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Abstract—The rapidly increasing number of implemented
photovoltaic (PV) systems in the German distribution grid in
recent years has led to power quality issues due to the
intermittent generation and reverse power flows in periods of
low demand. In order to decrease this impact, different solutions
are being investigated. The aim of this study is to analyze the
maximum possible grid relief by using residential PV storage
systems and different reactive power control strategies from the
viewpoint of a distribution system owner. To compare the
different voltage control method scenarios the hosting capacity
is used as a performance indicator.

Index Terms-- Distribution grid planning, hosting capacity,
residential PV storage, persistence forecast, reactive power
control

1. INTRODUCTION

In Germany, most PV systems are installed in rural grids.
In order to avoid over-voltage and equipment over-loading
issues in the system traditional grid reinforcement is normally
applied. The drawback of this grid planning procedure is the
possibly large investment in infrastructure with a low
utilization rate. Therefore, technically and economically
efficient voltage control strategies that increase the hosting
capacity for distributed generation (DG) in distribution grids,
as defined in [1], are of major interest. The controllability of
DG units (e.g., reactive power provision, active power
curtailment) offers alternative ways of voltage control. In
order to mitigate curtailment losses due to active power
curtailment, residential PV storage systems (RES) with a
prognosis based operating strategy are currently promoted in
Germany and thoroughly discussed in this paper. The focus of
this work is set on autonomously operating voltage control
strategies, which rely entirely on locally measured values and
need no communication infrastructure.

This paper builds upon previous studies [2] and [3]. In
section II a detailed approach for assessing the hosting
capacity of LV grids is presented and implemented for an
existing distribution grid in Germany. In section III the results
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for the aforementioned autonomous voltage control strategies
to increase the hosting capacity are discussed and compared.
Finally, this work is concluded in Section IV.

II.  METHODOLOGY

This section presents a methodology for directly
comparing the technical potential of autonomous reactive
power control strategies and residential PV storage systems
for increasing a grid’s hosting capacity. The methodology is
applied to twelve LV grids of a town located in an existing
distribution grid in Southern Germany. Its topology, the
parameterization of grid elements and used data is described in
subsection A. The state of the grid in the year 2014 is used as
the baseline. In order to identify the maximum hosting
capacity of the grid without any control strategies the PV
power is increased according to a PV expansion pathway
described in subsection B. This is done by simulating one year
in one-minute time steps. This first calculation provides the
data of the “current town situation”. From the baseline
calculation, a period of four consecutive days with the most
critical voltage values is identified. Finally, the maximum
hosting capacity for these four days is quantified using three
control strategies presented. The calculation of the maximum
hosting capacity is described in subsection D. For the
calculations MATLAB® and MATPOWER [4] are used.

The maximum hosting capacity is reached when limits for
over-voltage (OV) at a grid node or over-loading (OL) of
equipment are reached. For this study, the voltage related
hosting capacity is limited by the permissible voltage band of
+9 % nominal voltage for every minute, to have an additional
buffer for measurement accuracy as set in [5]. This is stricter
than the current specification for voltage magnitude variations
in the DIN EN 50160 where it is stated that for a period of one
week the value should not surpass 10 % of the mean RMS
for 95 % of the time during intervals of 10 minutes. The
maximal threshold for over-loading is set to 100 % for cables
and transformers.



A. Grid Model

In this paper one MV feeder of the distribution grid is
analyzed. The MV feeder is connected to the HV via a 20 kV/
110 kV transformer. The slack is located on the HV side of the
transformer and its tap ratio is set to reach the voltage of 1.02
p-u. at the MV busbar at the substation. The total length of the
MYV feeder is 20.2 km and 44 LV grids are connected to it.
Twelve of these LV grids form a town which is simulated in
detail, whereas the other 32 LV grids are simulated in an
aggregated way. The configuration of the grid consists of
different elements: loads, generators, lines and transformers.
These elements are distributed along the grid on 1208 nodes.

