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A B S T R A C T

When relatively high-capacity renewable photovoltaic (PV) systems are connected to a grid, they can increase or
decrease the voltage along feeders because of reverse power flow, even exceeding ± five percent of the rated
voltage. Nowadays, grid-connected inverter-based PV systems that can control reactive power can alleviate such
an increase or decrease in voltage by adjusting the reactive power, which is referred to as Volt/Var control and
management. Therefore, the objective of this paper is to (a) perform case studies to analyze the steady-state
response of a large distribution network (i.e., with more than 1000 buses) with high-capacity PV systems that
can control Volt/Var (i.e., either producing or consuming reactive power) and (b) present a Volt/Var-control
method for three-phase voltage regulation that uses the positive-sequence sensitivity impedance matrix with
power-factor constraints. This method is verified in the IEEE 34-bus test feeder. Thus, the proposed methods can
be used to regulate the voltage of a bus to which a PV system is connected if the system controls reactive power.
These proposed methods can also be used for various impact studies for the operation or planning of distribution
systems with such PV systems.

1. Introduction

Photovoltaic (PV) systems with a capacity from tens to thousands of
kW that are connected to a distribution network below 30 kV can re-
duce losses and daytime peak demand, which is known as peak load
shaving. However, if these systems are not adequately regulated, they
can increase or decrease the voltage because of reverse power flow.
Thanks to inverters that can control reactive power, modern inverter-
based PV systems that are connected to grids can actively control re-
active power, which is referred to as Volt/Var control and management.
However, the connection of such PV systems to grids requires mutually
well-coordinated voltage-regulation agreements between utilities and
PV owners (or PV operators) if the PV systems regulate voltage. In fact,
variations in the power output from PV systems can be regulated by
utilities so that the feeder voltage can be maintained within a set range
of the rated voltage (i.e., ANSI C84.1–2016 Range A [1] or EN 50160
[2]). In addition to voltage regulation, a distribution network that hosts
PV systems should be able to detect abnormal or limited conditions
according to the voltage ranges and clearing times, as presented in

[3,4]. Furthermore, settings for dynamic or static voltage regulation can
be allowed only under mutual agreement between PV owners and uti-
lities [3,4].

Many studies examined the steady-state response of distribution
networks that are enhanced by grid-connected PV systems (with the
unity power factor). The most well-known benefit of using distributed
generation (DG), particularly PV in this study, is peak load shaving
[5,6]. One study claimed that utility distribution systems would ex-
perience a substantial increase in DG systems over the following few
decades and addressed issues regarding changes (i.e., overcurrent pro-
tection conflicts during operation with DG, instantaneous reclosing,
improved reliability from installing DG, and transformer connections)
[7,8]. Another study examined reverse power flow, voltage rise and
fluctuations, and reactive power fluctuations that are caused by grid-
connected PV systems during the steady state [9]. Furthermore, an
analytical method that was based on voltage sensitivity analysis for a
linearized power system model was proposed in [10]. Then, the max-
imum limits of acceptable power that a DG system could inject while
not violating five percent of the rated voltage at the steady state were
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determined in [10]. A probabilistic power-flow method that was based
on time-series and quasi-sequential Monte Carlo simulations also ex-
amined the effect of grid-connected PV systems on voltage in [11,12].
These studies indicated that voltage fluctuations from PV systems with
relatively low capacity could be limited [13].

However, these previous studies only examined relatively low-ca-
pacity DG systems. Another study investigated the effects of PV systems
with penetration levels of 10, 30, and 50% on voltage, tap changes of
regulators, and losses of the system and claimed that existing control
settings for regulators and capacitor banks on feeders that were en-
hanced by high-penetration PV systems (50%) failed to mitigate voltage
increases [14]. Thus, several studies presented a bi-level control fra-
mework of large-scale DG systems [15] and a multi-agent-based load-
management method [16]. Then, another recent study claimed that the
maximum penetration level of distributed PV systems (which do not
violate the voltage limits) could be 50% and that of clustered PV sys-
tems could be 30% [17]. Because of Monte Carlo and unbalanced
power-flow simulations, indirect voltage support was possible by
combining high-capacity PV (i.e., up to 100% of PV penetration) and
energy-storage systems [18].

