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ABSTRACT A solar photovoltaic distribution static compensator (SPV-DSTATCOM) under partial shading
condition (PSC) is studied using a single-stage, 3-phase grid-connected mode. Under PSC, the performance
of the grid-connected SPV-DSTATCOM is studied, and issues such as active current sharing, reactive
power control, and harmonic elimination are addressed. Rejection of DC offset with such PSC condition
is an issue when using a conventional Proportional Resonant (PR) controller. As a result of this research,
a new and improved PR (IPR)-based second-order generalized integrator (SOGI) has been developed that
has unity gain at the fundamental frequency and greater DC offset rejection capability to address the
PR controller shortcomings. The proposed controller’s performance is evaluated in both steady-state and
dynamic conditions with varying loads and different PSC conditions. An experimental evaluation of the
proposed controller’s design assumptions is also presented in the form of a comparison with both the PR
controller and the adaptive PR controller.

INDEX TERMS Reactive power supply, partial shading condition, proportional resonant controller, power
system harmonics, second-order generalized integrator.

I. INTRODUCTION multidisciplinary research activities have been conducted to
In the last few years, increasing focus has been given towards improve the available power conversion techniques along
Renewable Energy (RE) generation because of the perishable with the introduction of brand-new techniques regarding
nature of fossil fuels, the growth of emission rates and the novel configuration, topologies, and control mechanisms.

major issue of global warming. The introduction of renewable Considerable importance is given to the extensive use of solar
energy sources is capable of immediately satisfying the photovoltaic cells in connection with grid situations due to

growing demand for energy [1]. Decentralized energy gener- the adverse effects of green house gas, global warming, and
ation through RE sources possesses several distinct attributes security along with the repayment period [2].

compared to traditional sources of energy production. Hence, The use of solar photovoltaic systems (SPVs) is largely

dependent upon the fluctuation in solar radiation along

The associate editor coordinating the review of this manuscript and with the intensity of disturbances that occur in the grid.

approving it for publication was S. K. Panda " . In the event of a particular grid initialization, large amounts
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of photovoltaic panels are attached to the power grid.
Concerning these systems, Partial Shading Condition (PSC)
arises because of the shadow of either trees or buildings or due
to moving clouds. In such a situation, the power vs. voltage
curve seems more complex because of the emergence of
numerous local maximum power points (MPPs). Out of these
local maximum power points, one peak MPP illustrates the
global MPP (GMPP). Traditional methods become inefficient
in accurately tracking GMPP and can be erroneous in tracking
any local MPP, resulting in a significant decrease in energy
production and efficiency. New research articles demonstrate
the importance of tracking GMPP in the case of rapid
change in irradiance scenarios [3]-[5]. Therefore, the most
important feature of the grid-connected photovoltaic system
is to generate the optimal amount of power according to
changing solar radiation. In this paper, one of the most
important aspects for researchers is determining the global
maximum under partial shading conditions. Some recent
studies include bidirectional DPP fly back converters [6],
Levy flight (JAYA-LF) based JAYA algorithm [7], flying
squirrel search optimization (FSSO) [8], a spline-MPPT
technique [9], PSO based method [10].These methodologies
have trade-offs between fast tracking and accuracy of GMPP.
One of the most advanced methodologies called Extreme
Seeking Algorithm (ESA) [11] is employed in this paper for
its better performance in tracking the GMPP.

Concerning a grid-tied PV system, a small amount of
fluctuation in the voltage of the inverter output, as well as
the grid voltage at the point of common coupling (PCC), can
result in a much larger amount of inrush current within the
system. Hence, a customized control mechanism is needed in
case of grid synchronization. PLL is highly recommended by
researchers to meet the above requirements [12]. Moreover,
the phase-locked loop is also entitled to several limitations
such as the non-linear property, complex tuning system, and
slack, as well as diminishing outcomes in case of fragile grid
conditions [13], [14]. To address these drawbacks, various
innovative modern tuning mechanisms are suggested in the
article [15]-[17]. The above-mentioned innovative tuning
models compete with computational burden, system stability,
system’s dynamic response, enhanced system performance
like sharing of active current in case of the existence of
two different resources, issues regarding the quality of
power, compensation of reactive power, harmonic elimina-
tion, improvement of grid current as well as grid voltage
in terms of Total Harmonic Distortion (THD). However,
these advanced tuning mechanisms again result in complex
control measures that minimize the system’s dynamic
performance.