1) Loads

A total of 470 loads are connected to the grid. 441
individual loads are located inside the town and 29
accumulated loads in the surrounding area. Different load
profiles are used. To model the consumption behavior three
different German standard load profiles in one-minute time
steps are used. The distribution of the different profiles is as
follows: 264 loads with a HO houschold profile, 38
commercial loads with a GO profile and 35 agricultural loads
with a LO load profile [6]. Additionally, a real heat pump
profile from [7] is used in four houses. For the 29
accumulated loads a residential load profile (HO) is used. To
dimension the accumulated load a coincidence factor was
deduced by analyzing 17 different MV feeders of eleven
distribution grids within the grid area of the distribution
system operator (DSO). The mean coincidence factor is
quantified to be 17 % of the rated power of the MV/ LV
transformer apparent power, which matches with the
coincidence factor of 15 % assumed in [8]. To adjust the
normalized load profiles the measured historical yearly load
consumption from 2013 is used in the town. The maximum
total yearly consumption of the village is 3.73 GWh. A fix
cos of 0.97 is assumed for all loads.

2) Generators

The generated power on this LV grid consists on a group
of different type of generators. Along the MV feeder there are
30 aggregated PV systems and 119 residential PV systems
(blue roofs in Fig.1) with a total power of 7.7 MVA, four
(small) hydro power plants with an aggregated power of
0.51 MVA and one biogas plant of 0.35 MVA. The PV power
profile is based on measured data from 2014 and 2013 in one-
minute steps connected on a near town (10.1 km). These
values were measured at a south oriented system with a
nominal power of 107 kW,. The normalized PV profile is
adjusted by multiplying it with each PV system’s nominal
power. In order to take into account different orientations,
cloud impact etc, a diversity factor, as defined in [9] was taken
into account. Based on calculations of [10] it was set to of
85%. If several PV systems are connected to the same PCC for
the simulation they were treated as one PV system with the
sum of the nominal powers of the single systems. For the
hydro generator a normalized load profile was calculated with
the aid of generation profiles of several hydro plants located in
the south of Germany and published at the EEX Transparency
Platform [11]. The biogas plant was set to full power for every
time step, according to measured data from an biogas plant in
upper Bavaria for the period between 2012 and 2014.

3) Lines
The loads, generators and transformers are connected via
1210 lines. For the twelve LV grids of the town the R/X ratio
varies between 2.3 (T9) and 5.9 (T7) with a mean value of 3.5.
An overview of the three most common line types and lengths
for this distribution grid are listed in Table 1.

TABLE L. LINE TYPES FOR LV AND MV.
LV (only in town) MV
Type NAYY NYY NAYY NA2XS2Y
Diameter [mm?] 70 95 150 150 185 300
Length [km] 5.6 3.7 5.7 10.1 2.1 4.7

4) Transformers
Within the town there are 12 MV/LV transformers (20kV /
0.4kV), as depicted in Fig. 1 and listed in Table II. In the
surrounding area the remaining 32 LV transformers are
connected to the same MV feeder.

TABLE II. TRANSFORMER TYPES FOR LV AND MV.

Rated apparent power of transformer S, . [kVA]

T1 12 T3 T4 T5 T6 T7 T8 T9 | T10 | T11 | TI2

1E3 | 160 | 160 | 250 | 160 | 400 | 250 | 160 | 400 | 400 | 400 | 250

B. Photovoltaic expansion pathway

In order to assess a hosting capacity for every LV grid
(named after their MV/LV transformers T1 to T12), a future
PV integration path must be determined. For this purpose, a
previous study that established the integration path of PV
systems in the town was taken into account [3]. The
methodology of [3] was used to estimate the size and location
of future PV systems on rooftops using high resolution images
to quantify the suitable rooftop surface per building and the
appropriate location of the panels. The expansion pathway is
determined by the ranking based on the specific yield of the
PV system for each LV grid. The pathway is used to increase
the number of PV systems and determine the maximum
hosting capacity that can be reached using the different
reactive control strategies and the residential PV storage
system control method. In Fig. 1 the distribution of the future
PV systems is marked in orange. In 2012 1.3 MW, were
installed; the total technical PV potential of the town was
calculated to 4.3 MW,.
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Figure 1. Buildings in the town divided by MV/ LVtransformers (LV-grids)
and expansion pathway of PV systems.




