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The main goal of Distribution Automation (DA) is the real-time operation, usually without operator inter-
vention, of distribution systems as a consequence of load demand or power generation variations and
failure conditions in the distribution systems. As real time voltage control is known as a legacy system
that can be fully activated by DA equipments, in this paper an analytical study is reported to demonstrate
the effects of load curtailments on voltages profile in distribution network. A new method for real time
voltage control, based on emergency demand response program, is also proposed. The proposed method
uses the real-time measured data collected by RTUs and determines the tap changer condition and load
curtailment required in order to maintain the distribution voltage profile. Emergency conditions include
outages of generators and lines, and fluctuations due to unpredictable load demand and renewable gen-
eration. A novel voltage sensitivity matrix, based on performed voltage sensitivity analysis due to load
participation in demand response program, is also proposed. In order to verify the effectiveness and
robustness of the proposed control scheme, it is tested on a typical automated distribution network. Sim-
ulation results show that the proper selection of load curtailment can improve voltage profile and that, in
emergency conditions, demand response is an effective way to keep the voltage in a permissible range.

© 2013 Elsevier Ltd. All rights reserved.
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1. Introduction throughout the modern distribution system [1]. The communica-

tion infrastructure supports measurement and control systems

In the current and future distribution systems, in which various
types of Distributed Energy Resources (DER) are integrated into the
network, their operation is a challenging issue, and automatic and
intelligent monitoring and control represents an essential tool to
overcome this challenge.

In the last decade, online monitoring of distribution network
has been a hot topic in power system engineering. New control
systems and communication links have been integrated into the
power systems in order to help operators to efficiently manage
these systems. Distribution Automation (DA) systems provide
Supervisory Control and Data Acquisition (SCADA) capabilities
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such as remote terminal units (RTU) in distribution substations
or feeders [2]. With this wide deployment of DA systems, the dis-
tribution system operator (DSO) can switch the distribution tap
changer in real time to dynamically maintain buses voltages in
an acceptable range. Moreover, with the availability of DA features,
the DSO can use demand response as an efficient tool to regulate
distribution feeders’ voltage in normal and emergency conditions.

Volt/VAr control (VVC) represents an important issue in the dai-
ly operation of distribution systems. The proper dispatch of Volt/
VAr devices allows, in fact, reducing total power loss and also
improving the voltage profile of distribution feeders [3]. As voltage
control is one of the Load Tap Changers (LTCs’) tasks, in [4], the
authors focused on the tasks of substation transformers with LTCs
in smart distribution grids. The historic Integrated Volt/VAr Man-
agement (IVVM) features and advanced features that will be re-
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quired for full realization of smart grid benefits are discussed in [5].
In [6], the authors proposed the concept of a decentralized non-
hierarchal voltage regulation architecture based on intelligent
and cooperative smart entities. In [7], the effect of price-based
DR has been considered on distribution voltage profile. Consumer
behavior modeling was carried out by developing a demand-price
elasticity matrix for different types of consumers. The model only
considers the price-based DR without using the control option to
execute incentive-based DR programs.

In [8] the authors presented a methodology that uses the poten-
tial of the smart grids in increasing the efficiency of the voltage
control in distribution systems. In [9] the problem of voltage regu-
lation has been well addressed by studying the impacts of DG on
the voltage profile and on the operation of step voltage regulators
(SVR) and feeder shunt capacitors. In [10], a new approach for volt-
age regulators function’s improvement in multiple feeders includ-
ing DGs was proposed. This model is based on placing RTUs at each
DG unit and each capacitor bus that communicate with each other
in a certain order. Data received from RTUs allow the estimation of
the maximum and minimum voltages along the feeders and, hence,
the voltage regulation of the feeders. In the past, the IEEE P1547
Standard [11] specified that the DG units should not regulate dis-
tribution system voltages. An attempt by a DG unit to regulate dis-
tribution system voltage, if not properly coordinated, may conflict,
in fact, with existing voltage regulation schemes, applied by the
utility to regulate the same or a nearby point to a different voltage.
Currently, most of the installed DGs are commonly connected to
operate at unity power factor in order to avoid interference with
the voltage regulation devices connected to the system [12]. How-
ever, the recent grid codes of many countries, such as Denmark,
Germany, Italy, Ireland and the UK, require that DGs should pro-
vide reactive power control capabilities and that network opera-
tors may specify power factor or reactive power generation
requirement for grid-connected WTs [2,13-17]. In [18], a sustain-
able energy system including different sub-system has been pro-
posed for a smart grid project in an urban context. The results of
an energy analysis showed the effective possibilities of integration
aimed at energy saving and environmental sustainability.

