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Abstract—This paper presents an innovative smart PV inverter 
control as STATCOM (PV-STATCOM) for obviating the need for 
a physically connected STATCOM in a distribution network for 
controlling steady state voltage and temporary over voltages 
(TOVs) resulting from unsymmetrical faults. Two 10 MW PV 
solar systems are already connected in the distribution feeder of a 
utility in Ontario, Canada. A STATCOM is installed to prevent 
the steady-state voltage and TOV issues arising from the 
connection of a third 10 MW PV solar farm at same bus. It is 
demonstrated from PSCAD electromagnetic transient studies that 
if the proposed PV-STATCOM control is implemented on the 
incoming third 10 MW PV solar farm, all the above voltage issues 
are mitigated satisfactorily as required by the utility Grid Code. 
This proposed smart inverter PV-STATCOM control therefore 
eliminates the need for the physical STATCOM, saving an 
enormous cost for utilities dealing with voltage rise and TOV 
issues with grid connected PV systems. Such a control can 
effectively increase the Distributed Generator hosting capacity of 
distribution feeders at more than an order of magnitude lower cost 
under similar network conditions. Moreover, this novel grid 
support functionality can open new revenue making opportunities 
for PV solar farms. 

Index Terms— Photovoltaic Solar system, Smart Inverter, PV-
STATCOM, Voltage Control, Reactive Power Control, 
Temporary Over Voltage, FACTS 

I. INTRODUCTION 
istributed Generators (DGs) bring several benefits to 
distribution networks. However, these benefits come 
along with new challenges [1]-[2]. Some of these 

challenges include steady state overvoltage, temporary 
overvoltage (TOV), unbalanced voltage, power quality issues 
such as harmonics, frequent operation of conventional voltage 
regulators such as load tap changers and capacitor banks, 
changes in feeder power factor, etc [1]-[5]. High penetration of 
solar farms is known to cause reverse power flows resulting in 
over voltages at PCC which potentially limit any future DG 
installations [6]-[7]. Traditionally, shunt capacitor banks (SCs), 
on-load tap changers (OLTC) and step type voltage regulators 
(SVRs) are utilized for voltage control in the distribution 
systems [8]. However, these devices are slow acting with a 
response time ranging from seconds to few minutes. Moreover, 
these devices such as OLTC and SVR operate based on 
unidirectional flow of power and cannot operate reliably during 
bidirectional power flows caused by Distributed Generators e.g. 

solar farms. Flexible AC Transmission Systems (FACTS) such 
as Static Var Compensator (SVC) and STATCOM are utilized 
in general for voltage regulation purposes in power systems [9]. 
These devices can provide voltage control with a response time 
of 1-3 cycles with STATCOM being much faster than SVC [9]. 

The Ontario Independent Electricity System Operator 
(IESO) proposed the installation of a -33/+48 Mvar Static Var 
Compensator (SVC) to provide the dynamic reactive power 
requirement of the 100 MW PV solar farm at the Grand 
Renewable Energy Park (GREP) in Haldimand County, 
Nanticoke, Ontario [10]. An SVC is proposed to prevent rise in 
customer voltage caused by interconnection of PV solar 
systems in a Japanese distribution feeder [11]. Small size 
STATCOMs are also proposed in Japan to mitigate voltage rise 
issues due to surplus power injected by PV solar farms in 
distribution feeders [8]. Studies for determining optimal size 
and location of SVC for improving voltage regulation at 
different operating conditions of residential PV solar systems 
connected in an Egyptian distribution feeder are described in 
[12]. A D-STATCOM is proposed to improve voltage 
regulation due to variability of power output from PV solar 
systems in an Australian distribution network [13].  

Four STATCOMs in the range 1-2 Mvar have been actually 
installed in Massachusetts, USA, at various locations to 
mitigate feeder voltage rise and voltage fluctuations in a 
distribution feeder caused by variability of power output from 
a cluster of 13 MW PV solar systems [14].  A 6 Mvar 
STATCOM is installed at the substation of 52.5-megawatt 
(MW) Shams Ma’an PV solar project in Jordan to maintain a 
smooth voltage profile under different network conditions and 
variable PV output [15]. 

A case study of a 44 kV distribution feeder with two 10 MW 
PV solar farms is reported in [16]. Connection of a third 10 MW 
solar farm failed the power distance test of the utility indicating 
that voltage issues will be caused by its interconnection. 
Reconductoring the feeder to improve X/R ratio or relocation 
of the PCC of the solar farms to another feeder were considered 
to be economically unviable solutions. The utility decided to 
install a STATCOM for regulating the steady state voltage to 
within utility acceptable limits. It is noted that the conventional 
symmetrical voltage control provided by SVCs (and 
STATCOMs) worsen the problem of Temporary Overvoltages 
in an actual transmission system in California [17]. Hence a 
new unsymmetrical control is needed, which is considered in 
this paper. 

