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Photovoltaic (PV) water pumping systems address water accessibility challenges in
isolated regions by offering sustainable, self-sufficient solutions that do not rely on the
power grid. These systems provide enduring advantages, such as reduced operational
expenses, while also making a substantial contribution to agricultural progress and
enhancing the quality of life in rural areas. The utilization of solar energy for powering
rural areas has been significantly reduced due to recent technological breakthroughs. The
objective of this study was to utilize MATLAB-Simulink models to simulate a
photovoltaic water pumping system and generate an ideal direct current (DC) voltage at
the input of the inverter. In addition, the machine side utilizes space vector modulation
(DTC-SVM), while the DC voltage side employs fuzzy logic control (FLC). The fuzzy
logic methodology is highly effective in dealing with non-linear and complicated systems,
providing strong control in situations where conventional methods may face difficulties.
DTC-SVM improves the management of motors by providing superior dynamic
performance, minimizing torque fluctuations, and increasing overall efficiency. This
makes it a highly valuable technique for motor control systems. When the DTC-SVM
method is applied to the induction motor instead of the field-oriented control (FOC) and
conventional direct torque control (DTC), it was discovered that the centrifugal pump
exhibits a more rapid dynamic reaction and performs more effectively.
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1. INTRODUCTION

Sustainable development has become the concern of the
current generation and the new horizon for researchers, which
represents the main benefits of the electrical system based on
renewable energy always stock sources and fixed rates [1]. Of
all the renewable energy sources, the photovoltaic (PV) system
is the most widely utilized worldwide. This is because it has a
long lifespan, low maintenance expenses, great dependability,
and can harness sun energy in any location on the planet. PV
systems harness solar energy by directly converting it into
direct current (DC) electrical power through the utilization of
semiconductor characteristics. These devices have the
capability to function independently (off-grid), connect to the
power grid, or operate in a combination of both modes.
Standalone mode is employed to generate power in rural and
remote regions that are inaccessible by the electrical grid or
where the expense of connecting to the grid is prohibitive
(known as islanded operation) [2]. More recently, the
applications of photovoltaic energy have become more
prevalent and more popular outside the network, particularly
in water pumping systems. The water pumping system is a
widely utilized application in the generation of renewable
energy. This application is utilized in remote regions, typically
isolated mountainous or rural locations, where access to a
power grid is unavailable. Populations frequently employ the
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PV pumping system to meet their home water needs and for
agriculture purposes.

In an experiment to increase efficiency and reduce the cost
of systems used and improve the performance and reliability
of the PV energy pumping system [3]. Usage depends on two
types of independent PV systems: the first is to store surplus
energy of photovoltaic energy in batteries, thereby increasing
the cost of the system by 10—50%. The second is without using
batteries, and in this, the water is stored in reservoirs [4]. For
example, diesel engines are used as pumps for agriculture in
isolated areas for ease of installation and because of the bad
choice considered These types of systems cause a lot of
environmental problems because of their work, which depends
on fossil energy [5]. Moreover, the frequent repairs and
maintenance of diesel pumps are generally 2—4 times more
frequent than pumps based on PV energy [6]. Accordingly,
water pumps based on renewable energy offer an alternative
solution. Induction motor PV pumping systems are frequently
used because they are more reliable and cost-effective, and
they do not require ongoing maintenance [7].

Nevertheless, in such systems, it is imperative to accurately
and efficiently manage the energy generated by solar panels to
the fullest extent possible. To enhance the efficiency of solar
panels, it is necessary to optimize the DC voltage control
provided by them. Various control solutions have been found
in the literature to accurately follow the maximum power point
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tracking (MPPT) for the photovoltaic array [8]. Since most of
these solutions can achieve the same goals, they work very
quickly and efficiently even when conditions like temperature
and irradiation change, even though they use different
principles. One of the primary tactics employed is the standard
P&O technology, renowned for its flexibility and simplicity,
making it the most prevalent commercial product. However,
the dynamic reaction of the system remains poor due to the
need for a comprehensive understanding of the model, which
directly impacts the efficiency of the PV pumping system. As
a consequence of this drawback, we present in this study an
alternative MPPT technology that is based on a novel
intelligent control system known as fuzzy logic. This control
offers the benefit of being a potent and relatively
uncomplicated tool in development without necessitating an
extensive understanding of the model to be employed [9].

IM (inverter module)-based PV water pumping systems are
divided into two typical configurations [10]: the first model is
a dual-stage water pumping system, which consists of a PV
panel and DC-DC converter to boost the voltage array
obtained from the PV panel and maximize energy, and a DC-
AC inverter to convert voltage to alternating voltage, which
feeds the pump paid by IM. This model is considered an easy
model and simpler in terms of control, taking into account the
increase in the number of its components.