While these previous studies also analyzed PV systems that could
not control reactive power, one study proposed a reactive power-con-
trol method that would not increase the voltage [19]. Furthermore, a
study used the Open Distribution System Simulator (OpenDSS) and
calculated the time-series steady-state power flow of a test feeder that
was enhanced by PV systems with a capacity of 20% of the peak de-
mand to control Volt/Var. This study concluded that PV inverters with
an appropriate reactive power-control function could increase the
hosting capacity (i.e., the allowable maximum capacity) of DG systems
without creating voltage fluctuations [20,21]. Another study modeled
grid-connected inverters for PV systems that could control Volt/Var,
Volt/Watt, and dynamic reactive power [22]. One study also showed
that a voltage-instability problem could be mitigated by PV inverters
that could control reactive power after analyzing an IEEE 13-bus feeder
that was integrated with PV systems [23]. The reactive power control of
high-capacity PV systems could also improve the performance of con-
trol systems [24].

Because previous studies did not optimally control reactive power,
some studies presented various optimal Volt/Var-control methods and
algorithms [25–27] and active power-control methods [28–32]. More-
over, DG systems that could control reactive power were optimally
allocated in [33–36]. However, these previous studies did not perform
the steady-state analysis of large-distribution feeders with more than
1000 buses, which were enhanced by relatively high-capacity PV sys-
tems (i.e., 30%) that could control Volt/Var at high resolution (i.e., 15-
min intervals). Furthermore, none of these previous studies presented a
three-phase Volt/Var method that used the positive-sequence sensi-
tivity impedance matrix with power-factor constraints for unbalanced

distribution networks. The proposed method can consider feeder im-
pedance sensitivity during voltage regulation.

The proposed Volt/Var-control algorithm can be used for the local
feedback controller of DG (including PV) inverters, which should
maintain their bus voltage within a set voltage range by controlling
reactive power. Moreover, the proposed methods can examine the
maximum effect of DG systems by controlling reactive power during
voltage regulation. These proposed methods are also verified in heavily
unbalanced three-phase systems and, thus, are applicable to unbalanced
systems and various three-phase power-flow analysis programs (e.g.,
DIgSILENT and OpenDSS). The proposed pseudo codes that build a
three-phase sensitivity impedance matrix can also be used for other
research purposes.

This paper is organized as follows. Section 3 presents the problem
statement. Section 4 provides a case study that analyzes the steady-state
response of a large distribution network. Section 5 proposes a Volt/Var-
control method for three-phase voltage regulation. Section 6 sum-
marizes the major conclusions of this study.

2. Problem statement

The objective of this study is to (a) perform case studies to analyze
the steady-state response of a large distribution network when rela-
tively moderate- and high-capacity renewable PV systems participate in
reactive-power control and (b) present a Volt/Var-control method for
three-phase voltage regulation. First, this study models a substation
distribution system, which includes feeder J1 with 3434 buses and
hosts thirteen PV systems [37], by using OpenDSS for steady-state
power-flow analysis [38]. Then, this paper calculates the steady-state
power-flow of the distribution system during a week at 15-min intervals
when the PV systems control reactive power. Next, this study analyzes
an increase in overvoltage from active and reactive power that is pro-
duced by grid-connected PV systems and the effect of Volt/Var control
on such an increase in voltage. The reactive power output that is cal-
culated in the case study is determined by the predefined Volt/Var

Nomenclature

CVR conservation voltage regulation
DG distributed generation
δVa i

j
,

( ) voltage angle of phase a for the ith bus at the jth iteration
EPRI Electric Power Research Institute
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Fig. 1. Example of Volt/Var control [35].
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slope, so the reactive power may not maintain voltage within a set
voltage range. However, the second case study proposes a three-phase
Volt/Var-control method that can regulate positive-sequence voltage
with power-factor constraints or active and reactive power constraints.
The proposed method considers feeder impedance sensitivity, which is
verified by the IEEE 34-bus test feeder.

