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reinforcement measures. In the studies [6] and [7], the impact

Abgract—In recent years, the number of active grid of DG RPC on the grid hosting capacity is also analyzed for
components for voltage regulation in distribution grids has different OLTC control strategies. These studies highlight that
increased significantly. Besides voltage regulators (VRs), such asadvanced OLTC configurations and DG RPC have high
transformers with On Load Tap Changers (OLTCs), distributed potential to improve the voltage regulation in distribution
generators can provide a certain voltage support by means of 44 with a high DG penetration. Nowadays, DSOs in several
reactive power control (RPC). The different control entities, countries are taking advantage of the grid support

OLTC and RPC by photovoltaic (PV) systems, usually operate h . o - .
based on local measurements and control characteristics. Hence, functionalities of state of the art DG by requiring RPC in their

unintended interactions between the control entities cannot be INtérconnection guidelines (e.g. [8] to [11]). o
excluded in general. This study analyses the parallel operation of ~However, the IEEE working group on distributed
OLTC transformers with a voltage based control and PV systems generation integration expressed its concerns that DG RPC
with different RPC strategies (e.g. watt/power factor control could conflict with other voltage regulation schemes applied
PF(P), voltivar control (Q(V)) in a distribution system py the DSO [13]. The study [14] showed, that a volt/var
environment. The focus is on unintended interactions, such as an ¢qntro| (Q(V) control) can operate stably under all grid
increase of OLTC switching operations by PV RPC. The cqngition, if the Q(V) control settings are appropriately.
contribution and novelty of this paper is to raise awareness for However, the focus in [14] was not set on the parallel

the likelihood of these unintended interactions and to provide a . . .
first methodology to assess the parallel operation of OLTC operation with other voltage regulators (VRS). In the literature,

control and PV RPC in detail. The results show that the impact €SPecially the parallel operation of DGs and VRs operating
of PV RPC on the number of OLTC switching operations and the With a line drop compensation (LDC) algorithm were analyzed
effectiveness in parallel operation can differ considerably in detail (e.g., [15] to [17]). In Germany and other European
between the applied PV RPC strategies. countries, a voltage-based control method is usually applied
for VRs, like OLTC transformers. Also the German Grid
Index Terms—voltage regulation, reactive power control, on  Technology/Grid Operation Forum (FNN) identified a

load tap changer, voltage support, volt/ var control research gap in parallel operation of DG RPC with OLTC
transformers [12]. So far, a few studies have addressed the
. INTRODUCTION parallel operation of OLTC control and DG RPC in detail. The

he electric power supply systems in various countries ag@alysis in [18] showed that PV RPC can lead to a significant

undergoing a change towards a high share of renewaliflsrease of reactive power fluctuations over the OLTC

energy sources (RES). The worldwide RES capacityansformer and therefore to increased voltage fluctuations at
increased from 950 GW in the year 2004 to 1,990 GW in 201e secondary transformer busbar. These voltage fluctuations
[1]. A high share of the RES, such as photovoltaic (P\gan cause a relevant increase of OLTC transformer switching
systems, is connected to the distribution grid and hence candperations. The study in [19] evaluates different time delay
characterized as distributed generators (DGs). One majdgorithms for OLTC control and their effectiveness in grids
challenge for distribution system operators (DSOs) is ttwith high DG penetration regarding the objective of
voltage regulation in distribution grids with a high DGminimizing the number of OLTC switching operations and
penetration. Advanced DG functions (e.g. [2], [3]) likekeeping the voltage within the permissible bandwidth.
reactive power control (RPC) for voltage support can help to The contribution and novelty of the paper at hand is to raise
reduce the impact of DG feed in on the local voltagawareness for the likelihood of unintended interferences
magnitude. Studies (e.g. [4]-[7]) show that the application dftween autonomously controlled entities in the context of
DG RPC can increase a grid’s hosting capacity for DG feed #mart grids (such as volt/var control and OLTC operation, for
for instance, and hence avoid or at least delay grizkample). The focus is set on the following interferences:
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Therefore, the study provides a first methodology to ass s T T6
the parallel operation of OLTC control and PV RPC in det: —’_L%
aiming at identifying: ] vapen [ 5
a) different kind of unintended interactions, N Industry Load B 9
b) their likelihood in medium or high PV penetratio L Residential Load =1 P
scenarios with PV RPC, ourc -]
C) suitable combinations of autonomous contr ‘@&mnsmmer L) N
characteristics and D
d) sensitive parameters that can be tuned by respec L 5] r Tl‘F 10
DSOs in order to minimize the risk of unintende
interactions as identified in a). D
0 T T2 T3 I:% ]
The paper is structured as follows: Section Il depicts 11 o ™
simulation model with the PV, load, and OLTC configuratio 108 3% Voltage rise LV grids
In Section Ill, the technical background conceming t e heolagerie iy iines

parallel operation of OLTC control and PV RPC is explain
in detail and a first assessment is proposed to analyze
impact of PV RPC on the VR control. The technic

5% Voltage drop MV lines

0.98 N
0.96 —-Max. PV (PF=1)/ Low Load

Voltage [p.u.]
-

) . No PV/ Peak Load 8% Voltage drop LV grids
assessment in parallel operation of OLTC control and ooy | TMaxPVPF0SS)/lowloxd | and reserve
. . . . e - «+++ Voltage Bandwidt|
RPC is presented in Section IV. In Section V a sensitiv 09 : -
analysis of grid and controller configurations is performe ™ROT e T ™

Section VI discusses the simulation assumptions and Fig- 1: MV grid based on the CIGRE MV benchmark grid [20] (top);

. . . results of the worst case analysis for the critical feeder T1-T11 (bottom);
relevance of the presented fmdmgs' Fma"y’ the conclusior and the applied allocation of the voltage bandwidth for a German MV and

the study is presented. LV grid (bottom, right). (PF = power factor)

magnitude at the German MV and LV levels is 110% @f V
In the grid scenario, the OLTC controls the voltage at T1 to
The focus of the study is set on identifying potential threat4os of 4, (+1% deadband). The maximum permissible
to the long term voltage stability in distribution grids whergoltage in the MV level is set to 107% of,\4nd a voltage rise
OLTC transformers and PV RPC are operated in parallg}f 305 of i is reserved for the LV level. The maximum
Therefore, root mean square (RMS) simulations with thgermissible voltage rise in the MV and LV level is allocated
Software PowerFactory and a simulation step size of oB@cording to the maximum permissible voltage variation by
second are performed. To aid comprehensibility, theG systems, according [8] and [9]. The results of the worst
simulations are performed on an open access benchmark geigse scenario maximum PV (power factor (PF) = 1) and low
The grid is reconfigured for the case study of a German MMad (black line) already show a maximum MV grid voltage of
grid with high PV penetration. In the following subsection, the 73 p.u. at terminal T11. Therefore, PV RPC is already

configuration of the grid model, the load models, the PYequired in the investigated PV penetration scenario.
models, and the OLTC model are explained.
B. Load Model

