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Abstract— The maximum power point tracking (MPPT) is the
automatic control algorithm to adjust the power interfaces and
achieve the greatest possible power harvest, during moment to
moment variations of light level, shading, temperature, and
photovoltaic (PV) module characteristics. It has become an
essential component to evaluate the design performance of PV
power systems. Direct Torque Control (D.T.C) method is based
on instantaneous space vector theory. By optimal selection of the
space voltage vectors in each sampling period, D.T.C archives
effective control of the stator flux and torque. This paper
describes a D.T.C of an induction motor (I.M) associated to a
photovoltaic water pumping system. In this work a Comparison
of two algorithms developed in order to maximize the output
power of the PV pumping system for the same given set of
conditions. The MPPT methods proposed in this study are two
different algorithms: Perturb & Observe (P&O) and sliding
mode control (SMC). Results obtained by simulation are
presented and discussed.

Keywords— MPPT, Pumping system, D.T.C, Induction motor,
Sliding Mode Control.

I. INTRODUCTION

The growing energy demand coupled with the possibility
of reduced supply of conventional fuels, evidenced by
petroleum crisis, along with growing concerns about
environmental conservation, has driven research and
development of alternative energy sources that are cleaner, are
renewable, and produce little environmental impact[1].

The PV pumping has become one of the most promising
fields in PV applications. To achieve the operation's most
reliable and most economical; more attention is paid to their
design and their optimal use [2]. The demand of PV
generation systems seems to be increased for both standalone
and grid-connected modes of PV systems. Therefore, an
efficient MPPT technique is necessary that is expected to
track the MPP at all environmental conditions and then force
the PV system to operate at that MPP point [3].

Since the earliest MPPT method published in 1960s, we
can count over than fifteen MPPT methods. They can be
classified following to MPP process seeking into indirect and
direct method. The indirect methods, such short-circuit and
open-circuit methods, need a prior evaluation of the PV panel,
or are based on mathematical relationships or database not
valid for all operating meteorological conditions. So, they
cannot obtain exactly the maximum power of PV panel at any
irradiance and cell temperature. On the other side, the direct
methods operate at any meteorological condition. The most

used methods among them are: Perturb and Observe (P&O),
Incremental Conductance (INC), and Fuzzy Logic (FL) based
MPPT [4]. A sliding mode control (SMC) is applied to track
maximum power of PV system. The advantages of this control
are various and important: high precision, good stability,
simplicity, invariance, robustness etc... This allows it to be
particularly suitable for systems with imprecise model [5].

The basic concept of direct torque control (DTC) of
induction-motor drives is to control both stator flux-linkage
and electromagnetic torque of the machine simultaneously by
using a switching vector look-up table [6], [7].

In this paper we present a proposed DTC-IM structure of
an isolated photovoltaic water pumping system. In order to
optimize the photovoltaic energy generation, a comparison of
two MPPT is analysed. The P&O and SMC were applied to
the studied system. The studied system is modelled and
simulated in the MATLAB Simulink environment and
obtained results are presented.

II. PROPOSED SYSTEM

The structure illustrated by Fig.1; with two static converters
and convention Direct Torque Control is used in this work.
The DC-DC converter which is included in this configuration
is intended to implement the MPPT control algorithm and to
keep the DC bus voltage to the value of the optimal voltage of
PV module. The voltage inverter is used to perform DC-AC
conversion and to control the mechanical motor speed.
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Fig. 1. Proposed system
III. SYSTEM MODELLING

A. PV panel modelling

The PV module is a nonlinear device and can be represented
by its I-V characteristic. Assuming identical PV cells, the -V
characteristic of the PV module is obtained depending on the
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global irradiance and the junction temperature. There are
several mathematical models which describe the -V
characteristic [8].The equivalent circuit (Fig.2) consists of a
single diode for the cell polarization phenomena and two
resistors (series and shunt) for the losses [26].
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Fig. 2.The equivalent circuit of PV cell

Based on this circuit model, behaviour of the PV module may
be described by the following equations [2].
Ipv = lpp — Ig — Ipsn (1
q(prHpv.Rs)] _ 1] _ V
AnKT Rsh

Ipv = lpn — Iy [exp [ (@)

The photocurrent, Iph, is directly dependent upon both
insolation and panel temperature, and may be written in the
following form:

]ph:Pl-Es-[1+P2'(Es_Esref)+P3'(Tj_TJ'Tef)] 3)

Where: E insolation in the panel plane (W/m?); Esref
corresponds to the reference insolation of 1000 W/m? and
Tjref to the reference panel temperature of 25°C. P1, P2 and
P3 are constant parameters.

The polarization current Id of junction PN, is given by the
expression:

o= o 2] 0

Where: I,Cell reverse saturation current (A), n Ideal
constant of diode (1-2), q the elementary charge (C), k
Boltzman’s constant (J/k), A ideality factor of the junction,
andRse, Rsh (Q) resistors (series and shunt).Table 1 shows the
parameter of the PV panel Siemens SM 110-24 used in this
study.

