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Abstract: The incorporation of real and reactive power control of solar photovoltaic (PV) inverters
has received significant interest as an onsite countermeasure to the voltage rise problem. This paper
presents a comprehensive analysis of the involvement of active power curtailment and reactive
power absorption techniques of solar PV inverters for voltage regulation in medium voltage (MV)
distribution networks. A case study has been conducted for a generic MV distribution network in
Malaysia, demonstrating the effectiveness of fixed power factor control, Volt–Var, and Volt–Watt
controls in mitigating overvoltage issues that have arisen due to the extensive integration of solar
PV systems. The results revealed that the incorporation of real and reactive power controls of solar
PV inverters aids in successfully mitigating overvoltage issues and support network operating
conditions. Furthermore, the comparative analysis demonstrated the importance of employing the
most appropriate control technique for improved network performance.

Keywords: MV distribution network; PV penetration; voltage rise; active power curtailment; reactive
power absorption

1. Introduction

In recent years, Distributed Energy Resources (DERs), such as solar photovoltaic (PV)
systems, have made inroads into distribution networks, gaining a significant share of the
generation mix. However, the increasing levels and intermittent nature of solar PV systems
impose a variety of implications in conventional PV-rich distribution networks, where
voltage regulation has become a difficult task due to the presence of distributed supply
points [1,2]. The overvoltage issues attributed to reverse power flow have been recognized
as the key limiting factor for solar PV integration in distribution networks [3,4]. The
undesirable voltage levels at the connection points could significantly exceed the voltage
limits, resulting in frequent disconnections of PV inverters and deterioration of network
reliability [5]. In order to maintain grid voltage levels within the specified boundaries,
the Distribution Network Operators (DNOs) that guarantee the power quality of the
distribution network are required to enforce restrictions on the integration of new PV
systems into the distribution grid, and also to undertake network reinforcement, which
would eventually lead to massive capital investments. Therefore, it is of vital importance
to propose effective mitigation strategies, focusing on a smooth operation and optimal PV
penetration.

Previously, the power intermittency of PV systems resulted in frequency deviations
in distribution grids, deteriorating the frequency stability of the power system owing to
the incapability of supplying inertia. As a result, the absence of rotational inertia emerged
as the primary barrier to integrating PV systems into the distribution grid using power
electronic converters. However, in recent years, the transition from passive to active
distribution networks has arisen as an enticing alternative solution, where controllable
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devices and low carbon technologies are actively managed to provide grid-supportive
services [6].

The increased solar PV penetration and consequent challenges have accelerated the
incorporation of solar PV inverters with smart/advanced functionalities to alleviate the
potential impacts due to high solar PV penetration. Unlike the conventional solar PV
inverters, the modern solar PV inverters are deemed to be intelligent, as they can provide
advanced functionalities instead of merely converting the direct current output of solar
panels into an alternating current. These advanced functionalities allow solar PV inverters
to monitor and communicate the status of the system and then to make autonomous
decisions to provide ancillary services to the network [7]. Voltage and frequency regulation
are two of the most popular ancillary services provided by smart PV inverters that help
the system to maintain the voltage and frequency levels within the permissible limits
and standards. It has been identified that the adoption of these smart PV inverters could
minimize the integration of voltage and frequency control devices into the distribution
grid, thus reducing the installation and maintenance costs.

A considerable number of research efforts have been carried out in the literature to
assess the contribution of PV systems for providing grid support and ancillary services [8,9].
Among different voltage controls provided by solar PV inverters, active power curtailment
(APC) and reactive power absorption (RPA) have been established as viable solutions
for overvoltage problems associated with extensive solar PV integration in distribution
networks [10]. In the event of voltage violations due to high solar PV influx, the APC could
be adopted to confine the maximum active power output of solar PV inverters and thereby
regulate the grid voltage within the permissible voltage limits. The authors of [11–13]
have proposed APC techniques to resolve overvoltage problems associated with high solar
PV penetration in LV distribution networks. Despite being an effective countermeasure
for overvoltage problems, APC is not a favorable option for PV owners due to revenue
loss. However, this approach is still useful in circumstances where the prevailing voltage
controllers are incapable of avoiding voltage violations in the network. As per the literature
review, many researchers have studied different RPA techniques of solar PV inverters to
manage overvoltage issues in LV distribution networks [14–18]. Among these, the fixed
power factor control, power factor control as a function of injected active power (cosφ(P)),
and voltage-dependent reactive power provision (Q(V)) are the key reactive power support
solutions proposed by past researchers. At present, the Volt–Var and Volt–Watt controls of
smart PV inverters have gained attention in facilitating localized voltage control. Owing to
the simple design and ease of implementation, these controls have been adopted by the
IEEE 1547 standard [19] and several on-board initiatives, such as California’s Rule 21 [20]
and Hawaii’s rule 14H [21].

