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Abstract

Improvement of efficiency in electrical machines for water lifting applications in agricultural sector results in large energy
savings, which is very much important in the present scenario of energy crisis. Single and three phase induction motors are
most commonly used in such applications. However, these machines consume more energy due to their low efficiencies. A
comprehensive performance evaluation including the machine design, selection of converter topologies, method of control,
practical implementation of drive system, and vibration analysis for an agriculture applications is not done so far. This paper
discuses to design Switched Reluctance Motor suitable for use in agricultural applications. Select suitable drive systems for this
motor, giving considerations to lower switching losses and easiness of control. To investigate suitable control strategies for the
speed control of the motor. Experimental validation of the performances of the motor, along with the vibration analysis. A real
time experiment is also conducted to demonstrate the suitability of Switched Reluctance Motor drive for water lifting application
and finally, per year unit consumption of Single Phase Induction Motor and Switched Reluctance Motor are compared to prove
the economic superiority of Switched Reluctance Motor.

Keywords Electrical drives - Converters - Inverters - Switched reluctance motor - Finite element analysis - Modelling - Vibrations

Introduction

Efficiency improvement of agricultural motors outcome in
considerable overall energy savings, which is extremely sig-
nificant with respect to global energy deficit scenario. In ag-
ricultural applications, commonly used Single Phase
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Induction Motor (SPIM) consume more power, due to their
low efficiencies. As per the energy statistics for the year 2016—
2017, 18% of total generated electrical energy is utilized by
the agriculture sector which is the third largest electrical ener-
gy usage sector in India [1]. Thus, even a small reduction in
the energy wastage for each unit results in a larger improve-
ment cumulatively. Hence this paper attempts to look into an
alternative to SPIM, so that a massive energy saving results in
the agricultural sector. A special electrical machines like
Switched Reluctance Motor (SRM) is finding new avenues
of application, thanks to the rapid development of power elec-
tronic technology.
Hence the objectives of this paper are as follows:

* To design the SRM suitable for agricultural applications
based on specific requirements.

» To select suitable drive system for this motor, giving con-
siderations to lower switching losses and easiness of
control.

» To investigate suitable control strategies for the speed con-
trol of the motor.

* To analyze the performance of the machine with a view for
energy conservation.
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» Experimental validation of the performance of the selected
motor, namely, SRM.

* To conduct the vibration analysis of SRM and

* Compare the energy consumption of SRM and SPIM by
performing an economic analysis.

Literature Review

The state of the art and trends along with different application
possibilities of SR machines are discussed in [2—8]. The sim-
ple electric motors in domestic appliances and electric vehi-
cles are increasingly being replaced by drive based systems [9,
10]. Power electronic devices used in such systems help to
obtain an efficient motor drive which operate over a wide
range of speed with simultaneous reduction in losses.
Optimizing the performance and reduction of complexities
are important while implementing converters in SRM drives
[11-14]. Energy saving efforts in a major consumption sector
like agriculture demands a comprehensive analysis of the per-
formance of SRM drives when utilized exclusively in that
area.

This paper deals with the design of SRM along with its
controller that can be used in water lifting application in agri-
cultural sector. Different methods of controllers are imple-
mented in different power system problems including the op-
timization algorithms [15—18]. In the implementation stage,
many speed control techniques of drive systems such as PI
control, sliding mode control and artificial neural network
control applied in SRM are suggested [19-21]. However, PI
based control method is commonly adopted due to the advan-
tages such as the easiness of the implementation of control
strategy, precise control in the transient and steady state period
of operation etc. of the system [22].
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The performance analysis of SRM can be accurately done
using Finite Element Method (FEM) so that nonlinearity, sat-
uration of flux, material property and actual geometry are
included [23, 24].

SRM generally produces high acoustic noise due to vibra-
tion. Many studies are going on to find the reasons for the
same and the development of different control strategies
[25]. The study discusses a simple algorithm for estimation
and reduction of vibration in SRM [26]. Applying different
excitation methods such as single phase excitation, PWM
voltage control excitation etc., to develop an anti-phase vibra-
tion for mitigating the vibration of SRM is discussed in [27].
Research for controlling the vibration and acoustic noise of
SRM by using different converter control strategy are present-
ed in [28, 29].