In this paper, a real time voltage control approach is presented
that uses load curtailment as a part of demand response programs
to keep the distribution feeders’ voltages within their specified
ranges. Since renewable generation and load demand unpredict-
able changes, as well as contingencies in the distribution network,
may usually determine voltage violations at some buses, the pro-
posed real time voltage control is performed if voltage violations
at some buses occur. It is supposed that, in a normal condition,
the voltage control is performed based on a pre-scheduling voltage
control program carried out during the day ahead operational
scheduling program.

The innovative contributions of this paper are highlighted as
follows:

e unlike most previous work, the basis of the proposed approach
is the contribution of DR programs to the real time voltage
control;

e an analytical study to integrate demand response with the con-
ventional voltage control model in a novel matrix based sensi-
tivity analysis approach is presented;

e the proposed model is not dependent on consumers’ load
demand and renewable generation forecasted data.

This paper is organized as follows. In Section 2, the relation be-
tween demand response concept and voltage control action is de-
scribed. Section 3 explains the proposed voltage control model.
Section 4 reports some simulation results, and finally conclusions
are given in Section 5.

2. Emergency demand response and voltage control

Voltage control can be provided at any level of a power system
(generation, transmission, distribution) by means of shunt capaci-
tors, tap changers, distributed generation and demand reduction.
When some consumers agree to reduce their load demand, the ac-
tive and reactive power flow through the feeders decrease, and as a
result, the voltage drop in the distribution network can also be
compensated in such a way that the voltages at buses respect volt-
age constraints.

Two general types of DR can be highlighted: program and event
DR. Program type focuses on the economical aspect, while event
type DR is related to emergency conditions.

Emergency demand response programs, many of which have
been developed in the last decade [19], provide incentive pay-
ments to customers for reducing their loads during reliability-trig-
gered events. The level of the payment is typically specified
beforehand; while a contingency occurs in the grid, the system
operator calls committed customers to reduce their load and the
response duration depends on the nature of the event.

In this paper, an emergency demand response program is as-
sumed for emergency load reduction in the proposed real time
voltage control model to counteract DGs outage or renewable gen-
eration and load demand uncertainties.

3. Proposed model for real time voltage control

In this section, the proposed distribution system configuration
as well as the real time voltage control algorithm is presented.
The assumptions used in proposed real time voltage control model
are:

e responsive loads have already signed their participation con-
tracts, and only their selection is done in real time by the
DSO. According to emergency demand response program, the
level of the payment is typically specified beforehand and the
loads do not offer price for their demand reduction, but a uni-
form price is defined by the system operator or regulator that
is mentioned in the contract signed by the customer [19];
control of the main transformer tap changer and demand cur-
tailment are considered in order to regulate the voltages at
buses. Even if the effect of other voltage control devices such
as switched capacitor and DGs, can be taken into account, the
main aim of the proposed method is that of evaluating the effec-
tiveness of demand response in the voltage regulation action.

3.1. Voltage estimation between DG buses

Voltage levels at some buses on a feeder may violate allowable
constraints due to both variations of load power demand and of
power injections from one or multiple DGs. In these cases, the
maximum and minimum voltage estimations through the feeder
are required by the voltage regulator.

