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A Control to Address Issues of Synchronization
and Voltage Rise in Grid Integrated Solar
Photovoltaic-Battery Storage System

Gaurav Modi

Abstract—This work presents a second-order generalized inte-
grator (SOGI)-adaptive complex filter (ACF) based control with
variable power mode to address synchronization and voltage rise
issues in a grid integrated solar photovoltaic battery storage system.
SOGI-ACF method is a fourth-order filter that resolves synchro-
nization and power quality (PQ) issues by obtaining positive se-
quence components (PSCs) of unbalanced/distorted grid voltages.
It has an excellent dynamic response with inherent dc offset, neg-
ative sequence rejection capabilities, and better harmonic rejec-
tion than other fourth-order generalized integrator-based filters.
This algorithm is also used to acquire the load current’s PSCs,
incorporating multifunctional capability into system. In addition,
the system provides grid support by restraining voltage rise at the
point of common coupling during high solar photovoltaic array
penetration into ac grid, according to the IEEE std 1547 limit.
To provide grid support, the control strategy operates the system
in variable power operating modes, depending upon system con-
straints, and accordingly regulates active and reactive powers of
ac grid. Experimental results reveal restrain in voltage rise during
peak generation and PQ improvement under unbalanced/ distorted
grid voltage and load current conditions.

Index Terms—Distorted-unbalanced voltage, overvoltage, solar
photovoltaic system (SPV), synchronization, weak grid.

ABBREVIATIONS

ACF Adaptive complex filter.

BDDC Bidirectional dc—dc converter.

BS Battery storage.

BTC Boost converter.

CDSC Cascaded delay signal cancella-
tion.

C-SOGI Cascaded second-order general-
ized integrator.

GSPV Grid integrated solar photo-

voltaic.
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PV Signal to control the operation of
BTC.

Ipc Controlling current parameter to
estimate reference BS current.

Alp Current perturbation factor for
I ¢ estimation.

VpVvR Reference SPV array voltage.

Sinusoidal reference ac grid cur-
rents.

Estimated fundamental PSCs of
PCC’s phase voltages.
Estimated fundamental PSCs of
load current.

Transfer functions of SOGI and

isa",1isp", isc”
Vsa1 't vesiT
a1t ings™

H(s)soar and H(s)acF

ACF algorithms.

k1 and ko Gains of SOGI and ACF algo-
rithms.

0. Estimated phase error.

I. INTRODUCTION

PV has emerged as a prime RET, with least levelized costs
S than other RETs [1]. However, compared to conventional
power plants and other major RETs such as wind and hydro, its
efficiency is low, which is further affected by its nonlinear power-
voltage aspect. Therefore, SPV array-based systems are associ-
ated with a tracking method, such as hill climbing or incremental
and conductance, forcing SPV array to operate at its maximum
efficiency [2]. In addition, SPV array is a highly inconsistent
energy source due to the strong dependence of its output on solar
irradiation. Therefore, to ensure power reliability, SPV systems
are interfaced with power lines or associated with BS.

In recent years, a major drop in battery cost is observed. Due
to this development, GSPV-BS-based systems have become
more popular as they have provided improved control flexibility
than GSPV system. Various structural designs are developed
for GSPV-BS system in [3]. Here, different power converters
for SPV array and BS, sharing a central power converter for
power conversion-based design is adopted due to its merits over
other structures [4].

However, many obstacles are faced in the integration of SPV
system with power lines [5]. This work is concentrated on two
issues, which are described as follows.

1) Issue of unsatisfactory PQ performance due to poor syn-
chronization and local load harmonics, causing prolifera-
tion of substantial harmonics into power lines.

2) Issue of voltage rise at PCC during high SPV array pen-
etration into ac grid, creating overvoltage challenges in
system.

Therefore, limits have been defined by the IEEE std. 1547

[6] for GSPV system, to restrain voltage rise and limit flow of
harmonics current in local grid.

A. Issue of Substandard Power Quality Performance

Most loads are designed to reduce power consumption with
flexible control. However, these loads are nonlinear, drawing
substantial harmonics. These harmonics give rise to unbalanced
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and distorted voltage issues, especially in LV or distribution grid
[7]. When an SPV system is integrated into such a polluted power
network, it undergoes substandard power quality performance,
generating harmonics currents [8], as conventional algorithms
fail to operate satisfactorily [9]. In addition, if these nonlinear
local loads are coupled at PCC of GSPV system, its PQ perfor-
mance is further degraded [10]. Therefore, algorithms are de-
signed to address these issues, where sensed signals are filtered
using a superior filter method to remove undesirable harmonics
components. These filtered signals are used to govern system’s
response. However, performance of these designed controls is
highly influenced by characteristics of used filter technique,
where high attenuation to unwanted harmonics components, fast
dynamic response, ease of real-time implementation, and low
computation burden are desired attributes.

Some famous techniques are SOGI [11] and signal delay-
based methods such as CDSC and MAF methods [12]. SOGI
method is one of the simplest techniques reported in the liter-
ature, with a small computation burden and ease of execution.
Though, it offers little attenuation to dominant 3rd-, 5th-, and
7th-order harmonics and does not offer any dc offset reduction
to its quadrature component. Hence, its advanced forms such
as C-SOGI method are developed to remove its shortcomings
[13], [14]. In contrast, CDSC and MAF methods provide su-
perior attenuation to both low-order and high-order harmonics.
However, they have relatively high computation complexity due
to requirement of a large number of delays in their operation.
In addition, their real-time implementation is somewhat tricky
as their delay length depends on input signal frequency and
sampling frequency (fsamp) [15]. Hence, advanced methods such
as extended-CDSC [16] and SOGI-MAF [17] are designed to
address issues of large delay length.

This work presents a simple technique to filter sensed signal.
In this technique, sensed distorted/ unbalanced signal is first
passed through SOGI block, followed by ACF block [18]. Here,
SOGI algorithm provides dc offset elimination and limited at-
tenuation to harmonic components. Then, ACF offers further
attenuation, enhancing overall harmonics rejection capability
and directly estimating signal’s PSCs. In addition, in this work, a
QT1-PLL structure is adopted to make designed filter frequency
adaptive. QT1-PLL is selected over conventional PLL, as it
offers high response speed and less complexity [19].

B. Issue of Voltage Rise at Point of Common Coupling

A voltage rise is experienced at PCC due to feed-in power
from SPV system to local grid. It is a result of a reverse voltage
drop across power lines impedance. If this rise crosses maximum
acceptable limit (Vi,ax), connected load and system can be
damaged due to overvoltage. Therefore, provision is provided
in GSPV system, where controller shuts down operation if
overvoltage is detected, causing loss of generation [20]. As a
result, methods are presented based on active [21] and reactive
[22] powers to restrain voltage rise, having their advantages and
limitations.

In active power-based methods, feed-in power to grid is
limited by derating SPV, causing a drop in system efficiency
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and financial loss [21]. In [23], SPV array continues to yield
maximum power, and excess generation is delivered to BS to
restrict voltage rise. Since BS capacity is limited, there may
be a case that BS gets overcharged. Moreover, these methods
are based on threshold feed-in grid power (PsTy1) above which,
voltage rise becomes more than V... However, estimation of
Pgrp is cumbersome as it depends upon network configuration.
Tewari et al. [24] have presented, an on-load tap changing
(OLTC) transformer and BS-based hybrid method to address
limited BS size issue. Moreover, to avoid estimation of Pgryy,
they have used PI regulator to govern BS power according to rise
in PCC voltage. However, OLTC increases the system’s overall
cost. In addition, PI regulator causes issues of saturation and
large overshoot in BS power.

