values taken from the manufacturer technical
data.
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The paper also proposes a model that relies on ambient data
from a local weather station, like most common in a real
situation, not from sensors mounted on the PV panels. The
model calculates the cell temperature and the solar
irradiance on the PV panels considering, among others, the
tilt angle, the orientation of the panels, and the wind
cooling effect. The paper shows that these factors
significantly influence the power output from the PV
panels.

Comparison with experimental data, acquired by SCADA
system and processed by MATLAB, and with the
characteristics of the PV panels, provided by
manufacturers, has shown that the model implemented in
MATLAB/Simulink can be an accurate tool for the
prediction of energy production.

A PV system model, using the same equations and
parameters as in MATLAB/Simulink to define the PV
module and characteristics, has also been developed and
implemented in PowerFactory to study load flow, steady-
state voltage stability and dynamic behavior of a distributed
power system.

A comparison between both simulation models,
implemented in MATLAB/Simulink and PowerFactory,
has shown a good similarity. The models have also been
validated against measurements using SYSLAB
experimental facilities. That means that this work can be
used for further development of tools for DER components
in a distributed network.




APPENDIX

TABLE 1. Data sheet parameters and values for PV panel

[24]

Parameter (unit) I

Value | Description

for STC — solar irradiance (G,)=1000W/m?, cell temperature(T.)=25°C,

wind speed 1m/s

Popp (W) 165 Rated output power
Vi (V) 24.2 Nominal voltage
Linpp (A) 6.83 Nominal current
Vs (V) 30.4 Open circuit voltage
Ise2s (A) 7.36 Short circuit current
o (%/°C) 0.478 Temperature coefficient for change in
(Poy) .
B (%/°C) 0.057 Temperature coeiflic)lent for change in
2 (%/°C) 0.346 Temperature coe(fgcgent for change in
5 (%/°C) 0,004 Temperature coefficient for change in
(Logy) '
& (%/°C) 50 Temperature coefficient for change in
Unpp)
for NOCT - solar irradiance(GﬂNocT)ISOOW/mz, ambient air
temperature(T,noct)=20°C, wind speed 1m/s
NOCT (°C) 462 Cell temperature on _tl_le above
mentioned conditions
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Model Predictive Controller for Active Demand
Side Management with PV Self-consumption in
an Intelligent Building
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Oliver Gehrke, Member, IEEE, and Henrik W. Bindner, Member, IEEE

Abstract—This paper presents a Model Predictive Controller
(MPC) for electrical heaters’ predictive power consumption
including maximizing the use of local generation (e.g. solar
power) in an intelligent building. The MPC is based on dynamic
power price and weather forecast, considering users’ comfort
settings to meet an optimization objective such as minimum cost
and minimum reference temperature error. It demonstrates that
this MPC strategy can realize load shifting, and maximize the PV
self-consumption in the residential sector. With this demand side
control study, it is expected that MPC strategy for Active
Demand Side Management (ADSM) can dramatically save
energy and improve grid reliability, when there is a high
penetration of Renewable Energy Sources (RESs) in the power
system.

Index Terms— Active demand side management; load
shifting; model predictive control; solar/wind power penetration

NOMENCLATURE
Abbreviation:
ADSM  Active demand side management.
CPS Conventional power supply.
DERs  Distributed energy resources.
DG Distributed generation.
DSM  Demand side management
DTU  Technical university of Denmark.
MPC  Model predictive control.
RESs  Renewable Energy Sources.
RMI Remote method invocation.
RPS Renewable power supply.

Variables & Parameters:

FF Fill factor.

G, Solar irradiation.

H, Prediction horizon.

1, Open-circuit currents.
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I Short-circuit currents.

g Number of cells in the panel connected in series.

Ty Number of panels in series.

gy Number of strings in parallel.

Pcywy ~ Dynamic power price signal of CPS at control step £.

Preasrmax Maximum permitted electrical power consumption of
heating units.

P Maximum power point of a solar cell.

Prey Dynamic power price signal of RPS at control step £.

R Cell series resistance.

T, Ambient (outdoor) temperature.

T, Cell temperature.

T; Indoor air temperature.

T Predictive indoor temperatures at each control step &k
over the prediction horizon H,.

Tim Temperature of the heat accumulating layer in the
inner walls and floor.

Tom Temperature of the heat accumulating layer in the
building envelope.

T Reference indoor air temperature.

Ve Open circuit voltage.

Vr Junction thermal voltage.

W Wind speed.

D, Energy input from the electrical heaters.

b Correction coefficients for current.

X Correction coefficients for voltage.

Uy Optimized heat input sequence at control step k.

U Predictive solar power at control step k.

AT Absolute temperature.

1. INTRODUCTION

O MEET the rapidly increasing demand of the energy

consumption, and to achieve a significant reduction in

CO, emissions, more Renewable Energy Sources (RESs),
and other low-carbon energy sources will become major
contributors to the future electricity system. The Danish
government has adopted a long term goal that the Danish
energy system (including transport) can be completely
independent of fossil fuels by 2050 without using nuclear
energy, based on 100% renewable energy from combinations
of wind, biomass, solar power and wave [1], and wind power
will cover 50% of the Danish electricity consumption in 2025
[2].



Due to an increased contribution of fluctuating RESs to the
energy system, there are many concerns about the flexibility,
variability, non-controllability of these sources, and they have
the impact on the ability to keep the balance between supply
and demand. Currently, the main method to regulate the
supply-demand imbalance is a set of supply-side generation
reserves, known as ancillary services, which operate on
various scales of time and frequency. The rising share of RESs
decreases the controllability of the supply side. The rise in
needed balancing power can be fulfilled by utilizing the
flexibility potential in demand and Distributed Generation
(DG). The introduction of Distributed Energy Resources
(DERs) (e.g. household, industrial consumers and electric
vehicles), together with the introduction of more information
and communication technology in the electricity system
provides interesting and novel automated Demand Side
Management (DSM) opportunities at the end user level. The
combination of DSM with an automatic control of the DERs
demand can be called as Active Demand Side Management
(ADSM) [3, 4]. ADSM can modify the demand profile to
reduce the losses in the grid, maximize consumption while
RESs are available, decrease congestions, and save energy [5,
6].

MPC is a control algorithm that optimizes a sequence of
manipulated variable adjustments over a prediction horizon by
utilizing a process model to optimize forecasts of process
behavior based on a linear or quadratic objective, which is
subjected to equality or inequality constraints. In MPC, the
optimization is performed repeatedly on-line. This is the
meaning of receding horizon, and the intrinsic difference
between MPC and the traditional optimal control. The
limitation of this finite-horizon optimization is that, under
ideal situations only the suboptimal solution for the global
solution can be obtained. However, the receding horizon
optimization can effectively incorporate the uncertainties
incurred by model-plant mismatch, time-varying behavior and
disturbances [7]. MPC is now recognized as a very powerful
approach with well established theoretical foundations and
proven capability to handle a large number of industrial
control problems [8]. The building sector is one of the largest
energy consumptions. Based on the vision of the future
electricity system, building controls design becomes
challenging since it is necessary to move beyond standard
controls approaches and to integrate predictions of weather,
occupancy, renewable energy availability, and dynamic power
price signals. MPC naturally enters the picture as a control
algorithm that can systematically incorporate all the
aforementioned predictions to improve building thermal
comfort, decrease peak load, and reduce energy costs [9].
MPC for building climate control has been investigated in
several papers before [9]-[13], mainly with the purpose of
increasing the energy efficiency. The potential of MPC in
power management was investigated in [14]-[18], but the
weather forecast information (e.g. the ambient temperature)
was assumed to be constant in their simulation scenarios.

The goal of our research is to implement an MPC-based
control strategy for ADSM, using DERs’ predictive
optimization potential to support the introduction of a large
penetration level of renewable energy. In this paper, an MPC
controller was implemented for load shifting in an intelligent
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office building’s heating power consumption scheme, with a
maximization of the PV self-consumption. The term “self-
consumption” focuses on the usage of the own generated
energy, while the energy provided by the grid remains an
optional generator. The original contributions of this work are:
1) building an easy, fast to implement model for PV installed
at an intelligent building (called PowerFlexHouse), and a
stochastic discrete-time linear state-space model for this
building; 2) implementing a low-complexity MPC-based
scheme which is used to realize the load shifting for the
heaters’ power consumption, including PV maximum self-
consumption in PowerFlexHouse; 3) integrating weather
forecast information and dynamic power price into the MPC-
based control strategy; and 4) simulating and testing an MPC
controller on a real power grid with high penetration of RESs.

The remaining of this paper is organized as follows: in
Section II, we present a test platform for intelligent, active and
distributed power systems at the Technical University of
Denmark (DTU), Rise campus. How to implement a thermal
MPC controller for the power consumption prediction in an
intelligent building-PowerFlexHouse is provided in Section
111, including a simple PV model for solar power prediction, a
heat dynamic model for PowerFlexHouse’s inside temperature
prediction, and formulated MPC objective functions. Some
field test results will be shown in Section IV. Finally,
conclusion is drawn in Section V, followed by the discussion
on future research.

II. TEST PLATFORM DESCRIPTION

SYSLAB is a laboratory for intelligent distributed power
systems[19] in DTU Elektro, Risg campus. It is built around a
small power grid with renewable (wind (11+10kW), solar
(7kWp)) and conventional (diesel) power generation, battery
storage, and various types of consumers (See Fig. 1). The
whole system can be run centrally from any point on the
network, or serve as a platform for fully decentralized control.
All SYSLAB controller nodes run the SYSLAB software
stack, which is a modular framework for developing
distributed control systems for power systems. It is written in
the Java (TM) programming language. Distributed controllers
can control these components by using one of the supported
types of communication, for example, the Java Remote
Method Invocation (RMI).




One of the components on the SYSLAB grid is a small,
intelligent office building, PowerFlexHouse. It contains seven
offices, a meeting room and a kitchen. Each room is equipped
with a motion detector, temperature sensors, light switches,
window and door contacts and actuators. A weather station
outside of the building supplies local environmental
measurements of ambient temperature, wind speed, wind
direction, and solar irradiation. The electrical load of the
building consists of heating, lighting, air-conditioning, a hot-
water supply and various household appliances, such as a
refrigerator and a coffee machine. The combined peak load of
the building is close to 20kW. All individual loads in the
building are remote-controllable from a central building
controller. The controller software runs on a Linux-based PC.
It is also written in Java (TM) and is based on the SYSLAB
software stack. The controller can communicate with the
SYSLAB grid through its own node computer (See Fig. 2).
Information can also flow in the other direction, for example
providing the power system supervisor controller with the
expected near-future behavior of the building loads.
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Fig. 2. Communication between PowerFlexHouse and SYSLAB.

III. MPC FOR ADSM IN AN INTELLIGENT BUILDING’S HEATING
POWER CONSUMPTION

As described in Section II, the hybrid power supply system
(SYSLAB) presented in this paper consists of two parts: a
Conventional Power Supply (CPS), and a Renewable Power
Supply (RPS). To use the power system efficiently, one of the
good ways is to take the advantage of renewable power supply
in a maximum degree. Therefore, home appliances primarily
use RPS, and CPS is used when RPS is not enough to support
the power required by the home appliances. We suppose that
RPS has a low cost of power than CPS, considering its
generation and CO, impact, etc. We denote the dynamic
power prices of CPS and RPS by Pc and P, respectively. In
this paper, to realize the load shifting, we use an MPC control
strategy to minimize the daily operational cost of heating in
PowerFlexHouse, at the same time to ensure the maximum
self-consumption  of  solar  power  produced at
PowerFlexHouse, and to guarantee users’ comfort. There are
three important components in MPC, such as the prediction
model, the objective function, and the control law, which are
present as following.

A. PV Model

We use a single diode equivalent circuit for the PV model
described by a simple exponential equation:

= ]SC _Ig .(e(v+i-RA.)/nS-VT _1) (1)

where [, and I, are the short-circuit and open-circuit currents,
R, is the cell series resistance, n is the number of cells in the
panel connected in series, and V7 represents the junction
thermal voltage, which includes the diode quality factor, the
Boltzmann’s constant, the temperature at standard condition
and the charge of the electron.

A solar cell can be characterized by the following
fundamental parameters: the short circuit current /., the open
circuit voltage V., the maximum power point P, and the fill
factor FF, which is the ratio of the maximum power that can
be delivered to the load and the product of I, and V.

(FF :@ = w). The fill factor can be taken from
K)CIYC K)CISC

the manufactures’ data. Then it can be used to obtain P,
(P, =FFxV I_)under non-standard conditions.

max

Equations for I, and ¥V, as a function of absolute
temperature A7 including temperature coefficients (5, yx:
correction coefficients for current and voltage) that provide
the rate of change with respect to temperature of the PV
performance parameters, can be expressed as:

I.=1_,; -(1+,b’1 -AT)

Voe =Voc‘25 (1+ZAT)
AT =T -T,

To complete the model it is also necessary to take into
account the variation of the parameters with respect to
irradiance:

1, =1_,-(G,6/1000)

sc

2

3)
Using a four-parameters model of a single diode equivalent
circuit, the v-i characteristics for a solar panel string
depending on irradiance and temperature has the following
expressions:
v=n, -V, +n, - Ve In(l=il(n, -1, G, /1000)) (4)

. (V=1 Vo +R 1) (50 v)
i=n,, -, -(l—e

(&)

where n,, and ng, represent the number of panels in series
and the number of strings in parallel, respectively. The
equations (4) and (5) can be used to calculate the voltage and
current over a string of panels [20][21].

The temperature and irradiance play a central role in PV
conversion process since it affects basic electrical parameters,
such as the voltage and the current of the PV generator. If the
PV panels are mounted in a region with high wind potential
(as in our case), the wind speed must also be considered
because it has a large influence [22].

The model was developed in MATLAB, using the equations
presented above, and has the solar irradiation G, and the cell
temperature 7. as inputs on the panel, and it sweeps the
voltage range of the PV panel in order to calculate the output
current and power.

For the model input values, the measurements from the
weather station had to be translated via additional function that
were implemented, in order to reproduce the values on the



actual PV panel conditions. The three ambient measurements:
ambient temperature, horizontal solar irradiation and wind
speed are fed to an additional simulation module that
calculates the cell temperature of the PV panel and the solar
radiation on it, as can be seen in Fig. 3.

Temperature ()
8

15
Time (hours)

Fig. 3. Description of the PV model input values.

In Fig. 4 is shown a comparison between measured and
simulated output power of the PV panel considering the
influence of solar irradiance and wind speed on the cell
temperature. Comparison with experimental data, acquired by
SCADA system and processed by MATLAB, and with the
characteristics of the PV panels [22], provided by
manufacturers, has shown that this PV model implemented in
MATLAB can be an accurate simulation tool to study and
analyze the characteristics of individual units and for the
prediction of energy production within MPC controller and
active loads.
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Fig. 4. Comparison between simulations (green) and measurements (blue) of

the PV panel output power.

B. Simple Thermal Model for PowerFlexHouse

The indoor temperature model of PowerFlexHouse is given
as a stochastic discrete-time linear state-space model, which
was directly obtained from the reference [23]. To reduce the
complexity, the model of heat dynamics of the
PowerFlexHouse is formulated as one large room exchanging
heat with an ambient environment. The heat flow in
PowerFlexHouse is modelled by a grey-box approach, using
physical knowledge about heat transfer together with
statistical methods to estimate model parameters. The heat
transfer due to conduction, convection and ventilation is
assumed linear with the temperature difference on each side of
the medium. The estimator was Continuous Time Stochastic
Modelling (CTSM), which is an estimation tool developed at
the department of Informatics and Mathematical Modeling
DTU [24]. The model’s states space equations are described
by (6) and (7):

T(t+ 1) = OT(t) + I'U(t) 6)
T(t) |

Output: y(®) =C T(t)= [100] | 7, (?) 7
T, (1)
where ) .
9.93x10" 1.87x10™* 5.64x10°
®d=[2.74x10" 7.25x107" 8.19x10™*
1.56x10™* 1.55x10° 9.96x10™"
[1.28x10° 3.00x102 1.02x107
F=[1.86x10" 2.61x10*> 1.48x107
3.36x107°  1.61x10° 8.04x1077

T =[T;, T, T,] is the state vector and U =[T,, G,, @,]is the
input vector to the system. Here, 7;(¢) is the indoor air

temperature; 7, (¢)and 7, (t), which are the temperature of

heat accumulating layer in the building envelope and the
temperature in the heat accumulating layer in the inner walls
and floor, can not be measured. State estimator-Kalman filter
can be used to estimate these two states; 7, is the ambient
(outdoor) temperature; G, is the solar radiation; and @, is the
energy input from the electrical heaters. Using this model, the
predicted indoor air temperature was compared with the
measured values (See Fig. 5). It was shown that this simple
discrete-time linear thermal model for PowerFlexHouse is
good enough to be pplicated in MPC.
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Fig. 5. Predictive (blue) & actual measured (red) indoor air temperature.

C. MPC Objective Function

In MPC the control objectives are translated into an
optimization problem, which is formulated over a finite
prediction horizon. The result of the optimization is a
sequence of optimal control moves which drives the system
states (or outputs) towards a given reference while respecting
system constraints (such as upper and lower limits on the
temperature) and minimizing a selected performance criterion
(e.g. the reference temperature error, and minimum cost). The
goal of the MPC control strategy for the electrical space
heaters in PowerFlexHouse is to minimize the total cost of the
energy used in heating over a prediction horizon (#,). At the
same time, it should keep the indoor air temperature close to
the given reference temperature 7, In general, the objective
function can be formulated as:



H,-1 H,-1
S =a Pegy ¥y +(1-a)l Py X Ui
®)
H,-1 H,-1
k
+ Pooy * (U —ug )]+ w |T, -T,,
k=0 k=0
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0; whenu,, z2min,,
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Subject to: Uy Einteger [0, 1, 2,3, 4,5,6,7, 8,9, 10] in

kW, which means the heat input that the MPC controller
determines by using a mixed integer optimization approach.
There are totally 10 heaters in the PowerFlexHouse. Each of
them has a power of 1kW. Therefore the maximum permitted
electrical power consumption of heating units is P,
ma—10x1kW=10kW. The available solar power at control step
k is expressed as uyy. The minimum solar power supply
Min,s=1kW. To simply the problem, Py are assumed to [0],
The above formulation provides a means of incorporating both
the economic and user’s comfort concerns. By assigning
different weight coefficient w in (8) to user’s comfort term,
behaviour on trade-off between economic performance and
user’s comfort can be studied. In (8), Py is the dynamic
power price signal of CPS obtained from the Nord Pool spot
market [25]. Its trading horizon is 12-36 hours ahead and it is
done for the next day’s 24 hours period. That is to say, the
minimum prediction horizon is at least 12 hours and the actual
maximal prediction horizon can reach 36 hours. In case
S(,{)>m1n(rps), the objective function can be:

J = ZPak)X(”(k) a<k>)+WZ|Tk

in case uyg) < ming,,y), the objective functlon can be expressed
as :

H,-1 H,-1
k
J =2 Py X () +w ) ‘Z —Ty
k=0 k=0

To find the best predicted performance over the prediction
horizon, the mixed-integer linear programming problem is
solved by GLPK’s (GNU Linear Programming Kit) solver
with Java native interface [26].

D. MPC control law

The main principle of MPC is to transform the control
problem into an optimization one and solve this optimization
problem over a prediction horizon (e.g.12-36 hours) at each
control step (e.g. 10 minutes). The MPC controller obtains a
measurement of the current state of the house, including the
disturbances like the state of doors and windows, and the grid
information, such as dynamic power price signal, available
power and frequency signal from the test platform SYSLAB.
It also integrates the weather forecast data (ambient
temperature and solar irradiation, etc.) with the PV model for
the predictive solar power, and with the prediction model for
the house indoor temperature. All of them subjected to system
dynamics, the objective function (linear or quadratic),
constraints on states (e.g. user comfort could be transformed to
a set of linear constraints.), and inputs. At each control step
the optimization obtains a sequence of actions optimizing

whenu ,, < min,,

)

(10)

expected system behavior over the prediction horizon. But
only the first step of the sequence of control actions is
executed by the controller on the system until the next control
step, after which the procedure is repeated with new process
measurements. (See Fig. 6).

------------------------------------------------------------
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Fig. 6. Basic principle of MPC for building.
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IV. RESULTS

We obtained some results from the field test on 18-20,
February 2012. The local forecast data of the ambient
temperature T, and the solar irradiation G, are provided by the
meteorology group in DTU Wind Energy at Risg campus. Fig.
7 shows the predictive and the actual measured outside
temperature; and in Fig. 8 the predictive and the actual solar
irradiation is shown during the test period. The maximum
relative error between the actual weather measurement and the
weather forecast data is £5% on test. Therefore, we concluded
that the local weather forecast data are accurate in some
degree to be integrated into the MPC-based control strategy.
Using the PV model described in Section IIT A together with
the local weather forecast data (Fig. 7(red) & Fig. 8(red)), we
can obtain the predictive solar power for PowerFlexHouse PV
from 8:00 18" to 0:00 20", February 2012 (See Fig. 9). It was
observed that the weather on 18", February 2012 was bad and
there was not solar power to be consumed by heaters. Only
during the period of 9:00 to 16:00 on 19" Feb 2012, there was
available solar power supply. In this paper, PV electricity has
been used as a local generator, and the concept of self-
consumption is meaningful, only when the local generation is
available.
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Fig. 7. Predictive (red) and actual measured outside temperature.
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Fig. 9. Predictive solar power.

At 8:00 (18", February 2012) the MPC control algorithm
was running on the SYSLAB platform and it provided the
optimized profile of the predictive power consumption in the
next approximately 16 hours for the PowerFlexHouse’s
heaters, as shown in Fig. 10. Fig. 11 demonstrates the
predictive indoor air temperature in the next 16 hours
according to the optimized switch schedule (the same as in
Fig. 10). At 13:00 (18", February 2012), the MPC produced
the results shown in Fig. 12. It presents the optimized profile
of the predictive total power consumption in the next almost
35 hours for the PowerFlexHouse’s heaters. At this moment,
the prediction horizon could reach 35 hours, because the Nord
Pool spot market at 13:00 (on the same day) provided next
day’s 24 hours’ price information for the users. Since the solar
power has a high priority to be used, the green area in Fig. 12
is the solar power consumption, which would be consumed by
heaters from 9:00 to 16:00 on 19", Feb 2012. The predictive
indoor air temperature in the next 35 hours is shown in Fig.
13, according to the optimized switch schedule for heaters
supplied with RPS and CPS, shown in Fig. 12. It was observed
that the MPC-based controller almost worked within the low
price period, including when there is solar power, and it was
able to shift the load and reduce the total cost of operating
electrical heaters to meet certain indoor temperature

requirements. It is also shown that preheating during the night
is a possible way to achieve energy savings.
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After analyzing the data of Nord Pool in 2010, it is
concluded that there is certain predictability in the occurrence
of peak load periods during the day in Denmark, and this
predictability is reflected in the hourly spot price. The peak
load periods and high spot prices occur mainly in the same
hours of the day (morning 8:00-11:00 and afternoon 17:00-
20:00) and the low spot prices take place in the deep of night
[27]. In the Nordic system at night-hours, there is a large
production by wind turbine. This is correlated with the
dynamic power price, which is much lower during the period
from 21:00 to 7:00. According to [28], it is concluded that the
spot price, generally decreases when the wind power
penetration in the power system increases, that is to say, the
Nordic Electricity spot prices reflect the amount of wind
power in the system. Fig. 10 and Fig. 12 illustrate that heaters
are always switched on late at night and MPC control strategy
can achieve energy savings by shifting load from on-peak to
off-peak period. At the same time, it shows that MPC control
strategy can be investigated on ADSM in this intelligent
house, which is used to stabilize fluctuations in the power grid
with a high penetration of wind power or other renewable
energy, and it can maximize the use of local PV generation.

V. CONCLUSION AND FUTURE RESEARCH

In order to enable more use of renewable energy in the
future power system, ADSM should be established to
encourage consumers to improve energy efficiency, reduce
energy cost, change the time of usage, or promote the use of
different energy sources. From the control systems view,
smart grids are essentially predictive optimal control problems,
which can be formulated as optimizing the cost, the use of the
storage, the use of the wind/PV source, and to match the
production with the consumption in a predictive horizon.

Simulations and experimental results have shown the
effectiveness of the MPC-based control scheme. The
predictive optimal problem, which is set up a residential
sector, can be naturally modeled with discrete time steps,
because balance settlement and markets work within discrete
periods. Complex models cannot be readily used for control
purposes, since the computation time for the optimal load

scheduling should be low. Meanwhile in real conditions,
efficiency of the predictive schedule depends on accuracy of
the forecasts.

To improve the operation of various energy resources,
operation efficiency of building energy, and loads should be
coordinated and optimized. The predictive behavior of power
consumption for residential sectors shows that MPC-based
strategies are feasible for active DSM in a distributed power
system with high renewable energy penetration. Integrating
dynamic power prices and the weather forecast data, it
demonstrates that MPC control strategies are able to shift the
electrical load to periods with low prices. The end users can
avoid high electricity price charge at peak time, and the power
grid can benefit from load control.

