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Abstract— A serious concern regarding deterioration in power
quality, has emerged with the increasing integration of solar
photovoltaic (PV) energy sources to the utility primarily in the
scenario of weak distribution grid. Therefore, power quality
improvement of the grid tied solar energy conversion system is
paramount by implementation of a robust control technique. This
work deals with a delta-bar-delta neural network (NN) control for
operating optimally by feeding active power to the loads and
remaining power to the grid as a function of distribution static
compensator (DSTATCOM) capabilities such as mitigating
harmonics, balancing of load and improving power factor. The
control algorithm provides the ability to adjust weights adaptively
in an independent manner and hence it offers alleviation in model
complexity predominant during abnormal grid conditions along
with reduction in computational time. Moreover, the neural
network based control technique offers enhanced accuracy due to
the combinational neural structure in the estimation process. In
addition, the system performance according to the IEEE-519
standard, has been verified hence, it is proficient in maintaining
the power quality. The solar PV array efficient utilization is
accomplished through an incremental conductance (INC) based
maximum power point tracking (MPPT) technique. For validating
the behavior of proposed system, its performance is studied using
simulation results. Moreover, a prototype is developed for
validation and experimental results corroborate reliable operation
under non-ideal grid conditions comprising of wide range of load
variations, voltage sag and varying solar insolation conditions.

Index Terms— Solar Photovoltaic (PV) Generation, Power
Quality, Delta-Bar-Delta, Neural Network, Distribution Static
Compensator (DSTATCOM)

I. INTRODUCTION

he energy has emerged as the backbone of the economic

and technological development of the world during the

past few years. In accordance with the reports, the
population of the world is estimated to grow by 1% in the
coming years. However, the gross domestic product (GDP) rise
is estimated to be around 3%. Moreover, considering GDP per
capita as the global energy demand indicator, the escalating
requirement of energy sources, is prevalent [1]. Therefore, with
an increase in the energy requirement of the world and the
exhaust of fossil fuels (like coal, natural gas and petroleum), the
emphasis on renewable energy sources is predominant [2]. In
addition, the increasing pollution levels due to an increase in
the carbon footprint, is one of the main factors for the
inclination towards utilization of renewable energy sources. In
order to build a large energy base, there is a need to fully exploit
the available renewable energy resources. Currently, the
contribution by the renewable energy sources, is around 18% of

the world energy demand. However, according to an estimate
by the International Energy Agency (IEA), the overall energy
requirement of the world, is expected to increase by 50% in the
near future [3]. With the reduction in pollution and an increase
in grid parity as the major benefits, solar energy is gaining
popularity due to the encouragement given by the government,
with an increase in government subsidies for their easy
installation and operation [4].

The contribution of solar power in terms of meeting the
global energy demand is increasing rapidly. During recent
years, the major factors include a sharp fall in the cost of silicon,
which is the primary resource in the solar power production [5]
and an upsurge in technical skill thereby leading to a decrease
in the overall solar photovoltaic (PV) cost. Villalva et al. [6]
have presented the modelling of PV array, where a simple, fast
and accurate method is given for realizing the solar PV array.
On the other hand, the solar PV array characteristics depict the
nonlinear behaviour between its voltage and current. As a
result, it is necessary to extract maximum power from the solar
PV array by utilizing a maximum power point tracking (MPPT)
mechanism in order to ensure that the interfaced power
converter is capable of self-adjusting its parameters during run
time based on the varying current/voltage levels of the PV
source. The realization of MPPT controllers [7] can be based on
different methods and algorithms. However, the prevalent
techniques include perturb and observe (P&O) [8] and
incremental conductance (INC) techniques. Due to the reduced
oscillations in INC method while determining the maximum
power point (MPP), it is preferred here and it is also suitable for
commercial purposes.