In reactive power-based methods, voltage rise is restrained by
injecting reactive power into grid, using unutilized capacity of
SPV system’s power converter [25]. This method has benefits if
feeder impedance has a low R/X ratio, like in a high-voltage ac
grid. However, in a LV grid, such as a distribution grid, feeder
has a high value of R/X ratio. Hence, a sizable amount of reactive
power is required, which is constrained by converter rating [22].
In addition, grid works at a low power factor, causing higher line
losses [26]. Therefore, coordinated active and reactive power-
controlled method is presented to address these limitations [27].

On summarizing above literature review, it is observed that
active power-based method has advantages over reactive power-
based methods, especially for a LV or distribution grid, which is
considered in this work. However, active power-based methods
have their limitation due to limited BS size and other constraints.
Therefore, in this work, a variable power mode strategy is
presented to address this voltage rise issue. Here, grid’s active or
reactive power or both are regulated, according to constraints of
system, such as BS charge status (SOC), allowable maximum BS
current (/,,x), and rating of power converter (Syateq). However,
priority is given to active power control.

C. Main Contributions and Structure of Paper

This work presents a SOGI-ACF-controlled GSPV-BS system
with a variable power mode operation strategy to limit PCC volt-
age rise and PQ improvement. Presented SOGI-ACF algorithm
and designed variable power mode approach have following
merits.

1) SOGI-ACF algorithm functions as a 4th-order bandpass
filter (BPF), providing superior harmonic rejection and
dynamic response compared to C-SOGI method, which
also features a 4th-order BPF. Detailed analysis reveals
that SOGI-ACF filter offers better attenuation of dominant
harmonic components, such as 3rd, Sth, and 7th harmon-
ics, leading to improved harmonic rejection. Dynamic
response analysis shows that SOGI-ACF filter exhibits less
overshoot in estimated frequency and phase angle during
sudden phase angle or frequency changes, as well as lower
settling time values and reduced execution time. Another
advantage of SOGI-ACF is its avoidance of frequency-
dependent delay blocks, like those in MAF and CDSC
methods, facilitating easier real-time application. How-
ever, SOGI-ACF filter’s complexity is higher than C-SOGI
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Fig. 1. Layout of GSPV-BS system.

method due to complex control gain of ACF [28], which
poses challenges for real-time implementation. To address
this, modifications using simple trigonometric analysis are
made. As a result, SOGI-ACEF filter offers superior per-
formance compared to C-SOGI algorithm without added
complexity and real-time implementation issues.

2) Compared to existing control strategy, proposed approach
activates only when PCC voltage amplitude (Vpcc) ex-
ceeds maximum allowable limit (V,.). When Vpcg is
below Viyax, grid operates at a UPF to reduce feeder losses,
maintaining grid power factor (pf) at unity. In this mode,
grid’s active power is regulated according to load demand
and SPV array power. If Vpcc exceeds Viyax, priority
shifts to active power control, with excess generation
diverted to BS to keep Vpcc within limit, provided BS
constraints are not violated. This prevents power losses in
power line and converter due to reactive power injection.
To regulate BS power and maintain Vpcc within allowable
limit, a simple perturbation-based strategy is employed,
which does not require Psy estimation and a PI regulator.
If BS constraints are violated, both active and reactive
powers are adjusted according to system constraints. In
this scenario, same perturbation-based strategy is used to
control reactive power, eliminating need for a PI regula-
tor. This simplification makes proposed approach more
straightforward and effective than existing methods.

The rest of this article is organized as follows: Section II
illustrates structure of GSPV-BS system, while Section III ex-
plains control strategy. Section IV analyzes the performance of
SOGI-ACF algorithm and compares it with the C-SOGI method.
Section V presents test results demonstrating containment of
PCC voltage rise during peak generation and improvements in
power quality under unbalanced and distorted grid voltage and
load current conditions. Finally, Section VI concludes this article
and discusses the limitations of presented work.

II. LAYOUT OF GSPV-BS SYSTEM

System layout is illustrated in Fig. 1, where red dotted lines
indicate sensed signals. SPV array and BS are connected to dc
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Fig. 2. Flowchart to determine system operating conditions and different control modes.

link (Cq.) of central power converter (a voltage source converter
VSC) through their respective power converters. A major advan-
tage of this configuration is that dc-link voltage (V4.) becomes
independent of BS voltage (V) and SPV array voltage (Vpy).
Hence, an adaptive dc link voltage strategy can be adopted to
reduce system’s losses [29]. Boost converter (BTC) is responsi-
ble for regulating SPV array generation, while BDDC controls
Ve at estimated reference value (V4.,-). Main VSC administers
feed-in active and reactive power to ac grid and regulates BS
power to achieve set objectives. A high-pass filter (rc filter) is
placed before grid voltage sensors to reduce effect of switching
ripples on sensed voltage signal. Additionally, a breaker (knife
switch) is connected in series with phase “a” load (green dotted
line) to analyze system’s behavior under single-phase loading
or sudden reduction in load demand conditions.

III. DESIGNED CONTROL STRATEGY

This section explains developed scheme to control power
converters of GSPV-BS system. First, designed variable power
mode strategy is described, establishing reference powers to
control central power converter or VSC. Then, estimation of
gating pulses for BTC, BDDC, and VSC is explained.

A. Determination of Reference Powers Using Designed
Approach

As discussed, designed approach regulates grid’s active or
reactive power, or both, according to various system constraints
such as SOC, I1,ax, and S;ated, to limit voltage rise. Additionally,
it controls system’s operation only when Vpcc > Vipax 1S
detected. Hence, based on Vpcc, SOC, Iax, and S;ateq Values,
reference active and reactive powers for grid (Psgr, Osr) are
determined. A flowchart is shown in Fig. 2 to identify the
system’s operating conditions based on these constraints. Here,
three cases are defined based on the system’s constraints.

1) Case-I: Vpoo < Vimax: In this case, control strategy does
not regulate grid’s powers, and system operates like a regular
GSPV system, i.e., SPV array works at MPP (PV;, = 1),
reference BS power or current is zero (Ppr = Ipr = 0), and
grid operates at UPF (Qg = 0) [4]. Thus, grid’s reference active

and reactive powers (Psgr, Osr) are assessed as follows:

Psr= Pr— Ppy
—_—

Grid Provides Power Balancing

, PBR=1pr=0, Ppyu=1

Floating Mode  MPP Operation

(1)
Qsr=0, & Qvsc = QL (2)
—— —_——
UPF Mode VSC Compensated for Load Reactive Power

Here, Ppy and Py, represent SPV array and load active power,
respectively, while Qvsc and Qf, denote VSC and load reactive
power. PV s controls BTC operation: if it is one, MPPT opera-
tion is activated; otherwise, off-MPPT operation is used.

2) Case-I1l: Vpoc > Viar && SOC < SOC, 40 If
Vpcoo > Viax 18 detected, then controller takes action to restrict
Vpcce value below Vi, .. It first checks BS charge status (SOC),
and if SOC<SOC,,,x is detected, then surplus generation is
delivered to BS. Here, SOC,,.x is upper limit of SOC, set to
protect BS from being overcharged.

