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Abstract

In this paper, a new variable step size least mean square adaptive filter-based control algorithm is proposed to generate refer-
ence current for voltage source converter of a grid-integrated PV system. The proposed control generates reference current
by extracting the fundamental active and reactive component from load current with fast convergence. The proposed control
offers better initial transients and dynamic performance than conventional LMS and synchronous reference frame-based con-
trol. Grid-integrated PV system is modelled in MATLAB/Simulink and is tested on different loading condition viz. nonlinear
load, unbalanced load and variable load. Further, to validate the efficacy of the proposed control, it is also tested in real time
on prototype hardware in the laboratory. It has been observed that proposed control provides compensation of harmonic and

reactive power of the local load. Distortion at grid side of the system is within the limits as per IEEE-519 standard.

Keywords Variable step size least mean square (VSSLMS) - Power quality (PQ) - Voltage source converter (VSC)

1 Introduction

The nonlinear loads, viz. arc furnaces and variable frequency
drives, etc., at consumer side have deteriorated the quality of
power in utility grid. As a consequence, distribution system
suffers from low power factor, unbalance current, poor volt-
age regulation, increase in neutral current, transients, har-
monic distortion and flicker in distribution grid. To improve
these power quality (PQ) issues, photovoltaic (PV) system
has been integrated to a distribution grid. The main features
of a PV system integrated to grid are: maintaining grid cur-
rent sinusoidal by compensating the harmonics, neutralizing
the effect of unbalance loads and maintaining power fac-
tor of the grid at unity [1-5]. To ensure the effectiveness
of the proposed control, IEEE-519 standards are taken in
to the consideration [6, 7]. As per IEEE-519, less than 5%
total harmonic distortion (THD) in grid current and less
than + 5% voltage fluctuations are allowable at PCC [7, 8].
Therefore, to maintain PQ within reasonable limits of IEEE
requirements, it is necessary to establish an effective control
of grid-integrated PV system with improved performance.
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PV system operated to get maximum efficiency using vari-
ous algorithms [9—11]. Various conventional control algo-
rithms of MPPT such as incremental conductance (INC),
adaptive step size MPPT with single sensor and perturb &
observe (P&O) are presented.

Many conventional control techniques viz. synchronous
reference frame (SRF), unit template, least mean square
(LMS) and least mean fourth (LMF) have been imple-
mented [4, 7-17]. A phase locked loop (PLL) is required to
transform three phases to synchronous frame in SRF-based
control, but sometimes it shows computational delay and
also it has to be tuned preceding to its operation. In the lit-
erature [18], PLL performance has been found to be easily
influenced by distortions and noise and to overcome these
drawbacks SOGI PLL has been proposed, but it also suffers

from poor dynamic response and uses generalized inte-
grator thus requiring tuning of gains. Reference current is
estimated using the voltage and current of the PCCC in the
implementation of IRPT; therefore, fluctuation in voltage
will reflect in the reference current. LMS and LMF suf-
fer from fluctuations and less accuracy in estimating mean
square error (MSE). In the past few decades, adaptive con-
trol algorithms have been proposed for many applications.
Among them, the least mean square (LMS) algorithm is a
distinguished one, whose stability and optimality are fully
discussed in many literatures [13—-20]. Due to its simplicity,
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conventional LMS adaptive control has been implemented
widely, but the performance is often unsatisfactory because
of poor dynamic performance, due to compromise between
tracking capability and accuracy in fixed step size.

In the conventional LMS adaptive control algorithm,
estimation of mean square of error (MSE) is accomplished
by fixed step size. Fixed step size (u) is a positive scalar
constant that governs the rate of convergence and stabil-
ity of the algorithm. Step size (u) value must be small and
positive to maintain the stability of the adaptive filter. A
trade-off point between the convergence rate and SME is
an issue while choosing the value of the step size. The step
size, used in most of these adaptive algorithms, is the func-
tion of a filtering error signal that is not equal to zero when
the filter converges [21, 22, 23]. However, the characteristics
of the error are responsible for deciding their step size. For
further improvement, an improved new variable step size
LMS (VSSLMS) control is proposed and implemented for
grid integration of solar PV system in MATLAB/Simulink.