3. Reactive power control

3.1. Steady-state operation of a PV inverter

Current grid-connected DG systems should maintain the terminal
voltage of a bus to which they are connected within a set range of the
rated voltage, typically within ± five percent [39] or ± ten percent
[2]. To maintain a terminal voltage from 0.95 to 1.05 p.u., modern
inverter-based DG systems that are connected to a grid, particularly PV

systems in this study, can control reactive power under the mutual
agreement of local utilities and the PV operator under limited or
planned conditions. That is, these systems can either consume or inject
reactive power in the grid. Fig. 1 presents the reactive power control of
an inverter that maintains its terminal voltage within a range from 0.99
p.u. and 1.01 p.u. If the range of a bus’s terminal voltage decreases
below V2 (i.e., 0.99 p.u.), the inverter produces reactive power within
the grid, functioning as a capacitor. On the contrary, if the terminal
voltage increases above V3 (i.e., 1.01 p.u.), the inverter consumes re-
active power, functioning as an inductor [35]. If its terminal voltage
ranges between 0.99 and 1.01 p.u., the inverter produces only active
power.

The Volt/Var control method in Fig. 1 can be characterized by

=

⎧

⎨

⎪
⎪
⎪

⎩

⎪
⎪
⎪

≤
−
−

≤ ≤

≤ ≤
−
−

≤ ≤

≤

Q V

Q V V
V V
V V

Q V V V

V V V
V V
V V

Q V V V

Q V V

( )

( )

0
( )

.

max

max

min

min

1

2

2 1
1 2

2 3

3

3 4
3 4

4 (1)

3.2. Volt/Var control in a large distribution system

Large distribution systems, including the feeders J1, K1, and M1,
have been published on the public domain website of the Electric Power
Research Institute (EPRI) for research purposes [37]. By using
OpenDSS, this study initially models a substation distribution system,
including feeder J1 and thirteen PV systems that can control Volt/Var,
as presented in Fig. 1 and Eq. (1). The detailed specifications of the
substation, including feeder J1, are presented in Table 1 [37,40]. The
distribution system has highly unbalanced local loads of 9.39MW at a
line-to-neutral voltage of 0.24 kV, a total power generation of
11.61MW at this peak load, and thirteen PV systems. This study also
models four three-phase PV systems with a total capacity of 1882 kVA,
as shown in Fig. 2, and nine single-phase PV systems with a total ca-
pacity of 114 kVA, which are scattered throughout the distribution
system. Inverters in PV systems can control reactive power based on the
proposed control strategy in Fig. 1. Table 2 presents the set points of the
inverter. The minimum and maximum reactive powers (Qmin of −0.4
p.u. and Qmax of +0.4 p.u.) are selected to maintain a lagging or leading
power factor of 0.9 or higher [41].

3.2.1. Effect of PV systems without Volt/Var control
The reverse current that flows from grid-connected PV systems re-

duces the daytime peak load, which is known as peak load shaving
[5,6], if the storage or any other systems are not combined. However,
the PV systems can also increase the voltage of a bus to which the PV
systems are connected. To examine the effect of PV systems that cannot
control Volt/Var on increases in voltage, this study initially calculates
the power flow of the distribution system that hosts the thirteen PV
systems with relatively moderate capacity, or 15.6% of the peak power
generation of the distribution system. The power-flow calculation only
considers the peak generation of a distribution system with PV systems
that cannot control Volt/Var to produce their assumed maximum full
power. Fig. 3 plots the voltage along the feeder of the distribution
system that produces its peak power, or 11.61MW, with the distance
from the incoming feeder. That is, the PV systems in Fig. 3(a) are not
available. However, in Fig. 3(b), PV systems with a capacity of 15.6% of
the peak power are available. In both the voltages along the feeder, the
voltage regulators at distances of 5, 8, and 13 km from the incoming
feeder significantly increase the voltage. Fig. 3(a) indicates that all the
voltages occur within a range of± 5% of the rated voltage. However, in
Fig. 3(b), the reverse current that flows from the grid-connected PV
systems increases the feeder voltage.

