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ABSTRACT This paper presents a synchronverter based photovoltaic (PV) system as STATCOM
(PV-STATCOM), in which inverter exchanges active and reactive power with the grid. The proposed
system provides reactive power compensation during daytime as well as nighttime. Additional operating
modes for PV-STATCOM are proposed to enhance its capability. The proposed controller is compared with
conventional control based PV-STATCOM on the basis of its performance with different tests. The key
difference between conventional control and synchronverter is that synchronverter emulates inertia to control
the frequency and voltage of the system. It is observed that the proposed system reduces frequency deviation
and provides satisfactory regulation of the point of common coupling (PCC) voltage during full STATCOM
mode and partial STATCOM mode. The low voltage ride through (LVRT) test is also performed on the
proposed system. In the weak grid situation, the proposed PV-STATCOM performs in a more stable manner
than the conventional PV-STATCOM in both reactive power and PCC voltage control mode. The study is
performed on EMTDC/PSCAD simulation software. Real Time Control Hardware In Loop (CHIL) test is
performed on Real Time Digital Simulator (RTDS) with a microcontroller to validate the proposed controller
strategy and control design.

INDEX TERMS PV-based synchronverter, grid-connected inverter, synchronverter, PV-STATCOM,
STATCOM, virtual synchronous generator.

NOMENCLATURE List of Symbols
List of Abbreviations Vs  De-link voltage [V].
PV Photovoltaic. L Dc input current to the VSC [A].
PCC Point of common coupling. C4e  Dc-link capacitance [uf].
LVRT Low voltage ride through. isg  d-axis output current of VSC [Al].
CHIL Controller-Hardware-In-Loop. isq g-axis output current of VSC [A].
RTDS Real-Time-Digital-Simulator. Ly Inductance of filter [mH].
STATCOM  Static synchronous compensator. Ry Internal resistance of Ly [©2].
VSC voltage source compensator. Cr Filter capacitor [pf].
VSG Virtual Synchronous Generator. Ry Damping resistance in series with Cy [Q2].
DG Distribution generator. L Leakage inductance of the interface
MPPT Maximum power point tracking. transformer [mH].
DSP Digital signal processor. P,,  Output power of PV array [W].
SCR Short circuit ratio. P;  Output active power of the inverter [W].
P.qc Power stored in a dc-link capacitor [W].
The associate editor coordinating the review of this manuscript and Vpee  Voltage amplitude of PCC voltage [V].
approving it for publication was Ahmed F. Zobaa . Qs Output reactive power of the inverter [VAR].
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Gains of DC-link controller.
PI gains PCC voltage controller.

Bi, B2, B3
vac, Kivc

I. INTRODUCTION

The voltage related issues occur in the power system due
to sudden changes in load, system faults, etc. Use of syn-
chronous machines as synchronous condensers to improve
the power system voltage profile is well known. A syn-
chronous condenser has stable operating characteristics but
leads to losses [1]. A STATic synchronous COMpensator
(STATCOM) has been proposed as a viable option to increase
the power transfer capacity [2]. STATCOM is a voltage
source converter (VSC) based compensator, which achieves
its objectives by absorbing and releasing a reactive power.
STATCOM is used to regulate PCC voltage and enhance
stability of the power system [2].

STATCOM has a similar structure/characteristics to PV
system connected to the grid. Following to this, a concept of
PV-STATCOM is proposed in [3] and [4] to increase solar PV
farm utilization in the daytime and nighttime. In [5] and [6],
the utilization of PV-STATCOM was validated for increas-
ing the connectivity of neighboring wind farm. A novel
damping controller is proposed in [7] to damp power oscil-
lation to enhance system capacity for PV-STATCOM. The
PV-STATCOM as a smart inverter is demonstrated in [8] and
the control design for the smart inverter is validated on Real
Time Digital Simulator (RTDS). In [9], the PV-STATCOM
on the field and effectiveness of PV-STATCOM control to
stabilize a critical induction motor is demonstrated. A fre-
quency control is also proposed with a conventional current
control technique in PV-STATCOM [10]. However, the use of
this frequency controller increases the controller order, which
may increase the complexity. The voltage control ability with
the PV system is given in [11] and [12]. Various aspects
of PV-STATCOM are presented in [13], and discuss about
advantages of using PV-STSTCOM in solar farm.

