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ABSTRACT

Alternative energy sources have impacted as the ideal choice for reducing the burden on the grid
and producing clean energy for water pumping. As an alternative to conventional motors for
pumping, switched reluctance motor (SRM) is promising, cost-effective and highly efficient. This
paper presents artificial intelligence (Al) supported variable voltage angle control (VVAC) for
indirect and direct photovoltaic (PV)-fed SRM-based water pumping systems (WPS). Proposed
feedforward neural network (FFNN) and adaptive neuro-fuzzy inference system (ANFIS) models
are simulated and analysed for their percentage average error and real-time execution speed in the
dSPACE-1104 control board. ANFIS resulted in 1/10" reduction of execution time and improved
performance accuracy in contrast to FFNN counterparts. A 4kW, 8/6 SRM model, has been devel-
oped in MATLAB/Simulink environment to validate the proposed system for both direct and
indirect schemes. Further, the performance comparison of peak current, RMS current, torque
ripple, and efficiency for direct and indirect PV-fed systems are presented in this work. These
comparative assertions reveal the feasibility of both the methods with good performance.
Moreover, a reduction in overall system size and cost with the absence of an intermediate
converter, the direct method provides a reduced torque ripple as compared to the indirect
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counterpart.

1. Introduction

Water resources play a major role in various sectors like
agriculture, domestic needs, etc. Likewise, economic
growth mainly depends on the agriculture sector. Most
of the off-grid rural areas need portable alternative clean
energy to drive the water pumps. Extending the grid to
those remote areas would be capital-intensive and also
ineflicient due to transmission and distribution losses.
In addition, carbon emission and thermal fuel extinc-
tion call for clean alternative energy sources (AES) such
as biomass, solar, wind, and hybrid. At present, these
resources contribute to electricity generation by about
19% [1]. Therefore, small-scale AES are an ideal choice
to reduce the burden on the grid, and to produce clean
energy for water pumping systems. In the present sce-
nario, conventional electrical motors (induction motors,
synchronous motors, permanent magnet synchronous
motors, and permanent magnet DC motors) are
employed for PV-fed water pumping and household
power generation. Switched reluctance motor (SRM) is
an alternative candidate which is promising, cost-
effective, and highly efficient in contrast to the conven-
tional motors for small-scale applications. With its

wider advantages, SRM has emerged in research impor-
tance for variable speed drive applications. With the
absence of carbon brushes, slip rings, commutators,
and cage bars, SRM has emerged in its suitability for
wide applications such as hand fork, train air condi-
tioner, and aerospace [2].

Conventional control of SRM with fixed DC-bus
voltage requires chopping operation at lower speeds
and single pulse angle control at higher speeds.
Chopping control has limitations of switching loss and
noise, which can be overcome by using variable DC-bus
voltage angle control in contrast to the conventional
counterpart [3,4]. A few authors in the literature
[5-13] have addressed SRM for standalone PV-fed
WPS application. Table 1 provides an overview of the
state of the art on PV-fed SRM-WPS application. As
perceived from the literature overview, many of the
control schemes proposed for PV-fed SRM-WPS gen-
erally require sensors, an intermediate DC-DC conver-
ter stage, and a power conditioning unit. Thus, with
a brief review of these control strategies for PV-fed
SRM water pumping systems, the paper proposes
a variable voltage angle control (VVAC) of direct and
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Table 1. Overview of the state of the art on PV-fed SRM-WPS

application.
SRM Control
Authors SRM objective Scheme Key features
Deepak,  Torque ripple DTC HCM with Reduced DC link
2012 minimization solar radiation voltage
[5] and
temperature
effect
Sweta B, Direct coupled HCM with solar Modelling and
2012 PV SRM pump radiation effect simulation
[6] Elimination of the
converter stage
Hamid Performance SPM with solar Improvement in
M, Analysis of PV radiation effect matching efficiency
1998 pump using
[71 SRM
Oshaba, Pl design for ---- Advantages of BAT
2015 MPPT algorithm
[8] compared with
PSO
Oshaba, PV-fed speed - Ant colony
2015 control of SRM optimization
[9] compared with GA
Sujitha,  Standalone PV-  Conventional Energy stored in the
2014 fed SRM using Low-speed dump resistor to
[10] Repression hysteresis and improve torque
Resistor high-speed production
Converter angle pulse
Oshaba,  High-speed SRM SPM A torque and speed
2013 fed by PV control loops for
[11] accurate speed
control
Dursun,  Fuzzy logic speed ---- Intelligent speed
2008 control for PV- control to improve
[12] fed SRM drive destination
distance of the
wheelchair
Bhim SPV-fed SRM SPM for speed Reduce ringing effect
Singh, pump using using varying and reduce losses
2016 intermediate DC link in the intermediate
[13] cuk converter converter stage