Table 1
Substation distribution system, including feeder J1 [40].

Feeders J1 and an aggregate load feeder

Number of buses (nodes) 3434 (4245)
Total peak generation

(peak)
11.61MW (9.39MW)

Nominal voltages 12.47 and 0.416 kV (line-to-line)
Location Northeastern United States
Customer type Residential, commercial, and light industrial
Load model Linear P (CVR P=0.8) and quadratic Q (CVR

Q=3) load model in OpenDSS
Number of total loads 1,384
Total length 58 miles of primary lines
PV systems 2.0 MVA (≈1813.6 kW=15.6% of 11.61MW) and

4.0 MVA (31.2% of 11.61MW)

Fig. 2. Large distribution system, including feeder J1, in the northeastern
United States [37,40].
(a) Without PV systems.
(b) With PV systems that cannot control Volt/Var.

Table 2
Set points of inverters that can control Volt/Var.

PV bus voltage (V) Reactive power (Q)

Base voltage of 120 V p.u. p.u.
114 0.9500 Qmax=+0.4 (= Q1 in Fig. 1)
119 [20] 0.9917 [20] Q2=0
121 [20] 1.0083 [20] Q3=0
126 1.0500 Qmin =−0.4 (= Q4 in Fig. 1)
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Fig. 3. Voltage along the feeder.

Fig. 4. Demand profile over a week in 15-min intervals.
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3.2.2. Time-series power-flow calculation
Solar-irradiance input to PV panels always shows variability be-

cause of various weather conditions (e.g., overcast, heavily shaded, or
sunny days because of rain, snow, ice, hail, transient cloudiness, and
weather disturbances). Therefore, the actual generation output of PV
systems is collected from the measurement data in [37], the period of
which is a week in 15-min intervals from June 17 to June 25, 2012.
These data are used as input data for steady-state power-flow calcula-
tion. In addition to variations in PV-generation output, the generation
output of a distribution system varies according to continuously varying
customer demands. Therefore, the load profile data in Fig. 4 are col-
lected from [42], ranging from Sunday to Saturday in 15-min intervals
at a peak of 9.39MW and a load factor of 0.73. These data are also used
as input data for steady-state power-flow calculation.

As an example of PV systems with relatively high capacity, addi-
tional thirteen PV systems with a total capacity of 15.6% of the peak
power are added to the same locations as the existing thirteen PV sys-
tems. Thus, the PV systems have a total capacity of 31.2% of the peak
power. Fig. 5 shows a weekly generation profile. The horizontally da-
shed areas, which are labeled as “2-MVA PV Generation,” correspond to
the active power output that is generated by the thirteen PV systems
with a total capacity of 15.6% of the peak power. The diagonally da-
shed areas, which are labeled as “Additional 2-MVA PV Generation,”
correspond to the active power output that is produced by the addi-
tional thirteen PV systems as an example of relatively high-capacity PV
systems. The PV systems operate at a power factor of unity; that is, they
produce only active power. Fig. 5 reveals that relatively moderate- and
high-capacity PV systems that inject active power to the grid effectively
reduce the daytime peak load, which can be treated as a validation of
the proposed time-series power-flow calculation case study.

3.2.3. Effect of PV systems that can control Volt/Var
Reverse power that flows from grid-connected PV systems, which

reduces the peak load, can increase overvoltage. Thus, this study ex-
amines the maximum voltages of the distribution system during the
week. The maximum feeder voltages for the active power output from
high-capacity PV systems (i.e., 31.2% of the peak power of the dis-
tribution system) that cannot control Volt/Var are plotted in Fig. 6(a).
In this figure, the high-capacity PV systems that cannot control Volt/
Var, which are labeled as “4-MVA PV”, increase the voltage. In parti-
cular, approximately seventeen data points exceed 1.045 p.u. for “4-

MVA PV.” In Fig. 6(b), the maximum voltages show a stable pattern
despite increased PV generation because the PV systems control re-
active power.