In this paper, a new variable step size LMS (VSSLMS)
adaptive filter is derived by regulating the step size. The step
size (u) in proposed control merges estimation error, small
positive constants a and f, respectively. Step size (u) helps
to reduce instantaneous estimation errors thus accelerating
the convergence rate of the algorithm [21]. The purpose of
the grid-integrated PV system using proposed control is to
accomplish the load necessity, then after filling the load
necessity, remaining power is supplied to the grid. When-
ever, generated power is not enough and then load necessity
is fulfilled by receiving extra essential power from the grid.
The proposed algorithm successfully improves the initial
transients and dynamic performance of the system with the
faster convergence rate; hence, it decreases the error faster
compared to the LMS and SRF. LMS and SRF controls show
poor/slower convergence rate which reduces dynamic per-
formance of the system. These challenges can be improved
by proposed control. The proposed VSSLMS control algo-
rithm is also implemented and tested in real time on proto-
type hardware in the laboratory.

The prime contributions of the paper are given below:

1. Proposed VSSLMS algorithm extracts active and reac-
tive fundamental component from load current with a
faster rate of convergence; hence, dynamic performance
get improved.

2. PF of the grid has been improved by compensating the
reactive power.

3. Maintains grid current to be sinusoidal and balanced
during the nonlinear and unbalanced load, respectively,
thus improves PQ.

4. It is more efficient than conventional LMS and SRF
control due to faster tracking abilities during dynamic
loading condition.
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5. The proposed control is efficient under adverse scenario
of the grid viz. unbalance and distorted grid voltage.

2 System description

Figure 1 demonstrates the proposed grid-integrated PV sys-
tem. Proposed system consists of PV array, DC-DC boost
converter, MPPT, VSC, interfacing inductors and various
loads. To get the maximum efficiency from PV array, P&O
MPPT is employed. Grid integration of PV system is accom-
plished using proposed VSSLMS adaptive control algorithm
of VSC. Efficacy of the proposed algorithm is validated in
MATLAB/Simulink and experimentally on a prototype hard-
ware in the laboratory.

3 VSC Control technique

The proposed control algorithm is depicted in Fig. 2. Pro-
posed control algorithm extracts the fundamental compo-
nents from load current to estimate reference current. It
improves the PQ of the grid by compensating harmonics.
Performance of the system is analyzed in power factor cor-
rection (PFC) mode of operation. Grid-integrated PV system
is modelled in MATLAB/Simulink2016 (a), and various sys-
tem parameters are given in the appendix.

3.1 VSCswitching pulse generation

3.1.1 Estimation of in-phase and orthogonal unit
templates of voltages

The peak amplitude of voltage (V,) of grid voltage, can be
calculated by:

vi= 205005 402) W

The in-phase unit template voltages (Upa,uph U,) can
be calculated from phase voltages (V,,, V,,, V,.) and peak

sa’

amplitude of voltages (V) [14] as follows:

U =&Z/{ =&Z/{ =& )
PV T YT,

The reactive/orthogonal/quadrature unit templates ({4,
Uy, U,,) can be obtained from in phase unit template volt-
ages as follows:
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3.1.2 Estimation of active and reactive weight components

Instantaneous estimation error (e,) of active component in
each phase at nth instant is estimated from in-phase unit tem-
plate (u,) and load current (i, ) for any phase “m” as follows:

() = i1, (1) — Uy, (n) * wp,,(n— 1) )

99

where w), is fundamental active weights and “m” represents
the phases “a”, “b” and “c”.