The primary objective of the grid-integrated SPV-
DSTATCOM is to feed active and reactive power within the
system in the presence of solar radiation [18], [19]. Apart
from that, without solar radiation, this injects the harmonic
compensation power needed by the load named DSTATCOM.
It becomes very essential to maintain the harmonic-free,
sinusoidal, steady, and unity power factor operation of the
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grid by using voltage control. Current regulation action is
carried out via the hysteresis current regulator, linear PI
regulator, or predictive regulator. This type of regulator
is again classified as a synchronous rotating dg frame as
well as a stationary reference frame. However, the 3-phase
synchronous reference frame regulator yields undesirable
results, since this requires data on the phase angle with respect
to the rotating frame. The regulator performs erroneously
when the phase angle evaluation becomes inaccurate.
However, during the same time period, a stationary frame
regulator outcome known as proportional resonance (PR)
controller yields desirable results [20]. PR controller is
used in the case of active power filter, PV systems, wind
turbines, control rectifiers, induction motor (IM) drives and
fuel cell operations [21]-[26]. Merits of PR controller involve
1) rapid dynamic response accompanied by zero steady
state fault, 2) relatively less computational load since this
does not need data on B frame, 3) free from phase locked
loop. However, it needs an appropriate synchronization
technique with respect to grid-connected implementations
[27], [28]. Deriving a high gain at resonance frequency is
one of the major demerit points of the PR controller. The
undesirable peak leads to a faulty evaluation with respect
to the usual PR controller. As a consequence, this results
in a sizable loss of performance. In addition to that, the
existence of 2 unifiers/harmonizers is responsible for the
fluctuation of the voltage frequency during the time where
the unbounded gain is obtained taking into account the
anticipated resonant frequency because of the dislocation of
the resonant pole. It is demonstrated in terms of a significant
steady state fault [29]. An APR regulator is introduced to
address this issue of steady state error [30]. This proposes
a fourth-order band pass filter along with an adaptive
integration technique to track the deviation in grid frequency.
As a result, this minimizes the frequency sensitivity.
However, this creates more complications and puts more
computational load on the system. As a consequence,
the measured frequency becomes inaccurate due to the
existence of a DC offset. It leads to the superposition of
the low-frequency component on the basis of the mean
value of the calculated frequency. Existence of DC offsets
gives rise to both fundamental frequency variations and
DC injection through grid-connected converters. Eliminating
such variations becomes a burden due to its low-frequency
characteristic [31]. Therefore, the international standard IEC
61727 has proposed a check of the DC offset limits in the case
of PV connected to the grid less than 1% of its rated output
current [32]. Such limitations reveal the significance of the
decreasing DC offset prevailing within the input signal of the
regulator.

The following points summarize the contributions of this
paper.

o An advanced PR controller built upon the SOGI (IPR-
SOGI) is proposed to address the issues concerning both
high gains with phase jump and DC offsets present in the
input signal.
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« A method to generate a positive sequence input signal
is adopted in the proposed controller using the proposed
IPR-SOGI. This can be utilized in more ways for
unit template generation and sequence load current
extraction.

o The proposed controller is simple to implement, with
a lower computational burden and a better dynamic
response compared to various complex algorithms.
It has a greater DC offset rejection capability; the greater
harmonic reduction potential, meanwhile, increases the
stability of the system.

o The performance of the proposed controller is con-
firmed under partial shading conditions accompanied
by several distinct loading scenarios alongside dynamic
conditions.

o Excellent results are obtained through a comparison
of the experimental performance of the conventional
PR controller with the proposed IPR-SOGI based
controller.

The following five sections make up this document: the
system topology and the control architecture of the improved
PR controller are described in Section I, and the experimen-
tal validation and results with other control structures are
discussed in Section III of the article. Section IV extends the
conclusion.