Smart inverters have been proposed for PV solar systems to 
effectively counteract voltage issues [18-19]. Smart inverter 
functions such volt/var, volt/watt, off-unity power factor, 
Low/High Voltage Ride Through, Low/High Frequency Ride 
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Through and Dynamic Reactive Current Injection, etc. have 
been demonstrated in field applications [20-21]. Grid Codes 
such as IEEE 1547 have been revised in the interim [22]. The 
newly proposed smart inverter functions as described in the 
revised IEEE 1547 (2018) although provide ride through 
capability but not Temporary Overvoltage mitigation [22] 
explicitly.  

A unique control of PV solar farms as STATCOM during 
nighttime for providing various grid support functions with full 
inverter capacity and for delivering the same benefits during 
daytime with PV inverter capacity remaining after real power 
generation was introduced in 2009 [23-24]. The proposed 
control, termed PV-STATCOM, was utilized for increasing the 
connectivity of wind farms [25] and for improving the power 
transmission capacity [26]. The above control however has a 
limitation of available reactive power capacity especially 
during noontime when the inverter is completely utilized for 
real power generation.  

The control of PV solar farms as a smart inverter PV-
STATCOM was proposed in [27]. The control presented in this 
paper provided only steady state voltage control in the grid by 
three-phase symmetrical real power generation by PV systems. 
However, the control strategy proposed in [27] cannot provide 
mitigation of Temporary Overvoltage (TOV) during 
unsymmetrical faults which is a major issue in the integration 
of PV solar farms. For suppressing TOV, an entirely different 
control is required, which is the main contribution of this paper. 

This paper is based on a patent-pending technology for 
modulation of real and reactive power of PV solar farms [28]. 
Implementation of this control on a PV solar farm allows the 
solar farm to provide a 24/7 functionality as a STATCOM with 
rated inverter capacity both during nighttime and any time 
during the day as needed by the grid, including full-noon. 

The novelty of this paper is that a new smart inverter PV-
STATCOM solution is proposed for mitigating steady state 
voltage rise and more importantly Temporary Overvoltage 
caused by high penetration of PV solar systems. Traditionally, 
to address these issues, dynamic reactive power compensators 
such as Static Var Compensator (SVC) and STATCOM, have 
not only been proposed [8], [10-13] but actually installed in 
several parts of the world [14-16] including Canada and USA. 
In this paper, the effectiveness of the PV-STATCOM 
technology has been shown on a realistic distribution feeder in 
Ontario where an actual STATCOM has been installed for 
steady state voltage control [16]. It is demonstrated that the 
proposed PV-STATCOM can provide the same functionality of 
steady state voltage control and moreover provide TOV 
mitigation, thus eliminating the need of the installed 
STATCOM. The PV-STATCOM solution is highly cost-
effective (about 50 times cheaper) compared to actual SVCs 
and STATCOMs as it utilizes the existing electrical substation 
infrastructure such as buswork, transformers, breakers, 
protection systems, of the PV solar system (which are quite 
similar to those in actual SVCs and STATCOM installations). 
The PV-STATCOM technology can therefore potentially bring 
significant cost-savings to utilities in that they may not need to 
install expensive SVCs or STATCOMs. Moreover, this novel 
grid support functionality can open new revenue making 
opportunities for PV solar farms. 

This paper presents: a) control concept of the proposed PV-
STATCOM, and b) EMTDC/PSCAD simulation of the PV-
STATCOM technology on the third 10 MW PV solar inverter 
in [16] for steady state voltage control. The proposed PV-
STATCOM control further provides mitigation of temporary 
over voltage (TOV) which is not considered in [16].  

The remainder of this paper is organized as follows. Section 
II illustrates the concept of proposed smart PV inverter control 
as STATCOM. The study system is described in Section III. 
Section IV demonstrates the modeling of the study system. 
Section V explains the controller design process for the study 
system. The proposed control is validated through 
PSCAD/EMTDC software simulations in Section VI. 
Discussions are presented in Section VII while the conclusions 
are enunciated in Section VIII. 

II. CONCEPT OF SMART PV INVERTER CONTROL AS STATCOM 
The real power generation from a solar farm on a sunny day 

and the remaining unutilized inverter capacity over a 24 hour 
period is depicted in Fig. 1. The operating modes of the 
proposed PV-STATCOM are described below: 

i) Full PV mode: The PV solar farm operates at unity power 
factor with no reactive power control. 

ii) Partial STATCOM Mode: The inverter capacity 
remaining after active power production is utilized for dynamic 
reactive power control as STATCOM.  

ii) Full STATCOM mode: During a power system 
disturbance or fault in the day, when the need for reactive power 
support is high, the solar farm temporarily (for typically less 
than a minute) reduces its real power output to zero by varying 
the voltage across the solar panels. It further makes its entire 
inverter capacity available for dynamic reactive power control 
as STATCOM. After the grid support need is fulfilled, the solar 
farm returns to its pre-disturbance power output. The Full 
STATCOM mode can be activated at any time during the day 
depending upon system need. As an example, this Full-
STATCOM mode is depicted by the thin rectangle around 8 am 
in Fig. 1. The width of the rectangle is less than a minute but is 
shown over an exaggerated time period of an hour, just for ease 
of understanding. This mode is also fully available during night. 