New variable step size (u) for proposed control algorithm
can be realized by mathematical equations [21, 23] as given
below:

P

N =
HEN) {[1 + exp (—ale(n)e(n — 1)|)] - 0.5} )

where e (n) represents the estimation error at nth instant.
Estima?tion. error (ep) o'f different phases €ras Eps Epe is esti-
mated using in phase unit template (up) and load current (i;)

at nth instant as follows:

() = i, () — u,,(n) * w,,(n) (6)
e[,,,(n) =1i;,(n) — upb(n) * wpb(n) (7)
epc(n) =1i;.(n)— upc(n) * wpc(n) 8)

Fundamental active weights w,,,, w,,, w,. at(n+1) instant

[T L)

for phase any phase “m” can be computed as:
W+ 1) = W, (1) + p(n) * €, () ©)

where e,,,(n) is the priori estimation error and u(n) is step
size for minimum error. Updated weight vector w,,,(n + 1)
is calculated from weight w,,,,(n) for overall error minimiza-
tion. Updated weight vector for different phases given below:

Wpa(n + 1) = w,,(n) + u(n) * e,,(n) (10)
Wy + 1) = w,, (1) + pu(n) * e,,(n) (11)
Wye(n+ 1) = w,.(n) + u(n) * e,.(n) (12)

The fundamental active weight component of load (wy) is
estimated by taking average of updated weight vector.
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(wpa + Wy + wpc)
Wl =

= 3 13)

The purpose of proposed control technique is to minimize
the error. Similarly, reactive component of error (e,) and fun-
damental reactive weight components of load (wy) can be
computed as follows:

eqm(n) =i,,(n) — Uy * W, (14)

(an + Wb + ch>
W] =

= 3 s)

The error in sensed actual dc-link voltage (V) as com-
pared to (V) reference voltage is compensated using PI
controller. Output is dc loss weight (w,.) of PI controller
is given as:

We(n+ 1) =wy (n) + Kpd{vdc(e)(n +1)— vdc(e)(n)} + K,-dvdc(e)(n +1)
(16)

where K,;, K, are gains of dc bus PI controller. vy, (n + 1)
is the error of the sensed V. and V;_dc bus voltage at (n+1)
th sampling time.

Total active weight (w,) component in reference cur-

rent can be calculated as:
Wps = Wlp + Wic (17)

The active in-phase reference current components can
be evaluated as:
i;a =W,y i:b =W,k i;c =W, * Uy, (18)
The sensed peak magnitude of supply voltage is com-
pared with set reference peak magnitude and generated
error is compensated by PI controller. Output of the con-
troller is ac loss weight (w,.) is given as:

Waen+ 1) = w,e () + K, {v,(n+ 1) = v () } + Ky (n + 1)

19
where K,,, K, are gains of ac voltage PI controller and
v(n + 1) is the error of the sensed ac voltage and reference
ac bus voltage at (n+ 1)th sampling time.

Total reactive weight component (w,,) of the reference

current as shown below:

Was = Wac — W),

q q (20)

Reactive reference current components can be evalu-
ated as:

e o L
fga = Was*Ugas Tgy = Woklgp iy, = Woly (€3
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3.1.3 Estimation of reference current and switching signal
for VSC

The summations of reference active and reactive

(1pa, Dy lpc),(lqa, Ly zqc),respectlvely, are used to gener-
ate reference current (i* , ¥, i* ) which is given by:
sa sb scC

o i
ba = + lqa’ sb

=0+

%
+lqb’ sc pc - Tqc (22)

Further, reference current is compared with sensed grid
current in hysteresis current controller for generation of
gating signal for six switches of voltage source converter.

4 Simulation results and discussions

In the present section, simulation results have been pre-
sented. Performance of proposed new VSSLMS-based con-
trol of grid-integrated PV system is analyzed and compared
with conventional SRF and LMS adaptive control. Proposed
control maintains the current and voltage harmonics within
limit of IEEE standard and reduces the reactive power bur-
den on the grid.

Proposed control is modelled in MATLAB/Simulink
environment and studied in PFC mode of operation. Simu-
lation and experimental parameters of the system are given
in the appendix.