The future work will focus on the other different
optimization methods for predictive controllers and the
computation time for their optimal scheduling. Moreover, we
need to analyze the effect of the predictive horizon length on
the performance in the MPC strategies, and the robustness of
these controllers against uncertainty in measurements and
forecasts. At the same time, the different home appliances,
such as a water heater, can be used for maximum PV self-
consumption.
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Even at a good day in
Denmark, clouds will typically
partly shadow for the sun,
resulting in fluctuating power
generation from PV panels. At
the DTU Risg Campus, PV
power panels connected to
our  experimental  power
system facility SYSLAB are
distributed over 1 km at three
sites. The large and rapid
power fluctuations caused by
these passing clouds is a

dufiy '
Figure 2: The SYSLAB experimental power system
at DTU, Risg Campus.
distributed PV panels are clearly reduced.

. EXPERIMENTAL SET-UP

SYSLAB is a very flexible, experimental power system at DTU Risg
Campus (Figure 2). PV power is connected to the SYSLAB power system
at three sites (117, 319 and 725) distributed over 1 km (Figure 4). The very
flexible SYSLAB power connection set-up makes it possible to connect the
PV panels at the three sites to a dedicated power line and connect the
power line to the national grid (Figure 3). The SYSLAB monitoring system
measures the power for each PV installation and the aggregated power at
the grid connection
with a time resolution
of 1 sec.

The large and
rapid power
fluctuations (on
2012-06-01) from
one of the PV
installations are
presented in Figure
5. The variation over
the day of the

NFVIC &

Z 3 g e Maximum power
Figure 3: The flexible power connection of SYSLAB. from the three PV

" s ; .
Figure 1: Typical clouds at a sunny day in Denmark.

challenge for the power system — for the control, the power quality and the
stability. However, the fluctuations of the aggregated power from the
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Figure 4: The PV panels connected to SYSLAB.
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Site | Orientation | Tilt Technology Nominal power
panels is presented in Figure 6. For comparison, the [ 715 190° 60° | poly-crystalline 2 kWp
power outputs from each of the PV panels and for the mono-crystalline 5 KWp
aggregated value are presented as normalized power [ 319 180° 40° | poly-crystalline 5 kWp
relative to the maximum power during the day. The three thin film 5 KWp
panels have different profiles during the day due to their | 117 100° 20° | poly-crystalline 5 kWp
different orientations and tilt-angles (Table 1). thin film 5 kWp

Table 1: PV installations in SYSLAB (2012).
Il.  RESULTS o]
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Figure 6: The hourly maximum power for the three
PV installations over the day.

presented in Figure 7 around
10 o’clock with passing clouds é
causing dips in the power

generations, and in Figure 8

o’clock
passing holes in the clouds
causing spikes in the power
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Figure 5: The fluctuations of the power from one of

the PV installations.
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generations. 1 J
Even with the relative short distances 0s
between the PV panels, it is very clear that the 98
power fluctuations to some degree are 0.7
uncorrelated, reducing the relative fluctuations of 3 5 |
the aggregated power. <05
In Figure 7 around 9:55 a cloud passed the 05_ 04
PV-117 panel without affecting the PV-319 and 03 4
PV-715 panels. Around 10:00 other clouds '
passed PV-715 and to some degree the PV-319 92
panel, but with almost no impact on the PV-117 0.1 1
panel. 0
In Figure 8 around 12:05 holes in the clouds 9,900
are passing the PV panels, resulting in large, but
to some degree uncorrelated fluctuations. The
relative fluctuations of the aggregated power PV power
(the power to the grid) are a lot less. § | 715
319
098 7 17
I1l.  CONCLUSION 08 - Grid
In Denmark, a distribution of PV panels over 07 4
only 1 km will have a significant impact on the ~
rapid power fluctuations of the aggregated 2 068 7
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Figure 7: Details of power dips. (Approx 1 minute between the time marks)
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Figure 8: Details of power spikes. (Approx 1 minute between the time marks)
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Abstract—A ccommodating more and more distributed Pho-
toVoltaic (PV) systems within load pockets has changed the
shape of distribution grids. It is not, therefore, accurate
anymore to address distribution grids just only as a lumped
load. So it will be crucial in the near future to have an
aggregate model of PV systems in distribution grids. By
doing so, it is important to develop models for PV systems
in different simulation platforms to study their behavior in
order to derive an aggregate model of them. Although, there
have been several detailed-switching model of a PV system in
EMTDC/PSCAD simulation platform in literature, these non-
proprietary switching models are slow in simulation, partic-
ularly when the number of the PV systems increases on the
grounds that in PSCAD the simulation is based on time domain
instantaneous values and requires more mathematical details
of components. Therefore, in this paper a model of the PV
system in DIgSILENT/PowerFactory is developed, which is a
proper environment to run rms simulation and works based
on the phasors and, moreover, from mathematical perspective
is more simplified. The performance of the stemming model
is compared with the switching model in PSCAD. Comparing
the simulation results of the proposed model in PowerFactory
with the model in PSCAD shows the credibility and accuracy
of the proposed model.
Keywords: Photovoltaic,
power support

PSCAD, PowerFactory, Reactive

I. INTRODUCTION

High penetration of solar PhotoVoltaic (PV) systems has
shaped a new structure for distribution grid. Growing trends
in generating power from distributed PV systems have
accommodated more and more PV systems in distribution
grids. In Germany, for instance, there are currently 20 GW
installed PV systems, of which 80% have been connected in
low voltage grids [1]. This high penetration of PV systems
has also raised new challenges in distribution grids such
as voltage profile. Violation of voltage profile in some
regions in Germany has led to stopping PV installation by
utilities. To contrive a way to solve the unwanted problems
associated with high penetration, several approaches have
been proposed in recent standards and literature, for instance
the reactive power support and the active power curtailment
[21-[5].

In power system studies, distribution grids have mainly
been modeled as a lumped load. However it is not anymore
wise to just address distribution grids as a passive load [6],
[7]. The aforementioned changes that gradually happen in
distribution grids require deeming new models of distribution
grids for static and dynamic studies of power systems.
Therefore, it is crucial to find a proper aggregate model
of distribution grids consisting of PV systems in order to

properly study the behavior of distribution grids on power
system stability and dynamics.

In order to find out a suitable aggregate model of dis-
tributed PV systems, it is required to study the behavior
of an individual PV system to discover how it functions
in the grid. A power test system including PV systems
is simulated either as a transient simulation, which uses
instantaneous values, or an rms simulation which is based on
the phasor model. In the transient simulation, components
are needed to be modeled in more mathematical details;
however, it, in turn, takes more simulation time. Although
rms simulation of the PV system using phasor model is run
faster, it excludes some mathematical details. Nevertheless, it
is important to find out differences and similarities between
these two simulation platforms and models, and then if the
dynamic behavior of both models are similar, using phasor
model is more time efficient and convenient in order to
investigate and attain an aggregated model of distributed PV
systems.

Models of a PV system in PSCAD have been addressed
in literature such as [8]—-[11]. Due to the old standards in
the past, those models did not consider different reactive
power strategies; however contemporary standards, e.g. Ger-
man Grid Codes [12], allow reactive power support by PV
systems. For instance, [8] only considers unity power factor
operation and does not address the reactive power support;
Ref. [9] does not consider Maximum Power Point Tracking
(MPPT) and reactive power support; proposed model in [10]
has been mainly developed for utility application and does
not address different reactive power support strategies in
distribution grids. Ref. [11] developed a model of a PV sys-
tem which comprises four different reactive power supports
and this model was incorporated in a test distribution grid
with two PV systems. In this research a model of the PV
system based on the proposed model in [11] is developed
in PowerFactory for the rms simulation. There is already
one developed generic PV model in PowerFactory Library,
however this model has a few differences with the developed
PSCAD model, for instance the standard MPPT function is
not included and dc-link capacitor has been modeled through
power equation. Therefore, since the main aim is comparing
two identical models in a similar way, a new model is needed
to be developed in PowerFactory.

The objective of this paper is to validate two identical
models of a three-phase single-stage PV system in two differ-
ent simulation platforms, namely PSCAD and PowerFactory,
which perform simulations based on time domain instan-
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taneous values and rms values, respectively. Four different
reactive power support strategies have been incorporated
into the models, i.e. fixed power factor, power factor as a
function of feed-in power (hereinafter called dynamic power
factor), reactive power depending the voltage Q(V), and
AC-Bus voltage regulator. In conclusion, the both designed
models are compared and simulation results demonstrate the
credibility of those models; differences between them are
shown and evaluated.

In the following, a general overview of PV systems struc-
ture will be given in section 2, differences and similarities
between two models are presented in section 3, section
4 presents results of comparison of a single PV system
connected to grid in the both simulation platforms and finally
the conclusion comes at section 5.

II. PV SYSTEMS STRUCTURE

Fig. 1 illustrates the one-line diagram schematic of a
three pahse single-stage PV system connected through a
transformer to a distribution grid. The PV system consists of
PV array, dc-link capacitor, Voltage Source Converter (VSC)
and peripheral control systems.

Solar cells are connected in series to form PV modules
and PV modules are, in turn, connected in series or in
parallel to form PV panels. PV panels are connected in
series and in parallel to form solar array in order to provide
adequate power and voltage for being connected to a grid.
The output power of PV array feeds in dc-capacitor link
which is connected in parallel and is transformed through
parallel connected VSC to AC power. The VSC terminals
are connected to the Point of Common Coupling (PCC) via
the interface reactor, shown by L and R, and a transformer.
The transformer makes an isolated ground for PV system as
well as boosting the level of output voltage of PV system
to the grid voltage level. Cr is the shunt capacitor filter
that absorbs undesirable low-frequency current harmonics
generated by PV system. Distribution grid is assumed by
Thevenin model where Ry, and Ly, are equivalent grid
resistance and inductance, respectively.

Control system is performed in a dq-frame reference.
Phase Locked Loop (PLL) is used to synchronize control
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a) Schematic of a PV system structure connected to a distribution grid. b) Schematic of a PV system in PowerFactory.

system with the grid frequency by moving from the abc-
frame reference to a proper dq-frame reference.

A. PV array model

Analogous with a diode, PV panel current-voltage char-
acteristic is exponential and is depicted as follows:

V — Rl
I=1,,—1y (exp (T)—l) (1)

In (1), I and V are output current and voltage of a PV
panel respectively, [, is the dark saturation current, R; is
the cell series resistance, I, is the photo-generated current
and Vr is the junction thermal voltage. Ref. [13] shows how
to calculate solar panel parameters R;, I, and 1,;, by means
of datasheet values in Standard Test Condition (STC). 1,
short circuit current and open circuit voltage of the panel
are linearly dependent on the irradiance and the temperature,
while 1, is only the temperature-dependent [13].

As mentioned earlier solar panels are connected in series
and parallel, so the (1) can be extended as follows:

Vo — Rl
Ly = nply —nply (exp (%) — 1) )

where V), and I,, are PV array output voltage and current,
and n, and n, are number of series and parallel panels,
respectively.

B. Controller model of PV system converter

Due to the different abc/dqo transformation, active power
and reactive power are controlled on q and d axes in
PSCAD, respectively, while it is the other way around in
PowerFactory. Nevertheless, for integrity it is here assumed
that active power is controlled on the d axis and reactive
power on the q axis. Control system in a PV system on the
each axis comprises two control loops where the inner loop
is the current control (Fig. 2) and the outer loop is the dc-
link voltage controller, which regulates active power, on the
d axis and reactive power regulator on the q axis.

Active power control in PV systems is performed through
regulating the dc-link voltage. The dc-link voltage regulator
in the Laplace domain, F,;.(s), which in this study is an



Figure 2. Schematic of current control block diagram.

Qpcc
(a)

Figure 3. a) Block diagram of reactive power control loop. b) Block
diagram of voltage control.

integrator and a lead compensator, adjusts ig..; through the
dc-link voltage deviation signal (AV,,). In order to augment
the performance of the dc-link voltage regulator, output
power of PV can also be deployed as a feed-forward to
eliminate the nonlinearity and the destabilizing impact of
the PV array output power [9], [14].

Reactive power control can be done by different strategies.
Nevertheless, from regulator design perspective it can be
done either by regulating reactive power at a reference
value (Fig. 3(a)) or controlling the voltage at the connection
point to a set-point value (Fig. 3(b)). It must, however, be
considered that the reactive power contribution of the PV
system is limited according to the current standards [12].
Reactive power regulators, F,(s) or Fyu(s), which in general
can be a PI controller, adjust i,.; using the reactive power
deviation signal (AQ) or the AC-bus voltage deviation signal
(AV4c) depending on the reactive power control strategy.
Aig =igper —iq and Aiy = iy, r —i4 are passed through current
controllers to produce Sinusoidal Pulse Width Modulation
(SPWM) signals for VSC in PSCAD.

Regarding reactive power contribution, a PV system could
carry out this task through one of the following approaches:

I Constant power factor operation: PV system feeds
reactive power into the grid irrespective of the voltage
profile.

II Dynamic power factor operation, PF(P): This method
was proposed by German Grid Codes [12] (Fig. 4).

I Droop-based control strategy, Q(V): This approach is
a droop-based control strategy and Fig. 5 depicts a
linear droop curve where the value of the dead-band
(D) depends on the network impedance [15].

IV Voltage control: this approach is sensitive to the set-
point adjustment to the extent that reactive power pump-
ing interactions among PV systems in a distribution grid
can occur [11].
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Figure 6. Voltage-Power characteristic of a PV array for different irradiance
levels.

C. MPPT of PV system

The energy captured from PV array is not only propor-
tional to irradiance, but also depends upon the location of
the operating point, in Fig. 6 it can be noticed. Therefore, the
output of PV array is not necessarily equal to its maximum
and by doing so, PV system always needs additional function
to exploit maximum power of PV array which is named
Maximum Power Point Tracking in literature. As can be seen
in Fig. 1, MPPT determines the dc-link voltage reference.
MPPT is actually the most outer control loop of the PV
system that has a memory to provide the dc-link voltage
reference by measuring the output voltage and current of
PV arrays and comparing them with previous states through
a processing algorithm. Here in this paper, Incremental
Conductance (INC) [16] algorithm is employed.

III. DIFFERENCES AND SIMILARITIES

In PSCAD, active power is controlled on the q axis and
reactive power on the d axis due to abc/dq transformation
characteristic. However, in PowerFactory the d axis repre-
sents the active power control and the q axis represents



Table I
SYSTEM PARAMETERS.

[ PV system parameter | Value
Vmp panel voltage at mpp 337V
Imp panel current at mpp 3.56 A
Isc panel short circuit current 3.87 A
Voc panel open circuit voltage | 42.1 V
Panel temperature coef. of Isc 0.065 %/°C
Panel temperature coef. of Voc | -160 mV/°C
ng num. of series panels 14
n, num. of parallel panels 6
DC link capacitor C 10 mF
Interface reactor L 4 mH
Interface reactor R 3 mQ
Trfl rated power 15 kVA
Trfl voltage ratio 0.38/0.18 kV
MPPT frequency 20 Hz
MPPT perturbation size 0.337 V
Line Parameter Value
Linel impedance 6 + 7.5 mQ
Line2 impedance 15.5 + 3.4 mQ
Grid Parameter Value
Grid voltage 20 kV
Grid short circuit capacity 1.15 MVA

Grid R/X ratio 0.6

Trf2 rated power 250 kVA

Trf2 voltage ratio 0.38/0.18 kV

Load Parameter Value

Rated active power 0.6 kW

Rated reactive power 0.3 kVar

Rated voltage 20 kV

Controller Parameter Value

Fyge=5x }jjg k=8.65¢3 A/V/s T;=0.0232 s~ !
75=0.0011 s~

Fee=kpee + ]% kpee=8Q kicc=2Q/s

Fy=kp, + M kpg=-0.227 AlNar

kig= -453.5 A/Var/s

reactive power. In PowerFactory, PWM converter block
contains the current control block internally and it is possible
to enable or disable it. The current control in PSCAD as
can be seen in Fig. 2 comprises of decoupled terms while in
PowerFactory the model of the current control is different.
Therefore, the built-in current control is disabled by setting
all the controller parameters to zero. Moreover, series reactor
has been also located inside the PWM converter block in
PowerFactory while in PSCAD the reactor is outside the
converter. MPPT function uses same INC algorithm in both
models.

IV. COMPARISON OF A SINGLE PV SYSTEM CONNECTED
TO GRID IN THE BOTH SIMULATIONS PLATFORMS

Two models according to Fig. 1 are built in two simulation
platforms, PSCAD and PowerFactory. The parameters of the
system are presented in Table I.

An identical simulation scenario is carried out in order
to make a fair and comprehensive comparison between two
models. Fig. 7 depicts irradiance variations during simulation
which varies stepwise for simplicity. Since PowerFactory
starts simulation around one operating point while PSCAD
simulates from scratch, the simulation are shown from the
point that PSCAD has been settled down at the initial
operating point for the both models, where irradiance is
around 1000 W/m?.

e Case 1: Comparison without MPPT
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MPPT.

The dc-link voltage response to irradiance variations, without

In this case study MPPT is disabled and dc-link voltage
set-point vge_.r is imposed by a constant value equal
to 471.8 V which is the voltage at the maximum power
point for irradiance equal to 1000 W/m?. The objective
of this section is only to compare the performance of
both models from numerical solving perspective not
showing the necessity of MPPT, therefore the dc-link
voltage is regulated at the STC value. Fig. 8 demon-
strates the dc-link voltage for both models followed by
irradiance variation according to Fig. 7, and as it shows
the dynamic performance of the both models are quiet
similar. Fig. 9 depicts the output power of PV system,
as can be seen the general dynamic response structures
of the both models are same, with the same numbers of
overshoot and undershoot, although the only difference
is that the size of overshoot in PowerFactory model
is a bit higher than PSCAD that might be due to the
converter model in PowerFactory.
o Case 2: Comparison with MPPT

This case study is similar to the prior case study, except
that the MPPT is enabled in this case study. Fig. 10
shows the dc-link voltage in PowerFactory model has
more oscillatory transients than PSCAD. Although the
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same algorithm for implementing MPPT has been taken
into consideration for the both models, the difference
in the transient response might be owing to different
solvers of software. At the steady-state stage, Power-
Factory model shows no distortion around the operating
point which can be due to the switching in PSCAD
that makes confusion for the perturbation orientation in
MPPT algorithm and so it leads to oscillations around
MPP for the PV system in PSCAD. Fig. 11 depicts the
output active power of the PV system and as can be seen
the PowerFactory model response has more oscillatory
transient with higher overshoot that could be expected
from the result of the previous case study.

Increasing the MPPT frequency decreases oscillations,
as Fig. 12 shows increasing the MPPT frequency to
30 decreases considerably oscillations. Although the
final values of V. in different frequencies are not the
same, the difference is too small and it is due to the
perturbation step and the design criterion in INC algo-
rithm [16]. It boils down to this fact that once the PV
system operating point goes close to MPP, the MPPT
algorithm stops generating new perturbation as long as
the absolute summation of the incremental conductance
and the instantaneous conductance is smaller than a
selective small value that is 0.001 in this study [16].
Furthermore, it is obvious that increasing the MPPT
frequency increases noticeably the speed of the dc-link
voltage response.

Case 3: Different specification for dc-link voltage con-
troller

This case study is analogous with the previous case
study, the only exception is the dc-link controller that
has been designed for another specifications. In case 2
the specifications are 60 degree phase margin and 200
Hz bandwidth, but in this case study the phase margin
is increased to 70 degree and bandwidth is also reduced
to 130 HZ that is expected to get a slower system
response. Figs. 13 and 14 show the dc-link voltage
and active power, respectively. Although both models
have more or less similar responses, the output power
response of the PV system has higher overshoots and
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undershoots. Apart from the models comparison, com-
parison of different design specifications shows that the
performance of the PV system is considerably affected
by changing dc-link specifications to the extent that in
the second design, the PV system response becomes
slower. Therefore, regarding making equivalent of PV
systems in grid, one should deem this issue.
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Figure 16. The PCC voltage, dynamic power factor strategy (II), with
MPPT.

e Case 4: Comparison reactive power strategies with
MPPT x10°

In this case study, the behavior of the PV system in PSCAD
both models, with the last three aforementioned reactive ] PowerFactory
power strategies, is taken into account. Figs. 15 and 16

show reactive power at PCC and the PCC voltage for the I~ 0 f

dynamic power factor control (strategy II). The reactive < o5l |
power is less oscillatory in the PowerFactory model. =

For studying the droop-based reactive power control g -1f 1
strategy (strategy III), a grid voltage incident is created 87

by increasing 5 % the grid voltage at t=6 sec and ey r\ae-e—ae-"J i
return to its initial value after 1 sec while the irradiance ol ‘ i
remains constant at 1000 W/m?. The droop parameter,

D, in Fig. 5 is set to 0.03. Figs. 17 and 18 show the 25, 55 : ‘ 75 s

6.5
reactive power at PCC and the PCC voltage for droop- time [s]
based reactive power control strategy, respectively.

In the voltage control method (strategy IV), the voltage
of the PCC is regulated to a desired set-point. The
voltage set-point for the voltage control strategy is

chosen according to the voltage at PCC once the PV

Figure 17. Reactive power at PCC, droop control strategy (III), with MPPT.

o Case 5: Three-phase to ground fault with MPPT

system is connected to the grid and works with half
of the nominal power. Figs. 19 and 20 show reactive
power at PCC and the PCC voltage for voltage control
strategy, respectively.

This case study demonstrates the effect of the three-
phase to ground fault on the PV system for the strategy
IV. Irradiance is kept constant at 1000 W/m? and a
fault incident is occurred at the load connection point
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at t=06 s and cleared 100 ms later. The fault impedance
is resistive and equal to 0.008 Q. The dc-link bus
voltage is shown in Fig. 21, as expected from power
equation across the dc-link capacitor, the dc-link voltage
is boosted. During fault interval, the transient behavior
of both model are quiet similar. However, after fault
clearance the transient response of both models have
slight differences. Figs. 22 and 23 show active power

Figure 22. PV active power response to three-phase to ground fault, with
MPPT.

and reactive power of the PV system, respectively.
As can be seen, the general trajectory of responses
is the same in both models, however there are slight
differences specially after fault clearance. The reactive
power contribution during fault is too small. This is
because of small active power that is provided by PV
array to feed dc-link capacitor and it is, in turn, due to
the PV output voltage that is shifted towards the open
circuit voltage where the PV output power becomes
Zero.

V. CONCLUSION

In this paper a model of a three-phase single-stage PV
system was developed in PowerFactory platform. The perfor-
mance of the developed was compared and confirmed with
the PSCAD model, which was stemming from the previous
research. The results show that both models are responding
similarly to irradiance variation, although there are slight
differences in the transient period subsequent to changes that
might be due to MPPT function and numerical solving issues
in the control system that are related to different solvers that
are used in both software. Nevertheless, the results show
that using rms values based simulations in PowerFactory
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can provide us with quite similar results using time domain
instantaneous values. Therefore, the performance of large
number of PV systems can be easily studied using rms
simulations.
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Coordinated droop based reactive
power control for distribution grid
voltage regulation with PV systems

A. Samadi, R. Eriksson and L. Séder

The German Grid Codes (GGC) proposes a standard active power dependent (APD) characteristic,
Q(P), to support the voltage profile via a PV system’s reactive power as shown in Fig. 1, where P and
Pnax show the feed-in and the maximum active power of the generator unit, respectively [1]. The
GGC standard Q(P) characteristic requires the PV system to operate in an under-exited mode when
the feed-in active power goes beyond a threshold of 50% of P, in order to alleviate the possible
voltage rise. In the GGC standard characteristic, the required reactive power of each PV system is
determined based on its feed-in power and independent of its location in the grid. According to the
GGC, the distribution system operators (DSO) can use a different characteristic from the standard
characteristic depending upon the grid configuration, however, it is not clarified how to define such a
characteristic and it is devolved to the DSO. Moreover, since the standard characteristic does not
consider the voltage profile, its employment can cause unnecessary reactive power consumption.
Considering large number of PV systems in grids, unnecessary reactive power consumption boosts
the total line losses. Moreover, large amount consumption of reactive power by PV systems may also
jeopardize the stability of the network in the case of contingencies in conventional power plants,
which supply reactive power [2].

Acoso (P)
0.9/0.95F 3

0.2 0.5

under excited

0.9/0.95F

Fig. 1: Standard characteristic curve for cose (P)

Therefore, it is a matter of need to develop an APD method that can provide a coordinated,
systematic characteristic for each PV system along a feeder. The voltage sensitivity matrix is utilized
to propose a coordinated individual characteristic curves between reactive power and active power
for each PV system along a radial feeder by using only local measurements. Since the grid
configuration is addressed in the voltage sensitivity matrix, the proposed method basically introduces
a characteristic based on the grid configuration for each PV system. The voltage sensitivity matrix has
been used in [3] to compare impacts of active power curtailing and reactive power support through



PV systems on the voltage profile in low voltage grids. The voltage sensitivity matrix in [4] is used to
define coordinated droop factors in the active power curtailment of PV systems. The sensitivity
matrix contents and control theories are employed in [5] to demonstrate the voltage control
interaction among PV systems. The voltage sensitivity matrix is used in [6] to eliminate the voltage
variation at a target node due to the operation of a wind turbine in a microgrid via reactive power
support. In the proposed APD method, the voltage sensitivity matrix is employed to systematically
design two main parameters of the GGC Q(P) characteristic for each individual PV system in a radial
grid, namely the active power threshold and the slope factor. The proposed APD method considers
all the variants for designing the slope factor and the power threshold. The results demonstrate that
the proposed method can regulate the voltage to the steady-state voltage limit, while the voltage
regulation in the GGC method is not addressed. Because the proposed method explicitly includes the
steady-state voltage limits. By doing so, the proposed APD method can decrease the total consumed
reactive power by PV systems as well as active power loss caused by reactive power in comparison
with the GGC.

