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Enhanced Control of a Photovoltaic Water Pumping System by
DTC-SVM

Abstract - This thesis proposes an improved provide a (DTC) technique to control the used
motor in the photovoltaic system. The main contribution of this work ensures an optimum power
operation (MPPT) of this system for different climate conditions, the (P&O) algorithm is used to
generate the appropriate reference for direct torque control technique with space vector modulation
(DTC-SVM). This is achieved by the stand-alone solar water pumping system is one of the proposed
solutions for them, and it needs less intervention than other renewable energy systems by applying a
system consists of a photovoltaic generator, which is connected to a voltage source inverter supplying
an induction motor coupled to a centrifugal pump. To validate the whole system's performance, we
presented and discussed the result using the MATLAB/SIMULINK software environment. The solar
water pumping system is stable and gave satisfactory results, the DTC - SVM control is reduced the
torque and flux ripples, with a fewer harmonics of induction motor current, where the electromagnetic
torque of the induction motor tracked the load torque that was produced by the pump and controlled
by DTC-SVM.

Keywords: Induction Motor, Direct Torque Control, Voltage Source Inverter, Space Vector

Modulation, Photovoltaic, Centrifugal Pump, Solar Energy, Maximum Power Point Tracking.
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General Introduction

In recent years, energy production has been a major challenge, where the energy demand
increases depend on the increase in population growth, and in the remote places have more demand
than others, especially for extracting the water [1]. Most of the electric power production depends
on non-renewable resources such as petroleum, coal, natural gas, and nuclear power sources. These
sources pose a big danger and threat to the environment. On the other hand, the use of renewable
energy such as the sun’s insolation, wind, and geothermal heat to produce electrical energy does
not pollute the environment and preserve it, which is the perfect way to provide water in isolated

areas [2].

In this thesis, the objective of our study is the implementation of a solar photovoltaic water
pumping system based on DTC-SVM control for an Induction motor connected with a centrifugal
pump [3], this system absorbs and stores the water from the well into a tank.

The present work is structured as follows:

In the first chapter, we present a theoretical overview of the photovoltaic and pumping
systems, where we present some methods and techniques that allow us to extract the available
maximum power that can be produced taking into account the influences of the temperature and
insolation variation on the efficiency of the PV systems.

In the second chapter, we present the modelling of the essential parts of the studied system
starting from the Induction Motor (IM) to the Voltage Source Inverter (VSI) and ending with the
theoretical overview of the Space Vector Pulse Width Modulation (SVPWM or SVM) [4].

In the third chapter, we present the Direct Torque Control (DTC) incorporated with the
SVM technique for induction motor drive. Yet, an accurate flux estimator is used to estimate the
non-measurable state variables [5], [6]. Finally, we close this chapter by implementing the SVM-

DTC technique using Simulink/Matlab with the discussion of the obtained results.

In the last chapter, we implement numerically the whole studied system that followed by

comments on the obtained results under different conditions.
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.1 Introduction

The most common problems that face the rural owners are the absence of water and
electricity, and the difficulty to provide the fuel in some places, knowing that it causes pollution.
These entire problems negatively affect the pumping needs of the local community and irrigation,
but when we can provide electricity, we can also provide water. The use of solar energy to pump
the water from the well is a good choice in exchange for traditional pumping systems that use
electricity and fuel energy. The PV pumping system is environmentally friendly, has low-cost
energy from a renewable source, and it does not need frequent maintenance or fuel, using a
photovoltaic system that produces electrical energy to feed a motor equipped with an external
water pump. This water pumping supply system can be used in remote, and society places.
Therefore, the water supply system based on photovoltaic technology is very important in our lives,
so we have to study and develop the PV pumping systems more than before. In this chapter, we
will present a state of the art of that system, and explain many basics and some technologies and

methods that can make us use this system perfectly.

1.2 Photovoltaic water pumping system

The most common problem in remote places and the most isolated communities that are far
from waterways and electricity grid. To ensure the water supply anywhere, we have to use a stand-
alone power supply, and photovoltaic solar energy is one of the most common of these energies.
This combination is called "Photovoltaic Water Pumping System" as presented in Figure 1.1. This
system is the perfect way to fix the water supply's problems, by extracting and pumping the
water from a well even in rural areas and places, and that is the system’s goal. The photovoltaic
water pumping system can be used in many domains, including residential, farming (irrigation,
breeding, and agriculture), water purification, or firefighting. It combines two principle parts that
are the photovoltaic system and the pumping system.

Solar radiation

Photovoltaic system

Water
storage

Pumping system

- .

Water source

Figure 1.1. Photovoltaic Water Pumping System [7].
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1.3 Solar energy and photovoltaic system

1.3.1 Solar energy: why renewable energy?

Solar energy is a concept that refers to the radiation and heat of the sun exploited by various
techniques of energy conversion, such as solar thermal collectors and photovoltaic cells, ... etc.
The biggest advantage of solar energy is that its source is stemming from the Sun which means is
an endless source. Moreover, the sun shines every place on the earth that what makes it applicable
to everyone. The other important advantages that these technologies present their lightness and
viability for residential installation. Simply, everyone can install it, in his backyard or rooftop.
Although the absence of solar irradiance is the most disadvantage that makes sometimes these
technologies useless, also the solar energy may vary in its intensity from one place to another,
which make its effectiveness is not the same on every place (effect of the temperature and the
radiance), which will be discussed in the following sections of this chapter. Generally, we can

divide the solar energy into two processes which are [8]:
1. Photovoltaic effect, which is the conversion of the sun's visible light into electricity.

2. Solar thermal, which is the transfer and the storage of the sun's heat for electricity heating

purposes.

Our work is based on photovoltaic solar energy, which will explain in this chapter. Figure
1.2 presents the difference between the two kinds of solar energy systems, which are the solar

photovoltaic panel, and the solar thermal panel.

Solar Thermal Panels Solar PV Panels

Figure 1.2. Solar Thermal Panel and Solar Photovoltaic Panel [9]

1.3.2 Types of solar radiation
Solar radiation is classified into two types which are terrestrial radiation or extra-terrestrial

radiation, depending on its location inside or outside the earth’s atmosphere respectively [8].
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As shown in Figure 1.3, the terrestrial radiation is also divided into two types: the first one
is when the radiation comes from the sun directly and it is called direct normal irradiance (DNI),
the second, the scattered radiation coming to the Earth's through the clouds, the ground or/and
other objects surface known as diffuse horizontal irradiance (DHI), and some of them are re-
scattered again by the atmosphere, they have also the same name diffuse horizontal irradiance
(DHI). As well known, the Solar radiation is described as a flux of energy expressed in power per

unit area (usual watts per square meters) [10], [11].

Figure 1.3. Solar radiation’s components (DNI and DHI) [10].

1.3.3 Photovoltaic solar energy

Photovoltaic solar energy is an innovative technique for transforming the most available
solar energy to electrical energy without the use of internal combustion or rotating components
[12]. That is happened using a solar panel based on the photovoltaic effect, it is defined by the
hitting of the solar radiation on a photovoltaic cell that produces a direct current DC [13]. The
absorption of solar radiation depends on the properties of the material of the solar cell [14]. The
principal components of a photovoltaic system are solar cells (module, panel, and array) that
receives the sun’s radiation, and inverter, and electrical wires, and sometimes a storage battery
[15].

1.3.3.1 Inverter

The inverter becomes a key device when the consumes requires the alternating currents
AC, as well known, the principle of its work is to convert the energy provided by the PV systems
as DC form to AC form [12].

1.3.4 Photovoltaic cells:
The photovoltaic solar cells are working as a generator of the electric current after receiving

the solar radiation. The PV module is considered as PV cells in series. Also, the PV array is some
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incorporated modules, which are connected in series or/and parallel. The series or/and parallel

connection of the modules is related to the voltage or the current output that is needed by

consumers. Figure 1.4 shows the main components of the photovoltaic system [8].
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Figure 1.4. The main components of the photovoltaic system [8].

There are many different types of photovoltaic cell technology, its association series or

parallel, and its protection strategies. We will explain all that in the next paragraphs.