A. Grid Mod.el ) . The electric loads are configured according to information
The grid simulations are performed on the CIGRE mediugjith regard to the load type (household, industry) and its
voltage (MV) benchmark grid (nominal voltage ¥ 20 kV),  respective maximum active and reactive power consumption
which was introduced and explained in [20]. The benchmayk [20]. For the RMS simulations, standard load profiles with a
grid was designed for DG integration studies and Wigh comparability to the load profiles applied in [20] are
representative of a real German MV grid. For the study, onljsed. Fig. 2 shows the applied load profiles for household and
subnetwork 1 is considered. Additionally, the 110/20 kVhdustry loads. The loads are simulated with a fixed power
substation transformer is equipped with an OLTC (see Talilgctor according to the given maximum active and reactive
Al in the Appendix). In the reference scenario, PV systemgwer values of the loads in [20]. The voltage dependence of
with a nominal power (nominal inverter powey 8 nominal  the loads is simulated by a ZIP model for which the active and
PV module power under standard test conditionssP) of  reactive power coefficients are derived from the mean values

800 kWp are connected to every MV terminal. PV systems {gyropean case: np = 0.55, nq = 0.91) of the analysis in [21].
the underlying LV grids are not considered in the case study.

Worst case analyses are performed to validate the compliance PV Model
of the chosen PV penetration scenario with the maximum The solar variability in a grid area has a relevant impact on
permissible voltage bandwidth in the MV grid. In thehe active and reactive power fluctuations and gradients of a
sensitivity analysis in Section V, the PV penetration scenaritistributed PV fleet. Several studies show that the solar
and the positioning of the PV systems is varied. variability decreases significantly with increasing plant size
Fig. 1 shows a single line diagram of the investigated M{{22]-[24]); hence the solar variability is larger for a single
grid (top) and the results of the worst case analysis (bottormgsidential scaled PV system compared with an aggregated PV
According to EN 50160, the maximum permissible voltaglieet or utility size PV plant. However, the detailed modelling

Il. SIMULATION MODEL
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of an aggregated PV fleet with a high temporal resolutic 1%

requires extensive measurement data from the analyzed ( T 14/ — industry So6l e t=3s

area, which is usually not available. For the analyzed gene £1.2{| --- household Loshe w | e t=30s
MV grid, no measurement data or geographical informatic Ly N+ t=60s
for the PV fleet is available and a sensitivity analysis of tt t=600s

solar variability is performed.
For this purpose, a simplified approach based on the | & o TeeslllivEris:
model in [22] is used. The study [22] shows that th 002 & 12 16 20 24 £ 05 106 366560 406500
application of a point sensor measurement with an optimiz Time [h] ~ Thoe Constantls)
low pass filter (first order filter) can be used to estimate tt Fi9- 2: left: applied standard load profiles for industry (black line) and
smoothed power output of a Iarge utility size PV plant or household loads (dashed line); right: maximum relative ramp rates (RR)

) - ; ! PV DC profiles (cloudy sky day) for different time intervals t and for
distributed PV fleet. In [22], the optimal filter time constan different filter time constants T.

(T) varies between 54 s (covered area: 0.12 km2) and 43 1.4 ‘ 14— —
(covered area: 36 km?). For the study at hand, the filter tir —1.2f| — cloudysky T=75s | 32} — cloudy sky T=300s
constant (T) is varied between 0s (no smoothing of sol 2 1.0f[ =~ clearsky 2 Ljpl{ ~— 'clearsky
variability) and 500 s (strong smoothing of solar variability) 0.8 g Y YIS 5038 T

For the reference scenario, a filter time constant of 300 s 506 2 0.6

assumed and in Section V, a sensitivity analysis is perforn 5 0.4 / : o504

for the solar variability. Fig. 2 (right) shows the maximun © 02} Qo2

relative ramp rates (RR) of the applied PV generator profil 0.0 5101212 16 18 20 °% 8§ 10 12 14 16 18 20
per capacity for different filter time constants (T). Detaile Time [h] Time [h]

information and a flow chart for the preparation of the P’ Fig. 3: Applied PV generation profiles for clear sky day (dashed line)

generation profiles are given in the Appendix Fig Al. Th and cloudy day (black line) for different filter ime constants T (left: T =
. . ) ... 75s,right: T=300s)
simulations are performed for a clear sky day and a partia o5

1

cloudy day with different filter time constants T (Fig. 3, left —Qv)_v1
T =75s, right: T = 300 s). 04 7 av_v2 | 098 ¥

The applied inverter model was introduced in [25] an 03 / = = \
detailed information about the configuration of the PV inverte zo.2 w 0.9 ‘
is given in the Appendix (Table Al). In this study, differen & o1 / 094 [ —PFP)V1
RPC strategies are analyzed, namely: , i o PF(P)_V2

. RPC Mode 1: No RPC (PF = 1); 1.02 1.(\1;1[p.u1-.]06 1.08 0 o.zsP/g.j[_]ms 1

* RPC Mode 2: Fixed power factor (PF = 0.95); Fig. 4: Applied reactive power control strategies: Q(V) control (left) and

» RPC Mode 3: PF(P) control (watt/ power factor control); PF(P) control (right) (only underexcited operation considered)

* RPC Mode 4: Q(V) control (volt/ var control).

A. Short Circuit Power and R/X ratio in the MV Grid

The characteristics of the PF(P) and Q(V) control are shown,, Fig. 5 (right), the short circuit power Sk” and the R/X
in Fig. 4. For the base scenario, version V1 (black line in Figyiiq at different nodes in the MV grid are shown. The nodes
4) is applied. Only an underexcited operation of the P¥g and T11 are at the end of the feeders and are characterized
inverters is considered. by a relatively low Sk” and a corresponding small X/R ratio.
D. OLTC controller The voltage at busbar T1 is the control variable of the OLTC

The OLTC of the HV/MV transformer controls the MV transformer. This busbar is characterized by a relatively large

. short circuit power and a large X/R ratio, due to the large
busbar voltage (M) at a fixed set voltage Ofrc se) Of serial inductance of the OLTC transformer impedance.