In active power dependent methods do not directly measure the voltage as an input. This can,
therefore, be noted as a shortcoming of these methods on the grounds that demand variations might
simultaneously be in a harmony with the generation for the long range of time periods. PV systems
may consequently consume reactive power while there is no voltage violation. Concerning high
penetration of PV systems, as mentioned earlier unnecessary reactive power consumption by PV
systems is undesirable. Therefore, using the droop-based voltage (DBV) regulation can prevent
unnecessary reactive power usage.

Coordination of droop parameters among several PV systems is a challenge on the grounds that PV
systems at the beginning of the feeder participate less in the voltage regulation compared to those at
the end. The voltage sensitivity matrix is used to propose a coordinated voltage droop parameters
for individual PV systems along a radial grid.

The graphical DBV regulation is shown in Fig. 2 . In the DBV regulation, reactive power supports the
voltage profile once the voltage is outside a dead-band, which is defined either by standards or
distribution system operators. Since voltage rise is more of a concern in this approach, only the right
hand side of the graph shown in Fig. 2 is taken into consideration. Once the voltage profile hits the
dead-band limit, PV systems must contribute reactive power to support the voltage in accordance
with occurred voltage deviations.
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Fig.2 : Graphical schematic of droop-based voltage control.
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Equivalent modelling of several PV power plants

A. Samadi and R. Eriksson

I. Introduction:

The main objective of this study and report is making an equivalent model of several PV power plants
connected to a grid and, along with it, investigating the probability of reactive power counteractions
among PV plants that might not be seen and addressed in the equivalent model. Therefore the work
that has been done so far is bulleted as follows:

e Studying and inspecting the final model that was developed by [1]

e Making the template of the aforementioned model in PowerFactory to make integration of
duplicated models easily

e Making equivalent of the PV plant model by scaling up the current model

e Running different scenarios

Il. PV System Model in PowerFactory

The employed PV model in PowerFactory in this research consists of PV array model, Maximum
Power Point Tracking (MPPT), dc-bus capacitor, static generator and peripheral control systems. The
PV model is also associated with a voltage control regulator as Fig. 1, where Fy(s) can, in general, be
a PI controller. F,,c(s) adjusts reactive power in such a way to regulate the voltage.

VS-FE'_fﬁ N iqref
- Fvacl—>

Vsd
Fig.1 Block diagram of the voltage control in the PV model.

I11.  Equivalent Model

Since the equivalent (aggregated) model is supposed to be connected to the same voltage level as
individual PV systems in the non-aggregated model, only the power level of the current PV model
should be manipulated to make the equivalent model. In other words, the dc-link voltage remains



similar in the both equivalent PV model and individual PV systems in non-aggregated model. In order
to change the power level, the number of the parallel solar panels must be changed. Furthermore,
considering identical voltage level and the following power equation across the dc-link capacitor, it is
clear that the capacitor size must be also multiplied by the number of individual PV systems in the
equivalent.

104
2 dt

= Pdc - Pac

The power rating of the equivalent transformer for the equivalent model is calculated based on the
number of individual PV systems in the equivalent model and the transformer rating of one individual
PV system. In PowerFactory the transformer impedance is indicated in per-unit. Therefore via
increasing the rating power of the transformer by the factor of the number of individual PV systems,
the impedance of the equivalent transformer decreases by the same factor, which is in conjunction
with the Thevenin impedance of the parallel transformers in case of individual PV systems.

IV. Case Study

It is assumed that three individual PV systems are connected through three transformers to the medium
voltage bus-bar (MV-A) and, in turn, through a line to the Thevenin model of the grid, it is shown on
the right hand side of Fig. 2. As can be also seen on the left hand side of Fig. 2, the equivalent of these
three PV systems has been built and incorporated into the same simulation framework, and it is
connected through the equivalent transformer to a medium voltage bus (MV-B) and, in turn, through
the same identical line to the Thevenin model of the grid. Nominal power of non-aggregated PV
model is 450 kW. The gird and PV data has been given in Table I.

External Grid

MV-A

Transformer 1
Transformer 2

O

RN
T

Fig. 2: Schematic of the case study grid

Transformer 3

PV Equivalent



Table I: The grid and PV system data are

PV Panel Parameters

Maximum Current

Maximum Voltage

Short Circuit Current

Short Circuit Voltage

Imp Imp Isc Vsc
3.56A 33.7V 3.87 42.1A
Nominal Power Voltage ratio and Short Circuit voltage, | Resistive Short Circuit
Non-Aggregated
type Uy voltage, uy,

Transformer Parameter

560 kVA

10/0.4 kV, Dyn11

4%

2%

Equivalent Transformer

Nominal Power

Voltage ratio

Short Circuit voltage,

Resistive Short Circuit

Parameters Uk voltage, uy,
1.89 MVA 10/0.4 kv, Dyn11 4% 2%

Line parameters Rated Voltage Rated Current Resistance Reactance
15 kV 355A 2.5Q 5Q

V. Simulation Results

For simplicity, irradiance is varied step-wise. In order to consider and address all the aspects, possible
scenarios are studied. The following assumptions are similar in all scenarios:

e All PV systems are associated with MPPT.
e All PV systems are associated with the voltage controller.
e The voltage controller is a pure integrator (I).

A. Scenario 1

In this scenario following assumptions are considered:

o Irradiance level is varied identically for all PV systems in the non-aggregated model.
¢ In the non-aggregated model, all individual transformers are identical.
e Voltage controller parameters are identical.
e PV systems are supposed to regulate the voltage at the LV bus.
e The voltage set-point is adjusted to 1.01 p.u.

Fig. 3 shows that the irradiance initially is 1000 W/m? for both PV models and then at t=1.5 s the
irradiance is changed identically to 500 W/m? for both PV models.

As can be seen in the Fig. 4, the total injected active powers are same in the both non-aggregated and
aggregated model. The dc-link voltages for PV systems in both models have been shown in Fig. 5, and
as expected, they are identical which boils down to identical irradiance variations. As Fig. 6 depicts,
the total contributed reactive powers to regulate the voltage to the set-point are also same. In other
words, there is no counteraction among individual PV systems in non-aggregated model, and
aggregated model is, therefore, a correct representative of the aggregation. Fig. 7 (a) illustrates that
LV-bus voltages, in non-aggregated and aggregated model, have been kept constant and are identical
in both models. Fig. 7 (b) also shows MV-bus voltages for both models, and as can be seen MV-bus
voltages are also similar in both models.
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Fig. 7: AC voltages in scenario 1: (a) LV buses. (b) MV buses.

B. Scenario 2
In this scenario following assumptions are considered:

o Irradiance level is varied differently for PV systems in the non-aggregated model.
e In the non-aggregated model, all individual transformers are identical.

e \oltage controller parameters are identical.

e PV systems are supposed to regulate the voltage at the LV bus.

e The voltage set-point is adjusted to 1.01 p.u.

In contrast to scenario 1, in this scenario the variability of the irradiance among individual PV systems
is also taken into account. In other words, it is assumed that individual PV systems in non-aggregated
model are exposed to the different irradiance. Furthermore, the irradiance of the aggregated model is
assumed to be the mean value of irradiance levels of individual PV systems in non-aggregated model.
As Fig. 8 shows, the irradiance initially is 1000 W/m? and it is varied at t=1.5 s to 500, 400 and 300
W/m? for PV1, PV2 and PV3 in non-aggregated model, respectively, and, in turn, the irradiance of
aggregated model (PV Equ) is varied to 400 W/m’.
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Fig. 8: Irradiance variation in Scenario 2

As can be seen in the Fig. 9, similar to scenario 1, the total injected active powers are same in the both
non-aggregated and aggregated model. The dc-link voltages for PV systems in both models have been
shown in Fig. 10, they are identical before t=1.5 s and afterwards they settle down in conjunction with
the related irradiance and since the PVV2 in the non-aggregated model and the aggregated PV model are
exposed to the same irradiance, their steady-state voltages are same.

As Fig. 11 depicts, the total contributed reactive powers to regulate voltage to the set-point are also
same in both models (=-0.026 Mvar). Nevertheless, it is obvious that the reactive power of PV3 is on
the edge towards capacitive; therefore, in scenario 3 another irradiance variation will be addressed to
investigate more. Fig. 12 (a) illustrates that LV-bus voltages in non-aggregated and aggregated model
have been kept constant and are identical in both models. Fig. 12 (b) also shows MV-bus voltages for
both models, and as can be seen MV-bus voltages are also similar in both models.
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Fig. 12: AC voltages



C. Scenario 3
In this scenario following assumptions are considered:

o Irradiance level is varied differently for PV systems in the non-aggregated model.
¢ In the non-aggregated model, all individual transformers are identical.

e \oltage controller parameters are identical.

e PV systems are supposed to regulate the voltage at the LV bus.

e The voltage set-point is adjusted to 1.01 p.u.

This scenario except the irradiance variation scheme is similar to scenario 2. In scenario 3 the
irradiance is changed as Fig. 12.
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599 s]

Concerning the active power, the summation of individual active power of each non-aggregated PV
models is equal to 0.370 MW that is analogous to aggregated model (Fig. 14). Fig. 15 shows that dc-
link voltages.

Regarding the reactive power, Fig. 16, it is obvious that in non-aggregated model, PVV3 works in
capacitive mode while PV1 and PV 2 work in inductive mode. Nevertheless, the total reactive power
in non-aggregated model is equal to the aggregated model (=-0.026 Mvar). Furthermore, as can be
seen in Fig. 17 (a), LV-bus voltages are also regulated to the set-point properly. Therefore, even
though the PV systems in non-aggregated model are working in different modes (inductive and
capacitive), it has no negative effect on the voltage regulator performance.
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D. Scenario 4

In this scenario following assumptions are considered:

Irradiance level is varied differently for PV systems in the non-aggregated model.
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¢ In the non-aggregated model, individual transformers are different.
e Voltage controller parameters are identical.

e PV systems are supposed to regulate the voltage at the LV bus.

e The voltage set-point is adjusted to 1.01 p.u.

In contrast to scenario 3, in this scenario is assumed that individual transformers in non-aggregated
model are not identical anymore. Therefore, the rating power of transformer 2 and 3 is decreased by
10%. The results show that the main difference is in the reactive power. Fig. 18 shows total reactive
powers in both models. Before t=1.5 s all PV systems are working in inductive mode and the total
reactive power of the non-aggregated model is equal to (-0.143%2-0.159=) -0.445 Mvar while the total
reactive power of the aggregated model is -0.455 Mvar. Therefore, there is 0.01 Mvar difference
between non-aggregated and aggregated model. It can be seen from Fig. 18 that by changing
irradiance at t=1.5 s, PV2 and PV3 start working in capacitive mode while PV1 functions in inductive
mode. Therefore, compared to scenario 3 the operation mode of the PVV2 has changed. Moreover, the
total reactive power of the non-aggregated model and aggregated model settle down at (-
0.045+0.001+0.026=)-0.018 Mvar and -0.026 Mvar, respectively. Therefore, the difference between
reactive power of non-aggregated model and aggregated model is 0.008 Mvar. Fig. 19 shows LV-bus
and MV-bus voltages, it can be seen that LV-bus voltages are regulated to the set-point. Therefore, one
can draw this conclusion that there is no counteraction between controllers on the grounds that
irrespective of different operation modes (capacitive or inductive) among individual PV systems and
different total reactive powers between aggregated and non-aggregated model, the voltage regulation
is fulfilled satisfactory. Moreover, compared to scenario 3, one can also conclude that the total reactive
power deviation is due to non-uniformity of individual transformers in non-aggregated model.
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Fig. 19: AC voltages in scenario 4. (a) LV buses. (b) MV buses.



E. Scenario 5
In this scenario following assumptions are considered:

o Irradiance level is varied differently for PV systems in the non-aggregated model.
¢ In the non-aggregated model, individual transformers are not identical.

e Voltage controller parameters are different.

e PV systems are supposed to regulate the voltage at the LV bus.

e The voltage set-point is adjusted to 1.01 p.u.

In contrast to scenario 4, in this scenario voltage controller parameters of PV systems in non-
aggregated model are also varied to make voltage controllers dissimilar. As mentioned earlier, the
voltage controller is a pure integrator (I). In this scenario the integral gain of PV1 and PV2 voltage
controllers are varied from -0.005 to -0.002 and -0.009, respectively, and the integral gain of PV1
voltage controller is kept as previous (-0.005). The results show that there is no difference in steady-
state values compared to scenario 4. However, as can be seen in Fig. 20, the dynamic behavior of
reactive powers is slightly different in scenario 5 compared to scenario 4.
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Fig. 20: Total reactive powers in scenario 5

F. Scenario 6
In this scenario following assumptions are considered:

o Irradiance level is varied differently for PV systems in the non-aggregated model.
¢ In the non-aggregated model, individual transformers are different.

e Voltage controller parameters are considered both identical and different.

e PV systems are supposed to regulate the voltage at the MV bus.
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e The voltage set-point is adjusted to 1 p.u.

In contrast to scenario 4, in this simulation assumed that PV systems are supposed to regulate the
voltage at the MV-bus. Moreover, the voltage controller is firstly assumed to be identical and then it
will be changed.

In the case of similar voltage controllers, the results demonstrate that there is no difference in the total
injected active power and dc-link voltage. However, there is significant change in the reactive power
behavior. As shown in Fig. 21, reactive powers of individual PV systems in non-aggregated model are
equally participating in the voltage regulation. In other words there is no reactive power circulation
among individual PV systems. However, there is small deviation between total reactive power of
aggregated and non-aggregated model that might be due to dissimilar individual transformers. Fig. 22
(b) shows that MV-bus voltages have been identically regulated.
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Fig. 22: AC voltages in scenario 6 with similar regulators: (a) LV buses. (b) MV buses.
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Fig. 24: AC voltages in scenario 6 with dissimilar regulators: (a) LV buses. (b) MV buses.

In order to consider the effect of different voltage regulator parameters, voltage regulator parameters
are changed similar to the scenario 5. Fig. 23 depicts that reactive power contribution are not anymore
equally distributed between individual PV systems in non-aggregated model. Nevertheless, the total
reactive power of non-aggregated model (-0.219 Mvar) remains as previous. Fig. 24 (b) shows MV-
bus voltages have been identically regulated.

vI.  Conclusion
The bottom line of this study is that, although, reactive power operation mode of individual
PV systems in non-aggregated model might be different (capacitive or inductive), the
performance of the voltage regulator in both aggregated and non-aggregated model would be
similar.
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Abstract—Growing trends in generating power from dis-
tributed PhotoVoltaic (PV) systems has accommodated more
and more PV systems within load pockets in distribution grid.
This high penetration has brought about new challenges such
as voltage profile violation, reverse load flow and etc. A few
remedies have been imposed by grid codes such as reactive
power contribution of PV systems and active power curtail-
ment. This study applies two analytical methods from control
science to find the possibility of controllability among the PV
systems in a distribution grid for voltage profile control at
specific set-points through reactive power regulation and active
power curtailment. For this purpose, the voltage sensitivity
matrix is used as the steady-state gain of the multi-variable
system. The first method is Relative Gain Array (RGA), in
which RGA of the voltage sensitivity matrix is utilized as a
quantitative measure to address controllability and the level
of voltage control interaction among PV systems. The second
method is Condition Number (CN), in which Singular Value
Decomposition (SVD) of the voltage sensitivity matrix is used
as a mathematical measure to indicate the voltage control
directionality among PV systems. Two radial test distribution
grids with different feeder R/X ratio, overhead line and
underground cable, which consist of five PV systems, are used
to calculate load flow and, in turn, voltage sensitivity matrix.
The results demonstrate that decentralized voltage control to
specific set-points is basically impossible in the both systems.
It is also shown that voltage control directionality of the both
systems is increased by reactive power regulation compared to
active power curtailing.

Keyword: Photovoltaic, Voltage sensitivity matrix, RGA, SVD.

I. INTRODUCTION

Growing trends in PhotoVoltaic (PV) system installations
due to encouraging feed-in-tariffs and long-term incentives
have led to high penetration of PV systems in distribution
grids. In Germany, for instance, there are currently 20 GW
installed PV systems, of which 80% have been connected
in low voltage grids [1]. Due to recent drop in costs of
PV systems, especially PV panel technologies, grid-parity
is not anymore unimaginable and will in near future come
close to reality [2]-[4]. High penetration of PV systems
without incentives is more likely to be interesting in different
countries and markets rather than limited countries. For
example, Italy and Spain are following Germany.

This high penetration of PV systems has also raised new
challenges in the distribution grid such as voltage rise.
Violation of voltage profile in some regions in Germany has
led to stopping PV installation by utilities. To contrive a
way to solve the unwanted problems associated with high
participation of PV systems, reactive power contribution of

PV systems has been proposed in recently under-codified
standards, e.g. German Grid Codes [5]. Several approaches
have been proposed for reactive power support [6]-[9]. One
of these approaches is voltage control at the connection
point of PV to grid. In the previous research [10], it was
shown that this method is sensitive to adjusting set-points to
the extent that improper set-points may lead to interaction
among PV systems in the same vicinity. In [11], determinant
of voltage sensitivity matrix from load flow calculation has
been employed to study the impact of the R/X ratio on
the effectiveness of using active and reactive power for
regulating voltage profile. In [9], sensitivity matrix has also
been used to show the difference between a system with
overhead line and underground cable. However, the level
of interaction and directionality among the PV systems
regarding voltage control to specific set-points has not been
addressed in the previous literature.

The aim of this paper is to address the possibility of con-
trollability among PV systems for voltage profile regulation
to specific set-points via two analytical control methods. For
this investigation, the voltage sensitivity matrix, which can
be derived via the load flow calculation, is used as the steady-
state gain of the understudy system. The first method is Rela-
tive Gain Array (RGA) [12], [13] that is employed to analyze
and evaluate the controllability and level of voltage control
interaction among the PV systems. The second method is
Condition Number (CN), in which mathematical measure of
directionality is provided by Singular Value Decomposition
(SVD). This method is a useful way to quantify how the
range of possible gains of a multi-variable process varies
for an input direction [13], [14]. Wide (or narrow) range
of possible gains for a process implies large (or small)
directionality.

Sub-matrices of the voltage sensitivity matrix indicate the
sensitivity of the bus voltages and angels to the variation
of active and reactive power at buses. The RGA and CN
of the voltage sensitivity sub-matrices, in turn, indicate the
degree of the interaction and directionality, respectively. The
relation of feeder R/X ratio and the distance between buses in
a distribution grid for voltage control is of concern. Applying
the aforementioned methods provides an analytical view that
how the voltage control interaction and directionality among
PV systems in a distribution grid would be affected by the
distance and R/X variation.

Two radial test distribution grids with different feeder R/X
ratio, overhead line and underground cable, are employed as



the test platform. MATLAB environment is used to calculate
the voltage sensitivity matrix and investigate it further via
RGA and CN. Derived results, in conclusion, demonstrate
decentralized voltage control to specific set-points through
the PV systems in the distribution grid is fundamentally
impossible due to the high level voltage control interaction
and directionality among the PV systems.

In the following, a general overview of the voltage sensi-
tivity will be given in section 2, basic of RGA and condition
number are presented in section 3 and section 4 respectively,
section 5 presents the simulation platform and section 6 deals
with the results and finally the conclusion comes at section
7.

II. VOLTAGE SENSITIVITY MATRIX

Voltage Sensitivity matrix is a measure to quantify the
sensitivity of bus voltages (IVI) and bus angles (0) with
respect to injected active and reactive power for each bus
except slack bus. Sensitivity matrix is obtained through
partial derivative of load flow equations, g(1V1,0), as follows

[15]:
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Voltage sensitivity matrix consists of four sub-matrices that
denote the partial derivatives of bus voltage magnitude and
angle with respect to active and reactive power. Due to
importance of the voltage magnitude regulation by variation
of active and reactive power, sub matrices that are related to
variation of voltage magnitude, SK/L P and SK/L o are of more
interest and concern in this study. Each element of these sub
matrices, e.g. S};, is interpreted as the variation that would
happen in a voltage at bus i if the active power (or reactive
power) at bus j changed 1 p.u. Voltage sensitivity matrix
represents the open loop gain of the system which is later
used as the steady state transfer function of the system to
conduct some investigation.

Equation (1) represents a linearized form of the system
equations. Keeping this in perspective, it follows from (1)
that voltage magnitude variation corresponds to active and
reactive power variation and consequently in order to keep
the voltage magnitude theoretically constant, following is
deducted which can be also employed as a measure to
determine the degree of active-reactive power dependency.

__qV
AQ=—Sy10

Equation (2) is used later to compare the relation between
the reactive power and active power while the voltage profile
is perfectly controlled.

S}y, pAP = JAP, 2)

III. RGA METHOD

Although the RGA was basically introduced by Britsol
[12] for pairing the input and output variables in a decentral-
ized control system, it has also been exploited as a general
measure of controllability [13], [14]. The relative gain array
has been addressed in many literatures and is frequently

employed as a quantitative measure of controllability and
control loop interaction in decentralized control design. The
RGA is originally formulated for steady state analysis and
later it was extended to include the dynamics [13]. In this
study, the RGA concept is used to analyze the voltage
sensitivity matrix, which is calculated from system algebraic
equations and therefore does not comprise dynamic.

The proposed interaction measure through RGA indicates
how the apparent transfer function between manipulated or
input variable (1;) and controlled or output variable (y;)
is affected by control of other controlled variables. This
measure is shown by A;; and is described by the ratio of
the transfer function between a given manipulated variable
and controlled variable while all other loops are open, and
the transfer function between the same variables while all
other outputs are closed as follows:

9yi .
(Tf,) | uy jconstant
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In other words, the RGA is the ratio of the open loop gain
between two variables to the closed loop gain of the same
variables while other outputs are perfectly controlled. For a
MIMO system with G(0) as the steady sate transfer function,
the RGA is attained as follows:
A(G(0)) = G(0) x (G(0) )" )

Where x denotes element-by-element multiplication.

Equation (3) demonstrates that the open loop gain between
y; and u; changes by the factor li;' while the rest of
loops are closed by integral feedback control. This implies
that the pairing should be preferred for RGAs that are as
close to unity as possible. A;;=1 implies that there is no
interaction with other control loops. Intuitively, decentralized
control requires an RGA matrix close to identity [13]. In a
decentralized control, the MIMO process works as several
independent SISO sub-plants. If RGA elements are greater
than one, the decoupling or inverse-based controller can
be used to decouple interactions. However, systems with
large RGA elements are basically hard to control owing
to big interactions and input uncertainties; by doing so,
inverse based controller should be prevented since it is not
robust. Pairing with negative RGA elements must be avoided
because those lead to integral instability.

Sub-matrices of the voltage sensitivity matrix in (1) are
steady-state gain of the system and by doing so the RGA of
SK/L p and SY, . are given as follows:

V.0
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AS}y o) = Siy p ¥ ((SVV,P) ) ®)
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The RGA of S‘(/\,P in (5) can be used to study the possibility
of controllability and interaction among voltage controllers
of PV systems via power curtailing in order to regulate the
voltage of buses to specific set-points. The RGA of SK/J,Q
in (6) is used to investigate the possibility of controllability
and interaction among voltage controllers of PV systems to
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Figure 1.

regulate voltage of buses to specific set-points via regulating
reactive power.

To sum up, in RGA method, the voltage sensitivity matrix
must first be derived. Then, RGA of sub-matrices S”

[v|.p
and SK, o are calculated. In the next step RGA values
are eva{uated. RGA values close to one demonstrate a

decentralized system. If the RGA values are big but less
than 5, the decoupling compensators can be used to make
the system decentralized. However, large RGA values, more
than 5, correspond to controllability problems because of big
interactions and input uncertainties [13].

IV. CN METHOD

Another measure to quantify the level of interaction in
multi-variable systems is condition number. CN of a system
is defined as the ratio between maximum and minimum
singular values of the system, which are computed using
SVD [13], [14]:

6(G(0))
Y(G(0)) 5(G0) )
A process with large CN implies high directionality and
is called to be ill-conditioned [13]. The steady state gain
of MIMO process varies between o(G(0)) and 6(G(0)).
Wide range of possible gains for a MIMO system indicates
large directionality. Such a plant is often considered sensitive
to uncertainty that, in turn, will lead to a poor robust
performance [13]. Moreover, a large CN results in control
problem. A large CN may be brought about by a small
singular value that is generally undesirable.

In a nutshell, in CN method, the voltage sensitivity matrix
must first be derived. Then, SVD of sub-matrices SK/L P and
S‘(, o are computed and consequently CN is calculated. CN
larger than 50 demonstrates controllability problems [13].

V. PLATFORM OF THE SIMULATION

Radial grid in Fig. 1, which consists of five houses
connected through a step down transformer to a medium
voltage grid, is employed as a test grid in this paper. In
this study, it is assumed that all the houses have been
equipped with PV systems. In this grid both overhead lines
and underground cables are taken into consideration in order
to study the effect of the R/X ratio. The parameters of the
test radial grid have been given in Table I [9].

In the load flow calculation, the slack bus is naturally
excluded from sensitivity matrix. Moreover, in the sensitivity
matrix, rows and columns corresponding to buses that have
no PV systems are also neglected.

Table 1
RADIAL TEST GRID PARAMETERS.

Grid impedance

Transformer impedance

Over head line impedance per km
Underground cable impedance per km

1.4e-4 +1.4e-4i p.u.