 
Fig. 1. Concept of smart PV inverter control as STATCOM  (PV-STATCOM) 
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III. STUDY SYSTEM 
Fig. 2 shows a 44 kV feeder in a utility distribution network 

in Ontario, Canada (name and location withheld for 
confidentiality reasons) [16]. The study feeder system includes 
three 10 MW PV systems with a total capacity of 30 MW 
connected about 35 km away from the utility transformer 
station (TS). The 30 MW PV plants are connected to the 
distribution system through a 30 MVA interface transformer, 
although each 10 MW PV system uses an intermediate 
transformer prior the interface transformer. Two solar systems 
with 10 MW generation are already connected to the PCC. 
Connection of the additional 10 MW PV system causes 
increased reverse power flow during light load conditions 
resulting in steady state over voltages. A 3.5 Mvar STATCOM 
is installed at PCC to mitigate steady state overvoltages. 

The TOV is also observed to exceed the permissible limits 
during single line to ground faults (SLGF) or line to line ground 
(L-L-G) fault scenarios. 

According to an Ontario utility requirement [29] the TOV 
caused by a DG facility should be less than 1.25 p.u. and in no 
circumstance exceed 1.30 p.u. 

IV. MODELING OF THE STUDY SYSTEM 
This section presents the modeling of different components 

of the study system in EMTDC/PSCAD software. The model 
of the study system is depicted in Fig. 3. The substation system 
is represented as an equivalent voltage source with 1.05 p.u. 
voltage to supply the 44 kV feeder. The 35 km line from 
substation to PCC is represented by a π  model in which the 
shunt admittance (e.g. line charging) is neglected. In Fig. 3, Rg 
and Lg represent the line resistance and inductance, 
respectively. The electrical load is considered to be a constant-
power static RL load. At nominal voltage of 44 kVL-L, the total 
load is considered to be 30 MVA. The peak-time active and 
reactive loads are considered to be 27 MW and 6 Mvar, 
respectively, whereas during off-peak hours, these loads are 6 
MW and 1.5 Mvar, respectively. 

All three PV systems are utilized with 10 MVA two-level 
six-pulse IGBT-based voltage source inverters (VSI). The 
switching frequency is chosen to be 4 kHz to minimize the 
switching losses. For each PV system, an LCL filter is utilized 
to mitigate the harmonics caused by the switching frequency. 
The LCL filter consists of a series inductor (Lf), shunt capacitor 
(Cf) with series damping resistor (Rd) and another series 
inductor (Lt) corresponding to the transformer inductance. The 
combination of shunt capacitor in series with damping resistor 
is connected in delta configuration. The filter inductor is 
selected between 0.1 to 0.25 pu [30]. The amount of reactive 
power generated by the filter capacitor also influences the 
reactive power compensation by the VSI. Hence, the filter 
capacitor value is designed to limit the reactive power exchange 
below 0.05 pu of the inverter power rate. To avoid resonance 
between filter capacitor and inductor, a damping resistor is 
added to filter capacitor in series [31].  

V. CONTROLLER DESIGN 
This paper proposes that the additional (third) 10 MW PV 

system be equipped with the proposed patent-pending smart PV 
inverter PV-STATCOM control [28]. The other two PV 
systems use only conventional controllers to generate real 
power at unity power factor.  

Fig. 3 illustrates the schematic of the smart PV inverter 
controller. The controller is designed in d-q frame and includes 
abc/dq transformation block, PLL, DC controller, current 
controllers, AC voltage controller, TOV detector unit and PWM 
unit. The PLL unit extracts the phase angle of PCC voltage for 
transforming currents and voltages from abc-frame to dq-frame 
or vice versa [32]. The DC controller, in order to regulate DC 
link voltage at the reference value, generates the reference 
current for d-component of inverter current which represents 
the active current component. Consequently, the current 
controller in d-axis regulates the active current component to its 
reference value [32].   

During daytime, the smart PV control operates as a 
conventional PV system i.e., in Full PV mode. If steady state 
voltage control is required in all three phases, together with real 
power generation, Partial STATCOM mode is activated. The 
Full STATCOM mode is activated when a temporary 
overvoltage TOV occurs due to unsymmetrical faults. MPPT 
based on incremental conductance method [30] is utilized 
during Full PV mode and Partial STATCOM mode. In Full-
STATCOM mode, the MPPT mode is disabled and the real 
power generation is made zero by making the voltage across PV 
panel equal to its open circuit voltage. The entire inverter 
capacity is then utilized to absorb reactive power in order to 
reduce the phase voltage. After the TOV is mitigated, power 
production from the solar panels is enabled and control mode is 
switched to Partial STATCOM mode.  