4.1 Performance of grid-integrated PV system

4.1.1 Dynamic and Steady state behaviour under linear,
nonlinear and unbalanced load at STC input

The performance of proposed new VSSLMS adaptive con-
trol under linear and nonlinear load depicted in Figs. 3 and
4, respectively. Various parameters of the system viz. V4,
Lorigs Dioads> Linws Vo and power balance between grid, load and
inverter are also analyzed.

It can be seen from Fig.3 that till 0.15 s PV inverter sup-
plies 4kW active power and 3.0 kVAR of reactive demand
of the load, Vgrid and Igrid are 180° out of phase (as excess
6.25 kW power is supplied to the grid), V. is maintained
at 750V. The inverter alone supplies the load active and
reactive power demand, which decreases the reactive power

'o’o’o'o'o’o’o’o’o’o’o’o’o’o’o’o%’o’c’o'o'&'o'o’o’o%’o’o’o’c’o%’o’o’o’o’M'c’o%'o'«’o’o'&'o’o’

Time(seconds)
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Fig.4 Simulated performance
of system under nonlinear
(balance/unbalance) and load
varying at STC input
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drawn from the grid to zero, demonstrating that the proposed
control is effective in maintaining the grid at UPF.

Further, unbalanced condition and load varying condition
occur at 0.15 s and 0.30 s, respectively. Performance of the
proposed control under linear unbalanced load condition by
keeping one phase (phase b) disconnected between 0.15 and
0.25 s is studied and various parameters Viz. Vg, Lyrig> Lioads
Iinv’ P grid> Qgrid’ P inv? Qinv7 P load> Qload? and Vdc are analyzed
and depicted in Fig. 3. During unbalance period, inverter
current compensates, effect of load unbalance and maintains
grid current to be balance. It also supplies the load require-
ment for reactive power and thus holds the grid at UPF along
with the balance grid current. For the load varying condition
between 0.3 and 0.45 s, an extra linear load of 10kVA, 0.8
pf lagging is added at 0.3 s in the system. After 0.3 s, load
demand is 15k VA and 0.8 pf lagging (12 kW and 9 kVAR).
Power supplied by PV inverter is 10.25 kW which is not
enough to fulfill the load requirement, therefore, to meet the
load demand extra required power 1.75 kW is taken from
distribution grid.
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It has been realised that during load variation and single
phasing also that /4 is sinusoidal and V. is maintained at
750 V. THD in I is also maintained at 3.37% as depicted
in Fig. 7a which is as per IEEE standard 519-2014, well
within the limit.

Further, to test the proposed control under nonlinear load,
it has been considered and results are shown in Fig. 4. It
is observed that till 0.15 s PV system supplies its nominal
power of 10.25 kW. It is observed from Fig. 4 that till 0.15 s
Viria and Iy, are 180° out of phase, maintains Vg at 750 V,
PV inverter supplies 3.1 kW active power demand of the
load. Further, remaining 7.15 kW power of the PV system
is supplied to the grid.

Further, proposed control under nonlinear unbalanced
and load varying condition is also tested. Under nonlin-
ear unbalanced load condition by one phase ‘b’ of load
disconnected between 0.15 and 0.25 s and various param-
eters viz. Vgrid? Igrid’ Iload’ Iinw Pgrid’ Qgrid’ Pinv’ Qinv’ Pload’
Qioad» and V. are analyzed and presented in Fig. 4. During
unbalance period, inverter current compensates, effect of
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load unbalance and maintains balanced grid current. It also
supplies the load requirement for reactive power and thus
holds the grid at UPF along with the balance grid current.

For the load varying conditions between 0.3 and 0.45 s,
an extra linear varying load of 5kVA, 0.8 pf lagging is
added at 0.3 s in the system of existing nonlinear load.
After 0.3 s, load demand is 7.1 kW and 3 kVAR, out of
which 7.1 kW is supplied by PV inverter, as its generated
power is 10.25 kW, after satisfying the load requirement,
remaining power 3.15 kW is supplied to grid. It has been
realised that during load variation and single phasing also
grid current is sinusoidal and V 4, is maintained at 750 V.
THD in I,,4 is also maintained at 4.12% as depicted in
Fig. 7b which is as per IEEE standard 519-2014, well
within the limit.