In a typical distribution system, the maximum voltage may oc-
cur at the substation bus, DG buses or capacitor buses. However,
the point with the lowest voltage magnitude may be placed at
end buses or between DG buses [10]. Minimum voltage points
can usually take place only at the end of the feeder as well as in be-
tween any DG connecting buses. The voltage of the end points can
be read by RTU or it can be estimated with the minimum voltage
point estimation between the DG units’ buses.

For the minimum voltage point estimation, it is assumed that
the load between two DG units is concentrated halfway between
them. Based on this assumption, the value of the minimum voltage



A. Zakariazadeh et al./Applied Energy 117 (2014) 157-166 159

point between DG1 and DG2, if exists, as calculated by DG unit 2
(Vestpc2,pG1) can be given as (see Fig. 1) [10,20]:

r X
Vestpc2.pe1 = Vea — (PZJ 5+ Q21 j) (1)

where Vpg; is the bus voltage of the DG unit 2. Also P,; and Q,; are
the injected active and reactive powers from bus 2. The resistance
and reactance of the feeder between buses 1 and 2 where DG unites
are connected are denoted by r and x. The value of the assumed
minimum voltage point calculated by DG unit 1 is given by:

r X
Vestoc1062 = Vper — (Pu 5+ Qi i) 2)
A better estimation is achieved by averaging these two values:
Vot = Vest.pG1,062 -5 Vest.nG2.061 3)

where V., is the estimation of the voltage between two DG buses.

3.2. Proposed system configuration

SCADA solutions for DA and Distribution Management Systems
(DMS) deliver comprehensive benefits for monitoring and control
tasks. Modern SCADA provides proper monitoring of equipments
to maintain operations at an optimal level by identifying and cor-
recting problems before they turn into significant system failures.

A SCADA system is made up of a number of remote terminal
units (RTUs) collecting field data and sending data back to a master
station via a communications link. The RTU provides an interface to
the field analog and digital sensors situated at each remote site.
The master station displays the acquired data and also permits
the operator to perform remote control tasks [2,21].

In the proposed Volt/VAr control model, the distribution system
must be equipped with a communication link and RTUs installed at
DGs and capacitors buses. The measured data by RTUs as well as
load demand curtailment notification should be transferred by a
communication link such as Power Line Carrier (PLC) or GPRS to
a distribution energy management system. This information and
communication infrastructure is available in an automated distri-
bution system like the considered distribution system. However,
the implementation of the proposed voltage control method is pos-
sible in every conventional distribution system endowed with a
communication system as well as installed RTUs at DGs or capac-
itor buses.

A block diagram presenting how the real time voltage control
carried out by the DMS is linked to the LTC and responsive loads
in the modern distribution grid is shown in Fig. 2. Volt/VAr optimi-
zation software is one part of the DMS that processes customer
voltage level for implementing electric reliability, voltage and
volt-ampere reactive optimization procedures. The Volt/VAr opti-
mization software is responsible for day-ahead voltage and reac-
tive power scheduling, as well as real time voltage control. This
paper focuses on real time Volt/VAr control implementation. The
DMS receives required data from SCADA master that collects data
from RTUs, geographic information systems (GIS), and Customer
Information Systems (CIS). Also the current operation states of
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Fig. 1. Part of a distribution system.

equipments like DGs, tap changers and switched capacitors are re-
quired as input information for the DMS in order to carry out the
required control actions.

Starting with the RTU, the measurement and internal calcula-
tions are done by each RTU, and the specified parameters are sent
to the next RTU. This procedure continues until the data are deliv-
ered to the SCADA master data management system. These data re-
ceived from RTUs are sent to the DMS. At this stage, the proposed
algorithm is run to determine the load reduction required to im-
prove the voltage profile. After that, the output results of the real
time voltage control software are sent to the SCADA master. Final-
ly, the SCADA master sends the request for load reduction through
a communication link to customers that have been selected in or-
der to curtail their consumption. The proposed system structure is
shown in Fig. 3.

