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Abstract: The motor drives for aqua farms and large-scale irrigation system needs a reliable electric
drive, which requires the continuous power supply and efficient control. However, the rural single phase
power supply is frequently interrupted. Renewable assistance would improve the availability of supply
and heuristic control approach improves robustness in control. This paper presents a three phase induction
motor drive fed from single phase electric grid with assistance from PV and battery energy storage. TS-
fuzzy based direct torque control is employed for robust control during load changes, and the topology,
component modelling, front-end converter control, PV interface DC-DC converter control, and inverter
control are presented. MATLAB/Simulink is used to simulate the proposed drive system. The performance
of the proposed system is validated using simulation data for both steady-state and transient states.
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1. Introduction

Modern agricultural needs have spread electrical systems into pumping, spraying, tilling, ploughing,
weed removal, reaping, irrigation, harvesting, aquaculture, and allied applications. The load requirements
for these applications include control of torque or speed or a combination of torque and speed. Also, the
power requirement is growing towards a few hundred kW for irrigation of huge farms and oxygenation of
aqua farms [1]. In this context, three phase drives were found to be extended into high-power agricultural
drives to meet high-power conversion requirements. Among the electrical drives three phase induction
motor-based drives with voltage source inverters for variable speed control [2] are widely used for their
ease of control, rugged construction, and ease of maintenance. In this context, several issues were to be
dealt with the available single-phase supply to drive the three-phase motor [3, 4]. The three-phase drive
when used with single phase supply would overheat capacitors [5]. This is because of increased ripple in
capacitor. The diode in front-end converter had to draw increased current. This causes power dissipation
more than rated value for which the heat sink was designed [6]. This deteriorates the reliability of the
front-end converter with increased failure rate of converter switches and filter components [7, §8]. Also,
the average power handling of the input terminals and converter components was raised. The identified
choices to overcome such issues were either employing three phase drives having higher power rating or
inclusion of additional components to share the current or ripple content in DC voltage [9].To smooth the
DC output of the boost converter, which acts as input to the inverter, a Sliding Mode Controller (SMC)
is implemented [10] for stabilizing the DC output of the boost converter. This stabilizing input voltage
of the inverter can provide fewer harmonics to the motor, which can improve the lifetime of the motor as
compared to high harmonics which improves the reliability [11, 12] and continuous availability of power
supply of the drive. The problem of long-term interruptions in the power supply is addressed by integrating
renewable energy sources (RES) with the DC-link [13, 14]. The Photovoltaic (PV) generation method,
which converts free solar energy into usable electricity through the photovoltaic effect, is one of the most
widely utilized RES. The PV systems can be categorized as standalone and grid connected [15, 16]. The
applications that are related to Grid-connected are used to exchange energy with the utility grid and supply
energy for local loads, as opposed to standalone PV systems, which can only offer electricity for distant
loads that lack a source of power. The DC current from the PV module is transformed into alternating
current in a solar PV system by an inverter that is connected to the grid [17]. After meeting the current
demand, the PV system can transmit the excess energy to the grid when it is connected to it. Yet, excess
energy is taken from the system when demand exceeds generation [18]. The output from the PV panel is
stepped up using boost converter, which acts as an input to the inverter which is loaded with water pump
through the three phase Induction Motor (IM) [19, 20]. A proper energy management system is required
among all these sources to achieve cost effective system with best performance. The battery is used for
responding in transient time periods. The proposed energy management system [21, 22] can reduce the
consumption of diesel by operating it at maximum efficiency. Generally, submersible pumps are used in
water pumping systems, and it seems the motor is underwater at high depth from the ground. This will
create problems in sensing the speed of the motor. To avoid this issue, this paper implements a sensor-less
speed controller. Speed estimation is very important in sensor less speed control, and it can be achieved by
mathematical expressions [23]. However, speed estimation requires both input voltage and currents of IM.
Hence, both voltage and current sensors are required.