Generally, two important tasks of STATCOM are voltage
control and reactive power control [14]. In reactive power
control, output of the STATCOM always follows the refer-
ence; however, the reactive power is automatically adjusted
to follow the voltage reference in voltage control mode.
Different inverter topologies for STATCOM are proposed
in [15]. Various controller techniques of STATCOM are
suggested to fulfil various objectives [16]- [17]. The vir-
tual synchronous generator (VSGQ), i.e., virtual inertia based
controller strategies for STATCOM, are proposed in [18],
[19], and [20]. These controller mimics the behavior of a
synchronous machine and extracts all the advantage of it.
Also, inertia is provided for reactive compensation and makes
the STATCOM behave like a synchronous condenser. The
controller benefit is that by controlling inertia, the system’s
dynamic performance is improved and reduces the impact of
power and voltage fluctuation due to grid and DGs power
injection. Synchronverter is one of the virtual synchronous
machine controller techniques proposed in [21]. A PV based
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synchronverter is investigated in [22] and studies stability
analysis of the system with different PV mode of opera-
tion. The synchronverter as a STATCOM proposed in [18]
demonstrates the operation with reactive power control and
PCC voltage control. The S-STATCOM is proposed in [19]
and discusses the voltage imbalance compensation capabil-
ity. The synchronverter based STATCOM control technique
proposed in [18] and [19] cannot share the reactive power in
voltage control mode while operating in parallel. The stability
analysis of synchronverter as a STATCOM is studied in [20]
and demonstartes the improvement of dynamic stability of
system. In [23] the case study on the exchange of reactive
power with synchronverter is performed on a benchmark sys-
tem. Other virtual inertia based controller strategies for STAT-
COM are proposed in [24], [25], and [26]. The VSCOM is
proposed in [24], which adjusts the inertia by using a propor-
tional integrator (PI) controller for reactive power loop and
achieves fast response by increasing the dc-link controller’s
response speed to avoid oscillation due to lower value of dc-
link capacitor. Reference [24] outlines that in the weak grid,
VSCOM is more stable than the traditional control. A virtual
inertia based compensator is proposed in [25], where inertia
is built in dc-link voltage controller with the inner current
control loop. Using current control, a virtual inertia based
PV-STATCOM is discussed in [26]; however, it did not dis-
cuss controls for reactive power compensation and different
PV-STATCOM operating modes. From this survey, it can be
noticed that the synchronverter based PV-STATCOM is yet
to be investigated. Also, synchronverter based STATCOM
study with different control mode is yet to be carried. The
benefits of synchronverter providing short term frequency
control during transients without losing the ability to control
reactive power when operating as PV-STATCOM is missing
in the literature. Understandably the STATCOM has similar
characteristics to PV plant connected to the grid via VSC.
To explore the possibility of the application of a synchron-
verter as STATCOM in the PV system to enhance power
system stability, it is necessary to investigate synchronverter
as a PV-STATCOM.

This paper investigates and validates the synchronverter
based PV-STATCOM for the control of reactive power and
point of common coupling (PCC) voltage. The small-signal
model of the study system is used to design the con-
troller parameters and their response at a different controller
parameter value. In addition to this, the proposed system is
tested on different PV-STATCOM operating modes. A new
MPP and nonMPP based operating modes for synchron-
verter based PV-STATCOM are investigated. The perfor-
mance of conventional PV-STATCOM and synchronverter
based PV-STATCOM is analyzed. It is observed that in case
of a weak grid the proposed PV-STATCOM is more stable and
overcomes the limitations of typical PV-STATCOM. Also,
the benefits of synchronverter providing short term frequency
control during transients without losing the ability to control
reactive power is achieved. The study is performed by using
EMTDC/PSCAD simulation software. Further, Real Time
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FIGURE 1. Diagram of synchronverter based PV-STATCOM.

CHIL test is performed on RTDS with a microcontroller
to validate the proposed controller strategy and control
design.

The paper structure is as follows. Section II discusses the
concept of PV-STATCOM. System configuration is given in
section III. The modeling and control design procedure for
the system is described in section IV. The proposed system
is validated through simulation in section V and laboratory
results in section VI. Section VII concludes the paper.

Il. SYSTEM CONFIGURATION

A. STUDY SYSTEM

Fig. 1 shows a diagram of the study system. A 10 KVA
distributed generation (DG) is tied to the grid using A-Y cou-
pling transformer. A 400V Vy_ distribution system equiv-
alent model with line impedance R, and L, is connected
to a PCC. RLC load (Ry, Ly and Cr, respectively) is also
connected at the PCC. The load is supplied by both the
grid and DG. Photovoltaic (PV) source is used as a DG
source. The voltage at maximum power point is 800V at
which output power is 10kW which is maximum PV power
output. A PV source interface with the grid using a two-level
six pulse IGBT-based VSC. To reduce harmonics generated
due to VSC LCL filter is used. Ry represents losses due
to the internal resistance of filter inductor Ly and on-state
resistance of IGBT, while Ly is the filter inductor. Ry is
damping resistance connected in series with filter capacitance
Cr. Cr is chosen to limit reactive power exchange is not
more than 5 % of rated power. R, and L, are the resistance
and leakage inductance of the transformer, respectively. The
incremental conductance technique is used in this article to
achieve maximum power point [27]. This system is controlled
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by various controllers like synchronverter control, MPPT
control, PCC voltage control and dc-link voltage control so
that the PV system can operate as PV-STATCOM and in
various operating modes as per the system requirement.

