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ABSTRACT

In Germany, the enormous growth of distributed gen-
eration (DG), in particular from photovoltaic (PV) pan-
els, pushes the low voltage (LV) networks to their limits.
Over-voltages in LV networks limit the further absorp-
tion of DG, especially in rural and suburban areas.
Several voltage control (VC) applications can be im-
plemented to solve these issues. These VC applications
can be further combined or even coordinated with the
help of information and communication technolo-
gy (ICT) to improve the control effect. This paper focus-
ses on the combination and coordination of these VC
applications. The control effects are evaluated are eval-
uated for a wide range of artificial synthetic LV net-
works. The assessment is made with the help of the
Smart Grid Metrics framework (SGM).

INTRODUCTION

The absorption capacity of DG in rural and suburban
LV networks is mostly limited due to possible over-
voltages. In contrast to thermal overloads which can
only be solved by storage, curtailment or network exten-
sion, advanced and relatively affordable technologies
are available to maintain the voltage magnitude [1, 2].
The project LISA (Leitfaden zur Integration Span-
nungsstabilisierender Applikationen) aims at providing a
guideline for the integration of VC applications in LV
networks [3, 4]. The aim of this project is not only to
investigate the various VC concepts but also to system-
atically examine application options in various LV net-
works. The project results will be summarized into a
guideline for the implementation of different VC op-
tions. This guideline shall provide the distribution sys-
tem operators with optimal solutions in both technical
and economic aspects without the necessity of high-
effort analysis. The guideline shall also provide sugges-
tions to the equipment and controller manufacturers for
their future development including the control concepts.
In [3, 4], the simulation results of different VC schemes
for various applications are presented and analyzed. The
next step now is to investigate the interaction between
the different VC schemes and technologies. Different
combinations of VC applications are investigated with
and without control coordination for different network
situations. All costs of the investigated options are esti-
mated and summarized and the results are assessed by
the SGM [5] for a quantitative cost-benefit analysis.

VOLTAGE CONTROL CONCEPTS

The VC applications in LV networks can be divided into
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two main categories: direct voltage regulation (DVR)
and reactive power management (RPM). DVR includes
transformers with on-load tap-changers (OLTC) and
electric voltage regulators (EVR). RPM includes PV-
inverters and reactive power compensation equip-
ment (RPCE). The OLTC is installed at the distribution
transformer. It decouples the voltage magnitude of LV
networks from MV networks. The EVR is set up just
behind the distribution transformer or at the distribution
feeders. Both the OLTC and the EVR are not only able
to decrease the voltage but also to raise the voltage
during heavy load conditions. The reactive power can be
managed by PV-inverters at the end users’ side or with
RPCE in the LV networks. The control concepts are
essential for the stable operation of the voltage regula-
tion equipment. Various control schemes are designed
and tested and the results are given in [3, 4].

Without Communication

As presented in [3, 4], the VC concepts without com-
munication are shown in Table I.

TABLEIl. VOLTAGE CONTROL WITHOUT COMMUNICATION [3,4]

Without Communication
Voltage

Control Without
Measurement

Local Measurement

(2) cos(9) (P), (3) Q (V)

(4) Local voltage - Ujgca,
(5) Power-dependent estimated voltage with
tranformer measurement- Ug(Uocars Piocal),
(6)Power-dependent estimated voltage with

Inverter |(1) fixed cos(¢)

oLTC feeder measurement - Ug(Ujocars Proeger)s
(7) Power-dependent characteristic
line - Uc(Uiocars Procar),
(8) Solar-dependent set-point
voltage - Ug(Ujocal, G)
(9) Local voltage - Ujoca),

(10) Power-dependent estimated
voltage - Ug(Uiocar Piocal),
EVR (11) Power-dependent characteristic
line - U(Uocat, Piocar),
(12) Solar-dependent set-point
voltage - Ug(Ujocar, G)

RPCE (13) Q (V) with steps

The PV-inverters can be set to a fixed power factor.
This VC concept requires no measurement and is the
simplest concept considered. In order to reduce the
consumed reactive power at PV-inverters, the power
factor or the reactive power can be adjusted according to
a cosp(P) or a Q(U) characteristic line by using local
measurements. Similar concepts can be applied to RPCE
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but only the Q(U) characteristic line with steps is inves-
tigated. With respect to DVR, set points according to
local voltage [Uical], power-dependent estimated volt-
age [Ue(Uiocal, Procat)], power-dependent characteristic
line [Uc(Uiocal, Piocal)] @and solar radiation [Ug(Uioca, G)]
can be implemented with local measurements only.