The second model is a water pumping system with a single-
stage which doesn't consist of a DC-DC converter, so that the
DC-AC inverter works with a tracking algorithm that allows it
to perform the function of the DC-DC converter. At the same
time, it converts the voltage to an alternating voltage, to feed
the pump paid by IM, with the imposition of connecting the
solar panels in sequential order [11].

On the other hand, the solar panel water pumping system is
being improved by improving the control method of the IM.
Many researchers proposed various strategies for controlling
IM in this regard [12]. In many years, much research has been
done that aims to address and improve optimal IM control and
develop strong and effective controls for it. Naturally,
optimum IM control increases pump flow.

Field-oriented control (FOC), often referred to as vector-
based control, is a widely used strategy for managing
induction motors (IM) [13]. FOC relies on the notion of
utilizing two loops: one for the internal current loop, which
should be responsive, and another for a robust and stable loop.
The external speed should also be considered, and the response
time of the rotor flow loop should be reduced [14]. FOC has
been proposed as a method that highlights the benefits of
having independent control over torque and flow. This concept
is derived from the operation of an independently stimulated
DC machine. The FOC technique has excellent dynamic
performance in steady-state conditions and minimizes the
presence of ripple energy. Additionally, it decreases the
switching frequency of the inverter [15]. However, the
drawbacks associated with this level of control deter IM users
from using it. The FOC method is known to be extremely
responsive to any modifications in its parameters, such as
temperature. Consequently, this will result in a noticeable
decline in the performance of the IM [16]. Direct torque
control is a highly prevalent form of control in the IM. The
DTC drive system relies on static hysteresis for controlling
both flow and torque, as stated in reference [17]. This control
method is selected due to its straightforward structure and
excellent performance with high efficiency. However, it also
introduces ripples that directly impact the efficiency of our
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system and the lifespan of the motor-pump unit [18]. In order
to minimize undulations and prevent deformation in fluid
motion. In this research, we suggest utilizing DTC with a
space vector modulation method (DTC-SVM) as a solution to
mitigate the ripples commonly encountered in conventional
DTC [19].

Our objective is to enhance the control approaches
employed for the inverter module in a solar-powered water
pumping system by optimizing its efficiency. The
implementation of this system utilizes the simulation program
Simulink-MATLAB R2018a.

The paper is structured as follows: after the introduction, we
provide the background information. In the second portion, we
conduct a comprehensive examination of the system
components, focusing on the modeling of each individual
piece. In the third section, we thoroughly examine the
suggested control techniques for this particular system. In the
fourth segment, we evaluate the outcomes of the system
simulation and its analysis. In the fifth part, we will examine
the summary and findings of this study.

2. GLOBAL SYSTEM LAYOUT

Figure 1 illustrates the structure of the proposed solar
photovoltaic (SPV) array-powered water pumping system,
which uses an induction motor and a DC-DC converter. The
suggested system comprises, in sequential order, a solar
photovoltaic (SPV) array, a DC to DC converter, a three-phase
inverter, an induction motor, and a centrifugal water pump.
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Figure 1. Configuration of solar-powered water pumping
system

2.1 Photovoltaic generator modeling

The PV generator comprises a photovoltaic cell that
converts solar energy, in the form of radiation, into an electric
current. This cell is often fabricated using a thin layer of silicon.
The solar panel's input parameters consist of irradiance, which
is measured in watts per square meter (W/m?), and temperature,
which is measured in degrees Celsius (°C).

The PV generator consists of a photocurrent source, a diode,
and both series and shunt resistances [20]. The attributes of the
photovoltaic generator may be expressed as follows:

Vo + Rl
Ly =1,—1I [exp (u)_ 1]

Vn
1
_ (va + Rslpv) W
Rsh
where: I, , Rg, and R; Indicate the current output of the array,

the equivalent shunt resistance of the PV array, and the series
resistance of the PV array, in that order. The symbol Vi,
represents the thermal voltage of the PV array, as defined by



Eq. (2). The photo-current, denoted as I, is created based on
the Eq. (3). The reverse saturation current of the PV array,
denoted as I, is determined by Eq. (4). The short circuit
current of the PV array, denoted as I, is defined by Eq. (5).