indirect PV-fed pumping systems. Further, with the
ability to process knowledge under ever-changing situa-
tions, artificial intelligence (AI) techniques (like NN,
FUZZY, ANFIS, genetic algorithms (GA)) have been
increasingly used in the control of power converters,
electric drives, and power systems [14-16]. This paper
presents two methods of Al techniques; feedforward
neural network (FFNN) and adaptive neuro-fuzzy infer-
ence system (ANFIS) assisted VVAC for PV-fed SRM
system. The performance parameters such as phase peak
current, RMS current, torque ripple and efficiency play
a major role for SRM to evaluate its suitability in various
applications. Hence, these parameters are to be investi-
gated in specific with FFNN and ANFIS assisted direct
and in-direct PV-fed SRM water pumping system.

Section-II presents the VVAC strategy for the pro-
posed system with an introduction from section-I.
Section-IIT presents the implementation of FFNN and
ANFIS-based VVAC. Finally, Section-IV presents

simulation, result analysis, and performance compari-
sons of various parameters of the proposed system.

2. VVAC for PV-fed SRM-based water pumping
system

Switched reluctance machine is gaining importance in
rural off-grid applications. Authors [17] have presented
a state-of-the-art review on control strategies and suit-
ability of SRM for oft-grid applications such as PV water
pumping system, wind energy conversion system, and
hybrid PV-wind system. A brief review of the PV-fed
SRM water pumping system shows a wider scope in its
applications. A direct torque-controlled (DTC) SRM
drive is reported [5]. DTC controlled drive shows the
merit of reduction in torque ripple. However, it also
needs the hysteresis band and current sensors to imple-
ment. The modelling and simulation of hysteresis tor-
que-controlled SRM water pumping systems is
proposed and discussed [6]. Performance analysis of
PV pumping systems using SRM drive is studied [2].
Matching efficiency between PV array and the proposed
system is found to be around 95% with operating effi-
ciency as 85% during most of its operating time.

SRM conventional control strategy with fixed DC-
bus voltage requires chopping control at low speeds and
angle control at higher speeds. In the lower speed chop-
ping control range, control parameters are I.¢*, T, and
Tom angles. At a higher speed angle control range, the
only two parameters T, and T g angles would suffice to
meet the required torque demand. Chopping control
has the limitations of higher switching losses, noise,
sensor requirement, and frequency limiter. Authors
[3,4] suggested speed-dependent variable DC-bus vol-
tage to overcome the limitations of chopping control at
lower speeds and to operate only in angle control mode
throughout the speed range.

VVAC strategy is addressed for indirect-coupled lin-
ear speed-voltage variation and direct-coupled non-
linear speed-voltage variation of the proposed system.
For the indirect system, linear speed-voltage variation is
realized using a DC chopper, as shown in Figure 1(A).
Chopper output is regulated in-line with the reference
speed from the maximum power point of the PV sys-
tem. With an angle control mode, required torque levels
at different speeds can be achieved by varying T,, and
Tog angles [4,18]. To simplify the VVAC strategy
further, Tog can be fixed and T, is varied to achieve
various speed-torque levels. With the step increments of
speed and torque, the T,, angle for various speed-
torque levels is estimated by extensive simulation itera-
tions. Figure 1(A) shows the block diagram of an indir-
ect PV-fed SRM system with a linear speed-voltage
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Figure 1. (A)Indirect coupled with linear speed-voltage control. (B) Direct-coupled non-linear speed-voltage control.

control scheme. Figure 1(B) illustrates the block dia-
gram of a direct PV-fed SRM system with a non-linear
speed-voltage control scheme.