With Communication

The price reduction in ICT and the rollout of smart me-
ters enable communication for VC concepts. According
to Table I, these concepts can be divided into unidirec-
tional or bidirectional communications. OLTC and EVR
receive the measured data from the last household [Uend]
or all households to regulate the voltage. A coordination
of components is possible if bidirectional communica-
tion is available. By optimizing the reactive power of
PV-inverters network losses can be reduced. If the
communication system is extended to the medium volt-
age (MV) networks, it is even possible to coordinate the
components in MV and LV networks.

the EVR is coordinated to avoid any negative interac-
tions. The dotted lines represent the communication
paths. The OLTC receives the measured data not only
from the MV/LV transformer but also from the feeders.
The data from feeders without EVR are collected at the
end of the feeder. The data from feeders with EVR are
collected at the node in front of the EVR. The EVR
receives measured data from the end of the feeder. The
OLTC acts as the control master and it works first to
control the voltage. After the OLTC cannot further con-
trol the voltage, a start signal is sent from the OLTC to
the standby EVR. Then EVR then starts to regulate the
voltage at its respective feeder according to the local
and remote measured data.

A A | |
R YZa T I
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He R | |
I I ]
| | | | |
| I I I |
Voltage Measurement Measurement — OLTC
—J— oLTC Measurement — PV-Inverter
Communication
0] EVR OLTC to PV-Inverter
Figure 1 OLTC and EVR Coordination

TABLE Il.  VOLTAGE CONTROL WITH COMMUNICATION
With Communication
Voltage Unidirectional Bidirectional
Control |(from Remote Node) (Coordination)
Remote + Remote +
Local Measurement Local Measurement
Inverter - (14) Q-Optimal
(15) Data from last
household - Ugyq
oLTC (16) Data from all Coordination of
households - Uy, Coordination of components
(17) Data from last | VC applications | in MVandLV
household - Ugyg in LV networks networks
EVR (18) Data from all
households - Uy,
RPCE

Voltage Control Coordination

In some networks, a combination of different options
may be necessary. New installed PVs in distribution
networks in Germany have to be able to consume reac-
tive power according to [6, 7]. However, considering a
further increase of PV feed-in in LV networks, when
RPM by PV-inverters alone can no longer solve the
over-voltage problems, a combination with OLTC and
EVR are supposed to be the potential solution. In this
case it is necessary to find suitable control concepts to
improve the regulation effect for the combination of the
different measures. Thanks to the price reduction in
ICT, even coordinated control concepts with bidirec-
tional communication might be feasible in the future.
With regard to the simulation results from [3, 4], three
combinations (OLTC and EVR, OLTC and PV-inverter,
EVR and PV-inverter) are selected to investigate the VC
coordination. Fig. 1 to 3 present their working princi-
ples. Fig. 1 shows a combination of an OLTC and an
EVR in a LV network. The operation of the OLTC and
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Figure 2 OLTC and PV-Inverter Coordination
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Figure 3 EVR and PV-inverter Coordination
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Fig. 2 shows the coordination of an OLTC and several
PV-inverters. The OLTC receives the local measured
data and remote measured data from the end of the feed-
ers. The PV-inverters collect only the local measured
data. The OLTC is the control master and operates in
the same way as in Fig. 1. If the OLTC cannot further
control the voltage, the start signals are sent from the
OLTC to the PV-inverters. The PV-inverters are re-
quired to consume inductive reactive power according to
their Q(U) characteristics. In order to reduce the power
losses from the additional reactive power in the network
the PV-inverters are activated one by one starting from
the end of the feeders. Fig. 3 illustrates the coordination
of an EVR and PV-inverters. The working principle is
similar to Fig. 2 but the EVR works as the control mas-
ter. The EVRs coordinate only with the PV-inverters
connected to the same feeders.

APPROACH

In order to assess the combination and coordination of
voltage control applications, the time-series power flow
simulation technique (PFS) is applied. Fig. 4 illustrates
the approach. The Monte Carlo method is used to gener-
ate probabilistic load curves and PV in-feed curves. The
synthetic LV networks are modeled according to the
settlement structures [8-10]. The combination and coor-
dination of voltage control options are implemented into
the synthetic LV networks and PV feed-ins to run the
time-series PFS again. The SGM is used to compare the
effectiveness of the combination and coordination of
voltage control options. Both capital and operating cost
are calculated as input for the cost/benefit analysis.