TABLE I
PARAMETER OF THE PV PANEL SIEMENS SM110-24

Parameter Value
Pooo 110W
Tonpp 3.15A

Vipp 35V
| 1 3.45A
Ve 43.5V

Figure 3 shows the current/voltage and power/voltage
characteristics represented in standard test conditions:

current (A)

Voltage (V)
Fig. 3.a.The Current/voltage characteristic at 1000w/m? and 25°C
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Fig. 3.b.The power/voltage characteristic at 1000w/m? and 25°C

B. DC/DC converter modeling

The DC-DC converter is a buck, a boost, or a buck-boost
chopper in general. It is inserted between the PV generator
and its load in order to adjust the dynamic equivalent
impedance of the PWM inverter and/or the electric motor [9].
The boost converter circuit is shown in Fig. 4.
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Fig. 4.The DC/DC boost converter

According to the above circuit, as the boost converter is
assumed to be ideal, the output voltage and current are related
to the photovoltaic ones by the following equations:

Vout = vaE )
loye = Ipv(l - a) (6)

C. Inverter modeling

Three-phase voltage source inverters are generally used for
induction-motor drives. There exist eight switching states. The
voltage vector of the inverter feeding the induction motor is
expressed as:
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2 2T AT
I/S=\/;[Sa+5be]3 +Scej3] 7)
Where Sa, Sb and Sc are the inverter switching functions,
which takes a logical value (1 or 0).

The stator voltage vectors associated with to the eight
sequences of the voltage inverter can be drawn as in Fig. 5.
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Fig. 5. Switching-voltage space vectors.
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D. Induction machinemodeling

The dynamic behavior of an induction machine is described

in terms of space vectors variables as follows [10]:

] d
Vas = Tslgs + E‘pas

. d
VSB =Tlgs + E(pﬁs

) . a )
0="rig + Egoar + WnPpr
] d
0= rlpgr + Ewﬁr — W Pqar
Pas = lslgs + Mig,
Pps = lsiBsMiBs
Par = Migs + Liig, €©))

(pﬁr = Mi/i‘s + lriﬁr

Where: o and B indices parameters are the Concordia
transformation components of the current and the flux, Ias,IPs,
Iar and Ifr are o, stator and rotor current respectively. @as,
OPBs, Gar and OPr are o,f stator and rotor flux respectively,
Rs,R, are the stator and rotor resistance. L, L,, M are stator,
rotor and magnetizing inductance respectively.

Electromagnetic torque can be expressed in terms of stator
current and flux as:

3 . .
Tem = EP((pocslBs - (pﬁslas)(lo)

Where; P is the pole pair.

E. Centrifugal pump modeling

The flow-head characteristic of a centrifugal pump can be
approximated by quadratic form using Pfleider—Peterman
model, in which the rotor speed o is a parameter [11]:

H = ay,0? + a;wQ + a,Q? (11)

The pump performance is predicted by specifying a load curve.
The Q-H characteristic of the pipe network can be expressed
by [12]:

H=H; +9Q* (12)

Where, Hg is the geometrical height which is the difference
between the free level of the water to pump and the highest
point of the canalization, y is a constant which depends on
conduit diameter and on all frictional losses of the pipe
network.

The centrifugal pump load torque Tr is assumed to be
proportional to the square of the rotor speed [11]:

T, = Ciw?

(13)

IV. MAXIMUM POWER POINT TRACKER (MPPT)

The photovoltaic power characteristics is nonlinear, which
vary with the level of solar irradiation and temperature, which
make the extraction of maximum power a complex task,
considering load variations [13]. As a result, most commercial
PV pumping systems either utilize inefficient MPPT control
or do not utilize MPPT control at all. Directly connected
systems for example operate at the intersection of current—
voltage curves of the PV array and the motor-pump set. This
operating point may be far from the MPP of the generator
wasting a significant proportion of the available solar power.
A simple dc—dc converter controlled by an MPPT algorithm
can be used as a pump controller to match the PV generator to
the motor-pump set [15]. Several methods for extracting the
maximum power have been proposed in literature [14].

A. Perturb and Observe (P&O)

The P&O MPPT algorithm is mostly used, due to its ease of
implementation. It is based on the following criterion: if the
operating voltage of the PV array is perturbed in a given
direction and if the power drawn from the PV array increases,
this means that the operating point has moved toward the MPP
and, therefore, the operating voltage must be further perturbed
in the same direction. Otherwise, if the power drawn from the
PV array decreases, the operating point has moved away from
the MPP and, therefore, the direction of the operating voltage
perturbation must be reversed [16].

Pyrp

Viviop
Fig. 6.Power—voltage characteristic of PV panel
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Theoretically, the algorithm is simple to implement in its
basic form. However, it was noticed some oscillations around
the MPP insteady state operating and this causes power loss
[17]. Tts functioning depends on the tracking step size applied
to the voltage reference V*. For the same sample time of the
system, the oscillations, and consequently the power loss,
could be minimized if the tracking step is continuously get
smaller [18]. Nevertheless, the response of the algorithm
becomes slower. The flow chart of the P&O algorithm is
presented in Fig. 6 [19].