In these situations, SPV array is operated at MPP (PV ;= 1),
and excess generation is transferred to the BS. This is achieved
by gradually increasing controlling current parameter / 5 using
a perturbation method until Vpcc < Vinax 1S achieved. Expres-
sion to determine /pc is given as follows:

Ipc(k+1)

-~ <IBC (k) + Alp, 1if Veee > Vinax

Igc (k) >0
0, otherwise '

T Al >0 )

Here, Al is current perturbation, a percentage of /5. Using
Ipc, reference BS power (Pppr) is determined, which is used
to regulate Pgr. However, there can be a situation where Ip¢
exceeds Iynax, violating BS’s current constraint. Hence, two
sub\cases are formed.

a) When Igc < I,,4, In this case, grid operates at UPF
and BS regulates Pgp until Vpcee < Vinax is achieved. Thus,
Psr and Qgp are calculated as follows:

Psr = Pr, + Pgr — Ppv, Ppr < 0,|Ppr| = Vg x Ipc|

BS Regulates Grid Power

BS Charging Power

4)
Qsr=0, & Qvsc = QL (5)
~—— —_———
UPF Mode VSC Compensated for Load Reactive Power

Here, V5 denotes voltage of BS.
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Fig. 3. Control strategy for BTC.

b) Whenlgc > 1,4, Inthis case, the controller limits / g
at I« to protect BS from overheating, and remaining surplus
power is delivered at PCC. Moreover, controller regulates ac
grid’s reactive power (Qg) by gradually increasing Qgr until
Vpcc < Vinax 18 achieved. Here, VSC and load together behave
as an inductive load and draw reactive power from AC grid,
causing grid to operate at a lagging power factor Psr and Qgsgr
are calculated as follows:

Psr = P, + Pgr — Ppv, Ppr < 0,|Pr| = |VB X Imax|

BS Regulates Grid Power

BS Charging Power

(6)
Qsr(k+1)

_ <QSR (k) + AQ5'7 if ‘/PCC > Vmax

QSR (k) >0
0, otherwise '

T AQs >0
(7
3) Case-1II: Vpoo > Viar && SOC = SOC,,4;: In this
case, excess power cannot be supplied to BS to prevent it from
overcharging. Hence, PR is kept at zero (Ppr = 0), while Qggr
gradually increases until Vpcc < Viyax is achieved. In this case,
Psr and Qgp are calculated as follows:

Psr= P;, — Ppy

Grid Provides Power Balancing

,Ppr=1Ipr=0, Ppyy=1

Floating Mode MPP Operation

®)
Qsr(k+1)

_ <QSR (k) + AQs, if Voce > Vinax| Qsr (k) > 0

0, otherwise T AQs >0

9

However, there can be a case when required reactive power
to maintain Vpcc < Vinax becomes substantial, causing VSC to
become overloaded (Svsc > Syated). Therefore, two subcases
are created to protect VSC from being overloaded.

a) When Sysc < Syateq: In this case, system operates in
MPP region (PVj; = 1) and generates maximum power.

b) When Sysc > Syateq: In this case, SPV array gener-
ation is gradually reduced by operating it in off-MPP region
(PV 3y =0) until Sysc becomes less than S;a1eq (Svsc < Srated)-

B. Estimation of Gating Pulses for BTC (S)

Control scheme to estimate gating pulses for BTC is disclosed
in Fig. 3. As discussed, BTC manages SPV array power (Ppy)
by controlling its voltage (Vpy ) either at its MPP or in off-MPP
region based on PV, signal status. Hence, reference SPV array
voltage (Vpypr) is determined based on operating conditions.
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Assessed Vpyr and sensed Vpy are used to find gating pulses
for BTC (S) using a PI regulator and pulsewidth modulation
generator, as depicted in Fig. 3.

C. Estimation of Gating Pulses for BDDC (Sa, Sg)

As discussed above, BDDC governs V. at reference value
Vaer, calculated using an adaptive dc link approach for reduced
converter losses [29]. Fig. 4 reveals control scheme to estimate
switching signals S4 and Sp for BDDC. It is a double-loop
control scheme, where outer loop regulates V4. and determines
set point for inner loop controller. Meanwhile, inner loop op-
erates as a secondary controller and controls BS current. In
[30], controller design and procedure to determine compensator
parameters are briefly discussed.

D. Estimation of Gating Pulses for VSC (S ;—S¢)

VSC controls ac grid’s active (Pg) and reactive power (Q)
according to calculated references (Psgr, Qsr) in (1)—(9). Ad-
ditionally, it compensates for local load harmonics. To achieve
these objectives, sinusoidal reference currents (is.*, isp*, isc”)
are calculated, and gating pulses (S1—S) are generated using an
indirect current control approach, as shown in Fig. 5.

Information on Vpcc, Pr, and Qy, is required to generate
S1—S¢. Since grid voltages and load currents have harmonics
and are unbalanced, estimated Vpcc, fpcc, Pr, and Oy, contain
2kth (k € N) order ripples, deteriorating system’s PQ perfor-
mance. Hence, sensed voltages (Vgqp, Vsac) and currents (izq,
irp) are processed first using SOGI-ACF algorithm, and their
PSCs (vsa 1, vspsT) and (ipas ™, irss ™) are determined. From
estimated PSCs, Vpcc, P, and Qy, are calculated as follows:

Woce = ‘\/(U5a1+)2 + (vsp1t)? (10)



2390

+1
Vsa I, 3

Vsar,

Fig. 6.  Structure of SOGI-ACF algorithm.
vsa1T  vsp T

Pr| _ 1Lal
Qr —vsp1T vser ™ | lizgi |’

Now, Psg, and Qgp are determined using estimated Py, Q7,
Vpcce, and (1)-(9), followed by estimation of reference currents
using inverse Clarke transformation matrix.

D

18" 2 0 —1

sa, /1 vsa1t  vgp T Psr
15b = 6 -1 \/§ v 4 v 4 Q .
iaot 1 3 581 Sal SR

(12)

Now, using these estimated currents ig,”, isy”*, is.”) and

sensed ac grid currents (igq, Isp, [Sc), S1—S6 are generated. Here,

a PR regulator is used to track sensed ac grid currents with

estimated reference currents. Guidelines for finding PR regulator
parameters are provided in [31].

IV. ANALYSIS OF SOGI-ACF ALGORITHM

This work filters sensed PCC voltage and load currents using
introduced SOGI-ACEF algorithm. Fig. 6 shows the structure of
designed algorithm, where the input signal is first passed through
SOGI block, followed by ACF block. Its transfer function H(s)
is given as follows:

H(s) = USa1+/Usa = H(s)soc1 X H () ack

kiwss ks (s + jws)
H e . = -—0=.
($)soa1 $2 1 kywgs + wg?’ (5)acr $24 2kos+ wg?
13)

Here, H(s)sogr and H(s)acr are transfer functions of SOGI
and ACF algorithms, respectively, and k; and ks are their gains,
controlling their response. wg is the ac grid voltage frequency,
determined using QT1-PLL structure [19]. Fig. 6 shows that
complex gain is used in ACF, increasing filter complexity. There-
fore, modifications are made to address issue of complex gain.
Using trigonometric analysis, terms —jvg,; T and jvg,;~ can be
written as follows:

gt = (vsar ™ +2vsm ™) .
‘ V3
(14)

Similarly, for phase “b,” —jvsy;T and jvg,;~ can be written
as follows:

(Vsa1™ + 2vsp17)

;jUSa17 =

, — (g1 T + vt

—jusn " = 20501 - );
V3

— (2vsa1” +vsp1 )

V3

s)

Jusel =
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Fig. 7. (a) Plot of |H(s)so 1| and n (b) step response of SOGI algorithm.