B. GENERAL OPERATING MODES OF PV-STATCOM

The PV system generates real power for 8-9 hours and it is at
its peak for 3-4 hours in 24 hours. Except for these peak hours,
the VSC operates less than its capacity and the unutilized
capacity of VSC is used to exchange the reactive power. Real
power generation is the priority in the whole system opera-
tion. Three modes of PV-STATCOM are full PV mode, full
STATCOM mode and partial STATCOM mode. The partial
STATCOM mode is applicable in the daytime, where the
inverter’s remaining capacity is utilized to exchange reactive
power after real power transfer. The full STATCOM mode is
applicable in the nighttime as the real power generation is
zero. The PV generation is discontinued by either increasing
voltage across the PV panel to open-circuit voltage or dis-
connecting PV Panels. In this mode, full priority is given to
the reactive power exchange. Sometimes in case of a critical
need for reactive power exchange, the full STATCOM mode
also applicable in the daytime to maintain the PCC voltage
after disconnecting the real power generation. The system
returns to its previous mode once the requirement of the grid
is fulfilled. In full PV mode, the full capacity of VSC is used
to transfer the real power.

Ill. PV-STATCOM CONTROL SCHEME

The complete controller structure for PV-STATCOM is
shown in Fig. 1 and as given in Table 2. The control scheme
has different control loops, which are discussed below:

APL (Active power loop): It regulates the active power and
keeps the system synchronized with the grid.

DCVL (Dc-link voltage control loop): It controls the
dc-link voltage by controlling the output power of the inverter.
The reference for dc-link voltage is generated based on the
MPP or nonMPP mode.

RPL (Reactive power loop): It controls the output reactive
power of the inverter.

VCL (Voltage control loop): It regulates the PCC bus
voltage.

VDL (Voltage droop loop): It provides the feature of volt-
age droop operating mode with both reactive power and PCC
voltage control mode.

Synchronverter based STATCOM [18], operates in either
reactive power mode, PCC voltage control mode or voltage
droop mode. The proposed control scheme provides the dif-
ferent operating modes. In one of the mode, the PCC voltage
controller maintains PCC voltage while the voltage droop
control is active at the same time. This may give an advantage
in parallel operation of multiple inverters.

The different operating modes can be achieved based on the
combination of states of the switches shown in Fig. 1. States
of switches Sy and S, decide four operating modes: reactive
power mode (Q mode), PCC voltage control mode (V mode),
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TABLE 1. PV-STATCOM operating modes.

Sq S4 Sac Operating Mode
1 OFF lor2 @ mode
2 OFF lor2 V mode
1 ON lor2 V' D mode
2 ON lor2 | V mode+ VD mode
l1or2 | OFF or ON 1 MPP mode
lor2 | OFF or ON 2 nonMPP mode

voltage droop control mode (VD mode) and PCC voltage plus
voltage droop control mode. PCC voltage plus voltage droop
control mode can allow parallel operation of several inverter.
Switch S4- decides whether the PV system is functioning in
MPP mode or nonMPP mode. The different controllers are
explained in the following subsections.

A. SYNCHRONVERTER
Synchronverter mimics the inertia physical characteristics of
synchronous machine by using swing equation:

do, 1

J=#m—w+mw—%» (1
dé

jz% 2)

where J is moment of inertia. T}, is a mechanical torque 7;,, =
Pgrer /0y ; Dy signifies a damping and drooping coefficient for
the active power loop. wj is a virtual speed of synchronverter
and o, is a reference system frequency. T,y is electric torque,
which is filtered output of T,, and evaluated as,

3
T, = EWﬁisd 3

where, isq is d component output current of VSC in dq frame.
The vy is the filtered output of excitation flux . It is
obtained from the synchronverter reactive power loop given
as:

diy _ 1 Dy(Vey —V, 4
7 = ?(eref - st + q( ref — m)) )

The bandwidth of this loop is controlled by K. K also repre-
sents the inertia of the reactive power loop. D, is a voltage
drooping coefficient which is kept as zero for operating in
reactive power loop control. V,, is a peak value of sense
voltage and Vi, and Qy.r are the reference values of V,
and reactive power Qg respectively. The reactive power loop
controls the vy to regulate Qy. Oy is evaluated as:

3
Qs =— Ews Wﬁf isq (5)

where, iy, is ¢ component output current of VSC in dq frame.
Then voltage reference esof VSC is generated by synchron-
verter is expressed as:

es = sy (6)
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FIGURE 2. Block diagram of small-signal Model.

The above equations (1)-(6) are linearized around the operat-
ing point and a small-signal equations are obtained, where A
represents a small perturbation. The small-signal equation of
synchronverter are as follows:

1 APy AP,

sAwy = —(———— — — — Dp(Aws — Awy)) (7
J o wy
SASs = wy (3)
1
SAWf = E(Aeref - Ast +Dq(AVref — AVy) (9)
Aes = l/fﬁ’()ws + wsoAI/fﬁ‘ (10)

The active and reactive power loop of the synchronverter as
a part of small-signal model diagram of the system, is as
shown in Fig. 2 [22]. The AP;/Ads; and AQ;/Ads are the
transfer functions from small-signal angle change to active
and reactive power, respectively. APg/Aes and AQ;/Ae; are
the transfer functions of change in synchronverter emf to
active and reactive power. The other blocks of Fig. 2 are
discussed in the next subsections.