In most of the foregoing literature, the researchers have only focused on overvoltage
mitigation in LV distribution networks. Nevertheless, a few studies have been explored to
alleviate voltage violations in medium voltage (MV) distribution networks. Reference [22]
has assessed the adoption of inverter controllers in resolving voltage rise issues in a typical
Hungarian MV distribution network. The authors of [23] have investigated the performance
of the sequential RPA–APC control function in mitigating overvoltage problems that arise
from the integration of large-scale PV systems into an MV distribution network in the
Netherlands. The effectiveness of local Volt–Var control of solar PV systems for overvoltage
mitigation has been assessed by the authors of [24], using a modified IEEE 33 bus system.
For [25], a comparative analysis was conducted to analyze different RPA strategies in active
MV networks. However, due to the particular fundamental architecture of the power
system, most of the test networks involved in the above studies are not pragmatic for
countries such as Malaysia. Moreover, the previous studies have not conducted a detailed
comparison among different types of solar PV inverter controllers in alleviating overvoltage
issues in MV distribution networks.

While the revised IEEE 1547 standard has allowed PV inverters to actively participate
to regulate the grid voltage, it is not yet been stipulated under the current guidelines of
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the Malaysian grid code. Nonetheless, due to the rising number of PV installations in the
Malaysian distribution network, new voltage management approaches are required to be
adopted to mitigate the overvoltage issues. As per the knowledge of the authors, these
mitigation techniques have not been evaluated for Malaysian networks.

In this context, this paper evaluates the involvement of several APC and RPA tech-
niques of solar PV inverters, namely fixed power factor, Volt–Var, and Volt–Watt controls, in
mitigating overvoltage problems due to high PV penetration in Malaysian MV distribution
networks. The effectiveness of the studied controllers was examined and quantified on a
generic Malaysian MV network concerning a range of performance metrics, including the
number of nodes with voltage infringements, active power curtailment, reactive power
absorption, and network losses.

The remainder of the paper is organized as follows. Section 2 provides an overview of
the research method, including the APC and RPA functionalities of solar PV inverters, and
the methodology adopted to evaluate the performance of real and reactive power control
techniques of solar PV inverters for overvoltage mitigation in MV distribution networks.
The case study and the simulation results are illustrated in Sections 3 and 4, respectively.
Finally, the results are discussed in Section 5, and the conclusions of the study are drawn in
Section 6.

2. Research Method

This section presents the research method adopted to evaluate the performance of
different real and reactive power control techniques of solar PV inverters for overvoltage
mitigation in MV distribution networks.

2.1. Voltage Control Functionalities of Solar PV Inverters

The control of active and reactive power output for localized voltage regulation could
be recognized as the most prominent functionality of modern solar PV inverters. The
following sections discuss the APC and RPA techniques of solar PV inverters utilized in
this study.

2.1.1. Active Power Curtailment of Solar PV Inverters

In this study, the droop-based APC of solar PV inverters (Volt–Watt control) was
assessed for mitigating overvoltage issues due to the increased solar PV penetration in MV
distribution networks. In the Volt–Watt control mode, PV inverters are allowed to monitor
terminal voltage and curtail active power output based on the Point of Common Coupling
(PCC) voltage, and the Volt–Watt setpoints defined by the utility. The relationship between
the active power output and the voltage is usually defined by a piecewise linear curve, as
illustrated in Figure 1.

Figure 1. Volt–Watt curve characteristics.