 
 

 
Fig. 2. Single line diagram of the study system 
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The PCC voltage is controlled by the AC voltage controller. 
Therefore, either maximum reactive current or output of the AC 
voltage controller defines the reference value of reactive current 
control loop. The current controller in q-axis regulates the 
reactive current to its reference value. It is noted that the TOV 
Detector unit switches between voltage control mode and TOV 
mitigation mode. Also, this unit generates the command to 
enable or disable the power production from PV solar panels. 
The outputs of the controller are modulation indices in d-q 

frame, which are eventually converted to abc-frame using the 
phase angle of PCC voltage. The modulation indices in abc-
frame are compared with carrier signal to generate gate pulses 
for the VSC switches [30], [32]. 

A. Operation Mode Selector 
Fig. 4 shows the flowchart of the smart PV inverter control 

to select the operation mode. During daytime, the voltages in 
three phases are measured. If any phase voltage exceeds the 

 
Fig. 3. Modeling of the study system and control components 
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TOV limit while the voltages in other phase/phases decrease 
substantially, the output of TOV Detector unit is trigged “ON”, 
and Full STATCOM mode is activated. The controller keeps 
the inverter current lagging the inverter voltage by 90 degrees 
(i.e. keeps absorbing reactive power) to reduce TOV until the 
phase voltages reach an acceptable value. 

 After the fault is cleared all the phase voltages will rise to 
their normal values. The controller thus recognizes that TOV is 
mitigated. It therefore enables power generation from the solar 
panels and switches to Partial STATCOM mode for steady-
state voltage control. In partial STATCOM mode, the controller 
regulates the PCC voltage with Qrem, which is the inverter 
capacity remaining after real power generation. 

During nighttime, the PV solar system operates in Full 
STATCOM mode to control either the steady-state voltage or 
TOV. The smart PV inverter control thus autonomously 
determines its operation mode and prioritizes between active 
power generation and reactive power exchange based on the 
system requirements, nature of transient/disturbance, time of 
the day and remaining inverter capacity. 

B. Phase Locked Loop Control 
The PCC voltage components in dq-frame are as: 

0 0
ˆ cos ( )pcc dV V tω θ ϕ− = + −  (1) 

0 0
ˆ sin ( )pcc qV V tω θ ϕ− = + −  (2) 

( )d t
dt
ϕ ω=  (3) 

where, V̂ is the amplitude of PCC phase voltage, ω0 is 
system frequency and 0θ  is the initial phase angle of the AC 
system. By selecting 0 0ref tϕ ω θ= + , the voltage components 

become ˆ
pcc dV V− = and 0pcc qV − = . Therefore, regulating 

pcc qV −  to zero by PLL control will be lead to DC components 
in dq-frame [32]. In Fig. 3, to remove high frequency 
harmonics, a low pass filter with transfer function ( )filterG s and 
time constant 1fT ms=  is used after the transformation block. 

pllK  is the controller transfer function to regulate phase angle
ϕ at 0 0ref tϕ ω θ= + . The Voltage-Controlled Oscillator (VCO) 
block is a resettable integrator which converts frequency to 
phase angle. The equation for phase angle is given by: 

( )1ˆ ( ) ( )pll filter ref
d V K G s
dt
ϕ ϕ ϕ−= −L      (4) 

 
Fig.4. Flowchart of the smart PV inverter operating mode 



1949-3029 (c) 2018 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission. See http://www.ieee.org/publications_standards/publications/rights/index.html for more information.

This article has been accepted for publication in a future issue of this journal, but has not been fully edited. Content may change prior to final publication. Citation information: DOI 10.1109/TSTE.2018.2862405, IEEE
Transactions on Sustainable Energy

 6 

It should be noted that 0 0( )tω θ ϕ+ −  has a very small value. 
Hence, it can be assumed that 0 0sin ( )tω θ ϕ+ −  is about equal 
to 0 0( )tω θ ϕ+ − . The open loop transfer function of PLL with 
PI controller is: 

,
1 2

( ) ( ) ( )
ˆ 1

PLL PLL PLL

PLL gain PLL

f f

H s K s G s

V k s z
T s T s−

= ×

 × +
=   + 

     (5) 

where ,PLL gaink  and PLLz  are PLL controller parameters.  The 
“Symmetrical Optimum” technique [33] is used to design the 
PI controller with phase margin 60mδ =  at cross over 
frequency ωc = 268 rad/s. 