B. DC-LINK VOLTAGE CONTROLLER
The dc-link voltage controller makes sure that V. is regulated
at the reference value V., to deliver the desired active power
from VSC to the grid, which is regulated by the following
equation:

1, dva

ECdc7 :va_Ps (1D

From 11, it is noticed that V. is controlled by controlling
output power of inverter Py. The PV power supply to grid is:

PpVZPcdc+Ploss+Ps (12)

where, Pp, is the PV array output power, Pcq- is power
absorbed/supplied by the dc-link capacitor, Py, is power loss
in the VSC. In the equation 12, P.4. and Pj,gs are almost
negligible. Hence, Py, can be control using Py and can be
used as control input in a dc-link controller.

Psref = va + KV(V[%N - V[%C) (13)

The V,. fluctuates because of the difference between Py
and PV power P,. The power provided by the PV is con-
trolled by Vy.. The compensator K,(s) controls the Vg by
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FIGURE 3. Control block diagram of dc-link voltage controller.

FIGURE 4. Simplified small-signal model of the proposed PV-STATCOM in
PCC voltage control mode.

generating the Py, for the active power loop. The K, (s) is
given below in the equation (14) [28]. The dc-link voltage
controller block diagram is shown in Fig. 3. The details of
the controller design are discussed in section IV.

RN P
TS B2
where, B1, B> and B3 are the parameters of controller.
By linearizing the equation (11), AVy./AP.4. is obtained.
The equation (13) is linearized to obtain APj.r/AVy.. The
product of these two transfer functions AVy./AP.4 and
APgrer /| AViae, APgrer | APcqc can be obtained.

(14)

APsref _ 2
APcge sCqc

K, (s) (15)

Active power loop of AP;/AP,, as shown in Fig. 2. is com-
pleted by using APger / APcge.

C. PCC VOLTAGE CONTROLLER

Assuming that the X, >> R, and the grid impedance is mainly
inductive. Hence, R, can be considered as negligible and the
PCC voltage amplitude V) is given as:

(QS - QL )Xg
3 Vpcc

Voce = Vg + (16)
where, X, = w,Lg, Oy is the inverter output reactive power,

and V, is the amplitude of grid voltage. By linearizing the
equation (17), and by ignoring the 2" order term, one gets:

Xe

AV, . =—
P 3(2Vpee — Vi)

AQy 7)
In the proposed control scheme, the outer loop is the PCC
voltage controller, which generates the reference Qs for the
reactive power loop.

The simplified diagram of PCC voltage control is given in
Fig. 4, which is a simplified diagram taken from Fig. 2. Where
AVpee/ AQy given in 17.
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FIGURE 5. Simplified small-signal model of the proposed PV-STATCOM in
reactive power control mode.
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FIGURE 6. Bode Diagram of Hpp, (s) with different K.

IV. CONTROLLER DESIGN

As described above, the PV system rating is 10.33 kW and
the switching frequency of inverter is chosen as 10 kHz. The
controllers are designed using the system ratings described
in section II. The controllers are tuned using SISO tool in
MATLAB/SIMULINK. Design for each of the controller is
described in the following subsections.

A. SYNCHRONVERTER

In active power loop of synchronverter, D, is a frequency
droop coefficient which is selected based on the 100% change
in real power for 0.25% change in system frequency. The
frequency loop time constant 77, is chosen based on the
amount of inertia provided by synchronverter. Larger the ¢
is larger the J, as given in equation 18. Here, 77 is selected
to be 0.01s.

J=1D, (18)

In reactive power loop, error between Qg.r and Qy is fed to
the integrator with gain 1/K, which generates y¢. K decides
the speed of response of reactive power loop. Assuming
that the coupling effect from active power loop is weak,
a simplified reactive power loop is obtained from Fig. 2,
as shown in Fig. 5. The open loop gain of reactive power loop
is:

Wso AQy

Ks(t; + I)A_es (19

Hppr =
The response of change in parameter K is observed in Fig. 6.
As K decreases, bandwidth of the system increases with a
decrease in phase margin. Further, for a lower value of K,

overshoot is observed in bode plot. From the bode plot shown
in Fig. 6, the K is chosen 5050.7.
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FIGURE 7. Control block diagram of designed of dc-link voltage controller.

—_
(=
S

Magnitude (db)
(e

<100
360

P.M.

—

x©

(=}
!

Phase (deg)
/

Phase (deg)

O n 1 n
107! 10° 10! 10 10°
Frequency (rad/s)

FIGURE 8. Bode plot of compensated dc-link voltage control loop.

B. DC-LINK CONTROLLER DESIGN

Fig. 1 specifies that the error Vg, — Vy. is processed by
compensator K, (s). The effect of Py, is minimized by using
it for feedforward compensation. The output of controller is
Pgrer, which is a active power reference for synchronverter.
The G, (s) is a active power control transfer function, which
is given as [22]:

APy

G =
p(S) APsref

(20)

The transfer function G, (s) reveals a relation between change
of dc-link voltage V. with respect to Ps. G,(s) is obtained
from solving and linearizing equation (11) as given in [28].

2LegPpvo
2 s+ 1
Gy="0e 2 Na
AP Cyc N

where, Ppy, is initial value of Py, and L., is an equivalent
inductance. Fig. 7 gives the open loop transfer function,
which is as follows:
2Leq(*P]7vo)

5wz St Ap,

2
Hgc(s) = Kv(s) — APyes
sre

Cac s

(22)

The P,,, is selected to be negative so that the controller is tune
for the worst case as given in equation (22). The negative sign
of G,(s) is compensate by multiplying K,(s) by —1.