To reduce ripples in torque, a direct torque controller (DTC) has been implemented for running the
motor through the inverter. Further, to generate reference electromagnetic torque, a Takagi-Sugeno (TS)
fuzzy-based controller [24] is incorporated with DTC [25, 26]. IFOC is simple and suitable for water
pumping systems. As the advantages of sensorless control in submersible-based water pumping systems
were stated, sensorless vector control is executed. The workflow of this paper, include the following steps:
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1.  Addressing the challenges involved in using a three-phase VFD fed by a single-phase source.

2. Highlighting the importance of reducing diesel consumption during power outages by converting
from single-phase to three-phase supply.

3. Integrating a PV system with efficient energy management and battery backup to diminish the reliance
on diesel fuel.

4. Employing Sliding Mode Control (SMC) to produce a smooth DC output for the inverter and utilizing
a TS-Fuzzy based speed sensorless direct torque controller to minimize torque ripples.

The remaining article is organized in to various sections. Section 2 describes the system description,
section 3 represents the control structure, section 4 presents the simulation results and section 5 presents
the conclusions.

2. System description

The proposed drive for the water pumping application consists of a hybrid power supply from a
single-phase grid, PV source, and battery bank. The system is designed for speed control of the three phase
IM for varying pressure and head of water. Various components of the proposed drive were depicted in
Fig. 1. The drive is designed to be operated at rural agricultural locations where only single-phase supply
is available. The single-phase power supply at 230 V, 50 Hz, was considered for the study. The active
front-end converter with few external components to make it controlled single phase ac to dc conversion [27].
The availability of sufficient space at rural agricultural farms to accommodate PV panels and associated
conversion interface will aid in reliable and efficient operation. The optimal sizing algorithms determine the
percentage of power share by the PV source. However, the maximum share is limited by the available space
and the economics of the system. PV source that feed the DC bus is interfaced with it through a DC-DC
converter to extract maximum power from the PV source corresponding to irradiance at any provided
instance. Thus, PV source supplies its maximum power to the DC bus at the required voltage. The excess
power from PV source if any could be utilized to charge the battery bank and supply it to the drive under
unavailability of PV source as a backup source for short duration of time. However, the sizing and viability
of battery backup is determined upon economics of the system [28]. The battery backup was considered in
the study to achieve reliable operation of the drive under unavailability of grid power and PV power.

This consists of the bi-directional power converter for charging and discharging modes of the battery
bank. The control includes the power supply at the DC bus voltage during discharging and the power
supply to the battery bank at terminal voltage during charging operation. The DC bus of the drive is
fed from three sources viz., single phase grid through active front end converter, PV source through
MPPT enabled converter, and battery bank through the bi-directional power converter. A high capacitance
value holds the average DC bus voltage stiff to feed the voltage source inverter. The VSI converts the
available DC power at its input terminals into variable voltage and variable frequency AC power per load
terminals’ requirements [29]. The variable speed operation as demanded by the pump is delivered through
the three-phase induction motor controlled by a voltage source inverter. Speed control is to be achieved
at various torques owing to the lift of water from different depths and at varying pressures at different
operating conditions. The controller’s objectives include power conversion control at front-end conversion,
MPP extraction control of the PV interface converter, and bi-directional power flow control at the battery
bank interface. Apart from the power flow control at various drive components, it also has got the function
of direct torque control of three phase IM through the VSI (see Fig. 8).
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Figure 1. Single-phase to three-phase conversation to drive IM for the water pumping system.

2.1. Selection of Components

Generally, there is a static friction which is due to moving parts of the system. To overcome this
breakaway torque T}, of motor/pump should be about 10-25 % of the nominal-torque. The pump starts
supplying water only when the speed reaches a threshold value wt. The rate of flow of water (Q, gal/min)
linearly proportional with the speed of pump/motor w, as expressed in equation (1) [3], and a nonlinear
equation is presented in equation (2) that represents the water head and the necessary horsepower capacity
of the motor is calculated using equation (3).

