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A B S T R A C T

Despite of their small capacity, distributed generation (DG) systems can cause an increase in feeder voltage when
they produce power into a distribution system if not appropriately controlled. To prevent such an increase in
voltage, the state-of-the-art inverter can adjust reactive power, referred to as Volt/Var control. Furthermore,
such an inverter-based DG system has been continuously connected to a large distribution network. Thus, the
objective of this study is to present an optimal reactive power control method for DG systems, particularly
photovoltaic (PV) systems, in the steady state. The second objective of this study is to analyze the transient-state
response of a sufficiently large distribution network integrated by high-capacity PV systems able to control
reactive power. The large network can be more efficiently developed by a steady-state power-flow analysis
program, or OpenDSS based on text editors, than a transient-state analysis program based on graphical editors.
Therefore, this study proposes a method that imports the feeder models developed in OpenDSS into a transient-
state power systems analysis program, or DIgSILENT. That is, the proposed method models a sufficiently large
actual distribution network with thousands of nodes and high-capacity PV systems able to control reactive
power. Then, this study examines transient-state dynamics of the feeders. From the steady- and transient-state
analyses, this study found that high-capacity PV systems with the capability of Volt/Var control could mitigate
an increase in voltage caused by their power injection to the feeder and they could regulate the voltage of a bus
to which they are connected within a set voltage range if they are optimally controlled.

1. Introduction

To reduce the energy dependence on the conventional generators,
various distributed generation (DG) systems have been connected to a
distribution network. When they produce power, they can increase
feeder voltage because of their reverse power flow, if they are not ap-
propriately controlled. Therefore, during the last a few decades, many
researchers have examined the transient-state response of a distribution
network that hosts such a DG system [2]. For example, some studies
solved electromagnetic transient-state problems of a distribution net-
work [3,4]. Furthermore, available simulation methods and tools for
transient-state analyses were overviewed in [5]. Since these studies did
not present the detailed modeling of a specific power system compo-
nent, one study proposed an analytical method for the transient-state
analysis of induction motor, lighting, and resistor loads by their power
balance equations [6]. Another study presented a detailed model of
photovoltaic (PV) and wind systems [7]. Using Power Systems Com-
puter Aided Design (PSCAD), the transient-state model of a grid-

connected microturbine system was presented in [8]. Grid-connected
inverters were also modeled in [9,10].

While the previous studies have modeled various power systems
components for transient-state analyses, they did not compare simula-
tion results to actual measurement. Thus, after comparing simulation
results to actual measurement values, one study claimed that short-
circuit studies simulated in the transient state could provide an accurate
understanding of feeder dynamics [11,12].

Meanwhile, since the previous studies did not examine the tran-
sient-state response of a distribution network that hosts DG systems,
several studies simulated a distribution network integrated by DG sys-
tems such as wind, solar PV, hydropower, gas turbines, diesel engines,
and induction generators [13–20]. For example, a distribution network
that hosts a hybrid DG system such as a wind turbine, PV, and hydro
power was analyzed by Digital Simulation and Electrical Network
Calculation Program (DIgSILENT) [13]. The transient-state behaviors of
a small test feeder were analyzed by the nonlinear models of gas, diesel
turbine, and excitation systems implemented in Simulink of MATLAB
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[14]. The transient-state impact of a fault event on the actual dis-
tribution system with synchronous generators designed in Simulink of
MATLAB was examined in [15]. Recently, one study investigated the
transient-state response of a 10 kV distribution system with induction,
diesel, and microturbine generators after a fault [16]. Another study
generated a fault on a 154/22.9 kV substation modeled by the Elec-
tromagnetic Transient Program (EMTP) and examined the restoration
characteristics of the system [17]. In 2012, one study examined the
transient-state response of a real distribution network and the self-
healing methods of the network using EMTP-Restructured Version
(EMTP-RV) [18]. More recently, a 230/24 kV substation network with
PV plants was modeled by EMTP Real-Time Digital Simulator (RTDS)
and RSCAD [19]. A Nigerian 330 kV distribution system was modeled
by DIgSILENT and the eigenvalue analysis of the system was presented
in [20].