The K, (s) contains an integrator to attain V. — V4 to zero.
Additionally, a gain is added in K, (s) to attain gain cross over
frequency at 35 rad/sec. A lead compensator is added in K,,(s)
to stabilize the uncompensated loop with 50° phase margin.
The bode plot with the compensated loop is shown in Fig. 8.

C. PCC VOLTAGE CONTROLLER DESIGN

The PCC voltage control block diagram is shown in Fig. 9.
The PCC voltage controller open loop transfer function is as
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FIGURE 11. Flowchart of the proposed PV-STATCOM operating modes.

follows:
wso(Ts + D(AQs/ Aey) AVpcc
Ks(ts + 1)(ts + 1) + w50 (AQs/ Aey) AQs
(23)

Hyc(s) = Kpccs

where,

vacs + kive

Kpcc (s) = 24)

The PI controller Kpc.(s) is used to control PCC voltage.
Fig. 10 shows the open loop bode plot of the PCC voltage
controller. As the integrator parameter k;,. increases, the
speed of response of the system is increasing. As the PCC
voltage loop is a outer loop which includes a reactive power
loop as an inner loop. Therefore, the dynamics of the PCC
voltage loop are slower than the reactive power loop. Hence,
the PCC voltage controller is designed for phase margin 80°
and cross over frequency 20 rad/s.

D. OPERATING MODE SELECTOR

Fig 11. shows the flow chart of the operation mode selec-
tor of PV-STATCOM which is inspired from [8]. Table 2
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TABLE 2. PV-STATCOM operating modes.

TABLE 3. PV system parameters.

Operating Modes M

Power factor correction la

Partial STATCOM Mode Voltage Regulation 1b
nonMPP+Voltage_regulation | Ic

Full STATCOM Mode Power factor correction 2a
Voltage regulation 2b

Full PV Mode - 0

gives the specific operating modes denoted by M. During
the daytime, if insolation is less than the rated, then the
remaining inverter capacity for reactive power Q. is cal-
culated at every time step. In this case, if the PCC voltage
is within a limit, power factor correction (PFC) mode may
be activated to improve the system capacity by activating
partial STATCOM mode (M=1a) of PV-STATCOM while
limiting reactive power to Q.. The reactive power controller
is selected in PFC mode. Due to disturbance, if the PCC
voltage sags or swells, then voltage control mode is activated.
If reactive power required to regulate the PCC voltage is
less than Qye,, then PV-STATCOM operates in a partial
STATCOM mode (M=1b). If not, then the PV panels gets
disconnect and the system operates in a Full STATCOM
mode (M=2b). Once the PCC voltage gets regulated within
the acceptable limit, the system mode changes manually to
either of the following modes. The system changes to partial
STATCOM Mode (M=1a) if PFC is required; otherwise,
it operates in full PV mode (M=0). During the nighttime, the
systems full capacity is utilized to exchange reactive power in
both voltage control mode and reactive power control mode.
If voltage fluctuates due to disturbance, the voltage control in
full STATCOM mode is activated (M=2b). Once the voltage
is regulated, the PFC control is activated in full STATCOM
mode (M=2a).

During daytime, in case of a voltage drop, the PV sys-
tem operating mode changes from MPP to non MPP mode
(M=Ic) instead of shifting to full STATCOM mode. Hence,
due to reduction in the active power output of inverter, the
QOrem increases and the remaining capacity of inverter is used
to recover voltage by injecting/absorbing reactive power. For
this process, a limit is set (0.96 pu), so that it will alert the
system before crossing the critical limit (0.95pu) and change
the operating mode to non MPP mode and recover the voltage.
In nonMPP mode if Qi;y < QOrem, then the operating mode
will be changed from partial PV-STATCOM mode (nonMPP)
to full STATCOM mode.

V. SIMULATION RESULTS

Various operating modes of the proposed system are simu-
lated in PSCAD/EMTDC software. A PV-STATCOM with
conventional current controller [8] is taken for comparing per-
formance of both the controllers. The main circuit parameters
are taken same as the proposed system. For the conventional
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Parameter Values Parameter Values
PV rated capacity 10 kW J 0.40549 kg.m?
Ve 800 V D, 40.549 N.m.s/rad
Cae 7000 pf K 5050.7 Var.rad/V
Grid voltage(L-L) 0.4 kVrms Dy 160.77 Var/V
Source voltage(L-L) 0.4 kVrms Kpue 552.552
Ry 02Q Kive 23023
Ly 3.4 mH 51 1295.5
Ry 1Q B2 298
Cy 20 pf B3 55.5
Ry 304.98 Q2 T 0.002 s
Ly 0.8 mH Rated frequency 50 Hz

current control, the cut off frequency (w,) of the inner current
control loop is taken as 1000 rad/sec. The dc-link control
is designed for w,=100 rad/sec with phase margin of 80°.
Cut off frequency . and phase margin of the outer voltage
control loop is 30 rad/sec and 88°, respectively. For syn-
chronverter controller, the controller parameters are same as
designed in the previous section. The system parameters for
simulation studies are given in Table 3.