The PV array used in the study consists of 10 parallel
strings, 748 cells in series per string, such that the overall
terminal voltage v,,.4y and Pg,,,, at ambient temperature
are given by (1) and (2) [19]. Figures 2(A) and 2(B)
show the volt-current and power-voltage characteristics
of the PV model at various insolation levels,

respectively. A 4 kW 8/6 SRM model [3,4] is used for
the simulation study, and its flux-linkage and static
torque characteristics are shown in Figures 3(A) and 3
(B). Based on (3) and (4) centrifugal pump load is
modelled. Figure 4(A) to 4(C) illustrates pump torque-
speed (load) characteristics, Insolation versus P,
curves and insolation versus speed (w) at P, respec-
tively. With the use of operating points, SRM is operated
in angle control mode for different speeds varying T, to
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Figure 2. PV characteristics for different insolation values (k), (A) Current-voltage, (B) Power-voltage.
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achieve the required torque levels. Figures 5(A) and 5(B) required in fixed T,g to achieve different torque levels
show the speed-voltage relationship and T,, angles  at different speeds for indirect PV-fed system. Figures 5
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Figure 7. MATLAB models for angle control using (A) FFNN, (B) ANFIS.
Table 2. Simulated T,,, angle for different speed and torque levels for the indirect-coupled system.

w 1350
T 150 rpm 350 rpm 450 rpm 600 rpm 750 rpm 900 rpm 1050 rpm 1200 rpm rpm 1500 rpm
2.5 Nm 10.79 9.72 9.28 9.05 8.95 8.8 8.7 8.67 8.56 8.55
5 Nm 8.17 6.95 6.4 6.18 6.1 59 5.83 5.75 5.65 5.64
7.5 Nm 6.53 5.22 4.66 438 429 4.1 4.03 3.95 3.81 3.8
10 Nm 5.25 3.88 3.29 3 2.9 27 2.62 2.55 2.41 2.4
12.5 Nm 413 2.75 214 1.85 1.76 1.55 145 1.38 1.23 121
15 Nm 3.15 1.74 1.1 0.84 0.75 0.52 0.43 0.37 0.19 0.19
17.5 Nm 221 0.81 0.2 -0.09 -0.175 -0.4 -0.49 -0.57 -0.73 -0.75
20 Nm 1.29 -0.07 -0.69 -0.97 -1.04 -1.27 -1.37 -1.41 -1.59 -1.62
22.5 Nm 0.40 -0.91 -1.53 -1.79 —-1.852 —-2.08 -2.18 -2.24 -2.42 -243
25 Nm -0.5 -1.75 -2.36 -2.61 -2.625 —2.87 —-2.96 -3.04 -3.21 -3.22
25.5 Nm -0.67 -1.89 -2.49 -2.76 -2.78 -3.03 -3.13 -3.19 -3.39 -3.39

27.5 Nm —1.42 —2.55 -3.17 -3.4 -3.41 -3.7 -3.77 -3.84 —4.04 —4.04
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Figure 8. Simulation models of indirect and direct PV-fed proposed system.



INTERNATIONAL JOURNAL OF MODELLING AND SIMULATION e 7

Table 3. Simulated T,,, angle for different speed and torque levels for the direct-coupled system.

w 1186 1476

T 629.3 rpm 831.4 rpm 974.6 rpm 1089 rpm Rpm 1270 rpm 1346 rpm 1414 rpm rpm 1500 rpm
2.5 Nm 12.58 11.35 10.7 103 9.8 9.5 9.18 8.5 8.65 8.48
5Nm 10.47 8.98 8.23 7.71 7.18 6.75 6.38 5.6 5.85 5.63
7.5 Nm 9.23 7.58 6.74 6.17 5.55 5.1 4.67 3.8 4.01 3.8
10 Nm 8.34 6.56 5.65 5.03 437 3.83 3.39 242 2.66 2.42
12.5 Nm 7.65 5.75 4.78 41 3.38 2.8 2.3 1.81 15 1.23
15 Nm 7.04 5.06 4.01 3.31 2.54 1.91 137 0.84 0.5 0.24
17.5 Nm 6.49 4.45 3.36 2.6 1.78 1.1 0.5 —-0.05 -0.39 -0.7
20 Nm 5.96 3.87 2.86 1.93 1.07 0.03 -0.27 —0.86 -1.23 -1.55
22.5 Nm 5.55 3.32 2.14 131 0.4 -0.35 -1 -1.64 —-2.04 -2.37
25 Nm 493 2.78 1.56 0.71 -0.24 -1.04 -1.71 -24 -28 -3.15
25.5 Nm 4.82 2.67 1.45 0.57 -0.36 -1.16 -1.86 -2.54 =297 -3.32
27.5 Nm 441 2.21 0.96 0.1 -0.89 -1.72 —243 -3.15 -36 -3.98

(C) and 5(D) show the speed-voltage relationship and
Ton angles also required for its fixed Tog to achieve
different torque levels at various speeds for direct PV-
fed system. The relevant equations of PV are,

Ly — Lopray + 0.005
Varray = 47.3688 loge(‘bh aryy ) — 1.296

0.005
* Iarray
(1)
Ioh = Iarray + 0.005)
Parray = 47.3688  log, ( ph o 4 )
= 1296 % Loy )

where I, is the array current, I, is the insolation
dependent photocurrent.