Fig. 7 indicates the feeder voltage of phase A in bus 5890628219, to
which the largest-capacity PV system (i.e., 1672 kVA) is connected, on
the 5th day. Without any PV systems, which is labeled as “No PV” and
plotted by the solid black line, the feeder voltage does not exceed the
upper limit of 1.05 p.u. However, with a PV system that produces only
active power, which is labeled as “PV without V/V” and plotted by the
thin dash-dotted blue line, the feeder voltage rises close to 1.04 p.u. at
noon. With a PV system that controls reactive power, which is labeled
as “PV with V/V” and plotted by the thick dashed red line, the feeder
voltage is regulated between 1.01 p.u. and 1.025 p.u. In fact, Figs. 6 and
7 reveal that the PV systems that can control reactive power can exhibit
less variation from 1.0 p.u., particularly by absorbing reactive power in
this case.

Fig. 8 presents the reactive power at the slack bus, i.e., the substa-
tion’s incoming feeder header. With PV systems that cannot control the
reactive power, which is plotted by the thin dash-dotted blue line, the
active and reactive power at the slack bus decrease because of the peak-
load reduction compared to the case without PV systems, which is
plotted by the thin solid black line. However, with PV systems that can
control the reactive power, which is plotted by the thick dashed red
line, many buses in the test feeder experience an increase in the voltage
(i.e., higher than 1.0 p.u.), so the PV inverters consume the reactive
power to decrease the bus voltage. Thus, the reactive power at the slack
bus increases by as much as the amount of reactive power that is ab-
sorbed by the PV inverters.

4. Volt/Var control

4.1. Iterative voltage regulation

Fig. 1 and Eq. (1) indicate that the inverter can regulate the voltage
by either consuming or producing reactive power if the current bus
voltage is measured. That is, the voltage of a bus to which a DG system
is connected can be maintained within the set voltage range. However,
in Eq. (1), the reactive power is determined by the relationship between
the predefined slope and the voltage’s current magnitude. That is, Fig. 1
and Eq. (1) do not consider the impedance sensitivity of the feeders. In
[43], the positive-sequence voltage control method could regulate the

Fig. 5. Weekly active power output produced by the PV systems (at a base of 11.916 MVA).
(a) PV systems that cannot control Volt/Var.
(b) PV systems that can control Volt/Var.
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average magnitude of the three-phase voltages. However [43], did not
present a method that could find the feeder sensitivity impedance or
apply power-factor constraints to regulate the voltage’s magnitude.
Therefore, this study proposes the following three-phase Volt/Var-
control method that regulates the positive-sequence voltage with
power-factor constraints.

The positive-sequence voltage mismatch between the set voltage

and the voltage at the current iteration is initially determined by

= −ΔV V V| |.i
pos j

set i
pos

i
pos j,( )

,
,( )

(2)

Then, the magnitude of the quadrature current is determined by the
real, imaginary, or absolute value of the positive-sequence sensitivity
impedance matrix, the detailed building methods of which will be
presented in the next section.

Fig. 6. Maximum feeder voltages of the test feeder.
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The proposed method is based on three phases, so the quadrature
current of each phase is determined by
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Then, the proposed method iterates Eqs. (2) to (4) until convergence
is achieved. The following constraints are also included to avoid ex-
ceeding the limit of the reactive power output:

− × ≤ ≤ ×pf S P pf S{0, } ,nom DG nom (5)

− − ≤ ≤ −pf S Q pf S1 1 .nom DG nom
2 2 (6)

4.2. Positive-sequence sensitivity impedance matrix

This study presents the following pseudo codes to build a three-

Fig. 7. Voltage of phase A in bus 5890628219, which hosts the largest PV system (5th day).

Fig. 8. Reactive power at the slack bus, or the substation feeder header.

Table 3
Pseudo code 1. Finding a bus that is connected to the reference.

nbr := no. of branches
for i := 1 to nbr

j := starting bus, k := ending bus, and id := phase impedance matrix id
if j == 0

zb := Zabc((id-1)×3+1:id×3, 1:3)
Zbus((k-1)×3+1:k×3, (k-1)×3+1:k×3) := zb

end
end
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phase sensitivity impedance matrix, Zbus.
1) Finding a bus that is connected to the reference. A 3×3 phase

impedance matrix of a bus that is directly connected to the reference
bus is searched, as shown in the pseudo code in Table 3.