C. Control strategies

Different available options exist to mitigate the voltage
raise during periods of reverse power flow. In this work this is
done by using the capability of the PV inverter to control
reactive power, a so-called cosp(P) or Q(V) control, as
defined in [12] and [13]. Besides the reactive power control
strategies aforementioned, a strategy that mitigates the active
power P by using residential RES is implemented.

1) PVinverter controls

a) cosp(P) control

The cos@(P) control characteristic adjusts the amount of
reactive power depending on the active power available in the
specific moment as depicted in Fig. 2. When the available
active power surpasses 50 % of the PV peak power installed
Ppy, in kW the active power will start to reduce at the ratio of
a power factor (PF). This is the state of the art reactive power
control strategy for PV systems connected to LV in Germany.
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Figure 2. Reactive power curve for cos(P), based on [12].

The PF depends on the size of the nominal PV apparent power
Spv, in kVA, as shown in Table III.

TABLE III. POWER FACTOR CONTROL VALUES DEPENDING ON THE

NOMINAL PV APPARENT POWER SPVp .

Spy, < 13.8 KVA. Spy,> 13.8 KVA.

Cos ¢ =0.95 Cos ¢ =0.90

b) Q(V) control

For the Q(V) control strategy the reactive power is
regulated depending on the voltage on the PCC, thus ensuring
that the inverter only reacts when reactive power control is
required. It is used to reduce line saturation and losses due to
an excess of reactive power in the system. The set points of
the Q-V curve are still discussed in literature [5], [13], [14].
In this study the Q-V-characteristic was set according to [13]
and is depicted in Fig. 3:

Q

g/
i N
| cos ¢ @,

10.9/0.951 T
[ 1 ki
/ 3 cos ¢

10.9/0.951
'

] '
0.97 - 1.03
p.u.

Figure 3. Reactive power curve for Q(V).

If the voltage level at the PCC is below 0.97 p.u. or above
1.03 p.u., Q injection or absorption is a line with a slope of

11 %, until it reaches the maximum Q depending on PPVP as

shown in Table III. As previous studies show, the stability of
this control type depends highly on the control parameters
[14], [15]. Here the stable configuration of [13] is used.

2) PV storage system control

Another type of voltage control strategy is the
implementation of RES with feed-in limitation. Since 2013
the increase of self-consumption with RES seems a viable
business model for small PV systems in Germany [16].
Nonetheless, the main reasons to invest in RES until 2015
have been ‘soft factors’ such as hedging increasing electricity
costs and contributing to the German “Energiewende” [17].
For this reason the German government introduced an
incentive program which is also scientifically monitored by
[17]. The feed-in limit for the first period of the incentive
program was 60 % of Ppy, and will decrease to 50 % for the

second period, wherefore the 50 % limit is used in this study.
In order to minimize curtailment losses resulting from feed-in
limitations different charging methods for RES are being
developed. Besides reducing the curtailment loss ratio (CLR),
the objective of these control strategies is to increase the self-
consumption ratio (SCR) and self-supply ratio (SSR). To
compare different control strategies two studies were
published: A preliminary review study to compare several
control strategies [2] and another to determine the most
profitable strategy from the system owner point of view [18]
identified the adaptive persistence forecast control strategy as
the most profitable one. The methodology of this control
strategy is used in this study and presented in detail in [19],
[20].

For the purpose of this paper a lithium-ion battery system
with a watt-hour efficiency of 95% and a constant
bidirectional battery inverter efficiency of 94 % according to
[20] is assumed. This yields a system-round-trip efficiency of
84 %. To assure an optimal performance of the storage
system, the usable battery capacity is set between 20% and
90% of its nominal capacity. The battery system capacity C is
sized depending on the nominal PV power Ppy, and the

annual load consumption LC as defined in (1) and (2) and
limited to 30 kWh.