After estimating PSC and NSC of phases “a” and “b,” PSC
and NSC of phase “c” are directly estimated as follows:

Vet = — (Us(n+ + USb1+) jUSel = — (USaf + USbf) .

(16)

Thus, designed SOGI-ACF algorithm is applied to only two

phases, reducing its complexity [32]. Since transfer functions

H(s)soct and H(s)acr  govern behavior of SOGI-ACF filter,

transfer functions of SOGI and ACF are examined first to analyze
filtering capability of SOGI-ACFE.

A. Analysis of H(s)soar and Q(S)soar and Selection of k4

Attenuation and phase shift provided by SOGI algorithm to dc
offset, fundamental component, and other harmonic components
are estimated as follows:

kiwg (nw)

[H (s)so1 (5= jnw))|= 0
[(ws2 — n2w?)? + (kywgnw)?

a7

1 kinw
2

. ™ _
ZLH(8)gogi(s = jnw) = 5 tan (18)

wg? — n2w?’

It is observed that for n = 0 (dc offset), SOGI provides
zero gain, eliminating dc offset entirely from sensed signal.
From (17)-(18), it is noted that SOGI provides desirable unity
gain and zero phase shift to fundamental component (n = 1),
when signal frequency matches estimated frequency (w = wg).
However, attenuation provided to harmonic components (n > 1)
depends on k. Fig. 7(a) plots curve between |H(s)soq1| and
n for different values of k;. Meanwhile, Fig. 7(b) shows step
response of SOGI algorithm, revealing required settling time
(t,) for different values of k. It is observed that as ky increases,
harmonic rejection capability of SOGI decreases. In contrast, a
lower value of k; degrades response speed. Considering both
harmonic rejection and response speed, k; = 1.414 is chosen in
this work.
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Fig. 9. Magnitude frequency response of ACF for different values of k.

B. Analysis of H(s) o cr and Selection of ko

In Fig. 7, it can be observed that gain provided by SOGI
algorithm to dominant 3rd, 5th, and 7th harmonics is more
than 0.2, causing poor harmonic rejection. Therefore, output of
SOGTI filter is fed to ACF to enhance overall harmonic rejection
capability. Attenuation and phase shift provided by it can be
estimated by the following expression:

ko (wg + w)

|H(5)ACF (s = jnw))| =

2 2,,2)2 2]%®
[(ws —n?w?)” 4 (2konw)
(19)
. s _ 2konw
ZH(S)ACF(S = an) = 5 — tan 1m. (20)
In (19) and (20), it is observed that when w = wg , ACF

provides unity gain and zero phase shift to fundamental compo-
nent. Hence, SOGI-ACF provides unity gain and zero degrees
phase shift to fundamental component, which is an essential
characteristic of a filter algorithm. For further analysis, curves of
|H(s)acr| and n and magnitude-frequency response of H(s)Acr
are plotted for different values of ks, as shown in Figs. 8 and 9.
Following points are observed.

1) Filtering capability of ACF reduces as k5 increases. More-
over, its filtering capability is better than SOGI. However,
attenuation provided to 3rd and 5th harmonics is insuf-
ficient. Therefore, a cascaded SOGI-ACF filter provides
superior harmonic rejection capability.

2) ACF has limited dc offset rejection capability, making
it unsuitable when input has dc offset, usually present
due to offset in sensing circuitry. Since SOGI algorithm
eliminates dc offset from input signal, SOGI-ACF filter’s
performance is not affected by dc offset.

3) In Fig. 9, it is observed that bandwidth of ACF decreases
as ko decreases. Therefore, a lower value of ko degrades
dynamic response. Hence, ko = 50 7 is selected.
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4) H(s)acr becomes zero when s = —jwg is substituted
in (13). Therefore, ACF output is free from negative
sequence components and directly gives PSC of sensed
signal.

C. Comparison of SOGI-ACF and C-SOGI Methods

Fig. 10 reveals attenuation provided by SOGI-ACF and C-
SOGI methods to harmonic components. It is observed that
presented algorithm offers greater rejection of dominant 3rd,
5th, and 7th harmonics compared to C-SOGI technique, thereby
improving performance of GSPV system under distorted grid
voltages and load currents. Fig. 11 shows obtained PSCs of
distorted grid voltages by SOGI-ACF and C-SOGI algorithms.
Obtained PSC and its THD value further validate proposed
algorithm’s superiority in harmonic rejection capability.

Fig. 12 shows estimated frequency and phase error (6g.)
during a step change of +3 Hz in frequency and +30° in phase
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TABLE I
SUMMARY OF SOGI-ACF AND C-SOGI ALGORITHMS PERFORMANCE
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TABLE II
PARAMETERS OF TEST BENCH SETUP

Conditions SOGI-ACF C—SQGI
Algorithm Algorithm
Attenuation Provided to
Dominant Harmonics
3rd Harmonic 89.03% 78.05%
5th Harmonic 96.54% 92.01%
7th Harmonic 98.33% 95.92%
THD Value of obtained PSC 3.36% 4.50%
+3 Hz Frequency Jump
2% Settling Time =~ 5 Cycles ~ 6.7 Cycles
Frequency Overshoot 0.8 Hz (1.6%) 0.98 Hz (1.96%)
Phase Overshoot 6.7° 7.79°
+30° Phase Jump
2% Settling Time ~ 5.2 Cycles ~ 6.8 Cycles
Frequency Overshoot 5.7Hz 5.6 Hz
Phase Overshoot 15.05° (50.17%) 15.87° (52.90%)
Execution Time 7.95 us 8.04 us

[
Programmable

Fig. 13.  Developed test bench of GSPV-BS system.

angle. 6g. with designed SOGI-ACF algorithm settles to zero
faster than with C-SOGI algorithm. Furthermore, there is less
overshoot with developed algorithm in estimated frequency and
phase error. Table I provides an analysis of SOGI-ACF and
C-SOGTI algorithms, including their required execution times for
implementation. It is observed that both algorithms have almost
same execution time; however, the performance of SOGI-ACF
algorithm is superior to C-SOGTI filter.

V. TEST PERFORMANCE OF GSPV-BS SYSTEM

To demonstrate and validate the performance of designed
SOGI-ACF algorithm and control strategy, it is implemented
on a test bench setup of a GSPV-BS system developed for
220 V, 50 Hz ac grid voltage. The built test bench setup is
shown in Fig. 13. It is assembled with help of a programmable
dc power supply (ETS600X17D-PVF), lead-acid battery bank,
IGBT switches-based converter, Hall-Effect-based sensors, and
PPC controller board (DS1103). Parameters of battery bank,
programmable power supply, and other components used for
experimental analysis are stated in Table II.

