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The modern photovoltaic (PV) inverters are embedded with smart control
capabilities such as Volt/Var and Volt/Watt functions to mitigate overvoltage
issues. The Volt/Var control has gained a significant attention in regulating
grid voltage through reactive power compensation. However, the reactive
power capability of a PV inverter is limited during peak irradiance and could
be improved by curtailing the active power generation and by oversizing
the PV inverter. This paper analyzes the performance of Volt/Var function of
smart PV inverters in mitigating overvoltage issues due to high PV
integration and thus increasing the hosting capacity of low voltage
distribution networks (LVDNs). The study is conducted on a real Malaysian
LVDN considering two different Volt/Var set points under different PV
penetration levels. Results demonstrate that the oversized smart PV inverter
could enhance the Volt/Var functionality by increasing its reactive power
capability than a typical smart PV inverter. Further it reveals that adaptation

of sensitive Volt/Var set points with shorter deadbands increase the PV
hosting capacity of L\VVDNs.
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1. INTRODUCTION

Over recent years, solar power generation has shown a rapid growth compared to the other
Distributed Energy Resources (DERs). The declining cost of PV modules and incentives set up in many
countries around the world have aided the growth of solar PV to emerge as one of the most widely adopted
DER in LVDNs. However, the increased influx of solar PV penetration leads to new technical challenges
[1, 2] to the Distribution Network Operators (DNO), who are responsible in maintaining the power quality of
LVDNSs. Voltage rise, voltage flicker and unbalances, thermal overloads, and higher levels of harmonics are
some of the technical issues caused due to high integration of solar PV to LVDNs. Voltage rise has been
identified as one of the worst consequences of high solar PV penetration which could substantially limit
the number of PV systems connecting to the LVDN. The peak generation and low demand conditions could
significantly increase the reverse power flow resulting voltage rise at the end of the feeder [3, 4]. As can be
seen in literature, a reasonable number of studies have been published addressing the voltage rise issues and
feasible solutions for mitigation.

Grid reinforcement, integration of On-Load Tap Changers (OLTC) [5-7], Line Voltage Regulators
(LVR), Static VAR Compensators (SVC), Static Synchronous Compensators (STATCOM) [8], capacitor
banks [9] and large-scale Battery Energy Storage Systems (BESS) [10, 11] are some of the voltage regulation
strategies implemented by DNOs. However, these approaches lead to costly investments and require a
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significant amount of infrastructure upgrades and maintenances to secure their efficiency. As a result, several
cost-effective techniques have been proposed for controlling the grid connected PV inverter to mitigate
the technical impacts associated with high integration of solar PV to LVDNSs. Traditionally, the PV systems
are installed with standard inverters, designed to operate with a unity power factor (only generate active
power). In compliance with the revised IEEE Standard for Interconnection and Interoperability of Distributed
Energy Resources with Associated Electric Power Systems Interfaces (IEEE 1547 standard) [12],
PV inverters are permitted to actively control the voltage at the point of common coupling (PCC) by
compensating reactive power locally. Reactive power compensation and active power management of PV
inverters are two control strategies that could be adopted to maintain the terminal voltages within permissible
voltage limits. The active power curtailment could be utilized to mitigate over voltage issues by reducing
the amount of real power injected by the PV inverter [13]. In [14], a droop based active power curtailment
technique has been proposed to overcome voltage rise in LV radial distribution feeders. Even though this
method is efficient in voltage reduction, it limits the active power generation leading to loss of revenue for
PV system owners. As a result, the reactive power compensation has gained a significant attention in
managing the grid voltage through reactive power absorption (during overvoltage) or injection
(during undervoltage). Recently, many interesting studies have been carried out, to examine the utilization of
reactive power capability of PV inverters in mitigating the potential impacts induced due to high integration
of solar PV to LVDNE. In reference [15], the authors have used the reactive power support of PV inverters in
improving network’s PV hosting capacity by mitigating voltage violations. The reactive power control
strategies available in the PV inverter for voltage regulation are compared in [16]. In [17], the standard
reactive power strategies of PV inverters are reviewed and a modified method is proposed to increase the PV
penetration of L\VVDNS.

