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Chapter

Voltage Regulation in Smart Grids
Maher Azzouz

Abstract

The intermittent nature of renewable power sources (RES) can significantly
change the voltage profile of smart grids and adversely impact the conventional
voltage control devices such as tap-changing transformers and capacitor banks.
Furthermore, the growing penetration of plug-in electric vehicles (PEVs) can add
high stress on voltage control devices due to the PEV stochastic and concentrated
power profiles. Such power profiles may lead to high maintenance costs and
reduced lifetimes for voltage control devices and limit actions on accommodation of
high penetration levels of RES and PEVs. This chapter explains the basic back-
ground of voltage regulation in smart grids. The typical approaches, which are
employed by utilities for voltage regulation, are reviewed. Then, the impact of RES
and PEVs on voltage regulation is analyzed. Lastly, remedies for voltage violations
in smart grids, such as optimal reactive power control and coordination between
voltage control devices, are discussed.

Keywords: distributed generation, active distribution networks, voltage regulation,
electric vehicles, onload tap changers

1. Introduction

Ongoing rapid advances in power electronics and communication technologies
are facilitating the development of smart grids that are characterized by hosting
distributed generation units (DGs). There are many benefits of smart grids such as
enhancing power reliability and power quality, improving safety and cyber secu-
rity, maximizing energy utilization and efficiency, environment protection and
conservation, and increasing financial revenues [1]. For instance, as reported in [2],
smart grids could reduce greenhouse gas emissions by up to 18%. The integration of
renewable-based DGs alters distribution systems so that rather than having passive
structures, with unidirectional power flow, they become active distribution net-
works (ADNs), with multidirectional power flow. Voltage regulation is considered
one of the main operational challenges that accompany high penetration levels of
renewable-based DGs. RES, such as wind and solar energy, can significantly change
the voltage profile of smart grids and interact negatively with conventional schemes
of controlling onload tap changers (OLTCs). Another factor is the growing pene-
tration of PEVs, which creates additional stress on voltage control devices due to
their stochastic and concentrated power profiles. These combined generation and
load power profiles can lead to overvoltages, undervoltages, high system losses,
excessive tap operation, infeasible solutions (hunting) with respect to OLTCs, and/
or limits on the integration of either PEVs or RES.
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2. Background

One of the main objectives of electric utilities is to maintain the grid voltage
within standard levels to guarantee customers’ satisfaction. Many equipment are
deployed in the grid, such as OLTCs and capacitor banks, to properly fulfill this
objective. In general, voltage regulation in a smart grid can be classified as local or
communication-assisted [3]. The local voltage regulation is referred to as the con-
ventional control, where the reference values and measurements for voltage control
are locally determined. In this section, the fundamentals of the conventional control
of OLTC and inverter-interfaced DGs are explained.

2.1 OLTC conventional controller

OLTCs are one of the main voltage regulators in distribution systems. A tap
changer equipped with an automatic control system usually regulates the trans-
former’s secondary voltage to maintain an acceptable voltage near the load center.
The tap changer mechanically varies the tap position from zero (no voltage com-
pensation) to Nmax (maximum voltage compensation). This allows for changing the
transformer’s turn ratio in discrete steps; each step adjustment may take 3–20 sec-
onds. Figure 1 displays the schematic diagram of an OLTC, where the tap changer is
placed on the primary side. The tap changer is usually installed on the high voltage
side of the transformer (i.e., the primary side in Figure 1) because of the low
current of that side. A reversing switch is employed to change the polarity of the tap
winding for positive and negative voltage compensation. In steady state, the trans-
former model can be given by

V2 ¼
V1

a
� I2ZT að Þ (1)

where V1 and V2 are primary and secondary voltages, respectively, I2 is second-
ary current, a denotes the transformer’s tap ratio, and ZT (a) is the transformer

Figure 1.
Transformer with tap changer.
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series impedance (referred to the secondary side). The tap changer allows a to vary
linearly; thus it can be expressed in terms of the nominal turn ratio (i.e., a0 ¼ 1:0):

a ¼ a0 þ niΔa (2)

where Δa is the change in a as a result of a step change in the tap position ni,
which is given by

ni ¼ ni�1 þ Δn (3)

where ni is the present tap position and ni � 1 is the previous tap position. Δn is
the change in the tap position which is defined by

Δn ¼

0 for t≤Tm : b ¼ arbitrary

1 for t>Tm : b ¼ �1

�1 for t>Tm : b ¼ 1

8

><

>:

(4)

where Tm denotes mechanical time delay which is required by the motor driver
unit to change the tap position by only one step and b is the control signal that is
applied to the tap-changing mechanism (see Figure 2) and is given by

b ¼

0 for t≤Td : e ¼ arbitrary

1 for t>Td : e ¼ 1

�1 for t>Td : e ¼ �1

8

><

>:

(5)

where Td is the time delay introduced by the OLTC controller and e is the output
of the hysteresis controller, that is,

e ¼

0 for ΔVj j≤DB

1 for ΔV>DB

�1 for ΔV < �DB

8

><

>:

(6)

The mechanical time delay (Tm) has a constant value; usually, it varies from 3 to
10 seconds, and ΔV is the voltage error. In some models of the OLTC, the controller
time delay (Td) is considered constant:

Td ¼ τ0 (7)

However, Td is usually variable and depends on the voltage error and the con-
troller’s dead band DB [4]:

Td ¼ τ0
DB
ΔVj j

(8)

Figure 2.
The schematic diagram of the conventional discrete control of the OLTC.
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Td is inversely proportional to the voltage error ΔV to avoid unnecessary oper-
ation during transient voltages and temporary load disturbances. DB must be
greater than ∆a to ensure stability when the regulated voltage approaches the
reference valueVref ; otherwise, the OLTC will suffer from hunting. Vref is typically

between 0.95 p.u. and 1.0 p.u. since it determines the steady-state voltage near the
load center (Vk).

2.2 Conventional voltage control of inverter-based DGs

Energy processing strategies for inverter-based DGs typically involve two cas-
caded loops: inner and outer. The inner loop is a current control loop, which
regulates the DG inverter current in the d� q reference frame. The outer control
loop, on the other hand, can fulfill different control objectives depending on the
hosing grid, such as voltage regulation and power management control.

Figure 3 shows an inverter-based DG that is controlled in the current injection
mode, which is the typical strategy adopted with RES. A DG inverter model in the
d� q synchronous frame represents the dynamics of the interfacing LC filter [5],
that is,

Lf
dId
dt

¼ �Rf Id þ Vd � Vod þ ωLf Iq (9)

Lf
dIq
dt

¼ �Rf Iq þ Vq � Voq � ωLf Id (10)

Cf
dVod

dt
¼ Id � Iod þ ωCfVoq (11)

Cf
dVoq

dt
¼ Iq � Ioq � ωCfVod (12)

ω ¼
dθ
dt

(13)

where Idq and Iodq represent the d� qcomponents of the inverter output current

and DG current at the PCC, respectively; Vdq and Vodq are the components of the

Figure 3.
Power circuit and current control diagram for inverter-based DG.
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inverter terminal voltage and DG voltage at the PCC, respectively; Rf , Lf , and Cf are

the resistance, inductance, and capacitance of the DG interfacing filter, respec-
tively; and ω is the grid frequency.

The current equations, that is, (9) and (10), are coupled through the ωLf Iq and
�ωLf Id terms. For independent control of both the Id and Iqcurrents, the decoupled
terms must be eliminated, which can be accomplished if new variables V 0

d and
V 0

qare defined by

V 0
d ¼ Vd � Vod þ ωLf Iq (14)

V 0
q ¼ Vq � Voq � ωLf Id (15)

Substituting from (14) and (15) into (9) and (10) yields.

Lf
dId
dt

¼ �Rf Id þ V 0
d (16)

Lf
dIq
dt

¼ �Rf Iq þ V 0
q (17)

Equations (16) and (17) represent decoupled first-order differential equations
for Id and Iq, respectively. Therefore, PI current controllers can be designed based
on the transfer functions derived from (16) and (17). If the gains of the PI current
controllers are selected as

Kip ¼
Lf

τi

Kii ¼
Rf

τi

,

8

>><

>>:

(18)

then the equivalent closed-loop transfer functions for the current loops can be
given by

Id sð Þ

Irefd sð Þ
¼

Iq sð Þ

Irefq sð Þ
¼

1

τisþ 1
(19)

where τi is the time constant of the closed-loop system. The vector magnitude of

the reference current

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

irefd

� �2
þ irefq

� �2
r !

should be limited according to the

maximum allowable current, typically 20% greater than the rated current of the
inverter [5], in order to provide overcurrent protection. The vector magnitude of

the modulation index Mj j ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

M2
d þM2

q

q� �

should also be limited to Mj jmax ¼ 1:0 p.

u. so that DG operates in a linear modulation region. Figure 3 shows the vector
magnitude limiter, which implies a limit on the magnitude of Mj j without a change
in the phase angle between Md andMq.