While the previous studies have focused on feeder dynamics caused
by short-circuit events, some studies have examined the transient-state
response to switching events of DG systems, which are not triggered by
a short circuit. For example, the effect of switching events of DG sys-
tems on the IEEE 13-bus test feeder was analyzed by Fourier and wa-
velet transform [21]. One study also examined the islanding operation
of a microgrid system after the switching events of DG systems [22].
Another study investigated the transient-state islanding operation of a
distribution network that hosts fuel cells, battery systems, and a wind
turbine after switching events [23].

The previous studies, however, have examined only either short-
circuit events on a relatively small distribution network or transient-
state responses to a switching event (which is not triggered by a short
circuit). That is, Volt/Var control was not taken into account. Thus,
some studies have presented various methods and algorithms on Volt/
Var control in the steady state [24–28] and active power control
methods [29–33]. Moreover, a transient-state active and reactive power
control method of a hybrid system that consists of PV, wind, and sto-
rage systems was also modeled in [34]. However, these studies,
[24–34], did not apply the active and reactive power constraints for the
optimal Volt/Var control method of high-capacity DG systems upon
voltage regulation. Thus, the first objective of this study is to present an
optimal reactive power control method for high-capacity PV systems
that takes the active and reactive power constraints into account for
voltage regulation in the steady state. Moreover, none of the previous
studies examined voltage variation when DG systems inject reactive
power into the large distribution network with thousands of nodes in
the transient state. Thus, the second objective of this study is to analyze
the transient-state response of a sufficiently large actual distribution
network (e.g., with thousands of or more nodes) integrated by high-
capacity PV systems able to control reactive power.

This paper is organized as follows: Section 2 presents the problem
statement. Section 3 describes the Volt/Var control of a DG system and
the method that imports a large steady-state feeder model into DIgSI-
LENT. Section 4 introduces case studies that verify the proposed
method and discusses the simulation results. Finally, Section 5 provides
the conclusions and contributions of this study.

2. Problem statement

Present regulations recommend that DG systems maintain their
terminal bus voltage within 0.95 to 1.05 p.u., which corresponds to
ANSI C84.1-2011 Range A, when producing power into a distribution
feeder [35]. However, if either a distribution network is lightly loaded
or a relatively high-capacity PV system injects power into the feeder,
the system may experience an increase in overvoltage (e.g., equal or
higher than 1.05 p.u.) [36]. To prevent such an overvoltage problem,
the state-of-the-art inverter-based DG systems connected to the grid,
particularly PV systems in this study, are able to control reactive power,
which is well-known as Volt/Var control and management. However,
since either clustered or scattered PV systems have continuously been
connected to a large distribution network (e.g., having thousands of
nodes), a study on such an overvoltage problem should take a large
distribution network into account. Thus, one study examined the
steady-state response of a sufficiently large distribution network (e.g.,
with approximately 4200 nodes) that hosts high-capacity PV systems
able to control reactive power [36]. However, none of the previous
studies applied the active and reactive power constraints for the op-
timal Volt/Var control method upon voltage regulation in the steady
state. Thus, this study initially presents an optimal Volt/Var control
method with the active and reactive power constraints and examines
the effect of the proposed method on voltage regulation in the steady
state.

The large network can be more efficiently modeled by a steady-state
power-flow analysis program, or OpenDSS based on text editors, than a
transient-state analysis program based on graphical editors.
Furthermore, it is not feasible to draw thousands of power system
components on the graphical editor. Thus, one study imported a small
feeder into DIgSILENT [37]. But the study did not present the detailed
method that imports feeders to DIgSILENT and verify the method for an
actual large distribution feeder with PV systems. Therefore, this study
proposes a method that imports the large feeder models developed in
OpenDSS into a transient-state analysis program, or DIgSILENT. That is,
using DIgSILENT, it develops a transient-state feeder model of a large
actual distribution network with thousands of nodes. Then, high-ca-
pacity PV systems able to control Volt/Var are added to the feeder
model. Thus, the model can be used for analyzing the effect of various

Nomenclature

DC direct current
DG distributed generation
Di the droop value of photovoltaic (PV) system i in percent