_ Jaw—-b w = w
Q={"y " wzu, 0
H = ayw? + aqwQ + a,Q? , ()
Wiy = Q- H/3960 , (3)

where a, ag, a1, a, and b are constants [28, 29] and Wi, is the horsepower, and H represents the total
dynamic head (in feet).The pump should run at a power which is greater than Wy, to increase its efficiency.
The brake horsepower (BHP) is the power essential at the pump shaft to pump an actual flow rate against a
specified H, given by,

BHP = W,/ (pump — efficiency - drive — efficiency) . 4)

The maximum speed and maximum power can be used to calculate the torque on the motor, i.e.,load
torque as T;=25 Nm. But, there will a linear increase in the load torque from T} to T; when the water flows
from underground to round level. The water’s weight will rise on the engine (i.e., the quantity of water
from the pump to the outlet or ground point). This seems that the load torque will be very low at starting
and will increase like a ramp while the water is coming out to the ground level. Generally, there is static
friction due to moving parts of the system. To overcome this, 10-25% of the nominal torque should be
considered as the motor breakaway torque T.
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Figure 3. Sliding mode controller for PV interface DC-DC boost converter.
3. Control structure

3.1. Front end converter control

The g-axis component of motor current was obtained from sensed phase currents. The low pass filter
and ripple extractor were employed to filter average value and ripple content in the g-axis component of
grid current respectively as shown in Fig. 2. These components were then verified for limit of regulation.
Otherwise, PI regulator is activated to limit the output frequency command. The error in reference and
current value of respective g-axis current components were multiplied by respective weights and were
summed. This weighted sum function of g-axis component of source current components was fed to PI
regulator which would determine the acceleration or deceleration of frequency which when added to set
frequency would determine the output frequency command. During this process, the weights of each
component were user defined so that average g-axis current and g-axis ripple current were simultaneously
regulated to reference levels at any given instant.

3.2. PV interface DC-DC Boost Converter with SMC

Single-phase supply is converted to DC to run a three-phase induction motor through a three-phase
inverter. The output voltage of the diode rectifier is a pulsated DC, and it is needed to provide a smooth
DC link voltage to the inverter to minimize the ripple factor of the induction motor. Hence, the SMC is
implemented to boost the converter to generate a smooth DC output supply. The implemented SMC is
shown in Fig. 3 for generating pulses to Q1, where &, B, p and « are constants chosen by the tuning method.

3.3. Sensor less Speed Estimation

It is very difficult to sense the speed under high depth where the motor is underwater. Hence, estimation
of speed using mathematical equations can help design induction motor sensor-less speed controllers [30,
31]. The block diagram of speed estimation using the model reference adaptive controller (MRAC) of IM is
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shown in Fig. 4. The output of the inverter (i.e., input of IM) depends on both v,;. and pulses generated by
the PWM generator. Hence, inverter voltages can obtain with the help of mathematical expressions [32, 33].
Therefore, physical voltage sensors are not required to sense the input voltage of IM. It makes the system

more cost-effective.

The following equations (5 - 14) can estimate the speed:

LZ
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Figure 5. TS-Fuzzy-based DTC of induction motor.

where T, = L,/ R,. Moreover, angle of rotor can be estimated by,

0, = Tan~! (1’%)

hence, the rotor speed is calculated by,

Wy =

d 1

Slip speed is given by,

Ya

1+0T,S

d d L
- _ = s Y os 8 S _—m S 5
dtee - 711)12 |:(ll]dr dt (I]qr lpqr dtlpdr) Tr (lpdrlqs ¢

Wglip = . ,
slip Tr(lpds - U'leds)

hence, the speed of IM (for indirect vector control) can be estimated by

W = Wglip + Wy .

3.4. TS-Fuzzy based Direct Torque Control
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The schematic of TS-Fuzzy based direct torque control of VSI fed induction motor is shown in Fig. 5.
The sensed DC link voltage and gating signals construct the motor phase voltages. The scheme of generating
phase voltages from DC link voltage and gating pulses was also shown in Fig. 5. The gating signals were
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Figure 6. Flowchart for TS-Fuzzy control implementation.

multiplexed and logically added to obtain templates for each phase. A low pass filter with a cutoff frequency
just above the line frequency provided unit magnitude sine wave templates of each phase which were
multiplied by DC link voltage to construct phase voltages of the motor. The phase currents and obtained
phase voltages were then transformed into d - g coordinates. The phase voltages in the d - 4 system were
utilized to estimate air gap flux. The phase currents in the d - g system and flux angle generated from the
flux estimator were fed to the torque estimator. The error generated from reference speed and estimated
speed from model reference adaptive control (MRAC) was fed as input to the TS-Fuzzy controller which
generates reference torque. The error in torque and flux map to respective instantaneous voltage vector to
be generated by space vector pulse width modulator.

