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Abstract: Rapidly increasing share of Distributed Generation (DG) in distribution networks introduced the need
for active distribution network operation. As current distribution networks were not designed to integrate the
power generation, the DG introduced many technical challenges in sense of power quality, network planmng,
protection schemes, voltage stabilit. This study presents the advantages of active approach in distribution
network operation. The study focuses on a voltage quality problem and introduces the coordinated voltage
control techmque to increase the share of DG m distribution networks and at the same tine supply the

customers with the required voltage quality.
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INTRODUCTION

International  community, faced with the
environmental challenge and increasing energy demand
worldwide, realized that the future energy policy should
rely more on clean energy supply i.e., renewable energy
sources. As renewable energy sources are usually
widespread in the low and medium voltage networks, we
are talking about distributed or Dispersed Generation
(DG). Power systems were designed for energyto flow
from transmission to distribution networlk, where energy
is supplied to the customers. However, with the adoption
of DG the situation in the network could change and
energy flow could become bidirectional. Due to passive
operation of distribution networks, the present
distribution networks are not capable to ntegrate high
share of DG. Most of the Distribution Network Operators
(DNOs) still use the so called fit and forget phulosophy to
integrate DG into existing distribution networks. That
means once the DG unit is connected to the network the
DNO does not care about it. This principle allows only
limited share of the DG to be comected. To increase the
share of DG in the distribution networks active
distribution networl operation is necessary. That means
a contribution of DG to the network operation aspects 1s
needed. An increasing share of DG brings many techmcal
challenges in sense of power quality, protection schemes,
system stability.

The study presents the advantages of the active
approach in distribution network operation with high
share of DG. Distribution networks with high DG

penetration require active approach m sense of operation,
control, communication and protection. Active approach
includes measurements and control of network variables
e.g., voltages in real time, using management of various
network devices. The study focuses on voltage quality
problems which 1s a very commeon problem for DNOs
distribution networks with DG (Dugan et al., 2002).
Coordinated voltage control is introduced as an active
approach of distribution network operation. The control
concept was developed within the CIGRE project "DG
Concept (Anonymous, 2005). The results in the study are
based on a simulation model of a real Medium Voltage
(MV) distribution network.

ACTIVE NETWORK

The aim of active networks 1s to increase the share of
DG 1n existing distribution networks (Liew and Strbac,
2002) and keep the system stable and reliable at the same
time. An example of an active network is presented in
Fig. 1. Active network can be defined as network with
arbitrary power flow along the network feeders, where
voltages are measured or estimated, and controlled in
real time, using management of the various devices (DG
units, FACTS devices, On-Load Tap Changer (OLTC)
transformers). The central control system represents an
intelligent system able to decide and operate the
distribution network, taking into account the present
network conditions. To determine the network conditions
state estimation or real time measurements are required.
However, to operate the distribution system safely, the
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Fig. 1. Active network example

central control system would need backup scenarios in
case of failure in the control or communication systems.
Parts of active network management are:

Real time measurements or distribution network state
estimation

Communication technology

Intelligent central control system

Local DG control systems

Demand side management

Energy storage

The CIGRE project DG concept: The CIGRE project DG
Concept (Anonymous, 2005) presents new strategies in
the field of DG where currently passive distribution
networks become active networks, able to accommodate
a significant penetration from DG. Active network
management introduces many new challenges in network
planning and control, supervision, information and
communication technology. However, so far mainly
theoretical part of the problem was addressed in the
research sphere. The aim of the CIGRE project DG
Concept is to transfer the theoretical knowledge into a
practical realization of a demonstration network, where
active network management is implemented with the least
investment costs. The main goals of the CIGRE project DG
Concept are:

To choose representative parts of distribution
networks for practical realization of demonstration
networks with high DG penetration

To analyze the possibilities for implementing
different model systems (step model of DG
integration) and plan the technical, organizational
and economical realization
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Within the project a simulation study was used to
find and compare different solutions for voltage control.
Different control techniques were examined to improve the
performance of the distribution network and allow more
DG to be connected. Within the project also economical
evaluation of each voltage control solution will be carried
out. Coordinated voltage control is presented in this
study as the most complex approach that could be used
as part of the active network management.