A. Performance of Designed SOGI-ACF Algorithm

Before inspecting power quality performance and issue of
PCC voltage rise, performance of designed SOGI-ACF filter

Symbol Values
Local Grid Viated> Vocer Wsr 220V, 179.63 V, 50 Hz
SPV Array Voes Ise 400V, 14 A
Battery Storage Viy, CH, 240V, 42 AH,
SOChax, Imax 90%, 8.4 A, 0.084 A
Power Converter Svsc 5.5kVA
DC Link Vier Cac 400 V, 1200 uF
Ripple Filter 77 ¢ 5Q,5uF
Interfacing Inductor L, 2.0 mH
Filter s Gain ki k2 V2, 50m
PR Controller kopr, ki 05,5
Perturbation Factors Alg, AQs 0.084 A, 5 VAR
Sampling Time Tsamp 30 us
- 200v/ 200v/ 3 220v/ 4 50.0v/ 10.00ms/  3.112s Stop -
“[Chl:vs, (200 V/Div) ——
i Meas G .
Ch2:vs Q00V/Div) /7 PhePk( ):
y / \\ / \ / AN 4 \ / \ 332.16Y
Y \_/ / \/ Pk-Pk("):
Clr3sysa (260 V/Dj 324 62V
N Pk-PK():
339.95V
Ch4:ws (50 Hz/Div)  Ripple in PRk ]
Time 10 ms/Div __estimated ws 1.3% . " _____ 630y |

Fig. 14.  Internal signals of SOGI-ACF algorithm.

is examined by reviewing its internal signals and THD value
of obtained PSC. Fig. 14 shows internal signals of filter for
distorted ac grid voltage (vg,). Itis observed that output of filter’s
first stage (vg, ) is distorted, which is anticipated due to limited
filtering capability of SOGI. However, output of filter’s second
stage (vsq;T) is almost sinusoidal and free from distortion.
Fig. 14 also reveals estimated grid frequency (wg). Itis observed
that estimated wg is almost constant with a peak-to-peak ripple
of 630 mV (1.3%), which is significantly low. Hence, when
this filter voltage and frequency are used to control GSPV-BS
system, its power quality performance is not expected to be
affected.

Fig. 15 demonstrates PSCs of load currents (ira ", izg:™)
using SOGI-ACF and C-SOGI methods for both balanced and
unbalanced loads, with their THD values. It is observed that
THD values of obtained PSC from SOGI-ACF algorithm are
relatively lower than THD value of obtained PSC from C-SOGI
method, confirming superior filtering of SOGI-ACF algorithm.

B. Power Quality Performance of GSPV-BS System Without
and With Compensation of Local Load Currents Harmonics

Connected local loads at PCC draw power from the supply.
When these loads draw distorted currents, harmonic currents
are injected into grid. This results in distorted grid currents,
which further exacerbates the harmonic distortion of the already
distorted PCC voltages. Fig. 16 illustrates this phenomenon. So,
even if GSPV system injects purely sinusoidal currents, overall
system’s PQ performance remains suboptimal due to harmonic
currents from local loads. Fig. 16(a) and (b) clearly demonstrate
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Fig. 16.  GSPV-BS system’s PQ performance with a balanced load case (a)
recorded various waveforms and THD values of local grid voltage-current (b)
without and (c) with load’s harmonics compensation.

that despite sinusoidal current injection from VSC of GSPV-
based system (iysc ), grid current (ig,) is distorted with a THD
of 10%. Consequently, these distorted grid currents intensify
harmonic distortion of PCC voltage (vg,), increasing THD
to 18%.

However, by compensating for harmonic load currents using
VSC, these harmonic currents are prevented from flowing into
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Fig. 17.  Effect of high SPV array penetration on GSPV-BS system.

grid. This results in a significantly improved grid current THD
of approximately 3.5%. Consequently, harmonic distortion of
PCC voltages is reduced to around 11.6%, as confirmed by
recorded power analyzer measurements in Fig. 16(c). While
this approach introduces harmonic distortion in VSC current
(ivsca), as shown in Fig. 16(a), it does not adversely af-
fect system performance. This is evident from stable dc link
voltage (Vq.) and BS current (/g) waveforms in Fig. 16(a)
during load compensation, indicating undisturbed system
operation.

C. Effect of High SPV Array Penetration on GSPV-BS System

To examine effect of high PV penetration on PCC volt-
age (Vpce), solar insolation (/) value increases from 0.3 to
0.6 kW/m? and from 0.6 to 1.0 kW/m?. Fig. 17 shows recorded
results when no regulation is provided for feed-in of active
and reactive power to ac grid, i.e., ac grid operates at UPF,
and all SPV array power (Ppy) is supplied to PCC. These
results reveal that Vpo e continually rises. An increase of around
30 V is observed from I, = 0.3 kW/m? to I,,, = 1.0 kW/m?,
with Vpcc reaching 198 V, approximately 110% of rated value
(Vpccor = 179.63 V). Such high voltage levels may damage
GSPV-BS system and load; therefore, a maximum permissible
rise of 6% above rated value (V. = 190.4 V) is allowed
according to IEEE std. 1547 [6]. Hence, regulating grid active
and reactive power is needed to protect GSPV-BS system from
such situations.

D. Effect of High PV Penetration on NV poc With New Control

Figs. 18-21 illustrate impact of high SPV array penetration on
Vpce, when proposed control strategy is implemented. Figs. 18—
19 present results for scenarios where BS’s state of charge is
below its maximum limit (SOC < SOC,,.x). In this condition,
system operates according to Case II, and a portion of generated
SPV power (Ppy) is diverted to BS using control parameter
(Ipc) as soon as Vpoc > Vinax 1 detected. Moreover, if injected
excess power to BS is less than specified maximum limit (/5 <
Inax), then system operation is controlled by case Il(a), and
provides UPF operation at ac grid, meaning grid reactive power
is maintained at zero despite load reactive power demand.
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Documented test results in Figs. 18 and 19 indicate that Iz¢
initially remains zero and gradually increases as defined by (3)
once Vpoe > Viax is detected. Here, Al g parameter is set to 1%
of Iyax, With I, determined by manufacturer’s recommended
C-rate for BS. By increasing I g, a portion of Ppy is transferred
to BS, limiting power injection into ac grid (Pg) to a constant
value, as shown by Pg and I3 waveforms. Consequently, Vpcc
is capped at Vi,ax. The steady-state value of Iz is less than I«
(8.4 A). Additionally, power results in Fig. 19 confirm that power
supplied to BS remains within the manufacturer’s specified limit
(2.01 kW). Hence, system operation is controlled by case Il(a)
and only active power feed-in to ac grid is controlled to maintain
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Performance of GSPV-BS system with new control when BS is

Vpcce at Viax. Furthermore, system upholds UPF operation on
ac grid side. As shown in Figs. 18 and 19, grid reactive power
(Qy) is negligible.

The recorded test results in Fig. 18 also display variations in
I, Ve, isq, and iyvsc . It is observed that direction of /5 and
I are opposite, which is expected since BS current is sensed
outward, as shown in Fig. 1. In these test results, V. fluctuates
due to the employed adaptive dc link control strategy, resulting
in a new steady-state value in response to changes in Vpcc.
With increasing Ppv, ig, and ivsc, also adjust accordingly.
A zoomed-in view of these results shows that ac grid current
remains sinusoidal, while VSC current becomes distorted as
system compensates for local load’s harmonic currents. How-
ever, after a certain point, no further changes occur in amplitude
of grid and VSC currents with increase in Ppv, as indicated in
Fig. 18. This is due to excess generation being transferred to BS
by controlling parameter Iz to cap Vpcc at Vipax.

