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Water pumping is a very important operation in the agricultural and
industrial fields. Due to its arid nature, our Saharan environment has a
significant solar energy resource that allows the installation of water
pumping systems using photovoltaic solar pumps. For this type of
system, and to improve its performance, a prior theoretical study is
necessary. Given the intermittent and fluctuating nature of the solar
resource, it is essential to set up a system that allows its optimal
exploitation. The aim of this work is to describe, develop and simulate
a direct control of the DTC torque of a solar pumping system with
optimised efficiency. The system consists of a three-phase
asynchronous motor, coupled to a centrifugal pump, powered by a
photovoltaic generator. The operation of the photovoltaic generator will
be ensured at its maximum power via the MPPT control of a BOOST
converter. Two control strategies for the motor pump were
implemented and compared.The first, based on a sinus-delta MPPT
control of the three-phase inverter supplying the motor pump. The
second,uses direct torque control DTC to control the operation of the
induction motor driving the centrifugal pump. The DTC control
technology will be further developed. A dynamic model of the motor
driving the pump will be shown. The performance provided by the
introduction of DTC control will be presented. In addition, a control
system will be established in this work, which allows the set speed of
the asynchronous machine and thus the pump output to be set according
to the state of sunlight. The complete model of the established system
will be implemented and simulated in the simulation environment of

the MATLAB software.
Copy Right, IJAR, 2020,. All rights reserved.

Address:- Laboratoire d’ Automatique, d’Electronique, d’Electrotechnique et d’Informatique Industrielle
et d’Energie Renouvelable (LA2EI-ER), University Abdou Moumouni (Niamey).

576


http://www.journalijar.com/

ISSN: 2320-5407 Int. J. Adv. Res. 8(11), 576-599

€0 00000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000

Introduction:-

Almost all of the energy sources used by humanity are provided by the sun. Every day, the Earth receives from the
sun, through its radiation, the equivalent of several thousand times the total energy consumption of humanity for its
activities. [04].

Solar energy is widely used to power isolated or desert regions. The great advantage is that this source is
inexhaustible on a human scale, it is also very safe to use and is clean compared to other energy sources [01] [02].

It is particularly well suited for pumping water in rural areas [08] and on remote sites where access to conventional
energy is difficult or almost impossible. Although not completely free, solar energy has low running costs and in
some cases offers an economically viable alternative to conventional sources [00] [30].

For several decades, the DC motor and then the BLDC brushless motor have been used in pump systems as an
electric actuator to drive the pump. Cost and maintenance issues led to research into the use of the squirrel cage
induction motor as a new alternative.

Technological developments, particularly in the field of semiconductors, now make it possible to build high-power
static converters capable of delivering voltages (currents) of adjustable amplitude and frequency. The increased
possibilities of the control circuits allow the use of complicated mathematical operators; this is essential in order to
regain, with AC machines, the flexibility of control and the quality of electromechanical conversion, naturally
obtained until now with DC machines.

In this article, a technique for "optimising a solar photovoltaic pumping system" is modelled and simulated. The
pumping system consists of an electronic chopper/three-phase inverter unit and an asynchronous motor unit-
submerged centrifugal pump.

The optimisation consists of improving the machine's efficiency by introducing a direct torque control, DTC,
adapted to the motor. It also consists of adding a BOOST converter with MPPT control at the output of the
photovoltaic group in order to consume the maximum amount of energy available at its output. A comparative study
of the simulation results of the optimised system and the system operating with the inverter connected directly to the
group is carried out.

In what follows, a presentation of a conventional photovoltaic system will be made and the theoretical aspects
relating to the said system will be discussed. Then a model of the photovoltaic system will be made and the results
of the simulation will be presented. Finally an analysis of the results will be made.

Methodology:-

Our solar water pumping system consists of two basic components. On the surface there is a solar energy source
which is conditioned and then transmitted via an electrical circuit at the bottom of the well to a submersible pump
unit.

SOLAR ENERGY
WELL
. PUMP
- = DC/DC % DC/ACJf M —b HYDRAULIC
- CIRCUIT
.Vp

Figure 1:- Pumping system coupled directly to the solar source.

The simulation will require the elaboration of the mathematical model of each block of the system and of the global
device.
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Modelling the photovoltaic generator:

Photovoltaic (PV) panels generate the system's electrical energy. The smallest component of a PV panel is the solar
cell (battery) that produces direct current (DC) electricity when exposed to light.

In the literature [03], [04], [13], [14], [18] [19] , the actual PV cell is most commonly modelled by an equivalent
electrical circuit (see Figure 2) consisting of :

- an electric current generator shunted by a D-diode and an rsh resistor, to characterise the various leakage currents
due to the diode and junction edge effects ;

- a series resistor rs representing the various contact and connection resistances.

There is also a double diode model including an additional diode for better curve fitting. Both models are implicit
and non-linear [15].

Ih f *Id *l, "
@ SZD ; e !

Figure 2:- Equivalent circuit of a photovoltaic cell.

By considering the equivalent scheme in Figure 2, one can determine the current of the photopile which is :
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Figure 3:- Typical characteristics of photovoltaic panels.

The current-voltage (I-V) characteristic of the photovoltaic cell in Figure 3 is non-linear. It describes the behaviour
of the photovoltaic cell under specific sunlight and temperature conditions.

The resulting Simulink model is shown in Figure 4 as follows:
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Figure 4:- Photovoltaic Panel Model with Matlab / Simulink.

Our model is based on the model shown in Figure 2, equation 01 of which describes the behaviour of an illuminated
semiconductor junction, and on the classical approximations by various types of functions which can be carried out
by taking into account the serial-parallel association of these junctions and the resistances introduced by the
interconnections and welds. [16] [17] [04].