Il. PROPOSED IPR-SOGI METHOD FOR DSTATCOM
CONTROL

A. SYSTEM DESCRIPTION

Devices such as static synchronous compensator (STAT-
COM) are used to regulate alternating-current energy trans-
mission networks, such as the North American Electric
Reliability Corporation (NERC). Using an electronic voltage
source converter (VSC), it can provide or sink reactive
alternating current (AC) power from a grid. As a fast-
compensating reactive power source, distributed STAT-
COM (DSTATCOM) reduces voltage changes such as sags,
surges, and flicker produced by the rapid change in reactive
power demand in the transmission or distribution system [33].
Because a DC capacitor on the DC side of the VSC is used
to maintain the DC link voltage constant, a DSTATCOM
has a low active power generation capacity. A suitable
energy storage device can be connected across the DC
capacitor to boost its active power capability. Therefore,
a solar photovoltaic array is connected on the DC side
of DSTATCOM to produce an SPV-DSTATCOM structure,
as illustrated in Fig. 1. Now, SPV-DSTATCOM has the ability
to supply active and reactive power to the utility grid with
greater reliability. The amount of active power generated
depends on the solar irradiance and the panel temperature,
wherever the reactive power generation completely depends
on the amplitude of the grid voltage. This is because the
reactive power demand from the load connected at the point of
common coupling (PCC) regulates the grid voltage. The more
inductive the load, the higher the reactive power demand at
the PCC point, reducing the grid voltage at the PCC point.
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If the DC link capacitor is utilized for this compensation,
it can support reactive power for a period of few (2 to 3)
cycles. The higher the DC-link capacitance, the longer the
duration (only for transient period) for which the DC-link
capacitor can release the stored energy in the form of reactive
power to the grid. As the DC link voltage is supported by
the PV system, it is most likely that the DC link can support
the reactive power to the local load at PCC to stabilize the
PCC voltage to some extent (up to the rated value of the PV
VSC system). SPV-DSTATCOM generates an appropriate
compensating reactive current through the line filter during
injection or absorption of reactive power. DSTATCOM can
deliver reactive power when the AC side voltage (v;) of VSC
is greater than the PCC voltage (vy); on the other hand,
DSTATCOM absorbs reactive power when vy is greater than
v;. Regardless of the direction of the reactive current, the
VSC operates in buck mode and the DC link voltage (vy.)
should always be greater than the peak of the line-to-line
AC side voltage of the inverter. The line filter between the
VSC and PCC, as shown in Figure 1, plays an important
role here for the reactive power transfer. The line filter
(L with parasitic resistance 77) in PCC is also used to
filter out high-frequency ripples in phase current. Line filter
inductance can be calculated according to the relation (1).

(Vi —vglvg

Y = g B M

where HB is the selected hysteresis band and f§,, is the
switching frequency of VSC. Again, the ripple filter (that is,
the series connected resistor R, and a capacitor C,) is used
to eliminate the noise from the voltage signals. The ripple
filter is designed so that it offers very high impedance at the
fundamental frequency and low impedance to the switching
frequency component. To satisfy this condition, R,C, <«
Ts holds good. Considering R,C, = T,/4 at a switching
frequency of f;,, = 10kHz (1/Ts), the capacitor value is
calculated as C, = 4.2uF =~ 10uF (based on availability)
with R, = 6 Q2. To analyze the SPV-DSTATCOM behavior at
PCC, a three-phase alternating current main is connected to
the three-phase non-linear load. The non-linear load is created
by combining an unregulated diode bridge rectifier with a
series of RL loads. The voltage and current sensors are used
to measure the PCC line-to-line voltage, photovoltaic voltage
and current, load, and grid side phase currents.
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B. PROPOSED IPR-SOGI

Considering the sinusoidal input signal v; =
Vem sin (wst + ¢,), the magnitude step response of an ideal
generalized integrator (GI) can be represented as (2). Here,
Vsm, s and ¢, are the maximum amplitude, angular
frequency, and phase angle of the input signal, respectively.

Val = Vm (1 - e_k"t) sin (wst + ¢y) @)

where v, and vg; are the closed-loop response of GI and its
quadrature component, respectively. &, is a gain that depends
on the settling time of the step response of GI. In the Laplace
domain, vy — v (s) and vy —> Vg1 (s) can be denoted as (3).

(s) Vsmws cos ¢y Vims sin ¢,
Vs (8) =
2 2 2 2
§° + w; 57+ w;
(s) Vsmws €os ¢y, Vims sin @y,
Val (8) =
2 2 2 2
57+ w; 57+ w;

_ Vimka (€08 @y + sing,) + Vs sin ¢y,
(s + ko)* + 0?

Now, the open-loop transfer function of the GI with unit
feedback can be obtained as (4).

ko s kqws [—wg sin ¢+ (s+ky) cos ¢, @
s2+w?  s2+w? \ wscos @y+(stky) sing,

The open-loop transfer function in (4) contains a second-
order denominator; hence, GI is further considered as
second-order GI (SOGI). Under practical conditions, it is
difficult to distinguish the initial phase of the input signal
vy; thus ¢, is considered as zero. Now, the expression for the
SOGTI open-loop transfer function (G (s)) can be reconfigured
as (5).

_2kas 3 (1 ka) (2ka) (__os/s
co=T5r = (+3) (0 () @
—_———

Gi(s) Ga(s) G3(s)

3

G(s)=

where G1(s), Ga2(s) and G3(s) are sub transfer functions of
G(s). The transfer function G(s) with unit feedback provides
the closed transfer function as mentioned in (6).

