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Abstract: Aqua farms necessitate an uninterrupted power supply in
order to run three-phase induction motors and sustain optimal oxygen
levels. Hence, it is necessary to convert single to three-phase power in
order to operate the motors and use diesel generators during power
outages. Unfortunately, heavy diesel consumption poses challenges in
aqua culture. To address this, integrating a photovoltaic (PV) and
wind generator system can help reduce diesel consumption. However,
both wind and solar energy are dependent on nature and
unpredictable. Therefore, a small-sized battery is also integrated into
the system. An effective energy management system is essential for
achieving a cost-efficient system with optimal performance. The
battery is employed to respond during transitional time periods. The
suggested energy management system has the capability to minimize
diesel usage by operating at peak efficiency. The battery can be
replenished from both PV and wind sources. Any surplus power from
these sources can be transferred to the single-phase grid in order to
decrease electricity expenses. DC to DC converters, based on sliding
mode controllers, are integrated to uphold a steady DC-link voltage.
The supply from the single-phase grid is converted to DC and then
boosted to the rated voltage to obtain sufficient three-phase AC
voltage through an inverter. The proposed controller aims to reduce
ripples in motor torque, thereby improving the lifetime of system
components and reducing power consumption. An induction motor is
controlled using a TS-Fuzzy based speed sensorless direct torque
controller and a three-phase inverter to reduce torque fluctuations.
The performance of the proposed system is validated using the
Hardware — in the — Loop (HIL) on OPAL-RT platform associated
with MATLAB/Simulink, and the results are presented
comprehensively to demonstrate its effectiveness in both steady state
and transient conditions.
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1. Introduction

Water is a vital resource for human survival and plays a crucial role in the progress of
nations. Given the scarcity of water resources close to human settlements, the extraction of
water from underground sources has become imperative. Consequently, water pumping
systems have become an essential component of human existence, catering to both
agricultural and drinking needs. Moreover, a reliable water supply is indispensable for the
efficient functioning of aqua farms. To achieve this, an induction motor is linked with a
water pump. In certain instances, motors are also necessary to maintain oxygen levels in
aquaculture. An electric motor is essential for driving the pump. However, when lifting
substantial amounts of water from deep underground, high power and torque motors are
essential. Consequently, due to the limited availability of single-phase electrical supply in
many areas, it becomes necessary to convert the single-phase supply to DC using a diode
rectifier in order to operate an induction motor supplied by three phase. Nevertheless, the
DC voltage produced might not meet the requirements to operate the three-phase motor
using an inverter. To overcome this, a boost converter is required to increase the voltage.
Nevertheless, the pulsating DC output voltage of the diode rectifier is not suitable for the
operation of the inverter. In order to resolve this concern and maintain a steady DC output
from the boost converter, it is essential to incorporate a Sliding Mode Controller (SMC).
The SMC guarantees a reduction in harmonics by stabilizing the DC output, which in turn
results in a smoother input voltage for the inverter. Therefore, water pumping systems are
best suited with three-phase motors. This leads to an enhanced motor lifespan compared to
high harmonics.

Researchers have suggested the utilization of induction motors for water pumping systems,
a practice already prevalent in India. Hence, this study has opted for an induction motor for
the enhancement of a water pumping system. Typically, submersible pumps are employed
in such systems, necessitating the motor to be submerged at a considerable depth
underground. This setup can present challenges in accurately monitoring the motor's speed.
To tackle this issue, a speed sensorless controller has been integrated into this study.
Moreover, to reduce torque fluctuations, the motor is operated using a Direct Torque
Controller (DTC) via an inverter. Additionally, Takagi-Sugeno (TS) fuzzy-based
controllers are combined with DTC to produce a reference electromagnetic torque.