This model has a total of four variables, two input and two output variables.
Vpv: the voltage supplied by the panel;

The two input variables are : v : the illuminance on the panel (Wp or W/m?); ;

T; :the temperature of the panel junction (°C);

The two output variables are : L,, :the current supplied by the panel;

V,v : the voltage supplied by the panel ;

MPPT model:

The pump motor will hardly ever run at the maximum power point (Pmax) of the Photovoltaic generator during the
day. In order to significantly improve this efficiency, the photovoltaic generator will be charged by an electronic
system that will allow the electrical operating point of the modules to be varied so that they deliver the maximum
available power. The electronic system enabling this function to be performed is the Maximum Power Point
Tracking (MPPT) system, frequently referred to as MPPT (Power Point Tracking). [05] [04].

They are composed of a power circuit and a control circuit implementing an MPP maximum power point tracker
algorithm. As shown in Figure 5, at the DC/DC converter input is the PV row and at the output is the load [06] [08]
[04].

PV
~ A ri
2 Sun ——> () Static converter () 8
a.
Voo | [ 1 1T L,J
> MPPT Vo
Command

Figure 5:- Elementary photovoltaic conversion chain controlled by an MPPT.
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The Boost converter is more suitable for photovoltaic systems with Maximum Power Point Tracking (MPPT) since
the converter operates in direct current mode extracting as much power as possible from the solar cells. Therefore
the energy efficiency of the Boost converter can be very high compared to other converters [04].

Model of the BOOST converter:
A basic diagram of the boost converter is given in figure 6 [04].

Boost converter Filter

I 1

Figure 6:- Boost converter.

For reasons of simplification, we make the following assumptions: All elements are ideal; and The switching time is
much shorter than the electrical time constant of the circuit, so a linear approximation can be used.

When switch T is closed during ton, diode D is reverse-biased by capacitance C and the power source (row of solar

cells) thereby charging inductor L induces a current through it. At the same time, the load (inverter and induction
motor) receives its power from the capacitor C. So we have :

1 rton
Vour = Ve = Efo —Ioue dt (02)
1 rton
lin =1, =7 [;*" Vin dt (03)

When T is open during toff, current flows from the power source through the inductor L and the diode D to recharge
the output capacitor and simultaneously supply power to the load. We have therefore :

1 0t
Vour = Ve = EIO ff(IL_lout) dt (04)
1t
n=IL= Efo ff(Vin_vout) dt (05)

The Simulink model derived from these 4 equations is given in Figure 7 below :

Courant de sortie

2

lout

Tension d'entrée

Vin

Tension de sortie

g 1
Inductance L '{>_>_>
N T | v

s iL 1/C Integrator (C)

L (+_ 1L Integrator (L) Switch (C) Capacité
Switeh (L)

V*V

@:

YVvy

Courant IL et lin
mLI »(2)
3 IL

Gate

Convertisseur DC/DC
Figure 7:- Simulink model of the boost converter.
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MPPT control model:
The basis of MPPT is to find a control strategy that gives the best ratio of the chopper switch control cycle so that
the operating point on the PV Generator coincides with the maximum MPP power point.

There are two main categories of control strategy for the MPPT system, those with indirect algorithms (Quasi-
tracker) and those with direct algorithms (True-tracker) [21].

One of the most widely used techniques in the literature [04], [21] dealing with the implementation of an MPPT in a
photovoltaic system is that of "disturbance and observation".

It is this technique that we propose to implement in our system.

This technique is available in several variants for its implementation. It consists of calculating the MPP by iteration.
It measures the PPV power on the panels,then perturbs the operating point to detect the power variation. If the power
increases, the system continues in this direction, but if it decreases the direction of the disturbance is reversed. When
the MPP is reached the system will oscillate around the maximum measured PPV power. s small, the disturbance
that will be injected must be relatively very small. The algorithm for this technique is given in Figure 8.

D :duty Cycle and Mesure

Vrelk-1) et lelk-1)

AD : perturbation T
| Powlk-1] = ol k-11* | pu{k-11

¥

Mesure
Wk 2t LK)

-
| Pewl k= eyl k1 * | puik) |

¥

AP = Prvik) - Peyik-1]
A% = Veylk] - Yevlk-1)

INTERREUFTELRS

Figure 8:- « Perturbation and Observation » Algorithm

His model in Simulink is as follows:

»
@ MO = >CD
Vin L d
Memory Memory1 —
—> Product1 Display
x DeltaV<0
—>
lin Product _; | -—> Du(ty:cyc)le
Constant1
DeltaV>0 DeltaP>0
" _; 1 }’ 7|£ P |Duty Cycle PWM Signal »(3 )
—»# i c
DeltaV<0 DeltaP<0 Saturation
D+DeltaD WM _
L - >
0.001 :i:_l >
Constant —;‘: b
DeltaV>0

»
»
) ]7 1]
D-DeltaD Memory2

Figure 9:- Simulink Model of the Algorithm « Perturbation and Observation »
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Model of the inverter:
The inverter is used to convert a direct current (DC) voltage into an alternating current (AC) voltage. Figure 10
shows a schematic diagram of the DC-AC conversion stage under a three-phase assumption.

Figure 10:- Schematic diagram of an AC machine power inverter.

In this type of inverter, the chopped voltages are applied directly to the machine, of which inevitably the switching
inductances of the latter act as current filters, provided that the chopping frequency used is adapted to the values of
these inductances (pulse width modulation).

The inverter generates a three-phase voltage system, variable in amplitude and frequency, which operates with
variable loads. If each cell is assigned a modulation function f.,, fy and f. respectively, and the control is
complementary on the same cell, the phase voltage can be expressed as follows [04] [07] :

VaN v, 2 - -1 fca
Vin| = % -1 2 -1||fp[(05)
-1 -1 21If

VcN cc
As a matter of principle, this inverter operates discreetly. It can only take 23 = § states.
With the help of the above relationships, a list of these states and their associated voltages can be drawn up (Table

1.

Table 1:- States of a three-phase inverter.