COORDINATED VOLTAGE CONTROL

The coordinated voltage control includes the voltage
control with the OLTC transformer and local voltage
control with DG units and other controllable network
devices. The use of local voltage control allows solving
the voltage conflicts that can not be solved with the
network devices e.g., OLTC transformers. The control is
based on measurements from critical points in the
network. Critical points are nodes where either the
maximum or the minimum voltage may occur under the
various network load and generation conditions. The
critical points in the network can be determined with an
offline study, DNOs experience. The communication lines
are required to transmit measured voltages from remote
points. Depending on the chosen communication
technology, a varying delay on these lines has to be
expected.

The flow chart of coordinated voltage control is
shown in Fig. 2. The algorithm is designed to optimize
the DG units operation to avoid unnecessary power
curtailments and additional reactive power flows.
However, if the voltage problem can not be solved with
the algorithm, the problematic DG unit is disconnected
from the network by the current approach via under or
over voltage protection. The presented algorithm does
not consider any fault conditions and deals only with the
network steady state conditions. A hierarchical concept
is introduced between different network devices. In the
first place the OLTC transformer is used to solve the
problematic voltage conditions following the local control
with controllable DG units and other controllable devices.

The central control system determines the minimum
and maximum voltage in the network based on the
incoming measurement data. According to minimum and
maximum voltage the OLTC transformer is set. In case the
voltage problem can not be solved with OLTC transformer
(e.g., the tap change would cause voltage violations
somewhere in the network-voltage conflict), local voltage
control is activated.

Local voltage control: Local voltage control includes
the control of controllable DG units, FACTS devices,
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Fig. 2: Flow chart algorithm of coordinated voltage control

capacitor banks, energy storage etc. The local voltage
control is based on the active (P) and reactive (Q) power
management. Due to high R/X ratio in distribution
networks, the active power has a distinctive influence to
the voltage profile. As DG usually cause the voltage rise,
the generation curtailment presents an instrument to keep
the voltage inside required limits. However, the power
curtailment should not be the first step n voltage control
management. Voltage control with reactive power should
be considered before reducing the generation. For DG the
DNOs usually require to operate with unity power factor.
With the active approach the reactive power exchange
should be defined according to the current conditions in
the network. To avoid unnecessary reactive power flow
the reactive power management should be active only
when necessary therefore the reactive power management
with the fixed voltage set point should be avoided In
case, the voltage 1s outside required limits the voltage
control with reactive power based on variable voltage set
point should be activated to prevent voltage violations.
The variable voltage set point is determined according to
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current conditions in the network. The voltage set point
can be determined with the central control system.

Ranking and decision system: When local voltage
control is activated the controllable DG units or other
controllable devices are grouped according to their impact
on the voltage level at each monitored point in the
network.

The central control system includes the table where
controllable devices are ranked according to their
influence on the voltage level. The ranking system can be
based on off line network studies, according to current
conditions in the network (possible voltage conflicts) and
to the ranking table, the central control system sends the
voltage set point information to the chosen controllable
device (DG unit, FACTS).

Simulation study: The simulation study of the
coordinated voltage control technique in distribution
network with high DG share was performed in the
DigSILENT  PowerFactory  simulation  software
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(Anonymous, 2007). The coordinated voltage control
was used on a real MV distribution network model
that was provided by one DNO participating in the DG
project. The MV distribution network model is presented
in Fig. 3. The network comprises of approximately 200
nodes and represents maximum demand of about
9 MW.

The distribution network is connected to the
transmission network over a 30/110 kV, 20 MVA OLTC
transformer. The Transformer has a on load tap
changer on the high voltage (HV, 110 kV) side with
+12 voltage steps each with 1,833 kV. The transformer
i1s supplying two main branches radial operated. The
network short circuit power is estimated to 3500 MVA.

Due to design and operational restraints of the Low
Voltage (LV) networks, the available voltage bandwidth
that can be explored with the active network management
in the MV network is +3/-6% of the rated voltage (30 kV).
This bandwidth has been used in the simulations. If there
would be no such restriction, wider bandwidth (+£10%
according to Anonymous (2003)) could be used for
voltage control.

Based on the simulation study eight points in the
network are chosen for observation (Fig. 3). These are
critical voltage points in the network, where either the
maximum or the minimum voltage may occur under the
various network load and generation conditions.
Additionally also, voltage at the substation is monitored.
Loads and DG units are modeled based on the profiles
from real measurement data. Additional DG units are
connected to the MV network for simulation purpose to
increase the share of DG. New DG units are connected on
various locations where possible and reasonable to
exploit nature potentials. Four DG units (DG4, DG5S, DG10
and DG12) are available for local voltage control with
active and reactive power management. No other devices
are involved in the local voltage control. The controllable
DG units are ranked according to Table 1.