_ Clkwh] _ Peyp [KWp] e [Mwn]
= Tkwn 0 PPV T T, Pl == M
¢ =ppy,if Ppy <lcand c =lc, if lc < ppy 2)

D. Quantifying the maximum hosting capacity

To calculate the maximum hosting capacity for each LV
grid of the town additional PV systems according to the
expansion pathway ranking are added one at a time to every
LV grid. For each newly added PV system a power flow
calculation is conducted in order to check voltages as well as
line and transformer loading. PV systems are added until OV
or OL occurs for a LV grid. This operation is repeated until all
LV grids reach their maximum integration capacity for PV
systems. This procedure is used for the three control strategies
mentioned in this section and the resulting hosting capacity of
all LV grids is compared.



III. RESULTS

A. Validation of the simulated grid model

To wvalidate the simulated grid model the difference
between the measured and the simulated active power at the
slack is depicted in Fig. 4. This histogram shows the results of
a yearly simulation in 1-min steps of the baseline scenario. It
can be seen, that the simulated active powers P are higher than
the measured ones, thus showing a more extreme grid state.
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Figure 4. Histogram of P at the slack.

B. Maximum hosting capacity

The baseline scenario is expanded with PV systems until
its hosting capacity of 1353 kW, for the entire town is
reached. This is taken as a reference scenario. The increase in
hosting capacity for the three different control strategies to this
reference for the whole town as well as for each MV/ LV
transformer is presented in Fig.5.
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Figure 5. Total hosting capacity for every transformer and control strategy.

A raise of the whole town’s PV hosting capacity can be
observed for all control strategies. For the cos(p) control it
increases by 101 % (1487 kW), for the Q(V) control by 116 %
(1694 kW) and for RES using a persistence forecast by 119 %
(1748 kW). For the different LV grids in the town the gain
varies between 0 and 1000 % due to the individual grid
topology. For T1, T5, T11 and T12 the hosting capacity limit
is not reached and the full potential of the PV expansion
pathway can be implemented. If both reactive power control
strategies are compared it can be seen that the Q(V) control
leads to a higher PV hosting capacity due to a higher inductive
reactive power flow at the slack bus than in the case of a
cos(¢) control (Table IV). For the LV grids T2, T4, T6, T7,
T9, and T10 the same PV hosting capacity is reached with the
Q(V) and cos(p) control. A slightly higher hosting capacity is

reached for the grids T3 and T8 with the Q(V) control as over-
voltage can be avoided for all LV grids and the grid capacity
can be increased until the thermal limits are reached (see
Table V).

TABLE V. YEARLY SUM OF REACTIVE POWER Q AT THE SLACK BUS FOR
DIFFERENT CONTROL STRATEGIES (LOAD PERSPECTIVE)

Control method Qina (inductive) Ocap (capacitive)
No Q control. -5.62 E+3 1.73 E+5
Cos(phi) -4.69 E+4 1.66 E+5
Q) -5.93 E+4 1.52 E+5

The causes for reaching the hosting capacity for each LV grid
and each control strategy are listed in Table V. The reason can
be over-voltage (OV), over-load (OL) or none (OK).

TABLE V. CAUSES FOR REACHING THE HOSTING CAPACITY
LV-grid/ transformer

Control strategies

T2 T3 T4 T6 T7 T8 T9 T10
cos(phi) OL |OV|OL|OL |OK|OV|OL | OL
Q(V) OL | OL | OL | OL | OK | OL | OL | OL
Persistence ov|ov | ov|ov| ov|ov|ok| ov
forecast