1.3.4.1 Type of PV cells technologies

The most common types of photovoltaic solar cells are the monocrystalline (single-

crystalline), polycrystalline (multicrystalline), and noncrystalline (Amorphous) silicon cells [16].

Table 1.1 presents the types of PV cells with their Efficiency and Expected lifetime.

Type of cell Efficiency (%) | Expected lifetime (years) References
Monocrystalline 17-22.7 25-30 International Energy Agency
Polycrystalline 10-14 20-25 Cotar and Flicik

Amorphous 6 15-20 Cotar and Flicik

Table 1.1. Types of PV cell with their Efficiency and Expected lifetime [12].

% The monocrystalline silicon cell is produced by a homogeneous crystallinity, and it has high

carrier mobility, high efficiency (17-22.7%), and high lifetime (25-30 years), but it is expensive

compared with other types.

¢ The polycrystalline silicon cell has an irregular direction of its crystalline. Its photoelectric

efficiency is lower than the single-crystalline silicon cell also it has a low cost compared to the

monocrystalline cell.

s In terms of the non-crystalline silicon cell, it makes from non-crystalline silicon materials

usually used to make thin-film solar cells. Non-crystalline silicon PV cell has low efficiency
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but it is not expensive. They are usually used in weak light devices for example the cells of

calculators.
According to the provided data in Table 1.1, the optimum value of the efficiency and the
lifetime refers to the monocrystalline silicon solar cells. Figure 1.5 shows these three types of

Figure 1.5. Types of the photovoltaic solar cell [17].

solar cells.

1.3.4.2 Series, parallel and mixed combinations of PV modules

To provide the appropriate values of current and voltage, the solar modules must be
properly connected between them to achieve the required value of current and/or voltage. So, there

are two principals possibilities of the interconnection, which are the parallel or series combinations,

and the mixing between them [8], [18].

®,

% In the case of combinations of modules in series, the increase in voltage depends on the number
of the series modules, in such case, the maximum power and current of the own modules are
the same as shown in Figure 1.6, when three solar modules are connected in series, where own
solar module characterized by 6 volts and 3 Amps, in this case, the voltage and current of

system output will be 18 volts and 3 Amps, respectively.

BV /3A BV / 3A BV / 3A

Figure 1.6. The serial connections of PV modules [19].

¢ In the case of combinations of modules in parallel, the increase in current depends on the
number of the parallel modules, in such case, the maximum power and voltage of the own

modules are the same, as shown in Figure 1.6, when three solar modules are connected in
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parallel, where own solar module characterized by 6 volts and 3 Amps, in this case, the voltage

and current of system output will be 6 volts and 9 Amps, respectively.

®+ gy

o- A

Solar Solar
Panel Panel

BV /3A BV /3A 6V / 3A

Figure 1.7. The parallel connections of PV modules [19].

A mixed combination allows us to increase the voltage and current at the same time.
1.3.4.3 Solar modules protection [20]

The solar modules are composed of many solar cells in which are connected in series,
unfortunately, many risks can arise this PV module, this can damage it, perhaps like these risks:
hotspot shaded cell or its connection with a battery without protections ... etc. The Hotspot
occurred when there is one low current cell in a string of at least several high short circuit current
solar cells. This causes the shaded cell to produce a low current that flows through the good cells
causing them to produce a higher voltage, which causes to be reverse biased and possibly increase

local overheating.

1.3.4.3.1 Use of bypass diode

The key function of a bypass diode is to bypass the current from the shaded cell. For making
the PV module still working even with the reduction in the output power. Generally, they use two
bypass diodes for each module with 36 cells, and these bypass diodes can be combined in parallel

with several cells. Figure 1.8 shows the bypass diode role in the PV module.

—- —
g : P>
-_”F-'H
- +] v +
> —’ Shaded
y ,./’r
S~
Cell 1 Cell 2
.‘;
"o Output o—

Figure 1.8. Shaded PV cells with Bypass Diodes protection [19].
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1.3.4.3.2 Use of blocking diodes
In night conditions where the solar radiations are missed; no voltage is generated by the

solar panels, the battery’s voltage producing a current which flows through the panels in the

opposite direction. So to avoid this, blocking diodes are used to stop this problem as presented in

Figure 1.9.

Blocking

/Diodes\

Bypass
Diodes

Figure 1.9. PV cells with Bypass and Blocking Diodes protection [19].

1.3.5 Photovoltaic effect
The photovoltaic cell based on silicon consists of two thin layers of semiconductor, which

are doped differently, see Figure 1.10. where the sun’s radiation fall on, the upper layer (2) is
negatively doped with phosphorous, while the other lower layer (3) is positively doped with boron.
Then, in the part between them, it knows as a p-n junction (1), where some electrical charges

combine that where an opposite electrical field is created [12].

4

l \./Q-\._J )_
,L 9
3”””:# ,\f

Figure 1.10. Component and operational principle of PV cells [12].
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where: (1) is p-n junction, (2) is the negatively doped layer, (3) is the positively doped

layer, (4) is the negative electrode, (5) is the positive electrode, (6) is load.

1.3.6 Different types of PV systems
Solar PV systems are generally classified based on their operating requirements and the

design of their connections. This PV Solar system can be classified as [8], [20], [21]:
1.3.6.1 Stand-Alone PV systems

A stand-alone PV installation is required in the off-grid PV system. This design is perfect
for isolated and remote areas where electricity is required. Figure 1.11 illustrates a standard stand-

alone PV system.

Solar PV Panels or Array ~ ’

Solar
Irradiance

It

s

Charge
Controller

G + V::Ic: ‘I_dl:
Load =

(Lighting}@

12 to 48 volt
Battery Bank

Inverter

& |solation
Switch

v, o)
Figure 1.11. Standard Stand-Alone PV system [19].

The PV system provides electricity from the sun's radiation. Therefore, they can only
supply power during the day. That is why the battery banks are very important in this PV system
type. Battery banks play a role of storing the generated power during the day, so that allows them
to supply the consumers anytime.

1.3.6.2 Grid-Connected PV system:

As shown in Figure 1.12, the well-known grid-connected PV system is usually composed

of solar panels, charge controllers, battery banks, switchboards, smart inverter, and grid. This PV

11
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system can be used either to fully supply the power to the network grid or to supply local load

requirements.

Solar PV Panels or Array -HO_
’ ~
- LY

Solar
Irradiance

12 to 48V

- + DC Power : Electricity
(Lighting) g : . Grd
- High Quality all o

/\J DCto AC
Inverter
P ¥l

Isolation __/
Switch )
I.. Electrical g
AC F'Dw‘eyl
AC Circuit e
Breaker @ |
Box IJ
Electric % ~ J
KWh Meter L

Household Sockets

Figure 1.12. Standard Grid-Connected PV system [19].

1.3.6.3 Hybrid PV system

As shown in Figure 1.13, the hybrid systems usually refer to any two combines input
sources or more, in which the PV solar may be combined with renewable or non-renewable energy

sources. This type of system usually used a battery bank also for stocking the power coming from

Solar PV Charge
Array Controller DC Load

Rectifier Battery Bank ’ Inverter

F 3
Diesel Generator / Wind Turbine
[ Generator / Grid Supply ]—’ AC Load

Figure 1.13. Standard Hybrid PV system [21].

the PV system.
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1.3.7 PV output characteristics and parameters

The PV cell's output is characterized using the current-voltage (I-V) and power—voltage
(P-V) curves, these curves can represent the outputs of PV modules when their solar cells have
uniform conditions. Figure 1.14 shows typical 1-V and P-V curves for a PV cell output [22].

—P-V

s Pypp
Tuer o MPP

ipy (A)
ppv(A)

0 Ve Ve 0 Vmep Voo
vpy (V) vpy (V)

Figure 1.14. Typical 1-V and P-V curves for a PV cell’s output [22].

1.3.8 Effect of solar irradiation and temperature [12]
1.3.8.1 Solar Irradiation effect

Throughout the day, solar irradiance has a higher variation more than the temperature, and
it influences on the efficiency of the PV cells. As shown in Figure 1.15, the electrical current
generated depends directly on the absorbed solar radiation.