G (s)

Gy (s) = TG(S) (6)

With the grid voltage signal as input to G, (s), variations
in the impedance of the system lead to the possibility
of resonance, resulting in competent controller reliability.
To avoid such a scenario, another PR term should be added in
G(s). This modification can be achieved by changing the loop
gain of G3(s) in its feedback path. Let Hg(s) be the feedback
path in G3(s) and can be denoted as (7).

Hy() =1+ 4k (1+(ﬂ)2> ™
/B - S ﬂ S

where kg is introduced as an additional gain in the feedback
path. Now, G3(s) can be modified to (8).
ws/s

G3(s) = W (8)
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FIGURE 2. Block diagram of IPR-SOGI with original and quadrature
generation.

vi(s)

Taking into account G3 (s) in (5), the overall transfer function
Gq1 (s) and Ggi (s) of the proposed IPR-SOGI can be derived
as (9)-(10), respectively.

Gar (5) = 2.
Vs ()
B 2kos® 4 ks
T8 4 kg + ko + wp)s? + (02 + k2)s + kpw?
)
vg1 (5)
G () = ——
4 Vs (5)
_ 2k wgs + kozla)s
T8 4 kg + ko + wp)s? + (02 + k2)s + kpw?
(10)

Fig. 2 shows the block diagram to generate vy (s) and
vg1 (s), respectively, from vy (s). Here, the deviation in the
angular frequency of the grid (27 Af) can be calculated by
integrating the error generated from v (s) — vy (s) with the
gain A. wy can be further generated by adding 27 Af; with the
nominal grid angular frequency (27f,). The estimated value
of wy is utilized to evaluate the transfer functions G (s) and
G3 (s). As a modified PR controller is utilized in the SOGI,
this concept is further classified as IPR-SOGI. IPR-SOGI is
capable of generating the original signal with its quadrature
component with better dynamics and is completely dependent
on the selection of the gains k, and kg. Optimal selection
of these gains is possible through representation of the bode
and root locus of the transfer function G, (s) and Ggi (s),
which is illustrated in Figs. 3(a) and 3(b), respectively.
It can be seen that the phase margin and the gain margin
are positive, indicating that the system is running smoothly
when k,=2500 and kg=>500. It is also possible to design
the parameters k, and kg from the time domain analysis
according to the following procedure.
Step 1: Select the settling time #; for the IPR-SOGI con-
troller.
Step 2: Set the damping ratio ¢ to 0.707 for low overshoot
and shorter settling time.
Step 3: Determine the angular frequency of the natural
oscillation w,, as (11).

44
ity

Step 4: Consider the characteristic equation as 1 4+ G(s) =
(s+o)(s+2Cwps + w,%), where the variable ¢ should

(11)

Wy
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FIGURE 3. Stability analysis through root locus and frequency response.

satisfy ¢ > Gylw, with G4 > 5 for an optimum
transient response. Now, the controller gains k, and
kg can be obtained as (12).

Gdé'a)g
1
ke = 3 (1 + Ga)lwn — w5(1 +kp))  (12)

Compared to the proportional resonant (PR) controller, the
analysis corresponding to the proposed IPR-SOGI revealed
that the suggested controller performs as a band-pass filter
and has better DC offset discarding ability. However, the PR
controller acts as a notch filter and has a flat characteristic
on the magnitude plot. Furthermore, when compared to a
traditional PR controller, this suggested IPR-SOGI controller
produces a zero phase jump. The robustness of this proposed
controller interacts negatively with the fluctuation in grid
frequency in transitory scenarios, as illustrated in Fig. 3(b).

C. MPPT CONTROL ALGORITHM

An improved ESA has been implemented to track the GMPP
from the PV curve of non-linear characteristics, as shown
in Fig. 4. It is efficient under fast and persistent changes in
solar irradiance, overcoming disturbances and uncertainties.
The perturbed power and the perturbed current contain
significant ripples. To filter out these ripples, two High
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Pass Filters (HPFs) having cutoff frequency of 100 Hz are
introduced. The outputs of these HPFs are added together
and are termed the demodulated signal (y). The demodulated
signal is integrated and multiplied with a small value of
k = 0.2 to generate the adaptive signal (x). Here,
a perturbation signal (14-sin wt) is added to the input adaptive
signal (x), which results in the maximum output power and
can adaptively bind the GMPP. Moreover, the improved ESA
is an adaptive controller and does not require fine-tuning for
better performance.

D. SPV-DSTATCOM CONTROL ARCHITECTURE

The SPV-DSTATCOM control architecture includes the
extraction of the positive sequence voltage, as well as their
quadrature elements via the IPR-SOGI control mechanism.
Furthermore, such elements are used to evaluate unit tem-
plates for grid synchronization. Then this proposed control
framework is used to evaluate the fundamental components of
the load current that are used to measure the reference current
with respect to the hysteresis current controller to generate
gate pulses for grid-tied inverters.