In this system, one RTU is assumed to be installed at each bus
where a DG is installed. The communication contact between RTUs
has been also presented in Fig. 3. In the proposed model, each RTU
measures some local parameters, as shown in Fig. 4, and performs
some simple calculations. The local parameters measured by the
RTUs are the voltages at buses and the active and reactive power
flows through lines.

3.3. Voltage estimation based on RTUs’ measurement

Maximum and minimum voltages are calculated by each RTU
and the output results are sent to the next RTU as an input data.
For clarification, let RTU, be the RTU connected to a specific DG
and define RTU,,_; as the upstream RTU, i.e., the RTU connected
to the DG upstream from the first DG. Also, define RTU,.; as the
downstream RTU. According to Fig. 5, the algorithm can be clarified
as follows: RTU,, by performing local measurements, estimates the
voltage between RTU,.; and its node using Eq. (2) that is given as
follows:

Vest.n,n+] = Vn - (Pnﬂﬂ : rn.;ﬂ + Qn,n+1 : XHSH) (4)
where Vs 541 is the estimation of voltage between the buses re-
lated to RTU, and RTU,.; as calculated by RTU,, and V}, is the voltage
of the DG bus n at which RTU,, is connected. The active and reactive
power flows from the bus related to RTU, to the bus related to
RTU,.; are indicated as Ppn.; and Qpn.1, respectively. AlSO 1y q41
and x, .. are the resistance and reactance of the lines between
the buses related to RTU,, and RTU,.1, respectively.

The final estimated voltage for the distance between the buses
related to RTU,, and RTU,., is calculated by means of the above esti-
mated voltage and the similar estimated voltage by RTU,.; for this
distance (see also Eq. (1)), using the following equation:

VF Vest,n,nﬂ + Vest,n+l n (5)

estnntl — 2

where V£, ., is the final estimated voltage for the lines between
the buses related to RTU,.+; and RTU,,.

In the next stage, the voltage between RTU, and RTU,,_ is esti-
mated with Eq. (6) (see also Eq. (1)):

Vest.n.n—l = Vn - (Pn,n—l '-]12L71 + Qn.n—] : Xn;—l) (6)

Finally, the voltages V,,, Vﬁsmﬂ 41 and Vg nn_q are sent to the up-
stream RTU (RTU,_;).

As some of the calculations are carried out by each RTU, the
transferred data and the calculation time is reduced if compared
with common SCADA, thus the proposed model exhibits a faster
reaction to voltage variation.

After calculation of the voltages at each section of the feeder,
the voltage regulator controller calculates the maximum and min-
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Fig. 3. The structure and position of equipments in the proposed approach.

Fig. 4. Details of RTU measurements.

imum voltages of the network. In order to regulate the voltages at
all buses within acceptable ranges, the difference between the
maximum and minimum voltages along the feeders should be less
than the difference between the permissible range defined by the
maximum and minimum voltages of the network. However, it is
assumed that the tap changer is able to keep the secondary voltage
of the main transformer within the acceptable range. This con-
straint is given as follows [10,22]:
Vmax,feeders - Vmin,feeders < Vmax,perm - Vmin.perm (7)
Vinax feeders aNd Vinin feeders are the absolute maximum and minimum
voltages considering all the feeders, respectively. Vinax perm and Viin -
perm are the permitted maximum and minimum voltages of the
system.

If Eq. (7) is satisfied, the tap condition of the transformer is cal-
culated as follows [23]:

(1 JF Vmaxfeedersgvmin.feeders) _ Vmax.feeders

Tapr (8)

where Tapo and Tapr are the tap position of the voltage regulator be-
fore regulation and the step of the voltage regulator, respectively.