A

Tses 1000 W/m~ AVMPP
Tscs 800 W/m’
< .
= 2
g 600 W/m
=
3 : .
e 400 W/m
- 200 W/m? \
\ Ll
Voltage [V] Voci---Vocs

Figure 1.15. -V Characteristic curve of a PV module [12].
1.3.8.2 Temperature effect

As presented in Figure 1.16, the voltage of the PV panel is influenced by the temperature
variation. Using the same previous PV panel, the (Vy,pp) value is less roughly during hot summer
days by 10 V, and in the winter days is roughly higher than the STC (Standard Test Conditions)
value by 10 V. However, the PV system current just barely increases with the temperature.

13
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A
Iscs L\ AV mpp

Current [A]

Voct Voc2  Vocs Vocs Vocs
Voltage [V]
Figure 1.16. I-V Characteristic Curve of a PV Module at Constant Received Solar Radiation and

Variable Temperature [12].

1.3.9 Maximum Power Point Tracking control techniques

To exploit the majority of power that can be provided by the solar cell, a maximum power
point of this can be tracked through a specific technique. The strategies of MPP tracking vary from
one to other on many sides, like the range of performance, price, difficulty, used sensors, or their
robustness control in specific conditions (variation in irradiation or temperature or both). The most
common algorithms used for Maximum Power Point Tracking (MPPT) are “Hill Climbing/Perturb
and Observe (P&0O)” and “Incremental Conductance (InCond)”, these two techniques are based
on “Hill Climbing” concept, and this concept is based on the moving of the operation power point

of the PV array to the increasing direction of the power [21].
1.3.9.1 Hill Climbing/Perturb and Observe

The operation of the P&O algorithm is based on the voltage and current sensors to provide
an appropriate duty cycle to power converter according to the requirements of consumers. Also,
such type of algorithm is known by its low cost computational. In this algorithm, the sign of the
last disturbance and the sign of the last increment in the power is used to decide the next order. If
the power value increase, the next perturbation should be kept in the same direction of the last one,
else if the power value decrease, the next perturbation should be changed in the opposite direction

of the last one. The cycle repeats until the MPP is satisfied.

Figure 1.17 shows the orders of this process,
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Figure 1.17. The cycle of the Perturb and Observe algorithm [21].

1.4 Water Pumping System
It called also “Pump motors”, they are widely used in irrigation systems, pools, and water

pumping systems like pump water from groundwater sources.

These pumps comprise the following two principal components motor and pump, as their name
indicates. The motor that produces the required pumping power and the pump uses the motor’s
power to pump the water from the well. The power source of our project is photovoltaic solar

energy.

1.4.1 Motor technology
The most common types of motor that uses in Solar water pumps are:

B DC motors
B AC motors

The solar pump which uses an AC motor requires an inverter, in another case when the DC
motor is needed, the boost-buck converter is required [23]. Generally, the AC motors are used in

large scale systems in the contrary the DC motor is exploited in the small scale systems.

1.4.2 Pump technology
The most important component in the solar-powered pumping system is the pump. It can
be divided into two categories; centrifugal and positive displacement pump. We will explain the

centrifugal pump, which is included in our work.

15
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1.4.2.1 Centrifugal pumps

As presented in Figure 1.18, A centrifugal pump is a hydraulic mechanical system that
works to flow up the water helping the rotational mechanical energy provided by motor drive,
known as the impellers. This pump has one or multiple impellers that increase the water’s pressure
and velocity by spinning the water to subject it to centrifugal force, the water reaches to the rapidly
rotating impeller and is directed to the pump's outlet by this force through the vane tips of the

impeller along its circumference.

Figure 1.18. Surface Centrifugal Pump [24].

To get a high-lift centrifugal pump, this pump must consist of several stages, each stage
consisting of an impeller. Lifting capacity increases with the increasing each stage adds to the
pump. Each stage adds pressure and friction, where the friction causes a decrease in the efficiency

of each stage [24].

1.5 Conclusion

In this chapter, the description of the principal parts of the photovoltaic water pumping
system is presented. Yet, the solar energy and photovoltaic system are well discussed, and the
sun’s radiation types are defined. Then, the most basics of the photovoltaic cells and their materials
technology are presented also, the PV effect, and its different types system. Efficiency of the PV
system are clarified depends on the solar radiations and temperature effects. To obtain the
maximum power at the output of the pump system, the common type of MPPT algorithm named
P&O is well explained in this chapter as well as its principle of operation. In the final of this
chapter, the main components of the water pumping system are presented so as the type of the

motors and pumps those can be used.
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1.1 Introduction

In this chapter, the induction motor modeling is described considering some assumptions,
then, the Park transformation is exploited to make the motor easy to study. Therefore, a voltage
source inverter is analyzed. Finally, both techniques of Pulse Width Modulation (PWM) and Space
Vector Modulation (SVM) are also presented.

11.2 Description and mathematical model of induction motor

11.2.1 Description of the induction motor

The induction machines are usually used as motors for industrial applications due to their
robustness and reliability. The induction motor has two main parts, one of them is the stator (a
stationary part) and the second part is the rotor (a rotary part), the both parts are separated by an

air gap between them [25]-[28].

The stator is containing three-phase winding in which may be connected in a star or delta
connection. This three-phase winding is used to create a rotating magnetic field. As shown in

Figure 11.1, the stator is shown in green and the rotor in blue [29].

The rotor of the used induction motor is the type of squirrel-cage rotor as presented in
Figure 11.2 [30]. As known, almost 90% of induction motors that uses in industrials are squirrel

cage motor due to its simple construction, its robustness, and its reliability in service.

shaft

squirrel cage

> X-AXIS

x-axis <

stator winding ‘D’ stator winding ‘¢

stator winding ‘a’

Figure I1.1. Cross-section of an Induction Machine [31].
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Figure 11.2. Squirrel-cage Rotors [32].

11.2.2 Modeling assumptions
The model of the three-phase induction machine has been simplified by using these several
hypotheses : [33]-[35]

B The MMFs created by the different circuits of stator and rotor are spread to have sinusoidal
repartitions.

B The magnetic fields are supposed unsaturated.
The skin effect does not exist.

B The machine has a constant air gap, which made the slotting effect is not taken account.

These hypotheses will make the modeling of the induction machine less complex, which

allows developing the control methods easily.

11.2.3 Equivalent representation and vector formulation

As presented in Figure 11.3, the induction machine is described by three symmetrical
windings for each of the stator and the rotor phases whose axes are equitably distant between
themselves by an electrical angle equal to 27/3. Also, the three-rotor windings rotating at the

mechanical speed (o).

Figure 11.3. Induction Motor equivalent structure [6].
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By applying the Kirchhoff’s laws on both circuits of the stator and the rotor, one can get :

11.2.3.1 Voltage equations

[vsabc] = [Rs] [isabc] + % [lpsabc]
[Urabc] =0= [Rr] [irabc] + % [l/)rabc]

11.2.3.2 Flux equations

[lpsabc] = [Ls] [isabc] + [Msr] [irabc]
[lprabc] = [Lr] [irabc] + [Msr]T[isabc]

where:
[Vsa I Ysa
[vsabc] = |Vsp ;[isabc] = l.Sb ;[lpsabc] = [Ysp
| Usc Llsc Yse
[Vra ] [ira Yra
[vrabc] = |Vrb ;[irabc] = l_rb ;[lpsabc] = [Yrp
| Urc | Llyc Yre

(11.1)
(11.2)
(11.3)
(11.4)
(11.5)
(11.6)

The subscripts s and r refer to the stator and the rotor, respectively, and the indices a, b,

and c refers to the three phases. All resistances and inductances matrices are symmetric as seen

below:
Ry O 0 R, O 0
[Rs] =|0 R 0‘ ; [Rr] =10 R, O
| 0 0 Ry 0 0 R,
Ly Ms M L. M, M,
[Ls] =|M; Ly MS] ; [Lr] = [Mr L, Mr]
M, Mg L M, M, L,

(I1.7)

(11.8)

R, andR,, L, and L, are the resistances and self-inductances of the stator and the rotor,

respectively.