Figs. 20 and 21 present results for scenarios where BS’s
state of charge is at its maximum limit (SOC~SOC,,,x) and
Vpcoo > Vinax are detected. Under these conditions, generated
solar PV array power cannot be transferred to BS to prevent
overcharging. Consequently, system operates according to Case
III, and controller regulates Qg to restrain rise in Vpcc, while
entire SPV array generation is delivered to ac grid. In this case,
SPV array operates at its MPP if VSC’s apparent power (Sysc)
remains below its rated value. Otherwise, SPV array generation
is curtailed to maintain Sygc within its specified limit.

Documented test results in Figs. 20 and 21 illustrate system
performance under these conditions. Initially, system operates
at UPF (Qg ~ 0) as Vpcc is below Vy,... However, when
Vpcoe > Viax 18 detected, controller increases Qg until Vpcc is
brought back below V.. In this scenario, VSC injects reactive
power into ac grid, causing a lagging power factor. This behavior
is evident in zoomed waveforms of ac grid phase voltage (vg,)
and line current (ig,) in Fig. 20. When Vpcc is less than
Viax, the zero crossings of vg, and ig, coincide, indicating
UPF operation. Conversely, when Vpcc exceeds Vipax, zero
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crossings do not overlap, and ig, lags vg,, signifying reactive
power flow from ac grid to PCC. This observation is corroborated
by power quality analyzer results in Fig. 21, which include ac
grid voltage-current waveform, its various powers. The RMS
value of ac grid line voltage is approximately 1.06 times of rated
voltage, confirming successful operation of control strategy.
Additionally, Fig. 21 shows that VSC’s apparent power (Svsc)
remains below its rated value (specified in Table II), indicating
continued SPV array operation at the MPP. This is supported by
SPV array power generation (4.69 kW) in Fig. 19(a) and VSC
power (4.31 kW) in Fig. 21(e), although VSC power is lower
due to power losses in BTC.

Fig. 20 also illustrates variations in /5. While I5 is negligible
when Qg is approximately zero, it increases to around 1.6 A
when Qg is raised to limit Vpcc. This increase is attributed
to higher semiconductor losses due to increased reactive power
generation of VSC [33], necessitating additional power from
BS to maintain dc link voltage at the set reference value. Con-
sequently, BS supplies power, leading to a positive /.

VI. CONCLUSION

A new SOGI-ACF-based algorithm is established to enhance
PQ performance of GSPV-BS system under nonideal ac grid
voltage and load current conditions, such as unbalance and
distortion. In addition, a variable power mode-based strategy
is developed to restrain voltage rise during high SPV array
penetration. Following points have been observed.

1) Performance of designed filter algorithm is compared with
popular C-SOGI algorithm in terms of harmonic attenua-
tion, dynamic response, and computational complexity. It
is observed that SOGI-ACF algorithm performs better. In
addition, modifications are made to the designed algorithm
to address the complex gain issue in ACF, which reduces
its complexity compared to existing ACF-based methods.

2) To validate designed filter performance, both SOGI-ACF
and C-SOGI algorithms are implemented on a test bench,
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and THD of load current’s PSC is examined. It is seen that
THD value of PSC obtained from SOGI-ACF algorithm
is lower.

3) PQ of GSPV-BS system is analyzed with and without local
load harmonics compensation. It has been observed that
harmonics are induced in ac grid current and PCC volt-
age without compensation. However, system demonstrates
satisfactory PQ with load’s harmonics compensation.

4) Effect of high SPV array penetration on PCC voltage is
recorded, and it has been observed that without regulation
of ac grid’s active and/or reactive power, system may
experience overvoltage, damaging system and local load.

5) However, with designed control strategy, rise in PCC
voltage is restrained to allowable permissible limit defined
by IEEE std. 1547. Based on BS charge status and other
constraints of GSPV-BS system, it successfully controls
ac grid’s active or reactive power to restrain Vpcc rise.
This developed control can also be extended to regulate
PCC voltage during peak load demand and low or no SPV
generation conditions.

6) In addition, designed control to restrain the rise in Vpoe
uses a simple perturbation method instead of PI regulators,
resulting in a reduction in overall complexity of control
structure of GSPV-BS system compared to existing meth-
ods.

7) Ithasbeen seen that designed variable power mode control
strategy controls ac grid’s active or reactive power only
when Vpcc > Vinay is detected. Under normal conditions,
it operates system in UPF mode and maintains ac grid
power factor at unity, which reduces line losses in ac grid.

8) Proposed control is verified using a simple test bench
setup of GSPV-BS system. Its performance on a complex
system, where many GSPV-BS systems are connected, is
yet to be investigated, which is to be explored in future
work.

ACKNOWLEDGMENT

The authors acknowledge DST. GOI India, for supporting
under UKICERI, SERI projects, and SERB-NSC fellowship.

REFERENCES

[1] “Levelized costs of new generation resources in the annual energy outlook
202277 2022. [Online]. Available: https://www.eia.gov/outlooks/aeo/pdf/
electricity_generation.pdf

[2] X. Li, H. Wen, Y. Hu, Y. Du, and Y. Yang, “A comparative study on
photovoltaic MPPT algorithms under EN50530 dynamic test procedure,”
IEEE Trans. Power Electron., vol. 36, no. 4, pp. 4153-4168, Apr. 2021.

[3] J. Wang, K. Sun, C. Xue, T. Liu, and Y. Li, “Multi-port DC-AC converter
with differential power processing DC-DC converter and flexible power
control for battery ESS integrated PV systems,” IEEE Trans. Ind. Electron.,
vol. 69, no. 5, pp. 4879-4889, May 2022.

[4] G. Modi and B. Singh, “SPV-BES system synchronized to three-phase
four-wire AC distribution network,” IEEE Trans. Ind. Appl., vol. 57, no. 6,
pp. 5667-5676, Nov./Dec. 2021.

[5] R. Panigrahi, S. K. Mishra, S. C. Srivastava, A. K. Srivastava, and N. N.
Schulz, “Grid integration of small-scale photovoltaic systems in secondary
distribution network—A review,” IEEE Trans. Ind. Appl., vol. 56, no. 3,
pp. 3178-3195, May/Jun. 2020.

[6] IEEE Standard for Interconnection and Interoperability of Distributed
Energy Resources with Associated Electric Power Systems Interfaces,
IEEE Std 1547, 2018.


https://www.eia.gov/outlooks/aeo/pdf/electricity_generation.pdf
https://www.eia.gov/outlooks/aeo/pdf/electricity_generation.pdf

2396

(71

(8]

(91

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

J. Roy, A. K. Jain, and B. Mather, “Impacts of experimentally obtained
harmonic spectrums of residential appliances on distribution feeder,” in
Proc. IEEE Texas Power Energy Conf., 2020, pp. 1-6.