C. Current Control 
The active and reactive power outputs of the inverter in dq-

frame are [32]: 

( )3( ) ( ) ( ) ( ) ( )
2i id id iq iqP t v t i t v t i t= +                               (6) 

( )3( ) ( ) ( ) ( ) ( )
2i id iq iq idQ t v t i t v t i t= − +         (7) 

Due to PLL operation ˆ
idv V= and viq = 0. Therefore, the real 

power output of the inverter is controlled by iid while reactive 
power output is controlled by iiq. However, the references 
values of the current controllers are received from outer loops 
based on control objectives and operation mode.  

The inverter currents in dq-frame are [32], [34]:  

( )
2

id dc
f f iq f id d pcc d

di VL L t i R i M V
dt

ω −= − + −  (8) 

( )
2

iq dc
f f id f iq q pcc q

di VL L t i R i M V
dt

ω −= − − + −  (9) 

where dcV is the DC link voltage, dqM is modulation indices, 

,pcc dqV  are PCC voltages, ,i dqi are inverter currents and ,i dqV are 
the voltages at AC side of the inverter in dq frame, respectively. 
By adding feed-forward terms to the control signals, (8) and (9) 
are transformed to linear and decoupled equations.  

id
f f id d

diL R i u
dt

+ =  (10) 

iq
f f iq q

di
L R i u

dt
+ =  (11) 

where du  and qu are input control signals. Other terms of (8) 
and (9) are added to control signals to obtain the modulation 
indices. Modulation indices are transformed to abc-frame and 
in the final stage are compared with carrier signal to generate 
the IGBT gate pulses. Although, the dynamic equations of 
current in d-q frame are stable, a PI controller is used to make 
the steady-state error zero and decrease the response time. To 
reduce the response time, the controller moves the transfer 
function pole farther from origin of the real-imaginary 
coordinates [26]. 

D. DC Link Voltage Control 
Due to losses in the switches of the inverter, the DC link of the 
inverter needs to absorb a slight amount of active power to 
maintain the DC voltage at the specific level. The required level 
of the DC voltage is determined by the AC side voltage of the 
inverter. When sun is available, the control utilizes a small 
amount of dc power from the solar panels to keep the capacitor 
charged, while the rest of the solar power is injected into the 
grid. During Full STATCOM mode or during nighttime, the 
inverter control absorbs a small amount of real power from the 
grid and charges the capacitor through inverter diodes. In Fig. 
3, the power balance at DC side is as follows [34]: 

PV dc cap dcP P P−= +  (12) 
where PVP , dc capP −  and dcP  are PV panel power, DC-link 

capacitor power and DC side power of the VSC. By ignoring 
the VSC loss and filter losses, the DC side power of VSC can 
be considered equal to the power on the AC side. Hence, 

3
2dc i id idP P v i= =  (13) 

21
2dc cap dc

dP CV
dt−
 =  
 

 (14) 

0 1
dc

s

qV
kTn

PV p sc dc p dcP n I V n I V e
 
 
 

 
 = − −
  

 (15) 

 
where, 𝐼𝐼0 is the diode saturation current, electron charge 

191.6q e−=  coulomb, T is the cell temperature, 231.38k e−=  is 
the Boltzmann’s constant, while sn  and pn are the number of 
series and parallel cells. Due to non-linearity in the equation for 
solar power generation, the solar power is added as a feed-
forward term to offset its effect [35]. The closed loop transfer 
function of d-component of invert current is given as: 

,

( )( )
( )

id
id

id ref

i sG s
i s

=  (16) 

Thus,  

( ) ( )2 1
,

3 ( )
2 2dc PV id id id ref
C d V P v G s i

dt
−= − L  (17) 

Fig. 5 demonstrates the block diagram of the DC link voltage 
control based on (17). The open loop transfer function of DC 
link voltage control with PI controller is: 

,
1 2

, ,

( ) ( ) ( )

3 1
2

dc dc dc

pcc d dc gain dc

i d i d

H s K s G s

V k s z
s sσ σ

−
−

= ×

 × × +
=−   × + 

 (18) 

where ,dc gaink  and dcz  are the parameters of DC link voltage 
controller. Symmetrical Optimum technique [33] is used to 
design this controller with phase margin δm =50o at cross over 
frequency ωc = 364 rad/s. 
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E. PCC Voltage Control 
In voltage control mode, the AC voltage controller defines 

the reactive current reference for current controller. However, 
in TOV reduction mode the reference value for reactive current 
controller is set to the maximum value as determined from the 
inverter kVA/MVA rating. This done to reduce the TOV in the 
most effective manner with largest possible inductive current.  
From Fig. 3, the PCC voltage is [32], [34]: 

0
ˆgd

pcc d g gq g

di
V L i L V

dt
ω− = − + +  (19) 

0
gq

pcc q g gd g

di
V L i L

dt
ω− = +  (20) 

where ,g dqi are d-q axis grid currents and gL is grid 
inductance. It is noted that pcc qV −  is controlled at zero level by 
PLL controller, and so, pcc dV −  represents the PCC voltage. By 
neglecting the current of the shunt filter capacitor, 

, , ,g dq L dq i dqi i i= −  (21) 
where, iL,dq are load current components in d-q frame. 