States of the modulation functions Neutral voltage Three-phase single voltages

fca fcb fcc VNM VaN VbN VcN

0 0 0 0 0 0 0

1 0 0 V,/3 2V, /3 - V,/3 - V,/3
1 1 0 2V,/3 V,/3 V,/3 -2V,/3
0 1 0 V,/3 - V,/3 2V,/3 - V,/3
0 1 1 2V,/3 -2V,/3 V,/3 V,/3

0 0 1 V,/3 - V,/3 - V,/3 2V,/3
1 0 1 2V,,/3 V,/3 - V,/3 V,/3

1 1 1 0 0 0 0

Modeling the inverter in Simulink given in Figure 11 will use equation 56.

<D,

foa Mux _'—>| (UI4V3)~(*ul1])-u[2]-u[3]) i—»@
Fcn van

& Mux —>| (UI4Y/3)*(u[11+@"u[2D)-u[3]) |—>®

fcb vbn
Fcn1

@ Mux —>| (u[41/3)*(-u[1]-u[2]+2*u[3]) |—>®

fcc Fcn2 ven

|

Onduleur de tension triphasé

Figure 11:- Simulink model of the inverter.

Model of the moto pump unit:

Motor model:

In order to "better" control or regulate an asynchronous motor, it is essential to establish a model that is as close as
possible to the behaviour of the machine to be controlled.
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In what follows, we will try to formalise a relatively simplified model by posing (realistic) hypotheses generally
used [09] [11] in this context :

Hypothesis:

The hypothesis generally accepted in the asynchronous machine model are:

the absence of saturation and losses in the magnetic circuit (hysteresis and eddy currents are negligible);

The perfect symmetry of the machine;

The sinusoidal spatial distribution of the different magnetic fields along the air gap. (The air gap is constant) ;
The equivalence of the short-circuited rotor to a three-phase star-connected winding;

Power is supplied by a symmetrical three-phase voltage system;

The winding resistances do not vary with temperature and the skin effect is neglected;

AN

Thus, among the important consequences of these assumptions are the following:

1. The constancy of the own inductances;

2. The constancy of the stator and rotor resistances;

3. The law of sinusoidal variation of the mutual inductances between the stator and rotor windings as a function of
the angle of their magnetic axes.

The following figure 12 gives a schematic representation of such an induction motor in the case of a single pole pair.

Figure 12:- Schematic representation of an asynchronous motor (p=1).

The stator phases are represented by windings a, b, c; the rotor phases by windings A, B, C. The angle represents the
angle between the magnetic axis of the stator phase a and the magnetic axis of the rotor phase A. It therefore defines
the position of the rotor in relation to the stator. The speed = d/dt is then the rotational speed of the motor, if the
motor has only one pair of poles (if the motor has p pairs of poles, the rotational speed =/ p).

We therefore have to define five inductances:

1. Ly, : inductance of a stator phase; ;

2. Lpa : self-inductance of a rotor phase ;

3. Lup : mutual inductance between stator phases ;

4. Lpp : mutual inductance between rotor phases ;

5. Laa(0) : mutual inductance between stator and rotor phases.

The fluxes through the windings are given in a matrix form by the following relationships:
[\Vabc] = [Lg][ianc] + [Lselliagc] (1)
[Wapel = [Lelliapc] + [Lsrlliane] (20 (06)

Where :

[‘Vabc] = [\Va‘l’b‘Vc]T [‘VABc] = [\VA\VBWC]T

liape] = [iaipic]” liapc] = [iaipicl”
Lia La Lap Laa Lag  Lag

[Ls] = |Lab Laa Labl [L]= [LAB Laa LAB]
Lab Lab Laa LAB LAB LAA
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[ 2m 2T 1
| cos(0) cos(6 + ?) cos(6 — ?) |
21 21
[Lg ] = [Laal I cos(6 — ?) cos(0) cos(0 + ?) I
2T 21
cos(6 + ?) cos(0 — ?) cos(0)
Les équations de tension s’écrivent, sous leur forme matricielle comme suit :
. d
[uabc] = [Rs] [labc] + at [\ljabc] (D
. d
[uagc] = [Relliagc] + a[‘l’ABc] 2 (7

Where :
[uabc] = [uaubuc]T [WABC] = [uAuBuC]T
R, 0 O R, 0 0
[R¢] = [ 0 R, O ] [R,J=]|0 Ry O
0 0 R, 0 0 R,

According to the relations (Equations 06), the equations of the asynchronous motor voltages are written as follows :

[uabc] = [Rs] [iabc] + [Ls] i [iabc] + i ([Lsr] [iABC]) (1)
[uasc] = [Rllianc] + [Le] 5 liac] + 5 (Lsillian)) () (08)

Given the dependence of [Lg,. Jwith 0, the coefficients of the differential equations

(Equations 08) are variable and their analytical resolution is consequently very laborious, hence the introduction of
the Park transformation [09] and [11], which will allow transforming the tension equations into constant coefficient

differential equations.

The Park transformation consists in replacing three-phase windings with three equivalent windings, orthogonal to
each other. Two of these windings (d and q) rotate, at speed w= d/dt, in the plane defined by the three-phase

windings (a, b and c¢) and the third (o) is perpendicular to this plane (see figure 13).

Figure 13:- Transformation of Park.