4.1.2 Dynamic and steady state behavior under linear
and nonlinear load at varying insolation

Further, the proposed new VSSLMS control is also tested
at varying insolation under linear and nonlinear load. Solar
irradiance is decreased at 0.15 s from 1000 to 700 W/m?
and again increased to 1000 W/m? at 0.25 s; thus, solar PV
current decreased; thus, PV output power is reduced and
vice versa.

A 20kVA, 0.8 pf lag linear load is considered, simulated
results and corresponding various parameters Viz. Vg, lorigs
ligags Linv: Pgrias Qeria> Pinv Cinvs Proads Qload» and Vg of the
PV inverter are shown in Fig. 5. It is observed from Fig. 5,
that both V4 and 1,4 are in phase (as power is supplied
from grid to load), V4 is maintained at 750 V, PV inverter
supplies its generated power 10.25 kW which is not enough
to fulfill the load demand of 20kVA, 0.8pf lag(16 kW and
12kVAR); therefore, to meet the load demand, extra power

5.75 kW is taken from distribution grid, while 12 kVAR

Fig.5 Simulated performance
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of reactive demand of the load is supplied by PV inverter
alone, showing proposed control is efficient in maintaining
the grid at UPF.

Further, the proposed algorithm on linear load is
tested under varying insolation from 0.15 to 0.25 s. The

performance of system using proposed algorithm under lin-
ear load condition under varying insolation between 0.15
and 0.25 s is analysed and various parameter Viz. Vg, Lorig,
Iload’ Iinw P grid» Qgrid’ P inv? Qinw P load? Qload’ and Vdc are pre-
sented in Fig. 5. Due to decrease in solar insolation, P;,, is

Fig.6 Simulated performance =
of system under nonlinear load o
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Fig.7 a, b Compensated grid current waveform and THD under linear and nonlinear load, respectively, at STC; ¢ and d compensated grid cur-
rent waveform and THD under linear and nonlinear load, respectively, at varying insolation
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decreased to 7.75 kW at 0.15 s causing the grid to supply
2.5 kW more power (total 8.25 kW) to the load as depicted
in Fig. 5, while total reactive power demand of load is still
supplied by inverter alone hence keeping grid at UPF during
the adverse scenario of solar insolation. It has been observed
that during solar insolation variation, sharing of active
and reactive power between load (P,,g, Ojoaq)> grid (P
Qgrig) and inverter (P;

grid>

e Qiny) 1S Maintained, grid current is

Signal
s 5
=
o LL JJ LL I
= 0
=
.
@ -5

0.2

FFT analysis
?g 1 Fundamental (50Hz) = 6.154 , THD= 29.39%
£
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=
]
Z 0.5
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= 0
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Fig. 8 Uncompensated nonlinear load current waveform and THD

sinusoidal and maintains V. at 750 V. THD in I, is also
maintained at 1.38% during the varying insolation also as
shown in Fig. 7c¢ which is as per IEEE standard 519-2014,
well within the limit.

Further for a nonlinear load at varying irradiance, simu-
lated results and corresponding various parameters Viz. Vg,
Igrid9 Iload’ Iinv’ Pgrid’ Qgrld’ inv> anv’ Pload’ Qload’ and Vdc of
the PV inverter are shown in Fig. 6. Vg and 1,4 are out of
phase by 180° (as power is supplied to grid), V4 18 main-
tained at 750 V, PV inverter supplies its generated power
10.25 kW after satisfying the load demand of 3.1 kW, rest
power 7.15 kW is fed back to grid, while PV inverter alone
supplying reactive power demand of the load, showing pro-
posed control is efficient in maintaining grid at UPF.