Mg and M, are the mutual inductance between two stator and rotor phases.

The mutual inductance between the stator and the rotor is considered as sinusoidal functions

of the rotor position 8 as following:

cos(8) cos(0 + 2?71) cos(0 + 4?”)
[M,,] = [M,s]T = M, |cos(6 + 4?”) cos(0) cos(6 + 2?n)l
lcos(@ + 2?71) cos(0 + 4?”) cos(0) J
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M, is the maximal mutual inductance between the stator and the rotor phases.
11.2.3.3 Mechanical equations

The mechanical equation of IM is described as :

dwy
dt

J—=T.—T,— fo, (11.10)

w,, T, and T;, are the rotor speed, the electromagnetic torque, and the load torque respectively.
J is the inertia moment,
f is the friction coefficient.

11.2.4 Park transformation

To simplify the control and the study of an AC machine, one of the uses is Park
transformations by which the three-phase stationary frame (a, b, c) can be transformed into the
two-phase direct-quadrature frame (d, q) [6], [36]. The Park transformation’s representation, in

general, is given as:

Xa
xb] (11.11)
X

c

Xa
H = P(6)
Xo

cos(0) cos(6 — 2?”) cos(6 — 4?”)
P(8) =n|sin() sin(6 — 2?”) sin(0 — 4?”) (11.12)
1/2 1/2 1/2

Where 6 is the angle between the axis-a and the axis-d, k is defined as a constant.

Figure 11.4 has illustrated the passage of a three-phase stationary system (a,b,c) to the equivalent

two-phase fixed system (a, ) then to the rotating frame (d, q).

ﬁ n AB

\ \ d

-7
\ ~-y
\ -
\ a a Y Py '\'9
---> =7 a,a

Figure 11.4. The passage of three-phase to a two-phase system using PARK transformation [6].
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11.2.5 Two-phase models of induction machine
one can simplify the three-phase model of the IM by applying Park transformation, where

all their equations are rewritten in the two-phase rotating frame (d, q).
11.2.5.1 Voltage and flux equations in (d, q) frame

After applying the Park transformation on the equations of the induction machine
( 1.1-11.4) get the following (d, q) equations:

[1123] [P(Qs)][vsabc [Sd] P(Hs) lsabc [lpm] P(Hs)][lpsabc] (1.13)
[Zq] [P(O)][Vrave] ; [d] (PO livane] ; [‘/’”] [P(0)] Wrane] (11.14)

So, the voltage equations can be written as the following:
wsd

Vsq = Rglgq + wslpsq

1le
Vsq = Rsisq + —tq + wPsq

{
Vya = R lrd + dl[)rd

(11.15)

- (ws - pwr)lprq

1lJr
14 (ws — pwr)Pyrg

Vg = R0
\ “1q rrq+ dt

where:

_ dés __dby
(J.)S—E,(UT—E (“16)

The flux equations can be written as the following:

{wsdq = Ls[isdq] + Msr[irdq]

.17
l'brdq = Lr[irdq] + Mg, [iSd(I] ( )

11.2.5.2 Mechanical equations
The rotor motion is followed by the dynamic equation as

dwy
dt

JEL T, — T, - fo, (11.18)

The electromagnetic torque is given by:

Mgy . .
T, = pL_r (lprdlsq - lprqlsd) (11.19)

or, in another expression:
T, = p(lpsdisq - lpsq isq) (11.20)
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As well-known in the literature, the model of the induction machine expressed in the rotating frame
(d, q) is often used for the field-oriented control design.

1.3 Voltage Source Inverter (VSI)

An inverter is a static converter ensuring DC to AC conversion. it periodically changes the
connections between the input and the output to obtain alternating voltage and current at the output
[37]. The schematic of the two-level voltage source inverter is presented in Figure 11.5, as shown,
the inverter is supplied by a DC link voltage VVdc which is provided by a rectifier or another DC
source, The converter consists of the three legs with IGBT transistors with parallel free-wheeling

diodes in the most applications [5], [6].

m—{ﬂ Tb—{f} T, _ﬁ}

0 f‘@\

S
Ta—ﬁ;} ﬁ,{;} TE—|;}

Figure I11.5. Three-phase voltage inverter [6].

"

To avoid a short-circuit of the source, it is necessary to respect the following states as:
S;=1,T;isONand T, is OFF.

S; =0, T; is OFF and T, is ON.

with: i=a, b, c.

The output voltages inverter depend on switching states by the following matrix [38]:

VA v 2 -1 -1 Sa
Vg =% -1 2 =1{|S (11.21)

Ve -1 -1 211LS;

The voltage vector is generated by the following equation [6]:

2 _ji _jim
Vsz\EVdc[Sa+Sbe 5+ S.e 13] (11.22)

The inverter output voltage constitutes a cyclic and symmetric sequence of vectors [39], There

are eight possible positions of the switches states, two states are zero vectors (Vo, V7) and six states
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are active vectors (V1 to Vs) [5], [6]. The states of the output voltage are represented by space

vectors as shown in Figure I1.6.

_+‘ta

V5(0,1,0) V(1,1,0)

1(1,0,0)
-->a

V,(0,1,1) -

V,(1,1,1)
Vs(0,0,1) ! Ve(1,0,1)

Figure 11.6. The switching states of the output voltage represented by space vectors [6].

1.4 Pulse Width Modulation (PWM)

The PWM is a technique that allows obtaining the appropriate amplitude and a frequency
at the VSI output. Yet, this technique can eliminate harmonics and minimize switching losses [4].
There are many possible PWM techniques proposed in the literature.
The classification of common PWM techniques can be given as [40]:
B Sinusoidal PWM (SPWM)
B Selected harmonic elimination (SHE) PWM
B Minimum ripple current PWM
B Space vector PWM (SVM)

The SVM technique is one of the most popular PWM techniques due to the higher voltage
it can produce, easy to realize. Nowadays, the SVM technique is commonly used in several three-
phase inverters uses that why it is because it can produce a higher output voltage more than SPWM,
and provides lowers torque ripple, and less harmonic of distortion in the current of induction

motors, and lower switching losses [4], [41].

11.4.1 Space Vector Pulse Width Modulation

A three-phase two-level inverter provides eight possible switching states that are corresponding

to the eight output voltage vectors, V, to V-, as shown in Table Il.1. The six of these vectors V/; to
Vs be called active voltage vectors, their magnitudes are equal to%Vdc. The two other vectors

V,, V- are called zero (non-active) voltage vectors where their magnitudes equal to zero. The zero

vectors are superfluous but they are used to minimize the switching frequency. When the space

24



CHAPTER I —-----=-mmmmmmmm oo Induction Motor Modeling and Space Vector Modulation

active vectors joined together made a hexagon. This last one consists of six sectors stretching

(along) over 360 degrees, for each sector 60 degrees [42]. The space vectors are shown graphically

in Figure I1.7.
Switch States Phase Voltage Space Voltage Vector
Sa Sp Sc Vas Vs Ves Van=0-7)
0 0 0 0 0 0 Vo = 0£0°
2 1 1 2
1 0 0 3 Vac 3 Vac  — 3 Vac Vi = 3 Vac20°
1 1 2 2
1 1 0 § VdC § VdC - § VdC Vz = § VdCL6OO
1 2 1 2
0 1 0 _§Vdc §Vdc _§Vdc V3 = ngC412O°
2 1 1 2
O 1 1 _§Vdc §Vdc §Vdc V4_ = ngC418OO
1 1 2 2
0 0 1 —ngC _§Vdc §Vdc VS = §Vd642400
1 2 1 2
1 O 1 §VdC _§VdC §VdC V6 == §VdC43000
1 1 1 0 0 0 V, = 040°

Table 11.1. Output voltage vectors corresponding to the switching states [41].

| o Va o)
-V oV, -V, oV,
—0 v -—0 1
o/ bs q im o/ E|
\ A
a b ¢ V,(0,1,0) V,(11.0) a b c
b a b c
. 7 / Vy(0.0,0)
s L ViOLD/ y ) W W(L0.0) ‘v‘f J .
l o Var - = - as,d’ o Van
-V v JI re TVa
| A v \ v
Vi(0,0,1)
a b ¢ ; Ve(1.0.D) a b ¢
JJ8 YR
I Van o Vian
-V, © Vi, T Ve J oV
O ‘._' ——o
d - fé o “

Figure 11.7. Vectors of Output Voltage in the complex plane (d-g axes) [4].
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In the SVPWM technique, it can produce a reference voltage of the output inverter by using
the two active voltages neighbors to V;* and the zero vectors from the eight voltage vectors. This
technique has the same fundamental volt-second average as given the voltage reference vector I;*
along the modulation (switching) period Ts. In the linear modulation range, the voltage reference
follows the circular trajectory. This last one will be a hexagon boundary when the inverter is

operating in the six-step mode [4].