The utilization of solar photovoltaic systems, can be grouped
into single stage or double stage topologies. However, the
benefits of single stage topology, include reduction in cost as
the required number of component are less, decrease in losses
of the system due to absence of a boost converter and reduction
in the overall complexity of the system thereby enhancing the
utilization of solar PV array, which makes it a preferable choice
over double stage topology as presented by Wu et al. in [9].
However, the grid cannot be fed directly with power harnessed
from the PV array thus, a power converter like voltage source
converter (VSC) is essential for the DC-AC conversion process.
Therefore, the combination of solar PV array and VSC at the
point of intersection (POI) with utility grid, can be used in
standalone and grid-connected systems. In standalone systems,
the requirement of additional storage systems (batteries), is due
to the nonconformity in time regarding the solar PV output and
the energy requirement of the connected loads [10]. However,
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the exclusion of battery storage bank is the primary benefit of
grid connected solar PV systems, as the grid is utilized for
energy storage [11] resulting in the considerable reduction of
maintenance cost as well as initial cost. Nowadays, the rooftop
PV systems are being encouraged further due to the key factors
of reduction in land requirements and a decrease in size of
mounting structures.

Several issues are observed in terms of power quality and
reliability in regard with the supplied energy to the utility grid
[12]. These issues are observed at load side as well as utility
side. Nonlinear loads are connected at the load side, which are
a major source of harmonics, disturbances and load unbalancing
[13]. Moreover, the grid voltage in addition, suffers from power
quality problems of under voltage, over voltage and harmonics
due to the irregular and nonlinear loads. These power quality
issues lead to financial losses, equipment damage and loss of
important data. In order to alleviate the power quality problems,
VSC is also utilized as a distribution static compensator
(DSTATCOM), which performs the function of power factor
improvement and harmonics mitigation through an optimal
control technique [14]. There are numerous control techniques,
which exist in the literature involving phase locked loops
(PLLs) namely quadrature PLL (QPLL), enhanced PLL (EPLL)
[15], modified EPLL, dual second order generalized integrator
(DSOGI-PLL), fixed frequency PLL (FFPLL) and synchronous
reference frame (SRF-PLL) [16]. However, the major
drawbacks of PLL techniques, include enhanced complexity,
presence of abc to dq transformation, which worsens the
dynamic behavior and increases the computational burden.
Moreover, this transformation further leads to a sluggish
response. The comparative performance of the control
mechanism based on Kalman filter is shown in [17]. The control
technique based on least mean fourth (LMF) estimation, is
shown in [18], where complexity is augmented due to the
presence of fourth order optimization technique, which
degrades the steady state response. Furthermore, second order
generalized integrator (SOGI) based control is presented in
[19], which has reduced DC offset reduction capabilities.

The control techniques based on neural network (NN) are
gaining importance in recent times. The reduced computational
burden and algorithm complexity have been achieved due to the
recent advancement in NN. The NN based control algorithms
are being utilized for several applications including electrical
machines, aircraft landing control due to the accuracy provided
by these techniques with the combinational neural structure in
the estimation process [20]. Moreover, NN based control
techniques are becoming highly popular in grid integration
system, in order to make control fast and to increase the
decision taking ability. As shown in [21], a synchronous
reference frame (SRF) based NN control is presented. For
control purpose in the distribution network, the NN structure
based on least mean square (LMS) has been proposed by
Agarwal et al. [22]. The control method based on back
propagation (BP) technique is also presented in [23]. However
in case of the BP method, all weights are applied with the
similar learning rate. Hence, the same change rate is observed
for all weights. The Adam optimization based technique is
becoming popular however, the increase in complexity and
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reduction in generalization ability as observed in [24], has
limited their usage in the distribution system. Similarly, various
integration methods of NN with the conventional control
technique are available in the literature. However, the crucial
issues existing with these techniques are that the performance
under abnormal conditions of grid is not examined which are
although, in distributed power generation system a critical
phenomenon and are frequent in their occurrence.