_ (Vmp + Rslmp - V;)c)

Vin
I 2
log (1 - #) @

Sc
G
I, = (Ige + K;(T - 298.15))m 3)
V., + Rl
I, = ([SC — Imp)exp (%ﬂ) 4)
th
G

Iy = IscR G_R [1 + a(Tcel - TcelR)] (5)

2.2 Boost converter

The primary function of the DC-DC power converter is to
control and modify the voltage output from the PV array in
order to enhance the amplification of solar energy. A boost
converter is a basic power circuit that comprises an inductor,
a capacitor, two diodes, and a switching component. The most
often used component in this circuit is the bipolar transistor,
specifically the insulated-gate bipolar transistor (IGBT).
Considering that the input capacitor filter may be eliminated
to simplify the design process of the MPPT controller, it can
be equated to the output current of the PV system together with
the inductor current.

The continuous model of the DC-DC boost converter is
constructed as follows:

dlpv _ V;Jv - Vout (1 _ D)
_dV"“t - Ip_”_ M (1- D)
dt C RC

The boost converter model may be formed in two scenarios
based on the switch's states, namely On and Off. The attention
is mostly on continuous conduction. The formulation of the
Boost converter changes depending on its structure.

2.3 Three-phase inverter

The inclusion of a boost converter, which is responsible for
voltage adjustment and enhancement, is inadequate for
powering the induction machine in this particular system.
Hence, in the photovoltaic system, it is essential to use an
inverter to effectively and securely interface with the induction
machine, guaranteeing energy management by converting the
DC output voltage from the transformer into regulated
alternating voltage. A voltage source inverter (VSI) is often
used for this objective. The potential use of a current source
inverter (CSI) is of great importance in the realm of solar
energy conversion from direct current to alternating current,
particularly in three-phase current inverters. This utilization
guarantees the production of a well-balanced three-phase
power system. The functioning of the inverter is contingent
upon the state of the switches [21]. The voltage system may be
expressed as the following matrix:

il p 12 -1 -1k

pv
Vz =—1-1 2 -1 Kz (7)
V3 -1 -1 21lK;
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The equation presented demonstrates the continuous
functioning of a DC source:

[pv = Kllsa + KZIsb + K3lsc (8)

2.4 Mathematical modeling of the induction motor

The dynamic characteristics of a three-phase induction
motor in the (d, ¢g) reference frame may be explained as
follows: the stator voltage is generated inside the d-g
coordinate system:

d

Vds = Rslds + E@ds (9)
d

Vqs = RSIqS + E@qs (10)

The rotor voltage isformed in d-g coordinate system as:

d
0=Ver = Relar + = Bar + 0mPBqr (11
d
0=Vor = Relgr + —Bgr + OmBay (12)
The stator flux is formed in d-g coordinate system as:
Bas = lslgs + Mg, (13)
Bos = Llgs + Mg, (14)
The rotor flux is formed in d-q coordinate system:
Bar = Llar + Mlgs 15)
Bgr = Lilgy + Mg (16)
and the electromagnetic torque is formed:
Cem = %(@aslqs — Byslas) 7)

where: [ represent the stator inductance and [, represent also
the rotor inductance, Rs, Rr and M symbolize stator resistance,
rotor resistance and mutual inductance of IM respectively. Is,
Ir denote the stator and rotor current is formed in d-gq
coordinate system, wy,is the rotor electrical frequency in rad/s
[22].

2.5 Modeling of centrifugal pump

Multiple pumps are used in water pumping systems that
make use of photovoltaics, recognizing that this is a vital
component of the system. Centrifugal pumps are the optimal
choice for handling large flow rates and high total head
requirements, while maintaining a high level of efficiency [23].
The pump's attributes may be represented using the following
mathematical model:

p= png (18)
Pu
= (19)



And torque-speed equation is given by the following
expression:

Tpump = K]_WZ + K2WQ + K3Q2
T, = Aw,? (20)
A = P,/w,?

where:

N— the rotational speed shaft of pump given by (rad/s), p
— volumetric water mass given by (Kg/m?). Q — the water
flow (m3/s), and H — the height of rise (m), g — the
acceleration of gravity (m?/s). K;, K,, K3 — are coefficients
given by the manufacturer [24].

w,.: Motor speed; P, : Nominal hydraulic power of the pump;
w,,: Nominal speed of the pump.

A feed-forward equation for speed derived from solar
power's available power is as follows:

w,* = K3/P,, (21
where, B, is photovoltaic power and K=1/3J/A. This feed-
forward speed increases the dynamic performance in

standalone mode and decreases the system's dependence on
the pump's consistent accuracy [25].