Determination of the reference currents, Irefd and Irefq , is usually affiliated to the

DG output power. In the synchronous d� q frame, the output active PG and reac-
tive QG powers are given by

PG ¼ 1:5 VodId þ VoqIq
� �

(20)

QG ¼ 1:5 VoqId � VodIq
� �

(21)
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For decoupled control of the active and reactive powers, a phase-locked loop
(PLL) should be used for aligning Vod with the output voltage of phase a so that

Voq ¼ 0 [6]. To determine Irefd , a maximum power point tracking (MPPT) algorithm

along with a DC link voltage controller is employed [7]. On the other hand, Irefd can
be calculated, as in (22), to regulate the output reactive power, thus, providing
voltage support.

Irefd ¼
Q ref

G

1:5Vod
(22)

where Q ref
G is the reference value of the DG reactive power which can be deter-

mined using an outer voltage control loop or received from a communication-
assisted voltage regulation scheme [8].

2.3 DG contribution to voltage violation

Usually, distribution networks have unidirectional power flow from the substa-
tion to customers. This leads to a descending voltage profile which may only suffer
from an undervoltage near the load center, a problem typically tackled using OLTC
and capacitor banks. On the other hand, DG integration into distribution networks
makes the power flow bi-directional; thus an overvoltage problem may also occur.
To understand the impact of DGs on the system voltage, the simplified distribution
network in Figure 4(a) is used, where a DG is connected at a load bus. In this
figure, R and X are the feeder resistance and reactance, respectively; IR is the feeder
current; V1, V2 are the primary and secondary voltage of the distribution trans-
former, respectively; and VG is the DG output voltage. The phasor diagram of the
simplified distribution network is shown in Figure 4(b), in which δ is the power
angle and φ is the phase shift between VG and IR.

Using the phasor diagram, the relation between the DG voltage and V2 can be
formulated:

V 0
G ¼ V2 þ IRR cos φð Þ þ IRX sin φð Þ½ �

¼ VG cos δð Þ
(23)

Figure 4.
Simplified distribution network with DG. (a) Single-line diagram and (b) phasor diagram.
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The power angle (δ) is very small; hence (23) can be approximated by

VG ≈V2 þ IRR cos φð Þ þ IRX sin φð Þ (24)

Therefore, the voltage rise caused by the DG, that is, ΔVG ¼ VG � V2, is
given by.

ΔVG ≈ IRR cos φð Þ þ IRX sin φð Þ ¼
PRRþ QRX

VG
¼

PG � PLð ÞRþ QG � Q Lð ÞX
VG

(25)

where PG and QG are the DG output active and reactive powers, respectively,
while PL and Q L are the load active and reactive powers, respectively. It can be seen
from (25) that the highest overvoltage happens when the DG generates its maxi-
mum power during a light load condition. This problem is mainly associated with
the excessive reverse power flow caused by the DG.

3. Communication-assisted voltage regulation

Due to the intermittency of RES and PEVs, the conventional control schemes for
OLTC and DGs fail to provide proper voltage regulation. This shortcoming can be
compensated using communication-assisted voltage regulation schemes. In the lit-
erature, the communication-assisted schemes fall under two approaches: distrib-
uted and centralized [3]. Both approaches involve investment in communication
links and remote terminal units. The distributed (intelligent) approach is consid-
ered to be an expert-based control or model-free approach, which coordinates a
variety of voltage control devices with the goal of providing effective and
nonoptimal voltage regulation with fewer communication requirements [9]. On the
other hand, the centralized approach relies on a central point that monitors the
system status and optimizes the operation of voltage control equipment. Typically,
a centralized optimization problem is solved to dispatch the reactive power of
different voltage control equipment based on (i) load forecasting and (ii) genera-
tion monitoring. Several solutions have been proposed in the literature to provide
optimal reactive power dispatch for DGs [10–12]. In this section, the role of PEVs in
optimal voltage regulation is explained as in [13].

3.1 PEV impact on voltage regulation

Figure 5 represents a simplified multi-feeder distribution network connected to
a substation through an OLTC. The test network has a photovoltaic (PV)-based DG
and a PEV parking lot, which are connected at different feeder terminals. Following
the derivation of (25), the per-unit voltage deviation for both DG and PEV busses
can be approximated by

ΔVPV ≈ PPV � PL1ð ÞRf 1 þ QPV �QL1

� �
Xf 1

ΔVEV ≈ � PEV þ PL2ð ÞRf 2 � QEV þ QL2

� �
Xf 2

(26)

where PPV , PEV , and PL are DG, PEV, and load active powers, respectively, and
QPV , QEV , and QL are DG, PEV, and load reactive powers, respectively.