0 SO .
104% of . The OLTC controlier is simulated with a VOItageTherefore, the voltage magnitudes at T6 and T11 (ends of the

deadband (d¥_tc ganp) Of £1% around ¥ ¢ setand a delay . - .

. . - . = . feeders) are especially sensitive to the active power flow, and

function. Fig. 5 (left) shows the applied delay functions. F%Ee vol)tage mggnituge at T1 (ransformer psubstation) i
i

the reference scenario, the version V1 of the delay functi 1 eciallv sensitive to the reactive power flow

(black line in Fig. 5, left) is applied. The delay function avoid§sP y P :

OLTC switching in cases of short term voltage variation. 4. Voltage Variations caused by PV Feed in in the MV Grid
further description of the OLTC controller setup is given in |, Fig. 6 the voltage variation caused by PV feed in is

[25]. analyzed for nodes T11 and T1. Increasing the PV active
power feed in leads to rising voltage magnitudes at T11 and

lll. PRELIMINARY ANALYSIS: PARALLEL OPERATION OF PV RPC can reduce the voltage rise at T11 (Fig. 6, right). It
OLTC CONTROL ANDPVRPC should be noticed that the voltage at T1 is not significantly

This section gives an overview of the technical backgrouraffected by the active power feed in of the PV systems.
on parallel operation of OLTC control and PV RPC. However, an increased reactive power provision by the PV

systems (underexcited) can lead to a significant voltage drop
at node T1 (Fig. 6, left). Therefore, PV RPC can increase the
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\

voltage variations |dV| at T1 and might lead to an increase

the number of OLTC switching operations. 200 \ [—delay_Vi--delay_v2 1000 ‘ ’—u—‘_sk “X/R 100
C. Reactive Power Fluctuations caused by PV Systems §1so ' b 10+
For PV systems, the active power feed in and hence alsc g 100 i %
reactive power provision can vary greatly over time. In g 50 T e 1 =
previous study [18], the impact of PV RPC on the reacti ~ B3
0.1

power ramp rates at the HV/MV transformer was analyzed
a real German distribution grid. The results in [18] show
that PV RPC can significantly increase the reactive pov
ramp rates and hence increase reactive power fluctuations
the HV/MV transformer, especially on days with a highl
variable irradiation. The highest reactive power ramps wi

1 2 3...4 5

Voltage Deviation [%]
Fig. 5: Applied delay function (delay V1, delay V2) of the OLTC
controller (left). Short circuit power Sk” and X/R ratio at different grid
nodes for the MV grid (right, logarithmic scale).

8

determined for the PF(P) control [18]. In Fig. 7 (left), tr T oTees et T T e et
reactive power provision is shown as a function of the act ¥ 1| — rr=098 PF=0.95| X 6[| — pr=0.98 PF=0.95
power provision according to the applied characteristics —~ =3

the fixed PF control (PF = 0.95) and PF(P) control. Hi E t:’

reactive power ramps are determined for the PF(P) con > ks v

(PF(P)_V1) with 0.58 var/W (at B{S 0.75) compared with 94

0.33 var/W for the fixed PF control (PF = 0.95). e 1

P [MW] (all MV PV) P [MW] (all MV PV)

Fig. 6: Voltage variations dV at node T1 (left) and node T11 (right) caused
by all PV systems. (Assumptions: slack voltage = 1.0 p.u. at TO, OLTC
control deactivated, low load case, reference for d\; 0 MW)

D. Voltage Dependency of Q(V) Control

In Fig. 7 (right), the reactive power provision by all MV P!
systems (grayscale) is shown for different voltages at T1

the Q(V) control. For this analysis, the slack voltage was 106 (g Qo
on the MV busbar T1 and the OLTC control was deactivati o3[ — pr=025 Ry Mtedction by Q(\ =3
The fixed power factor control and the PF(P) control & ~ |/~ 770 — | ~
voltage independent. This is not the case for the Q(V) cont = *? = =104 s
Due to the voltage dependency of the Q(V) control, the Q( & ,; 8103 =
control is also influenced by the voltage at T1. In the case « . § ' Low voltage o}
high voltage at T1, the Q(V) control will likely provide mort  %04*G553"05 08 10 1025 f;—‘dﬁt';’g bl\ng(;’)lg Q=0

reactive power to reduce the voltage in the grid. Therefore, P/Sx [-] Time

Q(V) control can reduce the risk of exceeding the upg
OLTC threshold (upper dashed line in Fig. 7, right
Otherwise, in the case of a low voltage at T1, the Q(V) coni

Fig. 7: Special issues of RPC strategies. Left: high Q gradients (dQ/dP)
especially for the PF(P) control (PFP_V1); right: Q provision of MV PV
(grayscale) with Q(V) control for different voltages at T1 at the clear sky
day. The white dashed lines represent the OLTC thresholds at T1.

will likely provide less reactive power. Therefore, the risk .

triggering an additional OLTC switching operation at th@ower flow) in order to keep the voltage at the distant node

lower OLTC threshold (lower dashed line in Fig. 7, right) igvithin the specified limits.

reduced for the Q(V) control. The voltage dependency of theThe paper at hand focus on a VR (OLTC transformer),

Q(V) characteristic also tends to smooth voltage variations \@hich controls the voltage at a rather strong grid node (high

the OLTC transformer (T1). Sk”, high X/R ratio, e.g. T1). Whereby the voltage at this

, . node is especially sensitive to the reactive power flow and PV

E. First Assessment for the parallel operation of Voltage  Rpc will increase voltage variations |dV| at this node (Fig. 6,

Regulators and PV Reactive Power Control left). The findings of the paper at hand regarding the parallel
The analysis in Fig. 6 already allows a first assessment fgperation of VR control and PV RPC are relevant, in case of:

the parallel operation of VR control and PV RPC, in generak  The VR controller has a fixed voltage set point or fixed

First, it is assumed that the VR controller has a fixed voltage voltage range at a specific grid node,

set point or a fixed voltage range (voltage mode) at a specific pv RPC leads to an increase of voltage variations at the

grid node. In case the VR controls the voltage at a weak grid controlled grid node.