From the literature survey, it is observed that a comprehen-
sive comparative study of such motors (SRM & SPIM) has
not been done so far, for specific applications, with a view of
energy conservation. Hence, replacing an old generation mo-
tor like SPIM with a new generation power converter based

Table 1 Designed Values of SRM for use of FEM Analysis
Parameters SRM
Load Constant Power
Axial Length of core (mm) 45
Stator diameter (Outer) (mm) 105
Stator diameter (Inner)(mm) 55
Main-Phase Wire Diameter (mm) 0.683
Air Gap (mm) 0.25
Rotor diameter (Inner) (mm) 15
Number of Turns per Pole 200
Yoke Thickness (mm) 12.5
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Fig. 2 Cross sectional view of FEM Model

motor like SRM in domestic appliances and agricultural ap-
plications may reduce the energy consumption to a great deal
and is an area which needs a detailed analysis.

The remaining section of this paper is organized as follows.
Section 3 deals with the design and performance analysis of
SRM by FEM. Section 4 presents the mathematical modelling
of SRM drive including motor, converter and controller and the
simulation results. In section 5, the experimental validation of
SRM drive characteristics are presented. The vibration analysis
of the designed SRM drive is given in section 6. Section 7 es-
tablishes the superiority of SRM over SPIM, based on real time
implementation and Section 8 gives the conclusion.

Design of SRM and Performance Analysis
by FEM

A converter circuit is required for giving a pulsed waveform
for controlling the phase current of SRM. Current through the
phase winding is controlled by a converter, so that the con-
verter develops pulsed waveform for SRM drive systems.

In early 1990’s several inverter or converter power circuits
suitable for SRM drives are analyzed and compared [30, 31].
The selection of suitable converter and control scheme for a
specific application depends on the performance require-
ments, configuration of SRM, cost etc. Since this paper focus-
es on agricultural applications, an SRM of 8/6 configuration is
chosen. Hence the selection of converter topology depends on
this aspects also.

The following conditions are considered for the selection of
converter: 1. Each phase of the SRM should be excited

70 (mm)

independently. At least one switch per phase should be provided
for the motor operation. 2. A demagnetizing possibility is pro-
vided, if the machine is operated in regenerating region and vice
versa.

3. The selected converter should be able to give higher
efficiency, fast excitation time, fast demagnetization, high
power and fault tolerance. In low rated applications, SRM is
used with DC split supply converter as shown in Fig. 1
[32-34].

The performances of this type converter is efficient due
to the less number of switches, and the cost is minimum.
Hence DC split supply converter is used in this work. The
design and performance analysis of SRM is done in three
steps:

» The specifications of SRM which is required for the par-
ticular application is first fixed. In agricultural and domes-
tic sector, the existing motor is SPIM which has a power
output ranging from 70 W to 750 W, with a speed range of
1000 to 5000 rpm and torque range in between 0.75 Nm to
1.75 Nm. Based on the above specifications the

Table 2 Output

parameters from FEM Parameters Values

analysis
Rated speed (rpm) 2850
Input Power (W) 410.57
Total Loss (W) 40.58
Output Power (W) 370.00
Efficiency (%) 90.13
Rated Torque (N-m) 1.24
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Fig. 3 a Torque Vs Time, b Output Vs Speed, ¢ Efficiency Vs Speed of SRM at rated condition

parameters of SRM are selected as: 0.37 kW power out-
put, 240 V supply voltage, 2850 rpm rated speed, 1.24

torque and 8/6stator rotor pole configuration.
* Next the machine dimensions are analytically determined

for the specifications in Table 1 and the obtained values

are tabulated in Table 1. The core material is selected as

M19 core. The detailed design is discussed in a previous

paper of the authors [35]. The supply frequency ( f), step

@ Springer
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The motor speed (V) can be calculated as in eq. (1),

angle (,) and the number of stator phases (V) will deter-
mine the speed of motor.
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Fig. 4 Block diagram of general drive system control scheme

The rotor stator combination of selected motor is 8/6, the 6,
is 15° with a synchronous speed of 3000 rpm, the switching
frequency of each phase should be 300 Hz.