Three-phase and Park sizes are linked by the following relationships:
[idqo] = [P] [iabc]

[Udgo] = [P][Uane] (09)
[wdqo] = [P] [\I’abc]
With :
T
[idqo] = [idiqio]T [udqo] = [uduquo]T [\‘quo] = [\deqwo]
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[ 2T 2m
cosaa  cos(a——=) cos(a+—=)
| 3 3

I

I

[P] = 2l ) 21 ) N 2m_|
3|—sina sin(a 3 ) —sin(a 3 )|

1 1 1

2 2 2

Since we use an asynchronous motor whose three-phase windings are star-connected with the neutral not connected,
both at the stator and at the rotor, we always have : :

ip, =1, + i, +i. = 0(10)

The instantaneous power in the three-phase windings is :

P(t) = u,i,y + upiy + ucic an

Applying Park's transformation to three-phase quantities (Equations 09), we obtain :

p(® = ;(udid + uqiq) (12)

The magnetomotive force produced by windings d and q is projected as follows :
On the d axis :

fam(a, ) g = Ngig  (13)
On the q axis :fym (o, ) g = Ngig  (14)

Where Ngand Njare the numbers of conductors of the equivalent windings d and q. These numbers can be chosen
arbitrarily.

It can be seen that the magnetomotive forces produced by the three-phase windings and by the equivalent windings
are equal, provided that and such that :

It can be seen that the magnetomotive forces produced by the three-phase windings and by the equivalent windings
are equal, provided that Ngand Ngsuch that :

Ne N, 2

Ng N, 3
Where N,is the number of effective conductors per phase, i.e. the number of conductors per phase multiplied by the
winding coefficient.

We will transform the three-phase stator windings into equivalent d; and qs windings and the three-phase rotor
windings into equivalent d, and g, windings (see figure 37).

We will transform the three-phase stator windings into equivalent d; and qs; windings and the three-phase rotor
windings into equivalent d, and q, windings (see figure 37).
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Figure 14:-Park transformation of stator and rotor values.

The transformation of the stator magnitudes is defined by:
lida], = [Pls[iabe] (1)
[aq), = [Pls[uase] ) (15)
[Vaa], = [PLs[vaed G
cosB;  cos(0Bs — 2?“) cos(6; + 2?“)

2
Where [Pls ==
* 3|=sin 0; —sin(0s — 2?“ —sin(0 + 2?1'[)

The transformation of the rotor values is defined by :
[iaq] = [P [iagc]
[ugq] = [Pl [upcl(16)

[\qu]r = [P]; [‘VABC]
Where

2m 2m
2| cosO.  cos(6, — ?) cos(6, + ?)
[P, = 3| . 2m _ 2T
—sin0, —sin(0, — 3 —sin(0, + ?)
We have for the stator the flux equations in Park's frame :
\Vds = Lsids + Lsridr(17)

\Vqs = Lsiqs + Lsriqr(ls)

Similar relationships are obtained for the rotor :
Vg, = Liigr + Lsrias(19)
qu = I"riqr + Lsriqs(zo)

With : Ll‘ = LAA - LAB(ZI)
In phase quantities, we have for the stator the voltage equations in Park's marker
d\uds

ug, = Rgigg + a wsqu(zz)

. dyg
uqs =dl:Slqs + “at + (Ds\llds(23)
= 5

By posing : o5 = (24)
Similar relationships can be obtained for the rotor :
. dyg,
Ug, = Relg, + —F = 0y, (25)

. dyg
uqr = Rl‘lqr + T + (Dr\lldr(26)
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doy
o 27

In general we will be in the case of squirrel-cage asynchronous motors (bars in short circuit) so ugq, = 0 et Ug = 0.

Where we posed o, =

There are 3 types of markers:

1. Stator-related marker :0, = 0 therefore w; = 0.

2. Rotor-related marker :6, = 0 therefore o, = 0.

3. Field related marker :0;, = 6, + 6 therefore ®; = ®, + ©.

The last mark is often used in the study of the power supply of variable frequency induction motors.

The instantaneous torque can be expressed as follows:

ce = P (Wagias — Vg ias)(28)
It is possible to obtain other expressions of the torque by using the stator flux expressions [09], in this case we will
have :

Ce = pLsr(idriqs - iqrids)(29)
Thus in equation 29 we have an expression of the instantaneous torque depending on the stator and rotor currents.
It is also possible to obtain a torque expression that depends on the rotor flux [09]. :

Ly . .

Ce=DP 1 (\Vdrlqs - qulds)(30)
Torque control can therefore be achieved by means of stator currents and rotor fluxes.
The Park model of the motor that will be developed using Simulink (see Figure 15) will use the above equations.

1
1 >
N Is 5+Rs. . by

ER S iiA :
E ﬁ
| x|

<

< 4

1 > :
e +
IS S+Rs frs+
=

Mas modele dq (Par

Figure 15:- Park model (d,q) of an asynchronous motor

The pump and hydraulic circuit model:
The centrifugal pump applies a load torque proportional to the square of the motor speed [01] [04] [20].

¢, = Kgy.Q%(31)

With K, designates the proportionality constant of the pump.
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Knowing the performance of a centrifugal pump ( Q , H and P ) for speed N , the similarity laws make it possible to
, N
determine the performance ( Q', H' and P') for a speed N' using the following relations : Q' = Q% , H= (H N—)

5 N
cP=()

where Q and Q' are the flow rates corresponding respectively to speed N and N'; H and H' are the total head
corresponding respectively to speed N and N'; and P and P' are the motor powers corresponding respectively to
speed N and N'.

The model that will be implemented will use the following equation :
H = an? + boQ —cQ%. (32)
The hydraulic circuit (pipe and tank) is characterised by its HMT head.

For our model we will take a total manometric height HMT = 120 m. We have chosen the 4BHS4 48/40 pump
manufactured by "POMPES MAROGER". This 4" submersible pump is equipped with a three-phase 380V (220V),
50 Hz motor with a power of 4 kW. The hydraulic characteristics of the pump are in the following table 2 :

Table 2:- Hydraulic characteristics of the pump.