node (low Sk” and low X/R ratio, e.g. T11); PV RPC can

reduce the voltage variations |dV| (Fig. 6, right) at this node This can be the case for different kind of VR (e.g. OLTC

and the application of PV RPC will likely reduce the numbettransformer, line voltage regulators, switched capacitors).

of VR switching operations. This can be the case for lingdowever, the dynamic behavior of the different VR may

voltage regulators or switched capacitors situated at a wealkffer from the here analyzed OLTC application.

grid node (low Sk and low X/R). This can also be the case

for VR control strategies, which control the voltage at a IV. TECHNICAL ASSESSMENTPARALLEL OPERATION OF

remote or distant grid node (e.g. line drop compensation OLTC coNTROL ANDPV RPC

mode). However, for the line drop compensation mode it is In this section, the applied methodology is introduced and

important that the VR calculates the voltage at the distant QEW technical assessment for the parallel operation of OLTC

S ; . e
node correctly (direction detection of active and reactive) +-ol and PV RPC is presented
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%I

A. Methodology £ ¥ 5 %
- , o% 17 - L]

The applied methodology is based on a Monte Car £'2 18:_ E} B 1 E 1
simulation of the external grid voltage. An overview of th Z o] e i ]
applied methodology is given in Fig. 8. Besides the active a :gg : : : e ‘ Tt
reactive power flow over the HV/MV transformer, the voltag PF=1 PF=095 PF(P) Q)  PF=1 PF=0.95 PF(P) Q(V)

at the upstream HV busbar4 also has a relevant impact on Fig. 9: Box plots of the Monte Carlo simulation for the clear sky day (left)
the OLTC operation. It is common practice to set the sla and the cloudy day (right). The black bars define the mean values; the
voltage at the external grid to a fixed value (e.g. 1.0 p.u boxes define the 25 and 75% percentiles of the result popu
However, this choice of external slack voltage has a relevans. Finally, a statistic analysis and assessment of the parallel
influence on the point in time and the number of OLTC  operation of OLTC control and PV RPC is performed.
switching operations. This impact is explained more in detail
in the Appendix Fig. A3. The Monte Carlo simulation is The technical assessment is performed according to the
therefore required to increase the reliability of the analysis aodteria of maximum voltage magnitude (of all MV grid
to avoid a very case specific outcome for just one specifiobdes), additional OLTC switching operations, and the PV
external grid voltage setting. The single steps of the applieshctive energy provision (aggregated for all MV PV).
methodology are explained below: Furthermore, an effectiveness ratio Eff_Q is introduced (Eq.
1. The OLTC control is configured; the load and PV1-2). The effectiveness ratio compares the “benefit” of PV
profiles are implemented (compare Section Il). PV RPRPC, being the reduction of the maximum grid voltage, with
is set to Mode 1 (PF=1) and the Monte Carlo iteratiothe “effort” of PV RPC, being an additional reactive power
counter i is set to 1. provision by the PV systems. Additional reactive power
2. The slack voltage of the external grid is drawn from grovision by PV leads to an increase of PV inverter losses and
specified distribution function, namely, a normalmight lead to an overloading of grid assets, additional network
distribution with parametens=1.0 p.u.,c=0.05 p.u. (see losses, and further expenses for reactive power balancing (e.g.
Table Al). Overall, approximately 99% of the drawr[30]). In Figure A2 in the Appendix the grid losses are shown
values are within the permissible voltage range (longr the different PV RPC strategies. The additional grid losses
term voltage variations) for the German HV grid [29]. by PV RPC correlate with the reactive power provision of the
3. The respective PV RPC mode is applied for all MV PV. PV systems for the analyzed MV grid. In order to avoid
4. The RMS simulation is performed for the characteristionnecessary grid losses a high effectiveness ratio Eff Q
day with the applied PV RPC mode and the drawn slackould be achieved. In summary, these equations are:
voltage. The simulation is repeated for all four PV RPC

modes (RPC mode +1) with identical grid configurations. eff-Qmoge; = Lmaxlerii—Vimalmodes 1)
In case all RPC modes were simulated (RPC mode =47?) ' LQpv Imodei
a new monte carlo iteration (i = i+1) is started, the RPC Eff_Qmoae = mean{[eff _Qmode ili=1,..100} @)

mode is setto 1 and a new external grid voltage is drawn.
Overall, 100 Monte Carlo iterations are performed fowhere:
each RPC mode. * Vmax Maximum MV grid voltage for simulation i;
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C. Additionally Triggered OLTC Tap Changes

Fig. 10 shows an example of an unintended OLTC
switching operation, caused by PV RPC with PF(P) control.
The additional reactive power provision of the PV systems
(underexcited) leads to an additional voltage drop at the OLTC
transformer VW,;, and at 10 a.m. an unintended OLTC

o2 é;&:;z[{::]m 16202224 0246 é%‘iomlez[lhﬁmazoz‘zza switching operation is triggered to compensate the vc_JItage
Fig. 10: Voltage at T1 (left) and the maximum MV grid voltage (right) in drop 6.1'[ T1 (Fig. _10’_ left). AS a consequence, ,the ma)_(lmum
the case of a contrary operation of OLTC control and PV RPC with PF(PYMV grid voltage is higher with PF(P) control (Fig. 10, right)
control (example for the clear sky day). compared to the base case scenario (PF = 1). Hence in this
simulation example, the PF(P) control achieves a negative
effectiveness ratio eff Q.

In Fig. 11, the reactive power provided by all MV PV
systems and the points in time with additional triggered OLTC
switching operations are shown for the PF(P) control (left) and

the Q(V) control (right) for the partly cloudy day and for 100

1 1Tzime[h1]‘4 6 %10 1Tzime[h1]‘4 1 Monte Carlo iterations. ~Additional OLTC  switching

[ Addtomotc s At VeV top v decresse ] operations that increase the grlld voltage (Flg._ll_, dark_gray
Fig. 11: Q provision of PV systems for the PF(P) control (left) and Q(V) t”an,gles) are, espema]ly determined _fqr points in time with a
control (right) and the points in time of additional triggered oLTC Medium or high reactive power provision of the PV systems.
switching operations for the cloudy sky day (100 Monte Carlo iterat The reactive power provision of the PV systems aims to lower
}he grid voltage. Therefore, the unintended OLTC switching
operations caused by PV RPC usually decrease the
effectiveness ratio Eff Q. For most of the simulations, the
Q(V) control shows no effect on the number of OLTC
switching operations (Figs. 9 and 11) and achieves the highest
effectiveness ratio in parallel with the OLTC control (Fig. 9).