G. Lou, Q. Yang, W. Gu, X. Quan, J. M. Guerrero, and S. Li, “Analysis
and design of hybrid harmonic suppression scheme for VSG considering
nonlinear loads and distorted grid,” IEEE Trans. Energy Convers., vol. 36,
no. 4, pp. 3096-3107, Dec. 2021.

B. Liu, F. Zhuo, Y. Zhu, H. Yi, and F. Wang, “A three-phase PLL algorithm
based on signal reforming under distorted grid conditions,” IEEE Trans.
Power Electron., vol. 30, no. 9, pp. 5272-5283, Sep. 2015.

G. Modi, B. Singh, and Y. Singh, “Control of solar PV-battery system to
limit in PCC voltage rise and for power quality improvement,” in Proc.
IEEE Energy Convers. Congr. Expo., 2021, pp. 945-950.

J. Xu, H. Qian, Q. Qian, and S. Xie, “Modeling, stability, and design
of the single-phase SOGI-based phase-locked loop considering the fre-
quency feedback loop effect,” IEEE Trans. Power Electron., vol. 38, no. 1,
pp. 987-1002, Jan. 2023.

1. Ullah and M. Ashraf, “Comparison of synchronization techniques under
distorted grid conditions,” IEEE Access, vol. 7, pp. 101345-101354,2019.
S. Golestan, J. M. Guerrero, J. C. Vasquez, A. M. Abusorrah, and Y.
Al-Turki, “Standard SOGI-FLL and its close variants: Precise modeling
in LTP framework and determining stability region/robustness metrics,”
IEEE Trans. Power Electron., vol. 36, no. 1, pp. 409-422, Jan. 2021.

J. Xu, H. Qian, Y. Hu, S. Bian, and S. Xie, “Overview of SOGI-based
single-phase phase-locked loops for grid synchronization under complex
grid conditions,” IEEE Access, vol. 9, pp. 39275-39291, 2021.

M. Mellouli, M. Hamouda, J. B. H. Slama, and K. Al-Haddad, “A third-
order MAF based QT1-PLL that is robust against harmonically distorted
grid voltage with frequency deviation,” IEEE Trans. Energy Convers.,
vol. 36, no. 3, pp. 1600-1613, Sep. 2021.

A. R. Zamani, M. H. Ghaderi, and M. Hamzeh, “Dynamic response and
filtering capability improvement of «/3-frame cascaded delayed signal
cancellation based PLL,” IEEE Trans. Energy Convers., vol. 37, no. 2,
pp. 1156-1163, Jun. 2022.

S. Prakash, J. K. Singh, R. K. Behera, and A. Mondal, “A type-3 modified
SOGI-PLL with grid disturbance rejection capability for single-phase grid-
tied converters,” IEEE Trans. Ind. Appl., vol. 57, no. 4, pp. 42424252,
Jul./Aug. 2021.

P. Zhong, J. Sun, Z. Tian, M. Huang, P. Yu, and X. Zha, “An improved
impedance measurement method for grid-connected inverter systems con-
sidering the background harmonics and frequency deviation,” IEEE J.
Emer. Sel. Topics Power Electron.,vol.9,no. 4, pp. 4236-4247, Aug. 2021.
S. Golestan, F. D. Freijedo, A. Vidal, J. M. Guerrero, and J. Doval-Gandoy,
“A quasi-type-1 phase-locked loop structure,” IEEE Trans. Power Elec-
tron., vol. 29, no. 12, pp. 6264—6270, Dec. 2014.

Y. Zhou, H. Li, and L. Liu, “Integrated autonomous voltage regulation and
islanding detection for high penetration PV applications,” IEEE Trans.
Power Electron., vol. 28, no. 6, pp. 28262841, Jun. 2013.

A. Narang et al., “Dynamic reserve power point tracking in grid-connected
photovoltaic power plants,” IEEE Trans. Power Electron., vol. 38, no. 5,
pp. 5939-5951, May 2023.

A. Amanipoor, M. S. Golsorkhi, N. Bayati, and M. Savaghebi, “V-Iq
based control scheme for mitigation of transient overvoltage in distribution
feeders with high PV penetration,” IEEE Trans. Sustain. Energy, vol. 14,
no. 1, pp. 283-296, Jan. 2023.

M. Ahmed et al., “Effects of household battery systems on LV residential
feeder voltage management,” IEEE Trans. Power Del., vol. 37, no. 6,
pp. 5325-5336, Dec. 2022.

T. Tewari, A. Mohapatra, and S. Anand, “Coordinated control of OLTC
and energy storage for voltage regulation in distribution network with high
PV penetration,” IEEE Trans. Sustain. Energy, vol. 12, no. 1, pp. 262-272,
Jan. 2021.

M. Kashif, M. J. Hossain, E. Fernandez, M. S. H. Nizami, S. M. N. Ali,
and V. Sharma, “An optimal allocation of reactive power capable end-user
devices for grid support,” IEEE Syst. J., vol. 15, no. 3, pp. 3249-3260,
Sep. 2021.

K. Ndirangu, H. D. Tafti, J. E. Fletcher, and G. Konstantinou, “Impact of
grid voltage and grid-supporting functions on efficiency of single-phase
photovoltaic inverters,” IEEE J. Photovolt., vol. 12, no. 1, pp. 421-428,
Jan. 2022.

IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 40, NO. 1, JANUARY 2025

[27]

[28]

[29]

[30]

[31]

[32]

[33]

J. Yang, W. Tushar, T. K. Saha, M. R. Alam, and Y. Li, “Prosumer-driven
voltage regulation via coordinated real and reactive power control,” IEEE
Trans. Smart Grid, vol. 13, no. 2, pp. 1441-1452, Mar. 2022.

S. Golestan, J. M. Guerrero, and J. C. Vasquez, “Is using a complex control
gain in three-phase FLLs reasonable?,” IEEE Trans. Ind. Electron., vol. 67,
no. 3, pp. 2480-2484, Mar. 2020.

C. Karasala and S. K. Ganjikunta, “An adaptive DC-link voltage control of
a multifunctional SPV grid-connected VSI for switching loss reduction,”
IEEE Trans. Ind. Electron., vol. 69, no. 12, pp. 12946-12956, Dec. 2022.
A. Ozdemir and Z. Erdem, “Double-loop PI controller design of the
DC-DC boost converter with a proposed approach for calculation of the
controller parameters,” J. Syst. Control Eng., vol. 232, no. 2, pp. 137-148,
Feb. 2018.

T. Ye, N. Dai, C.-S. Lam, M.-C. Wong, and J. M. Guerrero, “Analysis,
design, and implementation of a quasi-proportional-resonant controller
for a multifunctional capacitive-coupling grid-connected inverter,” /EEE
Trans. Ind. Appl., vol. 52, no. 5, pp. 4269—4280, Sep./Oct. 2016.

G. Modi and B. Singh, “A novel multilayer N-LMS adaptive filter based
control for synchronization and power quality improvement in grid-tied
SPV system,” IEEE Trans. Ind. Electron., vol. 70, no. 9, pp. 9158-9168,
Sep. 2023.

K.-N. D. Malamaki and C. S. Demoulias, “Estimation of additional PV
converter losses operating under PF # 1 based on manufacturer’s data
at PF = 1,” IEEE Trans. Energy Convers., vol. 34, no. 1, pp. 540-553,
Mar. 2019.