0.0043 + 0.0067i p.u.
0.0516 + 0.0375i p.u.
0.0400 + 0.0102i p.u.

Rated total net load 20 kW
Base Voltage 400 V
Base Power 20 kW
0.016
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Figure 2. The sensitivity spectrum of the diagonal elements of S and

v .
SIVI,Q for overhead lines.

VI. RESULTS
A. Sensitivity matrix characteristic

Figs. 2 and 3 show the spectrum of the diagonal ele-
ments of S\‘(/\,P and S\\(f\,Q for overhead lines and cables,
respectively. As it was expected the sensitivity to reactive
power in overhead line is noticeably bigger than underground
cable. Nevertheless, in case of underground cable, it can
be seen that at the beginning of the feeder, sensitivity to
reactive power is higher compared to active power, but as
approaching to the end of feeder it gets the other way around.
Therefore, even though resistive part of the underground
cable is dominant, controlling voltage profile by regulating
reactive power at the beginning of the feeder, seems to be
more effective.

B. Voltage regulation active-reactive power dependency

Irrespective of the operating point and R/X ratio, (2)
yields an upper triangular matrix. Nevertheless, the diagonal
elements and first row of the matrix, which are dominant
elements, vary significantly between the overhead line and
underground cable. Figs. 4 and 5 depict the spectrum of
those elements.

The characteristics of the matrix is summarized as follows:

o The first entry in the diagonal and the first row are
common and corresponds to the first bus, which can
only see the impedance of the grid, and by doing so it
gets same value in both systems with overhead line and
underground cable.
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o Diagonal entries, except the first entry, are almost
similar; first row entries, except the first entry, are also
almost similar.

o The diagonal entries are almost equal to the feeder R/X
ratio in both systems, overhead line and underground
cable.

o The absolute difference between corresponding diago-
nal and first row entries, except the common entry, is
almost equal to the absolute value of the common entry.

o Large elements in case of underground cables, which
is in conjunction with large R/X ratio, implies that for
an identical change in active power of buses, required
reactive power to keep voltage profile constant varies
largely. In other words, the required reactive power
to keep voltage differences equal to zero (AV = 0),
is proportional to the feeder R/X ratio. By doing so,
for feeders with R/X ratio more than one the required
reactive power change (AQ) at each bus would be
greater than the active power difference (AP) in the
same bus.

o Depending upon the R/X ratio value, the sign of the
first row entries except the first entry changes. In order
to study the effect of the k=R/X ratio, the total amount
of the overhead line impedance is taken into account,
and its R/X ratio is varied. It is observed that for k
smaller than 0.58 the sign of the first row entries is
negative. Therefore, for small R/X ratio, if the active
power difference (AP) in all buses are in one direction,
the reactive power difference (AQ) at all buses will be
in one direction as well. However, for large k values the
sign of the first row entries are positive and opposite of
the diagonal entries which means the reactive power
variation at bus one is always in contrary with other
buses.

Eq. (2) is used to calculate the required reactive power
adjustment to compensate the voltage profile fluctuation
owing to the variation of active power. Considering the initial

I Diag

I ' row
0.5F 1
0
-0.5F 1
1k ]
\ \

-1.5 !
1 2 3 4 5

Bus numbers

Active-Reactive power dependency

Figure 4. Spectrum of diagonal and first row elements of active-reactive
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power dependency for underground cable.

operating point at Py = 0 and Qg = 0 gives
AP=P—-Py=P
AQ=Q0—-0Q0=0
P=JQ ®)

Consequently, the needed power factors for the PV con-
nected buses are calculated as follows:

PF = P )

P2+ ((LJ")P)’

Where PF is a vector consisting of power factors at each
PV installed bus. Fig. 6 depicts the power factor of each bus
for differen R/X ratio while it is assumed that the total net
power at each bus has been changed 1 p.u. (P=1 p.u.), as
can be seen the required power factor varies drastically by
increasing R/X ratio. It boils down to this fact that required
reactive power to compensate voltage fluctuation depends
upon R/X ratio.
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C. RGA

Subsequent to the previous section upshot, if adequate
reactive power can be provided by PV systems, this question
is raised whether it is possible to regulate the voltage of
each bus with installed PV system to a fixed set-point
through reactive power regulation or not. In this section
and following, the interaction among PV systems in a radial
distribution grid is quantified by RGA concept to address
the possibility of controllability concerning voltage profile
regulation to specific set-points.

The RGA of the S}y, , and S}, , look like a block
tridiagonal matrix whicL positive e ements are only located
on the diagonal and elements on the upper diagonal and
on the lower diagonal are negative. According to the RGA
pairing rule, therefore, the elements on the diagonal must be
paired. This block tridiagonal shape of the RGA of voltage
sensitivity sub-matrices indicate that open loop gain of the
system, which is the sensitivity matrix, is changed with
positive sign on the diagonal and with negative sign on the
upper diagonal and lower diagonal. Moreover, since the other
elements of the RGA are almost zero, open loop gain of the
system on these positions are changed with infinite factor
which means these loops are considerably affected by other
loops. Figs. 7 and 8 depict the diagonal entries spectrum of
RGA of SK/L p and SK/L 0 for overhead lines and cables while
all buses are on full production, respectively. It can be seen
by moving towards end of the feeder, except the last bus,
the level of interaction is increasing. Since the last bus at
the end of feeder is affected only by one previous neighbor
bus, the level of interaction drops at this bus.

Concerning overhead line, Figs. 9 and 10 demonstrate
maximum RGA of S, , and S\\(/LQ for different net load
levels and different line distances between buses. One sees
that the interaction level decreases by increasing the distance
between the buses, or in turn by increasing the impedance.
Moreover, it can be seen that the maximum RGA of SK,‘,P
declines by shifting total net load from consumption to
production. Similar results, not shown here, are derived for
under ground cable.

Figs. 11 and 12 show the impact of the lagging and leading
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Figure 7. The RGA spectrum of the diagonal elements of SK/l_ p and SI\;/\ 0
for overhead line. '

power factor on the maximum RGA of S\‘(/LP and S\‘(/LQ
for different loading conditions, while it is assumed that
overhead line segments are 70 m. As can be seen the power
factor has relatively very small effect on the maximum RGA
of § ‘(,‘ p While the maximum RGA of S“(/‘ 0 slightly increases
by {aéging power factor and decreases by leading power
factor. The performance of the system with underground
cable, not shown here, is analogues with overhead line.

The results of the maximum RGA for different k=R/X
ratio are shown in Figs. 13 and 14. It is assumed that the
distance between buses are 70 m and power factor is unity. It
is obvious that maximum RGA of S\‘(/\,Q increases for larger
k values. It is, therefore, deducted that increasing R/X ratio
would boost the interaction level among voltage controllers
of PV systems regarding reactive power regulation. However,
it can be seen in Fig. 13 that the maximum RGA of SK,“P
declines by large k values.

Based on the depicted results, the positive elements of the
RGA of S‘(/\. o are always much bigger than one irrespective
of the R/X ratio, total net load and power factor. It can
be, therefore, concluded that it is not possible to have
decentralized voltage control in order to regulate voltage to
a specific set-point at each bus even for small R/X ratio that
technically adequate reactive power can be produced by PV
systems [13]. Since the RGA of S\‘(/LP are much bigger than
one, decentralized control based on the power curtailing is
not also possible.

Furthermore, the results demonstrate that maximum pos-
itive elements of RGA of the voltage sensitivity matrix are
large, more than 5, by doing so using decoupling controllers,
in order to make a decentralized system, can fundamentally
lead to control problems due to sensitivity to inputs [13].
Thus, inverse-based controllers must be avoided.

D. Condition number

At production net load level with unity power factor, CN
of S\‘(/\P and S“(/‘ o for overhead line are y9HL=44.2 and
Y9''F=72.1, and for underground cable are y3““=50.8 and

Y9 ¢=197.2. These CNs denote that sensitivity matrix is
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Furthermore, smallest singular value for S K,‘ 0 in the system

with the underground cable is smaller than the system with
overhead line that implies more directionality and more
control problems. These results are in conjunction with RGA
results.

Figs. 17 and 18 demonstrate the condition numbers of

SK,“P and SK/\-Q for different R/X ratio and different total

net load levels. Regarding SK/‘ 0 the more increasing k

the further CN goes that is along with the RGA results.
Analogous with the RGA results, large R/X ratio results in
relatively smaller CN for SK/\. p- Changing power factor and
the distance between buses yield similar results, not shown
here, for CN as the RGA results in the previous section.

VII. CONCLUSION

This paper applies two analytical control methods, namely
Relative Gain Array and Condition Number, to voltage
sensitivity matrix in order to find the possibility of the
controllability. RGA and CN are used to quantify the level
of interaction and directionality among PV systems in dis-
tribution grids regarding voltage control, respectively. The

0.035

0.025

©

o

S
T

0.015f

Singular values

0.01f

0.005

1 2 3 4 5
Bus numbers

The singular values of S“(,“P and S“(,"Q

Figure 16.

80

vI.P
'
(8]

\4
~
o

[o2]
(52

[o2]
o

55

Condition number of Ag

0
Total Load [p.u.]

Condition number of SY, , for different net load levels and

Figure 17. VP

different k=R/X ratios.

180 ‘ ; ;
k=0.5 J,

;160» _—— ket ]
<>VT ““““ k=2
o 140 e
S —n— k=4
[ —0— k=5
2 1201 1
§ ]
o 100 1
=
S
= 8or 1
=l
g e e e e e e e e e e m e m e m e m e m e m e m e == ]
O 60g 4
40 \ \ \
-1 -05 0 0.5 1
Total Load [p.u.]
Figure 18. Condition number of S\, , for different net load levels and

. . V5.0
different k=R/X ratios.

sensitivity matrix is used as the steady-state gain of the
system in this study. Moreover, the characteristic of the sen-
sitivity matrix is employed to show the level of dependency



of reactive power to active power for voltage control. The
results show that decentralized voltage control to specific
set-points through reactive power regulation or active power
curtailing is not possible due to large RGA elements and
large CN of voltage sensitivity matrix. It is, furthermore,
shown that using decoupling controllers to make system
decentralized must also be avoided on the grounds that the
RGA elements of the voltage sensitivity matrix are too big,
larger than 5, that would result in poor control performance.
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Modeling the Frequency Response of
Photovoltaic Inverters

E. C. Aprilia, V. Cuk, Student Member, IEEE, J. F. G. Cobben, P. F. Ribeiro, Fellow, IEEE, and W.L.
Kling, Member, IEEE

Abstract—The increased presence of photovoltaic (PV)
systems inevitably affects the power quality in the grid. This new
reality demands grid power quality studies involving PV
inverters. This paper proposes several frequency response models
in the form of equivalent circuits. Models are based on
laboratory measurements performed on five types of
commercially available PV inverters, and fitted to obtain circuit
parameters. The proposed models show a good agreement with
the measured data.

Index Terms— distributed power generation, frequency
response, grid-connected inverters, harmonic analysis.

I. INTRODUCTION

ITH the growing interest in energy generation from

renewable sources, the number of installed photovoltaic
(PV) systems will continue to grow. These systems can be
either stand-alone or grid-connected. In both cases, the DC
output generated by PV cells is converted to AC power using
inverters. Conversion using power electronics results in non-
sinusoidal current waveforms.

To smooth the output waveform, grid-interfaced inverters
are equipped with filters to attenuate the lower and higher
frequency components of the harmonics. The filter, however,
might interact with grid impedance and add an additional
resonance in the system. This situation can increase the local
voltage distortion. This is especially true with ever-increasing
interest and development in smart grid which is meant to
accommodate more renewable energy sources in distribution
networks. It leads to more PV modules and inverters in the
networks, and this brings the need to analyze different aspects
of PV interaction, including harmonic studies. A common
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approach to study the behavior of PV inverters in the network
is by simulating and analyzing the network using models of
PV inverters and other network elements. The model used to
represent PV inverters depends on the purpose of the study.

Examples of distribution network simulations with a large
number of residential PV systems can be found in [1] and [2].
An adequate model of PV inverters found in harmonic studies
is the Norton equivalent model (consisting of a harmonic
current source with a parallel impedance), sometimes in series
with an additional impedance [1]-[7], as depicted in Fig. 1.
The series and parallel impedances usually simulate the output
filter of the inverter, either represented by a resultant
impedance ([1].[2],[4],[7]), or as physical components
([3].[51.[6]). The values of these impedances are also obtained
from different approaches. Some are taken from typical values
of commercial inverters ([1],[3]) while others are calculated
from the nominal power of the inverters ([4],[5]). In [2], the
current source is paralleled with a single capacitance.
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Fig. 1. An impedance and current source circuit as PV inverter model.

A different approach has been taken to calculate the
parameter values of the impedance model in [8]. This
approach measures the harmonic voltage across and the
harmonic current at the terminal output of the inverter (see
Fig. 1) for several particular frequencies. The parameter
values for each frequency (Ip(h), Zx(h), and Zy(h)) are then
calculated iteratively using the Newton-Raphson algorithm:

(1o Z ] [Fw (MVZ ()] = 1y (Z, ()] =V () (D)
where Ip is the harmonic current emitted by the inverter, Iy is
the harmonic current at the output of the inverter, Vpcc is the
voltage at the connection point between the inverter and the
grid, Zx and Zy are the series and parallel impedance,
respectively.

This approach is using a look-up table (there will be a
different model for every frequency) which is not favorable



because a large number of iterations are required to solve 3
unknown variables from only one equation. Moreover, since
there are different models for different frequencies and the
impedance value does not represent a particular element
(capacitance/inductance), it is not possible to estimate the
resonant frequency from this approach.

This paper presents an alternative impedance circuit as a
PV inverter model, in order to investigate the relationship
between the inverter and the network in the frequency domain.
An experiment is set-up to measure the frequency response of
inverters and an analytical approach is used to create the
impedance model.

Il. MEASUREMENT SETUP

The PV inverter impedance is estimated from harmonic
voltages generated by a voltage source and the current
responses of the inverter, as shown in Fig. 2. The impedance is
calculated as:

1=

Z:ﬂ,zshﬁo @)

h IhO

where Zj, is the impedance, Vj, is harmonic voltage source, Iy, is
the harmonic current at the output of the inverter, Vo and Iy
are measured harmonic voltage and current when the
fundamental voltage is applied without distortion.

The analog harmonic current and voltage are measured and
sampled by a PC-based scope and analytically transformed
into frequency domain with DFT using Matlab.

harmonic
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JE—— ‘
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Fig. 2. Measurement schematic.

The harmonic source is varied in amplitude and phase
angle so that for every frequency several values of impedance
are obtained. It is expected that these values are convergent
and therefore can be averaged. The average impedance of
every frequency is then plotted against the frequency to get
impedance-frequency profile, from which the impedance
model will be build. To obtain better profile, measurement is
also done for interharmonic frequencies (from 75 until 2475
Hz, with a step of 50 Hz). The amplitudes of the voltage
stimuli are chosen not to exceed the standards for harmonic

voltage level in LV network (EN50610 and IEC61000-3-6).

I1l. MEASUREMENT RESULTS

The experiment is done on 5 commercial PV inverters:
three single-phase inverters, one power router, and one three-
phase inverter. Single-phase inverters (Inverterl, Inverter2,
and Inverter3) have nominal output powers of 1200 W, 1500
W, and 1500 W, respectively. The single-phase power router
has a nominal power of 5000 W, and the three-phase inverter
2600 W. Although the latter needs a 3-phase connection, it
only feeds-in to the grid via 1 phase (hence it can be treated as
a single-phase inverter).

A. Single-phase (SP) Inverters

All three SP inverters have impedance profile similar to
that of a capacitor (i.e. the impedance is inversely proportional
to the frequency). Thus, a single capacitor is adequate to
model the impedance. For Inverter2, however, a better fitting
is obtained when the model includes a resistor in series with
the capacitance. The impedance profile of each of the inverters
is shown in Fig. 3, Fig. 4, and Fig. 5, while the impedance
models of all three inverters are shown in Fig. 6. The
impedance profile consists of harmonic and interharmonic
measurement results. All three inverters are measured at the

same input power, 900Wdc.
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Fig. 3. The impedance profile of Inverterl and the model.
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Fig. 6. The impedance models of SP inverters.

B. Single-phase (SP) Power Router

A power router operates in a slightly different way from
most commercial PV inverters complying with “anti-
islanding” regulation. A power router can be connected to a
DC storage that delivers the power during grid faults.
Although in principal it works as a SP inverter, the impedance
profile differs from the other SP inverters; there is a parallel
resonance at h=33. This happens due to the different topology
of the filter inside the inverter. Only harmonic measurement
results are presented here because it is not possible to do
interharmonic measurements on this inverter. Interharmonic
components of the voltage trigger the protection system of the
power router.

Due to its unique profile, it is difficult to create the
impedance model that fits very well. A good estimation,
however, was obtained based on below considerations:

- the resonance is parallel, at f=1650Hz,

- aseries resistor determines the values at lower harmonics,

- adamping resistor determines the peak values, and

- since lower harmonics are more common in the grid, more
attention is given to fit the measurement curve at lower

harmonics, as shown in Fig. 7.
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Fig. 7. The impedance profile of SP power router and the model.
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Fig. 8. The impedance model of SP power router.

C. Three-phase (TP) Inverter

Although in principal this TP inverter works like a SP
inverter (because it feeds-in to one phase), the impedance
profile looks different from other SP inverters. It still has the
negative characteristic (the impedance decreases when the
frequency increases) but it is unlike a capacitor behavior.
Therefore, a complex impedance model like that of the power
router is applied with different parameter values. Fig. 9 shows
the impedance model and Fig. 10 shows the impedance
profile.
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Fig. 9. The impedance model of TP inverter.
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IV. GENERAL MODEL AND AGGREGATED MODEL

To keep all controlled variables similar among different SP
inverters, all measurements are carried-out at 900Wdc input
power. Looking at the similarity between the three SP inverter
output impedances, a simple general model to represent the
output impedance of commercial SP inverters for 1-2kW can
be deduced. It is a single capacitor with values ranging
between 3.7-18.5uF. Typical values of output capacitor of
commercial 1-3kW PV inverters are between 0.5-10uF, as
reported in [2]. A single capacitance value cannot represent
every inverter but using several values from the range is
adequate. Note that the TP inverter in this experiment cannot
be taken as a general case of SP inverter in 2-3kW power class
because although it feeds in via 1 phase, it still needs 3-phase
connection.

As for higher power class SP inverters, the model shown
for the TP inverter and power router can serve as a general
representation of the output impedance. The parameter values
will surely be different from one inverter to the others and the
exact parameter values can only be obtained from
measurement. However, a look-up table of parameters for
different power class (e.g. 4kW, 5kW) can be build which
speaks for all inverters in that particular power class. If one
wants to make a network simulation using this model, one can
use the impedance circuit depicted in Fig. 11 with parameters
from the look-up table.
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Fig. 11. General model to represent a single phase PV inverter

When multiple inverters are connected to the grid, the
parallel capacitance value will be higher and it might result in
a lower resonant frequency. It is important, therefore, to

include a model for an aggregation of inverters in the network
simulation. It is adequate to use the same topology of simple
and complex impedance circuit already presented; the only
difference will be the parameters which result from parallel
summation of individual parameters.

To validate this, an experiment was carried-out to measure
the output impedance of all three SP inverters connected in

parallel. Fig. 11 shows the result of harmonic and
interharmonic measurement.
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Fig. 12. The impedance profile of an aggregation of three SP inverters.

Also shown in Fig.11 is the resultant impedance from the
inverter’s individual impedances connected in parallel,
calculated by Eq. 3, where Z; is the resultant impedance, Xc
is Inverterl’s capacitive reactance, Zs, is the series of resistor
and capacitor of Inverter2, and Xc 3 is Inverter3’s capacitive
reactance. As with individual measurement of SP inverters, a
curve fitting was also applied to the impedance and the curve
of a single capacitor fits the measurement curve the best. The
capacitance found from curve fitting is 30.5pF, which is close
to the resultant capacitance of paralleled inverters 28.1uF
(summation of 5.9uF, 3.7uF, and 18.5uF). The impedance
profile from both capacitance values are shown in blue and
green marker, respectively.

1 1 1 1
—= + + (3)

Zp XC,l Zs,z Xc,a
The influence of each individual inverter is also seen in the
aggregated model. Fig. 4 shows significant discrepancies
between measured and model impedance of Inverter2,
particularly at lower frequencies. It translates to discrepancies
between measured and calculated impedance of the aggregated
model at lower frequencies, only much less because the other

two inverters damp this phenomenon.

V. CONCLUSIONS

To understand the influence of PV inverters on harmonic
voltages in low-voltage networks, it is useful to simulate the
network including a proper inverter model. This paper has
proposed several equivalent circuit models that can be used to
represent the dominant resonant frequency of the inverter. The



model is developed from voltage and current measurements at
the output of the inverter. Measurements are done on
harmonic and interharmonic frequencies to estimate the
influence of inverters harmonic suppression. The results of
measurements on harmonic and interharmonic frequencies are
in good agreement.

From the impedance-frequency plot, the models represent
the inverters’ characteristic adequately on most of the
frequency range observed. The discrepancies come from
several assumptions made before the measurement:

- the line impedance is zero: this is not true although it is
really small,

- there are two harmonic sources (voltage source and
inverter current): theoretically it can be solved using the
superposition theorem by eliminating one harmonic source
each time but it is not applicable because it is not possible
to operate the inverter without its harmonic current source.
A general model can be deduced using parameters that

represent every power class. An aggregated model is also
presented using the same topologies presented for individual
inverter with parameters calculated from the parallel
connection between the inverters. This model has been
validated during the experiment. Another interesting thing
found from the experiment is that the measured impedance is
not influenced by the power rating of the inverter during
measurement.

To have a complete Norton model of a PV inverter, further
measurements and modeling of the harmonic currents emitted
by the inverter needs to be done. With this complete model,
one can simulate harmonic flow stemming from PV inverters
in the network.
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Considerations on Harmonic Impedance
Estimation in Low Voltage Networks

V. Cuk, Student Member, IEEE, J. F. G. Cobben, W.L. Kling, Member, IEEE, and P. F. Ribeiro,
Fellow, IEEE

Abstract—One difficulty in calculating harmonic voltages and
currents throughout a transmission or distribution system is the
need for a precise model of the linear load, both in magnitude
and composition, fed from each bus. It has become evident that
the use of equivalents without a comprehensive check on the
effects of all impedances actually present can lead to inaccurate
estimation of the harmonic voltages and currents. Considerations
on harmonic impedance estimation in low voltage networks are
presented in the paper. Influences of model abstractions and
uncertainties in parameter estimations are analyzed analytically
and tested on a model of a real low voltage network. The
parameters analyzed include different load compositions, cable
lengths, lumping loads and feeders, and medium voltage network
representations. It is observed that some of these parameter
changes have only a minor effect on the frequency of the first
parallel resonance, while other effects have to be included in the
calculation to avoid misleading results. This analysis can be used
as a guideline when harmonic voltages are estimated in low
voltage networks.

Index Terms—Impedance, harmonics,
uncertainty, resonance.

power  system

I. INTRODUCTION

ARMONIC analysis is performed for power systems to
determine the effect of harmonic sources on the harmonic
voltage levels in the system. As the number of non-linear
devices (both loads and generators) in low voltage (LV)
networks is increasing, these studies are often performed for
low voltage distribution systems.
Simulating the impact of one or more harmonic sources
faces two difficulties, modeling the source of harmonics and
modeling the equivalent system impedance. This paper
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focuses on the harmonic impedance modeling.

The system impedance is influenced by many elements.
Knowing the exact composition of loads, both in the low
voltage network and upstream networks, is usually difficult
and also changing in time. Network reconfigurations also add
to the time varying nature of the impedance, so each
calculation can serve only for a particular moment in time. For
this reason it is usual to calculate the polar diagram of the
impedance for all predicted topology and load changes.

Calculations and analysis of harmonic impedances in
transmission systems can be found in [1]-[5]. Different models
of system elements are described in [1], [3]-[4], and [6]-[10].
Examples of distribution system impedance modeling are
given in [6], [11]-[14]. Sensitivity of impedance estimations
are discussed in [2], [4], and [15]-[17].

Uncertainties of impedance modeling in low voltage
networks and errors caused by simplifications and parameter
errors were not analyzed in previous works. The aim of this
paper is to analyze these effects, and to estimate possible
errors in harmonic impedance calculations due to different
model and parameter changes.

Model changes were analyzed analytically, and on an
example of a real low voltage cable network, in which a
parallel resonance was observed. This analysis can be used as
a guideline in the low voltage modeling process. It emphasizes
which parameters of the network have a significant impact on
the resulting harmonic impedance, in contrast with parameters
which can be simplified with minor errors.

II. ELEMENT MODELS AND EXAMPLE NETWORK

The adopted test network is a household low voltage
network with a large amount of PV inverters connected. This
network was chosen because the capacitance of PV inverters
shifts the first parallel resonance in the low frequency range
[18].

Cables were modeled with their Pl equivalents. Skin effect
was not taken into account. Both the LV and the medium
voltage (MV) networks are cable networks.

Transformers were modeled as series RL circuits. Their
capacitances were not taken into account as the maximal
frequency of interest was 3 kHz.

Power factor correction (PFC) units were modeled only as
a capacitance without losses.