In view of that, the delta-bar-delta based neural network
(NN) control method is used here, as it is capable of handling
nonlinearities, uncertainties, mitigating harmonics and
providing satisfactory response during power quality issues
[25] arising due to abnormal grid conditions like load
unbalancing, voltage sag and variable solar insolation.
Moreover, the application of the delta-bar-delta control
technique has never been implemented and executed for the
aspects of harmonics mitigation and extraction of the active
component of load currents. It is also extremely fast in nature
as here the weights are updated independently with self-
adapting capability. This property is advantageous as in
practical situations, where certain weights might be close to
optimum and thus they may have a stronger influence on the
error gradients. Consequently, a higher speed of convergence
and higher flexibility are achieved if these weights are
adjustable adaptively in an independent manner. Thus, fast
convergence rate and adaptive nature have led to a reduction in
computational burden and ease in application. A major
advantage also includes improvement in the performance with
soft computing NN based control structure without
considerable changes required in the hardware, which makes it
a desirable choice for commercial purposes by being compact,
energy efficient and reliable.

A. Contributions

The key contributions of this work, are summarized as
follows with respect to implementation of the delta-bar-delta
NN control algorithm.

e For the efficient performance of grid interfaced solar PV
system, a delta-bar-delta control algorithm is developed
where, the improved proficiency of the control technique is
due to the fast extraction of the load active power
fundamental component.

e The operation of proposed control method, is observed to be
consistent, flexible and robust even during conditions of
weak grid. Furthermore, the experimental validation of the
developed technique has been performed under various
conditions, such as under voltage, variable load conditions
and intermittent solar insolation conditions.

e A PV feed-forward term is also included to improve the
dynamic response in situations of disturbed atmospheric
conditions and the satisfactory performance of the proposed
system is validated in accordance to the IEEE 519 standard.

The simulation and training of control technique are executed
in MATLAB/Simulink environment utilizing Simscape toolbox
based on delta-bar-delta NN method for grid interfaced solar
PV system. In order to validate the performance of proposed
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Fig. 1 Proposed system configuration.

system under weak grid conditions, a laboratory prototype is
developed and satisfactory results are obtained in accordance to
the IEEE 519 standard [26] for conditions like varying solar
insolation conditions, load unbalancing and voltage sag.

Il. SYSTEM CONFIGURATION

The system configuration is represented in Fig. 1. It consists of
a solar PV (PV) array, which is utilized under standard test
conditions. Moreover, in order to utilize the solar PV array at
maximum power, a maximum power point tracking technique
(MPPT) is used based on incremental conductance (INC)
method. A VSC is used for interfacing the single stage solar PV
energy conversion system with three phase utility grid
connected and nonlinear loads at the point of intersection (POI).
It is interfaced through an inductor (Ls) in order to mitigate the
current harmonics present in the proposed system. In addition,
a ripple filter consisting of Ry, Cs is linked in shunt at the POI
for alleviating the switching ripples. The VSC consists of
insulated gate bipolar transistors (IGBTs) based switches (Si-
Se), where the switching pulses are governed by the generated
reference currents (i*ss, i"sp, i"sc) With the proper application of
delta-bar-delta NN based control. With the help of the delta-
bar-delta control, an efficient extraction of the load current
active power component is achieved, which is utilized in
estimation of the active power component of the grid currents.
Subsequently, it is used for the generation of switching pulses
of VSC. Hence, in order to enhance the VSC efficiency, it is
imperative to utilize an adaptive control algorithm. The
experimental and simulation parameters utilized for
corroboration of the proposed system, are given in Appendix.

I1l. CONTROL ALGORITHM

As depicted in Fig. 2, the grid tied solar PV system is
implemented using a control structure. The maximum power
point is determined through the use of an incremental
conductance (INC) method in order to improve the efficiency
of the solar PV array. The extraction of fundamental load active
power component is achieved through the usage of a delta-bar-

' Vsbe, Vsab andi Isa, |sb |5c H
/

delta NN control algorithm as depicted in Fig. 3. The estimation
of reference grid currents, is performed by the control approach
through appropriate switching of VSC, and therefore, the
harmonics are eliminated in the proposed system. The detailed
control structure is composed of (a) MPPT controller of a solar
PV array utilizing an incremental conductance technique, (b)
calculation of load active power current component, (c)
implementation of delta-bar-delta learning technique, (d)
assessment of grid currents active power components and
generating switching pulses of VSC, as described in the
following section.