Equation (26) shows that two worst-case scenarios may occur: (i) overvoltage,
when the DG generates its maximum power during light loads and
(ii) undervoltage, during a peak load demand and low DG output. The integration
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of DGs changes the voltage profile significantly and complicates the voltage regula-
tion. This is due to two reasons: (i) the voltage trend not descending from the
substation to the feeder terminal, thereby invalidating the target point (reference)
and (ii) the voltage estimation, based on local measurements, becoming inaccurate
because of the stochastic power natures of RES and EVs [13]. Moreover, the sto-
chastic power nature of EVs makes the voltage estimation inferior and aggravates
the undervoltage problem. Therefore, OLTCs may suffer from wear and tear due to
excessive operations. This problem worsens when feeders suffer from overvoltage
due to high DG penetration, while others suffer from undervoltage during high
demand, such as PEV charging. In this instance, the OLTC will have two
contradicting solutions. Increasing the transformer’s secondary voltage mitigates
the undervoltage problem at the expense of the system’s overvoltage and vice versa.
Figure 6 shows two daily power profiles for uncontrolled1 PEV charging demand
and a PV-based DG. The PEV demand is generated based on practical arrival/
departure times from the Toronto Parking Authority (TPA), Toronto, Canada.
Since the power profiles of commercial parking lots and PV-based DGs naturally
coincide, there is a high chance that the system simultaneously suffers from over-
voltage and undervoltage. A partial solution for this problem can be realized if a
centralized-based controller for the OLTC exploits the system’s maximum and
minimum voltages. However, this controller may not prevent the OLTC hunting

Figure 5.
Simplified distribution network with DG and PEVs.

1 In uncontrolled charging schemes, PEVs start charging as soon as they are plugged in.

Figure 6.
DG and PEV power profiles.
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problem during high PV power generation and peak EV demand, resulting in
excessive tap operation.

For that reason, the power electronic converters that interface DGs and PEVs
should be utilized in voltage regulation. The DG can support the voltage regulation
through two options: (i) absorbing reactive power and/or (ii) curtailment of active
power. The first option is preferred since active power curtailment represents an
energy waste. However, the capacity of the DG converter may limit the reactive
power support and force the second option. To increase the reactive power support,
the interfacing converter of the PEV can be employed to inject its surplus reactive
power, thus reducing the DG active power curtailment [13]. A novel optimal coor-
dinated voltage regulation scheme is presented to coordinate PEV, DG, and OLTC
to achieve optimal voltage regulation and satisfy the self-objectives of each voltage
control device.

3.2 OLTC centralized control

As shown in Figure 7, the OLTC is represented by a π-circuit model [14]. The
taps are assumed to be at the primary side (high voltage). Subsequently, the OLTC
secondary voltage and current can be calculated by

V 1;tð Þ

I 1;tð Þ

" #

¼

1

a
�

a
YT

0 �a

2

4

3

5
V 0;tð Þ

I00;tð Þ

" #

(27)

where YT is the transformer series admittance, a is the turns ratio given in (2),
and t denotes the time instant. To take the physical busses into account, (27) can be
rewritten as

I 0;tð Þ

I 1;tð Þ

" #

¼
gF þ jbμ þ

YT

a2
�
YT

a

�
YT

a
YT

2

6
4

3

7
5

|fflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl}

YOLTC

V 0;tð Þ

V 1;tð Þ

" #

(28)

where YOLTC is the OLTC Y-bus admittance matrix, which represents the OLTC
admittance in the power flow equations.

The conventional OLTC controller, shown in Figure 8(a), is modified to emu-
late an adaptive reference by considering the system’s minimum and maximum

voltages, that is, Vsys
minand Vsys

max, respectively. This modification forms the central-
ized OLTC controllers (COC) proposed in [13] and shown in Figure 8(b), which

Figure 7.
Equivalent π-circuit model of OLTC.
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allows the OLTC to deal with multiple feeders with voltage problems resulted from
DGs and PEVs. The COC emulates an adaptive reference because the error

ΔVchanges such that Vsys
minand V sys

max are within the standard limitsVUpper and VLower

(i.e., 1.05 and 0.95 p.u.), respectively. Vsys
min and Vsys

max can be estimated using the
state estimation algorithm in [15] or attained through the central voltage control
unit explained in the next subsection.