Therefore, the PCC voltage is expressed as: 

0 0
ˆid Ld

pcc d g iq g Lq g g
di diV L i L i L L V
dt dt

ω ω− = − + − + +  (22) 

The voltage control loop generates the reference for the reactive 
component of the inverter current control.  The outer voltage 

control loop needs to be slower than inner current control loop 
[24]. Fig. 6 shows the AC link voltage control based on (20).  
By using an Integral controller, the open loop transfer function 
of the PCC voltage is expressed as: 

( ), 0 ,
0

,

( ) ( )
(1 )

gain ac g gain ac
ac iq g

i q

k L k
H s G s L

s s s
ω

ω
σ

−
= × × − =

+

 
(23) 

It should be noted that other terms of (22) are added as feed-
forward terms. 

F. TOV Detection Block 
The TOV Detection block triggers the TOV flag when a 

temporary overvoltage occurs. When TOV flag is “ON”, the 
controller transforms the PV system into the Full STATCOM 
mode by changing the DC voltage to the open circuit voltage 
level of the solar panels thereby virtually disconnecting the 
solar panels.  Reactive power is then absorbed using the full 
inverter capacity. When the fault is cleared and PCC voltage 
has reached acceptable value, the TOV flag is triggered “OFF” 
and the smart PV controller transforms into the Partial 
STATCOM mode for voltage control.  

Fig. 7 depicts the structure of the TOV Detection block. This 
block includes three different sections, Voltage Rise Detection 
(VRD), Voltage Fall Detection (VFD) and Fault Detection (FD) 
units. Each unit uses rms blocks to obtain the rms value of each 
phase and then converts it to its per-unit value. The Voltage 

 
Fig. 6. Block diagram of AC-bus voltage controller 

 

 
Fig. 7. Structure of TOV Detection block 

 
 

 
Fig. 5. Block diagram of DC-bus voltage controller 
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Rise Detection unit compares the per-unit voltage of each phase 
with its hysteresis band limits. If one or two of the phase 
voltages exceed the high band limit, the output of VRD unit is 
set to “1” otherwise the output is “0”. Based on the Ontario grid 
connection requirements, the low and high band limits of the 
hysteresis block for VRD unit are chosen as 1.20 pu and 1.25 
pu, respectively. The VFD unit detects the fall in voltage. The 
output of VFD is triggered to “1” if one or two phase voltages 
pass the lower limit of the hysteresis band. The low and high 
bands of VFD unit are 0.8 pu and 0.85 pu respectively. When 
the output of both VRD and VFD blocks are “1” the TOV 
Detection block recognizes the TOV event and triggers the 
output to “1”. In other words, the TOV event is detected when 
one or two phase voltages are larger than 1.25 pu and voltages 
of other phase/phases are below 0.8 pu. After the fault is cleared 
all phase voltages will be above a certain value which is chosen 
as 0.85 pu. 

Hence, FD unit triggers the TOV flag to become “0” when 
the fault is cleared. The Look Up Table in each case operates 
such that it provides a True “1” signal if the desired condition 
is met only in either one or two phases, but will give a False “0” 
output if the desired condition is met on all or none of the three 
phases. The hysteresis limits for different units are as below: 

VI. PSCAD/EMTDC SIMULATION STUDIES 
The performance of the smart PV inverter PV-STATCOM 

while fulfilling two control objectives, voltage control and TOV 
reduction, are presented in this section. The PSCAD/EMTDC 
software is used for the simulation of the study system shown 
in Fig. 3. In all these studies, light (small) load is defined as 6 
MW and 2 Mvar, whereas a heavy (large) load is considered to 
be 27 MW and 9 Mvar. All the three solar farms are considered 
to be producing 7 MW each during light load conditions, i.e., a 
total of 21 MW power. 

A. Conventional PV System without Smart Inverter Control 
In this study, the incoming third 10 MW PV solar system 

does not have a smart PV inverter control. It operates as a 
conventional PV solar system with real power generation at 
unity power. Fig. 7 illustrates the PCC voltages in the three 
phases and their per-unit rms values when PV systems generate 
their rated power during small load conditions.   

Before connection of PV systems, the PCC voltage is about 
1.04 pu which is in the acceptable range per code [29]. 
However, after the connection of the PV systems, the voltage 
rises to 1.10 pu which is unacceptable [29].  