A. MPPT of Solar PV Array utilizing
Conductance (INC) Technique

A maximum power point tracking (MPPT) algorithm at a
particular level of insolation based on incremental conductance
(INC) method, is realized in the system. The actual operating
point is obtained through INC algorithm as it ceases
perturbation on achieving the MPPT. An INC technique is
utilized due to its good steady state performance, easy
implementation and fast dynamic responses as well as
convergence rate. The working of INC based MPPT, is
governed according to the following equations,

Incremental

dPPV I PV dPPV —
—_—rv v _gtherefore, Vyepmen = Vierold (1)
dVPV VPV dVF’V b °
dPPV -1 PV dPP\/
> , > 0 therefore, V =V +AV, 2
av,, Vo, dv,, MPPnew — Y MPPold wee (2)
0Py < oy ) 0Py < 0therefore, Vyppre, =Vippos —AVyee (3)

dVPV VP\/ PV

where, the new and old reference DC-link voltages are denoted
as Vivernew, Vmpprpold and the past sample values are utilized for
subsequent iterations, which are stored as Vpy and ly.

B. Calculation of Active Component of Load Current

The current components of load active power (@as, @bs, @cs), are
determined with the usage of delta-bar-delta NN technique
from the polluted load currents utilizing supervised and feed-
forward principle. Here, the input layer is expressed for the
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Fig. 2 Block diagram of Delta-Bar-Delta NN based control structure.

Input Layer Hidden Layer Output Layer

Sigmoid Function

Sigmoid Function

Fig. 3 Proposed model of Delta-Bar-Delta NN based extraction of weighted
fundamental load active power components.

three phases as,

I Las wo uas ubs ucs ILa ILb ILc
I Lbs | = (po + ubs ucs ua.s ILb ILr: ILa (4)
I Lcs (/)o ucs uas ubs ILc ILa ! Lb

Accordingly, here ¢, is the bias weight and Uas, Ups, Ucs are the
unit templates in-phase with the POI phase voltages.
Therefore, for estimating in-phase templates, the line
voltages (Vsan, Vshc) are sensed and utilized. For determination of
phase voltages (Vsa, Vsb, Vsc), these line voltages (Vsab, Vsbc) are
used as,
v, =(2v, +V,

w13V, =(=v, +v, )/3v, =(-v, -2, )/3 (5)

Hence, the amplitude of terminal voltage (V,) is determined as,

where, V, = \[2(v2 +V2 +Vv2)/3 (6)

The evaluation of unit templates, is performed using these

calculated terminal voltage and grid phase voltages, which are
in-phase with POI as,

as:Vsa/Vt’ubs_v /Vt'ucs_vsc/Vt (7)

The extracted lias, libs, lics are further passed through an

activation function (sigmoid function) and the output signals

are obtained from the feed-forward segment are denoted as Zas,

st, ch-

Zas = f(ILas)'st = f(ILbs)1ch = f(ILcs) (8)

fl)=1/@+e"=), f(l,)=1/A+e"=), f(l)=1/A+e"=)
are the output signals of sigmoid function.
The hidden layer is fed with these estimated values of Zas,

sbe sbc

Zpns, Zcs hence, the signals obtained before providing to the
activation function, are given as,
i | [P | [Pas Pos Pos || Las Lo Zas
by |=| @ot |[+] @os Ps Pus || Zos Lo Zas 9)
la ] [Pl [P @as O || Zes Zas Zis

Here, po1, @as, pus, s are the bias weights of hidden layer and
the updated weights of three phases, respectively.