Pump kW Q = Debit
4BHS Vmin 13 30 40 50 60 100 120
M3/h 0,8 1,8 2,4 3,0 3,6 6 7,2
H=HMT
4BHS 48/40 4,0 - [253 J241,1  [227 [210 1094 [-

To model this pump we first need to determine the values of the coefficients in equation 32. By substituting in this
equation the value pairs of flow rate and head, we form 4 linear equations to be solved.
The Simulink model of the pump is shown in Figure 16 below. :

} Modéle pompe

ap bp ) Gain

. [—bx
w2 @
Divide NaN
Add1
Add3
o BN,
d ct2 D Rec iprocal i
Sart

Add2
2>
\/

P(1/60)*(2"pi)
Prod ctd

HMT Pr

W T/min
>
<M
bwa m
t |
» H
B x
>

Figure 16:- Simulink model of the pump.
For the simulation we will consider that the quantity of water and its dynamic and static levels are sufficient to allow

water pumping. On the other hand the head is taken equal to 120 m and is below the maximum limit height of our
pump.
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PWM and DTC control model:

PWM control model:

The inverter is controlled according to the natural PWM strategy. The switch control signals are determined by the
intersection of a sinusoidal reference called "modulator" of frequency f;;, with a triangular of high frequency f, called
"carrier" (see figure 17). Two indices [02] are therefore defined :

- Modulation index :M = ff—p (32)

- Tension adjustment index r between 0 and 1 :r = % (33)
p

For M > 9 and for optimum cushioning, it is shown that :

The fundamental of the output voltage has as RMS value :

U
V=17 (4

The harmonics are located around the central frequencies k;.M.f,, (k;=1, 2, 3,...).
For the case studied, we choose: r = 0.8 and M = 20

The switches of the inverter arms are controlled in a complementary way from the logic quantities (f;). The control
signals are compared with the high-frequency triangular signal at any time. Switching of the switches will take place
when we have an equality of the type :V,,0q =V,
During operation:
SiVinoa =V, >0 alorsf; =1
SiVipgg =V, =0 alorsf; =0

[] T -
LA 0oL Lot

Figure 17:-Bipolar MLI (for one phase)
Figure 18 shows the Simulink model of the MLI control.
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Figure 18:-Simulink model of the MLI control
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DTC control model:

The control of our system is of the Direct Torque Control (DTC) type.

The methods of direct torque control of asynchronous machines appeared in the second half of the 1980s. They are
intended to be competitive with conventional vector methods. They are based on pulse width modulation (PWM)
power supply and a control strategy implementing an algorithm for decoupling the flux and motor torque by

magnetic field orientation [22].

They consist of directly determining the control sequence applied to the switches of the voltage inverter. This choice
is generally based on the use of hysteresis regulators whose function is to control the state of the system, in this case

the amplitude of the stator flux and the electromagnetic torque.

The Direct Torque Control (DTC) of an asynchronous machine has outstanding dynamic performance and is robust

against motor parameter deviations [23].

Direct Torque Control imposes switching commands on the arms at the times when it is required. The switching

frequency is therefore variable depending on the desired operating point (Figure 19) [24].

Di order of
Consignment mrect switching
—> Torque >
Control of the arms
ontro of the inverter

Inverter

Int. J. Adv. Res. 8(11), 576-599

Keal voltages ™

Figure 19:- Structure with direct torque control.

In a Concordia frame of reference ( (6 = 0 in Park), the voltage vector is governed by the following differential

equation) (equations 22, 23, 24 and 25 with 6 =0

By posing :
us = uds+juqs u, = udr+juqr
iy = ids+jiqs I = idr+jiqr

V= Wyt J'\vqs
Ly 2
LrLs

And with 6 =1 —

Coecfficient of disp

After calculation, the following equations can be found :

Vo= Vg, v

ersion

U, = Ryi, + 5(35)

dy, (1 .

dt + oty Jo
. L

with 1, = R—r

r

These relationships show that :

1. Itis possible to control the vector y_ from the vector Us , to Ryi; the nearest voltage drop.
2. The flux Y follows the variations of y_ with a time constant o7,, the rotor acts as a "time constant filter"

between the flux y, and V.

. reaches in steady state the value : y_ =

Lgr 1

)Wr - Ls ot

Lgr 1

Ls 1+j oot

Vs

7,(36)

While posing by y = (\T/r ,\TJS) = 0, — 0, ,, the couple expresses themselves :

Lgr .
L VsV, siny(37)

Ce = pULs

Le couple dépend de I’amplitude des deux vecteurs . et y and their relative position.

This equation shows that torque variations can be controlled from the angle vy thus the speed of rotation of the stator

motor

flux. If the angle v increases the electromagnetic torque also increases, otherwise the torque decreases.
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If one can perfectly control the flow i (from Us) in modulus and position, one can therefore control the amplitude
and relative position of  _ and thus the torque. This is of course only possible if the control period T, of the voltage
U, is such that Tc<<or,.

By solving equation 35 and neglecting the ohmic drop Rgi in front of the voltage Uy (this hypothesis is verified
when the rotation speed is sufficiently high), the previous expression becomes:

7,(0) = 7,(0) + Tyt(38)

It can then be seen that over an interval [0,T.], the end of the vector |y, moves on a straight line whose direction is
given by the vector Uy selected during T .

This relationship is illustrated in Figure 20 with two choices of voltage vector: Uiy = Vg and Uy = V.
" m""_'_‘ o

B

o

=

Figure 20:- Example of the evolution of the end of

The V¢ vector introduces an increase in the amplitude of the flow and a decrease in its speed. On the other hand, the
V4 vector decreases the amplitude of the flow but increases its speed.

It follows that the amplitude v of the stator flux vector W is controllable by the direct component Vg of the
voltage vector Vg , while its direction of rotation, and therefore its angle 6, is controllable by the quadrature
component V.

And, rotating the stator flux vector, leads to the creation of a torque. It is therefore possible to control both flux and
torque directly by an appropriate choice of the raw voltage vector supplied to the inverter.