T, = 0.00103 * w? (3)

P, = 0.00103 % o’ (4)
At PV maximum point,

P = 1 % Ppax = 0.00103 * o’ (5)
j2
0 = g1 max (©)
0.00103

3. FFNN and ANFIS based VVAC strategy
for SRM

FFNN is a biologically inspired method of a parallel
distributed processor with its natural property to store
experimental knowledge. An ANFIS incorporates the
advantages of both FFNN and fuzzy logic, which pro-
vides a fuzzy modelling procedure to compute output
with a learning method similar to a neural network. In
general, neural networks, fuzzy, and ANFIS are used in

SRM for position sensorless control, where non-
linearity in flux-linkage characteristics is used to com-
pute rotor position [20-22]. With the use of Al techni-
ques, modelling of flux-linkage and torque ripple
minimization in SRM applications is reported [23-27].
Very few authors have worked on Al techniques in PV-
fed SRM pumping systems to study MPPT techniques
[28,29]. FFNN and ANFIS techniques are known for
their higher parallel computational and easy adaptive
capabilities. In this way, FFNN and ANFIS assisted
VVAC methods are simulated and analysed for both
indirect and direct PV-fed system to compute T,,
angle for required torque and speed level. Figure 6(A)
and 6(B) depict FENN assisted VVAC for direct and
indirect PV-fed systems, respectively. Accordingly,
Figures 6(C) and 6(D) illustrate ANFIS assisted VVAC
for direct and indirect PV-fed systems, respectively.
Selection is made between FFNN and ANFIS assisted
VVAC, which is based on the percentage average
error [27] and the performance of real-time execu-
tion [21].

3.1. Realization of FFNN assisted VVAC

The main agenda of the multilayer FFNN network
model is to compute T,, angle for various speed and

Table 4. Percentage average error of FFNN and ANFIS.

Data 121 1614
samples Indirect

Model Indirect coupled Direct coupled coupled Direct coupled
NN5 14.32 4.70 240 0.81
NN10 234 2.79 1.09 0.58
NN15 3.02 2.03 0.97 0.57
NN20 1.60 2.81 0.92 0.53
ANF9 17.71 3.58 9.03 1.02
ANF16 11.06 2.73 3.89 0.97
ANF25 6.16 2.06 1.72 0.77
ANF36 436 1.93 1.44 0.57
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Table 5. dSPACE execution time of FFNN and ANFIS.

Data 121 1614
samples Indirect Direct Indirect Direct
Model coupled coupled coupled coupled
NN5 76.1us 75.57us 75.32us 75.28us
NN10 83.8us 83.4us 83.71us 83.63us
NN15 88.072us 89.32us 89.35us 89.23us
NN20 94.17us 93.6us 92.02us 93.6us
ANF9 4.9us 4.5us Sus 5.21us
ANF16 5.89us 5.4us 6.17us 6.13us
ANF25 9.1us 8.8us 9.2us 9.8us
ANF36 9.9us 9.4us 10.2us 10.9us
1500 T T T
g
<10 AFFIS  ----=
§ FFNN -
; 500
‘% 1.005 1.61
0 ! | |
0 05 1 15 2 25 3 35 4
Time (secs)
(@)
< 05
T
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torque levels. The network consists of three layers, i.e.,
input, hidden, and output layers. It is set with
a ‘sigmoidal’ activation function for the hidden layer
and the ‘linear’ activation function for the output
layer. The input layer has two input neurons and one
at the output, where the system is tested for 20, 15, 10,
and 5 neurons in the hidden layer. Despite this, larger
neurons in the hidden layer lead to the overfit and
effects for realization. The network is trained with
a supervised Levenberg-Marquardt backpropagation
algorithm with data sets given in Tables 1 and 2 for
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Figure 11. Performance characteristics of indirect coupled and direct-coupled system in terms of. (A)Phase peak current, (B) Phase

RMS current, (C) Torque ripple, (D) Efficiency.

the indirect and direct methods, respectively. The
weights are randomly generated from small positive
and negative values to ensure that the network is unsa-
turated. In this way, four FFNN network models are
trained (2-20-1, 2-15-1, 2-10-1 and 2-5-1) and tested
for the T,, angle estimation. Steps involved in FFNN
model realization are as follows:

1.Network topologies are generated with 20, 15, 10 and
5 neurons. Here Figure 7(A) shows the network struc-
ture to compute T, angle in MATLAB/Simulink.