IΔ q i a
k
, ,

( ) the current injected to phase a of bus i at the kth iteration
δV i a

k
, ,

( ) the voltage angle of phase a of bus i at the kth iteration
ΔVi the deviation from the setting voltage of bus i or a bus to

which PV system i is connected
MPPT maximum power point tracking
OLTC on-load tap changing
pfi the power factor limit of bus i (e.g., either leading or

lagging 0.9 or higher [1])
PI proportional integral (controller)
PV photovoltaic
PF power factor
Pmin,i and Pmax,i the minimum and maximum active power of PV

system i, respectively
PPV i

k
,

( ) andQPV i
k

,
( ) the active and reactive power output of PV system i at
the kth iteration

Qi the reactive power generation output of PV system i
Qmin,i and Qmax,i the minimum and maximum reactive power of PV

system i, respectively
Qsetpoint,i the set value of the reactive power output of PV system i
Sign (ΔV) +1 if ΔV>0, otherwise −1
Snom,i the nominal power of PV system i
SVC static var compensator
Vi the terminal voltage of a bus to which PV system i is

connected
V pos i

k
,

( ) the positive-sequence voltage of bus i at the kth iteration
Vsetpoint,i the positive-sequence setting voltage of a bus to which PV

system i is connected
Zbus i, the ith diagonal element of the positive-sequence im-

pedance matrix
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DG systems, including PV, either able or unable to control reactive
power on an increase in overvoltage at the moment of injecting active
and reactive power, which can be modeled by the following voltage
droop controllers.

3. Optimal Volt/Var control

3.1. Reactive power control

The reactive power controllers can be classified by (a) constant
voltage (represented by a P-V bus), (b) voltage-reactive power (V-Q)
droop (represented by a Volt/Var controller), (c) voltage-reactive cur-
rent droop, (d) constant reactive power (represented by a P-Q bus), (e)
power factor, or (f) reactive power controllers with a function of either
active power or voltage [38]. Since the V-Q droop controller is able to
control the voltages of PV systems closely sited on the grid [39], it is
commonly used in steady- and transient-state analyses. Fig. 1 shows the
characteristics of the V-Q droop controller. For example, the controller
with a droop value of 1 percent (Di) needs an additional reactive power
(Q) of 100 percent if the terminal voltage (vi) decreases by 0.01 p.u.
That is, the controller can maintain the terminal voltage to the set value
by either consuming or producing reactive power. The V-Q controller is
characterized by

= −V V VΔ ,i setpoint i i, (1)

= +
×

Q Q V
S

D
Δ

100
.i setpoint i i

nom i

i
,

,

(2)

3.2. Optimal Volt/Var control in the steady state

Eqs. (1) and (2) reveal that if the optimal droop value (Di), that is,
the line slope in Fig. 1, is known, PV systems able to either produce or
consume reactive power can regulate the voltage of a bus to which PV
systems are connected. Thus, one study, [27], claimed that the positive-
sequence bus impedance matrix can be used to find optimal reactive
power upon voltage regulation and presented the rules for constructing
the bus impedance matrix of the positive-sequence network. Moreover,
some studies, [27,40,41], proposed the reactive power control method.
However, none of these studies used the active and reactive power
constraints for the Volt/Var control method. Thus, this study proposes
the following iterative Volt/Var control method.

(1) Voltage mismatch calculation. Let N PV systems able to control
Volt/Var be connected. The proposed method calculates the deviation
of the positive-sequence voltage magnitude by

= −V V VΔ | |,i setpoint i pos i
k

, ,
( )

(3)

for i=1, …, N.
(2) Calculation of current to be either injected or consumed. It calcu-

lates the current of each phase (e.g., phases a, b, and c) to be injected by
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for i=1, …, N. Then, it adds the following active and reactive power
constraints:
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for i=1, …, N. That is, if the active and reactive power outputs of PV
systems exceed the limits, this study sets the active and reactive power
outputs to the either minimum or maximum limits.