Household loads were modeled as parallel RC circuits and



parallel RLC circuits (several scenarios). The capacitance
should represent the input capacitance of all power electronic
devices, mainly their input filters. In [13], a range of (0.6 — 6)
WUF per house is proposed. In this paper 0.6 puF per house is
adopted. Induction motors were modeled as their locked rotor
inductance, as proposed in [10], [12]. The total adopted power
of linear loads in houses was 500 W, and induction motors
were accounted as (0 — 30) % of this load, in several steps.
Resistance should represent the linear loads without motors.
Depending on the amount of induction motors, resistance was
changed to get the same total power of linear loads.

Photovoltaic inverters were modeled as their input
capacitance. Reference [13] proposes using values of (0.5 —
10) pF for a (1 — 3) KW inverter, based on measurements. In
this paper, several values are used, to show the effect if this
value is not known. The total installed power of PV inverters
in the low voltage network is 300 kW, mostly composed of 2
KW units, while the peak load of all loads together is
approximately 150 kVA.

The effect of lumping loads was examined in three steps. In
the first step, all loads were connected directly at the low
voltage busbar. In the second step, feeders were separated in
the low voltage network, with lumped loads on feeders and
feeder branches. In the last step, all houses and inverters were
modeled separately.

The medium voltage network was modeled in two ways.
The simple version of the model is a series RL circuit,
representing the short-circuit power of the network and the R
to X ratio. A more detailed model was also used, representing
all MV feeders until the HV/MV substation, and one 1.4 MW
CHP (combined heat and power) generator in the MV network
and several configurations of PFC in the MV network. The
HV network was represented with its short-circuit level.

A schematic diagram of the low voltage part of the
example network is shown in Fig. 1. The medium voltage part
of the network is presented in Fig. 2. The low voltage network
is connected to busbar 13 of the MV network.

All four feeders are numbered on Fig. 1, while on Fig. 2
only four busbars are numbered (2, 9, 12, and 13), since
changes of elements were applied only on these busbars.

I11. ANALYSIS OF THE HARMONIC IMPEDANCE

The analysis of the network harmonic impedance is divided
into several parts. The effect of lumping loads, load models,
cable lengths, and MV network models are investigated
separately. Mechanisms of parameter changes are examined
analytically (for a simplified example), and on a DIgSILENT
Power Factory model of the example network, using the
frequency scan. In all cases the impedance was observed on
the low voltage side of the MV/LV transformer.

A. The effect of lumping loads

The number of loads in a LV network is usually too large
to allow for modeling each load separately. For this reason,
loads are commonly lumped into equivalent loads with some
feeders and load parameters neglected. This leads to
uncertainty of the outcome.

To illustrate the effect of lumping analytically, we can look
at a simplified network model with two parallel feeders as in
Fig. 3 and derive its equivalent impedance. In this figure, L
represents the upstream system inductance, L, and L, represent
feeder inductances, and C; and C, represent capacitances of
loads connected to these two feeders.

MV

Fig. 1. Low voltage part of the example network

-

2 =1
T o
= Dig

Fig. 2. Medium voltage part of the example network

e

Fig. 3. Simplified example for lumping feeders



If we lump the two capacitances together (as C; + C,), and
neglect the inductances L; and L,, the impedance Z, at point A
is given by:

Zy = jwL/(1 — w?L(C, + () €Y

If we do not lump the two feeders and take inductances L;
and L, into consideration, the impedance is given by:

_ ](A)L(l - a)leCl)(l - (Uszcz)
1+ 0t L,CC, — 02(L(C+Cy) + LGy + LyCy)

Z, (2)

If the inductance L is much greater then L; and L,, and the
lowest parallel resonance frequency f,; is in the low frequency
range, equation (2) will give a solution for f.; which is close
to the solution of (1). Besides the difference in calculated f,q,
L, and L, also introduce two series resonances and an
additional parallel resonance with a higher resonant frequency.
The second parallel resonant frequency increases as L; and L,
decrease. If cable lengths are not very long, the resonant
frequency of the second parallel resonance and both series
resonances are usually too high to be of interest for
distribution systems.

To illustrate the difference between (1) and (2), we assume
C;=C,and L; = L, and vary the ratio between L and L; from
50 to 5. The difference in the lower parallel resonant
frequency calculated by (2) and (1) is shown in Fig. 4.

x 10"
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3 —L/L1=50
—L/L1=10
25 —L/L1=5 ||

N
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L U

1500 1520 1540 1560 1580
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Fig. 4. The first parallel resonance for different element values
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The shown uncertainty is dependent on the ratio of
impedances. If we know that the feeder inductance is much
lower than the upstream system inductance, lumping will not
lead to large errors when we calculate the resonant frequency
(amplitude will be affected more). However, as feeder length
become longer, and this is mostly the case, this error increases.

In a realistic scenario the topology is much more complex
than in Fig. 3. To illustrate the effect of lumping on a realistic
low voltage network, we compare the harmonic impedance
versus frequency at the low voltage busbar of the example
network from Fig. 1, for three cases. In the first case we look
at the whole low voltage network as a single parallel RLC load
connected directly at the transformer (case: all lumped). In the
second step, we lump the separate feeders as shown in Fig. 1,
with feeders and feeder branches lumped as parallel RLC loads
after cables (case: lumped feeders). In the third step, we
uncouple the loads to more branches, with short feeders

divided in five sections, and longer feeders in 10 sections
(case: no lumping). Results are presented in Fig. 5.

The solution of the “most realistic” case (no lumping) falls
between the two other cases. In comparison with the case with
everything lumped at the busbar, lumping complete feeders
will add extra inductance in the circuit, resulting with a lower
resonant frequency (in this case almost 30 Hz). In the case
where nothing is lumped, most capacitances are connected via
a lower inductance, resulting in a smaller frequency change
from the first case (less than 20 Hz).
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— nothing lumped

1500 2000 2500
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Fig. 5. Effects of lumping loads on the example network impedance
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In conclusion, lumping all loads leads to an increase of the
resonant frequency, but with acceptable errors if feeder
lengths are short. It does not reveal all resonances in the
system. Lumping separate feeders leads to a decrease in the
resonant frequency, with smaller errors. It also reveals
additional resonances but the uncertainty is larger at higher
frequencies.

To avoid high model complexity, in the following
subsections the model with lumped feeders is used for
analyzing other effects.

B. The effect of different load models

Determining appropriate load models is very important and
difficult at the same time. Loads are the main damping
element in the network, but can also change the resonant
conditions, especially at higher frequencies [12].

Load demand and composition change in time, making it
necessary to assess several scenarios. Basic assumptions for
modeling loads were proposed in [12]:

o Distribution lines and cables should be represented by an
equivalent . The capacitance of lines should be included.

o Transformers should be represented by an equivalent
element. Series RL circuits are proposed for low
frequencies.

o For rotating machined the active power does not represent
the damping value, so the active and reactive power
demand at the fundamental frequency may not be used
straightforwardly. A locked-rotor reactance or a parallel
RL circuit are proposed.

e Power factor correction capacitance should be estimated as
accurately as possible.

e Other elements, such as line inductors, filters and
generators should be represented according to their actual
configuration and composition.



e The active power of electronic loads should not be taken
into account as a resistance. Power electronics should be
taken into account as input impedance, e.g. their filter
capacitance, or as an open circuit if their input impedance
is too high.

Measured active and reactive powers should not be used
directly to determine values of linear elements. Active power
of power electronic and motor loads should not be included in
the value of the resistance. Measured reactive power does not
reveal the mixture of inductive and capacitive loads, and
short-circuit inductance of motors is lower than the one
calculated from reactive power. Finally, the measured reactive
power usually contains the distortion power, which does not
correspond to physical inductances or capacitances.

To analyze the impact of motor loads, we start with a
simplified model from Fig. 6. In this figure, L is the
inductance of the upstream system, C is the capacitance of
loads, and L, is the locked-rotor inductance of motor loads.

Lm

c}—“‘

Fig. 6. Simplified example for motor load impact

In this case, the impedance at point A is given by:
Zy= ijpar/(l - szparC) (3)

where Ly, is an inductance equal to the value of L in parallel
with L. Its value is lower than the lower of the two
inductances, and if L, is much higher than L (motor of low
power), it will be almost identical to L. As we decrease Ly,
(increase the power of the motor) the resonant frequency will
become higher. If the power of the motor is very large, the
resonant frequency would be affected more by the motor
inductance.

In a realistic network this dependency becomes more
complicated. To illustrate it on the example network, we look
at the impedance at the low voltage busbar for different motor
load shares in the network — see Fig. 7.
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Fig. 7. The effect of motor load share on the impedance characteristic
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In the first iteration, no motors were added in the network,
and then in several steps the motor share was increased up to
30 % of the active power consumption. These changes result
in the changes of the resonant peak (mostly due to the change
of resistance), but the resonant frequency is shifted up for only
5 Hz. If the short-circuit power would be lower, the upstream
network would have a larger inductance leading to larger
differences. This leads to the conclusion that if the amount of
small motors is not known in the network, it should not lead to
significant errors when determining the lowest resonant
frequency. However, neglecting a large motor would lead to
larger differences.

To analyze the impact of capacitive loads, we can look at
expression (3) again. Capacitances change the resonant
frequency directly, a AC change of capacitance changes the
resonant frequency by 1/+/AC.

In the example network there are no PFC units in the low
voltage network, the capacitances are mostly located in input
filters of PV inverters. If the value of this capacitances is not
known, this leads to a large range of possible solutions. Fig. 8
shows the impedance characteristic for four capacitance
assumptions. Initially, 8 puF is assumed for each 2 kW inverter;
then a + 20 % capacitance uncertainty is taken into account;
in the end, it was assumed that 2 pF is the input capacitance of
each 2 kW inverter.

14
19l —— 8 uF/inv.
! —— 8 uF -20%
1t —— 8 uF +20%
_ —— 2 uF/inv.
Eos
e}
N

1500 2000 2500
f [Hz]

Fig. 8. The effect of capacitance on the impedance characteristic
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If the capacitance is not known initially, the difference
between assuming 2 and 8 uF per inverter in this case leads to
a 500 Hz difference in the resonant frequency. If the
capacitance is known, and the uncertainty is taken into
account as + 20 %, differences of 60 Hz can be noticed.

The frequency of the lowest parallel resonance is usually
not influenced by the value of resistive loads used. However,
resistive loads provide damping in the system, so they are also
responsible for peak values of impedance. If we neglect
resistive loads, it may happen that we overestimate harmonic
voltages due to unrealistic values of impedance. In contrast, if
we overestimate the power of resistive loads, we may
underestimate the impedance and harmonic voltages.

Fig. 9 shows the effect of variable load resistance in the
example network. The initial resistive load was changed for +
20 %, without changes in other parameters.

The value of the resonant peak changed by about 20 % for
both changes, while the resonant frequency changed for only 1



Hz. This is a convenient property of resistance modeling:
changing its value will not affect the resonant frequency
significantly, and the critical case is always the lowest
resistive load (highest resistance). While other parameters
need to be analyzed in several conditions, for the resistance it
is usually sufficient to observe the case with the lowest
resistive loading. As mentioned earlier, this loading should
exclude power electronic devices and electrical motors. Also,
if higher frequencies are of interest, resistances have a more
complicated impact.
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Fig. 9. The effect of resistive loads on the impedance characteristic

C. The effect of cable lengths

The effect of cable lengths was already mentioned in the
analysis of lumping loads. It was noticed that complete load
lumping with neglected low voltage feeders introduces errors
in the resonance analysis, both for the frequency and peak
amplitude. In this subsection we analyze the effect of cable
length uncertainty on a model with loads lumped on feeders.

Equation (2) can be used to explain this effect. Inductances
L; and L, carry the uncertainty of cable lengths. If these
inductances are comparable with L, the final result will be
influenced significantly. If they are much lower than L, the
effect will not be significant. Fig. 10 shows the effect of + 20
% cable length changes in the example network. In this
example, 20 % changes lead to 5 Hz changes in the resonant
frequency. Peaks of the impedance change approximately by
10 %.
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— +20%

1500 2000 2500
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Fig. 10. The effect of low voltage cable lengths on the impedance
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D. The effect of MV network representations

In the first approximation, the MV network is usually
considered just as its short-circuit impedance. However, some
elements of the MV network may be very important for

impedance estimation, especially PFC units and generators.
Since the impedance of MV network elements is transposed to
the low voltage level, approximations in the MV network are
similar as approximations on one of the low voltage feeders.

To illustrate the effect of different MV network
representations, several topology variations were introduced to
the network from Fig. 2: the CHP generator was switched on
and off, PFC of 0.5 MVAr was connected to busbars 2, 9, and
14, and PFC of 1 MVAr was connected to busbar 14 directly
and through a MV/LV transformer.

In Fig. 11 the model with a single impedance MV network
is compared with the model from Fig. 2, with and without the
CHP generator connected.

1.2
1 —single impedance MV
— MV model with the gen.
— MV model without the gen.
0.8 J
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Fig. 11. MV network as a single impedance, and with MV feeders and busbars

In these three cases the fist parallel resonance is being
shifted by 20 Hz. Also, the peak amplitude is changing by 15
%, and additional resonances with small peaks are visible with
the more complex model.

In Fig. 12 the effect of PFC in the MV network is
considered, with and without the CHP generator connected.
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Fig. 12. The effect of PFC in the MV network, busbars 2 and 9
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On busbars 2 and 9, 0.5 MVAr PFC causes only minor
effects if the generator is connected (resonant frequency
reduced for 5 Hz, additional smaller resonance). However, if
the generator is disconnected, the effect is much larger.

In Fig. 13 the effect of PFC on busbar 14, which is nearer
to the observed LV network than busbars 2 and 9, is
considered. It is visible that the effect is more significant if
the PFC is nearer the busbar of interest. Also, similarly as with



long MV feeders, PFC on other LV busbars has only a minor
effect due to the extra MV/LV transformer in between.
Generators in the MV network make this interaction more
complex, since additional series resonances can create
additional impedance peaks near the parallel resonance.
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Fig. 13. The effect of PFC on busbar 14 of the MV network

IV. CONCLUSIONS

Considerations on harmonic impedance estimation in low
voltage networks are presented in the paper. Effects of
different model abstractions, linear load compositions, and
parameter changes were analyzed analytically and illustrated
on an example low voltage network.

The results of the analysis can be summarized as follows:

e Lumping of low voltage loads in some cases introduces
large differences in the network impedance. For short
feeders in weak grids this effect is not significant.

e The uncertainty of capacitance of loads in the low voltage
network has the most significant impact. If this value has to
be assumed, large errors should be expected.

o Resistive loads have a minor impact on the frequency of
the first parallel resonance. Due to the damping, resistances
are important to determine the resonant peak, but the
frequency can be determined even with the first
approximation.

e The share of motor loads has a significant impact only if
the motor locked-rotor inductance is comparable to the
upstream system inductance.

e Values of load resistances, inductances, and capacitances
should not be derived directly from power measurements.
Resistances should be derived from the active power
without power electronic and motor loads. Motors should
be represented by their locked-rotor equivalents.
Capacitances should account only for physical capacitances
in the network.

e Cable length assumptions have a significant impact only
for long feeders. In other cases, small deviations of cable
lengths do not lead to large result changes.

e MV network representations and reconfigurations are very
important if power factor correction units are connected
directly on the MV level, and/or if generators are present.
PFC units in nearby low voltage networks have only a
minor impact.

This analysis can be used as a guideline for low voltage
harmonic analysis. Choosing appropriate load models and
network representations is a vital step for determining
harmonic voltages in the network.
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Aspects of a generic photovoltaic model
examined under the German Grid Code for
Medium Voltage

loannis-Thomas TheologitisEckehard TroestgrThomas Ackermarin

Abstract--The increasing penetration of photovoltat power
systems into the power grid has attached attentioto the issue of
ensuring the smooth absorbance of the solar energywhile
securing the normal and steady operation of the gdi as well.
Nowadays, the PV systems must meet a number of tedbal
requirements to address this issue.

This paper investigates a generic grid-connected phovoltaic
model that was developed by DIgSILENT and is part bthe
library in the new version of PowerFactory v.14.1 gftware that is
used in this study. The model has a nominal ratedgak power of
0.5 MVA and a designed power factor cag=0.95. The study
focuses on the description of the model, its contrgystem and its
ability to reflect important requirements that a grid-connected
PV system should have by January 2011 according tthe
German grid code for medium voltage. The model undgoes
various simulations. Static voltage support, activgpower control
and dynamic voltage support — Fault Ride Through (RT) is
examined.

The results show that the generic model is capabfer active
power reduction under over-frequency occasions andFRT
behavior in cases of voltage dips. The reactive pawcontrol that
is added in the model improves the control systernd makes the
model capable for static voltage support in suddeactive power
injection changes at the point of common coupling.

Beside the simplifications and shortcomings of thiggeneric
model, basic requirements of the modern PV systemsan be
addressed. Further improvements could make it moreomplete
and applicable for more detailed studies.

Index Terms-Grid-connected Photovoltaic, PV inverter,
German Grid Code for MV, PV model, PowerFactory of
DIgSILENT, Reactive power control

I. NOMENCLATURE

AC — Alternative Current

DC - Direct Current

DIgSILENT — Digital SImuLator for Electrical NeTwkr
FRT — Fault Ride Through (Low Voltage Ride Through)
LV — Low Voltage

MPP — Maximum Power Point

MV — Medium Voltage

! Intern at Energynautics GmbH, Miihistrasse 51,263Pangen, Germany
(e-mail: i.t.theologitis@energynautics.com)

2 Senior engineer at Energynautics GmbH, Miihlstrdsls 63225 Langen,
Germany (e-mail: e.troester@energynautics.com)

® CEO at Energynautics GmbH, Miihistrasse 51, 6322%gen, Germany
(e-mail: t.ackermann@energynautics.com)

PCC - Point of Common Coupling

PF — Power Factor

PLL — Phase Locked Loop

PV — Photovoltaic

PVPS — Photovoltaic Power Systems
Q — Reactive power

RET — Renewable Energy Technology
STC - Standard Test Condition

Il. INTRODUCTION

The great potential in Renewable Energy Technotogie
(RET) has been seen since a long time ago. Howewvestly
technical and economical restrictions combined g lack
of a defined policy context around these techn@egihas
prevented the large scale deployment. Nevertheldss,
increasing demand of energy due to population drpwte
target of energy-independence from fossil fuels giyocoal)
set by many countries, the general need for mongocafree
energy sources due to environmental reasons and
legislation scheme that has been started to takme, fbave
brought RET to the fore, especially the last decade

Germany is a strong example of a country that hessted
time and money towards renewable energy evolvement.
leading position in the field among the EU courgtrand its
key role worldwide, especially in wind and solawgw, are
reflected by facts. As far as the PV technologgaacerned,
by September 2010 the total number of installechciayp was
15 GWp, which was almost 30% of the total RET ilsth
and 37.5% of the minimum electricity load of 2009. [

Germany has set a goal of 38.6% renewable eldgtrici
share [2] and in order to achieve that, PV techywlshould
contribute significantly. Fig.1 presents a futureersario
showing the increment of the installed PV capaeity the
relevant PV price share of the total additionat ges kWh.

However, this PV penetration must not jeopardize th
normal operation of the power grid. Thus, technical
specifications should ensure and facilitate the pero
interconnection and reinforcement of the grid. Adaog to
the German grid code any distributed generationtplahould
support the steady state operation (e.g. providsctine
power) and contribute to the stability of the povgeid in
cases of fault (e.g. voltage dips) at the conneqti@nt.

the
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Photovoltaics are the cornerstone of energy supply
Cost-limits to around 2 cents per kilowatt hours

2
(e.g. anti-islanding protection, under /over vgéarotection,
under/over frequency protection), electromagnetierference
etc. Those issues usually follow local rules thaveh been

Prognosis of installed solar

power capacity {accumulated in
GWp -MNAP scenario)

O
2,1 [ 2,1
Photoveltaics shares of the EEG levy m cents / EWh

Fig. 1.Future scenario of PV installed capacity and rerdsvelectricity levy
for the next decade in Germany [3]

Photovoltaic Power Systems (PVPS) are connectedlynos
to the low and medium-voltage network and only
approximately 1% of the total PV installations @pected to
the high voltage network [1lneaning that the demand for
grid stability refers to the low and medium voltagstworks.
Table 1 aggregates the basic requirements thattigdd
generators should meet in order to be integratedhto
network. In this study the focus is:

< Active power control
« Dynamic voltage support — FRT
« Static voltage support

Certainly there are other requirements and issoebet
considered when designing a grid-connected invettait
include power quality problems (e.g. harmonicsfetseissues

adopted by general European or International stasd&ome
examples can be found in [5].

IIl. MODEL

The PV model that is analyzed in this paper is ped
using a static generator and can be seen in Fig.2.

External
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c-Factor (min) = 1

R/X ratio (min) = 0.:
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PV Generator
Photovoltaic Syste
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Fig. 2. The PV system model

TABLE 1. NEW REQUIREMENTS FOR GRID TIED GENERATORS [4] [7]

Fault
Grid Vggzge Ride Reactive Power Supply Frqu;ne dncy Active Power Derating
Codes Through
range capability | capability | range | function range capability
Vv
. 0,8 Uy Based on 3 different -
VHlltgh PN possible variants*: 47,5 Hz function
oftage 0,228ca0in Q/Ri<0,48a55ng  Q(U) A P %
1,16 Uy v ) ading n<Y,%Qagging A :40i 50. Hz— f
(>110 kV) "" 0-3%ading< Q/Pn<0-41\agging COSprix 515Hz (PM) HZ( ’ )
014Jeading< Q/Pn<ov33agging Qhix 50,2Hz< f< 51,z
capability
Medium 0,9 Wy o) | 4 hy, v
Voltage > v i 0,9%ging tO Q(U) N - fu(;ctlon
(<110 kv | 1,15 U, 0,95:ding COSix | 515Hz | Al=)=40—"(50,Hz- f)
& >10 kV) Qrix ’ R, Hz
50,2Hz< f<51,Hz
capability
0,9 Uy v
' 475H .
Low — E Vv 0,9Qging tO cos(P) ~ HZ function
Voltage 1,15 U, gging ) PEN = %
(<10 KV) ' 0,96hding COSpix | 50,2 Hz | Alg) =40 (50,32~ f)
M
50,2Hz< f< 51,Hz

*  Also dependent on the voltage levelret PCC [6]. Below P/R0,2
reduced reactive power can be provided.

** However, no reactive current injection is defd [7]

*** Depending on the total apparent power of tharpl[7]
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It is a generic model that was built by DIgSILENS part The features and the control frame that are intedrenside
of a past study and is available in the newestimersf the the PV generator component can be seen in Fig.hgreva
PowerFactory tool. The template consists of thegeékerator rough demarcation of the basic parts has been made.
with a number of control systems and design feafusrich ~ The DC side of the model consists basically of Ehé
are integrated in it and also a Low Voltage (LViminal of array, the DC bus and the capacitor. The most itapor
nominal voltage 0.4 kV that the generator is cotembavith. external factors that affect the power output & BV array,
The capacity of the system is 0.5 MVA. The resttoé Which are the incoming solar irradiation and theeraging
configuration, which includes an external grid cament, a temperature, can be controlled by the relevanssiot=ig. 3
MV bus bar of 23 kV nominal voltage and a step uBy setting parameter events and changing the owtduesE
transformer of 0.5 MVA rated power, were used ideorto and theta respectively. Those values enter tRkotovoltaic
serve the needs of the examination. Model where the array current and the array voltagelRP

The short circuit power of the external grid comgunis are calculatedThe algorithm that is used for the calculation of
chosen 5 MVA (ten times the PV capacity) in order tthe output values of the array model is writtenoading to the
represent a weak grid according to [8] and fatditthe study €lectrical equivalent of the ideal solar cell ustegnperature
of the reactive power impact on the voltage suppdormally, —correction factors for voltage and current. Moréadse can be
to determine the PV capacity that can be instahea certain found in [10]. As regards th®C Busbar and Capacitor
grid, load flow studies are necessary to checkvtiiage rise mode] it represents the DC bus the PV array is condeite
at the point of common coupling (PCC). The R/Xadli3 is and the necessary shunt capacitor. It calculatesviitage
based on the findings of [9]. across the capacitor, which is the input of theeiter (DC

The PV generator under normal steady-state operat®de).
injects 448.84 kW and 0 kVar, implying power fac(BF) =1 The AC side of the control frame consists of a# thasic
at the point of connection with the LV terminal. éTlactive control requirements for a grid-connected PV systenbe
power is defined by the parameters and the cordtgur of compatible with the German grid code for MV. ThAetive
the PV array (way of interconnection of PV modules) seen Power Reductionslot together with theSlow Frequency

ineg. 1. Measurementdevice is responsible for the active power
curtailment in case of frequency deviations. B&tic Voltage

Muwe,,,,,, 20 modules,.s M (kg 0140 modules e =) Support that seen as shaded slot, is a new addition @o th

=7000B41.2= 448.84W ¢ control scheme and is responsible for steady stpport by

providing reactive power using all the four methods
The VWuwe and lwe are given for the standard testnentioned in Table 1 for the MV grid code. The main

array

DC side

Rarray

Phatovoltaic Model DG Busitar and Capacitor Mody
ElmDsi ElmDs!