In the SVPWM technique, the maximum value of the reference vector amplitude that can
be approximated is equal to the radius of the circle that can be inscribed within the hexagon. Thus,
the maximum obtainable fundamental output voltage is calculated from the right-angled triangle

(Figure 11.8) as:

Vnax = (3) Vac cos (%) = Ve = 0.577Vq (11.23)

Therefore, Modulation Index MI at this condition can be derived as:

Vinax __ 0.577Vgc

>TVde — 0,907 (11.24)

172 2
1sw TL"VdC

MI =

Vimax: Maximum phase voltage,
Visw: Fundamental peak value ( %Vdc) of the square-phase voltage wave.

This means that the maximum value of the peak voltage can be obtained from the SVPWM
technique corresponds to 90.7% of the output voltage in the square wave operation. In the
sinusoidal PWM (SPWM) technique, the maximum value output voltage is % when using
SVPWM is (2V4./3)/(V4e/2) = 1.154. The SVPWM method is 15.47% higher than the SPWM
method. Therefore, the dc-link utilization of the two-level inverter is better in the SVPWM method

compared to the SPWM [40], [41], [43].

{ Maximum :
-1 phase voltage |

Figure 11.8. The possible range of the voltage reference vector in the SVM [4].
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The first step in SVPWM implementation is the determination of the duration time of each
voltage vector. When the reference voltage in sector 1 is, the first vector V; is applied during time
T; and the other vector V, is applied during time T,, then one of the zero vectors, V, or V, is
applied during time T,, where the time of application zero vector T, is remaining time over Ty
period, T, = T, — T; — T,. Through these steps, it is possible to generate the reference output
voltage vector over the modulation period Ts. Hence, using the equal volt-second principle, for
sector 1:

VT, = ViTy + VT, + Vo T (11.25)

As an example, in the first sector 1 (0 < 8 < g), Equation (11.25) can be decomposed into
two components the real and imaginary as:

. 2 2
|V*| cos(0) Ty = 5 VacTh + 3 Vac cos (g) T,

(11.26)
Ve | sin(8) Ty = 2 Ve sin (3) T
Solving equations (11.26) for the duration times T; and T:
T, = _“j':s*' sin (- 6)T, (11.27)
7, = 2% sin(0) T, (11.28)
dc
T0=TS_T1_T2 (“29)

Figure 11.9 shows the generation of the voltage reference process in the first sector.

[Siep1.]
Apply effective vector 1 Apply effective vector 2 Apply zero vector

v: £\ V. £\
P A

*

Figure 11.9. The process of generating the reference voltage vector in the first sector [4].

The calculation times for the reference voltage vector in all sectors give the following,
where k = 1, 2, ... 6 is the sector number:

7, = 2% in (k2 - 0)1, (11.30)

Vac
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T, =%sin(9—(k—1)§)Ts (11.31)
T0=TS_T1_T2 (“32)

After the duration time of calculation, the next step in SVM implementation is the selection
of the switching sequence. To obtain a better harmonic performance and constant switching
frequency, each leg should change its state only once in each switching period, which is called the
symmetrical SVM technique. In this technique, the total switching time interval T is dividing into
two parts. The first part begins with the zero vector (000) is applied for 1/4th of the total time Ty,
followed by two neighbor active state vectors for their half duration times and then again zero
vector (111) is applied for 1/4th of the total time T . In the second part, the switching sequence is
a mirror image of the first one [4], [41], [43].

As an example in the sector 1, the switching sequence in the first part:

V,(000) = V;(100) - V,(110) = V,(111)
In the second part is reversed:
V,(111) = V,(110) - V;(100) - V,(000)
The switching pattern for the sector | is showing the voltages leg in one switching period

T, see Figure 11.10.

SECTOR I

LA L2020 /2 1 /21802080
0.5V,
S, _
-0.5V,
Se -
Se -
Voi ViV Vi VIV W

Figure 11.10. Switching sequence of the first sector [41].

1.5 Conclusion

In this chapter, the mathematical behavior of IM is described in the framework of the bi-
phase space vectors (d-q) reference for propose to control and estimate the variables of them. Also,
the SVPWM structure and its basic principles have been well discussed. As well-known that the
SVPWM (or SVM) technique is commonly used in many applications in industrials thanks to its
capability to produce a higher output voltage of 15.5% compared to classical techniques named
SPWM. In the next chapters, the SVM strategy will be used as the main part to drive the motor-

pump system.
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I11.1 Introduction

Over 30 years ago, Takahashi and Depenbrock have invented a control technique for
electric motor drives called the Direct Torque Control (DTC) [44]. This classical technique is
focused to replace the technique of Field-Oriented Control (FOC), but it has some drawbacks such
as variable switching frequency, high torque ripple. To improve that, there are several control
structures are proposed in the literature, and one of them, a DTC-SVM technique that is
characterized by its constant switching frequency and low torque ripple ... etc. In this chapter, a
technique of DTC-SVM is described and discussed using it as part of the electric motor drive. All

that is verified numerically exploiting the Simulink/ MATLAB.

I11.2 Direct Torque Control with Space vector modulation

The DTC which incorporates the technique of space vector modulation is a choice to
overcome the drawbacks which are inherently included in the classical DTC, this technique of
control allows us to reduces the torque and current ripples [45]. As archived in the literature, the
DTC-SVM is proposed firstly by Habetler in 1992 [46]. Figure 111.1 shows a general block diagram
of DTC-SVM.

~ A
Dy ~ A A R Sabet Ve
e Vs Voltage
Veu g calculation
Flux and W< |
Torque L e
estimation lsq B -

Figure 111.1. General block diagram of SVM direct torque control [6].

Different structures of DTC-SVM methods are presented in the next section.
I11.3 Structures of DTC-SVM

111.3.1 DTC-SVM strategy using closed-loop flux control
The DTC-SVM scheme with a closed flux control is shown in Figure 111.2, the principle of
operation of this strategy is based on driving the stator flux vector toward the corresponding

reference vector defined by the input commands [46].
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The d-q components of stator flux are defined as:

)
lnbsdc - Ly lprc + Rro- dt ( I“-l)
2 Ly Tec
= —— — 1.2
Ipsqc pms Mgy § Yre ( )
!pn- &um't - d _ q A >
Eq (IIL.1) 1 Sy
T w - SVM >
. |Eq@2)|7,, I, S
— » S a—f >
Y
9
YYY
Rotor Stator VS Voltage Vd ]
Flux Flux |G Calculation
Estimator Estimator
T il Al

ABC

Figure 111.2. DTC-SVM scheme with a closed flux control [5].

111.3.2 DTC-SVM strategy using closed-loop torque control
The DTC-SVM strategy using closed-loop torque control is mainly based on control of the
load angle &, using the P1 controller. Also, the reference stator flux vector should be calculated

by knowing the stator flux position and the torque angle as [5], [47]:

Yse = lpscej(GS+A8¢) ( I“-3)

Then, the reference stator flux vector is compared with the estimated value to obtain the flux error
Ay, which is used to calculate the reference voltage vector V.. This strategy has a simple structure
because it has only one PI controller in which makes the DTC control easier to implement. The

block diagram of the DTC-SVM strategy using closed-loop torque control is given in Figure I11.3.