(3) Convergence. It iterates these steps (1) and (2) until the following
voltage mismatch converges or all PV systems are set to their limit:

⩽V ε|Δ | ,i (11)

for i=1, …, N.In the proposed steady-state optimization method, Iq in
(4) corresponds to the quadrature current related to the reactive power.
The maximum power point tracking (MPPT) technique is ignored in
(3)–(11). However, the MPPT technique is taken into account in the
following transient-state Volt/Var control method.

3.3. Volt/Var control in the transient state

Although this study proposes the optimal Volt/Var control method
of PV systems for steady-state voltage regulation, the method should be
also verified in the transient state. To determine the effect of Volt/Var
control on voltage regulation in the transient state, using DIgSILENT,
this study models an actual substation distribution system with 4245
nodes that includes constant power, impedance, and current loads,
conservation voltage regulation loads, voltage regulators, single- and
three-phase transformers, capacitor banks, and PV systems with the
capability of Volt/Var control. Fig. 2 shows the main controller mod-
eled for the PV systems. The direct current (DC) voltage of the PV array
(Vdcref) determined by the MPPT technique and the voltage of the DC
link capacitor (Vdc) are used as input to the proportional integral (PI)
controller. Then, the PI controller calculates the direct current (id) re-
lated to the active power. In contrast, the quadrature current (iq) related
to the reactive power is determined by the reactive power support
module. In the module, if the grid voltage is maintained within a certain
range of the rated voltage (e.g., ± 5 or± 10 percent of the rated vol-
tage), the quadrature current is set to 0 [38]. The response time of
controlling the reactive current is often less than 10 s [42,43]. More-
over, inverters to voltage anomalies could respond within a clearing
time of 0.16 s for V < 0.45 p.u. and V≥ 1.2 p.u., 1–11 s for
0.45 p.u.≤ V < 0.6 p.u., 2 to 21 s for 0.6 p.u.≤ V < 0.88 p.u., and
1–13 s for 1.1 p.u. < V < 1.2 p.u. [44]. Thus, a measurement delay of
0.001 s and an MPPT delay of 5 s are used in the controller in Fig. 2. The
other modules (e.g., a PV array, a DC bus, a DC link capacitor, and
active power reduction and reactive power support modules) for the PV
systems are presented in [38]. The detailed modeling methods and
equations for the other components used in this study can be also found
in [39,45,46].

Since DIgSILENT uses a graphical editor to model power system
components, it is not efficient to draw each component on the graphical
editor of DIgSILENT. If the system has thousands of nodes, the method
may not be feasible. Thus, this study proposes to import the feeder
developed in OpenDSS to DIgSILENT. For this purpose, this study

Q in p.u.

Vsetpoint=1.0 p.u.

V=0.99 p.u.

Qsetpoint

V in p.u.

Droop (e.g., 1%)

100% of Si,nom

Q

Fig. 1. Voltage-reactive power (V-Q) droop controller [39].
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develops MATLAB scripts that automatically build a “DGS” file so that
DIgSILENT can import from an OpenDSS feeder model. Fig. 3 illustrates
the proposed interface logic of DIgSILENT that imports feeder models
developed in OpenDSS through the “DGS” file interface. The MATLAB
scripts are available in [47].

4. Case study

4.1. The proposed optimal Volt/Var control method in the steady state

To verify the effect of PV systems able to optimally control active
and reactive power on voltage regulation, using the backward and
forward sweep power-flow method [48,49], this study models the IEEE
37-bus test feeder in Fig. 4. The detailed data of the test feeder, in-
cluding the voltage regulator or the on-load tap changing (OLTC)
transformer, can be found in [50]. To take commonly used reactive
power compensators into account, shunt capacitors with a capacity of
60 kVA, 2 percent of the feeder rating, are added to bus 701. Static var
compensators (SVCs) with a capacity of 60 kVA, 2 percent of the feeder
rating, are also added to bus 712. The buses (e.g., 701 and 712) are
selected to minimize the losses and capacitor installation costs from an
optimal capacitor placement study [51].