In the case of an overvoltage, ΔV is negative, and the primary controller
decreases the transformer secondary voltage (by increasing the tap position) and

vice versa. During normal conditions, ΔV is zero because both Vsys
min and V sys

max are
within the standard limits; thus, the tap position remains unchanged. When both
overvoltage and undervoltage occur simultaneously, the COC should be disabled to
avoid hunting [16]. In the next subsection, the roles of DGs and PEVs in voltage
regulation are explained to mitigate the shortcoming of the COC.

3.3 Optimal coordinated voltage regulation

Both power electronic converters of PEVs and DGs can support the grid with
reactive power to relax the OLTC. A vehicle-to-grid reactive power support
(V2GQ) strategy is proposed in [13] to incorporate PEVs and DGs in voltage
regulation, as shown in Figure 9. The main difference between vehicle-to-grid
(V2G) strategies and the V2GQ is that the latter injects only reactive power to the
grid. Thus, it preserves the battery life of PEV, that is, the highest priority of the
vehicles’ owners. Nevertheless, the V2GQ cannot be flexibly employed in power
management because PEVs do not export active power to the grid. V2G strategies
are avoided in voltage regulation to elongate the battery life, which is considered a
priority in this study. The V2GQ comprises a three-stage nonlinear programming,
in which Stage (I) aims at maximizing the energy delivered to PEVs, Stage (II)
minimizes the DG active power curtailment, and Stage (III) minimizes the voltage
deviations. The COC is coordinated such that it acts after Stage (III) to ensure that
all bus voltages are within the standard limits.

Figure 8.
The OLTC control: (a) conventional local controller and (b) centralized OLTC controller (COC).
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3.3.1 Problem formulation of stage (I)

The main objective of Stage (I) is maximizing the energy delivered to PEV
owners, that is,

max
γ

∑
i∈ IPEV

∑
ch ið Þ ∈ CH ið Þ

ED ch ið Þ;tð Þ ∀t (29)

where ED ch ið Þ;tð Þ is the energy delivered to the PEV connected to charger

ch ið Þ ∈ CH ið Þ at PEV bus i∈ IPEV , IPEV is the set of busses with PEV charger connec-

tions, CH ið Þ is the set of chargers connected to bus i, and γ is the decision variable

vector. The PEV and DG voltage support depends mainly on γ, which can generally
take the following form:

γ ¼ X ch ið Þ;tð Þ;Q
PEV
o i;tð Þ;Po i;tð Þ;Qo i;tð Þ

h i

(30)

where X ch ið Þ;tð Þ and QPEV
o i;tð Þ are the vector of the charger decisions and PEV reactive

power at bus i∈ IPEV , respectively; Po i;tð Þ and Qo i;tð Þ are the DG active and reactive

powers at bus i∈ IDG, respectively; and IDG is the set of busses with DG

Figure 9.
PEV/DG voltage support scheme.
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connections. The charging decisions are continuous, that is, X∈ 0; 1½ � where “0”
stands for no charging and “1” stands for full charging. According to the grid
operator, γ can be partially constrained. For instance, the PEV reactive powers can

be set to zero, that is, QPEV
o i;tð Þ ¼ 0, ∀i∈ IPEV , t, when the PEV voltage support is

disregarded. Stage (I) should satisfy the power flow constraints, as given by

PG i;tð Þ � PL i;tð Þ ¼ ∑
j∈ Ib

V i;tð ÞV j;tð ÞY i;jð Þ cos θ i;jð Þ þ δ j;tð Þ � δ i;tð Þ

� �
∀i∈ Ib, t (31)

QG i;tð Þ � QL i;tð Þ ¼ ∑
j∈ Ib

V i;tð ÞV j;tð ÞY i;jð Þ sin θ i;jð Þ þ δ j;tð Þ � δ i;tð Þ

� �
∀i∈ Ib, t (32)

where PG i;tð Þ and QG i;tð Þ denote the generated active and reactive powers,

respectively; PL i;tð Þ and QL i;tð Þ are the active and reactive power demands, respec-

tively; V i;tð Þ and δ i;tð Þdenote the magnitude and angle of the voltage, respectively;

Ib is the set of system busses; and Y i;jð Þ and θ i;jð Þ are the magnitude and angle of the

Y-bus admittance matrix, respectively.
The voltage and feeder thermal limits should also hold, and thus,

Vmin ≤V i;tð Þ ≤Vmax, ∀i∈ Ib, t (33)

I l;tð Þ ≤ ICAPlð Þ , ∀l∈ℒ, t (34)

where Vmin and Vmax are the maximum and minimum voltage limits, that is, 0.9
and 1.1 p.u., respectively; I l;tð Þ denotes the per-unit current through line l∈ℒ; ℒ is

the set of system lines; and ICAPlð Þ is the current carrying capacity.