This direct torque control strategy for asynchronous machines is an alternative to scalar control and vector control.
DTC control consists of controlling the stator flux amplitude and the electromagnetic torque. These quantities are
estimated from the electrical stator quantities (current, voltage) without the use of a speed sensor and a pulse width
modulation stage.

Table 3 illustrates the voltage vectors to be applied to increase or decrease the stator flux amplitude in each sector.

Table 3:- Flux control table.

Sector Y, increase Yy, decrease

N1 Vsl 5 VSZ ) Vsﬁ V53 > Vs4 > VsS
N2 Vsl > VSZ > Vs3 Vs4 > VsS > Vs6
N3 V52 5 Vs3 > Vs4 Vsl > VsS 5 Vs6
N4 Vs3 s Vs4 > VsS Vsl ) V52 5 Vs6
N5 Vs4 5 VsS > Vs6 Vsl > V52 5 Vs3
N6 Vsl 1} VsS > Vsﬁ VsZ > VsS 5 Vs4

591




ISSN: 2320-5407

Int. J. Adv. Res. 8(11), 576-599

The torque will also be estimated using only measurable stator graders with the expression of equation 28: .:

Ce = p(wdsiqs _‘Vqsids)

If the flux amplitude  is kept within the hysteresis band around its reference value and the flux amplitude y_ is

LSl"
oLgLy
the angle y (angle between the stator and rotor fluxes).

constant, equation 37, c. = p

vy, siny, shows that the electromagnetic torque can be adjusted by adjusting

The stator flux amplitude and the instantaneous torque are controlled separately. The control structure is summarised

in Figure 21 below.

O Riret Tooquecomted \
' ¢_couple !
opl_ref _i_., Torque ™ Voltage wvector | |
! hysteresis selection table 1
i ™ corrector :51-.. Inverrter T
E inverter —— IM
by rof | Flow Tveteresis e fimx switching :5._-..
= T u:::‘ L[E':‘ eress commands '
o
R a
! 1
! i
i N°  de 1
! secieur !i v
i . Estimation  of |7 L1
E opl_estimated torgque and flow i: . Vi
a j—=
! fix estimated ' Ia
)

Figure 21:- Direct torque control structure.

Some Results:-
Result of the pumping system simulation with MPPT:

Table 7 and Figure 51 bring together the results of the simulation of the photovoltaic pumping system with

maximum power point tracking.

Tensions triphasées va, b et vo
400

Courant triphasé ia, ib et ic

300
i

Tensions vabe (V)
Courant (A)

0 02 04 06 08 1 12 14 16 1
Temps (s)

a) Three-phase voltage v,p.

Tension direct vd

02 04 06 08 1

12 14 16 18 2
Temps (s)

b) Three-phase current iy

Courant direct id

Tension vd (V)
Courant id (A)

Temps (s)

Temps (s)
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¢) Voltage vy

Tension quadratique vq

0.5 1

Ten:

€) Voltage vgs

15

sion (s)

Flux direct rotorique fdr

d) Currentigg

Courant quadratique iq

ourant iq (A)

05 1 15 2 25
Temps (s)

f) Currentig,

Flux quadratique rotorique far

Flux fq

Temps

6 7 8 9
)

Temps (s)

g) fy flow f)fy flow
Figures 22:- Results of the simulation of the dq model of an asynchronous motor under load (for 1000Wp).
s— Irr | Maximum | Energy PV yield Speed Quantity of | Energy Time Maximum
»fl | ad | energy consumed reached in | water required to | taken  to | flow rate
«fi[ [ |available on the 10 sec | pumped pump one|reach the|reached in
= W |on the | Panels [RPM]. [m’] m’ of [ HMT [s]. [10 sec
¢ Whecl | Panels [Wh] in 10 water [m*/h].
[Wh] in 10 | sec [KWh/m®].
’ sec.
° WITH | WI | WITH | WI | WITH | WI | WITH | WIT | WITH | WIT | WITH | WI | WITH | WI [ WITH | WI
™ OouT (TH (OUT |TH |OUT |TH |OUT |H OuUT |H OouT |[TH |OUT |TH (OUT |TH
MPPT | MP | MPPT | MP | MPPT | MP | MPPT | MP | MPPT | MPP | MPPT | MP | MPPT | MP | MPPT | MP
] PT PT PT PT T PT PT PT
10 |- - - - - - - - - - - - - - - -
Am 0
7120 [5.060 [5.0 |- 3.8 |- 0.7 |- 155 |- - - - - - - -
i 60 04 5 7.40
i : 30 (8.167 |8.1 |- 7.0 |- 0.8 |- 264 |- 0.00 |- 14 |- 54 |- 4.8
J 10 67 17 6 3.20 4886 36 2 17
o140 [12.16 |12, |- 10. |- 0.8 |- 285 |- 0.00 |- 1.1 |- 35]- 5.6
10 |0 160 620 7 9.50 8989 81 2 45
50 [14.45 | 14. |9.264 |13. 10.64 0.9 [2729.[289 |0.008 |0.01 |1.130 |1.2 [3.70 [2.6 |5.158 |5.7
0 |0 ) |450 500 3 19 9.90 [ 195 0960 32 3 93
60 [17.59 |17. [9.578 |17. [0.54 0.9 [2739.]1291 [0.008 [0.01 [1.124 1.3 |3.55 [1.9|5.196 |5.8
0 |0 m|590 110 3 |8 8.80 | 520 2480 71 6 62
70 120.7% 120. [9.797 |19. |0.47 (0.9 |2 746.[291 [0.008 |0.01 [1.119 [1.5]3.44 |1.6(5.223 [5.8
0 |0 t]730 680 5 |8 8.80 | 752 3050 08 9 62
80 |23.89 |23.19.973 [22. |0.42 [0.9 |2 291 10.008 [0.01 [1.117 1.6 |3.36 [1.4]5.243 |5.8
0 |0 T ]840 720 5 ]752.2 |8.80 | 929 3620 68 1 62
90 [26.94 |26. [10.12 |25. [0.38 0.9 [2756.291 [0.009 [0.01 |1.116 (1.8 [3.29 [1.3]5.260 |5.8
0 o ']o40]0 430 4 |5 8.80 |1 070 3830 39 1 62
10 [30.0F [30. [10.24 [28. [0.34 [0.9 [2760.]291 [0.009 [0.01 |1.115 [2.0 [3.24 [1.1 [5.274 |5.8
00 |1 0112 990 7 12 8.80 | 188 4140 50 4 62
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rque Ce i) speed w
Table 3:-Simulation results without and with MPPT.