N N N

C. Implementation of Delta-Bar-Delta Learning Technique

The @as, @os, @cs are obtained by utilizing the average load
current active power weighted value (¢Lsa). At the p™ sampling
instant, the updated weight of phase ‘a’ is determined as,

Ap(p)=EAp(p-D)~(1-&)e, T (14)Z.(P) (10)
For p™ sampling instant, the resultant derivative d, determines
the current error gradient. The error to be minimized by the
momentum based optimization with delta-bar-delta learning
technique, is represented as,

E.(P) =i (P) ~ Use (P)22s(P) (11)
For the past error derivatives, the exponential average is
denoted by f, which governs in which direction, the error has
been decreasing which is expressed as follows.
f,=0f,,+1-0)d,, (12)
For the exponential average of the past derivatives, the
weighting is determined by 8 and the weighting on the last
derivative is controlled by (1-6). Therefore, the weightings
influence whether the distant gradients have a stronger
influence or the most recent ones on the f,. This concept is
reflected by the delta-bar-delta learning method, thereby
allowing only smaller adjustments, when d,f, is negative and
allowing larger modifications in the learning rate &, in which
dpfy is positive as shown in,

; :{gpl+tcfordpfp >0}
p

g,,x¢ ford f, <0
Consequently, the new weight change is observed as soon
as the new learning rate ¢, is decided and dp is composed of
f(Tas1)Zas(p). In order to adjust the weights adaptively, the
momentum based optimization approach is applied during
delta-bar-delta learning for obtaining the optimum weights.

(13)
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During online training of weights, this technique realizes the
new weight increment by superimposing the average of the past
weight changes and thus, the net weight change is smoothened
out. Thus, the updated weight of phase ‘a’ is represented as,

(pas(p) = ¢Lsa(p)+§{(pLsa(p) _(Dasl(p)} _(1_§)€p f ‘(Iasl)zas(p) (14)

Accordingly, gisa (p) and gas(p) are the active power component
average weighted value and the phase ‘a’ updated weighted
value at pt sampling instant, respectively. Moreover, Zs(p) and
pas1(p) are the output of feed-forward section and the weighted
amplitude of the load current active power, respectively. The
momentum is denoted as ¢, learning rate is represented by &
and f(las1) is the derivative of las1 component. Moreover, the
values of x as 0.1, ¢ as 0.5 and 6 as 0.7 are taken, as for wide
range of problems these set of values work well.

Therefore during optimization, the momentum term ¢
indicates the relative importance of the past weight change on
the new weight increment. Thus, the new weight increment is
decided by the current gradient and the past weight change
together. For instance, the momentum does not apply at all and
the past history has no place if ¢ is equal to 0. However, the
current change is totally based on the past change, if £ is equal
to 1. Moreover, the combined response to weight change is
obtained if the values of & lie between 0 and 1. Consequently,
each previous weight change would depend on the change prior
to that and all the way back to the first change hence, exhibiting
that all the weight changes are recursive. The oscillations are
minimized in the obtained error as the momentum accelerates
the current weight change, which thus improves the accuracy.
The need for adjusting weights adaptively can be accounted for
providing a quick response in case of abnormal utility grid
conditions and hence, ensuring satisfactory performance of the
proposed system.

Correspondingly, the updated weights for remaining phases
are expressed as,

o, (p) = (/’LSQ(P)+§{¢m(p)frpm(pfl)}f(lfé)spf'(lbsl)st(p) (15)
2 (P) = P (P) + E{Pa (P) ~ Pea (P—D} ~ L), T (1) Z.. (p) (16)
The las1, losi, lest are the extracted values, which are then

supplied to the sigmoid function for the estimation of active
fundamental component,

Pus = F (1) =1/ (A+e ') a7
P = F (1) =1/ A+ ™) (18)
Py = T (1) =1/ A+e ') (19)

A scaling factor of ‘k’ is used as presented in Fig. 3, in order
to obtain the actual value (pas1) since the output obtained from
the activation function is in the range of 0 to 1.The amplitude
of average active power fundamental component (pisa) is
calculated by utilizing @as1, @bs1, @cs1.

¢Lsa = (¢asl + %sl + qocsl) / 3 (20)
In order to separate low-frequency components, a low pass
filter of first order is utilized. The calculated output is termed
as average amplitude of weighted active power component and
it is denoted as ¢sa.