Power outages are a common occurrence in various locations, including aqua farms. As a
result, farmers often rely on diesel engines or generators to ensure uninterrupted operation
of their motors. However, the use of diesel generators not only consumes a significant
amount of diesel fuel but also releases toxic gases that can harm aquatic life. To address
this issue and reduce diesel consumption, renewable energy sources have been incorporated
into the system. Presently, photovoltaic and wind energies are widely recognized and
utilized. Therefore, PV and DC generator-based wind power generation systems have been
integrated to provide power to the motors when there is no supply from the grid. However,
it is crucial to acknowledge that the production from PV and wind sources is not consistent.
To overcome this challenge, a battery bank has been incorporated into the system.
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2. System Overview

Figure 1 depicts the proposed water pumping system, which employs a 3-ph induction
motor powered by a single-phase source. The setup comprises different elements, including
a single-phase diode rectifier for transforming the single-phase input into DC, along with a
boost converter for increasing the DC voltage to maintain a steady DC-link voltage.
Subsequently, this voltage is fed into an inverter, which transforms it into AC supply for
the three-phase motor. The induction motor is responsible for propelling the water pump.

To maintain stability in the DC-link voltage, a SMC is employed to generate pulses for Q;.
In comparison to the PI, the TS-Fuzzy controller offers an advantage in reducing torque
ripples by deriving the reference motor torque. The TS-Fuzzy controller ensures a smooth
output through its simple defuzzification rules. The DTC method is utilized for speed
regulation of the motor, allowing for adjustment of the discharged water amount from the
pump. Furthermore, the utilization of space vector pulse width modulation is employed to
generate pulses for the inverter. To summarize, the elements depicted in Figure 1 have been
succinctly described.

The MPPT converters are employed to enhance the individual performances of the PV and
wind generators. The DC generator is responsible for generating a direct current power
source. The battery is connected to the DC bus through a bidirectional circuit. The
bidirectional circuit regulates the voltage of the DC bus by controlling whether to charge or
discharge the battery based on the power availability from the PV and wind sources. The
excess electricity produced by the renewable energy sources is transmitted to the power
grid through a converter that can transfer power in both directions, operating on a single-
phase system. However, the battery cannot be charged from the grid due to this issue,
prompting the addition of a diode between the DC bus and the single-phase bidirectional
converter.
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Fig. 1: Proposed model with 3 phase induction motor.
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A. Selection of motor ratings and pump

The water pump necessitated a certain amount of force in order to raise the water, a force
that could be generated by a motor. Typically, the motor/pump should have a minimum
torque known as the breakaway torque (T}), which should be approximately 10 to 25% of
the torque required to overcome the static friction and lift the water from underground. The
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motor must surpass the base value (wt) of its speed in order for the pump to initiate the
delivery of water. The flow rate of water (Q, gal/min) is directly proportional to the speed
of the pump/motor (®), as indicated in equation (1) derived from curve fitting [25].
Furthermore, the system's leader is controlled by a non-linear equation denoted as equation

).
aw—>b 0=,
0= (1)
0 o<,
H=aoa)2 +a1a)Q+a2Q2 (2)
And,
OxH
= 3
P 3960 ©)

Where, a, ay, a,;, a, and b are constants. W, = required horse power. H is total dynamic
head. The brake horse power (BHP) of the motor given by.

BHP=W,, / (Drive efficiency x Pump efficiency)  (4)

Given that Q,;, is 100 gallons per minute, H is 50 meters, and the pump efficiency is 1,
with a drive efficiency of 0.95, equation (4) indicates that approximately 5 horsepower is
needed to lift the necessary water. Equation (2) further reveals that the maximum speed of
the motor is 190 radians per second, which is approximately equal to 1800 revolutions per
minute.

The motor's torque, denoted as TL, is equal to 25 Nm. However, as water is being pumped
from underground to ground level, the load torque will gradually increase from Tb to TL
due to the increasing weight of the water on the motor. At first, the load torque will start off
low and increase steadily in a ramp-like manner as the water is released to ground level.
Upon reaching ground level, the water will maintain a constant load torque. Additionally,
the friction between the pipe and the water will introduce an additional load torque on the
motor. Furthermore, if extra pipes are added to supply water to other locations, the load
torque will increase accordingly. Typically, a 5 hp motor is used in the agricultural sector
to supply water for crops. Similarly, a 5 hp motor is employed in the aquaculture sector to
circulate oxygen in ponds. However, for apartment buildings with five floors, a 3 hp motor
is sufficient to lift water and store it in water tanks.