The flow chart for implementing FLC is shown in Fig. 6. Initial guess of torque reference was set to 0.5
pu. The TS-Fuzzy controller was discussed in this section. The input variables for designing the TS-Fuzzy
controller variations x; and its derivative x; in current and voltage as shown in Fig. 7. Inputs fuzzification
was realized using the membership function [21] as shown in Fig. 7.
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Figure 8. VSI current control.

The MFs for and signals are stated in,

0 x; < Ly
pp(xi) = zJilLl —Li<x <Ly

1 x; > Ly

0 x; < Lg ! (15
un(x) = L <y <Ly

1 x; > L

0 X; < Lq

=W L <<

1 xX; > Ly

0 ¥ < Ly , (16)
un(x;) = —_ﬁ"LtLl L <x <Ly

1 X; > Ly

and the rules corresponding to the TS-Fuzzy controller are given in Table 1.
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Table 1. The TS-Fuzzy controller rules.

Rule x; (k) xi(k) Value

Rule 1 N N Zy = a1x;(k) + axx;(k)
Rule 2 N P Z2 = llg,Zl

Rule 3 P N Zy =424

Rule 4 xi(k) xi(k) Value

In Table 1, the calculated output of the TS-Fuzzy operation is characterized by 71, Z», Z3, and Z4. k
denotes the sampling. instant. a1, as, 43, 44, and a5 designate the fuzzy constants, tuned by a tuning process
that diverges from one controller to another. A generalized defuzzifier is exploited to return the controller’s
output Y as expressed by,

1R+ ZoF + Z3F5 + Z4Fy
21+ 2o+ 723+ 74

where F; = Minimum {ypx'i, ypxi} and F, = Minimum {‘uNx'i, nyi}. TS-Fuzzy is implemented to
generate reference torque by comparing motor speed to its reference speed [30]. Hence the output Y is
dynamically adjusted to improve the performance and stability during system dynamics. In this proposed
system, a smooth reference torque signal can help minimize ripples in generated electromagnetic torque
from the induction motor. The membership function used for the positive set and negative set is determined
using equations (15) and (16).

Y , (17)

4. Simulation Results

The switching frequency of the inverter can be limited by adjusting the large hysteresis band and
the range of that frequency is determined thermal limit of power devices. In lower-speed regions, the
performance of the system will decrease because the hysteresis bands are adjusted to cope with the worst
conditions. While controlling the torque, the hysteresis controller is set to change the elapsing time from the
lower limit to the upper limit proportional to operating conditions. The model diagram of TS-Fuzzy-based
DTC of induction motor is shown in Fig. 5. The phase reconstruction block was also implemented to obtain
three-phase voltage without measuring the voltage at the output of the inverter. It can help to decrease the
number of voltage sensors; which results in cost reduction which is represented in Fig. 6. The simulation
parameters of the proposed system are given in Table 2.

Table 2. Simulation parameters for drive.

Parameter Value

Rated power 8 kW

DC bus voltage 300 V

AC source specifications 230V, 50 Hz
Maximum line current at AC source terminals 40 A
Induction motor rated line voltage 230V

Power rating of induction motor 7.5 HP
Rated speed of induction motor 3450 rpm
Maximum phase current 20 A
Maximum ratings of power switches IGBT: 300V, 100 A
Maximum ratings of power diodes 300V, 100 A

TS-Fuzzy Parameters Error bound: 0.01, Membership Function: Triangular
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4.1. Change in load torque

Initially, the motor has been operated at a nominal load torque of SNm from Os to 1.5s and the load
torque changes from 1.5s. As a result, the battery will supply the required power to the motor, for which
the battery’s charge gets reduced. The electromagnetic torque required to drive the load torque without
changing the vehicle’s speed or under a steady state can be achieved through vector control. The torque
and speed of the vehicle during this scenario have been graphically represented in Fig. 9 and Fig. 10,
respectively. It can be noticed from the graph given in Fig. 10 that with a significant torque increment in the
motor’s load torque, the vehicle’s speed remains the same at stead-state. But, the motor runs at its reference
speed during the change of toque scenario due to the presence of vector control in the system. However,
while overcoming the electromagnetic torque over the load torque, it has been noticed that the rate of the
vehicle decreased during the transient period. Fig. 11 represents the battery power curve from which it can
be observed that the battery power is in negative value that indicates charging mode. The power increases
to a positive value from time at 1.5s, indicating discharge mode due to the motor’s start in the vehicle.