The simulation test is carried out in full STATCOM mode
in daytime and at nighttime. Further, partial STATCOM mode
with non-MPP and low voltage ride through tests are also
carried out.

A. FULL STATCOM MODE- DAYTIME

In this case, initially system is operating in full PV mode.
When PCC voltage goes below minimum limit, to regu-
late the voltage, the system control shifts to full STATCOM
mode. The proposed PV-STATCOM is also compared with
the conventional current control based PV-STATCOM in full
STATCOM mode.

As shown in Fig. 12 for + <3 sec: The PV system
is operating in MPP mode with available solar irradiation
G=600 W/m?. Active power (P;) generated is 6 kW and
the controller keeps the reactive power(Qs) as near to zero
since it is operating in a full PV mode. However, reactive
power transfer of around 0.9 kVAR is observed which is
supplied by a filter capacitor Cy. Initially, 2 kW active (Pr)
and 2 kVAR reactive (Qy ) loads are connected to the system
at PCC. Moreover, the grid supplies active power (P,) and
transfer reactive power (Q,) to load. The PCC voltage (V)
is 0.995 pu.

Att = 3 sec: A 2 kW and 6 kVAR large reactive load
is connected at PCC and this leads to dropping of PCC
voltage. When PCC voltage crosses the minimum limit, the
full STATCOM mode is activated by virtually disconnecting
the PV panel and the inverter starts injecting the reactive
power in PCC and the PCC voltage is regulated within the
defined limit. The requirement of entire load is fulfilled by
the grid. A minimal amount of active power is absorbed by
the DG system from the grid to compensate losses in it.

From Fig. 12(a), it can be observed that with conven-
tional control, the undershoot in inverter frequency (f;) is
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FIGURE 12. Simulation results for full STATCOM mode during daytime.
(a) conventional PV-STATCOM (b) Proposed PV-STATCOM.

more for the same load change as compared to the proposed
PV-STATCOM. The typical PV-STATCOM cannot provide
inertia. The synchronverter based PV-STATCOM controls the
frequency by providing the inertia from energy storage (here
it is Cgc:). When the load is added, the change in V). is
slower with synchronverter based PV-STATCOM controller.
The speed of response of the proposed PV-STATCOM is
slightly slower but comparable with typical PV-STATCOM.
At t = 5 sec: The extra-large load connected at PCC is
removed and the controller again activates the full PV mode
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by connecting the PV panel. As the V), in the acceptable
limit, the voltage control mode gets deactivated and sets
reactive power reference to zero. DG starts supplying 6 kW
active power and a small amount of reactive power exchange
due to Cy. After supplying a minimal amount of Qs to load,
the remaining requirement of Qy is fulfilled by the grid by
supplying Q,. Itis also observed that the change in frequency
is controlled due to inertia provided by the proposed system,
which is not observed in the conventional control.

B. FULL STATCOM MODE- NIGHTTIME

This case validates the operation of the proposed system in
full STATCOM mode at nighttime. The control purpose is to
control PCC voltage and validate it in both the inductive and
capacitive modes of operation, as shown in Fig. 13.

For t <3 sec: The PV system is operating in full STATCOM
mode. The PCC voltage reference is set to 1 pu. Initially,
3kW load is connected and is supplied by the grid as the solar
insolation is zero.

At t = 3 sec: The V,,r changes from 1 pu to 0.95 pu.
To follow the V,.r, the PCC voltage controller reduces the
Ogref » Tesulting in reactive power error less than zero. Due to
negative error V/y decreases to reduce Qy, so that it follows
Ogrer - Hence, STATCOM changes its operation to inductive
mode.

At t =4 sec: The Vs changes to 1.05 pu and STATCOM
mode also changes from inductive to capacitive mode. As the
Vrer increases, to regulate PCC voltage Qyyer also increases.
This test proves the rapid performance of the proposed
PV-STATCOM.

At t = 5 sec: The STATCOM gets back to its initial
condition as Vs changes to 1 pu. To regulate the voltage,
Q; gets reduce to its initial value.

VOLUME 11, 2023



A. ). Sonawane, A. C. Umarikar: Voltage and Reactive Power Regulation

IEEE Access

g >
f2 e —
0.9F — Vs
] -
50.9-
0.8
0.7
101
5F \

4w

t(
|

3,709

= P;(kW), O;(kVAR)

-

S v

LKVAR) —
SIS

Reactive Power — Active Power

s 3 35 445 5 55 %
i >ie Time (s) Y
: ‘F ull PV Mode ' Partial PV-STATCOM Mode (nonMPP) :

FIGURE 14. Simulation results for partial PV-STATCOM mode with
nonMPP-+voltage control.

C. PARTIAL PV-STATCOM MODE-nonMPP MODE

This case validates the partial PV-STATCOM mode when
PV operates in a nonMPP mode. The control objective is
to increase the Qe in critical conditions by shifting PV
operating mode from MPP to nonMPP instead of shifting to
Full STATCOM mode, as shown in Fig. 14.

Fort <3 sec: Initially, PV system is operating in a Full PV
MPP mode with G=600W/m? and Osref = 0kVAR. The load
connected at PCC is 2 kW and 4 kVAR.