B. Boost converter with SMC

In order to run a three-phase induction motor with a single-phase power source, a three-
phase inverter is utilized to transform the power into DC. Nevertheless, the diode rectifier
produces an oscillating DC voltage that requires smoothing to reduce the ripple factor of
the induction motor. In order to accomplish this, a SMC (Switched Mode Converter) is
utilized to implement a boost converter that provides a steady DC output supply. Figure 2
illustrates the implemented SMC, which generates pulses for Q;.

Fig. 2: Sliding mode controller for boost converter.
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C. Sensorless control of induction motor

Most water pumping systems typically consist of submersible pumps, with the motor also
submerged underwater. To effectively design a speed control system for the induction
motor, it is crucial to sense the motor's speed. However, this becomes challenging when the
motor is submerged at great depths. Therefore, the estimation of speed through
mathematical equations can be utilized to develop a sensorless speed controller for the
induction motor.

Various control methods, including v/f control, indirect field-oriented control (IFOC),
vector control, and slip control, can serve as the basis for IM drive [2, 28-36]. Among
these, [IFOC and slip control are particularly effective in decoupling the controls of flux and
torque. IFOC, in particular, is a simple and suitable option for water pumping systems [2,
12-13]. This document utilizes sensorless vector control, considering the benefits of
sensorless control in submersible water pumping systems. Figure 3 depicts the speed
estimation process for the IM using a model reference adaptive controller (MRAC), as
shown in the block diagram. Accurate speed estimation is of utmost importance in
sensorless speed control, and it can be achieved by utilizing mathematical expressions [28,
34-36]. Nevertheless, in order to carry out this estimation procedure, it is essential to have
access to the input voltage and currents of the IM. This, in turn, requires the utilization of
voltage and current sensors. Fortunately, the positive aspect is that a mere two current
sensors are adequate for sensing the current of 3-phs, while the input voltages can be
acquired through phase voltage reconstruction, as depicted in Figure 3. The inverter's
output, which acts as the IM's input, relies on both V4. and the pulses generated by the
PWM generator. Consequently, the inverter voltages can be determined using mathematical
expressions [36]. As a result, there is no need for physical voltage sensors to detect the
input voltage of the IM, leading to a system that is more economical.

The speed can be estimated by the following equations [28, 34-36]:
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Moreover, rotor angle is:
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Hence, the speed of IM is:
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The complete block diagram of speed estimation with the help of equation from (5) to
(14) is shown in Fig. 3.

Fig. 3: Speed estimation by MRAC

D. TS-Fuzzy controller

Typically, the TS-Fuzzy controller demonstrates superior performance in handling abrupt
changes in the dc-link voltage compared to the Proportional+Integral (PI) controller [4].
Below, you will find a comprehensive explanation of the implementation of the TS-Fuzzy
controller.

The input variables for the designed TS-Fuzzy are the error variations of voltage/current
(xi) and its derivative (xi) signals, as depicted in Figure 4. To fuzzify the inputs, two
membership functions (MFs) are used: positive (P) and negative (N), as shown in Figure 4.
The MFs for the xi and xi’ signals are defined in equations (15) and (16) respectively. The
corresponding rules for the TS-Fuzzy controller can be found in Table 5.
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Table 1 presents the calculated output of the TS-Fuzzy operation, where Z;.4, characterize
the results. The sampling instant is denoted by K. The fuzzy constants, a,.s, are designated
and adjusted through a tuning process specific to each controller. To obtain the controller's
output (Y), a generalized defuzzifier is utilized, as described in equation (17).

Y

Z K, +Z,K, +Z,K, + Z,K,

(17)
Z+Z,+Z,+Z,
A A
Negative (N) Positive (P) Negative (N) ositive (P)
— 1 i — P
5 | = ! ,
§05 N <05 B
Ly 0 L X L, 0 L, b
(a) (b)

Table 1: Rules of a TS-fuzzy controller:

Fig. 4: TS-Fuzzy MFs.

Rule x® | 5K Value

RuleA N N Z =ax,() +a,% ()
RuleB N P Z,=/7Za,
RuleC P N 7 , = YA \a,
RuleD P P Z,=Za.