1) UNIT TEMPLATE GENERATION

Initially, two voltage sensors are used in the PCC to measure
the line voltage between phases a-b (vy,;) and phases b-c
(vsbe). The phase voltages at the PCC are then estimated
using (13).

2Vsab + Vsbe

Vsa = 3
—Vsab + Vsbe
v =
— -2
Ve = Vsab . Vsbce (13)

Subsequently, the phase voltages of the PCC in abc-frame
(Vsas Vsb, Vse) can be transformed to the stationary o8-frame
(vsap) using (14) to perform IPR-SOGI.

Vsap =

%[1 a a®][vsa vsb vse | (14)

Here, voo = N (vmﬁ) and vig = S (vmﬁ) represent the
voltage on the a-axis and the B-axis, respectively. vyy (Vyg)
is given as input to the IPR-SOGI, while vy and vg1 (Va2
and vgy) are taken as output from the IPR-SOGI. The flow
diagram of the corresponding conversion procedure is shown
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FIGURE 5. Positive sequence generator using IPR-SOGI.

in Fig. 5. The estimation of the positive sequence voltage
in af-frame from these output quantities is computed as
per (15).

Vpa = Val = Vg2  Vpp = Va2 + VI (15)

Using af-to-abc frame conversion, the positive sequence
voltage in abc-frame (Vpq, Vpp, Vpe) can be calculated as
using (16).

Vpa b [,,}
vpb | = | cos (2w /3) sin (27 /3) (16)
Vpe cos (477/3) sin (4r/3) | L'7P

Furthermore, the three-phase unit template (¢4, Upp, Upc) can
be derived as (17) from the positive sequence phase voltage.
1 1

1
Upg = Vpg— Upp = Vpp— Upe = Vpe—  (17)
p ras, p L9 pc pe

where v, = % (ulzm + uﬁb + u,%c) represents the amplitude
of the terminal voltage. Equation (17) can also be used to

estimate the quadrature unit template (4gq, Ugp, Uge) i (18).

uge = 0.577(upe — upp)
ugp = 0.288upa + upp — ttpc)
uge = 0.288(=3upq + upp — Upc) (18)

These measured positive sequence unit templates in conjunc-
tion with the quadrature unit templates are used to generate
the fundamental positive sequence, as well as the quadrature
element of the load current, as discussed in the following
section.

2) LOAD CURRENT COMPONENT EXTRACTION

The estimated 3-phase load current consists of a fundamental
component, a harmonic component, and a quadrature com-
ponent. The fundamental component represents the active
power, whereas the quadrature component represents the
reactive power. First, the fundamental positive sequence
components of the load current of the corresponding
phases are measured using the procedure shown in Fig. 5.
Furthermore, the fundamental elements of the load current
are utilized to measure the reference currents in relation to
SPV-DSTATCOM. Fig. 6 shows the fundamental component
estimation process using the proposed IPR-SOGI algorithm.
These measured fundamental components are passed through
the sample, followed by a hold circuit and a zero-crossing
detector (ZCD). Within each phase, two distinct ZCDs are
used to generate fipy Or figy, x € {a, b, c}. The unit template,
i.e., upyx (ugy) is used to activate the ZCD with respect to /iy,

69046

Component *
Extraction |[ZCD* 4 v Vae)

PR i, ~8&H/ABS-re ‘e—]LPF—50)-] PI u
SOGI 1/11->§&H—>ABS—>M h;l MWI I Iu

pe
ired zcD-u,, By Ly PN
Uy , ”” T ek AN
(I h (26) &l B £ bS,8,
iLbHComponcnt N qa pv hs @7 1 22 3
Extraction »h h 4 sl O Ls.sg
i Component _,h * hcqf u I I Iu I I
Lc o> pe vy Wy 9 00
3 sa Lob Lse
Ethricnon »h‘/‘ Vsape—s Eq.(13) LPF—{* _PfI ¢ '
N (S
Upe My Vo= -(17) )

FIGURE 6. SPV-DSTATCOM overall control structure for switching pulse
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(Aipx). In this case, Equation (19) calculates the mean value of
the direct (%) and quadrature (/;,) components, respectively.