{Ij“.
Torque
I Controller . v SA >
A8 1 S
= PI v Eq (IIL3) — —<n  SVM B,
_ T Se
RA
95 I Y v
Flux and Vv A%
Torque 2 Voltage | Tac.
est . Calculation
Estimator
i

ABC[*

Figure 111.3. DTC-SVM scheme with closed torque control [5].
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111.3.3 DTC-SVM strategy using closed-loop flux and torque control in polar coordinates
This method provides further development when both of the torque and the stator flux
magnitude are controlled. As shown in Figure 111.4, the stator flux error 4y is calculated through

both outputs Ay, and ky, of the torque and flux controllers, respectively [38]. As:

A (k) = s (k) = P(k — 1) = ([1 + ky (k) Je/24s®) — 1)ip (k — 1) (111.4)
assume that

e/4s(K) = 1 4 jAy, (k) (111.5)
Therefore, the stator flux error can be written as:

Aps () = ([ky (k) + jAys (k)] s (ke — 1)) (111.6)

Flux
Controller

Vv
s 1 sc 3
Eq (IIL6) TE=0=5 svu =

Torque
Controller

ryr v.v
e V; Voltage V:tc
T Torque K ;
est . Calculation
Estimator
ﬁ I ==F [.'

Iy
ABC

Figure 111.4. DTC-SVM scheme operated in stator flux polar coordinates [5].

For improvement of the dynamic performance of the torque controller, the increment of
angle Ay, is composed of two parts: the static part 46, that is delivered by the feed-forward loop

and the dynamic part, 4y, that is generated by the torque controller.

111.3.4 DTC-SVM with closed-loop torque and flux control in stator flux coordinates
The outputs of the PI flux and torque controllers can be considered as the reference stator

voltage components Vs, , Viqc. TO fed the SVM-inverter, the command references Vo , Vg are

used after applying the transformation matrix (d — q to a — 8). The DTC-SVM scheme with

closed-loop flux and torque control in stator flux coordinates is presented in Figure I11.5 [5], [47].

Flux
Controller

L,r)_, PI ‘;dc d.q S,
x_ V‘C A o
B
SVM »
1 v, <,
» Pl R a-p
- Torque 0
Controller s v YyYvvw v
W L] Voltage dc
‘ Flux and Calculation
T Torque P 1,
=L Estimator : I, B/ e
Ib'
ABC[*

Figure 111.5. DTC-SVM scheme operated in stator flux Cartesian coordinates [5].
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This strategy of direct torque control is selected to validate this project.

111.4 Stator Flux Field-Oriented DTC-SVM

The stator flux oriented direct torque control with space vector modulation depends on the
torque and flux closed-loop control in the stator flux coordinate system without any current
regulation. The stator flux oriented achieves a decoupling between flux and electromagnetic
torque. This method consists of two PI controllers, the first one uses the error between the reference
and the estimated values of the flux to produce a reference voltage signal V., where the stator
flux vector becomes aligned with the d-axis, the second PI controller uses the error between the
reference and the estimated values of the electromagnetic torque to produce a reference voltage
signal V., where the torque becomes aligned with the g-axis [49]. Figure I11.6 shows the global

block diagram of the stator flux oriented DTC with SVM.
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and Torque | transformation [k J 4
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Figure 111.6. The global control scheme of stator flux oriented DTC- SVM [6].

The stator flux oriented technique depends on the alignment of stator flux with the d-axis, where

the stator flux with the g-axis equal to zero, and it can be written as:

Ysa = Ps
1.7
{lpsq =0 ( )
Consequently, the voltage of the induction motor can be written as:
. d
( Vsq = Rglgq + %
J Usq = Rsisq + w1 (11.8)
. dy,. .
| 0=Rpipq + dtd — (w5 — pwr)lprq

, dy,
kO = errq + dtq + (“)s - pwr)lprd

Where the flux equation can be described as the following:
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(lps = Lgisq + Mgpirg

0=Lgig, + Ml
{ A (111.9)
l/)rd - Lrlrd + Msrlsd
klprq = Lrirq + Msrisq
Then the torque and the mechanical equations can be expressed as:
T, = pysisq (111.10)
JEE =T, — T, — fa, (111.11)

111.4.1 Flux control design
The input of the flux PI controller is the error between the reference and the estimated

values of the flux and its output is a reference voltage signal V..

Based on the motor model equations (111.8-111.9), one has:

Ry d _ | RsRr (RrLs+RsLy) d a 2 i —
(O'_Lr + E) Vea = [ULer + oLl,  dt + (dt) ] Ys + Rslsq (ws — pwy) ( I“'12)
with
Rsisq(ws —wr) = 0 (111.13)

the equation (I11.12) becomes as:

CET [Rer | RebgtRib @ (%)2] " (111.14)

oLy oLgLy oLgLy dt

Based on equation (111.14) and applying the Laplace transformation, the relationship between the

stator flux and stator voltage V,; can be written as:

_ Ys(s) _ _ Ayts
Glps(S) - Vsa(s) - 52+B¢S+C¢ ( |“15)

R RyLs+RgL RsR
Where' A'(,[J:_r B'(,[J:M ¢:L
oLy oLgLy oLgLy

The flux control loop is shown in Figure 111.7, where Ggy, (s) is a transfer function of the Pl

controller.

- Gy (S ) > G (S ) >

Figure 111.7. The flux control loop.
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There are several methods to tune the gains of the PI controller K,,, andK,, such analysis

by Bode diagrams and pole placement. The last one has been used in our work, one has:

Kpy = 1647.8, K;y, = 12141.3.

111.4.2 Torque control design
The input of the PI torque controller is the error between the reference and the estimated

values of the electromagnetic torque and its output is a reference voltage signal Vs,

Based on the motor model equations (111.8-111.9), one has:

d]. .
[(RrLs + Rer) +oLsLy E] lsq:Lerq — Lyspoy + (w5 — pwr)o-Lerlsd ( |“-16)
with,
(ws = pwy)oLsLyisqg = 0 (11.17)

If both sides of the equation (111.16) are differentiated, one obtains:

d d\?]. dvs dw,
(ReLs + RoLy) =+ oLgL, (<) ] isg = Ly =2 = Lapp =2 (111.18)

Based on equation (111.18) and applying the Laplace transformation, the relationship between the

torque and stator voltage V, is as the following:

_ Te(s) _ ATs
Gr, (s) = Vsq(s) ~ s2+Brs+Cr (111.19)
where: A, = pYs B.. = RyLs+RsLy — pzd’sz
0T T L T oLsLy T ™ 6Ly

The torque control loop is shown in Figure 111.8, where Gy (s) is a transfer function of the

PI controller.

Ay
Pt
N]

- > Gp(s) ——2—  G(s) —>

Figure 111.8. The torque control loop.

The gains of the controller are getting using the same last method, where the gains are
obtained as K,y = 720.5, K;7 = 1647.8.
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111.4.3 Speed control design

The speed regulation based on the PI controller has generated the reference of
electromagnetic torque. The input of this controller is the error between the speed reference and
measured speed. The measured speed can be obtained via the speed sensor or estimator.

Using the dynamic equation of an induction motor (111.11), in the transfer function of speed loop

IS given as:

_ wy(S) _ 1
Go, (s) = Te()-TL(s)  Js+f

(111.20)

Considering the load torque T, as a disturbance, the transfer function of the speed control in open

loop becomes:

_ wr(s) 1
G, (8) = 705 = Joa7

(111.21)

The speed control loop is shown in Figure 111.9, where Ggs (s) is a transfer function of the

PI controller.

= Grs(8) G,(s) >

Figure 111.9. The speed control loop.
The gains of the PI speed controller are obtained as: K,,; = 1.2, K;; = 24.6.

111.5 Flux, Torque, and Speed Estimation for Induction Motor Drives

111.5.1 Flux vector estimator
The classical stator flux estimator is based on a voltage model. Such estimator may be
directly obtained through the motor model equation as:

Vsap = J (Vsap — Rsisap) dt (111.22)

~ ~ 2 ~ 2
l/)saﬁ: Ysa +l/)sﬁ (11.23)

However, in terms of practical implementation, this type of estimator is prone to several sensitivity
problems concerning the dc-drift which arise when the pure integrator is used [50]. Therefore,

there were several methods proposed to avoid such a problem, one of them, the flux estimator that
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was proposed by Lascu and Boldea. The Figure I11.11 is presented the flux estimator based on

current and voltage models [51].