This study initially calculates the positive-sequence bus impedance
matrix of the feeder by the four rules presented in [27]. Next, three
high-capacity PV systems are connected to the optimal location of the
test feeder. The optimal locations and capacities were on buses 734
(with a capacity of 22 percent of the peak power), 738 (2 percent), and
733 (1 percent) with an objective function that minimizes voltage
variations and PV installation costs [27]. To take high-capacity PV
systems able to optimally control active and reactive power into ac-
count, this study increases their total capacity to 50percent (e.g., on
buses 734 with a capacity of 44 percent of the peak power, 738 with 4
percent, and 733 with 2 percent) in Table 1. Since the largest-capacity
PV system connected to bus 734 does not violate the active and reactive
power constraints (e.g., Pmax=1114.49 kW and Qmax=539.77 kVar at
a power factor [PF] of 0.9 [1]), the system successfully could regulate
the bus voltage to a set voltage of 1.0 p.u. That is, the bus is maintained
as a P-V bus. Fig. 5 shows the magnitudes of the voltage and current
that converge to the optimal value, which can be seen as a validation of
the proposed method. On the contrary, since the PV systems connected
to buses 738 and 733 violate the reactive power limits (e.g.,
Pmax=101.32 kW and Qmax=49.07 kVar for bus 738 and
Pmax=50.66 kW and Qmax=24.54 kVar for bus 733), the active and

reactive power outputs are set to the limits while keeping a PF of 0.9 or
higher [1]. That is, they are changed a P-V bus to a P-Q bus. Note that a
negative power output in Table 1 indicates that PV systems inject active
and reactive power to the grid.

When the electrical load varies over the time, the system could be
either heavily or lightly loaded. In addition to the load, the topology of
the system also changes by either opening or closing the switches, in-
cluding OLTC transformers, shunt capacitors, and SVCs. Thus, this
study presents the second case study with varying loads in Table 2. A
heavily loaded system (e.g., a load capacity of 1.2 p.u. to the rated
capacity) is initially presented. Since the system experiences an increase
in undervoltage, the shunt capacitors and SVCs inject the reactive
power. In contrast, the lightly loaded system (e.g., 0.4 p.u.) can ex-
perience an increase in overvoltage, so the shunt capacitors are open
and the SVCs absorb the reactive power. If the load capacity to the rated
capacity is in the range from 1.00 p.u. to 1.02 p.u. in Table 2, the lar-
gest-capacity PV system on bus 734 successfully could regulate the bus
voltage to a set voltage of 1.0 p.u. However, if the system is lightly

1/(1+sT)
Tmpp

Vmin Vdcref0

Vdc

-
+ Vdc 1/(1+sT)

Tr

Vdc_delay

K(1+1/sT)
Kp, Tip

Pred

id_min

id_max

id

Vac 1/(1+sT)
Tr

Vacref

+

-

Vac Reactive Power 
Support

iq_min

iq_max

iq

id_ref

iq_ref

Vdcref_mpp

|imax|, |iq_max_normal|

Vdcref = Vmpp_array

Max

Current 
Limiter

Fig. 2. The main controller model used for PV systems [38].

Develop a distribution feeder on a text editor of OpenDSS or open 
the existing distribution feeder developed by OpenDSS.

Analyze the test feeder at the electromagnetic or electromechanical 
transient mode (or RMS values) of DIgSILENT.

Execute a MATLAB script that automatically builds a DGS file of a 
distribution feeder in the spreadsheet file format.

Start

End

Import the DGS file (e.g., *.xls) to DIgSILENT.

Are they within allowable differences?Find the differences 
and fix them.

No

Modify the feeder model if necessary, or add various distribution 
systems to the feeder model.

Yes

Compare the steady-state solutions to those calculated by OpenDSS.

Fig. 3. The proposed method that imports a steady-state feeder model.
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loaded (e.g., 0.4 p.u.), the system experiences an increase in over-
voltage. For example, the voltage of bus 734 is 1.0377∠2.01° p.u. Since
the largest-capacity PV system violates the reactive power limits when
regulating the voltage within a set voltage of 1.0 p.u., it is changed from
a P-V bus to a P-Q bus. Since the small-capacity PV systems connected
to buses 738 and 733 are also kept as a P-Q bus because of the reactive
power constraints.