3.4. Effect of demand response on distribution network voltage

The distribution system planners generally design electrical
networks in order to satisfy the previously given constraint (7) in
a normal condition. However, in an emergency condition, such as
outage of some DGs or of protection system, this constraint may
not be satisfied by changing the transformer tap changer. The volt-
ages at some buses may, consequently, leave the permissible range
and in this condition, the use of demand curtailment option may
represent a possible solution. If customers involved in a demand
response program are able to alter their loads consumption as re-
quested, the DSO can bring the voltages of critical nodes in their
permissible range. More details on the implementation of demand
response programs in distribution system operation as well as in
energy and ancillary service scheduling have been discussed in
[24,25]. The effect of load curtailment on distribution feeders’ volt-
age profile is described in the following:

Let us consider AP and AQ as the variations of the active and
reactive demand at bus 2. When considering the test systems
shown in Fig. 6, the variation of the voltage at bus 2, while the volt-
age value at bus 1 is kept constant is calculated as follows:

AP — jAQ)

AV, = (R+ jX)( v, 9)

(RAP + XAQ) + j(XAP — RAQ)

AV, v:

(10)

As the imaginary part of voltage drop is small, it can be ne-
glected. Therefore, the voltage drop (in per unit) related to the ac-
tive and reactive power flows between bus 1 and 2 is written as
follows:

AV, = RAP + XAQ (11)
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Fig. 6. A two bus test system.

Let now consider the typical distribution feeder shown in Fig. 7,
and assume that the minimum and maximum voltages occur at the
end bus and at the DG bus, respectively. In this condition, the load
curtailment leads to an increase of the voltage at the bus with the
minimum voltage level. On the other hand, the voltage value at the
bus with the maximum voltage (where DG is installed) also in-
creases; in this case, the difference between maximum and mini-
mum voltages may increase. Let assume, for example, that the
maximum and minimum voltages are obtained at the buses 3
and 5, respectively. In this case, if a load curtailment at bus 4 is
implemented, it may cause that the increase of voltage at bus 5
is larger than the increase of voltage at bus 3. So, the difference be-
tween maximum and minimum voltages values increases.

Therefore, the difference between maximum and minimum
voltages depends on what loads participate in the demand re-
sponse program in order to regulate the voltage. In order to analyze
this issue, let assume that when the loads curtailment occurs, only
the active power of load demand reduces and the reactive power
demand is unchanged.

Let, now, define the vector Tp as follows:

Tp = [Ri.Ry,Rs,...,Ry] (12)

where 1 is the number of consumers that participate in the demand
response program. Each element of this matrix is written as follows:

R = R — R™ (13)

The calculation method of R™ and R™ is described in the fol-
lowing examples considering the typical distribution feeder shown
in Fig. 7.

Let assume that the minimum and maximum voltages occur at
the end bus and DG bus, respectively, and the load located at bus 4
is willing to participate in a demand response program; a load
curtailment of AP leads to the increase of both maximum and

Fig. 7. A typical distribution feeder.

minimum voltages. The voltage increase at the bus with the
maximum voltage (AVp.) is defined as follows:

AViax = (11 4+ 12 + 13 +14)AP (14)

where r; is the line resistance located between busesiand i — 1. Let
define:

R4m‘”‘:r1+r2+r3+r4 (15)

The voltage increase at the bus with the minimum voltage
(AVpmin) due to the load curtailment of AP is calculated as follows:

AV pin = (T1 +Ty+13+ r4)AP (16)
Therefore
REM™ =1 414134714 (17)

As the values of Ry and RL['"' are equal, R, is zero. It means that
the load reduction at bus 4 has no effect on the difference between
minimum and maximum voltages.