140 ! ! ! ! ! ! !

120

100

g 80
z

2 60

=

40
Load Torque

Vo — Motor Torque

Tune (s)

Figure 9. Load and electromagnetic torque generated by drive.

402 ! ! ! ! ! !

400

Reference Speed

Motor Speed

Figure 10. Response of speed under increasing load torque.
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Figure 11. Response of battery under the change in load torque scenario.

4.2. Change in vehicle speed

In Electric Vehicle (EV), the speed of the vehicles rapidly changes depending on various factors, such
as road conditions, traffic, etc., that change the speed of the motor. Hence, the rapid fluctuation of motor
speed and the effect on the system has been studied in this case. The reference speed of the vehicle has
been increased from 40kmph (320RPM for motor) to a new speed of 5S0kmph (400RPM for motor) at 4s
time. As mentioned previously, the motor’s speed will remain maintained due to the presence of vector
control in the system. Fig. 12 represents the response to the speed of the motor, and it can be seen that
there is an increase in the electromagnetic torque at the transient due to the increase in the speed of the
motor. However, the torque generated by the motor will always follow the reference torque, which will
remain unchangeable, as shown in Fig. 13. The dc-link voltage response of the converter has been depicted
in Fig. 14 shows disturbances due to sudden rise and fall of the voltage rating caused by the sudden change
in the motor speed. Also, there is a small spike in electromagnetic torque generated by drive due to the
increase in reference speed. The torque gets stable once the speed of the motor reaches its reference value.

Voltage (v)

\10 e 1 -
SO5 | i
I I I I I
39 395 4 4.05 4.1 4.15 42
Time (s)

Figure 12. DC link regulation for speed change.
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Figure 13. Speed response of the motor.
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Figure 14. Torque response or change in speed.

4.3. Reverse Driving Mode of the Vehicle

In EV, the reverse operation has been mainly performed by changing the operation of the motor from
forward motoring mode to reverse motoring mode, which is achieved by automatically interchanging the
pulses of the converter by the vector control method. Considering at time t=4s, the vehicle goes for reverse
mode at a speed of 10kmph (80 RPM of the motor), the reverse motoring mode has been achieved by
changing the value of reference speed from 8ORPM to -80RPM which is performed by the vector control
mode as shown in Fig. 15. The sudden change in the direction of movement of the motor has caused
a fluctuation in the dc-link voltage for a short period and maintained constant later on to the reference
value that can be observed by visualizing the graph given in Fig. 16. The electromagnetic torque decreases
suddenly due to reversal mode of the motor which is then maintained to its reference value at steady-state as
shown in Fig. 17. Also, it has been noticed that the change in the motor speed and its direction has caused a
minor disturbance in the dc-link voltage. Hence from the above investigation, it has been found that the
proposed DTC-based controller drive for EV performed well during both steady-state and transient-state
conditions.
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5. Conclusion

The closed loop operation for agricultural pump drive with proposed topology and control is discussed.
The model for pump load and sizing of the motor is presented. The MRAC for speed estimation is presented.
TS-Fuzzy logic based direct torque control structure employed for closed-loop speed control is discussed.
The frequency regulation for minimizing input current ripple was observed. DC bus was regulated with
only 6.25 percent ripple. Maximum available power from PV source is extracted which accounted to 42
percent of total load requirement. A good transient response in all cases was obtained. Achieved maximum
overshoot of 5 rpm and torque spike (or dip) of 5 N-m for step change in speed. Also, transient time of 0.2
sec for sudden increment or decrement in load torque by 50 percent was obtained. Thus, a reliable drive for
rural agricultural needs was developed.
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