1 Controlles
EImDs|

Static Genaralor
ElmGenstat

L_ 1 ma!-c_'.'ol'.s%'r_smsun
EimOsi

Qref

AC Voltage

[

[

1

1

P ™ o : = 1
[

[

[

[

[

Stavmea

I
I
1
I
I
1
o sevels
v i
(8] . T
i Slow Fregu M easurement Fmeas ActivePowerfieduction L | PhaseMeasurement
l gi'nF'hl' EimDsi EImPhi" l
L = = 1

Fig. 3.The control frame of the PV system

conditions (STC) and all power values are assurnebletat Controller includesReactive Power Suppocbntrol in case of
the MPP. The maximum active power operational lisi#75 voltage dips, written according to the Transmisstmle 2007
kW, while the reactive power limits are defined Hye and the System Service Ordinance SDLWindV. The
capability curve for three different voltage levéls95 p.u., 1 Controller produces as results the compontentsefdand
p.u. and 1.05 p.u.). iq_ref, which are the reference values of activd samctive
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power injection respectively. THehase Measumerenlevice R I T
is a Phase Locked Loop (PLL) device built by DIgBENT |
that contains an oscillator that is synchronized bsing 0.9 }
phased-locked to some particular grid power sigta. 1
voltage) and generating an output signal. Normalsywell as e I i
in this case, this element is able to measure trese of a |
voltage in the system and the frequency (see alRioe e T
Frequency Measurement). The outputs of the mairtrGiter ool !
and the PLL enter th8tatic Generatarwhich is basically the ' | |
PV gried-tied inverter. 050 L ‘ L
The above control features are explained in deptfl0] 0,00 20 00 powermjeséggn 800 [s] 10,00
through dynamic simulations. Below the basic rezmients as )
mentioned in the introduction part are analyzed. Fig. 5.Active power reduction due to 0.8 Hz over-frequency
IV. CONTROL ASPECTS B. Dynamic Voltage Support

When referring to dynamic voltage support, it siypl

A. Active power control implies the requirements that a PV system shoufil funder

Active power control refers to active power curteht, fault conditions and grid disturbances (voltage sylip
meaning the ability of the generating plant to kelils power Furthermore, it defines the system’s behavior aftiee
output, as required by the network operator, orneveestoration of the fault. These requirements ineluehult-
disconnect the PV plant in order to avoid potentiahgers Ride-Through (FRT) requirements and reactive curren
regarding the stability of the system and humarsqamel. injection.

The control can be done automatically or manudly].[ As FRT describes possible scenarios of different geltdips
far as the automatic control is concerned, the @argrid and how the grid-tied PV system, more specificailg PV
code for MV requires that the PV generator shoeldlice its inverter, should behave depending on the voltageadd its
power output when an over-frequency occurs. Ther-ovejuration. The PV inverter should remain connectethé grid
frequency is defined above 50.2 Hz and the redoctiope is for a certain period and if necessary support ipbyviding
40% of the last instantaneous value of power @a$bre 50.2 reactive current. The possible scenarios are degtri
Hz) per Hz. thoroughly in [11].

The PV model, as it can be seen in Fig. 3 at theshlg,  As cited before, the model contains Reactive Power
has already a relevant slot for this requirememtoider to Supportslot responsible for providing reactive currentidg
investigate the function an over-frequency is @eéatby voltage dips. To investigate this requirement, fdifferent
changing thespeedparameter of the external grid componengsts take place. In each test a different voltage is
after the ¥ second. The result is seen in Fig. 4. simulated for a different duration of time. Thetsegerformed

are seen in Table 2.

51,25 F————— T —— - T —— - hl
| \ \ \ \ \
W ‘ I ‘ TABLE 2: TESTS PERFORMED FOR FRT BEHAVIOR
T 51-50.2=0.8 H; ' | |
5075 - ————— .- - ggz;;‘ Maximum line-to-line Duration of fault
.
s050 |- | | , ,,,Lff‘igi | est voltage U/U, [ms]
| 0.8 Hz*40%=32% ! ! 1 0 150
S R | — 2 0.2 550
Tt Tt m- | | 3 0.5 1000
50,00 ‘ ‘ mm 1 4 0.8 1500
50.2 H: % i
49'7%.00 2,00 4,00 6,00 800 [s] 10,0

The tests are designed according to the spec#icdsirds

for FRT examination in type-2 generating units. @ units
Fig. 4. Over-frequency event are those where no synchronous generator is ingdivat is
directly coupled to the grid. Those standards awad in [12]

In order for the control function to be in compkanwith for generating units and the German grid code. different
the grid code, a 32% active power output reducsisould be voltage dips are achieved by adjusting the fauppéndence.
expected since an over-frequency of 0.8 Hz is etedhdeed Al the obtained results are summarized in TablevBile in
in Fig. 5 is proved that the generator injects atbB2% Fig. 6 the results of Test 1 are seen, which cpmeds to a
(31.7%) less active power during the over-frequentye pure short-circuit fault (100% voltage dip).
reduction response is less than 50 ms.

ActivePowerReduction: Fmeas
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TABLE 3: AGGREGATION OF THE RESULTS OF ALL TESTS

Voltage | Injected Injected Injected

Voltage | levelin active reactive reactive

dip the LV | power by | power by | current
[%] bus the PV the PV by the PV

[p.u.] [kW] [kVar] [kA]

100 0.057 0 26.72 0.681
80 0.248 30.54 93.35 0.542
50 0.525 138.15 124.55 0.342
20 0.834 348.35 68.75 0.119

Seeing the results of the above table, the follgwin

conclusions can be drawn. Starting with the mogteeted
outcome, when the voltage drop becomes bigger thigea
power injection of the PV generator is less and pure three-
phase fault the injected active power is 0. Theaador this
reduction of active power is to enhance the abditythe PV
generator to provide reactive power for the voltageport.
As seen in this case, the method is to reduce glthel active
power injection and increase at the same time #aetive
power supply. Another method could have been tocedt
once the active power to zero, below a certainagatdip (i.e.
70%), and increase the reactive power supply tiittede the
voltage stability.

As far as the reactive current injection and thikage level
at the connection point of the PV generator is eomed,
which is the actual purpose of this investigatibis seen that
the reactive current injection is bigger when to#tage dip is
bigger, trying to support the voltage until thelfatlearance.
The voltage at the connection point is never Oavan for the
100% voltage dip, where the generator remains aadeor
a maximum of 150 ms (typical operating time fortpaion
relays) providing reactive current. Furthermores thsponse
time of the controller for injective reactive cumtas found to
be almost instant (less than 30ms), thereforerakelts are in
accordance with the grid code. The reactive curimgettion

follows eq. 2, wher& is the droop parameter, which is 1 for

this case. However, normally a factor of 2 is uasddefault,
which is equivalent for the behavior of a synchmso
generator. The value guis the result of Muefore the fautt-

uaclduring the fault

0.080 s

0,00 F—— —

-0,25
0,25 0,50

MV_Bus: Voltage, Magnitude in p.u.
Photovoltaic_LV: Voltage, Magnitude in p.u.
(a)

62500 F——r——————— T I S - bl
| | | | |
| | | | |

500,00 - —————p—— b A e 4

| | | |
[ | | | |

375,00 = —fr b

| | | |

250,00 |~ e . !

' T 0075 ‘ 1
} 26.725 kvar } }
12500 m——f———f-—>F—————— === - 1
|
| } 0.075 s } }
| ____———— 0.000 kW
0,00 = _Q 000 kW - |
| | | | |
| | | | |
125,00 L - 1 i | L - 1
0,00 0,25 0,50 0,75 [s] 1,0
PV Generator: Total Active Power in kW
————— PV Generator: Total Reactive Power in kvar
(b)
080 F——r—————— T~ T - 1
| | | | |
r - - | | | |
—r ’-‘Ku T T |
060 - —— =~~~ T T==20072s ~—~—— oo 1
| 0.681 kA | |
| | | |
| | | |
040 F——f-———4-——7————- A e 1
| | | |
| | | |
L+ ' ooe9s | ]
0,20 T~ " T>"0.000kA } } }
| | | |
0.0 T T + |
| | | | |
| | | | |
0.20 T i ] N [ 1
0,00 0,25 0,50 0,75 [s] 1,0C

PV Generator: Active Current in kA
————— PV Generator: Reactive Current in kA

Controller: id_ref in p.u.
————— Controller: ig_ref in p.u. (base: -1,00 p.u.)

(d)

Fig. 6. FRT results during a pure short-circuitifa{a) voltage level in LV
and MV bus, (b) active and reactive power injectigrthe PV generator, (c)
active and reactive current injection by the PVegator, (d) reference values

of the id and ig components of the controller

Finally, the injected reactive power by the germras
dependent on two inversely proportional factorg, tloltage
level and the reactive current. Thus, the maximuaue
should be at voltage dip of 50%, which is the caseeen in
the Table 3.

The reactive current injection and LVRT requirenseate
fulfilled in each of the 4 tests that the PV moideéxamined.
The voltage stabilizes almost instantly after theltf clearance
ensuring that the PV is capable of dynamic volsggport.

C. Static voltage support

One important weakness of the model is the laclbility
to provide static voltage support under normal afyen of the
grid. The PV system must be able to address snudtthge
deviations at the point of connection and accordioghe
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German grid code for MV the generator should bee abl AR f
H H H ki limited by engine power ¢ — >
supply reactive power _to_malntam the voltage bavithin sl el ‘.‘m.m varexeorT, 0.95 PF lagging
steady state operation limits (see Table 1). Ireotd correct \ 3 0000, ;
this shortcoming and improve the model, a Q conisol
proposed, which is seen in Fig. 7.
0.ee874 s
1 = 0 2212
@ .. Mode Qref N
J @,l,  Selector
L v T 10mMiq
2 Bk -1,000 -0.3%3 o.gza 1,009 00
Pgrid s -Omax Qmax
3 s Fig. 8. Q Capability requirements according to Midlgode
& Q. The shaded area in the above figure reflects thetive
Ly gy} power capability requirements according to the gade for
Ugrig 4 p : MV. The PV inverter should be able to provide reacpower
within the area defined by 0.9%ingand 0.9%aging PF-
Quria The final signal from the Pl controller §§, which is in
fact a reactive current component, passes thoughnthin
Q limits controller and then leads to the PV generator (RXériter).
™ formv Qmin Inside the main controller the signal is not sutgddo further
modifications. However, for normal operation andtage dip
Fig. 7. Proposed Q control bigger than 10% the reactive current injection and

subsequently the reactive power is provided by @jsvalue.

The Q control is designed to operate in four défer Thus, inside the main controller there is a “switchat

modes, which are presented in Table 4, dependinghen changes between normal and fault operation acogriirthe
system operator. The necessary input signals aredtive Voltage deviation (voltage drop).

power (P) thereactive power (Qand thevoltage (u)at the In order to test the effectiveness of the impleradrdontrol

connection point of the PV generator (inverter). a parameter event is set, where the active povjection by

the static generator is being changed and spdtjfisabeing

TABLE 4: DIFFERENT OPERATING MODES FOR Q CONTROL reduced from 450 kW to 250 kW as seen in Fig. @t Tlan be

the result of solar radiation change by settingasameter

Mode Method of | event and changing the E value from Fig. 3. Wiik thst the
selector ethod of Q supply first three methods of Table 4 are examined.
Constant Q
L (based on a set-point value) el [ . T . ]
5 Constant cas 450,00 1 | o T |
(Q based on a set-point value of PF) | } } } |
3 Function _cocp_(P) 40000 H——————— U - EE S ]
(Q based on PF, which is dependent on P ! | | | |
4 Function Q(U) 350,00 H——————— 41 T b J
(Q based on voltage) } } } } }
The controller “reads” the input values and acawgdp the 25000 L },,,, | | |
selective mode produces g.Qyalue. The mode selection is ' T K { | |
done by changing the paramefdode from 1 to 4 in the | ‘, | | |
parameter table. The,Qis then compared with the measured " 000 1,25 250 375 [s] 500
value of reactive power at the connection poinhaded as PV Generator: Total Active Power in kW
Qgig in Fig. 7 and the difference () passes through a PI Fig. 9. Active power injection change

controller. The PI block is used to limit the;£Q in order the

controller to provide a reactive power, which isdsse as  The Q controller is set at first to operate in Mddehen in

possible to the required,Qvalue. The Pl controller uses asvlode 2 etc. The constant Q in Mode 1 is chosen 88r k
upper and lower limitation the values producedh®Q limits (which gives PF around 0.99, taking into considerathe

for MV block, which calculates the total maximum angominal active power), while the PF in Mode 2 iss#n 0.98.

minimum reactive power capability based on thevagtiower |n Fig. 10 the measured values of the reactive pateghe

at the connection point and Fig. 8. connection point and for each method are preseimned

response to the parameter event.
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0,250 fr——— =
| | | | |
} . | | |
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| | | | |
0,125 H——————— 4t o o 1
| | | | |
Fi | | | |
| I I I I
0250 q=—————— A B T~ 1
) ! I I I
[l I I I I
-0,375 | | | | |
0,00 1,25 2,50 3,75 [s] 5,00

Qctrl: Qgrid in constant Q method
Qctrl: Qgrid in cosphi (P) method
—-—>-= Qctrl: Qgrid in constant cosphi method

Fig. 10. The measured values of the reactive paivéite connection point in
each method

The results of the above graph show that when the

controller operates in Mode 1, produces a constahte of
reactive power based on the given set-point (raterealue).

On the other hand, when the controller operatddade 2
(constant cosphi) and the active power is reducedha
connection point, the reactive power is reducedwafi in
order to maintain the PF constant at 0.98. Thaatieh can be
clearly seen in Fig. 11

1,20 p——————— —————— —————— r—————— B
| | | | |
| | | | |

1,00 Hemsmoeas B e p—— B — 4
| | | | |
T T | | |

080 H-——————— e e +-— 1
| | | | |
| | | | |

0504 7777777 R 4 4
| | | | |
| | T T 1

040 H——————— A N 4 1

' | | | | |
| | | | |

0200 e — —— A 4 4 1

’ | T | | |
| | f f f
0,00 1 1 1 L 1 L 1
0,00 1,25 2,50 3,75 [s] 5,00
—=-—-= PV Generator: Power Factor
Qctrl: Pgrid
Qctrl: Qgrid

Fig. 11. The behavior of the controller under M@deperation

At last when the controller operates in Mode 3,ptogP),
the reactive power is supplied by adopting the &fowrling to
the active power change and based on a charaictéhiat in

7

As far as the last method/mode Q(U) is concerned, a

different type of simulation event is set, in whithe voltage
level at the connection terminal is being changedteown in
Fig. 13 with the straight line. The response of¢batroller in
this increment of the voltage is to consume reacpower
based on a specific droop.

110 h——————— e T —— T —— Bl
| | | | |

[1 | | | |
] e S S +
| | | |

| | | |

106 q=—===~~ R A . TTT T T T 1
| | | |

| | | |

1,04 H——————— 4 G- R 4
| | | |

| | | |

D N SR
’ | | | |
kI | | |

| | | |

1,00 4 o= Tt 1
| | | | |

[1 | | | |
008 UL | | . I . |
0,00 1,25 2,50 3,75 [s] 5,00

Photovoltaic_LV: Voltage, Magnitude in p.u.

Fig. 13. Voltage change profile in Q(U) method

The marked area in the below Fig. 14 shows that th

controller reached its limitations.

040 p———————————————

| | | | |

LI ! t ! {

| | | | |

| | | | |

020 q——————— B S T~ T 1

| | | | |

rl | | | |

| | | | |

0,00 S 4 4 S 4

| Y | | |

LI \ ! | | |

| \ | | | |

| | | | |

020 f——————— V- T T 1
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| j [ |

0.40 LL ! I . I I
0,00 1,25 2,50 3,75 [s] 5,00

Qctrl: Qmax
Qctrl: Qmin

————— Qctrl: reactive power consumption by the controller
Fig. 14. Reactive power support in Q(U) method
V. CONCLUSIONS AND RECOMMENDATIONS

In this paper important aspects of a generic PV ehbdilt
by DIgGSILENT are examined. The model consists staic

reality is provided from the network operator. histcase the generator with an integrated control scheme. l&icstand

characteristic is seen in Fig. 12. The PF of couss&ept
within limits (0.98.gging@Nd 0.9%ading-

0.2 0.4 0.6 0.8 1

P/Pn

Fig. 12. The characteristic of eo$P) of the controller under Mode 2
operation

dynamic behavior is investigated according to
requirements of the German grid code for the M\tritigtion
network.

Active power reduction requirement is effectiveljjusted
and operates in case of over-frequency events. HR&
requirement is tested under four different voltatjps of
different duration each according to [12] for typ@enerating
units. The results support the capability of the RWddel in
question to remain connected when a voltage diprscand
provide reactive current when is needed accordinipe grid
code. Thus, the grid stability is enhanced at tbhetpof
connection since remaining the generator conndstatile to
provide active power the moment the grid is staedi without
jeopardizing further the grid reliability (e.g. ateng frequency
problems under excess load conditions, leading upply

the
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failure and even blackouts). [6]

As far as the static voltage support is concerimtiglly the
model had no relevant control. For this reason, eofitrol is
implemented capable to operate in four differentlesoas it is [7]
described by the grid code. The controller showficsent
behavior when changes of active power and voltalge place
at the terminal that the generator is connecteck Jvitch
between static voltage support and dynamic volsaggport in (8]
case of a fault is inside the main controller antuees
reactive power support in any occasion.

However, there are still many issues to be tested d°
improvements to be done in order the model to He &b
address a wider range of requirements. Power gugtliidies
and protection requirements are some of those dssue
Furthermore and since the model includes an ar@dei the
need of a more adequate PV array model is alsossae
since no resistance losses are taken into accouttd output
values. However, for performing studies to examihe
behavior of the network, this improvement is nohsidered
necessary.

Rounding up the conclusions of this paper, in raspato
the fact that policies and incentives have broljhimarket to
the fore, attention should be turned to addressgdeand
control issues that will encourage a high PV pextietn
without compromising the stability and normal opiena of
the power system.

=
o
k=)

=
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Evaluating the Impact of PV Module Orientation on
Grid Operation

Eckehard Troster, Jan-David Schmidt
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Abstract— A large number of photovoltaic (PV) systems in the
power system can cause a variety of different problems in grid
operation. As PV modules can have different orientation, the
influence on the grid operation, such as power gradients,
voltage issues or overloading of assets, is also different. In
order to evaluate the impact of PV module orientation on
these issues various characteristics of seven differently
orientated PV systems have been investigated: seasonal
capacity factor, power gradients, peak power, area utilization,
and correlation between generation and consumption. The
capacity factor decreases for systems with a suboptimal
orientation, but on the other hand the generated peak power is
also lower. This is beneficial in case of voltage problems and
asset overloading. Power gradients are lower and the energy
production therefore smoother which leads to a reduced need
for conventional power plants or other flexibility options to
follow the gradients. East/West oriented PV systems achieve
higher area utilization and yield per surface area and may
negate the effect of peak power reduction. The correlation of
production and consumption of PV systems not facing south is
worse while a south orientated fagade system has the best
correlation.

Keywords-PV; capacity factor; power gradient; peak power;
area utilization; correlation

l. INTRODUCTION

The current strategic objective of Europe’s energy policy
is to reduce greenhouse gas emissions by 60-80 % by 2050
compared to 1990 [1]. This involves a commitment to
achieve 20 % reduction by 2020 through the improvement
of energy efficiency by 20 % and increasing the share of
renewable energies to 20 % [2]. This commitment has
stimulated the growth of distributed energy resources and
especially PV systems.

The integration of renewable energy sources into the
already existing infrastructure is a challenging task. Wind
and solar power do not necessarily follow energy demand,
but rather produce energy when their respective resource is
available. A high penetration of renewable energy may lead
to less correlation of a large proportion of energy production
to demand. Since energy production and consumption
within an electricity network always need to be balanced, a
higher correlation is desired in order to lessen the needed
controlling power range. A lower correlation of production
and consumption at the lower voltage level also leads to

over voltage problems and a power flow into the higher
voltage level.

The problem of over voltage stems from the peak power
generation of PV systems during midday. A lower peak
power would be beneficial in counteracting the issue, but
decreases the yield of the PV system. A different
orientation, instead of the much preferred south orientation,
may be beneficial in this case. Ideally the energy production
in the morning and evening could be higher, while the peak
at midday is reduced. This potential behavior shall be
investigated by exploring the change in key characteristics
of PV energy production. The identified key characteristics
are the capacity factor, power gradients, peak power, yield
per surface area and correlation of production and
consumption. Since the capacity factor corresponds to the
yield per year and is a key indicator of profitability and
likelihood of occurrence, it is considered first. Power
gradients and peak power are relevant for grid operation and
influence the system as a whole as well as at their respective
connection point. The yield per surface area has an impact
on system sizes and therefore influences potential peak
power and yield. Since the balance of electrical generation
and consumption always needs to be maintained in the grid,
the correlation of these two is relevant for stability and
difficulty of operation.

Il. PV SYSTEM SETUPS

Seven PV system setups with different orientations were
investigated. Their output was modeled for the city of
Aachen in Germany (50°46'23" North 6°6'7" East). An
overview of the setups can be found in Table I.

TABLE I. SETUP OF PV-SYSTEMS

PV System 1 2 3 4 5 6 7
No.

Orientation South East/West Tracking

Inclination 35° 90° | 0° ‘15" 35° | 90° | Tracking

The first PV-system is the reference system since it is
usually the first choice when installing new PV modules.
The second PV-system is a fagade installation orientated to
the south. The third PV-system is a horizontal system, which
has been included for comparison reasons. These systems
are normally not installed, as they tend to lose their




performance very fast due to dirt, which cannot be washed
away by rain. The fourth and fifth systems are east/west
configuration with different inclination angles. The
orientation east/west means half of the installed system faces
east while the other half faces west. This is also true for PV-
system No. 6, which is also a fagade system. Finally the
tracking system is supposed to indicate the maximum
possible energy yield at the chosen position. These seven
PV-systems cover the whole range of reasonable PV
orientations and should therefore be sufficient to get a good
picture of the impact of PV module orientation on grid
operation.

I11.  IRRADIATION DATA

In order to obtain irradiation data for the different
orientations and inclinations the “Photovoltaic Geographical
Information System” (PVGIS) [3] was used. With the given
position, orientation and inclination, the system compiled a
data set for a day of a specified month. These data sets
contained typical daily irradiation values on a fixed plane or
on a tracking plane. The obtained values were subdivided
into average irradiation and clear-sky irradiation on a 15
minute scale. Clear-sky irradiation was used to determine
maximum ramp rates and peak power values over the course
of one year. The energy output of the PV-modules was
derived through evaluation of the average irradiation. Figure
1 displays the average power generation of a day in April for
all considered PV-setups.
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Figure 1. Average power generation of a day in April for all considered
PV-setups

IV. RESULTS

A. Capacity Factor

A PV system is intended to produce energy that can be
sold or consumed by the owner. Therefore it is important to
evaluate the impact of different orientations and inclinations
on the energy yield. The orientation and inclination of PV
modules determines the average daily irradiation on the
system. The irradiation is directly linked with the power
generation through size and efficiency of the PV-system.

The capacity factor of the production is the ratio of
yearly energy yield to theoretical generation capability per
year (nominal power times 8760 h/a). When multiplying the
capacity factor with 8760 h the number of full load hours
can be determined. Figure 2 gives an overview of the
capacity factor of all investigated setups.

The highest energy yield can be achieved with a tracking
system; it is roughly 20 % higher than the south orientated
system. East/West orientated systems are only slightlyworse
than south orientated; 10 to 20% less yield has to be taken
into account as long as the inclination of the roof is not too
high. A PV system on an easterly and westerly fagade (PV
system No. 5: East/West 90°) would produce 35% less
energy than a south orientated fagade system and 50% less
than a south orientated system with optimal inclination.
Such a system would be from an economic point of view not
recommendable.
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Figure 2. Capacity Factor

The load profile of residential customers in Germany is
called the “HO-Profile”. It predicts the energy consumption
of an average household and is normalized to a yearly
consumption of 1000 kwh/a. When considering the
standardized HO-Profile, there is a higher demand for
electric power in winter (see Figure 4). Therefore it is
reasonable to consider power generation per month. Figure 3
depicts the capacity factor of each PV setup per month.
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Figure 4. Typical residential customer load profile (HO-Profile)

Due to the course of the sun in summer (i.e. sunrise in
the north-east and sunset in the north-west and the sun being
higher in the sky) the capacity factor in June and July of an
east/west orientated PV system is higher than the one of a
south facing system. However when the power is really
needed in the wintertime, the capacity factor of an east and
west oriented PV-system is lower. A south orientated facade
system provides a good capacity factor in the wintertime,
while yielding slightly less in the summertime. With respect
to the capacity factor, the east/west orientated system is
therefore inferior to the south oriented systems.

B. Power Gradients

The energy production of solar power plants in Germany
has priority dispatch and must be distributed by the grid [4].
Other power plants need to be able to follow the combined
gradients of solar power generation and consumption. This
is especially critical in the evening, when the sun sets and
consumption grows. Hence a lower gradient for PV-systems
is more desirable. Otherwise, more conventional power
plants would need to be in reserve in order to match
generation and consumption [5].

The values for maximum gradients within 15 minutes
are shown in Figure 5.

Figure 5. Maximal absolute gradient rated to nominal power within 15
minutes

These gradients are based on the clear-sky irradiation
due to the course of the sun, especially at sunrise and sunset.
Of course the ramp rates of individual PV systems can be
much higher e.g. when a cloud is passing through, however
this would be of stochastic nature and the correlation
between various PV systems is in this case very low,
whereas on a clear-sky the correlation between PV
installations is very high, thus the gradients due to the
course of the sun are the overall highest gradients to be
expected.