Typically, two back-to-back power electronic converters are used to interface
PEVs and PVs, that is, DC/DC and DC/AC converters. The DC/DC converter
performs MPPT with PV-based DGs or controls the PEV charging. The DC/AC
converter regulates the DC link voltage and is responsible for the reactive power
support [7]. The power injected to a bus should be equal to the output power of the
DG installed at that bus:

PG i;tð Þ ¼ Po i;tð Þ

QG i;tð Þ ¼ Qo i;tð Þ

, ∀i∈ IDG, t

(

(35)

Po i;tð Þ ≤PMPPT
o i;tð Þ , ∀i∈ IDG, t (36)

where PMPPT
o i;tð Þ denotes the DG maximum power available. In both PEVs and PVs,

the DC/AC converter is similar to that used with Typ. 4 wind farms. Therefore, the
reactive power capability limits, defined in [17], should be used as constraints.
These limits depend on the converter’s power rating and DC link voltage, as follows:

Q2
o i;tð Þ ≤ S2o i;tð Þ � P2

o i;tð Þ, ∀i∈ IDG, t (37)

Qo i;tð Þ þ
V2

i;tð Þ

X ið Þ

 !2

≤
Vmax

c ið Þ V i;tð Þ

X ið Þ

� 	2

� P2
o i;tð Þ, ∀i∈ IDG, t (38)
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where Vmax
c ið Þ represents the maximum converter voltage which depends on the

converter DC link voltage [17, 18], So i;tð Þ denotes the DG rated power, and X ið Þ is the

total reactance of the DG filter and interfacing transformer at bus i . If the DC/AC
converter increases the set point for the DC link voltage to relax Constraint (38),
the DC/DC converter will operate at a high duty cycle, which decreases its effi-
ciency [19]. Hence, the reactive power support from the DC/AC converter is limited
by the DC link voltage.

The load power at a bus should be equal to the total power consumed by regular
loads and PEV:

PL i;tð Þ ¼ PNL i;tð Þ þ PPEV
o i;tð Þ, ∀i∈ Ib, t (39)

QL i;tð Þ ¼ QNL i;tð Þ þQPEV
o i;tð Þ, ∀i∈ Ib, t (40)

where PPEV
o i;tð Þ is the PEV active power and PNL i;tð Þ and QNL i;tð Þ are the active and

reactive powers of normal loads, respectively. The PV power profile relies mainly

on solar insolation, whereas PPEV
o i;tð Þ depends on charging decisions X ch ið Þ;tð Þ, the

charging power limit in kW PCH ch ið Þ;tð Þ, and the charging efficiency ηCH ch ið Þð Þ, as given

by.

PPEV
o i;tð Þ ¼ ∑

ch ið Þ ∈ CH ið Þ

X ch ið Þ;tð ÞPCH ch ið Þ;tð Þ

ηCH ch ið Þð ÞSbase
, ∀i∈ IPEV , t (41)

where Sbase is the base power for the per-unit system in kW. The charging power
limit PCH is a function of the PEV battery state of charge (SOC) and is limited by the

capacity of the charger, that is, PCH ≤PCharger
rated . This function is dependent on the

characteristics of the battery, which can be expressed as

PCH ch ið Þ;tð Þ ¼ f ch ið Þ;tð Þ SOCF
ch ið Þ;tð Þ

� 	

, ∀i∈ IPEV , ch ið Þ, t (42)

where f ch ið Þ;tð Þ is the function that represents the characteristics of the PEV

battery and SOCF
ch ið Þ;tð Þ is the reached SOC. The relationship between the energy

delivered to a PEV battery and its SOC can be given by

ED ch ið Þ;tð Þ ¼ EBAT ch ið Þð Þ �

SOCF
ch ið Þ;tð Þ � SOCI

ch ið Þ;tð Þ

� 	

100
, ∀i∈ IPEV , ch ið Þ, t (43)

where EBAT ch ið Þð Þ is the battery capacity in kWh and SOCI
ch ið Þ;tð Þ denotes the PEV

initial SOC. The SOC of different PEVs are updated according to

SOCF
ch ið Þ;tð Þ ¼ SOCI

ch ið Þ;tð Þ þ
X ch ið Þ;tð ÞPCH ch ið Þ;tð Þ

ΔT
60

� �

EBAT ch ið Þð Þ
, ∀i∈ IPEV , ch ið Þ, t (44)

where ΔT is the time step to collect the system data, run the program, and
implement the decisions. Similar to DGs, the injected reactive powers from the
PEVs should be limited by their converter ratings and DC link voltages, as given by
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QPEV
o i;tð Þ