At t= 0.54 sec a single line-to-ground (SLG) fault is initiated 
on phase “A”. This causes the voltage of phase “A” to fall to 
zero whereas the voltages in the other two phases reach 1.35 pu 
during the fault. This temporary overvoltage (TOV) during 
SLG fault is beyond the utility specified limit of 1.25 pu [29]. 
Therefore, there is a need to control both the steady-state 

overvoltage and the TOV. Additional studies reveal that during 
large load condition the steady-state voltage is 1.01 pu whereas 
the TOV is 1.23 pu during SLG fault, both of which are within 
utility specified limits. These studies (although not included in 
the paper due to space limit) demonstrate that there is no need 
for either voltage regulation or TOV reduction during heavy 
loading condition. 

B. Smart PV Inverter PV-STATCOM and Two Conventional 
PV systems 

In this study, instead of using an external STATCOM, the 
incoming third PV system is equipped with the proposed smart 
PV inverter PV-STATCOM controller, while the other two PV 
systems operate as conventional PV systems. The proposed 
smart inverter controller regulates the PCC voltage in steady-
state with the remaining capacity of the inverter and also 
converts the PV system to Full STATCOM mode during a TOV 
event. Two different faults, single line-to-ground (SLG) fault 
and line-to-line-ground (LLG) fault, are considered to 
demonstrate the performance of the proposed controller. 

1) Single Line to Ground (SLG) Fault 
Fig. 8 (a)-(h) demonstrate the per-unit value of the PCC 

voltage (Vpcc,pu), the three-phase instantaneous PCC voltage 
(vpcc), smart PV system current (is), output powers (PPV, QPV), 
reactive current (Iq) active current (Id), DC link voltage (Vdc), 
angular frequency, PLL angle output and TOV flag status, 
respectively.  

t < 0.5sec: The smart PV system is not connected, and hence 
the real and reactive power of PV system are respectively, zero. 

t=0.5 sec: Three conventional PV system connected: Due to 
21 MW active power generation of PV systems, the PCC 
voltage increases from 1.04 pu to 1.10 pu which is 
unacceptable. The DC link voltage is controlled at reference 
value by controlling active current output. The reactive power 
is controlled at zero.  

t=0.54 sec: Partial STATCOM mode enabled: This 
operating mode for voltage control reduces the voltage to an 
acceptable range in less than one cycle utilizing the remaining 
capacity of the inverter. The reactive power output of the 
inverter reaches 7 Mvar capacitive from zero to maintain the 
voltage at acceptable range. However, the active power remains 
at same value since the reactive power control utilizes the 
remaining capacity of the inverter. The active and reactive 

1 2

1 2

3 4

VRD unit 1.20pu , 1.25pu
VFD unit 0.80pu , 0.85pu
FD unit 0.50pu , 0.55pu

H H
L L

L L

→ = =
 → = =
 → = =

   (24) 

 
Fig. 7. Performance of three conventional PV systems during small load     

and Single-Line-to-Ground (SLG) Fault 
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currents follow their reference values to satisfy the voltage 
control objective. 

 t=0.58 sec: SLG fault initiated: the SLG fault causes the 
voltage of phase “A” to fall to zero, whereas the other phase 
voltages experience TOV. The proposed TOV detection unit 
detects this TOV event and triggers the TOV flag. Hence, the 
smart inverter autonomously switches from Partial STATCOM 

mode for voltage control to Full STATCOM mode for TOV 
reduction. In this situation, the controller changes the DC link 
voltage of the inverter to a value equal to the open circuit 
voltage of the solar panels (Fig. 8 (g)). It subsequently absorbs 
reactive power with full capacity of the inverter to reduce the 
voltages of phase “B” and phase “C”. On comparing with Fig. 
8 (a), it is revealed that the proposed smart PV inverter control 
reduces the PCC voltage from 1.35 pu to 1.23 pu which is below 
the TOV limit specified in [29]. Fig. 8 (d) illustrates that active 
power output reaches zero and the entire capacity of the inverter 
is used for reactive power absorption.  

t=0.63 sec: SLG fault cleared: the fault is cleared and the 
controller returns to Partial STATCOM mode for voltage 
control while generating active power. The PCC voltage is 
controlled to an acceptable level (1.03 pu) by using the 
remaining capacity of the inverter. 

2) Line to Line to Ground (LLG) Fault 
The performance of the proposed smart inverter controller 

during an LLG fault is demonstrated in Fig. 9. As in the 
previous case of SLG fault, the smart PV inverter controls the 
PCC voltage to its reference value during steady-state.  

t=0.58 sec: LLG fault initiated: the voltages of two phases 
phase “A” and phase “B” fall to zero and a TOV is caused in 
phase “C” due to LLG fault. The TOV detection unit triggers 
the TOV flag and the controller changes its mode from Partial 
STATCOM mode for voltage control to Full STATCOM mode 
for TOV reduction. This smart inverter control effectively 
reduces the TOV in the healthy phase to an acceptable value of 
1.22 pu in about a cycle. It is noted that the designed PLL 
performs in a stable manner both during steady state and during 
SLG and LLG faults. 