B. Results for Clear Sky Day and Cloudy Day The risk of unintended OLTC switching operations is
The results of the Monte Carlo analysis are shown by tﬁégmflcantly reduced by the voltage dependency of the Q(V)

box plots in Fig. 9. The black bar defines the mean value %(?ntrol (compare Section lI1.D).
the result population. The maximum voltage (Fig. 9, top)
considers the voltage of all MV nodes (T1 to T11). The results
show a relevant voltage reduction potential for all types of PV The scope of the sensitivity analysis is the cloudy sky day
RPC. The highest mean voltage reduction potential #enario with the PV RPC strategies PF(P) and Q(V) control.
determined for the fixed PF control (PF = 0.95) and the Q(M)able | gives an overview of the simulation assumptions for
control (Fig. 9, top). However, the fixed PF control (PF the sensitivity scenarios (S1 to S10). The results of the
0.95) also leads to the highest reactive energy provision fraensitivity analysis are given in Fig. 12. In Fig. 12 the black
all PV systems and consequently shows the lowest mdires show the result of the reference scenario and the grey
effectiveness ratio Eff Q of 8 V/Mvarh, compared tdars describe the change for the respective sensitivity. Here,
17 V/IMvarh for the PF(P) control and 33 V/Mvarh for theonly the mean value of the result population is considered. The
Q(V) control on the cloudy day. results for the scenario without PV RPC (PF=1) are also
Especially on the cloudy day, the fixed PF control (PF shown in the Fig. 12 (plus sign). The focus is set especially on
0.95) and the PF(P) control lead to an increase of OLTW@e relevant impact factors on the number of OLTC switching
switching operations. The mean number of OLTC switchingperations.
operations increases from 1.9 (PF = 1) to 3.1 (PF = 0.95, I .
+63 %) and to 3.8 (PF(P), +100 %) for the cloudy da)'/é' Incr.ease of OLTC SW|tch.|ng“Op.erat|ons )
Otherwise the Q(V) control leads to a slight decrease to 1.8The increase of solar variability in the MV grid area (S1)
OLTC switching operations (5%) in average. This effect i¢ads only to a slight increase of the number of OLTC
even more significant for the maximum number of OLT@Witching operations (PF(P) control). Here, the delay function
switching operations, which increases from 4 (PF = 1) to of the. OLTC controller avoids additional OLTC switching
operations (PF(P) and PF = 0.95) for the cloudy day. operations in case of short term v_oItage qucFuatK.)ns at Tl.'
Furthermore, the effectiveness ratio gffs negative for ~ The number of OLTC switching operation is especially
some of the Monte Carlo iterations with the PV RPC strategig§nsitive to the applied PV penetration scenario (S3, S4). An
(Fig. 9, bottom). For these simulations, PV RPC leads to Hifrease of thg P_V nominal power Ieads.to a relevant increase
increase of the maximum grid voltage compared with tff OLTC switching operations, especially for the PF(P)
scenario PF = 1 (compare Eq. 1). This effect is especiaﬁ?ntm'- For sensitivity scenario S3 and S4, the PV systems

significant for the PF(P) control, which is discussed more jrovide an even higher reactive energy for the Q(V) control
detail in the next section. than for the PF(P) control, due to the high grid voltages.

Nevertheless, the Q(V) control just lead to a slight increase of
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* Qpy: reactive energy supplied by all MV PV systems fo
simulation i;

« i index referred to Monte Carlo simulation (i=1,...,100)
» mode: index referred to the applied RPC strategy;
* PF1: index referred to the scenario with PF = 1.

V. SENSITIVITY ANALYSIS
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OLTC switching operations in this high PV penetration
scenarios (S4).

The position of the PV systems in the grid affects especiall
the Q(V) control. In case the PV systems are situate

especially at weak grid nodes (end of feeders, S6) the F
systems will provide more reactive power due to the high gri
voltages. This can increase the impact of Q(V) control on th
OLTC operation. However, even for the applied extrems
scenario with two large PV systems (2 x 4.4 MW) at the en
of the two feeders (node T11, T6), the Q(V) control just lead
to a slight increase of OLTC switching operations.

A comparable result is achieved for an adjusted Q(V
control (S7), whereby the reactive power provision of the P\
systems starts at lower grid voltages and the PV reacti
power provision increases. Nevertheless, the Q(V) control ju
cause a minor increase of OLTC switching operations.

Furthermore, a relevant increase of the number of OLT!
switching operations is determined for a weak external gri
interconnection (S10, with low short circuit power of externa
grid element). However, here also the scenario without P:

RPC (PF=1) is affected.

B. Decrease of OLTC Switching Operations

A relevant decrease of the number of OLTC switching
operations (PF(P) control) is achieved with a adjusted OLT!
transformer setting (especially S8). In the reference scenai
the OLTC deadband (drc_sano = 2 %) is not much larger
than the voltage change per OLTC tap ¢d¥ wp = 1.51 %).
The voltage reserve at T1 after an OLTC switching operatio
is rather small in the reference scenariori(¥serve =
dVoirc_eanp - dVortc_wp= 0.5 %). Therefore, induced voltage
variations by PV systems larger than 0.5 % at T1 can alreau
cause repeated OLTC switching operations. This effect
explained more in detail in the Appendix in Fig. A3 and in
[18]. In order to increase the voltage reserve at T1 after ¢
OLTC switching operation, the OLTC deadband can b
increased or the voltage change per OLTC tap can
decreased. An increase of the OLTC deadband might confli
with the voltage regulation scheme in the distribution grid an
the adoption of the voltage change per OLTC tap migh
require a new OLTC transformer. In the sensitivity scenaris
S8 the voltage reserve at T1 t{Meserve = dVoiTc Banp -
dVoLrrc_wp= 0.8 %) was increased by a reduced voltage chang
per OLTC tap (d¥irc_wp = 1.2 %), which lead to a relevant
reduction of OLTC switching operations for the PF(P) contro
(S8).

The adjustments of the delay function of the OLTC
transformer (S9, delay _V2) with an extended delay time jus
lead to a slight decrease of OLTC switching operations.