4.2. Transient-state response of Volt/Var control

As the third case study, not only to verify the proposed method that
imports a relatively large feeder but also to analyze the transient-state
response of high-capacity PV systems capable of controlling reactive
power, using DIgSILENT, this study models an actual substation dis-
tribution system, including feeder J1 with 4245 nodes and PV systems
[52,53], in Table 3. The detailed feeder data are available in [52,53].
Fig. 6 shows the distribution system that is successfully imported to
DIgSILENT and hosts the four PV systems. The distribution system has
actually 13 PV systems with a total capacity of 15.3 percent to the peak
power. To take high-capacity PV systems capable of controlling reactive
power into account, the four largest PV systems are selected from their
actual locations and their capacities are increased to 28.8 percent by
doubling their actual capacity, in Table 3. In the simulations, the cur-
rent PI controller with d-axis proportional gain Kd=1, integration time
constant Td=0.01 s, q-axis proportional gain Kq=1, and integration
time constant Tq=0.01 s is used. The other detailed data for PV sys-
tems can be found in [38]. This study uses the electromagnetic or
electromechanical (RMS values) transient mode of DIgSILENT with a
version of 15.2.6 and a step size of 0.0001 s on a desktop computer
(Dell XPS 8700, Intel Core i7-4770 CPU, 16 GB of memory, and a
professional edition of Windows 7).

4.2.1. Steady-state solution comparison
This study initially compares the magnitude of the steady-state

voltages to those calculated by OpenDSS. Fig. 7 presents the compar-
ison results of the steady-state power flow of the distribution system
without PV systems, calculated by both the programs, OpenDSS and
DIgSILENT. The feeder models reveal a mean absolute error of
0.004768 p.u. compared to those calculated by OpenDSS [46]. The
comparison can be seen as a validation of the proposed importing
method. Thus, the feeder can be applied to analyze a sufficiently large
test feeder with various DG systems, including PV, able to control re-
active power in the transient state.

4.2.2. Transient-state response of Volt/Var control
This study has verified the effect of the optimal Volt/Var control of

PV systems participating in controlling reactive power on voltage reg-
ulation in the steady state. Moreover, the steady-state analysis of a
sufficiently large distribution system presented in [36] indicated that
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Load 10

Load 11

Load 12

Load 13
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Load 16

Load 17
Load 18

Load 19

Load 20 Load 21
Load 22

Load 23

Load 24
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775

PV 2

PV 1

Slack

PV 3

Fig. 4. The IEEE 37-bus test feeder with the three optimal PV systems [27,50].

Table 1
The voltage regulation of PV systems with the capability of optimal Volt/Var control.

Bus no. PV Before Volt/Var After Volt/Var Control

Capacity Vset Voltage Mode Voltage Current Power
kVA p.u. p.u. – p.u. A kVA

734 1238.3(44%) 1.0000 0.9972∠−0.32° P-V 1.0000∠−0.13° 7.43∠−96.44° −6.79+ 61.44i
738 112.57(4%) 1.0000 0.9943∠−0.34° P-Q 0.9980∠−0.15° 13.57∠154.01° −101.32− 49.07i
733 56.29(2%) 1.0000 0.9999∠−0.31° P-Q 1.0024∠−0.14° 6.75∠−154.29° −50.66+ 24.54i

(a) Magnitude of positive-sequence voltage of bus 734 

(b) Magnitude of current injected to bus 734 
Fig. 5. The proposed optimal Volt/Var control method.
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moderate-capacity (e.g., totally 15.3 percent of the peak power of the
distribution system) and high-capacity (e.g., totally 30.6 percent of the
peak power) PV systems incapable of controlling reactive power could
result in a voltage rise along the feeder, even exceeding the upper limit
of 1.05 p.u. In contrast, PV systems capable of controlling reactive
power could alleviate the voltage rise [36]. In fact, they could present
the less variation from 1.0 p.u., in other words, the better voltage reg-
ulation. However, [36] showed only the steady-state power-flow ana-
lysis. Thus, to verify the findings based on the steady-state power-flow
analyses, this study models the same large distribution system in DIg-
SILENT using the proposed importing method. Then, four PV systems
with a total capacity of 3420 kW as an example of high-capacity DG
systems, which totals 28.8 percent of total peak generation of the dis-
tribution system, are added to the distribution system. It initially as-
sumes that the grid-connected PV systems are connected at 0.5 s and
start to produce their full active power while functioning as a current
source. In order words, they do not participate in controlling reactive
power. For example, Fig. 8(a) shows a current profile of the largest-
capacity PV system with a capacity of 1.52MW (12.8 percent of peak
generation).