5

D. Assessment of Grid Currents Active Power Components
and Switching Pulses Generation of VSC

The DC link voltage error is evaluated by subtracting the
reference voltage (V'«) and the sensed voltage (Vec) as,

Ve =V (M) Vi () (21)

dce
Here, maximum power point tracking (MPPT) of the solar PV
array is utilized for obtaining the reference voltage level (Vq).
The voltage of DC link, is sensed by voltage sensor and is
represented as V. Moreover, by feeding Ve to the
proportional-integral (PI) controller, the voltage error (Vace) is
utilized for estimating DC loss component,

Iloss(m) = Iloss (m _1) + Kp {Vdce (m)} + Ki {Vdce (m) _Vdce(m _1)} (22)

Here, PI controller gains are designated as K; (integral gain) and
Ky (proportional gain).

The dynamic behaviour of PV system is improved by
incorporating a PV power feed-forward term (wpy) as,

Wy, =(2P,,) 1 (3V)

where, Vi, Ppy denote the terminal voltage and power obtained
from a PV array, respectively. The grid active power
component is calculated using average active power load
current component (¢Lsa), PV feed-forward term (wpy) and loss
component (lgss),

(23)

Ipnet = ¢Lsa + Iluss _va (24)
The reference grid currents are estimated utilizing grid active
power component and in-phase unit templates as,

o - -
Isa =1 pnet X Uas: gy, = I pnet X Upgrlse = I pnet % Ucs (25)

Hence, the obtained reference grid currents are subtracted from
the actual grid currents for error estimation,

*
lesa = lsa —lsarlesh = lsp —lsprlese =lsc —lsc (26)

For switching of VSC, the hysteresis current controller
generates the switching pulses by utilizing these errors.

E. Comparative Performance of Proposed Control with
Existing Control Algorithms

Fig. 4 illustrates the comparative performance with existing
control algorithms. The system operation is presented for both
dynamic and steady-state conditions. The load active
component (pas1) is shown during load unbalancing condition.
Hence, load unbalance in phase ‘@’ is considered from 0.5s to
1s, which shows the performance during dynamic condition.
Therefore, it can be seen from these results that proposed delta-
bar-delta control algorithm provides fast, smooth and
oscillation free active power component of load current. As
when the load in phase ‘@’ is removed then oscillations are
observed in SRFT control and erroneous estimation with
oscillations, is observed in LMS based NN control. Similarly,
during load injection conditions due to faster convergence, the
performance of delta-bar-delta is observed better as compared
to other algorithms. Thus, both dynamic and steady-state
performances of the system, are improved as oscillations with
delta-bar-delta NN control are damped efficiently. Table |
depicts the comparative performance of the control schemes.
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Fig. 4 Comparative Performance of proposed Delta-Bar-Delta control with
other existing control algorithms.

TABLE |. COMPARISON OF PARAMETERS OF PROPOSED DELTA-BAR-DELTA
CONTROL WITH CONVENTIONAL CONTROL ALGORITHMS

Parameters Proposed LMS SRFT
delta-bar- Technique control
delta control method

Response under undistorted distorted distorted

unbalanced load

Dynamic response fast fast slow

Requirement of PLL No No Yes

Weight convergence Fast Fast Slow

Grid current THD low high medium

Oscillations low medium high

Computational burden | medium less high

IV. SIMULATION RESULTS

The modelling and simulation of grid interfaced solar PV
system are done using MATLAB/Simulink. The waveforms of
grid currents (isanc), three phase grid voltages (Vsanc), VSC
currents (ivscanc), load currents (iLanc), DC link voltage (Vac),
solar array power (Py), solar array current (ipy), solar insolation
(G), loss component (ILoss), solar PV feed forward term (wpy) are
analysed for validating the satisfactory performance of the
proposed system. For validation of the proposed system, the
performance is verified in cases of variable solar insolation and
unbalanced loading conditions. In Fig. 2, the mechanism for
VSC switching pulses, is represented. The estimation of active
power component of the load current, is the main function of
delta-bar-delta NN control technique. Here, nonlinear loads are
modelled to validate the system operation in the unity power
factor (UPF) mode for dynamic conditions. The calculated
parameters, which are utilized for the satisfactory performance,
are presented in Appendix.