From the rotor voltages and fluxes (I11.15 and 11.17) equations, the rotor fluxes can be expressed

as:

Ly drg
lprd - sr sd R: = + (ws - wr) l/)rq

. L dl[)
l/)rq = Msrlsq R_: - — (w5 — wr) l/)rd

(111.24)

The rotor fluxes can be written also as:

M 1
Yrqg = ——lisq + (wg — wr)lprq

1+T,s 1+T)s ( |“25)
1nbrq =

M
1+;":s sq 1+Ts( s = @r)Pra

where T, = L,./R, is the rotor time constant.

the d-q rotor flux components are:

Pra = 1+Tsi5d (111.26)
1nbrq =0

the stator flux 1/);“3 calculated in stator coordinates as:

MST LgLy— Msr .
Wiap = wmg t= lsap (111.27)
where lpﬁaﬁ is the estimated rotor flux from (111.26) in a stationary reference frame.

The Block diagram of the current model stator flux estimator is shown in Figure 111.10.
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Figure 111.10. Block diagram of the current model flux estimator [5].

After obtaining lp;'aﬁ from the open-loop current model, the voltage model is used to estimate the

stator fluxes. To correct the value of estimated stator flux should add a compensation term, Uy,
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regarding the control action of a PI controller, which evaluates the error between the stator fluxes

generated by the voltage and current model of the estimator e,, 5= (Ysap — 1/);'“3)

1 .
Vsap = 5 Vsap = Rslsap = Ucomp) (111.28)
1
Ucomp = (Kp + K; ;)etpsaﬁ (111.29)

The coefficients K, and K; may be calculated such that, at zero frequency, the current

model stands alone, while at high frequency the voltage model prevails. the PI controller gains are

obtained by the following relations
Kp=(l)1+(l)2,Ki=w1X(l)2 (“|30)

To achieve a good performance of the flux estimator, the parameters w;and w, to be

between 2 < w; < 5and 20 < w, < 30, respectively [51].

After obtaining the stator flux ¥z, the rotor flux 1, is determined as :

_ Ly LsLy—Lpy? .
wraﬁ = :wsaﬁ + . lsap (11.31)
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Figure 111.11. Flux estimator based on current and voltage models [49].

111.5.2 Torque estimation
The estimation torque is depended on the current measurement accuracy and stator flux

estimation method as:

T, = gp(lpsaisﬁ - lpsﬁisa) (111.32)
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111.5.3 Rotor speed estimation based MRAS

In this project, the Model Reference Adaptive Systems (MRAS) is used to estimate the
speed of the induction motor due to its simple structure and robustness. The complete MRAS speed
estimator structure can be divided into three components (Figure 111.12): Reference model,
Adaptive model, and an Adaptive mechanism. The reference model is independent of the speed
whereas the adaptive model is dependent to speed. The error vector is generated after comparing
the two outputs of the adaptive model and the reference model. This error is processed in the
adaptation mechanism to estimate the value of rotor speed. The estimated speed is as feedback to
the adaptive model [52].

motor
voltages/Currents REFERENCE
d MODEL

+ .
Error signal

Estimated quantities

ADAPTIVE
MODEL

A

\ 4

ADAPTATION
MECHANISM

A

A

Estimated speed

Figure 111.12. Block diagram of speed estimator based on MRAS [52].

The error between the reference model and the adaptive model can be expressed by:
€y, = @Tﬁlpga - wgﬁlpAra (111.33)
In addition, the adaptive model can be written as:

1 Ly . ~
d)gﬁ = _T_rl/)rﬂ + T_rlsB + wrlpga

Yo = = e + i — Oy .
where, 1., and @rﬂ are the rotor fluxes estimated components for the reference model.
Yr, and 1/)33 are the rotor fluxes components for the adaptive model.
The estimated speed is expressed by:
. = (K, + K;2) ey, (111.35)

111.6 Simulation Results

The DTC-SVM control for three phases 1.5 kW induction motor is implemented using
MATLAB/Simulink. The different operating conditions are verified to validate the presented

technique, the discussion of this result is comparing to the classical DTC that is presented at [6].
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B The test at starting up and the steady states:

(a) Rotor speed response with load application (b) Stator flux magnitude
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Figure 111.13. Simulation result of starting up and the steady-state case.
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The speed step reference is 1000 rpm with a load torque 9 N.m. Figure 111.13 shows the starting
up and the steady state's condition, and it shows the rotor speed, torque, stator phase current i,

stator flux components, flux magnitude, and the circular trajectory.

Figure 111.13 (a) illustrates the speed responses of DTC- SVM with their reference speed
applying the torque load at (t=1s). In the starting up part, the figure shows a fast and good speed

response, where its controller loop rejects the torque load in the steady-state part.

Figure 111.13 (c) shows the torque response and its reference when inserting the torque load,
this response is identical with its reference, where the results of the error equal to zero. It can be
noticed easily that has lower ripples compared with classical DTC. Then, in Figure 111.13 (g, h)
illustrates the stator phase current with its zoom. It shows a smoother sinusoidal current which
refers to low harmonics. Next, Figure 111.13 (b, d, and e) present the stator flux magnitude, circular
trajectory, and components. In these figures, the flux magnitude response is fast at the starting up;

the flux components v, and ¥,z have a good waveform. Therefore, the trajectory has a good

circle form and fewer ripples level. Figure 111.13 (f) shows the stator flux vector position.

B The test at low and reversing speed:

Rotor speed response with load application
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Figure 111.14. Simulation result of low and reversing speed case.
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Figure 111.14 (a) presents the test of operating at low and reversing speed response of the
studied technique, one shows that the speed value is starting from 200 rpm (1-3 second) to 600
rpm (4-6 second), then applying a reversing speed from 600 rpm to -600 rpm (6 to 10 seconds),
one shows the robustness of the presented technique is verified. It can be noticed easily that the
speed has an overshoot at the starting up at low-speed region. Also, in the region of reversing
speed, and one can be seen that the speed of the motor presents a good fast response. As seen in
Figure 111.14 (b), the torque response follows its trajectory in a good way, In general, the DTC-
SVM technique provides a good dynamic more than the classical DTC.

B Test of MRAS estimator:
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MRAS rotor speed response
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Figure 111.15. Simulation result of DTC-SVM using rotor speed estimation based on MRAS.

Figure 111.15 shows the behavior of IM using a rotor speed estimation based on MRAS.

Figure 111.15 (a, b, and d) shows the rotor speed, the torque, and the stator flux magnitude,

respectively.
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I11.7 Conclusion

This chapter presents a study of IM behavior using Direct Torque Control with Space Vector
Modulation. The DTC-SVM strategy uses three PI controllers for electromagnetic torque, stator
flux, and speed control is presented. For better performance of the speed regulation loop, an anti-
windup PI controller is used. Then, the MRAS estimator instead of the hardware sensor is
presented to minimize the total cost of the system. For more, the DTC-SVM based on the MRAS

estimator for IM is numerically studied via the Simulink/Matlab environment.
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1VV.1 Introduction

In this chapter, we present an overview of the solar photovoltaic water pumping system
firstly, then the system design and system control will present and describe, which are the modeling
of the pumping system for the design part and the modeling of the P&O algorithm for the control
system. Finally, we will simulate the solar water pumping system using Simulink Matlab software,
then testing it under different insolation and temperature values to make sure of the effectiveness

of this system by discussing the system results.

V.2 System Description

Solar water pumping systems are very important for many applications. Initially, these
systems were pumped using DC motors connected to a pump. However, it was replaced by
induction motors due to their better performance, economical and robust. The induction motor is

supplied by a photovoltaic (PV) arrays through power converters.