In order to manage overvoltage issues and to accommodate higher PV capacity, the modern PV
inverters are embedded with smart control capabilities such as Volt/Var and Volt/Watt functions.
Today, the Volt/Var control has become prominent in regulating voltage, utilizing the reactive power
capability of PV inverter instead of curtailing active power generation [18-24]. However, most of these
studies assume that PV inverter ratings are sufficiently high to support the peak active power generation and
reactive power capacity required for the Volt/VVar control. The PV inverters are typically sized to suit
the rating of the PV panels and active power generation is prioritized. Therefore, the reactive power
capability of PV inverter is limited during high active power generation (peak irradiance), where reactive
power absorption is essential to manage over voltages. In order to provide reactive power support during high
active power generation, there must be spare capacity in the inverter. Oversizing and limiting the active
power output of the inverter could be adopted to ensure spare inverter capacity. However, the active power
curtailment is an economic loss to the PV owners and oversizing the inverter adds an extra cost to
the installation. In [25], the authors have reported that oversizing the PV inverter is economically efficient
than active power curtailment. Therefore, an oversized PV inverter could be utilized to mitigate overvoltage
issues due to high integration of solar PV to LVDNs.

This study investigates the smart PV inverter Volt/Var control in mitigating voltage violations due to
high integration of solar PV and increasing the PV hosting capacity of LVDNs. A comprehensive analysis is
conducted on a real Malaysian LVVDN considering two different Volt/Var set points under different PV
penetration levels. Moreover, the practical limitation of Volt/Var control (due insufficient inverter capacity)
to support reactive power capability during peak irradiance periods is also addressed.

2. RESEARCH METHOD
2.1. Volt/Var control of smart PV inverters

The Volt/Var functionality of smart PV inverter is used to maintain the terminal voltage of PV
systems within voltage statutory limits. This control approach allows the inverter to monitor the terminal
voltage and provide a custom var response determined by the voltage at PCC, the available reactive power
capability and the predefined Volt/Var set points by the utility. The Volt/Var control follows a piece-wise
function as shown in Figure 1. When the voltage exceeds the pre-defined upper level (\V4), as defined by
the Volt/Var curve, reactive power is absorbed and when the voltage falls below the pre-defined lower level
(V3), reactive power is injected to the grid to boost voltage back to normal levels [26]. The Volt/Var
functionality depends on the available reactive power capability of the inverter, Q;2* as described in (1).

Qo™ () = /Siw — Py () )

where, S;,,,,is the apparent power rating of the inverter and P;,,,, is the real power generation.
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The active and reactive power (P-Q) capability curve of a typical PV inverter is shown in
Figure 2(a). The operating range of the inverter is represented by a semi-circle with radius S, in the P-Q
space. The maximum real power generation (at unity power factor, where S;,, = PJ3¥) is represented by
the dotted line and the projections down to Q-axis defines the reactive power limit of the inverter. As shown
in the figure, the reactive power capability is influenced by the active power generation. The inverter is not
able to provide reactive power support during peak irradiance (P;,, = Pj2*), where reactive power
absorption is essential to manage over voltages. To overwhelm the aforementioned limitation, PV inverters
could be overrated to provide reactive power support even when delivering full active power generation

(Figure 2(b)).
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Figure 2. PV inverter capability curve, (a) Typical inverter, (b) Oversized inverter

2.2. Methodology

A comprehensive analysis is carried out to investigate the performance of the Volt/Var control
embedded in smart PV inverters in mitigating over voltages due to high integration of solar PV. In addition,
the pragmatic deficiency of Volt/Var control in reactive power absorption during peak irradiance periods is
also explored. Two different Volt/Var set points (curves) are analyzed considering different PV penetration
levels using two types of inverters: a ‘typical’ inverter with a size equal to the panel rating and an ‘oversized’
inverter with a size 10% higher than the panel rating. The reactive power capability of each inverter type and
their suitability in voltage regulation are analyzed. In this study, the PV penetration level is defined in (2) as
the ratio between peak PV power and peak load.
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peak PV power

PV penetration = X 100% 2

peak load

The customers with voltage issues is selected as the performance metric to appraise the performance
of Volt/Var control. According to the Malaysian Electric utility, Tenaga Nasional Berhad (TNB),
the statutory tolerance limits for voltage variation should be between +10% and -6% (1.1 and 0.94 p.u.).
The daily voltage profiles of all customers are analyzed to detect the customers who do not compliance with
above voltage limits. The Open Distribution System Simulator (OpenDSS) and MATLAB software packages
are used to perform the time series, three-phase power flow simulations.