A. Behavior at Unbalanced Nonlinear Load

By opening one of the load lines (phase ‘a’), the load
disturbance condition is emulated, which emulates unbalanced
load and causes reduction in the effective load. In Figs. 5 (a-c),
the phase ‘@’ load is disconnected at 0.5s in case of nonlinear
load unbalanced condition. Therefore, as shown in Fig. 5 (a),
the load current of phase ‘a’ is equal to zero. After load removal
condition, an increase in the grid currents (isanc) is observed as
the net power being fed to the grid increases. However, the grid
currents are maintained sinusoidal in case of load unbalancing.
Moreover, in ‘@’ phase VSC current (ivsca), @ change in the

6

wave-shape can be observed, where it becomes sinusoidal as
VSC need not feed any harmonics current in phase ‘a’ after load
removal. The DC link voltage is maintained constant during this
unbalance, with the use of output of PI controller as shown in
Fig. 5 (b). No change is observed in PV power, PV current and
solar insolation due to unbalanced load condition. In Fig. 5 (c),
the waveform of the extracted active power component of load
current (pas1) is depicted and the dynamics in uss remains
unchanged. However, the loss component (I oss) shows a slight
change during the unbalanced load condition. The reference
grid currents obtained are sinusoidal in nature and for ‘a’ phase
an increase in the grid and reference currents, is observed, due
to a decrease in the load currents.

B. Behavior at Variable Solar Insolation and Nonlinear Load

The nonlinear loads are connected at POI, as presented in
Figs. 6 (a-c), under variable solar insolation. At 1.3s, the change
in solar insolation level is observed from 1000 W/m? to 800
W/m?2. A decrease in solar array current can be observed,
therefore, the solar array power is reduced while the load power
consumption remains same and hence, the grid currents (isanc)
are decreased in Fig. 6 (a). As shown in (Fig. 6 (b)), decreasing
solar insolation, leads to a subsequent reduction in VSC
currents (ivsca, ivsch, Ivsce). In accordance with the reference
value obtained from the MPPT, the DC link voltage is
maintained constant. With a decrease in solar insolation, the
solar PV power (Ppy), solar PV current (lp,) are decreased. As
shown in Fig. 6 (c), the internal control signals are observed
where the load current active power components do not
experience any change during changing solar insolation
condition. The in-phase unit template (uss) is maintained
sinusoidal. A slight change is observed in the loss component
(loss). Moreover, the reference grid current of ‘a’ phase (isa’) is
observed to decrease in magnitude during the decrease in solar
insolation. Similarly, the reference currents of remaining phases
are decreased due to the decreasing solar insolation condition.
The decrease in the grid current of phase ‘@’, has also been
shown.

— Increase in the grid
currents is observed
due to load
unbalancing

{— Load unbalancing
occurs as load of
phase 'a’ is
removed

0.5 0.
Time (sec)
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th
h
th
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V. EXPERIMENTAL RESULTS

The components of the hardware prototype, include a solar PV
array simulator, voltage source converter (VSC), ripple filters,
three phase AC grid and nonlinear load. With the use of Hall
Effect sensors (LA55-P, LV25-P), the current and voltage of
the system, are sensed, respectively. The OPAL-RT controller
(OP4510), is used with these sensed signals through analog to
digital converters (ADCs), where the signals are processed
according to the control algorithm loaded on field
programmable gate array (FPGA). Hence, the generated
switching pulses of VSC, are supplied through digital inputs
and outputs (DIO) to optocouplers. The optocouplers provide
isolation between power circuit in the system and OPAL-RT.

The IGBTs in VSC, are operated in accordance with the
switching pulses generated in the system. The PQ analyser and
digital signal oscilloscope (DSO), are utilized for recording the
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performance of the proposed system. For the solar insolation of ~ 1.8% when the grid voltage considered is 220V. The grid
1000 W/m?, in Fig. 7, the behavior of MPPT is presented. As  current THD is observed in Fig. 8 (h) which is equal to 3.4 %.
specified in Appendix, the calculated parameters are presented.  Due to the presence of nonlinear load in the system, THD of

. o L .
A. Operation of System at Steady-State load current is 27.3% as seen in Fig. 8 (i).