� �2
≤ SPEVo i;tð Þ

� �2
� PPEV

o i;tð Þ

� �2
, ∀i∈ IPEV , t (45)

QPEV
o i;tð Þ þ

V2
i;tð Þ

X ið Þ

 !2

≤
Vmax

c ið Þ V i;tð Þ

X ið Þ

� 	2

� PPEV
o i;tð Þ

� �2
, ∀i∈ IPEV , t (46)

where SPEVo i;tð Þ is the rated power of the PEV converter. In addition, the final

achieved SOC, that is, SOCF
ch ið Þ;tð Þ, should be limited by the SOC desired by the PEV

owners SOCD
ch ið Þ;tð Þ:

SOCF
ch ið Þ;tð Þ ≤ SOCD

ch ið Þ;tð Þ, ∀i∈ IPEV , ch ið Þ, t (47)

3.3.2 Problem formulation of stage (II)

In Stage (II), the objective is to minimize the DG active power curtailment,

where the final SOC reached in Stage (I), that is, SOCR
ch ið Þ;tð Þ, must be attained to

ensure maximum customer satisfaction, which is the highest priority of the V2GQ
technology. Therefore, this stage is subject to all of the constraints in Stage (I)
except for (47), which is replaced by

SOCF
ch ið Þ;tð Þ ¼ SOCR

ch ið Þ;tð Þ, ∀i∈ IPEV , ch ið Þ, t (48)

Thus, the objective function of Stage (II) is

max
γ

∑
i∈ IDG

Po i;tð Þ, ∀t (49)

3.3.3 Problem formulation of stage (III)

Stage (III) aims at minimizing the voltage deviation using the DGs and PEVs to
restore a feasible solution for the COC and relax the tap operation. Thus,

min
γ

∑
i∈ Ib

1� V i;tð Þ

� �2, ∀i, t (50)

Besides all the constraints in Stage (II), this problem is subject to the constraint
defined in (50), in which the maximum injected powers from the DGs reached in

Stage (II), that is, PR
o i;tð Þ, should be maintained.

Po i;tð Þ ¼ PR
o i;tð Þ, ∀i∈ IDG, t (51)

3.4 Coordination between V2GQ and COC

The charging decisions and active/reactive dispatch signals produced in Stage
(III) are sent to all PEV parking lots and DGs, as shown in Figure 9. To ensure that
the PEV and DG converters settle at the desired active and reactive power refer-
ences, a time delay Δtconv is introduced. The converter settling time may vary from
50 to 100 ms, depending on the primary controllers of the DC/AC converter [7]. For
slow automatic interactions, such as voltage regulation, the maximum communica-
tion time delay is 100 ms as per the IEC 61850 [20]. Thus, Δtconv is assumed to be
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200 ms (100 ms for the converter settling time + 100 ms for the communication
latency). Lastly, the COC refines the output solution from Stage (III) to ensure that

both Vsys
min and Vsys

max are within the standard voltage limits. The total execution time
of the coordination algorithmΔT is 5 minutes.

3.5 Real-time results

In this section, various case studies are presented to validate the robustness and
effectiveness of the optimal coordinated voltage regulation algorithm. The 38-bus
12.66-kV distribution system is used as a test system, as shown in Figure 10. The
system data can be found in [21]. The system is modified to accommodate two PEV
parking lots and four PV-based DGs, with power ratings as given in Figure 10. The
power demands of the two parking lots are extracted from data provided by the
TPA for a weekday in 2013. Both parking lots are commercial, where P1 represents a
lot in the vicinity of a train station and P2 is a lot located near downtown Toronto.
The total number of PEVs during a day is displayed in Figure 11. Due to confiden-
tiality, the addresses of the real parking lots are not mentioned. The central control
unit receives the desired SOCs and sends the charging decisions to all vehicles in the
parking lots. An OPAL real-time simulator (RTS) is used to model the visual test
network using the SimPowerSystems blockset, which is available in Simulink/
Matlab, and an ARTEMiS plug-in [22]. The network, PEV, and DG models are

Figure 10.
Test network with an HiL realization.
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distributed between the RTS cores for performing parallel computations. The RTS is
used to perform a hardware-in-the-loop (HiL) realization, where a central control
unit, emulated by a host computer running GAMs, exchanges real-time data with
the test network modeled in the RTS. The sampling time used to realize the HiL
application is 100 μs.