3. CONTROL STRATEGIES
3.1 Fuzzy logic control

The utilization of this technique, originally suggested by
Lotfi Zadeh in 1965, has become a viable substitute for many
control systems in recent times. Fuzzy logic approaches have
shown to be useful in several sectors and are applied in
virtually every field. The fuzzy logic structure consists of three
sub-blocks: fuzzification, inference, and defuzzification, as
shown in Figure 2 [26].

Fuzzy logic controller

Fuzzification | ) F-uzz:.‘ |l p Defuzzification i D
inference 1
'
f f S
Input Fuzzy Fuzzy Output Fuzzy
Sets Rules Sets

Figure 2. An overview of the FLC's structure

o Identification of input and output variables and their
fuzzification.

The fuzzy logic MPPT algorithm incorporates
measurements of voltage and current at each moment k to
ascertain the active power. The power change (DP(k)) is
determined by comparing the current active power to the
power at the prior time K-1. In order to determine the voltage
error (DV(k)), the voltage at time k was compared to the
voltage at time K-1. To compute the change in error De(k), the
power error is divided by the voltage error to generate the error
e. This error e is then compared with the prior error to
determine the change in error De(k), as shown in the following
equation:

P(k) — P(k—1)

W) =i —vik=-1
Ae(k) =e(k) —e(k—1)

(22)
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Ke, Kde, and Kc are crucial scaling parameters for FLC
design, ensuring a favorable response in dynamic and transient
scenarios. They can be either constants or variables [27].

A.  Fuzzification

During this stage, the numerical input variables (e(k) and
Ae(k)) are transformed into linguistic variables by the
utilization of a membership function. This transformation
encompasses seven gradations of imprecision represented as
ZeE (Zero), PoB (Positive Big), PoS (Positive Small), NeB
(Negative Big), and NeS (Negative Small). Figure 3 vividly
depicts these stages.

e(k), Ae(k), D

NeB NeS  Z¢E PoS PoB

-1 -0.5 0 0.5 I
Figure 3. The FLC's variable linguistics membership

functions

B.  Fuzzy Rule Base

Below is a table that presents 25 inference rules for different
combinations of linguistic variables e(k) and Ae(k), resulting
in the output D. The IF-THEN rules exemplify the fuzzy
correlation between the input variables and the output
variables, and may be classified into the following categories:

*IF [e(k) is NeB] and [Ae(k) is NeB] THEN [D is ZeE]; If
both the error (e(k)) and the change in error (Ae(k)) are
evaluated as having the linguistic value 'Negative Big', then
the duty cycle (D) for the control action should be adjusted to
'Zero' (ZeE).

*IF [e(k) is PoB] and [Ae(k) is NeB] THEN [D is PoB]; If
the error signal e(k) is classified as "Positive Big" and the rate
of change of the error Ae(k) is classified as "Negative Big",
then the duty cycle D is classified as "Positive Big" (Table 1).

Table 1. Rule base of FLC with the inputs E and AE and the

output AD
Al ®k) NeB NeS ZeE PoS PoB
NeB ZeE ZeE NeS PoS PoB
NeS ZeE ZeE ZeE PoS PoB
ZeE NeB NeS ZeE PoS PoB
PoS NeB NeS ZeE ZeE ZeE
PoB NeB NeS PoS ZeE ZeE

C. Inference and Defuzzification

This approach constructs the combination of the outputs of
each rule, resulting in the conversion of the inferred fuzzy
control action into a numerical variable at the output, as
specified by Eq. (23).

27:1 wD,

N
i=1 Mi

n=

(23)

where,



N: Quantity of rules.

u;: Denotes the hierarchical position within the membership.
D;: The coordinate associated with the corresponding output.

3.2 The control strategies of the inverter

3.2.1 Sinusoidal Pulse Width Modulation (SPWM)

The primary function of the inverter is to transform the
power output from the converter into a sinusoidal waveform,
achieved through the use of a MOSFET/IGBT switch.
Sinusoidal Pulse Width Modulation (SPWM) is a widely
utilized technique for this procedure. This technique is widely
employed in several industrial sectors to provide motors with
sinusoidal power at variable voltage and frequency levels. In
this study, we employ this strategy to generate a reflective
output that consists of sinusoidal signals for the induction
machine. SPWM is produced by comparing a sine signal with
a triangle wave, also known as a sawtooth wave. This is done
by intersecting a sawtooth wave with a sinusoidal wave,
resulting in the generation of reference wave pulses. The width
of the pulses is contingent upon the reference wave and is also
influenced by the modulation index range. It is widely
recognized that this approach produces pulses of varying
width and magnitude, allowing the power provided to the
engine to be regulated by a series of PWM control signals sent
to the gates [28].