After decrease in solar insolation, PV inverter power
is decreased from 10.25 to 7.75 kW at 0.15 s leading to
decrease in the power fed to the grid by 2.5 kW as shown in
Fig. 6. While reactive power demand of load is supplied by
PV inverter (VSC) alone hence keeping grid at UPF during
the adverse scenario of solar insolation. After 0.25 s, inso-
lation and PV power both have been increased and system
remains in steady-state condition.

It has been observed that during solar insolation variation,

active and reactive power is balanced between inverter (P;,,,
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voltage with harmonic content/distortion; b zoomed area of grid volt-
age waveform under unbalance and with harmonic content; ¢ THD in

grid voltage with harmonic content; ¢ THD in grid current under grid
voltage with harmonic content
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Oiny) l0ad (Pygyg, Qloaq) and grid (P, Qgyig) is maintained,
Iyyi4 1s sinusoidal and V. is maintained at 750 V. THD in
Iyq is also maintained at 4.03% during insolation varying
as shown in Fig. 7d, while load current THD is 29.39% as
shown in Fig. 8.

4.1.3 Performance under unbalance grid voltage and grid
voltage with harmonic contents

Further, proposed control is also tested under unbalanced
grid voltage and grid voltage with harmonic content for
nonlinear load. Figure 9 depicts the response of the system.
Various parameters Viz. Vyiig, Lorid> ioads Tin» Vac and THDs in
grid voltage and current are analyzed and presented.

It can be seen from Fig. 9a that from 0.15 to 0.25 s,
grid voltage is under unbalance and suffers from distor-
tion between 0.25 and 0.35 s, respectively. During unbal-
ance voltage of grid which is decreased by 16% and 12% of
phases “a” and “c”, respectively, as can be seen from Fig. 9a,
b. Under unbalanced grid voltage condition, the proposed
algorithm maintains grid current to be balanced and free

shown in Fig. 9c. During the adverse scenario of grid voltage
with harmonic content, VSC maintains the THD in grid cur-
rent as 2.6% as shown in Fig. 9d, which is within the IEEE
standards. Hence, proposed control is efficient in maintain-
ing grid current to be sinusoidal viz. free from harmonics
and balanced irrespective of grid voltage harmonics and load
harmonics as depicted in Fig. 9.

4.1.4 Comparison of proposed VSSLMS control
and conventional SRF and LMS

Figure 10 shows comparison of proposed VSSLMS control
with conventional SRF and LMS adaptive control. Nonlinear
load viz. bridge rectifier with RL load (R=100 Q, 100 mH)
is considered and further to investigate the transient response

Table 1 Comparison of proposed control with SRF and LMS control

Control algorithm Settling  Overshoot in Undershoot in

time active component active component
from harmonics irrespective of voltage unbalance and load (sec) (W, (W,o)
harmonics. It is also maintaining grid at UPF along with the
. SRF 0.06 160 - 58
balance grid current. LMS 0.05 140 S0
Further, the behaviour of the system is observed when P q 0'03 .5 B ’s
grid voltage with harmonic content up to 18.4% THD as ropose i _
g T T T T T T
: 150 .
g 100 SRF Proposed (VSSLMS) LMS |
=
= so -
=
g
é. 0 / T =
::r:J -5“ i 1 1 1 \ 1 1 ]
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Time(seconds)
E Proposcd (VSSLMS) LMS ‘;‘ -13 SRF Proposed (VSSLMS) LMS
] < .
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Fig. 10 Comparative performance of proposed control with SRF and LMS control
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during load perturbation one phase of load is kept removed
from 0.15 to 0.25 s.

It can be seen from Fig. 4 that till 0.30 s, PV system sup-
plies its rated active power. It is observed that till 0.30 s Vg
and /y,;4 are 180° out of phase (as power is fed to the grid);
therefore, active component of reference supply current is
negative as it can be seen from Fig. 10.