1 1
hlpa = 5 Xx:hpx and hlqa = 3 ;hqx (19)

3) LOSS TERM ESTIMATION
Surplus current is extracted from the grid to keep the actual
voltage of the DC link capacitor (v4.) within its reference
value ((V}.)) when the SPV-DSTATCOM is operating. This
maintains the DC link voltage at its reference voltage during
transitory periods of charging and discharging. Surplus
currents, on the other hand, are usually in phase with the
grid voltage, resulting in additional losses if the system
is operated. The difference between the reference DC
link voltage and the actual DC link voltage is regarded
as the DC link voltage error and is provided within the
proportional integral (PI) controller to calculate the current
with regard to the additional power losses. In this case,
Equation (20) represents the discrete-time implementation of
the PI controller to determine the loss component hg;)l

JAQ) _Fz(k D +kpl[v(k) k= N —|—k1v(k) (20)

cpl err Verr err

where k,1 and k;; represent the PI gains and are tabulated in
Table 1. k denotes the present sample of the controller. The
DC link error voltage is represented by vgﬂ =V - vglkc) with
V7. calculated from the GMPP of the ESA algorithm.

4) REFERENCE CURRENT FORMATION

For the reference current generation, the current component
corresponding to active and reactive power generation along
with the loss components must be estimated and summarized
as in Fig. 6. PV current (i) and the PV voltage (v,)
are initially measured through suitable sensors and supplied
to the MPPT mentioned in [11]. Using the ESA MPPT
algorithm, V7 is generated by appropriate selection of step
size. The current supplied from PV can be estimated from
the PV power (ppy = i,,Vpy) and the terminal voltage v, as
mentioned in (21).

ZipVpy @1
3 V¢

The effective component of the load current /g, is calculated
from the loss component, as well as the average load active

Fipy =
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component provided by the grid, and can be estimated
by (22).

hsp = hlpa + hcpl - hpv (22)

The fundamental reference currents are obtained by multiply-
ing the subsequent component by its respective unit template,
which is represented in (23).

iy =hpUpa 0% =hpUpp i =hgpUpe  (23)

Similarly, the quadrature component of the load current
is obtained by measuring /g, ie., the reactive weight
component. The corresponding reactive weight component is
calculated by subtracting the average reactive weight of the
fundamental component from the estimated reactive weight
of the AC component by (24).

hsq = hcq - hlqa 24)

Concerning ZVR, the reactive reference current is obtained
from the voltage control loop in addition to the proportional
integral controller output, as shown in (25).

_ k k—1 k
h(c];) = hg; b + kp2[V§,e)rr - Vg,err)] + kizv;,e)rr (25)

where v; ¢ (i) = V(i) — v;(i) represents the terminal voltage
error. v;(i) is the reference terminal voltage. k,» and kj
symbolize PI gains and are tabulated in Table 1. Equation (26)
is used to calculate the reactive weight component in relation
to the load current.

iga = Ugalsg gy, = Ugbhsq  ige = Ugelsg (26)

Finally, Equation (27) calculated the reference grid current in
relation to the hysteresis current controller.

i, = i;,“a + i;a iy, = i;b + i;b = i;c + ij;c 27
The reference current error can be generated here by
subtracting the sensed grid currents (isy, igp, isc) from the grid
reference currents (i, iy, i5.). Such errors are committed
using a hysteresis current controller (HCC) to generate
gate pulses that power the grid-connected inverter. The
switching frequency (f;,) of the VSC is regulated by the
HCC hysteresis band (HB). To ensure that the resonant
frequency (frs) is not affected by the minimum switching
frequency (fs.min), the frequency band is selected so that
the maximum switching frequency (fs,.max) does not exceed
the calculated switching frequency limits of the insulated
gate bipolar transistor (IGBT) switch [34]. VSC and filter
design can be easily performed by establishing a switching
frequency band as (28) [35].

10fs < fres < fsw,min < fsw,avg < fvw,max (28)

where f; represents the frequency of the grid. The maximum
switching frequency, DC link voltage, and PCC grid voltage
must be taken into account when determining the appropriate
current hysteresis band for a three-phase VSC. In other
words, the HB need not be extremely small or incredibly
large in any way. The HCC tracking capability is also
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LA55P
LV25P
TLP 250

DSP 1202

FIGURE 7. Experiment set-up developed at laboratory.

TABLE 1. Experimental set-up parameters.

Values

60 V,60V, 60V L-N, 50 Hz
R,=03€Q,L;=0.03mH, R, /X, =
3.185

System quantities

Source voltage (rms)
Feeder impedance

Ripple filter R.=69Q,C, =10 uF

nonlinear load 3-® rectifier with RL load of 4 €2, 40
mH

Load power Pr, = 565W

Load current 74 A

PI tuning parameter kpi = 0.152, ki1 = 0.016, kyo =
0.0136, k;2 = 0.0019

V5 =107V, C4.=2200 pF, Ly =5
mH

Pppp = 1600 W, Vg pp = 1064V,
Icvpp =15.029 A,

Vye=1252V, I,. = 16268 A

DSTATCOM parameter

PV emulator rating

enhanced by the trade-off between the permissible injected
PCC current % THD (within the IEEE-519 limit of 5%) and
the average switching frequency (fy,avg). Consider /; be the
rated value of the injected current. A fixed-band hysteresis
current regulation limit of between 5% of I; (0.051; A) in the
ripple of the inverter side current is considered acceptable.