A relevant decrease of OLTC switching operations is als
determined for an adjusted PF(P) control (S7, PFP_V2). Wit
the characteristic PFP_V2 the reactive power gradients of tl
PV systems (dQ/dP) are reduced compared to the scena
with PF(P)_V1 (compare Fig. 7, left). Nevertheless, the
adjustment also leads to an increased reactive ener

7
TABLE |
OVERVIEW SIMULATION ASSUMPTIONSSENSITIVITY ANALYSIS
Scen .
ario Category Setting
Ref. Reference According to Table Il
S1 Increased solar variability Time constant T =150 s
S2 Reduced solar variability Time constant T =500 s
S:e IncreasePV penetratiol 1 Ppv stc= Sy= 1.0 MVA
S4 Increased PV penetration 2 pyRrc= Sy = 1.2 MVA
S5 PV location at beginning of 2 PV systems (2 x,&
feeders 4.4 MVA)atT1 and T2
S6 PV location at end of 2 PV systems (2 &=
feeders 4.4 MVA)atT6 and T11
S7 RPC control (Fig. 4) PF(P): PFP_V2
Q(V): QV_V2
S8 OLTC control Voltage per tap = 1.2%
S9 OLTC control Delay function V2
applied (Fig. 5, left)
S10 External Grid (weak HV Internal impedance: R=
connection) 3.6Q, X=11.5Q (Sk” at
To=1 GVA)
iglm
=0
v g 1.07
8 © 1.06
5 .E
> £ 1.05
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B

Fig. 12: Result of the sensitivity analysis for the PF(P) control (left) and
Q(V) control (right).

provision of the PV systems and to a reduced effectivene__

ratio Eff_Q. C. Conclusion Sensitivity Analysis

Furthermore, a reduced solar variability (S2) in the MV grid The different sensitivity scenarios affect the maximum grid

area leads to a small decrease of OLTC switching operat|on§/.oltage, the PV reactive power provision, the number of

1949-3053 (c) 2016 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission. See http://www.ieee.org/publications_standards/publications/rights/index.html for more information.



This article has been accepted for publication in a future issue of this journal, but has not been fully edited. Content may change prior to final publication. Citation information: DOI 10.1109/TSG.2017.2712633, IEEE
Transactions on Smart Grid

TSG-00872-2016 8

OLTC switching operations and the effectiveness ratio Eff @ifferent grid locations with high temporal resolution, e.g.
A suitable configuration of the local control characteristics 2], [18]), which is usually not available.

always a compromise between these impact factors and theiThe simulation results are case sensitive to the applied
priorities. Nevertheless, it should be pointed out, that the Q(¥imulation model. Nevertheless, a number of general
control shows in all investigated scenarios a rawer low impambnclusions can be derived from the study.

on the number of OLTC switching operations and achieves ir The additional OLTC switching operations by PV RPC
most investigated scenarios a rather high effectiveness ratio have usually a contrary effect on the grid voltage then the

compared with a PF(P) control. PV reactive power provision (see Section V.6
unintended OLTC switching operations.
VI. DISCUSSION OFRESULTS » The unintended OLTC switching operations by PV RPC

In this section, the simulation assumptions and the therefore reduce the effectiveness in parallel operation of

relevance of the presented findings are discussed and generaPLTC control and PV RPC (see Section IV.C).
conclusions are derived. » The voltage dependency of the Q(V) characteristic also

In Section IIL.E a first assessment was proposed to analyze tends to smooth voltage variations at grid nodes, which are
the impact of PV RPC on the VR control. In the present directly coupled with the PV network connection point
investigation, the VR (OLTC transformer) controls the voltage (see Section I11.D). This effect can avoid or reduce the risk
at a grid node, which is especially sensitive to the reactive of unintended OLTC switching operations.
power flow. Therefore, the reactive power fluctuations by PV* The PF(P) control shows within the highest reactive power
RPC lead to an increase of voltage variations at the controlled gradients (dQ/dP) of the PV systems (see Section III.C).
grid node and cause an increase of OLTC switching This effect can increase the risk of additional OLTC
operations. The presented findings are relevant for similar VR switching operations.
and grid configurations. , , )

An increase of OLTC switching operations can accelerate In a smart grid environment coordinated control app.roaches
the abrasion of the OLTC and can shorten the OLT@f PV systems and voltage regulators can generally improve
maintenance intervals. However, traditional tap changers fée effectiveness in the parallel operation of different control
oil immersed transformers usually have a mechanical lifetin§dtities and can avoid or reduce unintended interactions.
of 800,000 operations and maintenance intervals of 50,000¥§Vertheless, even in a highly integrated grid, autonomous
100,000 operations or 7 years [27], [28]. Hence, treontrol approac.hes will further play an important rolle, due to
determined number of OLTC switching operations (maximur@St response time, no necessary communication links and a
12 taps/day with PF(P) control) seems to remain in a';(qnple parameterization and application. The(efore.,. the
acceptable range for the applied simulation model. However2@pPlied assessment methodology can support the identification
high sensitivity of the simulation results is determined for thef Suitable autonomous control configurations.

PV penetration scenario and additional PV installations with

RPC will further increase the number of OLTC switching VIl CONCLUSION

operations. It should be highlighted that the applied simulationin this paper we presented a technical assessment of the
model corresponds to a medium PV penetration scenario (B¥rallel operation of an autonomous voltage regulator control
capacity over peak load: 36 %). Therefore, the analysis (ISLTC control) and autonomous PV reactive power control
especially relevant for distribution grids with a medium o(RPC). The investigated control strategies encompass a
high PV penetration and a system wide rollout of PV RPC. voltage mode of the OLTC transformer and different PV RPC

A similar methodology was applied in a preliminary studytrategies (fixed PF, PF(P) and Q(V) control).