Observations:-
With a MPPT we have a very consequent improvement in the efficiency of the energy absorbed by the system. This
efficiency is of the order of 0.97 for an irradiation of 1000Wp, whereas it is only 0.34 without MPPT.

The pump reaches HMT in less time, 1.14 s for the system with MPPT, without MPPT it is 3.24 s. The pumping rate
also improves; we have 5.863 m’/H with MPPT and 5.273 without MPPT.

Simulation of the model incorporating DTC control:
The simulation of the optimised pumping system model (MPPT & DTC) gave us the results that we summarise in

Tables 5 and 6 and in Figures 23.

For start-up, we first limited the torque set point to 20 N.m and then reduced it to 5 N.m after 1 second. This will
keep the flow constant.

Tensions triphasées va, vb,vc avec la commande DTC

)
) 05 1 15 25 3 35 4 4

0 2
Temps (s)

Courants triphasés ia, ib, ic avec la commande DTC

Tensions vabc (V)
Courants iabc (A)

5 45

a) Three-phase voltage v, b) Three-phase current iy,

Tension directe wds au stator Courant direct ids au stator

Tension vds (V)
Courant ids (A)

[ 0.5 1 15 2 25 3 35 4 45 o 0.5 1 15 2 25 3 35 4 45
Temps (s) Temps (5)

¢) Voltage vy d) Currentigg

Tension quadratique vas Courant quadratique igs du stator

Courant igs (A)

2
&
g
<

S
2
3

&

0o o5 1 15 2 25 3 35 4 45 o o5 1 15 2 25 3 35 4 45
Temps (s) Temps (s)

e) Voltage v f) Currentig
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Flux direct rotorique fdr sous la commande DTC

Flux fdr

Flux far

g) fdr flow

Couple moteur ce en N.m

tesse w (rads)

h) Motor torque

1 15 2 25 3 35
Temps (s)

Ce

Observations the results in Table 5:
For an irradiation of 1000 Wp, we note on this first table an improvement on the efficiency of the consumed energy;
it reaches 0.99 (compared to 0.97 with only the MPPT).

4 45

Flux quadratique rotorique far

0.5

1

15 2 25
Temps (s)

1) Rotational speed w
Figures 23:- Results of the simulation of the dq model of an asynchronous motor under load (for 1000Wp)
optimised control (MPPT & DTC)

We have also increased with this order the quantity of water pumped, which rose to 0.0155 m3 (in 10s) against
0.0141 without DTC.

We are seeing a speed of up to 3317 rpm. This speed depends on the torque setting. It is adjusted according to the
desired operating torque.

Observe the results in table 6:
A small improvement is obtained on the efficiency of the pump (the cubic meter of water will be pumped with less

energy).

On the other hand, on the response time, the pump starts to deliver water as soon as 0.54 s (against 1.14 and 3.24
previously) and the maximum flow rate is reached in 0.85 s.

Table 5:- Results of the optimised pumping system model (MPPT & DTC).

Irrad | Maximum Energy consumed | PV yield Speed Quantity of water
iation | energy available | on the Panels [RPM]achieved in | pumped [m3] in 10
[Wp] | on the Panels | [Wh]in 10 s 10s s pumping time
[Wh]in 10 s
WIT | WI |DT | WIT | WI | DT | WIT |WI|D |WIT | WI | DT | WIT | WIT | DT
HOU | TH | C HOU | TH | C HOU |TH | T |HOU |TH | C HOU | H C
T M T M T M |C|T MP T MP
MPP | PP MPP | PP MPP | PP MPP | PT MPP | PT
T T T T T T T T
100 - - - - - - - - - -
200 - 50 |5.06 |- 3.8 - 0.7 - - - -
60 |0 04 5
300 - 8.1 | 8.16 | - 7.0 - 0.8 - - 0.00
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67 |7 17 6 488
6
400 - 12. | 12.1 | - 10. - 0.8 - - 0.00
16 | 60 62 7 898
0 0 9
500 1445 | 14. | 144 | 9.264 | 13. 0.64 |09 0.008 | 0.01
0 45 |50 50 3 195 096
0 0 0
600 17.59 | 18. | 18.3 | 9.578 | 17. 054 |09 0.008 | 0.01
0 36 | 60 11 3 520 248
0 0 0
700 20.73 | 20. | 20.7 | 9.797 | 19. 047 |09 0.008 | 0.01
0 73 130 68 5 752 305
0 0 0
800 23.84 | 23. | 23.8 | 9973 | 22. 042 |09 0.008 | 0.01
0 84 | 40 72 5 929 362
0 0 0
900 26.94 | 26. | 26.9 | 10.12 | 25. 0.38 |09 0.009 | 0.01
0 94 |40 0 43 4 070 383
0 0 0
1000 | 30.01 | 30. | 30.0 | 10.24 | 28. | 29. | 0.34 | 0.9 | 0. | 2918. | 291 | 331 | 0.009 | 0.01 | 0.01
1 01 |11 2 99 | 76 7 99 | 80 88 | 7.8 | 188 414 | 558
1 0 3 0 0 0 6
Table 6:- Results of the optimised pumping system model (MPPT & DTC) — continued.
Irradiat | Energy required to | Time taken to reach | Maximum flow rate | Quantity of water
ion pump one m~ of | the MTH [s] reached in 10 s | pumped [m’] in 1 hour of
[We] water [KWh/m3] [m3/h] pumping (estimated)
WITHO | WIT | DT | WITHO | WIT | DT | WITHO | WIT | DT | WITHO | WITH | DTC
uT H C UT H C uT H C uT MPPT
MPPT MP MPPT MP MPPT MP MPPT
PT PT PT
100 - - - - - - - - - - - -
200 - - - - - - - - - - - -
300 - 1.43 | - - - - - - - - 1.7589 | -
6 60
400 - 1.18 | - - - - - - - - 3.2360 | -
1 40
500 1.130 1.23 | - 3.70 - - 5.158 - 2.95020 | 3.9456 | -
2 0 00
600 1.124 1.37 | - 3.55 - - 5.196 - 3.06720 | 4.4928 | -
1 0 00
700 1.119 1.50 | - 3.44 - - 5.223 5.86 | - 3.15072 | 4.6980 | -
8 2 0 00
800 1.117 1.66 | - 3.36 - - 5.243 5.86 | - 3.21444 | 4.9032 | -
8 2 0 00
900 1.116 1.83 | - 3.29 - - 5.260 5.86 | - 3.26520 | 4.9788 | -
9 2 0 00
1000 1.115 205 |19 |324 1.14 | 0.5 | 5.274 586 |6 3.30768 | 5.0904 | 5.6109
0 10 4 2 0 00 60
Discussion:-