2) Finding a bus that is connected to another bus. When finding a new
bus that is connected to the existing bus, Zbus is revised, as shown in the
pseudo code in Table 4.

For example, if the total number of buses is N, the proposed algo-
rithms build an (N×3) by (N×3) Zbus, which consists of phase im-
pedance matrices (3×3 Zabc, usually after Kron reduction). The se-
quence impedance is derived by

= =
⎡

⎣
⎢
⎢

⎤

⎦
⎥
⎥

Z Z Z
Z Z Z
Z Z Z

Z TZ T .012 bc
−1

a

00 01 02

10 11 12

20 21 22 (7)

In unbalanced systems, the mutual coupling components in (7) (i.e.,
Z01, Z02, and others) are not zero. However, they are sufficiently small
to ignore if the system is not heavily unbalanced or is either fully or
well transposed. Thus, the proposed method uses the positive-sequence
impedance (i.e., Z11) that regulates the average magnitude of the three-
phase voltages as the sensitivity impedance matrix in (2)–(6).

=Z Z [2, 2],bus ij
pos

012,ij, (8)

=Z TZ T ,012,ij us,ij
−1

b (9)

= − × + × − × + ×i i j jZ Z [( 1) 3 1: 3, ( 1) 3 1: 3],us,ij usb b (10)

for i=1 to N and j=1 to N.

4.3. Verification of reactive power control

To validate the proposed three-phase Volt/Var control method, this
study models a heavily unbalanced three-phase IEEE 34-bus test feeder
and adds a 1-MVA PV system that can inject reactive power into the test
feeder, as shown in Fig. 9. The feeder includes two voltage regulators,
two shunt capacitors (on buses 844 and 848, which have a total capa-
city of 750 kVar), and six wye- or delta-connected constant power,
current, and impedance loads (1047 kW and 677 kVar), and 19 wye- or
delta-connected constant power, current, and impedance loads (722 kW
and 367 kVar). The detailed system data can be found in [44,45]. The
bus to which the PV system is connected shows the highest capacity
among the distributed loads (i.e., the wye-connected constant power
load on bus 822).

The positive-sequence sensitivity impedance matrix of the test
feeder is determined by the pseudo codes in Table 3 and Table 4. Then,
the reactive-power output of the PV system is determined by the
iteration of Eqs. (2) to (5). To determine the maximum effect of Volt/
Var control on voltage regulation, this study initially assumes that the
PV system (a) actively controls reactive power and (b) can inject more
reactive power than active power within the capability curve. That is,
the power-factor limit is not set in the first verification study but will be
set in the next verification study. Table 5 presents the phase and po-
sitive-sequence voltages after participating in Volt/Var control. The PV
system successfully maintains the positive-sequence voltage magnitude
of a bus to which the PV system is connected within the set voltage
range (e.g., 1.0 p.u.). A positive sign for the active and reactive power
means injecting active or reactive power, and a negative sign means
absorbing these types of power. For example, the PV system (i.e., PV1)
that is connected to bus 822 absorbs a reactive power of 995.04 kVar,
regulating a positive-sequence voltage of 1.0158∠-2.40º p.u. up to a set
voltage of 1.00 p.u. (i.e., 1.000079∠1.49º p.u.) at a mismatch accuracy
of 1e-4. In fact, the PV system (i.e., PV1) absorbs the reactive power
from the test feeder, so the reactive power at the slack bus (i.e., 800)
increases from 252 kVar to 1313 kVar in Table 5.

As the next validation step, the positive-sequence voltage and
quadrature current of bus 822 (i.e., PV1) are plotted in Figs. 10 and 11.
Because the voltage and current converge to the set value, both figures
can be seen as a validation of the proposed method.