As depicted in the figure, no active power reduction is triggered up to a predetermined
lower voltage bound (Vvw2) and the maximum available active power generation is injected
into the grid. When the voltage exceeds the lower bound and varies between Vvw2 and
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Vvw3, the active power output is curtailed in accordance with the slope of the curve. Once
the voltage reaches the upper voltage bound (Vvw3), the active power output is completely
curtailed to maintain the voltage within the permissible voltage limits. The computed
active power output could be mathematically expressed as in Equation (1).

P(t) =


Ppv(t) ; if V(t) ≤ Vvw2

Vvw3−V(t)
Vvw3−Vvw2 Ppv(t) ; if Vvw2 < V(t) ≤ Vvw3

0 ; if V(t) > Vvw3
(1)

where P(t) is the computed active power output by Volt–Watt control.

2.1.2. Reactive Power Absorption of Solar PV Inverters

The RPA of solar PV inverters is one of the most widely adopted overvoltage mit-
igation techniques in distribution networks. In this approach, the voltage regulation is
accomplished by the absorption of reactive power by solar PV inverters. The reactive
power compensation depends on the reactive power capability of the PV inverter Qmax,
which is defined as Equation (2).

Qmax(t) =
√

S2
inv − P2

pv(t) (2)

where Sinv and Ppv are the apparent power rating and the active power output of the PV
inverter, respectively.

In this study, two RPA techniques of solar PV inverters, namely the fixed power factor
control and the Volt–Var control, were assessed for preventing overvoltage issues due to
the increased solar PV penetration in MV distribution networks.

In fixed power factor control, the solar PV inverters are adjusted to operate at constant
leading power factors, where the RPA is proportional to the active power generation. The
representation of the fixed power factor control is shown in Figure 2.

Figure 2. Fixed power factor control.

As can be seen, the RPA is lower during low active power generation, whilst the
maximum possible reactive power (Qlim) is absorbed when the maximum active power
generation (Pmax) arises.

In the Volt–Var control mode, PV inverters are allowed to monitor terminal voltage
and deliver a custom reactive power response based on the PCC voltage, the available
reactive power capability, and the Volt–Var setpoints defined by the utility. The relationship
between the reactive power compensation and the voltage is usually defined by a piecewise
linear curve, as shown in Figure 3.
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Figure 3. Volt–Var curve characteristics.

As depicted in the figure, the maximum possible reactive power is injected between
the Vvv1 and Vvv2 voltage range, while the reactive power injection in the range of Vvv2 to
Vvv3 is based on the slope of the curve. Similarly, the reactive power absorption between
the Vvv4 and Vvv5 voltage range is based on the slope of the curve, while the maximum
possible reactive power is absorbed in the range of Vvv5 to Vvv6. The Vvv3 to Vvv4 voltage
range covers the dead band region where no reactive power is injected or absorbed. The
reactive power injection could be mathematically expressed as Equation (3).

Q(t) =



Qmax(t) ; if V(t) ≤ Vvv2
Vvv3−V(t)
Vvv3−Vvv2 Qmax(t) ; if Vvv2 < V(t) ≤ Vvv3

0 ; if Vvv3 < V(t) ≤ Vvv4
−Vvv4−V(t)

Vvv4−Vvv5 Qmax(t) ; if Vvv4 < V(t) ≤ Vvv5
−Qmax(t) ; if V(t) > Vvv5

(3)

where V(t) is the terminal voltage and Q(t) is the computed reactive power injection by
the Volt–Var control.

2.2. Methodology

Firstly, the topological and electrical data of the selected MV distribution network were
used to develop a detailed network model connected with solar PV systems, and an impact
analysis was performed to investigate the potential voltage issues associated with high PV
integration into the network. In order to conduct a realistic analysis, different load profiles
and irradiance profiles were employed to incorporate time variations in PV generation
and load demand. Following that, the studied inverter controllers were implemented and
adopted to alleviate the voltage problems in the network. Finally, a comparative analysis
was performed using a variety of performance metrics, as described below.