Now, let assume that the load at bus 7 also participates in the
demand response program. A load curtailment of AP leads to the
increase of both the maximum and minimum voltages. The voltage
increase at the bus with the maximum voltage is calculated as
follows:

AVipgy = (r1 + T2 + 13 + 14+ 15)AP (18)
Hence,
Ry™ =ri+r4rs+ra+7s (19)

The voltage increase at the bus with the minimum voltage due
to the load curtailment AP, is calculated as follows:

AVipin = (11 + T2+ T34+ T4 +T5 + T +17)AP (20)
Therefore,
RI™ =11+ 1213+ T4 415+ 15+ 17 (21)

The value of R; is calculated as follows:
Ry =Ry" —R7™ =r5+17 (22)

Also the reactive power reduction in the demand response pro-
gram can be considered. Eqgs. (20)-(24) show the case in which the
load at bus 7 curtails its reactive demand of AQ. The values of the
voltage increases at the bus with the maximum and minimum
voltages are calculated as follows:

AVinax = (X1 + X2 + X3 + X4 + X5)AQ (23)
X7 =X1 +% + X3+ X1+ X5 (24)
AVpin = (X1 + X2 + X3 + X4 + X5 + Xs + X7)AQ (25)
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XIM = X1 + X + X3+ X + X5 + X6 + X7 (26)

where ¥x; is the line reactance located between buses i and i — 1.
The value of X7 is calculated as follows:

Xo = XM _ XM — xe 4 Xy (27)

As a consequence, with a load curtailment at bus 7, the differ-
ence Vmaxfeeders — Vmin feeders decreases by

[(R7 x AP) + (X7 x AQ)] (28)

After calculating the values of R,, and X,, for bus n, where the
possible load demand curtailment is available as a demand re-
sponse option, these parameters are placed in the vector Tp and

in the vector Ty, respectively. Using Tp and T, a matrix named
the load curtailment sensitivity matrix can be built. This matrix
is useful for carrying out a sensitivity analysis of load curtailment
effects on the voltage profile of a distribution network.

3.5. Tap changer and demand response coordination

As a result of the previous considerations, for all consumers par-
ticipating in a demand response program, the value of R and X
should be calculated in order to define vectors Tp and Tg. In an
emergency Condition Vmaxfeedsrs - Vminfeeders = Vmax,perm - Vmin,perm
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Table 1
The load characteristics in each feeder.

Feeder 1 Feeder 2

Bus number Maximum active power (kW) Type of customer Power factor Bus number Maximum active power (kW) Type of customer Power factor

1 286 1 0.8 1 330 2 0.85
2 440 3 0.9 2 440 1 0.8
3 605 2 0.85 4 770 1 0.8
5 660 2 0.85 5 880 3 0.9
6 825 1 0.8 6 605 2 0.85
7 495 3 0.9 7 385 2 0.85
8 495 1 0.8 9 385 3 0.9
10 770 1 0.8 10 660 2 0.85
11 825 3 0.9 11 550 1 0.8
Table 2
The load reduction offer at each bus. 1.05[-
Candidate buses- Maximum time Load reduction offer
1.04 -
Feeder (h) Active power Reactive power
(kW) (kvar)
51 4 120 744 g'e .
6-1 2 95 71.2 :
7-1 2 110 53.3 1.02- ! i
8-1 3 80 60 HE H H H
10-1 3 130 95.5 P ] :
11-1 3 140 67.8 10 = -
2-2 1 100 75 A A
4-2 2 30 60 Y S N N N N S S S S S A M
9-2 4 120 582 123 456 7 8 91011121314 1516 17 18 19 20 21 22 23 24
11-2 3 110 82.5 time (hour)
Fig. 12. Taps condition after voltage regulation.
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Fig. 11. Voltage profile of bus 11 of feeder 1 before and after regulation. Fig. 13. Tap condition of transformer after regulation in scenario 2.
and the demand response program is called with the following (4) The procedures goes to stage 2 until the value of AVrequired
procedure: becomes lower or equal to zero.