3.2.2 Hysteresis controller

This technique has several applications in transformers and
motors. This technology is distinguished by its quick
responsiveness and excellent unconditional stability.
Additionally, it is regarded as robust and has exceptional
dynamics. Additionally, it is distinguished by a broad range of
instructions. This technology regulates the interphase reaction
of the motor by adjusting the variable hysteresis range in
response to variations in the normal load (continuous load)
between phases.

The functioning of this strategy is contingent upon the
examination of the mistake scenario. When the current error
surpasses or reaches the upper limit, it induces a negative
voltage, leading to a reduction in current. If the current error is
equal to or exceeds the lower limit, a positive voltage is
supplied. This results in an increase in the current [29, 30].

3.3 Proposed strategies control of the induction motor

Several scholars have suggested different ways for
managing instant messaging in this context. Over the course
of many years, much research has been conducted with the
goal of addressing and enhancing optimum IM control, as well
as developing robust and efficient controls for it. Optimal IM
management naturally enhances the flow rate of the pump.

3.3.1 Flux oriented control

There are two methods accessible for flux-oriented control
(FOC). The first method is referred to as indirect flux-oriented
control (IFOC). Hasse made this assumption in 1968. Another
approach is direct flux-oriented control (DFOC), which was
proposed by Blaschke in 1972. The idea of flux-oriented
control (FOC) relies on aligning the flux to get an induction
motor (IM) behavior that resembles that of a DC machine.
Considering the independent excitation to provide distinct
control over the flow and torque. For this investigation, we
choose to align the rotor flux with the direct axis of the
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reference point. The equations governing the IFOC command
may be expressed as follows:
When we apply the law of orientation (@qr = 0 = @q,

@) in the plan d,q we will have:

Par = Qr = Lplgr + Mlyg

Qqr = 0=L.14 + Ml (24)
Tem = _P¢dr1qr
Which gives:
L
Ips = —Mrlqr
Y (25)
Lgr L_qus

We impose this requirement to ensure a unit power factor:
(26)

From Egs. (24), (25), and (26), we can figure out what the
reference currents are. This gives us:
L,
PMog,

@qr = 0,then the objectif is Iy; =

L
Qar = @y, then the objectif is I} = Mrgogr.

T = Tom, then the objectif is Igs = #Tg‘m.
dr
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PWM :
Inverter:
g
i
|
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AT W
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centrifugal pump

|

=
g

|

Figure 4. Block diagram of FOC of induction motor feeding
a centrifugal pump

To attain the theoretical goals upon which this technology
is founded, we conduct a comparison between the control's
reference parameters and those of IM. This enables us to
identify the inaccuracy in each parameter and then eradicate
the static error. Considering the system's stability, we achieve
a rapid reaction time while maintaining a clear distinction
between flux and torque as showing in Figure 4 [31].

3.3.2 Control design of DTC

In the 1980s, Takahashi devised a novel control approach
known as DTC (Direct Torque Control). Subsequently,
Takahashi, Noguchi, and other researchers in Japan
implemented and showcased this approach from 1986 to 1999.
Depenbrock and others submitted it throughout the period of
1986 to 1992 [32]. An inherent benefit of this approach is in
the ability to exert precise command over the electromagnetic
torque and stator flux linkage by choosing from a set of eight



voltage vectors used in the inverter. The selection of sequences
is contingent upon torque and stator faults that fall below
predetermined hysteresis limits. The DTC controller does not
rely on the principle of constant current control through direct
flow control. Instead, it utilizes two hysteresis comparators
(flux and torque) to ensure that the torque remains within
specified limits by determining the switching voltage vector
[33]. This is illustrated in Figure 5.

3 -
los|* + cflx F _S}T__:___>
'® : 2 |

713 1 -

wr * T+ ! ctrq g .
o) (g
L ot |
W, - o [

! Concordia
: Torque estimation | Transformation

i
—— lsaﬂ

centrifiugal pump

Figure 5. Block diagram of DTC of induction motor feeding
a centrifugal pump

*Flux and torque estimator:

The ultimate torque equation is contingent upon the stator
variables, voltage, currents, and resistance, all of which need
precise measurement. The equation for torque is expressed as:

1= (3) (5) 512 losllo,I(sin®)

9LL, @7)

Lin
where, 9 =1 — ”

is the leakage factor.
sLr

By referring to Eq. (27), we may infer that the variation in
torque is strongly connected to the alteration in the constant
magnitudes of stator and rotor flux. This relationship is similar
to the one seen between rotor and stator flux [34].