When comparing the PV systems in Figure 5 the highest
gradients can be found for tracking systems closely followed
by a south fagcade. The lowest gradients exist for low
inclination combined with an east/west orientation. Here the
energy production is smoothed compared to a south oriented
system. From grid operation point of view, east/west
systems are therefore advantageous in terms of gradients
versus south orientated or tracking systems. However this is
only true for unrestricted operation. In case gradients do
really produce a grid operational problem, the gradients of
the PV system can be limited using the (maximum) power
point tracker of the inverter as depicted in Figure 6. This is
particular true for positive gradients, but also negative



gradients can be limited to a certain extent, as the clear sky
power production curve can be very well predicted. The
reduction in yield depends on the chosen maximum power
gradient.
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Figure 6. Example of limitation of the maximum power gradient of PV
System No. 7 (Tracking)

C. Peak Power

Depending on the size of the solar power plant it will
either be connected to the low-voltage grid or the medium-
voltage grid. Especially in the low-voltage grid the
maximum peak power generation of a PV-system
determines the voltage level at the connection point and
loading of transformer and cables. A high peak power and
high penetration of PV may cause a breach of the allowed
voltage or overloading of utilities. This could lead to costly
extensions of the low-voltage grid.

As shown in Figure 7 an east/west orientation reduces
the maximum peak power in relation to a south oriented PV-
module. A higher inclination is beneficial in further
reducing the maximal peak of east/west oriented systems.
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The peak power reduction and the reduced vyield
compared to PV system No.l is shown in Figure 8. Peak
shaving refers to using PV system No.l and cutting its
power output at 70% of its nominal power. This results in a
reduction in the yield of about 5% [6].
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Figure 8. All PV Setups compared to PV System No. 1: South 35°

The result for a south fagade system is very unfavorable,
as the reduced yield is twice as high as the favorable peak
reduction. For east/west orientated PV systems at a low
inclination the reduction of peak power and of the yield is
almost equal at a low inclination. A higher inclination
(East/west 35° and 90°) pulls the individual peaks of the east
and west orientated modules in relation to daytime further
apart. Therefore the reduction in peak power is higher than
that of the yield compared to a south oriented system. A
tracking system provides higher yield without an increase of
peak power. Peak shaving on the other hand provides a
significant reduction of peak power while the reduction in
yield is less severe.

Figure 9 displays an example of the lower peak power
and lower gradients of an east and west oriented PV system
in comparison to a south oriented system. The conditions are
clear-sky on a day in May.
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D. Yield per surface area

An advantage of east/west oriented PV modules on
rooftops or on an open field is the different arrangement of
the system. On rooftops it may be possible to use double the
amount of space compared to a south facing system, if both
sides of the roof can be filled with PV modules. In an open
field an area utilization of 35-40% for south oriented
modules can be achieved, while an east and west oriented
system has an area utilization of 70% [7]. The low area
utilization of south oriented modules is given by the need to
avoid shadowing.

While better area utilization is beneficial for the owner,
it also compensates the lower peak power at midday due to
bigger possible system sizes. This counteracts the potential
of lower load and over voltage within the low voltage level.
Considering an open field and filling it with PV modules
would result in a 75% higher installed capacity for an
east/west oriented system compared to a south oriented
system. Figure 10 displays the increase of peak power and
the gain of energy production compared to PV System No.1.
Since facade systems would not be feasible on an open field
and horizontal systems would be difficult to keep clean they
have not been considered. The previously observed benefit
of reduced peak power has changed to a significant increase,
however the energy yield has increased even more.
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Figure 10. Effects of open field area utilization compared to PV System
No.1: South 35°

E. Correlation between Production and Consumption

Assessing the matching of generation and consumption
can be done through evaluation of the correlation
coefficient. A correlation coefficient with respect to
consumption can be within the range of minus one and plus
one. A value near minus one implies a high correlation
between generation and consumption whereas a value near
zero means no correlation and a value near plus one
indicates an anti correlation [8]. The standardized HO-Profile
was used to represent the consumption, because most of the
decentralized PV production should be consumed within the
low voltage grid by households in order to minimize grid
load. Since the average production of a PV system is in
principle axially symmetric either side of midday, it has
positive and negative gradients which can be more closely
evaluated. Therefore the correlation coefficient over the
course of one year has been calculated for the whole day, in
the morning from 0 am to 12 am and in the afternoon from 0
pm to 12 pm.

The results depicted in Figure 11 indicate a worse
correlation between production and consumption when PV-
modules are not facing south. A higher inclination of PV-
modules oriented to the east and west even worsens the
relationship. The higher positive values for the latter half of
the day are implying that the production decreases at the
same time as the load increases. The best correlation can be
observed when using south oriented fagade systems.

0,40
0,20
€ 0,00 -
]
2
=
&
g -0,20 - —— —
o
c
.2 -0,40 +— |
L
c
()
'g-O,GO T —
o
-0,80
M all Day Morning B Afternoon
-1,00 E E E E
South | South ast/ ast/ ast/ ast/ Track
350 90° West | West | West | West in
0° | 15° | 35° | 90° &
all Day -0,25 | -0,31 | -0,21 | -0,21 | -0,21 | -0,14 | -0,24
Morning -0,68 | -0,74 | -0,62 | -0,63 | -0,63 | -0,53 | -0,68
Afternoon | 0,21 0,14 | 0,26 | 0,26 | 0,27 0,31 0,22

Figure 11. Correlation coefficient between PV production and load

V. CONCLUSION

This paper investigates the difference between south
oriented and east/west oriented PV modules with respect to
grid related characteristics. Table Il gives a rated overview
of all key characteristics related to PV energy production.
As a benchmark of the rating, the seven PV systems are
compared among each other and not against other
technologies like conventional power plants.

When analyzing this table, there is no obvious optimal
orientation for grid operation. Every PV setup has its pros
and cons.

System No. 1 facing south with an optimal inclination
performs well when looking at the energy yield, especially
also in winter time. The power gradients and the peak power
are pretty high, inducing some problems for grid operation.
However, by limiting the peak to 70 % and also restricting
the gradients, this system can achieve the same good
characteristic as the east/west orientated systems. The results
for energy yield on an equivalent area do show an inferior
characteristic compared to east/west. The correlation
between production and consumption is remarkably good.

System No. 2, the south fagade, performs especially well
in energy yield during winter time and the correlation with
consumption. Otherwise the overall yield is fairly bad.

System No. 3, the horizontal modules, is naturally good
in terms of power gradients, however it has only an average
correlation characteristic and a small energy yield during
winter time.



TABLE Il. CONCLUSION OVERVIEW

PV System No. 1 2 3 ‘ 4 ‘ 5 ‘ 6 7
Orientation South East/West Tracking
Inclination 35° 90° 0° 15° 35° 90° Tracking
overall good bad o.k. o.k. o.k. very bad very good
Yield winter good good bad bad bad very bad very good
Equivalent rated power summer good very bad good good good very bad very good
Power Gradients o.k. bad very good | very good good o.k. very bad
Peak Power bad o.k. o.k. o.k. o.k. very good bad
overall bad n/a n/a very good good n/a o.k.
Yield winter o.k. n/a n/a good good n/a good
Equivalent area summer bad n/a n/a very good good n/a o.k.
Power Gradients good n/a n/a very good o.k. n/a very bad
Peak Power good n/a n/a bad o.k. n/a good
Correlation between production and consumption good very good o.k. o.k. o.k. bad good
~ System No. 4, east/west orientation with a small REEERENCES
mCI.maItIOT’ h?Sda very gogd naturalthpower_ graglentt for ar]: [1] European Commission . Communication from the Commission to the
equivalen ra? power. However e main a _Van a_ge 0 European Council and the European Parliament - an energy policy
such a system is the usage of space. Thls_ system is par_tlcular for Europe. Brussels. January 2007.
good in overall energy yield when looking at an eqU!Valent [2] European Commission. Limiting Global Climate Change to 2
area. However in this case the peak power might induce degrees Celsius - The way ahead for 2020 and beyond. Brussels.
some grid operational issues. January 2007.
. . o . [3] European Commission, Joint Research Centre, Institute for Energy,
) _SYStem No. 5, east/west with a higher inclination, is very Renewable Energy Unit. Photovoltaic Geographical Information
similar but in many cases not as good as system No.4. System (PVGIS). http://re.jrc.ec.europa.eu/pvgis/.
. [4] Bundesministerium fiir Umwelt, Naturschutz und Reaktorsicherheit.
SYStem No. 6, east/west fagadez IS prObany the WPrSt Gesetz fiir den Vorrang Erneuerbarer Energien. 2012.
system. The only advantage is a fairly low power gradient [5] Consentec / IAEW. Bewertung der Flexibilititen von
and very low peak power. Stromerzeugungs- und KWK-Anlagen. Berlin. October 2011.
System No. 7, tracking, could probably emulate all other  [€] i’g/d;(ﬁ'z's Christoph. Warum nur 30 Gigawatt? Photon. 2012,
systems. Due to its ability to capture as much energy as [7] Heuser.RaIf Ost-West ist Trumpf. Photon. 2012, 6/2012
possible it has the highest yield but also produces, if not e rumpt. o i o
[8] Etherden, Nicholas. Increasing the Hosting Capacity of Distributed

restricted, the highest power gradients and peaks.

All results have been determined based on calculations
of a location in Germany and are therefore quite specific for
Germany's latitude. For other latitudes the results will be
slightly different, i.e. further to the north (e.g. Sweden) the
south facing system will be more advantage and further to
the south (e.g. Portugal) the advantages of East/West might
be more pronounced.

Energy Resources Using Storage and Communication. Luled. 2012.




Considerations on the Modeling of Photovoltaic
Systems for Grid Impact Studies

Vladimir Cuk, Paulo F. Ribeiro, Joseph F.G. Cobben, Wil L. Kling, Fridrik R. Isleifsson, Henrik W.
Bindner, Nis Martensen, Afshin Samadi, and Lennart Séder

Abstract-- Photovoltaic systems continue to be deployed at
increasing levels and their impact on the electric grid needs to
be evaluated more accurately. This includes the impact both in
the local grid where they are connected and the impact on the
operation of the whole system. As a consequence, adequate
models of panels, inverters, and the rest of the grid are
required. Models of photovoltaic systems need to characterize
their dominant characteristics and effects on the electric grid
for the different types of studies, i.e. load flow, harmonic
distortion, voltage stability and electromagnetic transient
studies. This paper gives an overview of models that are
currently in use for different types of grid impact studies, and
points to their applications and limitations.

Index Terms—Photovoltaic, Grid impact, Model.

. INTRODUCTION

Grid connected photovoltaic (PV) systems have been
used for several decades already. The number of
systems installed and their rated power are growing, and
they are connected from low to high voltage networks. Their
influence on the overall electric grid is becoming more
significant, and significant attention should be given to
future scenarios and preventing possible problems, as well
as to increasing efficiency and reliability.

Evolution of PV modules, inverters, and requirements for
connecting PV systems to the grid is constantly asking for
new grid impact studies. According to a report of IEA [1],
the installed PV system capacity in 22 analyzed countries
was 103 MW in 1992, 678 MW in 2000, and 34953 MW in
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2010. These numbers clearly show that PV systems are
quickly becoming an important part of the electrical power
system, and should be taken into account in system studies.

The literature is offering a number of models for power
flow, stability, short-circuit, transient, and harmonic load
flow studies, with details added or neglected for each
specific study type. However, there is still a need for a
generalized modeling approach to initiate the modeling
process with the selection of the appropriate model which
would emphasize the dominant effect of PVs on the system.
The objective of this paper is to give an overview of
available models of PV systems for different types of
studies, and to explain their applications and limitations.
Attention is also given to the aggregation of multiple units
and their summated effect on grid operation.

An overview of characteristics of different PV models
and studies is given in Table I. Each type of studies is
elaborated further in a separate section.

Il. MODEL FOR POWER FLOW CALCULATION

In normal steady state operation the control system of
the converter determines how the solar generator must be
represented. In the most common case, the generator will be
operated as a PQ node. In this mode, the generator is
assumed to produce constant active and reactive power. The
active power contribution in reality depends on the solar
irradiation, which is assumed to be constant for the point in
time under investigation. The converter control system is set
up to achieve a constant reactive power contribution as well,
as modern converter systems can operate freely within a
certain reactive power range. Converter control system
modes of constant power factor or constant reactive power
only correspond to different data input modes for the
generation asset as a PQ node.

Due to their ability to adjust their reactive power
contribution within a certain range, converter-based power
plants can also be used for voltage control. When used in
this function, the solar power plant must be treated as a PU
node in the power flow calculation. At the PU node active
power and voltage magnitude are known values, and
reactive power and voltage angle are determined by the
power flow calculation. As with all generation assets, the
maximum currents have to be taken into account — the
calculation procedure must ensure that the reactive power
limits of the voltage-controlling converter are not exceeded.

Software packages usually achieve this by internally
converting nodes from PU to PQ where needed.

A third variant is that setpoints can be given for both



TABLEI
CHARACTERISTICS OF DIFFERENT TYPES OF MODELS AND STUDIES
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voltage and reactive power at the same asset. Since it is
impossible to perform voltage control and reactive power
control at the same assets, the setpoint deviations of both are
weighted against each other, using a weighting factor called
droop. Higher droop settings shift the weight from a smaller
voltage setpoint deviation towards a smaller reactive power
setpoint deviation. This type of node is called a DU node,
which references the resulting voltage setpoint deviation.
Since neither voltage nor reactive power is known from the
beginning, the power flow algorithm starts with the
assumption of zero voltage setpoint deviation and then
adjusts both voltage and reactive power in each iteration

step. This works because the correlation between voltage
and reactive power at the node is known from the droop
setting. Of course, reactive power limits must be taken into
account in the same way as for a PU node.

I1l. MODEL FOR SHORT CIRCUIT CALCULATION

In the past, converter-based generation assets did not
contribute a significant share of active power generation to
the power system. Since their reactive current contribution
to short circuit currents is also limited in comparison to the
traditional synchronous machine based power plants, it was



common practice that they were immediately disconnected
when a fault was detected. However, this practice is not
feasible any longer with the increasing share of converter-
based generation. Disconnecting large active power shares
generated by such assets has a severe impact on system
stability and can cause supra-regional blackouts.

New connection guidelines and regulations (grid codes)
therefore require that new converter-based power generation
assets of significant size be capable of “riding through
faults”. They have to remain connected to the grid as long as
the fault impact does not exceed certain specified limits.
While they remain connected their control system has to
respond to voltage changes by adjusting the reactive current
contribution along a given characteristic, which mimics the
contribution of a synchronous machine. The required control
system response is fast enough to guarantee appropriate
contribution to transient fault currents. As a result, short
circuit calculations must include the contribution of
converter-based assets for accurate results.

Short circuit calculations are carried out in network
planning and network operation. In network planning,
approximate solutions are acceptable, as there are often
other factors that are not fully known yet, and the intention
of the study is the appropriate dimensioning of circuit
breakers. It is often acceptable to apply the synchronous
machine model also for converter-based generators in this
kind of study.

However, in network operation, more accurate results are
required to determine whether the given equipment is
capable of dealing with short circuit currents that can occur
after switching the grid to a different configuration. The
approach to use the synchronous machine model could be
taken as well, but the results will not be very accurate. The
problem is the limitation of the reactive current magnitude
by the converter: power electronic converters are limited to
produce current up to their rated current, which they
produce at nominal apparent power. However, synchronous
machines can provide transient short circuit contributions
above their nominal current by a factor of up to eight. The
representation of a converter by a synchronous machine
model can therefore only be accurate to a certain degree
(i.e., when certain conditions are met). When the
synchronous machine model parameters are set correctly for
a short circuit at the generator terminals, they will be
incorrect for remote faults and vice versa. Due to the
limitation of the converter contribution to the short circuit
current, this contribution is in fact independent of the fault
distance to some degree. Only if the voltage drop at the
converter remains within certain limits, the fault current
contribution will resemble a synchronous machine. This
behavior is fundamentally non-linear, and cannot be
represented in the traditional and standardized linear short
circuit calculation methods.

An alternative approach is to run a dynamic simulation
for each case. Unfortunately, this approach requires a much
higher modeling effort and significantly more time for
simulation and result evaluation. In fact the effort is so high
that this approach must be considered infeasible for use in
regular network operation.

A new approach has recently been developed by
DIgSILENT GmbH [2]. The basic idea is to accept the non-
linearity of the converter characteristic and use an iterative
approach for the short circuit calculation in the transient
time scale. In comparison to the traditional short circuit
calculation methods, this leads to longer calculation times.
However, sufficiently accurate results can be obtained while
still avoiding the additional effort of time-domain modeling
and simulation.

IV. MODELS OF PV PANELS AND MPP TRACKING

Describing solar array 1-V characteristic according to
irradiance and temperature is mainly analyzed by two
lumped models in literature, namely single diode model
(SDM) and double diode model (DDM). DDM considers
more parameters and along with gives better precision
particularly at low irradiation [3]. In SDM (Fig. 1), current-
voltage characteristic function of the PV array is depicted
as:

V + Rgl V + Rgl
RS

I=1L,—1 [exp( AV, R

p

In (1), lp is the dark saturation current, Rs is the cell
series resistance, R, is the cell parallel resistance, A is the
diode quality (ideality) factor and V, is the junction thermal
voltage which is described by V; = kTgJ/q, where k is the
Boltzmann’s constant, g is the charge of the electron and Ty,
is the temperature at standard test condition (STC).

lon is the photo-generated current which is a linear
function of irradiance and a function of temperature [4]. Iy,
in short circuit condition, can be approximated to:

G
Iph(G; T) = Isc,STC G— [1 + K; (T - Tref )] (2)
STC
|
Rs
lon DY Ry Vv

Fig. 1. Single diode scheme

where G is irradiation and Ggrc is irradiation in
STC(1000W/m?), Igstc is the short circuit current at STC,
T is the reference temperature at STC(298°K) and K, is the
short-circuit ~ current  temperature  coefficient(%/°K).
Moreover, open circuit voltage can be expressed as a linear
function of temperature [4].

Voc(T) = Vocste + Ky (T — Trep) (3)

where Voc stc is the open circuit voltage in STC and Ky is
the open-circuit voltage temperature coefficient(\V/°K).

For, DDM (Fig.2) V-l characteristic function is
illustrated as [3]:

=L [ (V+RSI) 1]1 [ (V+RSI) 1] V+Rgl 4
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Finding unknown parameters requires iterative process,
in [4] was shown how to derive solar array parameters
through datasheet values. However, by reducing the
complexity of model, for instance neglecting parallel
resistance and assuming some approximations it would be
possible to reach a four-parameter model based on the
analytical expressions.

Fig. 2. Double diode scheme

The characteristic of PV array power-voltage for
different irradiation levels has been illustrated in Fig. 3. As
can be seen, by decreasing the irradiance level the output
power decreases. Fig. 4 depicts that the output power of
solar array is reduced when the temperature rises. It is
desired that PV system operates at Maximum Power Point
(MPP) then the desired operating point for each PV cell is
Imp aNd V.
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Fig. 3. Irradiance impact on power-voltage characteristic of a PV cell

Extracting maximum power from the PV array needs
Maximum Power Point Tracking (MPPT), therefore MPPT
is the essential part of PV system. MPPT function is to
regulate output voltage and current of the PV system in such
a fashion to get maximum power of the PV array according
to weather conditions. Different MPPT algorithms have
been proposed and implemented such as perturb and observe
(P&O), incremental conductance (IncCond), fractional
open-circuit voltage, fractional short-circuit current and etc.
P&O method makes a perturbation in voltage and observes
the consequent of this change on the output current and
power of PV array, in doing so if the power increases, the
perturbation is held in the same direction otherwise it is
reversed [5], [6]. Once the MPP is reached, there would be
an oscillation at output power of PV. Reducing perturbation
step size decreases oscillation but in the meantime slows
down the MPPT. Some methods have been proposed to get
optimum perturbation step size by having variable step size
[6]. Under fast environmental change within one MPPT
perturbation, MPPT may fail to track the correct MPP and
getting diverged. Some techniques like employing three-
point weight comparison or optimizing sampling rate have
been introduced to overcome this drawback [5]. Incremental
conductance performance is based on this fact that the slope
of power curve is zero at MPP. Via comparing instantaneous
conductance (I/V) and incremental conductance (AI/AV),
MPP is met when both of conductances are equal [4], [5].

The speed of MPPT is adjusted by the increment step size.
By large increment step size, on the one hand fast MPP
tracking can be obtained but on the other hand the system
would oscillate around MPP. In order to minimize
oscillation different procedures have been proposed [6].
Fractional open-circuit voltage and fractional short-circuit
current are two similar approaches that are taking the
advantage of close linear relationship between Vypp and
Voc, VMpp=k1Voc, as well as Iypep and Isc, IMPszZIS(:n for
varying environmental conditions [6], [7]. Where k; and k;
depend on PV array characteristic and must be calculated for
different atmospheric conditions in advance. Once the k;
(i=1,2) values determined, Vpp and lypp can be determined
by measuring Voc via shutting down the power converter
which leads to temporarily loss of power. Moreover this
approach is based on the linear approximation and
increment step size, by doing so exact MPP might not be
achieved. In fractional short-circuit current method
measuring lsc during operation of the system needs extra
switch to periodically short the PV modules to get Isc which
brings about power reduction. Moreover as fractional open-
circuit voltage, exact MPP is not finely matched. There are
other types of MPPT algorithms available in literature. In
[6], it is mentioned that there are at least nineteen distinct
algorithms in literature. However, P&O and IncCond are
widely employed in industry.
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Fig. 4. Temperature impact on power-voltage characteristic of a PV cell
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MPPT plays a key role in performance of the PV system
to the extent that speed of the system is dominated by the
MPPT, this issue has been addressed in [8] and according to
it a dynamic model for the PV system based on the
analyzing of experimental results was developed.

V. MODELS FOR VOLTAGE STABILITY STUDIES

A large fraction of the PV systems that are being
installed are connected in the LV distribution system at the
end costumer’s premises. The implication of that is that the
operating conditions of the LV voltage grid are changed
significantly. In particular often there will be bi-directional
power with rapid changes which has an impact on the
voltage level and the voltage fluctuations of the grid. It is
thus necessary to have tools enabling analysis of the voltage
issues and investigation of possible solutions. These tools
should be able to assess the impact of the PV connected
along a feeder i.e. they should be able to simulate the LV
grid with consumption and realistically represent the PV
input. Since many of the issues with integration of PV are
associated with the fluctuations it is necessary to be able to
do proper time series simulations to be able to assess the
statistical properties of the voltage such as distribution of



voltage level and amount and size of voltage fluctuations.
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Fig. 5. Active power production from a PV plant showing two days
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The electrical models to analyze the grid impact will be
standard load flow models of the grid [9] implemented in
simulations tools for power systems [10], [11]. The main
problem is proper modeling of the input to represent the
fluctuations of the PV production on the relevant timescales,
seconds-hours but also representing the correct distribution
between different types of days such as days without cloud
cover, days with different types of partial cloud cover (large
/small, fast/slow moving) and days with unbroken cloud
cover. A related issue of importance is correlation between
different PV installations connected to a feeder and
correlation with consumption. Another important issue is the
ability of the tools to represent the control of the active
components of the system e.g. inverters, storage units and
controllable loads.

To illustrate some of the issues the power fluctuations for
the PV installation that is part of SYSLAB @ Risg DTU
[12] have been analyzed. The power production from the PV
plant is shown in Fig. 5 for the days analyzed. The data has
been processed to show the fluctuations at different
timescales. Fig. 6 shows the fluctuations on a day with clear
sky while Fig. 7 illustrates the situation on a day with
passing clouds. It is very clear from the figures that it is
necessary to have a good description of the input i.e. the
solar irradiation on both short on short timescales (intra-day)
and longer timescales, day to day and over the year.

The solar power production will induce voltage
variations in the grid due to the impedances of the grid. For
traditional LV grids the voltage is highest at the bus bar and
decreases along the feeder to have the maximum capacity
without violating the voltage range. When solar power is
introduced the picture gets slightly more complicated since
the solar power is contributing to raising the voltage. The
result is that situations could occur where the voltage is
above the upper limit allowed due to the solar power
production and the consumption. The situation for a feeder
in SYSLAB is shown in Fig. 8. The maximum and
minimum voltage curves are for situations with maximum
solar power/minimum consumption resp. minimum solar
power/maximum consumption while the two curves in
between illustrates how the inverter on the PV installation

can be controlled to narrow the range of voltage level
variation by consuming resp. producing reactive power.

20

Timestep size [s]

-B000 -4000 -2000 u] 2000 4000 6000
Fluctuation size [W]

Fig. 6. Fluctuations of the power output of a PV plant on a cloudless
day. The color map shows the number of fluctuations at different power
levels against the length of time from the observation to the change in
power output
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Fig. 7. Fluctuations of the power output of a PV plant on a cloudy day.
The color map shows the number of fluctuations at different power levels
against the length of time from the observation to the change in power
output

The above figure illustrates one of the options that exist
to mitigate the issue of voltage level variations. Other
options exist such as on load tap changers or energy storage.
This emphasizes the importance of being able to model the
various options with realistic input and control of the active
components.

V1. MODELS FOR HARMONIC INTERACTION STUDIES

Harmonic interaction studies can be done in the time
domain, frequency domain, or as hybrid calculations [13],
[14].