• Number of nodes with voltage infringements: The daily voltage profiles of all nodes
after the implementation of inverter controllers were evaluated for conformity with the
local voltage limits, and the number of nodes that do not meet with permissible limits
was obtained. According to the statutory limits specified by the Malaysian electric
utility, Tenaga Nasional Berhad (TNB) for voltages in MV networks, the maximum
and minimum voltage levels are 1.05 and 0.95 p.u., respectively.
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• Total daily average APC: The total daily average difference between the uncontrolled
active power output at a unity power factor and the active power output of inverters
with respective inverter controllers was computed.

• Total daily average RPA: The daily average reactive power absorption with respective
inverter controllers was computed.

• Total daily average network loss: The daily average network loss of the entire system
with respective inverter controllers was computed.

3. Case Study
3.1. Test Network

The test network is a generic Malaysian MV distribution network with two radial
feeders serving a variety of residential, commercial, and industrial loads. The single-line
diagram of the network is shown in Figure 4. The distribution feeders are connected to
a 30 MVA distribution transformer with nominal voltage ratings of 33/11 kV. Feeders 1
and 2 of the network, as shown in the diagram, have 15 and 14 nodes, respectively. It was
assumed that the maximum load demand of the network was 6 MW.

Figure 4. Single line diagram of the test network.

The basic network parameters of the test system are summarized in Table 1.

Table 1. Basic network parameters of the test network.

Parameter Value

Capacity 30 MVA
Voltage 33/11 kV

Number of feeders 2
Number of nodes 30

Load connected
Feeder 1 3.47 MW
Feeder 2 2.53 MW
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The network parameters related to impedances and line segment lengths were based
on the topological and electrical properties of typical Malaysian MV distribution networks
(Appendix A). Figure 5 depicts the normalized PV generation and load consumption
profiles, which were obtained by considering the maximum as 1 p.u. As illustrated in
the figure, the residential customers usually have low consumption during the daytime,
when solar PV generation is at its peak. The industrial customers, on the other hand, have
high daytime consumption and lower nighttime consumption. In contrast, commercial
customers have stable consumption during the daytime. In order to ensure overvoltage
issues during high irradiance periods, a PV generation profile based on a sunny climatic
condition was adopted.
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The test network model was developed in the Open Distribution System Simulator
(OpenDSS) simulation platform interfaced with MATLAB software. A total PV generation
of 24 MW was installed by connecting an 800 kW-rated PV plant with advanced PV inverter
functionalities to each node of the network. A 10% oversized PV inverter was utilized
to provide the reactive power support even when delivering the maximum active power
generation, and all the PV plants were expected to experience the same irradiance profile.

Figure 6 illustrates the simplified block diagram of the OpenDSS PV system model
with inverter controls. As indicated in the figure, the inverter could be controlled in two
ways to alleviate overvoltage issues: static operation, in which the amount of reactive
power absorbed from the network is weighted by a fixed power factor, and the inverter
control operation (Volt–Watt and Volt–Var controls), in which the active and reactive power
outputs are controlled via the smart inverter control (InvControl object), allowing changes
to the inverter’s operational settings. The InvControl object requires the operator to provide
a control curve specified by an XY set of coordinates, as shown in Figures 1 and 3. The most
appropriate parameter settings were assigned in this study to achieve the best performance
of the controller operation while successfully eliminating all voltage problems.
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3.2. Controller Parameter Settings

The adopted controller parameter settings for local active and reactive power control
techniques of solar PV inverters are as follows.

• Base Case: The power factor of all solar PV inverters connected to the network was
set to unity (the reactive power in-feed from the PV was 0).

• Volt–Watt control: The voltage setpoints were adjusted to commence the active power
curtailment at 1.048 p.u. and to completely curtail the generation when the voltage
reached the Malaysian upper voltage statutory limit for the MV distribution networks
(1.05 p.u.).

• Fixed power factor control: The power factor of all solar PV inverters connected to the
network was fixed at 0.98 (leading).

• Volt–Var control: The Vvv2 and Vvv5 setpoints (Figure 3) were adjusted to the lower
and upper Malaysian statutory voltage limits for the MV distribution networks (0.95
and 1.05 p.u.). The Vvv3 and Vvv4 voltage setpoints were adjusted to enable the inverter
to inject reactive power until the voltage reached 0.955 p.u. and to start to absorb
reactive power when the voltage reached 1.045 p.u.