2.3. Case study

A real Malaysian residential network with a IMVA, 11kV/433V distribution transformer was used
to scrutinize the functionality of smart inverters” Volt/Var control. The single line diagram of the network is
shown in Figure 3. The network consists of four feeders and serves a total number of 124 customers via a
three-phase connection. The peak load demand of the network was assumed to be 620kW, with an average
peak load of 5kW per customer. The normalized PV profile and residential load profile used in the study are
shown in Figure 4.
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Figure 3. Single line diagram of the network

—pv prome
0.9~ Load proﬁle

/“

)
T

Normalized profile (p.u

L L L L L
0 1 2 3 4 5 6 7 8 9 10 1 12 13 14 15 16 17 18 19 20 21 22 23 24
Time (hr)

Figure 4. Normalized PV profile and residential load profile
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It was assumed that all customers are connected with PV systems equipped with smart inverters and
share the same irradiance profile. The size of a PV panel was varied in the range of 2 - 7kWp (until the total
PV capacity connected to the network reaches within 90% of the transformer capacity). The performance of
two different Vol/Var curves were investigated by adopting typical and oversized smart PV inverters to
mitigate overvoltage issues due to high integration of solar PV. The curves were defined considering two
possible combinations of active-bands and dead-bands as shown in Figure 5. In both curves, V2 and V5
voltages (Figure 1) were set as the lower and upper voltage statutory limits. It was assumed that all PV
inverters in the LVDN share the same Volt/Var set points.
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Figure 5. Volt/var curves, (a) VV1: without dead band, (b) VV2: with dead band

3. RESULTS AND DISCUSSION
Time series, three-phase power flow simulations were performed for six PV penetration levels

(40% to 140% in steps of 20%) and voltage profiles of all customers were obtained and examined before and
after the Volt/Var control. According to the simulation results, no customers were experiencing voltage
violations upto 80% of penetration level without any voltage control. However, for a further increment in
penetration level, 2, 44 and 68 number of customers were recorded with voltage violations for 100%,
120% and 140% of penetration levels respectively. Figure 6 shows the uncontrolled daily voltage profiles of
all 124 customer nodes with 7kWp PV installations (140% of PV penetration level).

)
o
&

Voltage (pu,

0.95

0.9 = - L . . : » ) ; i >
0 2 R 6 8 10 12 14 16 18 20 22 24
Time (hr)

Figure 6. Uncontrolled daily voltage profiles of all customers in the LVDN with 7kWp PV installations

Figures 7 and 8 display the voltage profiles and daily reactive power compensation for both
Volt/Var curves, obtained by utilizing typical and oversized smart PV inverters. In each graph,
the corresponding parameter variation is demonstrated for all 124 customers. The voltage profiles obtained
for VV1 and VV2 Volt/Var set points with typical PV inverter (for 140% of PV penetration) are shown in
Figures 7(a) and 7(b) respectively. Although a voltage reduction was observed during non-peak generation,
the voltage profiles persist nearly the same during peak generation. As a result, the number of customers with
voltage issues was also remained the same similar to the uncontrolled mode.
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Figure 7. Daily voltage profiles of customers and reactive power compensation of all PV systems,
(@) and (c) for V1, (b) and (d) for VVV2 volt/var set points using typical smart PV inverter
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Figure 8. Daily voltage profiles of customers and reactive power compensation of all PV systems,
(@) and (c) for VV1, (b) and (d) for VV2 Volt/Var set points using oversized smart PV inverter
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In fact, Figures 7(c) and 7(d) which illustrate the daily reactive power compensation of all PV
installations, clearly depict that this is due to the limited reactive power capability of typical PV inverter
during peak active power generation. The adoptation of oversized PV inverter could be introduced as a
feasible solution to overwhelm this issue. As clearly depicted in Figures 8(a) and 8(b), the voltage has been
significantly reduced for both VV1 and VV2 set points. The daily reactive power absorption for the two set
points are shown in Figures 8(c) and 8(d). It could be seen that the spare capacity of oversized inverter
facilitates the reactive power support during high active power generation. According to the simulation
results, the customers with voltage issues has shown a rapid drop after adopting oversized PV inverters.
No customers were recorded with voltage violations for VV1 set points while only three customers were
recorded for VV2 set points. It was revealed that the performance of Volt/Var control could be enhanced by
adopting sensitive set points/curves with shorter deadbands which allow higher reactive power support
during high influx of solar PV to the LVVDN.

4.  CONCLUSION

This paper presents the performance of Volt/VVar control of smart PV inverters in mitigating
overvoltage issues due to high integration of solar PV to the LVDNs. A comprehensive analysis has been
conducted on a real Malaysian LVDN considering two different Volt/Var set points under different PV
penetration levels. The results showed that typical PV inverters of the same size as the PV panels are unable
provide an adequate voltage regulation using Volt/Var control due to the priority given to real power
generation and limited reactive power capability during peak irradiance. This problem was found to be
alleviated by the use of an oversized PV inverter as it effectively controls the voltage by enhancing its
reactive power capability while delivering the peak power generation. Further it is proposed to adopt
sensitive Volt/Var set points/curves with shorter deadbands to increase the PV hosting capacity of LVDNs.
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