 
Fig. 8. Performance of the third 10 MW PV system as PV-STATCOM, 
together with two conventional PV systems, during small load and SLG 
fault        a) PCC voltage (pu)    b) PCC voltage     c) Smart PV current    
d) Active and reactive powers     e) Reactive current   f) Active current   g) 
DC link voltage    h) Angular frequency of PCC voltage    i) Angle output 
of PLL   j) TOV flag status 

 
Fig. 9. Performance of one PV system with proposed smart inverter 
control, together with two conventional PV systems, during small load and 
LLG fault a) PCC voltage (pu)  b) Instantaneous PCC voltage   c) Angular 
frequency of PCC voltage  d) Angle output of PLL 
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VII. DISCUSSIONS 
The proposed smart inverter PV-STATCOM provides TOV 

mitigation using the full inverter capacity both during night and 
anytime during the day as needed by the grid. It provides steady 
state voltage control throughout the night. During daytime, it is 
assumed in this study that light load conditions do not arise 
during full noon hours i.e., when the solar system is producing 
its rated power. Hence there is some remaining inverter 
capacity available for steady state voltage regulation in Partial 
STATCOM mode. Under the revised IEEE Standard 1547 -
2018, the PV inverters are also expected to provide reactive 
power injection and absorption capability of 44% and 25% of 
nameplate apparent power rating, respectively. This oversizing 
will further leave room for adequate steady state voltage control 
in the Partial PV-STATCOM mode. In the worst case, if light 
load conditions do arise due to a disturbance during noon hours, 
the solar farm can switch to Full PV-STATCOM mode for 
voltage control as long as the disturbance lasts. In other words, 
the proposed control offers the full functionality of a 
STATCOM for voltage control during day or night.  

This proposed novel smart inverter control can therefore 
potentially eliminate the need for the physical STATCOM, 
thereby saving an enormous expense for utilities. Table I shows 
the comparison between different systems. It is noted that the 
PV-STATCOM control proposed in [27] which was meant to 
provide only steady state voltage control is unable to mitigate 
the TOV issue. It is only with the TOV control strategy 
proposed in this paper, the PV solar farm as PV-STATCOM 
can suppress TOV effectively. In Table I, the acceptable steady 
state voltage range is between 0.94 pu and 1.05 pu whereas the 
TOV limit is 1.25 pu [29]. Due to the lack of space, the results 

of STATCOM with and without TOV control [34] have not 
been demonstrated in this paper.  

Table I also presents a cost-comparison of the different 
options. The PV-STATCOM is 50-100 times cheaper than an 
equivalent STATCOM for accomplishing the same voltage 
control functions. This is because only the additional PV-
STATCOM control with its associated control and 
measurement circuitry, and protection needs to be installed on 
the existing inverters of the PV solar farm. The entire existing 
electrical (and civil) substation infrastructure of the PV solar 
farm including the transformers, bus-work, circuit breakers, 
lines and cables, etc. is utilized for implementing the overall 
PV-STATCOM. If a new SVC or STATCOM needs to be 
commissioned, the complete substation needs to be built all 
over, and new inverter needs to be procured. These costs are 
clearly avoided with PV-STATCOM. 

This paper considers a single equivalent inverter for an entire 
PV solar farm to demonstrate a new control concept, whereas 
an actual solar farm may have multiple inverters involving plant 
controls and communication delays, etc. In such a situation, 
some PV inverters being utilized as PV-STATCOMs may need 
to bypass the plant controls and respond rapidly to TOVs in the 
grid. Such controls are being developed and will be reported in 
a future paper.   

VIII. CONCLUSIONS 
This paper presents an innovative smart PV inverter control 

as STATCOM, named PV-STATCOM, for controlling the 
steady state overvoltage and more importantly, mitigation of 
Temporary Overvoltages (TOV). This novel control in Partial 
STATCOM mode regulates the steady state over voltage to the 
desired reference value within one and half cycle. Further, this 
smart inverter control in Full STATCOM mode successfully 
reduces the TOV caused during both single line to ground fault 
and line to line to ground fault to within utility acceptable 
values within one cycle. The PV-STATCOM thus provides the 
full function of a STATCOM for voltage control on a 24/7 
basis. 

For the studied actual distribution system the proposed PV-
STATCOM control can help integrate the third 10 MW PV 
solar farm thereby eliminating the need for the actually installed 
STATCOM for the same purpose. The proposed PV-
STATCOM control is expected to be at least 50 times cheaper 
than a conventional STATCOM. This control can therefore 
bring a significant saving for the concerned utility. Such a 
control can also help in increasing the hosting capacity of PV 
solar farms on distribution systems which may be restricted due 
to voltage issues. This control can potentially open a new 
revenue making opportunity for the solar farms for providing 
the STATCOM service.  
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