It should be noted that the output Y undergoes dynamic adjustments through the
application of TS-Fuzzy, resulting in enhanced stability and performance, especially during
rapid dynamical system events.
The proposed system utilizes TS-Fuzzy to create a reference torque through the comparison
of the motor's speed with its reference speed. As a result, the effective application of a
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seamless reference torque signal can greatly reduce the fluctuations in the electromagnetic
torque produced by the induction motor.

3. Proposed DTC with TS-Fuzzy

The DTC is a sophisticated method employed in variable frequency drives, particularly for
Induction Motors. It involves analyzing the measured voltage and current of the motor to
estimate its magnetic flux and torque. The DTC of the induction motor exhibits the
subsequent attributes:

» By modifying the reference signals for torque and flux, the motor can promptly track
its desired values with the generated actual values.

» TThere will be no occurrence of a step response with peak overshoot.
» The necessary computations are performed within a fixed reference frame.

» The switch control signals are directly defined by the hysteresis control, eliminating
the need for a separate modulator.

» The tuning of PI controllers is unnecessary for controlling torque directions. Therefore,
there is no requirement for tuning.

» The switching frequency varies, ensuring minimal current and torque ripple.

> As a result of the hysteresis control implemented in the switching process, the current
spectrum remains free from any peaks. Consequently, the machine produces minimal
audible noise.

» The algorithm automatically considers the voltage variation in the intermediate DC
circuit, specifically in voltage integration. As a result, there are no issues arising from
DC voltage ripple or DC voltage transients.

» Synchronizing with a rotating machine is a simple process thanks to the rapid control
mechanism. Adjust the torque reference to zero before starting up the inverter. The
flux will be determined by the initial current pulse.

» Digital control equipment must possess high speed capabilities to effectively maintain
the flux and torque within the specified tolerance limits. Generally, the control
algorithm needs to be executed at intervals of 10 - 30 microseconds or even shorter.
Despite this rapid execution, the algorithm itself is relatively simple, resulting in a
minimal number of calculations.

» To ensure effective hysteresis control, it is imperative to utilize high-quality current
and voltage measuring devices that are free from noise and equipped with low-pass
filtering capabilities. The presence of noise and slow response in these devices can
significantly impair the accuracy and efficiency of hysteresis control.

» At higher velocities, the method remains unaffected by any motor parameters.
Nevertheless, when operating at lower speeds, the accuracy of stator flux estimation is
significantly impacted by the error in stator resistance.

The DTC method demonstrates excellent performance under various conditions, even
without the need for speed sensors. Nevertheless, the estimation of flux typically relies on
integrating the motor phase voltages. As a result, achieving motor control becomes
impossible when the output frequency of the variable frequency drive drops to zero.
Additionally, the motor can also rotate in the reverse direction at any given moment.
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Fig. 5: Proposed control of IM.

The DTC technique effectively selects one of the six non-zero and two zero voltage vectors
of the inverter by taking into account the instantaneous discrepancies in torque and stator
flux magnitude. The DTC induction motor drive presents a notable difficulty due to the
presence of torque and flux ripples, which result from the incapability of any inverter
switching vector to produce the exact stator voltage required for desired variations in
torque and flux. As a result, a comprehensive examination of torque ripple becomes
essential.

It is advisable to employ narrow flux hysteresis bands when using high-speed switching
semiconductor devices. This is because the switching losses of these devices are typically
minimal when compared to state losses. By implementing this approach, the hysteresis
band can be adjusted to a sufficient size to restrict the inverter switching frequency below a
specific threshold, typically determined by the thermal limitations of the power devices.
Nevertheless, adjusting the hysteresis bands to accommodate extreme situations
unavoidably leads to a decrease in the system's efficiency within a specific operational
range, particularly in a region characterized by low speeds. The operating conditions can be
used to modify the transition time from the lower to upper limit, and vice versa, in a torque
hysteresis controller. The subsequent section introduces a fuzzy method to minimize torque
ripple. Figure 5 depicts the model diagram of TS-Fuzzy based DTC for an induction motor.
Additionally, a phase reconstruction module is included to obtain the three-phase voltage
without the need for direct voltage measurement at the inverter output. This can help
decrease the requirement for voltage sensors and ultimately lead to cost savings.