Att =3 sec: A2 kW and 6 kVAR load are added at PCC
and then the PCC voltage drops and goes below the limit of
0.96 pu. To avoid a voltage drop below the critical limit, Qren,
increases by changing PV operation to non MPP mode. As the
G cannot be changed, V., is changed to 900 V and voltage
regains to its previous value i.e. 0.986 pu, by activating a volt-
age regulation mode as shown in Fig. 14. Due to reduction in
active power injection from PV, more active power is supplied
from the grid to load, which increases voltage drop at PCC.
But due to nonMPP mode, share for reactive power increases
and the extra voltage drop which occur due to nonMPP mode
is recovered by injecting a minimal amount of reactive power
to PCC.

At t = 4.5 sec: For regulating the PCC voltage at rated
value, Vs is changed to 1pu and V), follows the reference
as shown in Fig. 14. During this process, VSI injects more
active power where Q. is almost equal to Qy;,.

D. LOW VOLTAGE RIDE THROUGH TEST - DAYTIME

As per the IEEE 1547 standard for voltage dip from 0.88 pu
to 0.7 pu, the DG system should be operate under this con-
dition for minimum time, which is defined a Low Voltage
Ride Through (LVRT) are shown in Fig. 15(a). The test is
performed when PV-system is in full PV mode. Initially, the
output power of the DG is 8 kW and reactive power is set to
zero. A large load is connected at PCC for 1.5 sec duration
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at t = 2.5sec. At t = 4 sec, the large load connected is
removed and the PCC voltage returns to its initial value. From
Fig. 15(a), it is observed that the proposed PV-STATCOM
complies the LVRT operation standard. After a disturbance,
DG stays connected to the grid and continuously transfer
8 kW of real power.

As per IEEE 1547 standard the reactive power compen-
sation is non-compulsory during LVRT. The performance
of the proposed PV-STATCOM during LVRT is depicted in
Fig. 15(b). Initially, condition for the LVRT test is same as
previous test.

Att = 2.5 sec: A large load is connected at PCC. Due to
this, grid start supplying Q, to load as the PV operating in
full PV mode. Due to this, PCC voltage dips and without
a reactive compensator, PCC voltage becomes lesser than
0.88 pu. Whenever it goes below the lower limit of voltage
limit, controller changes to a full STATCOM mode and solar
panel are virtually disconnected from the system. The V).
brings the voltage reference to 0.97 pu and full capacity of
theVSCis used to control V). i.e. reactive power Oy supplied
by the inverter is 10 kVAR. If voltage reference is more than
0.97 pu, more reactive power needs to be supplied from the
inverter, and it crosses the inverter capacity.

At t = 4 sec: PV system returns to full PV mode after
removing the large load. PV panel connects to inverter and
started supplying active power 8 kW. Qyr is set to zero and
a minimal amount of Q; is supplied from inverter due to filter
capacitor Cy.
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FIGURE 16. CHIL implementation setup.
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FIGURE 17. CHIL results (a) Full PV mode (b) proposed PV inverter
operation in full STATCOM mode.

This test validates that the proposed smart inverter opera-
tion sustains during LVRT operation as per IEEE 1547 stan-
dard, and successfully regulates the voltage while providing
reactive power compensation.

V1. CHIL RESULTS

Several experiments are performed with CHIL. The same
system is considered for this test as in the simulation test.
The simulation results are carried out with RTDS. The sensed
voltage and current signal are sent to TMS320F28377s micro-
controller through ADC channel. The controller is imple-
mented in DSP based unit TMS320F28377s; which generates
the firing pulses to switch inverter based on objectives and
sent through DAC channel to RTDS. The experimental setup
is shown in Fig.16.

A. FULL STATCOM MODE

The effect of a large load connected to the PV system is
shown in Fig.17(a). Initially, no load is connected and real
power transfer by the system is 5 kW. As soon as the load
is connected, the PCC voltage drops from1.01 pu to 0.94 pu
(232.6 Vo 217.8 V). When the load is removed PCC, voltage
returns to the initial value i.e. to 1.01 pu.

Fig 17(b) shows the test results in full STATCOM mode.
Initially, the system is operating in full PV mode and load
connected at PCC is 2kW, 2kVAR. The real power generated
by PV is 5 kW. The reactive power exchange is set to zero,
but DG supplies a minimal amount of reactive power due
to the presence of Cy as shown in Fig. 17(b). When the
large load of 2 kW, 6kVAR is connected, the voltage dip
at PCC is observed. The PV panel is disconnected, and the
system shifts to full STATCOM mode. The PCC voltage

52138

) 2 Time: [250ms/div] b) v
Vyec: 0.85 pu

Vet [50 VIdiv] Vpee: [50 V/div]

¥ - B
——— G — - .
I,,: (100 A/div] i\
Large load switch _____V

T ¥ 0[5 kVARAV]
Time: [250ms/div]

FIGURE 18. CHIL results for LVRT test (a) without PCC voltage control
(b)With PCC voltage control.

controller is activated, and the voltage is regulated at a initial
value. The load current (I7,) is reduced when a large load
is disconnected, and the system shifts to full PV mode. PCC
voltage controller is deactivated as there is no need for voltage
regulation.