There are no controllable devices near the critical
nodes V, and V, therefore no local voltage control is
available there. The ranking concept can be explained on
the following example. If the voltage at node V, is the
node with the maximum voltage in the network and exceed
the upper voltage limit and OLTC transformer is
insufficient to solve the situation, first DG4 should try to
reduce the voltage with the reactive power management.
When DG4 reaches the limit of reactive power, the
reactive power management with DGS is activated. If both
active DG units run on its limits with reactive power, DG10
1s next to be activated. If the voltage control with reactive
power management is not effective enough the generation
curtailment is used to reduce the voltage. Again the same
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Fig. 3: Simulation model of a real distribution network

Table 1: Ranking concept of controllable DG units

Monitored points

Vv, V, AY Vy V. Vi vV, V,
Ranking of DG units DG10 DG5 DGI2 DG10 DG4 DG10 / /

DG5S DG4 DG10 DGI12 DG5S

DG4 DGI10 DG10

ranking concept is used as in case of reactive power
management. If the maximum voltage appears at any other
location, while the controllable DG units are operated
according to node V, in Table 1, the active controllable
DG units remain controlling node V, until it is included in
ranking concept of any other node.

Three basic voltage conflicts can appear and two
different set points for controllable DG units are defined.
Basic voltage conflicts are presented in Fig. 4. If maximum
and minimum voltages exceed the limits or only minimum
voltage is below the low voltage limit, while maximum is
close to the upper voltage limit, the controllable DG
units should reduce the maximum voltage to a value,
where OLTC transformer is able to change the tap
position (U, U, im-Us,) without causing any
overvoltage or undervoltage in the network. If maximum
voltage exceeds the upper voltage limit and minimum
voltage is close to the low voltage limit, the DG units in
Table 1 should control the voltage to be below the upper
voltage limit (U, = U, ;,). In case, some controllable
devices would be available to solve the undervoltage
problem (e.g., controllable DG units near nodes V, or V,),
before reducing the maximum voltage to enable tap
change, they should try to increase the minimum voltage.
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Fig. 4: Basic voltage conflicts
RESULTS

The integration capability of DG units determined by
voltage level requirements depend on location and type
of DG, correlation between power production and load
demand, network parameters and configuration etc. The
conservative planning concept of minimum demand-
maximum production and maximum demand-minimum or
zero production presents a severe barrier for DG
integration (Lopes ef af., 2006). In the study the planning
principle is extended to consider stochastic nature of DG
by using load and production profiles based on real
measurements. This approach is not based on a single
worst case but a series of possible network conditions.
Simulation results are based on different network loading
conditions (different DG penetration level, different days,
seasons) and on different weather conditions. The results
presented in the paper are based on a sunny winter
workday and a sunny summer Sunday. The peak energy
production from the DG units (sum of energy from all DG
units) appears in the evemng and during the night. During
the maximum demand in the network the production from
DG units is relatively small.

Voltage conditions in the network: Voltage conditions on
winter workday in case of passive network operation are
represented in Fig. 5. The DG share is 50% (4.5 MW) of
the maximum load demand in the network Passive
approach includes only automatic voltage control with
HV/MV, OLTC transformer with a fixed bus-bar voltage
(substation) as set point. A box plot for each monitored
point in the network is shown in Fig. 5, where 235, 50 and
75% mimmum and maxirmum values are represented. The
colored columns show whether the 10 min voltage is
between limits in 95% of the day.

The results show that the maximum voltage is at node
V., where DG4 unit is connected. The maximum voltage
achieved on workday in winter is around 5% above the
nominal voltage, which is outside the limits required by
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Fig. 5: Voltage at monitored points in the network-winter
workday, passive approach, 4, 5 MW of DG
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Fig. 6: Voltage at monitored points in the network-winter
workday, coordinated veltage contral, ¢ MW of
DG

the DNO. With the passive approach the OLTC
transformer does not perceive the voltage violations
therefore the OLTC position stays unchanged and
controls only the voltage in the transformer substation.