2.Supervised learning is employed to train the network
with input data sets of speed and torque, and the output
T, angle.
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Figure 12. Performance characteristics of indirect coupled and

characteristics, (B) Output power.

3.Testing and validation of the network in terms of
percentage average error from the actual T,, of simu-
lated data with the FENN T, output.

4.Testing of real-time execution

3.2. Realization of ANFIS assisted VVAC

ANTFIS incorporates the advantages of the adaptive nat-
ure of the neural network and associates a fuzzy infer-
ence system to track the input-output relationship.
ANFIS has the ability to represent the rules proposed
by Takagi and Sugeno. This constructs a membership
function based on the nature of data by using the
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direct-coupled system in terms of. (A) Output torque-speed
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learning method, which in turn works similar to that of
a neural network. Here, the triangular membership
function is used with the backpropagation algorithm
to train the network. Steps involved in ANFIS model
realization are as follows:

1.Data from the simulation is loaded into the ANFIS
editor. It is arranged in terms of column vectors, where
the last column vector represents output T,, and the
remaining column vectors are treated as inputs.

2.Generating the FIS structure based on fuzzy rules and
the membership functions for both inputs is as shown
in Figure 7(B).

3.To generate the membership functions, the FIS net-
work is trained by using a backpropagation algorithm.

4 Simulated data is compared with the model output-
data validation in terms of percentage average error.

5.Testing of real-time execution

3.3. Comparative analysis of FFNN and ANFIS
assisted VVAC

The proposed FENN and ANFIS VVAC models
evaluated and compared with simulated data from
Tables 2 and 3 for both indirect and direct systems,
respectively. The performance comparative analysis
has been made in terms of percentage average error
and real-time execution. For the error analysis of
FFNN and ANFIS models, the percentage average
error is presented as in equation (7). From this
analysis, a percentage average error is obtained for
each of the models. Table 4 describes the percentage
average error of FFNN (with 5, 10, 15, and 20
neurons) and ANFIS (with 9, 16, 25, and 36 rules)
for indirect and direct systems. From Table 4, the
analysis shows that FFNN models are giving less
error compared to the ANFIS model. Besides, it
can be observed from Table 3, that FFNN models
with neurons of 20, 15 and 10 provide better per-
formance in contrast with 5 neuron counterparts.
Further, from Table 4, it is evident that models with
121 samples of the indirect and direct system results
in larger percentage errors which are usually unac-
ceptable. Therefore, to improve the accuracy of the
models, sample data are pre-expanded up to 1614
using linear interpolation. When the models are
trained with the expanded samples, it is observed
that there is sufficient and significant improvement

in ANFIS accuracy and found to be the same as
FFNN shown in Table 4.

>t
ZTon

where Ye- summation of all error samples in the T,
computed from models with respect to simulated data.
> T,,- summation of all samples computed T, angles.
Although the models developed resulted in sig-
nificantly improved accuracy with increased sam-
ples, the performance of real-time execution
analysis is considered to be an important aspect.
Therefore, the models are tested for real-time
execution by using dSPACE 1104 turnaround time.
For FFNN and ANFIS, the off-line trained networks
experimented individually, and the results are tabu-
lated for both indirect and direct control methods
as given in Table 5. It is observed in Table 5 that
the FFNN is taking more execution time compared
to the ANFIS in both indirect and direct methods.
Table 4 also indicates that for higher data samples
of 1614, ANFIS provides a 1/10th reduction in
execution time and improved performance accuracy
in contrast to FFNN counterparts. Thus, VVAC
is realized using FFNN and ANFIS to study the
response in both indirect and direct systems.