(5) Finally, the tap of the transformer is set based on Eq. (8) and
(1) The amount of the required voltage change is calculated as the updated voltage value.

follows:
4. Case study

AVrequired = (Vmax,perm - Vmin,penn) - (Vmaxfeeders . .
Vo 29 The proposed method was applied to a 22 bus 20-kV radial
= Vi ecders) (29) distribution test system shown in Fig. 8. The impedance of each
(2) A load reduction signal is sent to the bus having the largest line is considered 0.79 +0.73i ohm. The voltage of network is
value in Tp and T,. 20 kV. The number of taps of HV/MV transformer tap changer
(3) The value of AVequireq is updated as follows: is 10 and each tap ratio is 0.01 p.u. The default tap position that
has been determined before real time operation is supposed to

AVrequired = AVrequired - [(TP,i X APi) + (Tq‘i X AQI)} (30) be set at 1 p.u.
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Fig. 14. Voltage profile of feeder 1 after voltage regulation in scenario 2 (without DR).

Table 3
Selected buses for load reduction.

Hours with violation in voltage range

Selected buses for load reduction (feeder 1)

18 11
19 7,8,10, 11
20 6,7,8,10,11
21 8,10
1.06 ; ; ; ; ; : : : : :
: : : : i | = Voltage at feeder 1 at 20:00 with DR
1.04 NG S [ R Voltage at feeder 1 at 20:00 without DR
_ 102 : : : :
3
& qf U S
] 1 |
o :
] : :
S 098 ---roioooooedeooooes poenoes A : ; '
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Fig. 15. Voltage profile of feeder 1 at 20:00.

An offline load flow, in which DG units are modeled as PQ buses
and considered as negative loads, is used for generating real time
data as in [26,27].

The proposed real-time voltage control model uses the real time
data, the type of renewable generations has no effect on its perfor-
mances. All types of renewable and conventional distribution gen-
eration units installed in the distribution system, as well as their
combination, can be considered in the proposed model. However,
for simplicity of analysis in this section, it is assumed that the test
system contains four wind turbines installed at bus 4 of feeder 1
and bus 3 of feeder 2 with a capacity of 168 kW, at bus 8 of feeder

2 with a capacity of 630 kW, and at bus 9 of feeder 1 with a capac-
ity of 1575 kW. The wind power variation for this area is shown in
Fig. 9.

The load types of this test system are categorized as: one com-
mercial and two residential load types with the profiles shown in
Fig. 10.

The load consumption for each feeder, as well as the type of
loads and their power factors are given in Table 1.

The list of loads that are willing to participate in the DR pro-
gram by reducing the offer in related to their active and reactive
power consumption is given in Table 2.



A. Zakariazadeh et al./Applied Energy 117 (2014) 157-166

1.05

====Feeder 1, before regulation
Feeder 2, before regulation
Feeder 1, after regulation
Feeder 2, after regulation

3 : 5 s
2 H - H
g 095 ; :

o A

> Lower fimit !

0.85
0

Fig. 16. Voltage profile at 20:00.

In this section, the proposed voltage control approach is applied
considering two different scenarios. In order to show the effective-
ness of proposed emergency voltage control model, two unpredict-
able events, such as wind power intermittency and DGs outage are
considered to occur in real time.

4.1. Scenario 1: unpredictable wind and load fluctuations

In this scenario, it is supposed that wind generation and load
consumption unexpectedly change from their forecasted values,
mainly due to the intermittent nature of renewable generation
and load demand. The voltage profile before and after the voltage
regulation in this condition is shown in Fig. 11 for bus 11 of feeder
1, with the worst voltage profile among all other buses. As shown
in Fig. 11, on the basis of forecasted values of wind power and load
demand, the voltage profile of bus 11 of feeder 1 is within its per-
missible range.