Ill. EXPERIMENTAL VERIFICATION

In the laboratory, an experimental test bench of grid-
integrated SPV-DSTATCOM is designed and illustrated in
Fig. 7. This test bench is used to validate the perfor-
mance of the suggested control methodology and includes
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FIGURE 8. Experimental verification of Grid tied SPV system with PSC under balance grid and balance non-linear loading.

a solar photovoltaic emulator (Chroma 62020H-150S),
a 3-phase 2-level VSC (using 6 SEMIKRON SKM100
GB063D IGBT switches), interfacing inductors, a ripple
filter, a 3-phase diode bridge rectifier, and a nonlinear R-L
load. Table 1 shows the experimental test parameters for
the grid-connected SPV-DTATCOM system. The voltage
transducers (LEM LV 25P) and current transducers (LEM
55P) are used to measure the line voltage and current signals.
Steady- and transient-state waveforms are recorded using
a 4-channel YOKOGAWA WT500 power analyzer and a
4-channel YOKOGAWA DSO DCM2024 digital storage
oscilloscope. The control mechanism is implemented using
the dSPACE MicroLabBox DS1202. The pulses generated by
the DS1202 are directed through the TLP-250 driver circuit to
the VSC switches. Taking into account the computation time
of the proposed controller, the sample time of DS1202 is set
to 50 ws. At the time of the experiment, the DC link voltage
follows the SPV voltage through the GMPP algorithm and
Vinpp 1s maintained at 106.4 V for this test. In order to achieve
various performance measurements, several test scenarios are
implemented as described in the following subsections.

A. STEADY-STATE PERFORMANCE UNDER PSC

The test model is examined in the presence of partial shading
in a balanced grid, as well as a nonlinear loading scenario.
The shadow is created with the help of a solar emulator.
It caused multiple jumps in current on the voltage curve
with respect to SPV, as well as the formation of several
local maximum power points along the power curve of solar

69048

photovoltaics. In the case of partial shading, the maximum
solar photovoltaic voltage is 106.4 V and the maximum
current is 15 A. In addition to that, the respective SPV has
an efficiency rate of 99.78% in terms of available power,
that is, 1596 W, indicating that the majority of the energy
is generated by the PV array. Fig. 8(a) depicts the grid
currents injected into the grid from VSC while the DC-link
voltage is held constant at its reference value derived from
the global maximum power point. Fig. 8(b) shows the phase
voltage vy, grid current iz,, compensation grid i.,, load
current iy, with respect to the grid. It can be seen that
the compensation current of the VSC system provides the
non-linear load requirements. Moreover, the grid current
isa of SPV-STATCOM provides a sinusoidal current and
maintains a unit power factor with respect to the grid voltage.
Fig. 8(c) depicts the power flow for the entire system. It can
be seen that PV power py,, grid power p, and the load
power py, are 1.59 kW, 1.1 kW, and565 W, respectively.
Figs. 8(d), (e) and (f) show the percentage of THD for iy, icq
and iz, respectively. It can be observed that % THD of i,
icq and iz, are 1.68%, 9.74% and 26.24%, respectively. The
THD of the injected grid current is maintained within the 5%
limit according to IEEE Standard 519-2014.

B. TRANSIENT STATE PERFORMANCE WITH UNBALANCE
LOADING UNDER PSC

Figs. 9(a)-(c) show the dynamic performance of the
SPV-DSTATCOM system when the b-phase load is per-
turbed. Due to the declination of the b-phase load, the net
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FIGURE 10. Experimental results: Dynamic condition analysis under PSC with changeover from night mode to day mode.

demand for harmonic current begins to decline. However,
there is no change observed in PV current (I,,) and PV
voltage (vpy), as observed in Fig. 9(a). Moreover, vy,
is maintained in accordance with the reference voltage
generated by global MPPT. At the instant of removal of the
load, an increase in grid current (is4, isp, isc) is observed in
Fig. 9(b). As a result, the grid power increases, as illustrated
in Fig. 9(c). The dynamics of the VSC compensating currents
(icas» icb» Icc) are shown in Fig. 9(c), where the VSC current of
phase-b is observed to be sinusoidal because it does not have
to supply the harmonic current in phase-b.