In most of these systems, single-stage and two-stage IM feeding methods were used. In
two-stage consisting of a DC-DC converter and a voltage source inverter, the maximum power of
the PV panels is usually extracted by maximum power point tracking algorithm (MPPT) using the
DC-DC converter. In single-stage, the maximum power point (MPP) of the system is extracted by
the VSI converter itself. The induction motor is controlled by DTC-SVM control, where the
switching states of the inverter are set by the SVM technique. Figure 1V.1 has presented the scheme
of the PV array-fed IM drive [3].
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Figure 1V.1. Block diagram of the PV array-fed IM drive [3].
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IVV.3 System Design

This design system constitutes a single-stage PV array followed by a VSI fed three-phase
induction motor drive operated pump. The PV array operates at maximum power point tracking
along with SVM gating logic for effective utilization, the DC-link voltage has been calculated. An

Induction motor and voltage source inverter are previously discussed.

IV.3.1 Selection of DC-Link voltage
In order to determine the DC-link voltage of VSI that has to be higher than the peak

amplitude voltage, which is given to the motor. It can be estimated as [1]:

Vae > VN2 (IV.1)
where, V; is a line voltage across the motor terminals.

hence, the value of dc-link voltage is kept V.

I1VV.3.2 DC-link capacitor voltage

The DC-link capacitor can provide sufficient energy at the time of transients, such as a
decrease in radiation and an increase in the load [2]. The DC-link capacitor is determined using
the following relation:

6av,lt
CDC—link = (de _de 1) ( |V2)
c c

where

V4 is the DC-link voltage.

Vaer = V2 is the minimum allowable DC-link voltage during the transient condition.
t is the time required to recover the minimum DC-link allowable voltage.

I is the motor phase current, V;, is the phase voltage, a = 1.2 is an overloading factor.

I1VV.3.3 Design of water pump

The most popular pumps are centrifugal pumps and they are used for various applications.
These pumps have a nonlinear proportional relationship between the rotor speed and load torque.
We can describe them as following [1]:
T, = Kywf (IV.3)

w, 1S the speed of the induction motor.

where K; is proportionality constant of the pump. It can be determined as:
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K, =2 (1V.4)

Wy

V.4 System control

The studied system control constitutes two parts: the first one is the MPPT control. It is
achieved by three-phase VSI using the P&O algorithm. The second part is motor speed control,

which is executed by direct torque control of the drive with the SVM switching scheme.

IV.4.1 Reference speed estimation of induction motor

The reference speed of the induction motor can be estimated by two components. The first
one is estimated by the DC-link voltage PI controller. The reference PV voltage is given through
MPPT, thus obtained at k" sampling instant, is the DC-link voltage reference V. and it is

compared with the PV voltage as follows [1]:
Vaciaey = Vacey — Vovao (1V.5)

Figure IV.2 shows the schematic for speed estimation w, the error signal V) is fed to

the DC link voltage PI controller and the resulting speed error signal at the k" sampling instant

and is given as follows:

W10 = W1e-1) + Kpac Vacigo — Vacie-} + KiacVaciao (1V.6)

where K, . and K, are the gains of the DC-link voltage PI controller.

Py

Insolation P&O
() ™| Solar

PV Control

Temperattge’ array Algorithm
(7) | >

Vo

Figure 1V.2. Reference speed generation w; [1].

Figure 1V.3 shows the converted speed term from the PV by the next relation and that gives

the second reference speed by affinity law of pump. It can be obtained as:
Py, = K103 (IV.7)

where K; is proportionality constant of the pump.
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P
[(P)/KT" |
DC link
voltage

®,os |controller a)mL

Figure 1V.3. Feedforward speed component [1].
Hence, the reference speed of the motor is estimated as follows:

Wrer = W1 1 Wy (1Vv.8)
This reference speed is used for control of VSI feeding induction motor drive.

IV.5 Simulation Results

The photovoltaic water pumping system is simulated and modeled in Simulink (MATLAB
environment), and the simulation results are shown under conditions of varying the insolation and
temperature. The pump load is automatically changed as the rotor speed is varied. Figure 1V.4

shows the block simulation of the Photovoltaic Water Pumping System using DTC-SVM control.

h 4
Y

DTC Control Estimations (v

PV Array

INDUCTION MOTCR

Figure 1V.4. Block simulation of the Photovoltaic Water Pumping System using DTC-SVM

control.
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B In the case of the varying in the load pump value by the rotor speed, the result is given as

follows:
Rot d
1600 j otor spee‘ responseT
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1200 | ‘/
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Figure 1V.5. Simulation result of the varying in the load torque produced by the pump.

Figure 1V.5 clearly shows the changing of IM load torque, which is produced by the pump,

automatically with the rotation speed. Where the load pump increase when the increase of rotor

speed. DTC-SVM can control this load torque of the pump that is applied to the induction motor.

B In the case of the varying in the solar radiation value according to the temperature value, the

result is given as follows:
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Figure 1V.6. Simulation result of Photovoltaic Water Pumping System using DTC-SVM.
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Figure IV.6 shows rotor speed and electromagnetic torque with a load pump. In the first case,
we put the input of the insolation is 1000 w/m? form (0-1 second) then is 500 w/m? form (1-2
seconds) with a constant temperature equal to 25 °c. In the second one, we put the values of the

same interval of the insolation with another constant temperature equal to 45 °c.

In the first case, when it is operating at a temperature of 25 °c and insolation 1000 w/m?,
which is the ideal part in this case, where it is the ideal case for the system, which is given
maximum speed (1480 rpm) and load pump. It can be seen when decreasing the insolation to
become 500 w/m? and the temperature is keeping 25 °c, in this case, the speed (1076 rpm) and
torque load decrease according to the insolation. In the second case, it can be seen when increasing
the temperature to become 45 °c and the insolation is keeping 1000 w/m?, in this part, the speed
(1411 rpm) and torque load decrease according to the temperature. Next, it can be seen when
keeping the temperature at 45 °c with decreasing the insolation to become 500 w/m?, in this part,
the speed (1031 rpm) and torque load decrease according to both the insolation and temperature.
Generally, increasing the temperature or decreasing insolation led to decrease in the speed and

torque load, which means it affects negatively the efficiency of the PV array.

IVV.6 Conclusion

This chapter presents the photovoltaic water pumping system. Firstly, this system is a
standalone system that can be described as an induction motor connected to a pump that is fed by
a photovoltaic array through a voltage source inverter. Then the modeling of the system design
and system control, which are the modeling of the pump and the reference speed estimation MPPT.
Secondly, this studied system is simulated in MATLAB/Simulink. Thus, the simulation system
shows satisfactory results. These results indicate that the MPPT algorithm can achieve the
objective under the variation in the input temperature and solar irradiance. It is clear that the
photovoltaic water pumping system is entirely appropriate and suggested in sunny places like
South Algeria. Many applications use this system owing to the virtues of simple structure, cost-
effectiveness, control, and fairly good efficiency.

50



GENERAL CONCLUSION



GENERAL CONCLUSION =-m-rnmmmsmmmme e e e

General Conclusion

The work presented in this thesis concerns the modeling and simulation of a photovoltaic
pumping system. This system allows supplying the water to isolated sites where no energy source
is available. The selected photovoltaic model was simulated in an environment by MATLAB for
different temperatures and insolation, the purpose of this simulation is to determine their influence
on the system performance, to validate the motor driving efficiency (DTC-SVM), and checking its
performance. Where we can conclude depending on our system simulation results some benefices

and notices.

Firstly, for selecting the switching states of this system inverter we have used the SVM
technique, which provides a constant switching frequency that allows having a reset for the inverter
(on/off), it can give a higher voltage value 15% more than SPWM technique. Secondly, the DTC-
SVM control is reduced the torque and flux ripples, with a less harmonics of induction motor
current that what can give it a good sinusoidal waveform, and give generally a high performance
at the starting up and the steady states under the reversing and low speed operating conditions more
then the classical DTC. Finally, through the results obtained, the solar water pumping system is
stable and gave satisfactory results under different conditions of temperature and insolation, where
the electromagnetic torque of the induction motor tracked the load torque that was produced by
the pump and controlled by DTC-SVM.
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