B. LVRT TEST

Fig 18(a) shows the LVRT test carried during full PV mode
and depicted the V). in pu, PCC voltage of a phase (Vcca),
load current (I7,) and load switch. Initially, the PV system
generates 8 kW power and Qg is set to zero; the load is not
connected at PCC, so reverse power flow in the grid increases
the PCC voltage to 1.01pu. A large load is connected at
PCC and PV and the grid starts supplying power to load,
which causes dip in PCC voltage to 0.84 pu. The load is
disconnected after 1.5 sec and after that, PCC voltage again
increases to 1.01 pu. When the load is connected, the PV
system stays connected and rides through the entire period.
Hence, it successfully fulfills the criterion of the IEEE 1547
Standard for LVRT.

The LVRT test with a reactive power compensation is
shown in Fig 18 (b), which depicts the PCC voltage of a phase
(Vpeea)» PV active power (Py), DG system reactive power
(Qy), and load current (I1,). Initially, the power generated
by PV is 8 kW and the load connected at PCC is 2 kW and
2 kVAR. PV system operating in full PV mode, so ideally
reactive power exchange with the grid is zero; however, filter
capacitor Cr supply 0.8 kVAR reactive power. When a large
load is connected, the controller detects a drop in PCC voltage
at turn-on Full STATCOM mode. The real power generated
by PV is set zero by increasing voltage across PV panel.
The PCC voltage is regulated at 0.97 pu and for that, the
inverter supplies 9 kVAR reactive power. After 1.5 sec, a load
is removed and the system again shifts to full PV mode.
As there is no need to regulate PCC voltage, the reactive
power reference is zero. This test validates the proposed
PV-STATCOM during LVRT with reactive power compen-
sation and completes the IEEE 1547 standard requirement.

C. CHANGE OF SHORT CIRCUIT RATIO (SCR)

This test is carried out to validate and compare perfor-
mance of the proposed PV-STATCOM with conventional
PV-STATCOM with a change in short circuit ratio (SCR).
As the grid impedance increases, SCR of the system
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decreases and vice versa. So, change in SCR affects the grid
stiffness.

Initially, the PV system is functioning in partial STATCOM
mode and reactive power control is activated. PV generate
SkW real power and exchange reactive 5 kVAR reactive
power in inductive mode. At t = 3 sec, SCR of the grid
adjusted from 4.4 to 2.7. It is observed from Fig. 19, that
the response of Q, and Qy is oscillatory with a conven-
tional PV-STATCOM, but it is quite stable with the proposed
PV-STATCOM.

Fig. 20 shows the change in SCR response during voltage
control mode of proposed and typical PV-STATCOM. The
system is operating in partial STATCOM mode with 5 KW
real power generation and 2 kW, 2 kVAR load connected at
PCC. The voltage controller regulates PCC voltage to 1pu by
supplying 4 kVAR reactive power Q;. When SCR changes
from 4.4 to 2.7, the proposed STATCOM gives a stable
response shown in Fig 20(b), with an increased injection
of reactive power to regulate voltage. Also, the response of
grid current is quite stable at lower SCR. When SCR again
changes from 2.7 to 4.4 proposed STATCOM restores the
previous values. However, the response is different for typical
current control. With reduce SCR, the grid current and system
parameter response is oscillatory as shown in Fig. 20(a).

Therefore, it can be said that performance of the proposed
PV-STATCOM is better than typical PV-STATCOM under
weak grid conditions in both reactive power control and
voltage control mode.

VIl. CONCLUSION
This paper proposes the synchronverter based PV-STATCOM.

The synchronverter mimics the synchronous machines and
its primary function is to reduce the frequency deviation by
providing inertia and in the same manner, the synchronverter
can also be used for reactive power compensation. The
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efficacy of the proposed PV-STATCOM is checked with
10 kVA PV plant during night and day at different operating
modes. The performance is validated on PSCAD/EMTDC
software-based simulation study and CHIL with RTDS and
microcontroller. The following conclusions can be drawn:

1) The proposed PV-STATCOM is validated at different
operating modes. In partial STATCOM mode, it can
successfully use the remaining capacity of inverter for
reactive power compensation. In full STATCOM mode,
it successfully operates as STATCOM. Also, the fre-
quency control is achieved as it is inherently present
in synchronverter. The proposed system provides a fast
and flexible response for both frequency and PCC volt-
age control.

2) An additional nonMPP operating mode increases the
systems reactive power capability and successfully
controls the system voltage by adjusting the active
power generation.

3) The LVRT test performed on the proposed
PV-STATCOM demonstrates that it meets the LVRT
requirement of IEEE 1547 standard. Also, it regulates
the PCC voltage during LVRT by providing reactive
power compensation. The system is stable during
LVRT as a PV-STATCOM.

4) Due to impedance interaction between the PV system
and grid, in both reactive power and voltage control
mode, the proposed PV-STATCOM performs in more
stable manner in both the controller mode.

5) The proposed controller may allow parallel operation
of inverters with voltage control by using PCC voltage
control plus voltage droop control mode, which can be
a topic of further study.
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