C. NIGHT MODE TO DAY MODE

The operating procedure of SPV-DSTATCOM from night
to day is shown in Fig. 10(a). Without solar radiation, the
SPV-DSTATCOM system operates in the DSTATCOM mode
using a 107 V DC-link voltage and a 0 A SPV current.
In the presence of solar radiation, the SPV current increases
from 0 A to 15 A while the DC link voltage remains constant
at 107 V, while the magnitude of the grid current begins to
increase, as shown in Fig. 10(b). The compensation current
includes both the load current and the injected grid current
during day mode. In Fig. 10(c), PV power Py, is zero and
maximum power during night and day mode conditions,
respectively. The load power is constant during this scenario.
The real power of the grid is negative during the night mode,
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which indicates that the power of the grid is delivered to the
load and DC link capacitors. Here, Q; indicates the reactive
power injected by DSTATCOM at the point of common
coupling.

D. SUDDEN CONNECTION OR DISCONNECTION OF THE
NONLINEAR LOAD WITH SPV-DSTATCOM

The robustness of the proposed method is observed in
SPV-DSTATCOM by instantaneous connection and discon-
nection of the nonlinear load at constant solar irradiation,
as shown in Fig. 11. When a sudden disconnect (connection)
of the load occurred, the current of the grid started to increase
(decreasing), as shown in Fig. 11(a). Furthermore, the DC
link voltage is maintained constant according to the reference
value of the global MPPT during connecting or disconnecting
the nonlinear load. It can be observed in Fig. 11(b) that
the compensation current i., provides the load requirement
during the loading condition. Currents i, and iy, are equal
in the no load state. In addition, the current and voltage of
the grid are kept in phase, considering the operation of the
unit power factor. The reactive power in the grid Q, is nearly
zero during connection or disconnection of the non-linear
load, as shown in Fig. 11(c). However, the PV power remains
constant during this period. The power injected into the grid is
reduced during loading, as the available PV power is constant
at constant solar irradiance. During inductive loading alone,
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TABLE 2. Comparative Analysis for proposed IPR-SOGI.
Grid Stead . DC-link . | Requirement
. DC offset y Computational| DSP Computation q
Algorithm| current | [ . state PSC . voltage . of cache
rejection complexity Speed | . time
THD error ripple memory
no . .
PR [36] 3.82% . moderate| X moderate low | high 40 ps high
rejection
less rejec- .
. ! . comparatively .
DPR [37] |2.9% tion capa-|higher | X . low | medium o0 ps low
o higher
bility
more
Proposed |3.1% rejection | lower v lower high |low 30 ps low
capability
B Tiiel 1o WIbes YT e a faster convergence time and lower steady-state error.
Fault introduc\ed In addition to that, IPR-SOGI has a higher capability to

~——1

Zoowl = 12.5 K 50ms/div

Less steady-state
G IPR PR

/ / DPR
NI 4 .

Fast convergence and
smooth response

more dc- offset
rejection

FIGURE 12. Dynamic response with Comparison performance of
IPR-SOGI, PR and DPR.

the injected reactive power Q; at PCC can be observed
in Fig. 11(c).

E. COMPARISON RESULT

Fig. 12 depicts a comparative performance of the PR [36]
and damped PR (DPR) [37] based controllers with the
proposed IPR-SOGI controller. This comparative study
considers performance indices such as the dynamic response
of weight components during load withdrawal. It can be
observed from Fig. 12 that the suggested controller has
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eliminate dc offsets. Furthermore, Table 2 is provided to
indicate indices such as %THD, steady-state error, PSC,
computational complexity, fluctuation of DC link voltage,
and cache memory requirement. It can be concluded that
the proposed IPR perform better during partial shading
conditions with lower computational burden.

IV. CONCLUSION

The real-time execution of the SPV-DSTATCOM system
connected to the grid during partial shading conditions,
with the aim of removing the DC offset, is demonstrated
here. Through the use of the ESA, the accessible maximum
power is generated from the SPV-DSTATCOM system with
different transient scenarios. According to the findings of the
preceding analysis for IPR-SOGI, the quality of the power
generated by the grid is improved by unpredictable SPV
power generation accompanied by unusual grid and load
scenarios. Compared to the traditional proportional resonance
controller, the IPR-SOGI method yields excellent results in
terms of DC offset rejection and increased THD reduction
potential, as well as increased system stability. Analytical
investigations along with experimental validations are also
performed in the laboratory for the SPV-DSTACOM with
the proposed IPR-SOGI controller. It is found that the grid
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current is injected with the desired power factor at a lower
9%THD than the permissible IEEE-519 limit.
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