[18] for a real German MV grid and the results show similar The technical assessment is performed by a Monte Carlo
trends with a relevant increase of OLTC switching operatiorsmulation of the external grid voltage and according to the
for fixed PF control (PF=0.95) and PF(P) control and a loetiteria of maximum grid voltage, PV reactive power
increase for the Q(V) control. So the applied methodology jsrovision, and number of OLTC switching operations.
also applicable for real distribution grids. In [18] also higlFurthermore, an effectiveness ratio for the parallel operation
time resolution solar irradiation data at different grid nodasf OLTC control and PV RPC was introduced.

were available and the active and reactive power flow at thewe showed that PV RPC can cause unintended OLTC
OLTC transformer was validated with grid measurements. Feitching operations, which reduce the effectiveness ratio and
the applied generic grid model, the aim was not a detailegerall increase the number of OLTC switching operations.
replication of a real MV grid. In the paper at hand, thgurthermore, we pointed out that the impact of PV RPC on the
distributed PV fleet was modelled with an adjustable low pagsimber of OLTC switching operations is highly sensitive to
filter (Section 11.C.), which represents the smoothing effect afe applied PV RPC strategy. In the applied case study the
solar variability in the MV grid area. With this simplified Q(V) control showed a rather low impact on the number of
approach, the impact of solar variability on the parall@bL.TC switching operations and achieved a rather high
operation of OLTC control and PV RPC can be analyzed aegfectiveness ratio compared with a PF(P) control. This
the approach can be used in case no comprehensitgcome was approved by a sensitivity analysis of grid
measurement data is available. It should be highlighted that@nfigurations and controller settings. Finally, we discussed
accurate modelling of a distributed PV fleet requirethe simulation assumptions and the relevance of the presented
comprehensive measurement data (e.g. solar irradiation datéirglings for grid operation.
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cloudy day. Finally, the PV generator profiles are scaled to a maximum peak
power of 85 % of the nominal generator power under standard test conditions

Transactions on Smart Grid

APPENDIX

ANNEX

| Point sensor measurement |

GlobalHorizontal Irradiatioanemperature

Module Type

| PV array performance model

Module Slope
Module Azimuth

Clear Sky
Day?

Low pass filter (PT1)
T-3() +y() = u(t)
T=Time Constant

y(t) = poc**, ult)=ppc*

Ye
b Poc* lpoc*
Profile Scaling
p =-toc® .gg5.p
pet) = maxped) PV_STC
PDC

9
1.05 p.u Upper OLTC threshold 1.05 p.u |LeezpperQUiCthreshold
VeTl Ve@Tl
1.03p.u 1.03 p-u| Lower OLTC threshold

Voltage Variations cause by PV
In combination with OLTC control

Voltage Variations cause by PV

Fig. A3: The figure shows exemplary the impact of voltage variations at

T1 for two different external grid voltages. The voltage variations at T1 solely
caused by PV are in both cases equal. However in the left example no OLTC
tap change is triggered, because the voltage variations at T1 are around the
OLTC set value of 1.04 p.u.. In a best case example voltage variations at T1
of up to 2% of \ (dVorrc_eann) Would cause no additional OLTC switching
operation. Otherwise, in the right example four OLTC tap changes are
triggered; because the voltage variations at T1 are around the OLTC
thresholds. In a worst case example voltage variations at T1 above 0,49% V

Fig. Al: Flow chart for the preparation of the PV generator profilgg (P (dVoLtc_sano Of 2% Vi minusdVoirc tapof 1.51% W) can already cause a
The reduction of solar variability by a low pass filter is only required for théepeated tripping of the OLTC transformer.

(Pev st9. In the study [22] it is determined, that the maximum aggregated
power of a PV fleet in the MV and LV level do not exceed 85 % of théll
aggregated nominal generator powes/(Erd in the majority of cases.
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Fig. A2: Box plot of grid losses (left, only line losses considered) and reactivg]
energy provision of PV systems (right) for the cloudy sky day

TABLE Al
GENERAL SIMULATION ASSUMPTIONS(REFERENCECASE)
Category Setting
Rated power 40 MVA
@ Rated voltage 110 kV /20 kV
O % Impedance r=0.00491 p.u.,
% x=0.1651p.u.
O & Vector groy| Ynds
= Add. voltage per tap Y rc tap= 1.51 %
Max./min. tap position +15
Measurement Values Global horizontal
irradiation, temperature
g Measurement resolution 3s
5 Measurement locatic Southern Bavaria ([
a PV array performance According [26]
E model
Module type Shell Solar SM100 12
Module slope, azimuth 28°, 0° South
Time constant 300 s
o Nominal power § 800 kVA
2 Max. reactive powt 0.312 &
e Min. capable power factor 0.2
£ Time constant PT1 P 1s
E Time constant PT1 Q 5s
Effectivity according [2] For SMA mini central
Bus type Slack
Internal impedanc R=0Q, X=0Q (ideal)
e Set voltage Normal distributionp=1.0
= p.u.,6=0.05 p.u. (values are
5 limited afterwards, between

0.85 p.u. and 1.15 p.u.)

(6l

[

(8l
[

[10]
[11]

[12]

[13]

[14]

[15]

[16]

[17]

REFERENCES

IRENA (2015, Decemberpata and StatisticROnline]. Available:
http://resourceirena.irena.org/gateway/dashboard/

M. Braun, “Provision of Ancillary Services by Distributed Generators,”
Ph.D. dissertation, Dept. of Elect. Eng. and Comput. Sci., Univ. of
Kassel, 2008.

C. Schauder (2014, Marctdvanced Inverter Technology for High
Penetration Levels of PV Generation in Distribution Systé@rsine].
Available: http://www.nrel.gov/docs/fyl40sti/60737.pdf

German Energy Agency (2012, Decembdgna — Verteilnetzstudie:
Ausbau und Innovationsbedarf der Stromverteilnetze in Deutschland bis
2030 [Online]. Available:
http://www.dena.de/projekte/energiesysteme/verteilnetzstudie.html.

T. Stetz, K. Diwold, M. Kraiczy, D. Geibel, S. Schmidt, M. Braun,
“Techno Economic Assessment Approach for Autonomous Voltage
Control Strategies in Low Voltage Grid$EEE Trans. on Smart Grjd

Vol. 5, No.4, July 2014.

T. Stetz,"Autonomous Voltage Control Strategies in Distribution Grids
with Photovoltaic Systems — Technical and Economical Assessment,”
Ph.D. dissertation, Energy Manage. and Power Syst. Operation, Univ. of
Kassel, 2013.

H. Brunner, A. Lugmaier, B. Bletterie, H. Fechner, R. Brundlinger

(2010, December)DG DemoNetz — KonzepOnline]. Available:
http://download.nachhaltigwirtschaften.at/edz_pdf/1012_dg_demonetz_
konzept.pd

Power generation systems connected to the low voltage distribution
network VDE AR N 4105, 2011.

Technical Guideline for the Connection and Parallel Operation of
Generator Connected to the Medium Voltage NetwBgtman

association of energy and water industries (BDEW), 2008.