Due to unpredictable variations of wind power and load de-
mand and, without any corrective action for voltage regulation,
the voltage should drop below the permissible value during peak
hours. After the voltage regulation, carried out by using the tap
changer, the voltage brings to its permissible range during all the
day. So, in this scenario, the voltage regulation is carried out only
by setting the tap changer and, therefore, it is not required to use
the load reduction. In the proposed voltage control model, it is,
in fact, assumed that the first corrective action for voltage regula-
tion is carried out by the tap changer. If it is able to bring the volt-
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age back to its permissible range, the emergency demand response
program is not used.

The tap changer condition in this scenario after applying voltage
regulation is shown in Fig. 12. The tap levels increase during peak
hours in order to compensate the voltage drop.

4.2. Scenario 2: wind turbine outage

Let, now, consider that a contingency, deeply affecting the volt-
age profile, occurs in a distribution system. This is an emergency
state in the distribution system operation. In this scenario, it is
supposed that the wind turbine located at bus 9 of feeder 1 sud-
denly fails. As a result, the voltage on feeder 1 will experience a se-
vere voltage drop. At first, the tap changer program sets the taps
conditions which are shown in Fig. 13. The voltage profile at all
nodes is illustrated in Fig. 14. In spite of the fact that the tap chan-
ger reacts to this contingency in order to bring back the voltage
levels within the permissible range, during the hours from 18 to
21 the voltage drop at some buses is below 0.95 p.u. During these
hours the tap of the transformer is located at its higher level, none-
theless the system experiences unacceptable voltage levels at some
buses.

Therefore, the proposed emergency voltage control model is
used in this scenario. Based on the proposed method, the selected
buses for load reduction are shown in Table 3.

Although the load reduction at bus 11 of feeder 1 has the higher
effect on voltage profile, at hour 21:00 this bus is not selected for
load reduction as the maximum offered load reduction duration
is 3 h at bus 11 of feeder 1, and this reduction has been already
scheduled at its maximum duration.

The voltage profile on feeder 1 before and after voltage regula-
tion considering the only tap changer action is shown in Fig. 15. As
shown in this figure, the tap changing could not control the voltage
drop so that voltages are inside their permissible range without
using DR. In other words, the voltage regulation carried out by
using only the tap-changer as voltage regulator device is not able
to compensate the voltage drop at all buses.

The voltage profile of feeder 1 at hour 20:00 before and after
applying the voltage regulation using both the tap changer and
the load reduction is shown in Fig. 16. As expected, when the wind
turbine failure occurs, the minimum voltages on feeders 1 and 2
drop below 0.95 p.u. and this is not acceptable. So, the proposed
control acts in order to regulate the voltage in this emergency con-
dition. Firstly, the tap changer reacts to this state and brings the
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Fig. 17. Voltage profile on bus 11 of feeder 1.
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voltage back to the permissible range at most buses. Although the
tap level is located at its maximum level during peak hours, there
is still a problem with regards to the voltage drop at some buses.
After that, according to the proposed control method, some buses
are selected in order to curtail their load demands. For example,
at hour 20:00, the load demands at buses 6, 7, 8, 10, and 11 on fee-
der 1 are selected in order to reduce their load consumption.

In Fig. 17, the voltage profile at bus 11 of feeder 1 before and
after the voltage regulation in the emergency condition is shown.
Without the DR program, the voltage leaves the permissible range
during hours 18-21. After the load curtailment at some selected
buses, the voltage brings back to its permissible range.

5. Conclusion

This paper analytically proves that the load curtailments
according to a demand response program in a distribution network
can change the distribution feeders’ voltage profile. The proposed
real time voltage control algorithm uses demand side participation
in order to maintain distribution nodes’ voltage within permissible
range in emergency conditions. Load curtailment sensitivity matri-
ces have been also developed in order to effects of each load vari-
ation on the feeders’ voltage. The results showed that applying load
reductions on the basis of the proposed method allows reducing
voltage drops across the distribution feeders, and causing a boost
in the voltage at the far end of the feeders. Also, the robust integra-
tion of demand response into conventional voltage control meth-
ods allows maintaining smooth voltage profile of the distribution
system.
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