This proves, contrary to what is reported in literature [13], that
the amount of reactive power might be higher for the Q(V)
control than for the cos(¢) control, even though the Q(V)
control regulates the reactive power only if the voltage reaches
a certain threshold. This is due to the chosen Q(V)-control
characteristic which starts to consume reactive power (load
perspective) at 1.03 p.u.. Since the slack bus value is set to
1.02 p.u the Q(V) control is activated early and reaches its
maximum reactive power level when the voltage reaches the
value of 1.05 p.u. which is reached very quickly in the LV
grids in the case of reverse power flow. Nonetheless, the
capacitive reactive power Q. needed can be reduced but not
in the same magnitude as Qi is increased (see Table IV), so
that the DSO has to decide if the increased hosting capacity by
this control strategy justifies the higher losses. Another option
to reduce the losses is to adjust the set points of the Q(V)-
characteristic, as proposed in [5], or lower the voltage at the
MV busbar by lowering the set point of the HV/ MV
transformer voltage control if possible.

C. Active power reduction and losses

As mentioned before, the PV storage systems that were
implemented in the LV-grid have the objective to reduce
curtailment losses due to the feed-in limitations that are in turn
a countermeasure to the increase of PV systems connected to
the distribution system. It can be seen from Fig. 5 that in this
case the storage systems lead in total to a higher hosting
capacity. In contrast to the reactive power control strategies
the limiting factor for the active power reduction strategy is
OV in all but one LV grid (see Table V). The amount of losses
depends on the sizing of the battery. If the sizing methodology
presented in section II is applied, the ratio of ¢ : ppy.: Ic varies
widely wherefore the performance indicators may also vary
significantly, as shown in Table VI. In the first case the RES



has aratio of ¢ : ppy.: Ic of 1:53:1,in the second case a ratio of
1:1:8 and in the third case the economically optimal ratio of
1:1:1 [17]. The performance indicators were calculated for the
four day period mentioned in section II.

TABLE VI PERFORMANCE INDICATORS VALUES FOR DIFFERENT
BATTERY SIZING CASES.
Performance indicators values to analyze the behavior
Case of different battery sizing cases.

SCR SSR CLR
ppy>>c 1% 97% 10%
lc>c 100% 25% 0%
Ppy=c 57% 89% 3%

It can be seen that the bigger the difference ratio between load
and PV size the poorer the performance of the storage system.
In the first case almost all of the load can be covered by the
PV system but the curtailment losses are high. In the second
case the PV power is consumed completely and no losses
occur but the total load cover is modest. In the third case the
SCR, SSR and CLR show typical values for an economically
optimized system, according to [2]. In order to identify the
decrease of curtailment losses through RES a one-year
simulation using the maximum hosting capacity for the PV
storage systems with persistence forecast control is performed
and the amount of curtailed energy with and without storage
systems is determined. Without battery systems the total
curtailment losses amount to 7.7% or 4.3 GWh. By
implementing the RES wusing the presented persistence
forecast the curtailment losses are decreased by 0.9 %. This
slight improvement is due to the fact that only 31 % of the
RES are sized within a ratio of ppy:lc of 0.5:2.

IV. CONCLUSION

Two reactive power control strategies (cos(e) and Q(V))
and a prognosis based active power control with RES were
evaluated. The control strategies were implemented in a
simulation of an existing distribution grid consisting of one
MYV feeder and several LV-grids. One quarter of the LV-grids
were analyzed in detail as they form a town. In order to
determine the hosting capacity for each LV-grid PV systems
were added according to an expansion pathway. It was shown
that under prevailing grid conditions the hosting capacity of
the town can be increased by 15 % with the Q(V) control
strategy compared to the cos(¢) control. An 18 % higher
integration potential compared to the cos(p) control is
achieved with RES wusing an active power control.
Nevertheless, the active power wasted due to curtailment
highly depends on the sizing of the battery which is
challenging for the existing PV systems and loads as the
dimensions do not ideally match wherefore the sizing of the
RES is not optimal. For the chosen sizing method the
reduction of curtailed energy is 0.9 %. Future studies could
combine reactive and active power control strategies and
optimize the non-optimal sizing issue by implementing
Community Electricity Storages.
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