Technische und organisatorische Regeln fur Betreiber und Benutzer von
Netzen — Hauptabschnitt DFOR D4, 2013.

Requirements for micro generating plants to be connected in parallel
with public low voltage distribution networksN 50438, 2014.

E. Wieben et al., “Weiterentwicklung der Anforderungen an
Erzeugungsanlagen im Niederspannungsnetz,“ (in German) Netzpraxis
No. 6, 2012.

R. A. Walling, R. Saint, C. R. Dugan, J. Burke, L. A. Kojovic,
“Summary of Distributed Resources Impact on Power Delivery
Systems,'IEEE Trans. on Power Deliveryol. 23, No. 3, July 2008.

F. Andren, B. Bletterie, S. Kadam, P. Kotsampopoulos, and C. Bucher,
“On the Stability of Local Voltage Control in Distribution Networks
With a High Penetration of Inverter Based Generation,” IEEE Trans.
Ind. Electron., vol. 62, no. 4, pp. 2519-2529, Apr. 2015.

L. Kojovic, “Modern Technigques to Study Voltage Regulator — DG
Interactions in Distribution SystemsTransmission and Distribution
Conf. and Exposition IEEE/PES008.

Y. P. Agalgaonkar, B. C. Pal, R. A. Jabr, “Distribution Voltage Control
Considering the Impact of PV Generation on Tap Changers and
Autonomous Regulators,Trans. on Power System¥0l.29, No.1,
January 2014.

B. Mather, “Quasi static time series test feeder for PV integration
analysis on distribution systems|EEE Power and Energy. Society

1949-3053 (c) 2016 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission. See http://www.ieee.org/publications_standards/publications/rights/index.html for more information.



This article has been accepted for publication in a future issue of this journal, but has not been fully edited. Content may change prior to final publication. Citation information: DOI 10.1109/TSG.2017.2712633, IEEE
Transactions on Smart Grid

TSG-00872-2016 1C

General Meeting, San Diego, CA, 2012, DOI: “Distribution System Operation” at the Fraunhofer IWES in Kassel, Germany.
10.1109/PESGM.2012.6345414

[18] M. Kraiczy, M. Braun, G. Wirth, T. Stetz, J. Brantl, S. Schmidt,
“Unintended Interferences of Local Voltage Control Strategies of
HVIMV Transformer and Distributed Generator28th European PV
Solar Energy Conf. and ExhibitipRaris, 2013.

[19] M. Hartung, E. M. Baerthlein, A. Panosyan, “Comparative Study of Tap
Changer Control Algorithms for Distribution Networks with high
Penetration of Renewable€JRED WorkshopRome, 2014.

[20] K. Rudion, A. Orths, A. Stycznski, K. Strunz, “Design Benchmark of
Medium Voltage Distribution Network for Investigation of DG
Integration,”Power Eng. Society General Meetifgontreal, 2006.

[21] J. V. Milanovi, K. Yamashita, S. M. Villanueva, S. Z. DjeékLidija M.
Korunovi, “International Industry Practice on Power System Load
Modeling,” IEEE Trans. on Power Systemgol. 28, No. 3, August
2013.

[22] G. Wirth, “Modellierung der Netzeinflusse von Photovoltaikanlagen
unter Verwendung meteorologischer Parameter,” Ph.D. dissertation,
Faculty of Math. and Natural Sci., Univ. of Oldenburg, 2014.

[23] M. Lave, J. Kleissl, S. J. Stein, “A Wavelet based Variability Model
(WVM) for Solar PV Power Plants,JEEE Trans. on Sustainable
Energy Vol. 4, No. 2, April 2013.

[24] J. Marcos, L. Marroyo, E. Lorenzo, M. Garcia, “Smoothing of PV power
fluctuations by geographical dispersion,” Bmogress in Photovoltaics:
Research and ApplicationBOl: 10.1002/pip.1016.

[25] T. Stetz, M. Braun, H. J. Nehrkorn, M. Schneider, “Methods for
maintaining voltage limitations in medium voltage systemSTG
ConferenceWirzburg, 2011.

[26] D. L. King, W. E. Boysen, J.A. Kratochvill (2004, December).
Photovoltaic Array Performance Model[Online]. Available:
http://prod.sandia.gov/techlib/access control.cgi/2004/043535. pdf

[27] On Load Tap Changers for Power TransformeMaschinenfabrik
Reinhausen, Regensburg, 2013.

[28] Type CM2 Vaccum On Load Tap Changers for oil immersed
transformer Shanghai Huaming Power Equipment Co., Ltd., Shanghai,
2010.

[29] Technical requirements for the connection and operation of customer
installations to the high voltage netwolMDE AR N 4120, 2015.

[30] M. Kraiczy, T. Stetz, H. Wang, S. Schmidt, and M. Braun, "Entwicklung
des Blindleistungsbedarfs eines  Verteilnetzes bei lokaler
Blindleistungsregelung der Photovoltaikanlagen im
Niederspannungsnetz," ETG Congress, Kassel, Germany, March 2015.

AUTHOR INFORMATION

Markus Kraiczy was bornin Germany in 1983. He
received his B.Eng. in Electrical Engineering from the
University of Applied Sciences Anhalt and his M.Sc. in
Renewable Energies and Energy Efficiency from the
University of Kassel in 2012. He is now a research
associate with the Fraunhofer Institute for Wind Energy
and Energy System Technology (IWES) in Kassel,
Germany.

Thomas Stetz was born in Germany in 1983. He
received a Diploma in Industrial Engineering (Dipl.-Wi.-
Ing (FH)) from the University of Applied Sciences in
Darmstadt in 2008 and a M.Sc. in Renewable Energies
and Energy Efficiency from the University of Kassel in
2009. He worked with Fraunhofer IWES from 2009 to
2015 and received a PhD in Electrical Engineering from
the University of Kassel in 2014. At present, Thomas
Stetz is Professor for Smart Grids and Energy Storage at
the University of Applied Sciences Mittelhessen in GieRen, Germany.

Martin Braun (senior member |IEEE) was born in
Germany in 1978. He received a Diploma in Electrical
Engineering and a Diploma in technically oriented
Business Administration from the University of
Stuttgart. In 2008, he received his Ph.D. from the
University of Kassel. Martin Braun is now Professor for
Energy Management and Power System Operation at the
University of Kassel and head of the department

1949-3053 (c) 2016 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission. See http://www.ieee.org/publications_standards/publications/rights/index.html for more information.