Finally, an FE model of the designed SRM is developed as
shown in Fig. 2. Analysis of radial flux electrical machines
necessitates a 2-D finite model only [36]. The performance
analysis of SRM is done with the Ansoft Maxwell 2-D design
software. The output parameters obtained by FE analysis are
tabulated in Table 2. Figure 3 shows the variation of torque,
output power and efficiency of the designed machine at rated
condition.

From the FE analysis, the average torque developed is
found to be 1.24 Nm as shown in Fig. 3(a). The output power
at rated speed of 2850 rpm is 370 W and the corresponding
efficiency is 90.13% as shown in Fig. 3(b) and (c)
respectively.

Fig. 5 a Inner Current Loop, b
Reduced Current Loop, ¢ Speed
Loop and d Speed Controller

System /(s)

o' (s

Modelling of SRM Drive System

The development of control technique of drive system re-
quires a mathematical model analysis. Figure 4 shows the
general control scheme of electric motor drive used for model-
ling. It involves modelling of SRM, its converter, develop-
ment of inner current loops and overall transfer function as
well as design of speed controller. A linearized reduced order
mathematical model of SRM is developed as given by eq. 2
[37, 38].
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Table 3  Parameters used for modelling of SRM

Parameters Values
Winding resistance, R,,({2) 1.04
Winding inductance, L,,(H) 0.08
Inertia, J (K g2 ) 0.00016
Frictional constant 0.0005
Current, 1 (A) 1.74 (rms)

resistance, B is the viscous friction coefficient, B; is the load
constant, 7,, is mechanical time constant, K is the emf
constant.

The transfer function of split space dc converter is derived
asin eq. (3).

V. 14+ sT, (3)

where, v is the converter output voltage, vf is the converter
input voltage, K, is the converter gain, 7, is the converter time
constant.

Referring to Fig. 4, it is clear that the control scheme con-
sists of two loops viz. the current loop and the speed loop. For
the inner current loops a PI controller is selected as shown in
Fig. 5(a) which can be reduced to a model as in Fig. 5(b) The
outer speed loop is developed along with PI controller and the
inner current loop as in Fig. 5(c) which is further simplified as
in Fig. 5(d). Table 3 shows the different parameters obtained
by FE analysis which are used for the actual modelling of the
selected SRM drive. The control parameters so obtained are
Ks=0:223 and 75 =0:308. Figure 6 represents the complete
block schematic of actual SRM drive system. Simulations are
performed on this model for further analysis.

Figure 6 represents the complete block schematic of actual
SRM drive system. Simulations are performed on this model
for further analysis.

Simulations are performed on MATLAB - Simulink plat-
form and the speed responses of SRM drive obtained are
shown in Fig. 7(a) and (b) respectively. From the analysis it
is observed that SRM has a better dynamic performance and
the response settles much faster to the reference speed of
1000, 2000 and 2850 rpm. The time domain specifications
are tabulated in Table 4. To investigate the capability of mo-
tors in different speed ranges, the reference speed is changed
during their operation from 1500 rpm to 2850 rpm (Fig. 7(b)).

Simulation results reveal the satisfactory operation of SRM
drive in terms of speed adaptation and time domain
specifications.

Experimental Validation of SRM Drive

An experimental study is conducted on the designed and fab-
ricated 370 W, 8/6 four phase SRM for establishing the sim-
ulation results. The designed parameters obtained from the
classical design method and FE analysis are used to fabricate
the SRM. The designed SRM along with the specified con-
verter and control topology are physically realized. The PI
controller is implemented with a S320F28335 DSP processor.
The IGBT device used in the converter is IMBH60D-090A.
The rotor position is sensed and changes in every 15°. The
experimental setup of the drive system as shown in Fig. 8.

The drive system is runs at a speed of 2850 rpm and
2000 rpm with different loads. The experiment is started with
no load condition. The speed of the motor settles at reference
value, load is applied. The speed response shows (Fig. 9) the
effectiveness of load. In an open loop system, speed changes
due to the load, and still the changed speed is maintained.
However, the response regains immediately in closed loop
control to the reference speed. So that the speed regulation
capability and the time response performance are better in
the closed loop system under any load condition.