The flux stator for the stationary reference frame is given as:

do
E - Vs - [RS]IS (28)
Ps = st - [Rs]ls 29

The temporal duration plays a crucial role in this method,
namely between the simultaneous occurrence of the six
vectors. Only one voltage vector is used for the purpose of
sampling. Thus, Eq. (29) may be restated in the following
manner:

o= | W, dt — [R] | L dt (30)
.

0

@s = V. At + Ps/t=0 (31)

where, @;/¢—¢, the principal stator flux linkage at the moment
of switching is denoted as V and I represents the observed
stator voltage and current. Also R, refers to the estimated
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stator resistance. As a result of the high velocity, we disregard
the decrease in resistance. The expression obtained is as
follows:

(32)

The amplitude of the stator flux linkage may be regulated
by applying a suitable voltage vector as specified in Eq. (32).

We used the frame (@, ) in our study. Hence, in the
stationary frame (a, 8) associated with the stator, the flux and
torque relations may be expressed as:

( Ose = [ Ui = Relse)

|(ps| = ’(psza + (pgﬁ
3
T, = E p (‘psalsﬁ - ¢sﬁlsa) (34)

*Switching table:

Referring to the torque and flux hysteresis states and the
stator sector described in Eq. (35). Table 2 displays the
swapping or switching table that governs both the rotational
direction of the bearing and the magnitude of the stator flux.
The exchange table consists of six sectors of voltage vectors.
Every sector consists of four voltage vectors that are not equal
to zero, out of a total of six vectors. The flux sector is
represented by 6, whereas T* and ¢* denote the outputs of the
torque and flux hysteresis comparators, respectively. In Table
2, when ¢* =1 (increase), the actual flux is not precisely equal
to the reference value. Conversely, when ¢* = 0 (reduction),
the actual flux is greater than the reference value. This also
implies the rotational force.

0 = arc(p;) = arctg (<Psa> (35)
(psB
Table 2. Switching table (TAKAHASHI table)
Sector
Flux Torque 1 2 3 4 5 6
Increase V2 V3 V4 V5 V6 V1
Increase NoChange VO V7 V0O V7 V0 V7
Decrease V6 V1 V2 V3 V4 V5
Increase V3 V4 V5 V6 V1 V2
Decrease NoChange V7 VO V7 V0O V7 VO
Decrease V5 V6 V1 V2 V3 V4

We can write the output voltage Vs and current VSI in the
Concordia frame as follows:

= Vig + jVsE
Isoc + szﬁ

B lJIAS]

(36)
Vs

2 21 an
§Vdc (Sa+ Sh.e’3 + Sc.e’3)

where: Sa, Sb and Sc are the inverter’s switches. Viq, Vg, Lsq
and [,z are respectively the direct and quadrature voltage and
current vectors [35].



3.3.3 Direct torque control-space vector modulation (DTC-
SVM)

dq /| Ve
> D Three-phasé¢
0t | _v’ b —alnverrer
1oeed
conrole Gﬂ
V4
le—{ Voltage :
Flux # calodlation
. Ws| torqueand | 14
CE thets ¢ dq b
o estimation \ *
Bl
- Centrifugal pimp

Figure 6. DTC-SVM configuration
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the vectors Ia, Ib, and Ic

Supplying swithing pulses t
the Inverter

!

~ Finish the operation— __
time e

Jre

(_ Finish )

Figure 7. Flow-chart of DTC-SVM algorithm

The conventional DTC algorithm use hysteresis
comparators to regulate the torque and flux, and also considers
the sector position of the instantaneous flux to calculate the
appropriate switching states for the inverter. The hysteresis
comparator is characterized by its significant torque and flux
ripples, as well as its variable switching frequency, which are
considered its basic drawbacks. Various scholars agree on
integrating the benefits of Direct Torque Control and Field
Oriented Control inside a unified framework to address these
limitations, leading to the development of the DTC-SVM
approach. The DTC-SVM method differs from the DTC
method in that it utilizes average values and the SVM
algorithm to estimate the switching state of an inverter, instead
of relying on instantaneous measurements and direct
computations. Figure 6 demonstrates the use of DTC-SVM to
assess the reference voltage vector and modify it via the
employment of the SVM approach, resulting in the generation
of inverter switches. Figure 7 depicts the diagram of the DTC-
flow SVM. This design regulates the torque and flux of an
induction motor. The control methodology involves
modifying the voltages generated by PI controllers. The SVM
module is used to generate switching signals for the inverter.
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The DTC-SVM arrangement eliminates the hysteresis
controllers and the look-up database, therefore mitigating the
associated downsides [36].