Active approach is necessary to keep the voltage
between the limits in case of high penetration from DG
units. In the next case the coordinated voltage control is
used to actively control the network voltages. The share
of DG is increased to 9 MW and represents a 100% of the
maximum load demand. Therefore the installed power of
the new DG units was increased. Voltage conditions on
winter workday and summer Sunday are represented in
Fig. 6 and 7. It can be seen that voltages are in both cases
inside required limits. No power was curtailed and only
reactive power management of DG4 unit was activated
to keep the voltage inside required limits. All other
controllable DG units were operating undisturbed with
unity power factor. Active and reactive power flow from
DG4 unit for summer Sunday is represented in Fig. 8. The
negative sign represents the power generation. Although,
the highest penstration from DG4 appears in time of low
demand (during the night), the coordinated woltage
contral is able to ensure the required voltage quality to
the customers.
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Fig. 8: Power flow from DG4-summer Sunday

If the share of DG is increased to 150% of the
maximum demand (i.e., 13.5 MW) the power curtailmentis
activated to keep the voltage inside the limits. Only power
from DG4 has to be curtailed to keep the voltage between
the limits. The worst conditions appear at summer
Sunday when small load demand and high generation is
noticed. The wvoltage conditions in the network are
represented in Fig. 9. Tt can be seen that in 95% of the
time the voltage is successfully kept between the limits
and therefore suitable voltage quality is provided to the
Custommers.

The power flow and curtailed energy (Weurt) of DG4
1s represented in Fig. 10. About 12.7% of the energy
available from DG4 is lost due to coordinated voltage
control. The amount of lost energy on a summer Sunday
1s 3.6 Mwh.

Other controllable DG units were involved only with
reactive power management and did not have any
reduction in energy production. The curtailed energy is
relatively small regarding to the total power exported from
all DG units. The total amount of energy produced by DG
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Fig. 9: Voltage at monitored points in the network-
summer Sunday

= pley

gﬁ Q'ﬁ Fooaoa a s Y

g "2l :

& t5p

=

& | 2

e

W BhF

3 opi i : :

o T T R T T A R T A S B

© -8 PN T R O SO O SO S Y O S O O

@ 012348875 3101121341017 18180212524
v

:

a b

8

2 :

P s

é’? ”25"\ [ [ T T

RV E R A S A
Tane i

Fig. 10: Power flow from DG4-summer Sunday

units is around 200 MWh per day in case the installed DG
power represents a 150% of the maximum demand.
Therefore only about 2% of the energy is lost on this
particular day.

Network losses: Network losses depend on the share of
the DG in the network and on network conditions.
According to the current situation in the network, the
network losses in case of 13.5 MW (150% of the maximum
demand) of installed DG increase five to six times to
around 15 MWh. However, the presented scenario is
almost worst case that can appear in the network where
energy production basically does not match to load
demand.

The power flow through the HV/MV transformer
on the summer Sunday is presented in Fig. 11. Tt can be
seen that the power flow is reverse all day. During the
time of high load demand the generation almost covers
the demand therefore the power flow through the
transformer is small. In case the energy production would
match to the network demand, the losses could be
reduced.
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Fig. 11: Power flow through the HV/MV transformer-
summer Sunday

DISCUSSION

Existing distribution networks were not designed to
integrate a high share of DG. Active network management
is necessary to increase the share of DG. The srudy deals
with voltage quality problem which is the most common
problem for DNOs when dealing with DG. Coordinated
voltage control was introduced to actively control the
network. The coordinated voltage control would allow
more DG to be connected and at the same time supply the
customers with the required voltage quality. However, the
coordinated voltage control technique presents a complex
structure where different devices (e.g., DG units, OLTC
transformers...) are operated according to the current
network situation. To develop such a complex structure
relatively high investment cost are expected. Within the
CIGRE project DG Concept also economical evaluation of
different solutions for voltage control will be performed.
For practical implementation of coordinated voltage
control reliable communication technology is necessary.
To assure safe and stable operation of the distribution
network also backup scenarios in case of failures should
be discussed. The investment costs in the communication
systems are directly connected to the system security and
reliability where DNOs require high standards. However,
the costs for active network management must not exceed
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the costs for conventional grid reinforcements therefore
within CIGRE project DG Concept also different
communication solutions will be considered and
evaluated.

Within the study it was shown that the coordinated
voltage control would allow the integration of large
amount of DG. However, ongoing work will show the
feasibility and practicability of different voltage control
solutions. Further project steps will introduce the best
solutions for active network management that can be
implemented with the least investment costs. Finally, the
economically and technically feasible solutions for active
network operation will be implemented and validated for
different Austrian grid segments.
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