4. SVPWM Technique

Figure 6 provides the details on how to generate pulses using space vector pulse width
modulation (SVPWM). It includes the trajectory of the space vector and the corresponding
angle between vectors. The three phases, denoted as A, B, and C, each consist of two
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switches positioned as upper and lower legs. By considering the angle, the SVPWM
technique can effectively reduce harmonics in the inverter's output and enable quick motor
control compared to other pulse generators. Unlike traditional methods that rely on a carrier
waveform, SVPWM calculates the duty cycles of switches to synthesize the desired
average output voltage. Additionally, SVPWM can generate a higher level of fundamental
voltage compared to sinusoidal pulse width modulation, resulting in decreased total
harmonic distortion (THD).
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Fig. 6: SVPWM technique

5. Results

The MATLAB Simulink software is used to model the system depicted in Figure 1.
Real-time simulators (RTSs) modules have the ability to efficiently solve power system
equations, enabling them to effectively operate complex systems in real-time. This allows it
to continuously generate output conditions that accurately represent the conditions in the
actual network [1]. The RTS technology has gained widespread acceptance as an excellent
tool for designing, developing, and testing of various power system control schemes. In
order to implement the Hardware-in-the-Loop (HIL) setup, researchers have utilized two
RTS modules developed by OPAL-RT technologies. Unit-1 accommodates the entire plant
model, whereas unit-2 accommodates the suggested control approach. Both units are
equipped with analog and digital cards to make a loop by interconnecting them. The control
unit will receive the analog signals from the plant, while digital signals are sent from the
control to the plant. Extensive results are extracted through another computer for the
examination of results under various operating conditions. Figure 7 illustrates the HIL
configuration established using two OPAL RT-OP5700 modules. Furthermore, the
outcomes are presented in the subsequent case studies.
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2 | Analog to | | Digital to
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R 1 1§
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Fig. 7: HIL architecture.
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Case-A: operation with motor

All aquaculture facilities require the implementation of variable speed controls to manage
oxygen in fish ponds. Likewise, variable speed controls are essential for regulating the flow
of water in various industries and residential buildings. As a result, the system's
performance is evaluated when there is a change in the speed reference signal. At t=1.0 sec,
the reference speed is adjusted from 900rpm to 1400rpm. The TS-fuzzy based DTC system
generates the necessary pulses for the inverter to track the motor's reference speed. The
comparison between the reference speed and the actual speed of the motor is presented in
Figure 8. The flux components on the direct and quadrature axes are illustrated in Figure 9,
showing a smooth profile that indicates the motor's smooth operation. The total flux is
displayed in Figure 10, with the reference flux set to unity, resulting in a stable total flux at
a unit value. This demonstrates that the motor is functioning safely in both saturation and
flux weakening modes. The corresponding torque is shown in Fig. 11, while the AC and
DC-link voltages are depicted in Fig. 12 (a) and (b) respectively.
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Fig. 9: Flux components.
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Case-B: operation without motor

In case of no operation with motor, the power generated from renewable sources should
feed into battery and grid. The operation without operating motor drive is depicted in Fig.
13. Once, battery is fully charged, the grid can observe the power generated through
sources.
4000 T T T
3200
2400
1600 F : : \PV power -

grid power —_

wind power

-2400 | : Battery power 1

-4000 L L L
2.8 3 32 34
Time (s)

Fig. 13: Response of various powers.

6. Conclusion

The water pumping system, driven by a single-phase supply and a three-phase induction
motor, has been equipped with TS-Fuzzy and sliding mode based controllers. In this paper,
a sensorless controller has been proposed specifically for submersible pumps. The
experimental results demonstrate the performance of the system under varying torque and
reference speed conditions for different applications. Furthermore, an evaluation has been
carried out to compare the electromagnetic torque produced by the motor when utilizing a
PI controller versus a TS-Fuzzy controller. The evaluation reveals a significant advantage
in favor of the TS-Fuzzy controller, as it effectively minimizes torque ripples in the DTC of
the induction motor. To further enhance the system's efficiency, the integration of PV,
wind, and battery bank technologies has been implemented to reduce diesel consumption.
Furthermore, the extra power generated by the system can be transmitted to the grid in
cases where the load power is less than the generation capacity, due to the controllers that
have been recommended.
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