4. SIMULATION RESULTS AND ANALYSIS

The proposed solar energy harvesting model is simulated
for a duration of two and a half seconds to establish a
correlation between the transfer of the sequential pumping
system and various scenarios. And by fixed temperature (25
degrees)/ varied irradiation conditions. Discrete simulation is
the preferable method for achieving optimal analysis, as
opposed to continuous simulation.

The boost chopper parameters employed are as follows:
Input capacitor with a value of 2000uF, inductor with a value
of 1mH, and output capacitor with a value of 2000puF.

The characteristics of the induction motor utilized are as
follows: Rs =6.75 Q, Rr=6.21Q, Ls=0.5192 H, Lr =0.5192
H, M=0.4957 H, J=0.0140, Fr=0.002, P =2.

Figure 8 represent the solar shine of the photovoltaic
generator, which we used in this work.

PV module parameters used: Maximum power (Watt-Peak)
=213.15 Wp, Short circuit current (ISC) =7.84 A, Open circuit
voltage (VOC) =36.3 V.
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Figure 8. Irradiation profile

Figures 9, 10, and 11 demonstrate that the torque of the
induction machine corresponds to the applied load torque
using FOC, DTC, and DTC-SVM techniques, respectively, in
the solar water pumping system, which is affected by
variations in radiation. Initially, the pump load is subjected to
a radiation intensity of 1000 W/m?. At t= 0.5 s, a decrease in
torque is observed as a result of the radiation decreasing to 600
W/m?. This decrease in torque indicates that the system is
mostly dependent on radiation. During the time intervals of 1
second, 1.5 seconds, and 2 seconds, the radiation levels
increase to 700 W/m?, 800 W/m?, and 900 W/m? accordingly.
This increase in radiation directly impacts the torque of the
induction machine, providing evidence of its susceptibility to
changes in radiation.
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Figure 9. Electromagnetic torque by FOC
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Figure 11. Electromagnetic torque by DTC-SVM

Att=0.7 s, a load is applied to the machine with a torque
of 6 N.m. Additionally, we observe that the machine's torque
aligns with the load torque temporarily. At the 1.4-second
mark, we decreased the load torque by 5 N.m, resulting in a
corresponding decrease in the machine's torque.

DTC-SVM exhibits reduced fluctuations in electromagnetic
torque compared to conventional direct torque control, while
also achieving faster dynamic reaction tracking compared to
field-oriented control. The control system exhibits a highly
satisfactory response during the speed reversal test, even under
the rated load condition.

Figures 12, 13, and 14 represent the electrical currents of
the machines in the binary systems of field-oriented control
(FOC), direct torque control (DTC), and space vector
modulation (DTC-SVM), respectively. The currents of the
induction machine are influenced by both the applied load
torques and the radiation change, as depicted in the pics.
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Figure 12. Stator alpha-beta currents by FOC
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Figure 13. Stator current by DTC
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Figure 14. Stator current by DTC-SVM

The rotor and stator current components exhibit identical
characteristics in all control systems. These devices exhibit
sensitivity to fluctuations in torque caused by the load and
have a sinusoidal form. Similar to traditional DTC, the steady
state current response of the DTC space vector modulation
(SVM) exhibits minimal fluctuations in stator current and a
waveform that closely resembles a sinusoidal pattern, in
contrast to conventional direct control methods. The stator
current's ripple, which indicates the phase current and its
harmonic spectrum, exerts a significant detrimental impact on
the performance of the motor pump. We also observed that the
dynamic response of FOC is dependent on its present
amplitude, requiring more energy until the system reaches a
steady state, as compared to DTC and DTC-SVM.
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Figure 15. Stator alpha-beta currents by FOC (Zoom)
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Figure 17. Stator current by DTC-SVM (Zoom)

The stator current waveforms of DTC-SVM exhibit higher
qualitative characteristics compared to those of regular DTC,



thanks to the use of hysteresis controllers. This distinction is
particularly evident in the zoomed-in Figures 15, 16, and 17,
which represent FOC, conventional DTC, and DTC-SVM,

respectively.

Figure 18. Start trajectory flux by FOC

i

Figure 19. Start trajectory flux by DTC

Figure 20. Start trajectory flux by DTC-SVM

To demonstrate the enhancements made to our studied
system, we can utilize Figures 18, 19, and 20. These images
display the initial paths taken by Flux for FOC, DTC, and
DTC-SVM, respectively.