Figs. 8 (a-i) show the operation under steady-state of the EE TR b I T LT

PWR RDBK |

Y

proposed system at nonlinear load. As shown in Fig. 8 (a), the
grid current of 4.92A flows into the grid. The grid current total XPVarray _ ;

harmonic distortion (THD) is less than 5 %, which is observed kb Vi ' >
to be within the limits of the IEEE-519 standard. As the power
is being absorbed by the grid, the grid power is observed with
negative sign (Fig. 8 (b)). Fig. 8 (c) shows VSC current as 8.2A
and VSC power is observed as 3.11kW in Fig. 8 (d). The solar
PV array is responsible for delivering power to the grid and to
the connected loads in the distribution system, which is referred
to as VSC power. In Fig. 8 (e) and Fig. 8 (f), the load current
and load power are observed, respectively. The THD of grid
voltage (Vsan) is observed in Fig. 8 (g) and it is observed to be  Fig. 7 Performance at solar insolation of 1000 W/m? of MPPT.
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B. Dynamic Response of System at Load Removal

The removal of phase ‘@’ load is observed by suddenly
disconnecting load in Figs. 9 (a-€). The sudden disconnection
of the load current is presented by removing phase ‘a’ load and
the reference grid currents (i%ss, i"so, isc), load currents of
remaining phases (iwb, iLc) are shown in Figs. 9 (a-b). At the
instant of removing load, an increase in grid currents (isa, isb,
isc), is observed (Fig. 9 (b)). The dynamics in VSC currents
(ivsca, ivsch, Ivsce) are shown in Fig. 9 (c), where VSC current of
‘a’ phase is observed to be sinusoidal as it does not have to
supply harmonic current in phase ‘a’. The control signals
during unbalanced load, are shown in Fig. 9 (d), where the load
is suddenly removed and, therefore, a decrease in g@as is
observed during this instant. Consequently, ¢sa is slightly
decreased. However, there is no change observed in solar PV
current (lpy) and solar power (Pp,) as observed in Fig. 9 (e).
Moreover, Vg is maintained, in accordance with the reference
DC link voltage (Fig. 10 (e)).

C. Behavior of System under Voltage Sag at Nonlinear Load

At voltage sag in Figs. 10 (a-f), the operation of the system
under nonlinear load is presented. The performance under a
decrease in grid voltage, is shown in Fig. 10 (a). The Vg is
maintained at reference voltage under voltage sag condition in
Fig. 10 (b). The solar array voltage, solar array power and solar

9

array current have no change during this condition. The system
performs satisfactorily under the voltage sag condition as the
grid currents are observed sinusoidal in nature. However, an
increase in grid currents, is seen in Figs. 10 (c-e). Moreover, the
reference currents obtained are sinusoidal in nature and hence
the harmonics have been reduced. In Fig. 10 (f), various internal
signals depict control algorithm performance under the voltage
sag conditions. In Fig. 10 (f), the current loss component is less
than 1A and the waveform of extracted load current
fundamental active power component gas: is also presented.

D. Behavior at Variable Solar Insolation and Nonlinear Load

The decrease in solar insolation from 1000 W/m? to 800
W/m? is presented by waveforms of Figs. 11 (a-e). There is no
change observed in grid voltage (vsa), terminal voltage (V) due
to the changing solar insolation conditions. The reference grid
currents are reduced in magnitude as presented in Fig. 11 (b),
which are generated by the control approach. In addition, Fig.
11 (b) shows a decrease in magnitude of the grid currents due
to the decrease in insolation and a reduction in wyy and Iy is also
observed. In Fig. 11 (c), the internal signals are observed with
the decrease in solar insolation. As observed in Fig. 11 (d), Vac
is maintained almost constant by using a Pl controller for
satisfactory performance. In Fig. 11 (e), a decrease in VSC
(ivsca, Ivsch, Ivsce) currents, is presented due to decrease in solar
irradiation.
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