Time Series
Power Flow Technical
Calculation Evaluation

i i without Voltage with SGM

TN 1
= Regulation E t

Time Series
Power Flow
Calculation with
Voltage
coste) | Regulation

o Combination

Regulation
c pt

¥ Coordination

N e e e e e o e

Figure 4 Approach of Assessment
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SYSTEM MODELS

The synthesis of household load curves with a bottom-
up approach is widely applied to model the residential
load from electricity consumption data or metering data.
A probabilistic synthetic residential load model is ap-
plied based on domestic appliances [8-10]. The synthe-
sis of PV feed-in curves is based on two models: the
solar intensity model and the PV system model. PV
systems show dominant daily generation patterns de-
pending further on the season and short-term effects
induced by clouds and other weather phenomena. A
detailed explanation of the modelling approach can be
found in [8-10]. LV networks reflect local settlement
conditions. The settlement structure (SS) has a big in-
fluence not only on the network structure but also on the
parameters of the LV networks. A set of synthetic LV
networks based on settlement structures is used [8-10].
Table 111 shows a part of the SS types and the number of
their service connections and households. For each SS,
three further variants exist representing the spatial size
of the networks. For SS2a, SS2b and SS3a, there are
both overhead line (OHL) and cable networks.

TABLE IIl. SYNTHETIC LV NETWORKS

Region | SS | Name SC HH
la | Dispersed with individual house | 18 18
Rural 1b | Dispersed with house cluster 30 30
area 2a | Linear town center 80 80
2b | Crossed town center 100 100
3a | Detached one-family house 162 162
Sub- 3b | Detached two-family house 108 216
urban | 4a | Attached duplex house 180 180
4b | Attached row house 162 162

SIMULATION AND RESULTS

The worst-case PFS is carried out to select the synthetic
LV networks with over-voltage problems and the opti-
mum position of the EVRs in the networks [3, 4]. For
the time-series simulation the maximum size networks
for SS1a to SS3a including the OHL and cable variants
are selected. PV penetrations from scenarios 2015 and
2035 are used with both homogeneous and inhomoge-
neous PV distributions to cover normal and extreme PV
feed-in situations [3, 4]. In order to simulate the maxi-
mum influence from the MV network, two vari-
ants (102 % and 107 % of the nominal voltage) are
applied for the voltage at the high voltage side of the
MV/LV transformers. The individual VC measures
according to Table I, as well as their combinations and
coordination according to Table Il are investigated.

For results analysis, the total over-voltage time per year
is utilized and translated into SGM benefit points. The
SGM benefit points for the over-voltage relieve targets
are calibrated linearly to a scale from 0 to 10, where 0
marks the over-voltage duration without VC and 10
marks zero over-voltage hours. Both capital and opera-
tional cost are calculated as an input for the cost/benefit
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analysis. Capital costs are put into two categories: VC
equipment and ICT devices. The operational costs in-
clude the ICT operational cost and the annual mainte-
nance cost [11]. For cost comparison, annuities are
calculated using the net present value calculation for a
20 year time horizon. The interest rate is set to 6 % per
year. In order to present the cost/benefit analysis intui-
tively, the benefits and costs of the VC options are
shown in Fig. 5 to 7. Only parts of the results are pre-
sented here due to the limit of the paper space.
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Figure 5 SGM for SS3a OHL, 2035, inhomogeneous, 102 % U,
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Figure 6 Detail from Fig. 5
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Figure 7 SGM for SS2a OHL, 2035, inhomogeneous, 107 % U,

Fig. 5 shows SS3a with OHL, scenario 2035, inhomo-
geneous PV distribution and the MV set to 102 % U,.
The different label shapes represent the technical op-
tions and the colors indicate the types of control con-
cepts, e.g. a red square plus means a combination of
OLTC with the local VC concept and the RPM with a
fixed cosg, a green square cross means the combination
of OLTC with voltage measurement from the most dis-
tant household and RPM with Q(U) control. The coor-
dination options shown in purple represent the DVR
options coordinated with Q(U) RPM. Both coordination
options show an improvement of the benefit points
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compared to the combination options. However, they
have higher investments in ICT. Fig. 6 shows the dashed
area in Fig. 5 in more detail. The combination of EVRs
and PV-inverters generally provides better technical
performance than the combination of OLTC and PV-
inverters, but the annuities are almost three times higher.
Fig. 7 shows the results for SS2a with OHL, scenario
2035, and the MV set to 107 % U,. In this extreme sce-
nario it is not possible to solve the over-voltage prob-
lems with only PV-inverters. PV-inverters with Q(U)
show better benefit points than fixed cosp and cose(P).
Using OLTC leads to better benefits than EVR in this
scenario. The coordination options can further improve
the benefit of VC and all over-voltages can be solved.

CONCLUSION

In this paper, a time-series PFS is used to compare the
combination and coordination of different VC options in
the LV networks. Comparing to the individual measures
the reasonable combinations of measures are able to
improve the control effects and the coordination can
solve almost all over-voltages even for extreme scenari-
o0s. Therefore, VC with coordination are recommended
for networks with extreme situations. For future re-
search, the dynamic behavior of the regulation concepts
will be investigated. Furthermore, the effects of VC on a
real LV network will be assessed in a field test.
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