Gaurav Modi (Member, IEEE) received the B.Tech.
degree in energy engineering from the Maulana Azad
National Institute of Technology, Bhopal, India, in
2012, the M.Tech. degree in electrical drives and
power electronics from the Indian Institute of Tech-
nology Roorkee, Roorkee, India, in 2015, and the
Ph.D. degree in power electronics, electrical ma-
chines, and drives research group from the Institute
of Technology Delhi, New Delhi, India, in 2024.

He was a Visiting Researcher with the School of
Engineering, Cardiff University, U.K., in 2019. He is

currently a Senior Technical Project Engineer with Power Grid Grid Integration
Division, Hitachi Energy India Pvt. Ltd., Chennai, India. His research inter-
ests include grid-tied/off-grid renewable energy systems, grid synchronization,
power quality solutions, custom power devices, and electrical drives.

Bhim Singh (Fellow, IEEE) received the B.E. degree
in electrical engineering from the University of Roor-
kee, Roorkee, India, in 1977, and the M.Tech. degree
in power apparatus and systems, and the Ph.D. degree
in electrical engineering from IIT Delhi, New Delhi,
India, in 1979 and 1983, respectively.

In 1983, he joined the Department of Electrical
Engineering, University of Roorkee, as a Lecturer and
became a Reader in 1988. In 1990, he joined the De-
partment of Electrical Engineering, IIT Delhi, as an
Assistant Professor, where he was also an Associate

Professor in 1994 and a Professor in 1997. He was the Head of the Department
of Electrical Engineering, IIT Delhi, from 2014 to 2016. He has been the Dean,
Academics with IIT Delhi from 2016 to 2019. He has been the JC Bose Fellow
of DST, Government of India, from 2015 to 2021. He has been serving as an
Emeritus Professor and SERB National Science Chair at IIT Delhi since 2021. He
has guided 129 Ph.D. dissertations, and 183 Mater theses. He has 68 granted and
40 filed patents. His research interests include solar PV grid interface systems,
microgrids, power quality mitigation, solar PV water pumping, improved power
quality ac—dc converters, power electronics, electrical machines, drives, and
electric vehicles.




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 0
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
    /Algerian
    /Arial-Black
    /Arial-BlackItalic
    /Arial-BoldItalicMT
    /Arial-BoldMT
    /Arial-ItalicMT
    /ArialMT
    /ArialNarrow
    /ArialNarrow-Bold
    /ArialNarrow-BoldItalic
    /ArialNarrow-Italic
    /ArialUnicodeMS
    /BaskOldFace
    /Batang
    /Bauhaus93
    /BellMT
    /BellMTBold
    /BellMTItalic
    /BerlinSansFB-Bold
    /BerlinSansFBDemi-Bold
    /BerlinSansFB-Reg
    /BernardMT-Condensed
    /BodoniMTPosterCompressed
    /BookAntiqua
    /BookAntiqua-Bold
    /BookAntiqua-BoldItalic
    /BookAntiqua-Italic
    /BookmanOldStyle
    /BookmanOldStyle-Bold
    /BookmanOldStyle-BoldItalic
    /BookmanOldStyle-Italic
    /BookshelfSymbolSeven
    /BritannicBold
    /Broadway
    /BrushScriptMT
    /CalifornianFB-Bold
    /CalifornianFB-Italic
    /CalifornianFB-Reg
    /Centaur
    /Century
    /CenturyGothic
    /CenturyGothic-Bold
    /CenturyGothic-BoldItalic
    /CenturyGothic-Italic
    /CenturySchoolbook
    /CenturySchoolbook-Bold
    /CenturySchoolbook-BoldItalic
    /CenturySchoolbook-Italic
    /Chiller-Regular
    /ColonnaMT
    /ComicSansMS
    /ComicSansMS-Bold
    /CooperBlack
    /CourierNewPS-BoldItalicMT
    /CourierNewPS-BoldMT
    /CourierNewPS-ItalicMT
    /CourierNewPSMT
    /EstrangeloEdessa
    /FootlightMTLight
    /FreestyleScript-Regular
    /Garamond
    /Garamond-Bold
    /Garamond-Italic
    /Georgia
    /Georgia-Bold
    /Georgia-BoldItalic
    /Georgia-Italic
    /Haettenschweiler
    /HarlowSolid
    /Harrington
    /HighTowerText-Italic
    /HighTowerText-Reg
    /Impact
    /InformalRoman-Regular
    /Jokerman-Regular
    /JuiceITC-Regular
    /KristenITC-Regular
    /KuenstlerScript-Black
    /KuenstlerScript-Medium
    /KuenstlerScript-TwoBold
    /KunstlerScript
    /LatinWide
    /LetterGothicMT
    /LetterGothicMT-Bold
    /LetterGothicMT-BoldOblique
    /LetterGothicMT-Oblique
    /LucidaBright
    /LucidaBright-Demi
    /LucidaBright-DemiItalic
    /LucidaBright-Italic
    /LucidaCalligraphy-Italic
    /LucidaConsole
    /LucidaFax
    /LucidaFax-Demi
    /LucidaFax-DemiItalic
    /LucidaFax-Italic
    /LucidaHandwriting-Italic
    /LucidaSansUnicode
    /Magneto-Bold
    /MaturaMTScriptCapitals
    /MediciScriptLTStd
    /MicrosoftSansSerif
    /Mistral
    /Modern-Regular
    /MonotypeCorsiva
    /MS-Mincho
    /MSReferenceSansSerif
    /MSReferenceSpecialty
    /NiagaraEngraved-Reg
    /NiagaraSolid-Reg
    /NuptialScript
    /OldEnglishTextMT
    /Onyx
    /PalatinoLinotype-Bold
    /PalatinoLinotype-BoldItalic
    /PalatinoLinotype-Italic
    /PalatinoLinotype-Roman
    /Parchment-Regular
    /Playbill
    /PMingLiU
    /PoorRichard-Regular
    /Ravie
    /ShowcardGothic-Reg
    /SimSun
    /SnapITC-Regular
    /Stencil
    /SymbolMT
    /Tahoma
    /Tahoma-Bold
    /TempusSansITC
    /TimesNewRomanMT-ExtraBold
    /TimesNewRomanMTStd
    /TimesNewRomanMTStd-Bold
    /TimesNewRomanMTStd-BoldCond
    /TimesNewRomanMTStd-BoldIt
    /TimesNewRomanMTStd-Cond
    /TimesNewRomanMTStd-CondIt
    /TimesNewRomanMTStd-Italic
    /TimesNewRomanPS-BoldItalicMT
    /TimesNewRomanPS-BoldMT
    /TimesNewRomanPS-ItalicMT
    /TimesNewRomanPSMT
    /Times-Roman
    /Trebuchet-BoldItalic
    /TrebuchetMS
    /TrebuchetMS-Bold
    /TrebuchetMS-Italic
    /Verdana
    /Verdana-Bold
    /Verdana-BoldItalic
    /Verdana-Italic
    /VinerHandITC
    /Vivaldii
    /VladimirScript
    /Webdings
    /Wingdings2
    /Wingdings3
    /Wingdings-Regular
    /ZapfChanceryStd-Demi
    /ZWAdobeF
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 900
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.00111
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 1200
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.00083
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.00063
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create PDFs that match the "Suggested"  settings for PDF Specification 4.0)
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