In Fig. 8(a), the PV system operates at a PF of unity. That is, it
produces only active power. The current output of the PV system
reaches 0.912 p.u. at 0.56 s. Fig. 8(b) presents a current profile of the
PV system at a PF of 0.98 (leading) [54] and a droop value of 3 percent
[55]. The current output of the PV system reaches 0.930 p.u. at 0.56 s.

Fig. 9(a) and (b) provide the instantaneous voltage of bus
“5890628219_sec” with the largest-capacity PV system in p.u. In
Fig. 9(a), the PV system produces only active power at a PF of unity. On
the contrary, in Fig. 9(b), the system participates in controlling reactive
power at a PF of 0.98 (leading). In the voltage outputs, the bus voltage
indicates a magnitude of 1.017 p.u. before the grid-connected PV
system produces its full power. The voltage output of bus
“5890628219_sec” in Fig. 9(a) increases from 1.017 p.u. to 1.053 p.u. at
0.52 s, which exceeds the upper limit of 1.05 p.u. But, in Fig. 9(b), when
operating at a leading PF of 0.98 with a V-Q droop controller, the
voltage magnitude increases only to 1.030 p.u., which does not exceed
1.05 p.u.

To determine the effect of reactive power control on an increase in

overvoltage, this study assumes that a grid-connected PV system func-
tions as a current source and produces its full power at a PF of unity
(that is, without reactive power control) and the other case of a leading
PF of 0.98 (capable of controlling reactive power with a droop value of
3 percent). Note that because (a) the PV system has a capacity of 12.8
percent of peak generation of the distribution system, which is not
heavy when compared to the total capacity of the distribution system,
and (b) it functions as a current source, not a voltage source, both the

Table 2
The voltage regulation of the PV systems when the load capacity varies.

Load capacity Set voltage Shunt capacitor SVC 734 738 733

Mode Voltage Mode Voltage Mode Voltage

1.2 p.u. 1.0 p.u. On Injecting P-V 1.0001∠−0.83° P-Q 0.9974∠−0.85° P-Q 1.0021∠−0.74°
1.1 p.u. On Injecting P-V 1.0001∠−0.49° P-Q 0.9973∠−0.47° P-Q 1.0022∠−0.44°
1.0 p.u. On Injecting P-V 1.0000∠−0.13° P-Q 0.9980∠−0.15° P-Q 1.0024∠−0.14°
0.9 p.u. Off Absorbing P-Q 1.0191∠1.79° P-Q 1.0170∠1.82° P-Q 1.0182∠1.53°
0.8 p.u. Off Absorbing P-Q 1.0229∠1.84° P-Q 1.0210∠1.87° P-Q 1.0217∠1.58°
0.7 p.u. Off Absorbing P-Q 1.0266∠1.88° P-Q 1.0251∠1.91° P-Q 1.0252∠1.62°
0.6 p.u. Off Absorbing P-Q 1.0303∠1.92° P-Q 1.0291∠1.95° P-Q 1.0286∠1.66°
0.5 p.u. Off Absorbing P-Q 1.0340∠1.96° P-Q 1.0331∠2.00° P-Q 1.0321∠1.71°
0.4 p.u. Off Absorbing P-Q 1.0377∠2.01° P-Q 1.0371∠2.04° P-Q 1.0355∠1.75°

Table 3
The substation distribution system and PV systems modeled by DIgSILENT [36,52,53].