3.5.1 OLTC control without PEV/DG voltage support

This section compares the responses of the conventional and COC controllers for
the OLTC. The voltage support from PEVs and DGs is disabled to study their

Figure 11.
Number of vehicles in the parking lots.

Figure 12.
OLTC response: (a & b) conventional control and (c & d) COC.
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impacts of the OLTC. Figure 12(a) and (b) illustrate the response of the conven-
tional controller for the OLTC over 24 hours. Although the OLTC does not suffer
from an excessive tap operation (13 taps/day), undervoltage and overvoltage prob-
lems occur.

As expected, the overvoltage happens during the peak power generation from
DGs, while the undervoltage coincides with the peak demand of PEV. The COC is
enabled to mitigate these voltage violations. Figure 12(c) and (d) demonstrate that
the COC can limit the voltage violations without the PEV/DG voltage support, but it
suffers from a hunting problem. This problem happens when the overvoltage and
undervoltage occur concurrently. In this situation, the COC should be deactivated.

3.5.2 OLTC control with PEV/DG voltage support

To address the hunting problem, presented in the previous case, the V2GQ is
coordinated with the COC. Two case studies dealing with PEV/DG voltage support
are carried out, as follows:

1. DG active power curtailment, without PEV and DG reactive power supports,

that is, γ ¼ X ch ið Þ;tð Þ;Po i;tð Þ

h i

, where QPEV
o i;tð Þ ¼ 0, ∀i∈ IPEV and Qo i;tð Þ ¼ 0,∀i∈ IDG

2. PEV and DG reactive power dispatch, that is, γ ¼ X ch ið Þ;tð Þ;Q
PEV
o i;tð Þ;Po i;tð Þ;Qo i;tð Þ

h i

Figure 13 demonstrates the performance of the coordination algorithm when the
voltage support is merely achieved via the DG active power curtailment (i.e., the

Figure 13.
Response of coordination algorithm, assuming DG active power curtailment.
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first case study). The coordination algorithm keeps the bus voltages within the
standard limits, as shown in Figure 13(a). The hunting problem is avoided with a
reasonable daily tap operation, that is, 16 taps/day; see Figure 13(b). Further, the
required PEV charging demand is satisfied, as illustrated in Figure 13(c). However,
6.14% of the DG available energy is curtailed because the priority is given to
supplying the PEV demand, as shown in Figure 13(d). This privilege is considered
to comply with the distribution system code developed by the Ontario Energy
Board [23]. It states that electric utilities should deliver the required energy to
supply their loads (such as PEVs) unless there is a technical limit violation. The only
solution to maximize the energy extraction is therefore to incorporate both the
PEVs and DGs in the voltage support. Figure 14 illustrates the response of the
coordination algorithm for the second case when PEV and DG reactive powers are
employed for voltage regulation. Utilizing the full features of the V2GQ results in a
proper voltage regulation using only 4 taps/day, extracting all DG power and
charging all PEVs.

4. Conclusion

This chapter explained the conventional voltage regulation schemes used in
smart grids with inverter-based DGs and PEVs. High penetration levels of PEVs and
DGs may lead to negative impacts on the conventional voltage control devices such
as tap-changing transformers and capacitor banks. The main reason behind these
negative impacts is the stochastic power profiles of PEVs and renewable-based DGs
that stimulate chronological overvoltage and undervoltage and make load forecast-
ing erroneous. In the literature, there are two approaches to mitigating the voltage

Figure 14.
Response of coordination algorithm, activating both PEV and DG reactive power dispatch.
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violations associated with DGs and PEVs: (i) centralized and (ii) distributed voltage
regulation schemes. These schemes necessitate communication and, thus, may
benefit from the communication infrastructure embedded within smart grids. The
centralized approach employs state estimation and solves an optimization problem
to dispatch DG reactive power for optimal voltage regulation. On the other hand,
the distributed approach is an expert-based control or model-free approach, which
coordinates a variety of voltage control devices with the goal of providing effective
and nonoptimal voltage regulation with fewer communication requirements. Case
studies for a centralized voltage control scheme illuminated the role of PEV and DG
reactive powers in providing optimal voltage regulation with relaxed tap operation.
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