Different performance characteristics of 370 W, 2850 rpm,
8/6, four phase SRM are plotted in Fig. 10. Table 5 shows the
comparison of different parameters obtained from FEM and
experimental studies. A significant finding from the experi-
ment is that the SRM exhibit a high efficiency of 86.24%
which is a feature that can be utilized for energy saving in
water lifting application in agriculture.

Vibration Analysis

The analysis of SRM is incomplete without an analysis of its
mechanical vibration. The onset of vibrations in SRM can be
due to mechanical or magnetic factors. Even though the ma-
chine is compact and has fault resilient features, the double
salient construction contributes to strong magnetic radial
forces which lead to serious vibrations. In this section the FE
analysis of radial magnetic force and vibrations under load
conditions of SRM are discussed. The simulated results of

Fig. 6 Block schematic of actual
drive system
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Table 4 Time domain

specifications Speed (rpm) Rise Time (Sec.) Settling Time (Sec.) Peak Overshoot (rpm)
1000 0.55 1.70 90
2000 0.60 1.75 200
2850 0.65 1.75 250

Fig. 8 Experimental setup
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vibration are compared with the measured values obtained
experimentally.

FE Analysis of Vibration

Due to the development of strong radial forces and consequent
magnetic attractions, the stator of SRM experiences radial
deformation [28]. As the stator itself has a natural frequency,
acoustic noises are more likely to be emitted [27, 39]. The FE
model of SRM with rated torque of 1.22 Nm (Table 5) is
analyzed to obtain the radial forces. Figure 11(a) shows the
FFT of radial forces obtained from the analysis. The corre-
sponding variation in amplitude of vibration are shown in
Fig. 11(b). The peak value of vibration is obtained as

@ Springer

2.33 mm/s. The result indicates that the radial forces and vi-
brations in this SRM are prominent but below the critical
value as specified by the ISO standards (ISO 10816).

Experimental Measurement of Vibration

Figure 12 shows the experimental setup for vibration measure-
ment using Fluke 810 vibration tester. A load corresponding
to a torque of 1.22 Nm is applied and the lower and higher
order frequency responses are measured as shown in
Fig. 13(a) and (b). The vibration obtained for this load is
having a peak value of 2.45 mm/s., which is in close agree-
ment with the simulation result.
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Real Time Application of SRM Drive

The alternate drive system with SRM instead of SPIM pro-
posed in this work is considered for a real time application.

Real Time Setup

A prototype water lifting pump system along with SRM drive
is setup. A centrifugal pump impeller acts as the load of the
designed and fabricated 370 W 2850 rpm motor. The whole
setup along with the SRM drive is shown in Fig. 14. In this
experiment, the bottom water storage tank is kept 1 m below
the axis of pump (static suction lift) and the top tank is kept
5 m above the axis of pump (static discharge head). Thus the
overall head between suction to delivery is maintained at 6 m.

The experiment is conducted and the discharge capacity of
the pump with rated input power is measured. The hydraulic
power can be calculated as per the eq. (4).

2850 rpm
1 22 Nm

[
= g
N
[
a

o.a 0.6 o8

(b) Load Torque in Nm

86.24 %
362.66 W

300

200
Output Power in Watts

OxgxH

~ 3600 “)

The measured value of water discharge from the experi-
ment is 2091 Litre Per Hour (LPH) with differential head of
6 m. The output of the SRM drive at the rated condition has
already been obtained from the experimental data as in
Table 5. The overall experimental data of SRM pump system
is represented in Fig. 15.

Table5 Comparison of the simulated and experimental results of SRM
Parameters FEM Experimental
Input Power (W) 410.50 420.50
Output Power (W) 370 362.66

Total Loss (W) 40.50 57.84
Efficiency (%) 90.13 86.24

Rated Torque (N-m) 1.24 1.24

@ Springer
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At present in agricultural applications SPIM is used. The
efficiency of SPIM of same rating obtained by FE analysis is
72.22% [35]. It does not require a drive for water lifting pur-
pose, since it is a constant speed application. The efficiency of
SRM is obtained as 86.24% experimentally and 90.13% by
FE analysis (Table 2). This includes the efficiency of the drive
system also. It is clear that efficiency of SRM is much higher

5
Frequency [kHz]

(b)

than SPIM making it the best candidate to be used as a motor
for water lifting system.