Time domain calculations use differential equations, and
therefore require detailed models of power electronic
devices, including the control algorithm of the PV inverter.
With a detailed model of a device, they are known to be
very accurate when predicting behavior in different
conditions. Examples of studies done in the time domain are
given in [15]-[18]. A restriction of time domain calculations
is that they are difficult to do for systems with a large
number of different units. Including the control algorithm of
several different devices can be a problem or even



impossible, since their control algorithms are not always
available.
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Fig. 8. Voltage levels along a feeder connected to a busbar at one end
and a PV plant at the other. The figure shows four different states of
production and consumption; a low load and high production state; a high
load and low production state and then those two states with compensation
from the PV plant
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Calculations in the frequency domain are widely used for
harmonic studies. Sources of harmonic currents are
represented as ideal or non-ideal current sources, or the
current is determined from a look-up table based on the
voltage of the busbar. As [14] suggests, a harmonic source
can also be represented as voltage source with a series
impedance, or as a current source dependent on the system
impedance (current re-injection), which emphasizes the
effect of the system impedance on the current of the source.

Several types of calculations are proposed in the
frequency domain [13], [14]: current source method, power
flow method, and iterative harmonic analysis. Examples of
studies in the frequency domain are given in [19]-[23].

Current source method solves the network equation:

(2101 = [V] ®)

for each harmonic frequency. Harmonic currents are
assumed to be independent of voltages which makes the
calculation relatively simple, but also reduces the accuracy.
Network elements that do not generate harmonics are
modeled as linear impedances. Background harmonic
voltages that originate from higher voltage levels can be
modeled as voltage sources.

Harmonic power flow method uses a Newton-type
algorithm to solve current and voltage equations at the same
time for a single frequency. This allows the harmonic
current sources and other elements to be voltage dependent,
and gives more accuracy. On the other hand, the calculation
becomes more complicated than the current source method.
A number of software tools use this method for harmonic
analysis of the system.

Iterative harmonic analysis is an advanced version of
direct and power-flow calculations. The original methods
are supplemented with voltage dependent current sources,
and sometimes even the frequency coupling. The direct
matrix or power-flow simulation is initially executed with
assumed voltages on busbars of non-linear elements,

resulting in initial harmonic current values. These voltages
are then compared with calculated voltages for those
busbars, and if needed, the calculation is repeated with new
values for current sources. This iterative procedure is
repeated until the voltage changes on busbars are within the
desired error margins. The accuracy of these methods is
dependent on the complexity of models used. When detailed
models of all elements are used very accurate results can be
achieved, but on the other hand the models require a lot of
parameters, which sometimes makes them difficult to
implement for complex systems.

Hybrid calculations are a mixture of time and frequency
domain methods. Currents of non-linear elements are
calculated in the time domain, based on the voltages which
are solved in the frequency domain, usually with iterations.
This type of calculation was still not used for harmonic
studies with photovoltaic systems.

Frequency dependent impedance of the system is
important for harmonic interaction studies. Harmonic
voltages are often increased due to a resonant or near-
resonant condition, and therefore attention should be given
to the effect of impedance of PV inverters. Other nearby
equipment, such as power factor correction capacitors,
should be taken into account.

In the case of multiple inverters connected to the system,
an aggregated model can be used to substitute the effect of
all units. Summated current can have a maximal value equal
to the arithmetical sum of individual currents, but due to the
phase angle diversity of individual currents the sum is
usually lower than that. Technical reference [24] suggests
using a generalized summation law for determining the total
harmonic current of random loads:

(6)

where B is the summation coefficient with a value of 1 or
greater, depending on the harmonic order. General
considerations about the summation of random currents are
given in [24]-[27]. Examples of aggregated models of PV
inverters are given in [28], [29]. Reference [28] presents
measurement result in which § had a value of approximately
1 (arithmetic summation) for harmonic orders up to 17, and
a value of approximately 2 for higher orders.

VIl. MODELS FOR ELECTRO-MAGNETIC TRANSIENT STUDIES

Behavior of PV inverters during electro-magnetic
transients can be accurately modeled in the time domain. As
mentioned in previous sections, this requires significant
modeling effort. Converters control plays a key role during
transients and has to be modeled accurately. This makes it
difficult to model large systems with a great number of
inverters. Examples of time domain studies are given in
[30], [31].

Aggregation of PV inverters in electro-magnetic transient
studies still needs to be explored. More work in this field is
needed to obtain simplified models of a large number of
inverters, because new regulations oblige even small



inverters to comply with certain low voltage ride-through
requirements.

VIIl. CONCLUSIONS

Considerations on Photovoltaic system modeling for grid
interaction studies are presented in the paper. An overview
of different PV models for different types of studies is
given, with their applications and limitations.

For load flow calculations, they can be modeled as
constant active and reactive power nods, or voltage
dependent, as described in section 11.

PV systems and other converter-interfaced generators
were often neglected in short-circuit studies, but new fault
ride-through requirements are increasing their contribution
in short-circuit currents. The approach for modeling them is
described in chapter I11.

PV modules are modeled with single diode or double
diode circuits. Different MPP tracking algorithms are
described in section IV.

For LV network voltage level studies it is important to
take into account the effect of weather conditions, such as
solar irradiance, temperature, and cloud formations. These
effects are emphasized in section V.

Harmonic interaction studies are usually done in the
frequency domain, using ideal or non-ideal current sources
as models of PV systems. Simulations can also be done as
iterative or in the time domain. It is important to estimate
the effect of PV inverters on the frequency dependent
impedance of the rest of the system. These effects are
described in section VI.

Electro-magnetic transient studies are done in the time
domain, using detailed models of power electronics and
controls of inverters. At present, no simplified models are
proposed for this type of studies.

Concerning the aggregation of multiple PV systems, for
load flow studies they can be summated arithmetically, and
for harmonic studies using summation coefficients. For
stability and electro-magnetic transient studies more work is
needed to obtain simplified summated models.
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The core part of this report is the literature overview that was performed to get an overview of
the research field and the most recent findings. The results of the survey are presented below,
divided on observations of variability and smoothing in monitored data for PV power
production, observations of variability and smoothing in solar radiation data and theoretical
and empirically based models. For a summary and brief overview of the most important

findings in the studies described below, see Appendix A.

Observed variability and smoothing in monitored PV data

Three recent studies from the American company SunEdison show empirically how the
variability of the power output from PV system ensembles depends on the sizes of individual
systems and on the geographical dispersion of systems. In Golnas and Voss (2010) PV system
fleets in three service territories in the United States were studied; two in California and one
in New Jersey. In total 67 PV systems, continuously monitored with a 1-min resolution, were
considered in the study, with seven days in May chosen for the analysis. The systems were
grouped in ensembles with different total capacities and some different compositions of
systems for each total capacity, and three different metrics were used to quantify the
variability for these ensembles. The reported variability, evaluated over one single day, is
therefore related to whether the ensembles consist of many small or a few large systems
giving the same total capacity within roughly the same area. More systems imply a higher
dispersion over the service territory (at maximum 48, 96 and 98 km, respectively, between
systems in each area), but no explicit relation to the degree of dispersion was evaluated.

The obvious finding is that power production restricted to one or a few sites is more
variable than production dispersed on a large number of smaller systems. Table 1 summarises
some illustrative results from the study, in this case the difference in maximum (negative)
step change between the least and most dispersed PV ensembles for each ensemble capacity.
The differences are dependent not only on the number of systems aggregated, but also on the
composition of the ensemble (whether a few systems are dominating in terms of capacity or if
there is an even distribution), the exact area for dispersion, and the irradiation variability on
the actual day. Nevertheless, the table shows what smoothing can be achievable through
distribution of PV systems. Distributing capacity around 1 MW, over smaller, widely spread
systems could lower maximum daily step changes from around 40-50 % of capacity to around

5 % of capacity. Note, however, that since only one day was studied for each ensemble, the



observed maximum step change is probably lower than what would appear over a longer

observation period.

Table 1. Maximum PV step changes during one observed day in Golnas and VVoss (2010). Note that
the degree of dispersion depends both on the number of systems and whether one or a few systems are

dominating, which is why the least dispersed ensembles can contain quite a few systems.

Least dispersed ensemble Most dispersed ensemble
Ensemble size  Maximum 1-min Number of Maximum 1-min Number of

(KWp) step change (%) systems step change (%) systems
440 37 1 6 11
1000 17 15 8 17
1200 50 1 17 8
1200 43 2 5 15
2300 36 2 18 11
2500 21 20 8 22

This is apparent in Golnas et al. (2011), where the output of distributed PV systems in one
service area in New Jersey was analysed over the longer period of 11 months with the same
approach; the systems, 31 in total, were grouped in differently composed ensembles spread
over different distances, at maximum 155 km between systems. In the study an analysis was
also made for different time resolutions. The main result is naturally that the variability
metrics increase systematically with increasing aggregation of individual systems, while the
dependence on the time resolution is less coherent. As an example of the former, the
maximum 1-min step change for the largest and most widely spread ensemble (1000 kW,) is
around 20 % of rated capacity while for a single system (440 kW) it is around 70 %. These
maximum step changes are higher than in the previous study. Since an observed maximum is
dependent on the observation period, a more suitable metric is to use a percentile of the
distribution of the step changes. Golnas et al. (2011) use the 95" and 99.7" percentiles. For
the most dispersed ensemble in this study the 95™ percentile is 5 % of rated capacity and the
99.7™ percentile is 11 %. As can be seen from those figures, another result is that the
distribution of the step change is rather long-tailed, meaning that there are large jumps
between the upper percentiles.

In the third study, Golnas and Bryan (2011) investigated the output fluctuations from a
centralized PV plant that was Europe’s largest at the time of writing. This plant, located in
Rovigo, Italy, has a capacity of 70 MW, in total and consists of 60 individual arrays, covering
a total area of 850 000 m?. In addition to the previous two studies, the authors systematically



analysed the impact of dispersion on variability (over relatively short distances, at maximum
1200 m between systems), as compared to the impact from capacity increases within the same
limited area. This was done by on the one hand grouping the arrays into differently sized
ensembles within the same area, and on the other hand considering ensembles of the same
size dispersed on circles with different radii. The result was, naturally, that increased
ensemble size dispersed within the same area does not decrease variability, whereas wider
dispersion of the same capacity does. Dispersion of capacity along circles with radii from 100
to 600 m made the maximum observed step change over 9 months decrease from almost 70 %
to around 45 % of capacity at the 1-min resolution. Note the difference to the previous
studies, where the wider dispersion (maximum distances between systems in the order of 100
times longer) gave considerably lower maximum step changes.

A limited study of observed impacts of clouds on variability is provided by Kankiewicz et
al. (2010). The study concerns a large PV plant covering 728 000 m? (180 acres) of land with
a rated capacity of 25 MW, located in Florida. The analysis is based on electricity production
data monitored at the 17 subsystems of the plant. The results presented are restricted to one
day in December, but the time resolution of 10 seconds is higher than in the studies above.
The impact of dispersion over the area of the plant can be clearly seen. The maximum 10-
second step change observed over this day with passing clouds is around 60 % of capacity for
individual subsystems (sized 0.8-1.6 MW,) and around 5 % for the whole 25 MW, system.
The same figures for the 1-min resolution are around 40 % and 20 %, respectively. If
observed over a longer period of time, the figures would probably be more similar to those of
the Rovigo plant.

Two studies by Marcos et al. (2011a,c) analyse the impacts on variability from increasing
system size and from increasing geographical dispersion of up to eight Spanish PV systems in
the capacity range of 48 kW, to 9.5 MW,, over distances of up to 60 km. The analysis is more
detailed than most of the previous ones and covers time resolutions from 1 second up to 10
minutes. The studies show both the variability of differently sized individual systems and of
different aggregates of systems on variability. As an example, in Marcos et al. (2011a) the
maximum 1-s step change is around 55 % of capacity for the smallest system (48 kW,) and
merely around 5 % for the largest system (9.5 MW,), from one-year observations. The
corresponding figures for the 1-min resolution are around 100 % and 70 %. The authors also
report the 90" percentile of the step changes, plotted in Figure 1 against the plant area. As can
be seen, there is considerable smoothing on the shorter time scales. Combining six systems

within distances of 60 km further reduces the total variability. In Marcos et al. (2011c) the



99™ percentiles are reported for all possible combinations of up to six plants. These decrease
from around 10 % of capacity for one system to around 2 % for six systems at the 1-s
resolution. The corresponding drop for the 1-min resolution is from 85 % to 35 %.

100 - T T T .

80 10-min

T

1-min

90" percentile (% of capacity)

PV plant size (m?) x 10°

Figure 1. 90" percentile of step changes in the output from differently sized PV plants, based on

values reported in Marcos et al. (2011a).

The latter study also uses these data to find empirical relations between the number of
dispersed PV plants grouped, the 99™ percentile of the step change, and the time resolution.
The percentile decreases systematically with the dispersion and increases with the time
resolution. For the extreme resolutions the decrease is from around 10 % of capacity to 2 %
for the 1-s resolution, as mentioned, and from 90 % to 50 % for the 10-min resolution. In an
attempt to generalize their findings the authors also fit their data to an empirical function
relating the 99™ percentile of the step change to the PV plant size and the number of dispersed
systems (see below).

Two studies are also worth mentioning that consider the smoothing effect from dispersion
over nation-wide distances. Murata et al. (2009) analysed electricity production data from 52
sites distributed over Japan. The main goal of the study was to relate the maximum step
change to the standard deviation via empirically determined so-called fluctuation coefficients
(see further discussion below). Wiemken et al. (2001) studied the electricity production from

100 PV systems spread over Germany, all monitored over one year with a 5-min resolution.



The main findings were that no step changes at this resolution were higher than 5 % of total

capacity. Also, the aggregate power was never above 65 % of the total capacity.

Observed variability and smoothing in solar radiation data

Since PV variability depends directly on the variability in the irradiation on the solar cells,
expected smoothing from geographical dispersion can also be determined from radiation data.
An early study was made by Otani et al. (1997) using a Japanese radiation monitoring setup
with 9 sites in a 4 x 4 km grid. The authors used a metric called the fluctuation factor, which
is defined as the rms value of the fluctuations. With aggregation across the monitoring grid
the authors could show that fluctuation factors based on 1-min data decreased by 40 % on
average over one studied month and by 87 % at maximum. The same experimental setup was
used by Kawasaki et al. (2006) to study the impact of different typical weather types on
fluctuations and smoothing across the grid, showing distinctly different fluctuation patterns
and degrees of smoothing on clear and rainy days and on days with moving clouds.

In a more recent study, Lave and Kleissl (2010) used measurements of global radiation on
the horizontal plane at four sites in Colorado, located between 19 and 197 km apart, to study
the smoothing effect. The maximum ramp rate, observed in 5-min data covering one whole
year, was between 161 and 189 Wm™min™ for individual sites and 112 Wm™min™ for the
four sites combined. As ramp rates in Wm™ depend both on the sun’s deterministic position in
the sky and on cloud movements, it is customary to analyse the clearness index (actual
radiation divided by the clear-sky radiation) rather than the absolute irradiance. Mills and
Wiser (2010) used the clearness index determined from 1-min global horizontal radiation data
covering one whole year to quantify the smoothing from dispersion of 23 PV sites over
distances from 20 to 440 km. For example, the authors found that the 99.7" percentile
dropped from 0.58 for one site to 0.19 for five sites, and to 0.09 for all 23 sites. Since the
clearness index and the PV output relative to rated capacity are related, it is not surprising that
these figures are comparable in size to the 99.7™ percentile values for the PV output in Golnas
et al. (2011) mentioned above.

Lave et al. (2011) used a one-month series of 1-s data for the clearness index at six sites,
separated by less than 3 km, in San Diego, USA, to determine fluctuations on different time
scales with a spectral analysis. Two metrics were used to characterize the variability; the
fluctuation power index (fpi) and the variability ratio (VR). The fpi describes the power
content in the fluctuations at each timescale. The VR is the fpi for one site divided by the fpi



for a set of aggregated sites. Thus, it shows the reduction in variability with aggregation. One
of the results from the study is that the VR is around 6 (the number of sites) for short
timescales and approaches 1 for longer timescales. This is analogous with the reduction in
variability being equal to the number of sites for short timescales, for which the clearness
indices are virtually uncorrelated, and with a slight or no reduction for longer timescales, for
which the clearness indices are strongly correlated. The same thing can be seen in Figure 1
above where the plant size has less impact on the variability for longer times scales.

Theoretical and empirical models

Since widespread distributed PV has been extensively integrated in distribution systems just
over the past one and a half decade, early studies used modeling techniques to determine the
impact of moving clouds on aggregate PV generation. An early study was made by Jewell and
Ramakumar (1987) who simulated clear-sky radiation and cloud movements to study the time
to loss of all PV capacity in a service area due to movement of a squall line. Different service
areas with uniformly distributed PV systems were considered. For example, the authors
concluded that time for loss of all PV capacity during such an event was 1.8 min for a 10 km?
area and 176 min for a 100 000 km? area.

Another early study on ramp rates in aggregate PV production was made by Kern et al.
(1989). They used monitored PV production data from four individual systems combined with
cloud models to find the aggregate power production from 28 PV systems and their total
ramps during cloud passages. In total, 62 kW, rated capacity was considered, spread over an
area of 202 000 m? (50 acres). Over a whole cloud passage event, the average ramps were
found to be 75 % of total capacity for a single system and 60 % for 28 systems. This
corresponded to a ramp rate of 10 % per second for the single system and 3 % per second for
28 systems. Although hard to compare directly to the observed variability above, it is in the
same order of magnitude observed e.g. for the systems in Figure 1.

More recent modeling efforts have tried to find generalized methods that can be used to
determine the output variability in an arbitrarily large and arbitrarily distributed fleet of PV
systems. Murata et al. (2009) suggested a partly empirical method to determine the maximum
power fluctuation for an arbitrary aggregate of PV sites and implemented it, as mentioned, for
Japanese nation-wide radiation data. In short, the model requires empirical data for the so-
called output fluctuation coefficient, which is the ratio of the maximum step change to the
standard deviation, and for the correlation coefficients between a representative number of



sites. By using the correlation data the standard deviation of an arbitrary set of sites can be
determined, and the maximum step change can be found by multiplying this extrapolated
standard deviation with the empirical output fluctuation coefficient. A percentile of the step
changes for an arbitrary aggregate can be determined in the same way. The drawback of this
method is of course the extensive data requirement.

A more elegant model based only on theoretical considerations was proposed by Hoff and
Perez (2010) and is worth discussing in detail. The model is based on a variability metric

called the relative output variability, which is the standard deviation of the At time step
changes for the aggregate output from a fleet of N distributed PV systems (JANt), divided by

the standard deviation for the same fleet concentrated in one single location (oJAt). Another
central concept is the dispersion factor, defined as

D
VAt

where L is the extension of the PV fleet in the direction of cloud movement, V is the transit
rate of clouds and At is the time resolution. The dispersion factor is thus the number of time
intervals required for a cloud disturbance to pass over the whole PV fleet. The variability for
this fleet of systems is dependent on the relative magnitudes of N and D. Four different cases
can be defined:

1. The spacious region, N << D, where the output variability is independent between
systems. The relative output variability in this region is inversely proportional to the
square root of the number of systems:

o N

O'th: 1

2. The optimal point, N = D, where a cloud shading one system will shade the next one
in exactly one time step. At this point the relative output variability is

e kN

3. The crowded region, N > D, where a cloud affects more than one system of the fleet in
one time interval. The relative output variability is then



ok D

4. Finally, the limited region, N < D, where a cloud disturbance does not reach the next
PV system before the next time interval. For this region, no explicit expression for the
relative output variability can be found, but a limiting value as D increases is the same
as for the spacious region, i.e.

O'th_ 1

o IN

A schematic outline of the relative output variability in these different regions is given in

Figure 2.
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Figure 2. Schematic outline of the relative output variability as a function of the dispersion factor, with
the different regions in the Hoff and Perez model indicated. Based on a similar outline in Hoff and
Perez (2010).

Hoff and Perez use the theoretical model to determine the relative output variability in three
scenarios where 100 MW, PV capacity is distributed in different ways: one central power
plant, 100 plants of 100 MW, each and 20 000 plants of 5 kW, each. The relative output



variability in these three scenarios was 18 %, 10 % and less than 1 %, respectively. An
important observation is that the variability from the central power plant depends on the cloud
transit rate and thus on the dispersion factor, while the variability from distributed systems
depends on the number of systems.

These theoretical results are yet to be compared to data for real systems. Already, however,
there have been attempts to test the validity of the model by some other authors. In an
empirical model proposed by Marcos et al. (2011a,c) and fitted to the monitoring data already
summarized above, the models for the crowded and spacious regions were reproduced.
Already in Marcos et al. (2011a) it was noted that the curves shown in Figure 1 above could
be fitted to exponential functions for the 90" percentile of the step change. Following the
notation of Marcos et al., these functions are on the form:

90" (AP, n )=mS ™

where S is the plant area, m is some proportionality constant and c is, for short time steps,

equal to 0.5. This means that for high time resolutions the percentile decreases in proportion

to ],/\/g Noting that the square root of the plant area is the extension of the plant in one
direction, this appears to correspond to the expression for the crowded region, where the
output variability is inversely proportional to the dispersion factor D, which in turn is
proportional to the plant extension L. For lower resolutions ¢ approaches zero. This is also in
line with the crowded region model, where the relative output variability approaches one for
lower dispersion factors. This means that plant size does not influence the fluctuations on
longer time scales, since clouds have time to pass over the whole plant within single time
steps.

Marcos et al. (2011c) extend their empirical model to the 99™ percentile of the step change

for an arbitrary set of N sufficiently uncorrelated plants with plant areas S:
goth (APAt, \ )= goth (APGOO,lﬁ _ o 0.24At )—c N2

where APgg 1 is the hourly step change for one individual system. To obtain the parameters ¢

and a the expression is fitted to data describing the smoothing with plant size and to data for

the smoothing with site aggregation. As previously, for small At the ¢ parameter turns out to



be close to 0.5 and for large At close to zero, analogous to the crowded region. For large At
the a parameter is close to 0.5 and increases for shorter time scales. For the longer time scales

this apparently corresponds to the Hoff and Perez model for the spacious region, because of

the proportionality to 1/ \/ﬁ . However, as the authors point out, the correlations between all
considered sites was close to zero for all time scales, which suggests that the spacious region
model should hold for all considered At. It is not entirely clear why the a parameter increases,
but it might be an effect of the increasing total plant area, which provides further smoothing
for high resolutions.

As Hoff and Perez, the authors use the model to extrapolate the 99" percentile of step
changes for 100 MW, PV capacity distributed in different ways. Some selected results are
shown in Table 2. The value for the 1-min step changes can be compared to the empirical
findings from the Rovigo system as reported by Golnas and Bryan (2011). The value
estimated here for the centralized system is 70.9 % of capacity, whereas the maximum step
change observed over 9 months for the Italian 70 MW, plant apparently was around 45 %.
One reason for the difference may be that the model, as admitted in the study, overestimates
the percentile for larger areas and in particular for longer timescales (1-min and 10-min).

Another reason could also be differences in local weather conditions and cloud movements.

Table 2. Calculated variability of 100 MW, PV on different time scales (Marcos et al. 2011c).

99™ percentile (% of total capacity)

N S (Ha)
1-s 1-min 10-min
1 651 0.9 70.9 86.1
10 65.1 0.5 18.6 31.3
100 6.51 0.2 4.9 11.3
1000 0.651 0.1 1.3 4.1

10 000 0.0651 0.1 0.3 1.5
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Mills and Wiser analysw of global horizontal = Statistical metrics of step ) 2.3 sites . t00.09 .for 23 sites at 1-min
(2010) monitored » Distance between sites from resolution

radiation data

radiation
= 1-min resolution
= One year (2004)

changes (maximum,
standard deviation, 99.7th
percentile)

20 to 440 km

The empirical distribution of step
changes is more fat-tailed than a
normal distribution but the
similarity increases with
aggregation

Murata et al.
(2009)

Statistical
analysis of
monitored
electricity
production and
radiation data

= Electricity production
and global horizontal
radiation from 52 sites

= 1-min resolution

= 3 months (May, August,
October)

Two fluctuation coefficients
based on step changes with
different resolutions:

= Ratio of maximum to
standard deviation

= Ratio of 99.75t percentile
to standard deviation

= 52 sites spread over Japan
= Rated PV systems capacities

from 0.12 to 5.6 kW, 3.2 kW on

average

Extrapolated fluctuation
coefficients for an infinite number
of PV systems in a given region
decrease with time resolution, e.g.
the ratio of maximum to standard
deviation is around 6-7 for 1-min
and around 3 for 20-min

= The maximum step change from an

arbitrary set of systems can be
derived from the fluctuation
coefficients and an analytical
expression of the standard
deviation




Otani et al.
(1997)

Statistical
analysis of
monitored
radiation data

= Global horizontal
radiation from 9 sites

= 1-min resolution

= One month (October
1996) / one day (May 16,
1996)

= Fluctuation factor (rms
value of the fluctuations)
= Power spectral density

= 9 sites within a 4 x 4 km grid

= Daily fluctuation factors decrease
by 40 % on average over one
month and by 87 % at maximum

= Power spectral density peaks and
average values decrease with
aggregation

Wiemken et al.
(2001)

Statistical
analysis of
monitored
electricity
production

= Electricity production
from 100 systems

= 5-min resolution

= One year (1995)

= Frequency distribution of
ramps
= Qutput power distribution

= 100 individual 1-5 kW,
systems

= 243 kW, in total

= Spread out over Germany, 600
x 750 km?

= No ramps above 5 % of total
capacity

= Power levels below 65 % of total
capacity
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