%ge Average Error = * 100 (7)

4. Simulation and results analysis of proposed
system

MATLAB/Simulink simulation models of indirect and
direct PV-fed systems developed with FFNN, ANFIS
VVAC schemes are depicted in Figure 8. DC-DC conver-
ter with switching frequency of 25 kHz, inductor (L) = 2
mH, capacitor (C) = 26 UF designed for indirect PV-fed
system to get varied DC voltage [18,19]. Figures 9(A) and 9
(B) reveal that the speed response of SRM for a step-
change in insolation from 0.55 to 0.85 kW/m” in both
indirect and direct schemes using FFNN and ANFIS
VVAC. It can be observed from Figures 9(A) and 9(B)
that both result in good response and justify their applica-
tion for PV-fed SRM-based water pumping system. Figure
9(C) shows the one-day solar insolation data in summer at
NIT, Warangal collected from National Renewable Energy
Laboratory (NREL), USA. Figure 9(D) illustrates the speed
response of both indirect and direct scheme with the use of
VVAC for one-day solar insolation that is shown in Figure
9(C). It is being observed from Figure 9(D) that both
indirect and direct systems are giving better responses for
change in insolation levels over one-day period. Figure 10
illustrates phase currents, phase torques, and resultant
torque at 0.55 kW/m? insolation.



The performance comparison of various system
parameters likewise; peak current, RMS current, torque
ripple, efficiency, output speed-torque characteristics
and output power at different insolation levels as
shown in Figure 11. It can be observed from Figure 11
(A), that the peak current of both indirect and direct
methods is well within limits of rated value of 18 A,
which can make ensure the safe operating conditions of
the proposed system. The RMS current represents the
IR loss component of SRM. From Figure 11(B), it is
observed that the RMS current of both indirect and
direct methods are closer to the same levels at all insola-
tion. Torque ripple is a measure of smooth response and
noise levels of SRM. Minimization of torque ripple
results in an improved speed response and reduced
noise levels. It can be observed from the Figure 11(C)
that except at very lower insolation levels, torque ripple
in the direct system is less as compared to the indirect
system. Further, Figure 11(D) shows the efficiency of
both methods is near to the same as for all insolation
levels. To understand SRM performance in pumping
application using indirect and direct schemes, SRM out-
put torque-speed characteristics are illustrated in Figure
12(A) and it shows that both methods are matching the
pump load performance characteristics. Figure 12(B)
shows the output power for both the methods where it
can be observed that both methods are giving the same
output power at various insolation levels.

These comparisons confirm that at nearly the same
peak current, RMS current, power and efliciency, direct
coupled system results in reduced torque ripples. In
addition to these, with the near same performance and
reduced torque ripple, VVAC direct PV-fed system
operates without an intermediate stage, current feed-
back sensors and frequency limiters.

5. Conclusion

Switched reluctance machine has been gaining valu-
able importance for variable speed drive applications
due to its several advantages: simple and rugged
construction, high efficiency, high torque to inertia
ratio and thermal robustness. This paper presents
VVAC for direct and indirect PV-fed SRM water
pumping system using FFNN and ANFIS techniques.
FFNN and ANFIS models are simulated and then
percentage average error is estimated. Also, those
execution times are compared using the dSPACE-
1104 real-time control board. FFNN results in
a lesser percentage average error with higher execu-
tion time in contrary to ANFIS counterpart. ANFIS
resulted in 1/10™ reduction of execution time and
improved performance accuracy in contrast to FFNN

INTERNATIONAL JOURNAL OF MODELLING AND SIMULATION 1"

counterparts. The result analysis reveals that the AI-
assisted VVAC gives good transient and steady-state
speed response for both direct and indirect systems.

Performance comparison of direct and indirect
coupled systems in terms of phase peak current,
phase RMS current, torque ripple, efficiency, output
torque-speed characteristics and output power are
presented. A 4 kW OULTON 8/6 SRM is used to
study these control strategies for the proposed sys-
tem. With this, it is observed that for near the same
peak current, RMS current, power, and efficiency,
a direct PV-fed system resulted in a reduced torque
ripple. The proposed VVAC for PV-fed SRM water
pumping systems resulted in the following
advantages:

e Simplified control scheme.

e No requirement for current sensors and limiters as in
HCM.

e Does not require of intermediate DC-DC
converter thus simplifies the control scheme
and facilitates the direct PV-fed variable speed
drives.

e Contrary to the indirect method, the direct method
also eliminates the intermediate converter and pro-
vides a reduced torque ripple at lower insolation
levels.

e ANFIS based VVAC results in a 1/10™ reduction of
execution time and improved performance accuracy
in comparison to FFNN.

Aforesaid assertions reveal that the proposed ANFIS
assisted VVAC control scheme with a direct PV-fed
SRM water pumping system provides better perfor-
mance with reduced converter stage.
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