The reference flux value was set to 1 Wb, the greatest flux
value, when FOC was applied. The same value was used for
both DTC techniques. It is evident that the flux obtained by
FOC surpasses the nominal flux. This has a negative impact
on the motor-pump's capacity to respond quickly, which is a
disadvantage compared to the flux obtained through DTC.
However, the flux obtained through DTC is further enhanced
by DTC-SVM.

The results suggest that employing DTC-SVM enables the
flux to quickly follow a shorter path, resulting in a more
efficient trajectory. In contrast, applying DTC and FOC slows
down the motor-behavior pump.

g 5 203825 Y. 11.01 ‘.‘
~NC10F o X: 0.6967 _ — =
S | o] fuam \ N 2
o “ / om] | yadiy
g 5 \‘ ‘f‘l X 0707#/ By FOC
g ‘ll““" Y. 6.029 By DTC
@] |
i } By DTC-SVM
0 i I 1
0 0.5 1 1.5 2 2.5
Time (S)
Figure 21. Flow rate of the centrifugal pump
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Figure 22. Head pump
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Figure 23. Power Hydraulic of the centrifugal pump

Figures 21, 22, and 23 depict the flow rate, head pump, and
hydraulic power of the centrifugal pump, respectively. The
figures illustrate the disparities in the dynamic performance of
the pump, flow rate, pump head, and hydraulic power for the
FOC, DTC, and DTC-SVM techniques. Using Direct Torque
Control consistently delivers higher outputs compared to FOC,
regardless of variations in load potential and radiation levels.
Additionally, it may be stated that DTC-SVM exhibits a higher
level of speed compared to traditional DTC. This encompasses
any visible phenomena, which may be easily observed via the
initial performance of the motor-pump system until it reaches
a stable state, in comparison to conventional DTC and FOC. It
is important to note that ordinary DTC is less effective than
DTC-SVM in monitoring the performance of a dynamic at low
speeds. With a pump speed of 1,000 revolutions per minute, it
can be stated that the pumping system's tracking performance
is excellent.

At an irradiance of 1000 w/m?, the reference speed mode
was initially configured to 100 rad/s. The diagram illustrates
the time delay in the engine speed reaching the desired
reference speed using FOC, beyond the nominal speed. This
discrepancy is considered a significant and undesirable
mistake. However, DTC and DTC-SVM provide a quicker
reaction without surpassing the specified speed. The reason for
this is that DTC has a quicker dynamic reaction and
exceptionally high performance. The yield of the induction
machine is crucial for the operation of the centrifugal pump.
Additionally, the diagram illustrates the flaws that arise while
employing FOC. while we manipulate the load by increasing
or decreasing it, as demonstrated at 0.7 s and 1.4 s, respectively,
we observe a noticeable delay in response and sluggish
mechanical performance. This can be attributed to the
sensitivity of the system while altering parameters. However,
DTC and DTC-SVM exhibit a more rapid response and
commendable mechanical performance. The sensitivity of the
parameters is significantly high when employing FOC,
notably low when utilizing DTC, and predominantly low when
employing DTC-SVM. This great dynamic performance is
also evident during fluctuations in radiation. Furthermore, the
extent of mistakes caused by parameter detuning is lower in
comparison to FOC. Additionally, it possesses frequency
switching capabilities that enable it to alter speed more rapidly
than FOC. Furthermore, these factors have a direct impact on
the efficiency of the load, specifically the centrifugal pump
that we are studying in our research.
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5. CONCLUSION

The presented paper conducted a simulated study of a water
pumping system utilizing the Simulink-MATLAB program.
We utilized fuzzy logic control (FLC) to enhance the output
voltage of the photovoltaic (PV) system. Additionally, we
employed various techniques, including field-oriented control
(FOC), direct torque control (DTC), and space vector
modulation (DTC-SVM), to regulate the induction machine
that powers the centrifugal pump. We then conducted a
comparative analysis of these methods. Based on the results,
we can infer that the performance of the motor-pump is
improved by using direct torque control, resulting in a faster
dynamic response. Additionally, we combine it with space
vector modulation to reduce the harmonics generated by the
direct torque control. This is seen in the accelerated dynamic
response of the induction motor, enhanced efficiency, and
superior performance with an improved flow rate regardless of
variations in load or radiation. Furthermore, it is possible to
suggest this as a potential future project, given that these
outcomes weren't achieved through an experimental
configuration of the entire system using developer techniques.
While we have achieved excellent results in optimizing energy
usage from photovoltaic (PV) systems, we can further improve
our PV system by incorporating further artificial intelligence
techniques.
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