4. Results

Initially, power flow simulations were conducted for the base case scenario, in which
all solar PV inverters connected to the network inject the maximum active power while
absorbing no reactive power from the grid (unity power factor). The simulations were
performed over a 24 h period using varying loads and PV profiles, as shown in Figure 5.
The daily variation of nodal voltages reflecting every one-minute interval of the simulation
time is presented in Figure 7. As anticipated, a voltage rise was observed during the peak
generation, with 7 nodes identified with upper voltage statutory limit violations.

Thereafter, the studied APC and RPA techniques of solar PV inverters, that is, the
fixed power factor, Volt–Var, and Volt–Watt controls, were implemented, as discussed
in Section 3. After that, power flow simulations were conducted, utilizing the selected
controller parameter settings to mitigate overvoltage infringements. The voltage profiles,
active power generation, reactive power absorption, and network losses were extracted
from every power flow simulation to assess the performance of the studied controllers.
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Figure 7. Daily variation of nodal voltages without voltage control.

Figures 8–10 depict the daily variation of the nodal voltages, active power generation,
and reactive power absorption with the above controllers, respectively.

Figure 8. Daily variation of nodal voltages with the (a) Volt–Watt, (b) Fixed power factor, and (c) Volt–Var controls.

Figure 9. Daily active power generation with the (a) Volt–Watt, (b) Fixed power factor, and (c) Volt–Var controls.
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Figure 10. Daily reactive power absorption with the (a) Volt–Watt, (b) Fixed power factor, and (c) Volt–Var controls.

5. Discussion

As illustrated in Figure 8, the upper voltage limit violations observed in Figure 6
were successfully alleviated after the adoption of the studied APC and RPA techniques
of solar PV inverters. According to the simulation results, the two RPA techniques were
capable of preventing overvoltage problems while providing the maximum active power
generation. In fact, due to the sufficient reactive power capability, the employment of
overrated inverters has allowed for a complete active power generation, as shown in
Figure 9. However, a substantial active power reduction was noted with the Volt–Watt
control due to the curtailment of the active power output of solar PV inverters. The
minimum daily active power generation for the Volt–Watt control was reported as 334.002
kW, which is a 58.24% reduction from the maximum PV generation of 800 kW.

As depicted in Figure 10, a significant RPA was observed with the fixed power factor
control compared to the Volt–Var control. Moreover, it was reflected that all PV plants
connected to the network have experienced an equal RPA with the fixed power factor
control, while only the PV plants with higher voltages have substantially been involved in
RPA with the Volt–Var control. Furthermore, it was revealed that the RPA of PV inverters
connected closer to the distribution transformer with the Volt–Var control was negligible,
owing to the low terminal voltages. According to the simulation results, the maximum
RPA of 255.517 kVar was reported with the Volt–Var control.

Table 2 and Figure 11 witness and depict the computed results for the comparative
analysis of the studied APC and RPA techniques of solar PV inverters.

Table 2. Simulation results.

Parameter Base Case
Advanced Inverter Functionality

Volt–Watt
Control

Fixed Power
Factor Control

Volt–Var
Control

Number of nodes with voltage
infringements 7 0 0 0

Total daily average APC (kW) - 108.238 - -
Total daily average RPC (kVar) - - 975.244 89.098

Total daily average network loss (kW) 242.857 228.234 264.971 244.319

As presented in the table, the adoption of the Volt–Watt control has contributed to
an overall average active power reduction of 108.238 kW. Moreover, the highest daily
average RPA of 975.244 kVar was reported with the fixed power factor control due to the
unnecessary reactive power compensation regardless of the active power generation. It
was evident that the main drawback of the fixed power factor control is the allocation of
location-free reactive power references, regardless of the local voltage. In fact, it could
unnecessarily absorb reactive power at periods when peak PV generation falls in with
high load demand where voltage violations might not occur. A considerable increase in
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network loss could be seen in both RPA techniques compared to the base case scenario.
The highest daily average network loss was reported with the fixed power factor control
due to the extensive RPA, even in circumstances where the voltage was not in danger of
being violated. This is a 9.11% increment over the operation of PV inverters with a unity
power factor.

Figure 11. Comparison of simulation results.