Figure 10 shows the comparison of transient and dynamic
performance under considered load. It can be seen from the
Fig. 10 that during grid integration, proposed control gives
best initial transient response in terms of settling time, over-
shoot and undershoot as given in Table 1 and has less oscil-
lations. Further during load perturbation, it can be seen that
proposed control has lower ripples as compared to that of
the conventional SRF and LMS control, settling time using
proposed VSSLMS control is 30 ms, whereas it’s 50 ms and
60 ms, respectively, in case of conventional SRF and LMS.
Hence, the proposed control is more efficient than that of
other conventional SRF and LMS adaptive control.

5 Experimental Results

Due to limitation of the lab, developed prototype is made to
operate as DSTATCOM by taking reference DC link volt-
age of 200V. Proposed control is tested to conduct VSC as a
DSTATCOM. Figure 11 shows the prototype hardware setup
developed in the laboratory.

2. Interfacting
Inductors

V-
1.Grid

4. PQ
Analyser =3

-
,/"/':‘.;’/\" &

/ 8. MicroLab

Fig. 11 Hardware prototype of DSTATCOM

N

Developed hardware has: 1. Grid, 2. interfacing indctors,
3. loads 4. power analyzer (Fluke/HIOKI-198), 5. inverter
6. DC supply, 7. DSO (Agilent made DSO7014A): Four-
channel, 8. DSP-dSPACE-1202 MicroLabBox, 9.control
desktop. Hall-effect-based sensors: voltage (LV 25-P) and
current (LA 55-P).

5.1 Performance of proposed control under various
load and grid conditions

5.1.1 Linear load

Performance of proposed control, under linear load of 0.48
kVA, 0.93 pf lagging has been considered. Various experi-
mental parameters of the system Viz. Vg, Lrig> Lioag> CUTTENE
supplied by inverter (/;,,) of one phase “a”, before and after
compensation are shown in Fig. 12a. Power factor of the
load is 0.93 pf lagging, before compensation, it can be seen
from Fig. 12b, while after compensation reactive power sup-
plied by grid is approximately zero, showing UPF operation
of proposed control as shown in Fig. 12c. After compen-
sation, load reactive demand is fulfill by the VSC alone.
Figure 12b and c¢ show the power factor of the grid before
and after compensation, respectively. Power factor of grid is
maintained UPF after compensation as it can be seen from
Fig. 12c¢ as reactive power fed by grid zero.

6. DC Supply

Box

~ 9. Control
Desktop
—
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Fig. 12 Experimental result using proposed control under: a wave-
form; b and c load parameter and pf before and after compensation
respectively

5.1.2 Nonlinear load

Performance of proposed control is tested on hardware pro-
totype under nonlinear load by connecting a diode bridge
rectifier with R load (R=50 Q). Figure 13a shows the Vg,
Iysigs Tioag> current supplied by inverter (/;,,) respectively of
one phase (‘a’) and Fig. 13b shows the load variation from
50 to 40 Q. Inverter act as a harmonic compensator by com-
pensating the harmonics of local loads. THD in grid current
is less than 1%, while nonlinear load current THD is approx-
imately 27% as shown Fig. 13c, d, respectively, which is well

within IEEE standard 519-2014. It is analyzed that using
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Fig. 15 Response of the system under unbalance grid voltage: a load
under unbalance voltage of grid; b load unbalance

proposed control, grid current is improved significantly in
terms of distortion by removing the harmonics.

5.1.3 Nonlinear unbalance load

To study the performance of proposed control under nonlin-
ear unbalanced load, existing diode bridge rectifier with R
load (R=50 Q) is taken. Unbalanced is created by removing
one phase for few cycles and again connected back. Vari-
ous experimental parameters of the system viz. [, ,4, fun-

damental active component (W), V. and I;,, are shown

Fig. 16 Comparison of proposed and conventional SRF- and LMS-
based control

Table2 Comparison of proposed algorithm, conventional SRF and
LMS

S.N Criteria SRF LMS Proposed

1 Accuracy Good Moderate Better

2 Convergence Slow Moderate Good

3 Complexity High Low Low

4 Step size NA Constant Variable

5  dSPACE-1202/sampling 50 uS 40uS 40 ps
time

6 Filtering type Time domain Adaptive Adaptive

7 Static error High High Low

8 Dynamic oscillations in ~ High High Low

active component

in the Fig. 14. From the experimental result, performance
is efficient.