Substation Total nodes 4245
Peak power generation 11.86MW at 12.47 and 0.416 kV
Site (total length) Northeastern area of the USA(58 miles)

PV Total capacity 3.42MW (28.8%≈ 3.42MW/11.86MW)
Name Capacity Bus
PV 1 0.57MW X_5865228330A
PV 2 0.38MW B4832_sec
PV 3 1.52MW 5890628219_sec,
PV 4 0.95MW B51854_sec2

(b) The system imported to DIgSILENT

          (a) Large distribution system [36, 53] 

Fig. 6. The successfully developed distribution system with four PV systems in
DIgSILENT.
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cases show the smooth and reliable integration of the PV system to the
distribution system when producing its full capacity in the point of view
of transient-state voltage. If PV systems increase more slowly their
power or limit the output current, they can also show smoother in-
tegration to the distribution system. Expectedly, only active power in-
jection causes an increase in overvoltage (e.g., 1.05 p.u.). On the con-
trary, reactive power control shows an increase of up to only 1.030 p.u.
while not violating the upper limit (e.g., 1.05 p.u.). Therefore, this
transient-state case study suggests that grid-connected PV systems
capable of controlling reactive power can mitigate an increase in
overvoltage, which is comparable to [36].

5. Conclusion

The objective of this study was to present an optimal reactive power
control method with active and reactive power constraints for PV
(photovoltaic) systems in the steady state. The second objective of this
study is to present a method that develops the transient-state model of a
sufficiently large distribution network integrated by high-capacity PV

systems able to control reactive power. Using the proposed optimal
Volt/Var control method, this study has showed that PV systems par-
ticipating in controlling reactive power could successfully regulate the
voltage of a bus to which PV systems are connected in the steady state.
Then, this study has also successfully developed a transient-state feeder
model of a sufficiently large actual distribution feeder using the pro-
posed importing method. In the transient-state analysis of the dis-
tribution system, this study has found that a PV system not participating
in controlling reactive power could cause an increase in overvoltage
(e.g., above 1.05 p.u.) along a feeder because of the reverse power flow
of the PV system. However, a V-Q droop controller (e.g., at a leading PF
of 0.98 and a droop value of 3 percent) could mitigate an increase in
overvoltage by controlling reactive power of grid-connected PV sys-
tems, which is comparable to the results of the steady-state analysis
presented in [36].

The proposed optimal Volt/Var control method can be used for
analyzing the effect of various DG systems such as PV, wind, micro-
turbine, inverter-based DG systems, and other small generators able to
control reactive power on voltage regulation in the steady state.
Furthermore, the proposed importing method can be used for devel-
oping a transient-state model of an either small or large distribution
system in DIgSILENT. Various DG systems can be added to the tran-
sient-state feeder model. Thus, they can be also used for analyzing
dynamics of the feeder with various DG systems able to control Volt/
Var. For example, the proposed transient-state feeder models can in-
vestigate various responses of a DG system to switching, short-circuit,
or abnormal operation events in the point of view of harmonic, power-
flow, and reliability analyses, which are necessary for planning, main-
taining, or upgrading distribution systems integrated by DG systems.

This study has, however, not (a) applied for practical start-up pro-
cedures that utilities often use to connect PV systems into their power
grids, (b) analyzed the transient-state effect of various different reactive
power control (e.g., Volt/Watt or dynamic Var control) on a distribu-
tion system, and (c) implemented the MPPT technique in the steady-
state voltage regulation method. But the proposed case studies can be

Fig. 7. The steady-state voltage magnitude differences of the substation system without
PV systems for all the buses, solved by OpenDSS and DIgSILENT.

(a) At a PF of unity 

(b) At a leading PF of 0.98 
Fig. 8. Current of the largest-capacity PV system (connected to bus 5890628219_sec).

(a) At a PF of unity

(b) At a leading PF of 0.98

Fig. 9. Voltage of the bus with the largest-capacity PV system (12.8 percent of peak
generation).

I. Kim, R.G. Harley Electrical Power and Energy Systems 99 (2018) 630–637

636



extended for such cases by adding small PV systems, modeling other
reactive power control methods (e.g., constant voltage, voltage-reactive
current droop, constant reactive power, power factor, and reactive
power controllers with a function of either active power or volt), and
then performing transient-state simulations as future work.
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