Based on the results of the simulation, we can see significant improvements at several levels of the photovoltaic
pumping system.
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Comparing the results given in Figures 22 and 23, it can be seen that with the system incorporating an MPPT :

A much more optimal power demand; overall we have a better yield for the energy absorbed in relation to the
energy potentially available at the output of the photovoltaic panels. The yield is 0.97 as opposed to 0.33 (Table 3).

The stator voltages are of the order of 400V as opposed to 240V. The current peak at start-up is also much higher; it
is about 60V compared to 45V without MPPT.

On the other hand, in steady state, the called stator current is less important with the MPPT; it has an amplitude of
about 10A against 30A peak.

This result is due to the operating principle of the MPPT. It tends to bring the system back to the point of maximum
operation of the photovoltaic panels. Hence the voltage and current values observed.

The steady state is reached in less time. Notwithstanding the best response in speed and torque, the MPPT has
introduced a ripple of around 5 N.m on the torque.

We also observe a significant difference in the pump flow rate obtained. It is 5.862 m3/h compared to 5.274 m3/h.

The direct consequence of these results would be to revise the dimensioning of the solar panels downwards.
Significant savings can be made in terms of investment in the installation of the photovoltaic group. The low stator
current called is in favour of the operation of the Motor.

For the direct control of the DTC torque, introduced into the system, we can see the following from the simulation
results. Note that in torque control, we have given an instruction of 20 N.m for Is to accelerate the starting of the
pump. This set point is reduced to 5 N.m afterwards.

This control strategy allows us to limit the stator current called at start-up to SOA as opposed to 60A in the previous
case (figure 22.b and 23.b). This current will also be limited during the entire starting phase to a maximum current
of around 25A. It will drop to 10A during steady state. The low current values, which are a consequence of the
torque setpoint, will allow a much more acceptable motor load and operating constraints. Thus the motor's service
life will be improved.

As the response time and the flow rate reach the set point, we are also observing progress. The rotation speed of
3317 T/min and the maximum pump flow rate of 6 m3/h are measured against 2918 T/min and 5.86m3/h
respectively.

Apart from the stator current limit, we can notice a better torque response of the motor. In addition to the regulation
obtained (in accordance with the given setpoint) we have obtained a significant reduction in the motor torque ripple
rate. This ripple has adverse effects on the mechanical elements of the motor. Its reduction will certainly lead to
more reliability in the pumping system.

Overall, significant improvements in terms of efficiency and behaviour under dynamic and steady state conditions
have been achieved.

Conclusion:-

The important development in industry and in the modern way of life in recent years has made the use of energy
compulsory. Electrical energy, in particular, has become the main factor in the development and even survival of
our contemporary society. The limits of the reserves of non-renewable energy sources have led to interest in and
search for other sources. To cover our energy needs, so-called renewable energy sources have become the essential
substitutes for the future. One of the renewable energies that can meet this demand is solar energy, which is free and
abundant in most parts of the world, and has proven to be an economical source, relative to other energies.

Unfortunately, however, the use of solar energy suffers from the high cost of photovoltaic cells and the low

efficiency and intermittent power output due to fluctuating weather conditions. Therefore, any solar energy
application system design should incorporate these unfavourable factors.

597



ISSN: 2320-5407 Int. J. Adv. Res. 8(11), 576-599

This paper is a contribution to the efficient and optimal use of photovoltaic energy in the water pumping sector. It
has allowed us to propose and simulate viable and easy to implement solutions. The proposed optimisation of
photovoltaic pumping systems is twofold.

The mismatch between the photovoltaic generator and its load results in a very low efficiency in the transfer and
consumption of the available energy. At this level the improvement has consisted in setting up a maximum operating
point tracker to improve this efficiency.

A second improvement is made at the level of the drive motor control. A DTC control is implemented to regulate the
motor cut-off supplied to the pump.

The model and simulation of the optimised photovoltaic pumping system gave us satisfactory results. A significant
improvement in the overall efficiency has been achieved. It went from 0.34 for the conventional system to 0.99 for
the optimised system. Improvements have also been recorded in the pumping rate obtained.

It should be noted that this work is based on a simulation with constant sunlight and with fixed panels. In view of the
satisfactory results obtained by the modelling, it will be advisable to complete this study by analysing the
improvements that would be made by considering a full day of sunshine and by integrating a mechanical sun tracker
on the system. An experimental study of the proposed pumping system will be an essential validation of our
simulation.
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