5.1.4 Performance under unbalance grid Voltage

Performance of proposed control is also tested under unbal-
ance grid voltage at nonlinear and unbalanced load both.
From Fig. 15a, it can be seen that, during the unbalance of
voltage of the grid which is decreased by 17% (approx.) in
phase ‘a’, proposed control is efficient in maintaining the
grid current to be balance and free from harmonics. Further-
more, during the unbalance of the load by means of remov-
ing one phase of load, different phases of load current are
depicted in Fig. 15b. It has been found that performance
using proposed control is efficient under unbalance scenario
of the grid voltage also.

5.1.5 Comparison of proposed and conventional SRF
and LMS based control

Performance of proposed VSSLMS control has been
compared with conventional LMS and SRF control and
is depicted in Fig. 16. It has been observed that proposed
control’s performance is efficient over other conventional
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control and provide comparatively 40 ms faster convergence
speed with minimum oscillations during dynamic condition
viz. unbalanced load. Moreover, proposed control does not
require any complex block like phase lock loop (PLL) for the
synchronisation, which reduces the additional computational
burden and provides faster response in terms of convergence
speed compared to the SRF and LMS algorithm to estimate
the reference current. Table 2 shows the comparative analy-
sis of proposed control with other conventional control.

6 Conclusion

Solar PV system has been integrated to grid and has been
studied using proposed new VSSLMS adaptive control algo-
rithm of VSC. Proposed algorithm performance is tested at
STC and varying insolation both under various balanced/
unbalanced loads. Under various conditions, UPF opera-
tion of inverter is maintained and the THD in grid current
is within the limits as per IEEE standards 519-2014. Pro-
posed control is compared with conventional SRF and LMS
adaptive control and it is found that proposed algorithm
depicts better transient response under PV grid integration
and dynamic load (unbalance) also. Proposed algorithm
is validated experimentally in the laboratory on prototype
hardware. Simulation and experimental investigations jus-
tify the efficacy of the proposed algorithm. Moreover, solar-
PV system using proposed new VSSLMS adaptive control
maintains the PQ of the system along with the PV power
generation.

Appendix

Simulation parameters grid voltages (V,.): 415V, fre-
quency: 50 Hz, line impedances (R, L,): 0.01 Q, 0.ImH,
interfacing inductor (L;): 7mH, DC link capacitor (C.):
1000 pF, Vieqer: 750 V5 a=20; f=0.01; sampling time
(T,)=5.5 ps; source impedance:(R;=0.01 Q, Ls=0.1 mH)
per phase;

Solar PV parameters: nominal power:10.25 kW, nominal
voltage: 410 V, nominal current: 25 A;

Boost converter parameters: L: 0.5 mH, switching fre-
quency (f,): 10 kHz, capacitor (C): 1000 pF, duty cycle (D):
0.43;

Various loads: linear load (balanced/unbalanced): 5
kVA, 0.8 pf lag (unbalanced between 0.15 and 0.25 sec);
nonlinear load: bridge rectifier R=100 Q, L=100mH
(unbalanced between 0.15 and 0.25 sec); linear varying
load: 5 kVA, 0.8 pf lag+ 10 kVA, 0.8 pf lag (between 0.3
and 0.45 sec.); nonlinear varying load: (bridge rectifier

@ Springer

R=100 Q, L=100 mH) + 5 kVA, 0.8 pf lag (between 0.3
and 0.45 sec);

Experimental parameters of the prototype hardware:
grid voltage (V; ;)=100 V(58 V/phase); reference dc link
voltage (Vye(epr) =200 V; VSC rating =25 kVA; interfacing
inductor (L) =5 mH; nonlinear load (R=50 Q, 30 Q); linear
load: 0.48 kVA (0.93 pf lag); a=20; f=0.01; gain of dc PI
controller: k,=0.50, k;=0.1; T;=40 ps.
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