One of the constraints of Volt/Var control for electric utilities is to
keep the power factor at the slack bus close to unity, so DG (including
PV) inverters that are connected to the grid should be coordinated with
electric utilities. In fact, inverter-based DG systems often operate at a
unity or fixed power factor [41]. Thus, the second validation study
applies the power-factor limit (e.g., lagging power factor of 0.9) to the
proposed Volt/Var-control method. Table 6 presents the phase and
positive-sequence voltages after Volt/Var control for the proposed

Table 4
Pseudo code 2. Finding a new bus that is connected to another bus.

nbs := no. of buses
for i := 1 to nbs

if i != reference bus no.
tmp := 0
for j :=1 to nbr

if tmp == 0
n := starting bus, m := ending bus, and id := phase impedance matrix id
if n != reference bus no.

for k :=1 to nbs
if k  i
Zbus((k-1)×3+1:k×3, (i-1)×3+1:i×3) := Zbus((k-1)×3+1:k×3, (n-1)×3+1:n×3)
Zbus((i-1)×3+1:i×3, (k-1)×3+1:k×3) := Zbus((k-1)×3+1:k×3, (n-1)×3+1:n×3)

end
end
zb := Zabc((id-1)×3+1:id×3, 1:3)
Zbus((i-1)×3+1:i×3, (i-1)×3+1:i×3) := Zbus((n-1)×3+1:n×3, (n-1)×3+1:n×3)+zb

tmp := 1
end

end
end

end
end

800 806 808 812 814

810

802 850

818

824 826

816

820 822

828 830

854

856

852

832
888 890

838

862

840836860834

842

844
846

848

864

858

Voltage Regulator 1

Voltage Regulator 2

PV 1

Fig. 9. IEEE 34-bus test feeder [44,45].
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method. The proposed method attempts to inject reactive power to
regulate the positive-sequence voltage magnitude within a set voltage,
but the PV system violates the power factor limit of 0.9. Therefore, the
proposed method sets the maximum reactive power that does not vio-
late the power-factor limit. That is, the PV system absorbs a reactive
power of 435.89 kVar. A positive sign for the active and reactive power
means injecting active and reactive power, and a negative sign means
absorbing these types of power. The active power at the slack bus (i.e.,
800) decreases from 2041 kW to 1070 kW because the PV system injects
900 kW into the test feeder. In contrast, the reactive power at the slack
bus increases from 252 kVar to 689 kVar in Table 6 because the PV

system absorbs the reactive power (i.e., 435.89 kVar). This study cal-
culates the power flow of the test feeder with the backward and forward
sweep algorithm, the detailed codes of which are found in the Appendix
of Ref. [46].

5. Conclusions

The main objectives of this study were to (a) perform a case study to
analyze the steady-state response of a large distribution network with
3434 buses when relatively moderate- and high-capacity renewable PV
systems either produce or consume reactive power and (b) present a
three-phase Volt/Var-control method. The first case study used
OpenDSS to model an actual substation distribution system with 3434
buses, including feeder J1 and thirteen PV systems that could control
Volt/Var. According to the case studies, high-capacity PV systems (i.e.,
31.2% of total peak generation of the distribution system) that could
not control Volt/Var increased overvoltage along the feeder. In con-
trast, high-capacity PV systems that could control Volt/Var mitigated
such an increase in voltage. The first case study determined the reactive
power by the relationship between the predefined slope and the bus
voltage’s current magnitude, ignoring the impedance sensitivity of the
feeders. Thus, this study presented a three-phase Volt/Var-control
method that could regulate the positive-sequence magnitude of three-
phase voltages by using a positive-sequence sensitivity impedance
matrix with power-factor constraints.

The verified three-phase Volt/Var-control method can be used for
DG inverters to keep the average of the three-phase voltages within a
set voltage range (e.g., the local feedback controller). The proposed
method was also verified for unbalanced three-phase systems and can
be included in various three-phase power-flow analysis programs (e.g.,
DIgSILENT and OpenDSS). The proposed methods can also examine the
maximum effect of DG systems by controlling reactive power during
voltage regulation. For example, the large feeder model with 3434
buses that was modeled in OpenDSS can be used for various impact-
analysis studies of a distribution system with various inverter-based DG
systems that can control reactive power, including wind farms and PV
plants.
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