Economic Analysis

In this section an economic analysis of water lifting system using
SPIM and SRM drive is done. For an input of 370 W, the output

Fig. 12 Experimental setup of vibration measurement using Fluke 810 Vibration Tester
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Fig. 13 a Low order frequency response of vibration for load of 1.22 Nm, b Higher order frequency response of vibration for load of 1.22 Nm

specifies by pump manufactures manual is 2200 LPH for 6 m
head [40]. With these values, the overall system of the water
lifting process in both cases are shown as in Fig. 16.

The prototype SRM drive discussed in the previous section
is used for the analysis. In order to highlight the energy saving
and economical benefits of using this drive system, it is com-
pared with an SPIM based water lifting mechanism which is
presently being used in agricultural fields. However, in the

Fig. 14 Prototype of SRM drive
with centrifugal pump and pipe
connections

420.50 W SRM

362.66 W

present work only FE data is available regarding SPIM and
this data is utilized for the purpose of comparison.

Calculation of Energy Consumption Based on FE Analysis

The discharge (Q) of single phase induction motor pump as
per manufacturer’s data is 2200 LPH. Time taken for the de-
livery of 2000 1/day,

-

86.24%

» Pump |— 2091 LPH

Fig. 15 System efficiency and output as per the real time experiment of SRM pump
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Fig. 16 System efficiency and
output of SPIM and SRM pumps 51232 W SPIM 370 W e -
as per FEM analysis . 72 22% 2200 LPH
410.50 W
— o 2200 LPH
90.13%
2000 0.91 hour time comparison show that the SRM drive is a very efficient
S 2200 drive system which can be used for the water lifting application.

Based on this, energy consumption of SPIM pump per year,

= (0.51232 x 0.91) x 365 = 170 kWh

For SRM pump, energy consumption per year,

= (0.4105 x 0.91) x 365 = 137 kWh

For the same discharge capacity of the pump, the energy
units consumed in an SPIM based system is 170 kWh per
year, whereas if it is replaced by SRM drive, the energy con-
sumed is only 137 kWh per year for the water lifting based on
FE Analysis leading to a saving of 33 units per year.

Calculation of Energy Consumption of SRM Pump Based
on Experimental Analysis

From the experimental analysis, time taken for the delivery of
2000 I/day,

2000

For SRM pump, energy consumption per year,

= (0.4205 x 0.956) x 365 = 147 kWh

The real time experimental results also reveal that the energy
consumption of SRM drive is considerably less than that of
SPIM. The results are tabulated in Table 6. The FEM and real

Table 6 Energy consumption for an year of SPIM and SRM Drives

Parameters SPIM  SRM
FEM  FEM  Experimental
Discharge Capacity of Pump (kg/h) 2200 2200 2091
Time taken for lifting 2000 Litres (h)  0.91 091 0.956
Units per day 0466 0374 1.402
Units per year 170 137 147

Units saving per year (FEM) 33 Units

@ Springer

Conclusion

Replacement of existing motors used in agricultural applica-
tions with drive systems and flexible speed controllers can
bring in not only efficiency enhancement, but also additional
functional features. This paper investigated how the Switched
Reluctance Motor (SRM) perform energy efficiency com-
pared to commonly used Single Phase Induction Motor
(SPIM) in water lifting applications. The analytical and FE
analysis shows that the efficiency of SRM drive is as high as
90.13% whereas the SPIM provides only an efficiency of
72.22% under similar operating conditions, thereby establish-
ing the superiority of SRM over SPIM. The drive system is
modelled and the speed regulation capabilities are determined
on Matlab platform. The performance analysis of SRM drives
through simulations reveal the capability of SRM to respond
to different reference speeds at high starting torque in a better
manner. This is further validated by experimentally. Hence the
SRM with its high efficiency, rugged construction, ability to
give good performance at different speeds, is a better suited
machine to be used in agriculture applications. The vibration
measurement shows that for the designed drive system, vibra-
tion is under control. The massive saving in energy consump-
tion in water pumps used in agricultural sector with proposed
SRM drive system is established by a real time implementa-
tion. The analysis detailed in the paper emphatically proves
the immense potential in achieving huge energy saving when
the capability of SRM is utilized by a major energy consumer
sector like agriculture in future.
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