B. Sliding mode control (SMC)

In typical dc-dc converter applications, it is desirable to
regulate the output voltage to a constant value and the
switching surface is chosen according [20]. The SMC such a
non-linear control technique represents an effective control
method which provides extreme robustness and fast response
not only in applications involving switching converters but
also for more complex power electronic systems. It is based
on the implementation of a control equation which forces the
system’s variables to stay on a selected surface called *‘sliding
surface’’. Although a lot of research publications are available
in the literature on the SMC, those ones focused in
photovoltaic applications are few and mainly devoted on the
control of the DC/AC stage for regulating the current injected
into the grid, or devoted to perform the Maximum Power
Point Tracking (MPPT) as alternative to other MPPT
techniques like the Perturb and Observe(P&O) and the
Incremental Conductance (INC) [21].
Consider a non-linear system of the form [22]:

x=f(x,t) + gx) -u(t) + Ad (14)

The main steps for sliding mode controller design can be
summarized, by using an equivalent control concept, as
follows [23]:

e The first step is the selection of a switching surface
o(x, t) = 0 (where x is the system’s state vector) that
provides the desired asymptotic behavior in steady
state.

e Obtaining the equivalent control u., by applying the
invariance condition
o(x,t) = 0and a(x,t) = 0u(t) = Ueq (15)
The existence of the equivalent control u,, assures
the feasibility of a sliding motion over the switching
surface o(x, t) = 0. On the other hand, beside
describing the average dynamical behavior of the
power stage over the switching surface, the
equivalent control enables one to obtain the sliding
domain, given by:
min {u”,u*} <u, <max {u,u’} (16)
Where: u and u” are the control values for o(x, t) <0
and o(x, t) >0, respectively. The sliding domain is the
state plane region where sliding motion is ensured.

e Finally, selecting a non-linear control input u, to
ensure that Lyapunov stability criteria,i.e., 06< 0.

V. DIRECT TORQUE CONTROL (DTC) STRATEGY

In DTC strategies, it is needful to adjust the stator flux, not
only is it simple to estimate, but it has a faster dynamic than
the rotor flux. The stator flux is given by the Equation (18),
which derived from Equation (17) [24].

Vy = Ryl + 22 (17)

0s(6) = [, (s = Rl)dt (18)
The torque and flux are controlled independently by
selecting the optimum voltage space vector for entire
switching period and the errors are maintained within the
hysteresis band [25].
The stator flux amplitude and phase are expressed using
Concordia quantities, as follows [24]:

lops| = /rpés+<p§s

0; = arctan (%>
Pas

(19)

Table.1. shows the associated inverter switching states of the
direct torque control strategy.

TABLE 2

SWITCHING TABLE FOR THE D.T.C STRATERY

N 1 2 3 4 5 6

dr=1 {110 010|011 | 001 | 101 | 100
d. =1 | 4-=0 | 111|000 111 {000 | 111 | 000
=

dr==1 1101|100 | 110 | 010 | 011 | 001

dr=1 |o10|o11 001|101 | 100 | 110
dy =0 dr-=0 |000| 111|000 | 111 | 000 | 111

dr=-1 001 | 101 | 100 | 110 | 010 | 011

VI. SIMULATION RESULTS

We make simulation of the proposed system (Fig;1.) under
Matlab/Simulink for the two MPPT algorithms (P&O, SMC)
with the D.T.C which is the suitable control strategy
implemented in the induction motor drive. Following a
comparative study and obtained simulation results under
irradiance 850 w/m? and temperature of 27°C are represented.
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We note that the voltage DC bus remains constant in both
cases with a marked improvement in the sliding mode control.
Further investigation of the stator flux has been achieved
through the representation of the stator flux vector extremity
locus in the (a, P) plane. The obtained results are shown in
figure 7.b. One can clearly notice that the two methods yield
the smoothest circular locus and keep its reference (1wb). The
electromagnetic torque presents a transient increase in
oscillatory, then it drops almost instantaneously at a constant
value in steady state. Also, with the Sliding mode MPPT
method, the speed increases relative to the P&O, resulting in
an increase of the water flow.

VII. CONCLUSION

The main objective of this work is the comparison for the
same given set of conditions of two MPPT algorithms, P&O
and Sliding Mode Control implemented into the PV pumping
system.A Direct Torque Control of an Induction motor fed by
a photovoltaic system was proposed in this paper. This allows
the extendibility of the applicability of the studied system,
particularly in the pumping of water. It is interesting to point
out that the differences in performances among the analyzed
MPPT are very attractive, and these algorithms must be
evaluated according to each use. Nevertheless, this paper
contributes for choosing which algorithm should be
implemented in the PV power systems.Through this paper, we
can conclude that the sliding mode control has good static and
dynamic performance (stability and accuracy), that is to say a
tolerable response time without overshoot. In addition, it also
gives better tracking and allows us to improve the
performance of the proposed system with a very high intake of
water flow.
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