According to the simulation results, the Volt–Var and Volt–Watt controls could be
identified as the most prominent functionalities of modern solar PV inverters due to the
autonomous control of active and reactive power output PV inverters based on the PCC
voltage. Despite the fact that these functionalities are effective in resolving overvoltage
issues, they possess inherent drawbacks that must be considered for implementation.
The Volt–Var control depends on the reactive power capability of the PV inverter, where
oversized inverters are recommended to provide reactive power support even when
providing the maximum active power generation during peak irradiance periods. Due
to the limitation of active power injected into the grid, the Volt–Watt control results in a
revenue loss for prosumers/PV plant owners. Therefore, the Volt–Watt control could be
implemented in circumstances where the reactive power support provided by the Volt–Var
control is insufficient in alleviating all voltage violations in the network.

Beyond overvoltage mitigation, modern solar PV inverters are capable of frequency-
watt control for over-frequency events, which necessitates active power curtailment to
reduce excess generation. As per the revised IEEE Standard 1547, all DERs are required to
be capable of frequency-watt control for both over-frequency and under-frequency events.
Thus, PV systems are required to respond by increasing the power output of the inverter
during an under-frequency event in order to avoid excessive load shedding, even if it is
performing active power curtailment [26].

6. Conclusions

In this paper, several real and reactive power control techniques of solar PV inverters,
namely the fixed power factor, Volt–Var, and Volt–Watt controls, were presented and
evaluated to alleviate overvoltage issues due to high PV influx in MV distribution networks.
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The effectiveness of these controllers was examined and quantified on a generic Malaysian
MV network, concerning a range of performance metrics, including the number of nodes
with voltage infringements, active power curtailment, reactive power absorption, and
network losses. The findings revealed that the studied APC and RPA techniques are capable
of successfully surmounting the overvoltage problems in MV networks. Nonetheless,
every controller comprises inherent drawbacks that must be considered by DNOs for
implementation. Therefore, it is important to select appropriate remedial schemes based on
the network configuration and level of PV penetration in order to provide efficient voltage
control with minimal impact on prosumers and DNOs.
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Abbreviations

PV Photovoltaic
MV Medium Voltage
DERs Distributed Energy Resources
DNOs Distribution Network Operators
APC Active Power Curtailment
RPA Reactive Power Absorption
PCC Point of Common Coupling
P(t) Computed active power output by Volt–Watt control
V(t) Terminal voltage
Vvw1 Voltage setpoint 1 of Volt–Watt control
Vvw2 Voltage setpoint 2 of Volt–Watt control
Vvw3 Voltage setpoint 3 of Volt–Watt control
Vvw4 Voltage setpoint 4 of Volt–Watt control
Sinv Apparent power rating of the PV inverter
Ppv Active power output of the PV inverter
Qmax, Reactive power capability of the PV inverter
Qlim Maximum possible reactive power of the PV inverter
Pmax Maximum active power generation of the PV inverter
Q(t) Computed reactive power injection by Volt–Var control
Vvv1 Voltage setpoint 1 of Volt–Var control
Vvv2 Voltage setpoint 2 of Volt–Var control
Vvv3 Voltage setpoint 3 of Volt–Var control
Vvv4 Voltage setpoint 4 of Volt–Var control
Vvv5 Voltage setpoint 5 of Volt–Var control
Vvv6 Voltage setpoint 6 of Volt–Var control
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Appendix A

Table A1. Test network line impedance.

Line Segment
Length (km) Impedance (Ω/km)

From Bus To Bus

1 2 1.7
0.08 + j0.09492 3 1.6

3 4 1.9

4 5 1.7

0.1609 + j0.1524

5 6 1.5
6 7 2.4
7 8 1.9
8 9 2.7
4 10 2.5
10 11 1.3
11 12 1.0
12 13 1.7
6 14 2.3
14 15 2.6
15 16 2.5

1 17 1.5

0.08 + j0.094917 18 2.0
18 19 1.5
19 20 2.0

20 21 2.0

0.1609 + j0.1524

21 22 2.0
22 23 1.5
23 24 2.5
20 25 2.0
25 26 2.5
26 27 2.0
27 28 2.0
27 29 2.0
29 30 2.0
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