Variable Structure Control Approach for a Photovoltaic
Generator Coupled toa DC Water Pump
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Abstract: This paper proposes a new robust control strategy for the maximum power-point tracking
(MPPT) of a photovoltaic (PV) generator coupled to a DC water pump. The proposed strategy is based
on the diding mode theory and alows a direct non linear control of the power converter. Stability and
robustness issues are addressed, and a control design scheme is carried out. This work is motivated by
the need to track the maximum power from the PV generator which is a non-linear device having
insulation-dependent volt-ampere characteritic. Because of its relatively high cost, the system designer
is interested in optimum matching of the motor and its mechanical load to the PV source so that
maximum power is obtained during the entire operating period. The advantages of the proposed control
scheme are indicated in comparison of the conventional pulse switch modulation (PWM) approach.
Reliable results are presented and discussed in the last part of the paper.

Keywords: Photovoltaic,DC Water Pump,MPPT, Variable Structure Control, Sliding Mode,Robustness

1 Introduction

The @&pplication of photovoltaics has been
increasingly popular, especiadly in remote aress,
where power from utility is not available or is too
costly to install. PV powered water pumping is
frequently used for agriculture and in households.
However the major disadvantages of using PV arrays
are their associated energy conversion efficiency,
which is quite low. Therefore, in order to enhance the
cost effectiveness of PV array-powered systems, the
electric power generated by the PV arrays should be
efficiently utilised, and any improvement in efficiency
is considered to be precious.

In a direct coupled (with no battery storage) PV
system, the solar cell array is directly connected to
the motor load couple. These systems are relatively
simple and inexpensive to operate. A direct coupled
system may include a maximum power point tracker
(MPPT) to improve its performance at starting and at
steady state operation whenever it is needed [2,7].
The DC motor is supplied from the PV generator
whose volt-ampere characteristics depend non-
linearly on the solar insulation and temperatures

variations and on the current drawn by the DC motor.
To match the point at which the PV generator power
is maximum, the system designer use an electronic
device (converters) known as MPPT, which
continuously matches the output characteristics of the
PV generator to the input characteristics of the DC
motor [1]. The MPPT consists, generally, of a power
processing circuit, as buck or boost converters. The
classical contral approach of the system is made
through the duty cycle of the converter. However, in
this case the PV generator is characterised by a
strongly non-linear current-voltage characteristics
giving a non-linear state equation and a linearised
model around a given steady-state condition of the I-
V characteristic.(peak power point).

This paper presents a new control approach for
MPPT of a PV generator coupled to a DC water
pump during the entire operating period, and using
only the linear part of the system. The proposed
strategy is based on the diding mode control theory
and dlows a direct non linear control of the power
converter. The optimum matching is achieved by
imposing the PV current as areference value which is
proportional to insolation level.



2 PV Generator Characteristics

A PV generator consists of an array of photovoltaic
cell modules connected in series-parallel combination
to provide the desired dc voltage and current. The
corresponding I-V characteristic, strongly non-linear,
can be represented by the following equation [6]:

q(Vp + 1 5Rs) Vp + 1R
Ip = Tpn - Is(expl Py 222 (1)
AKT Ren

where 1, isthe current, is the photo current, 1is the
reverse saturation current, q isthe electron charge, Vp

is the terminal voltage , Rgis the seria resistance ,
Ais the idedlity factor , kis the Boltzman constant,
Tis the absolute temperature and Ry, is the shunt
resstance. Fig.1l and Fig.2 show |I_V and PV

characteristics respectively for two vaues of solar
radiation and two values of panel temperature.
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Fig.1. PV generator current-voltage characteristics
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Fig.2. PV generator power-voltage characteristics
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The condition of a maximum power point is given by:
d
—IVp 1pl=0 2
v,

The corresponding voltage v, and current 1, are

PO
determined by solving equation (2) with an iterative
method.

Reference [1] show that for maximum power the
current drawn from the PV generator, noted |y,

must be directly proportional to the photo-current
| pn Whichisit self directly proportional to insolation

level, and the linear relationship is approximated by
Imp =085 |y (3)

This remarkable property of the PV generator is
useful in achieving an adaptive matching of the DC
motor and its mechanical load to the PV generator so
that matching is optimum at any insolation level.

3 Design Procedure of Variable

Structure Controller
Consider the following linear time-invariant system:

X = AX + Bu (4)
where x(t) T R isthe state vector, ut) T R" is the
control input. The constants matrices A and B are of
appropriate dimensions. We suppose that the pair
(A,B) iscontrollable, B has full rank m, and n>m.
The two steps of the design approach, namely the
existence step and the reaching step, will now be
presented.

2.1 Design of the dliding surface

The switching function has the form s=CXx, where C
is an (mxm) matrix, and X=x- xg is the error
between the system’'s dtate vector and the reference
(constant) trajectory.

The equation s=0 defines the m-dimensiona diding
surface.

Differentiating with respect to time and inserting (4)

gives Ug, =- (CB) 'CAX, when (CB)! exists. As a

result, the dynamics X=(I - (CB) 'C)Ax = AgX

describes the motion on the diding surface which is
independent of the actual value of the control and
depends only on the choice of the matrix C.

The hyperplane design methods [3,4,8] can be used
to select the gain matrix C which gives a good and
stable motion of the system during the diding mode.
By assumption, the matrix B has full rank m, as a
result, there exists an (nxn) transformation matrix T

40 ¢ _
such that: TB :§B ﬂ where B, is (mxm) and non-
eb2 U

singular.



Notc that the choice of an orthogonal matrix T avoids
verting T when transforming back to the original
svstem.

The transformed state variable vector is defined as
v =71x_in tcrm of which the state equation becomes

Vv=TAT" y+1TBu and the sliding condition
(X =CT'y =T (y -y )=0.
If the transformed state is partitioned as
then
J.\"l =Any + Ay, 5)
|3y = A3, + Agy, + By
and
Gy - ) + Gy (Vg = ypp) =0 (6)
with
A A,
/vArIl . 11 12 : (Vyvl — [(vl (‘2]
Ay Ap

The assumption that the product matrix CB 1s non-
singular implics that C. must also be non-singular
and the condition defining the sliding mode becomes

a1, =1
Yy = ‘Czl( I O G g + g

Yo ==V + Fyip + yap

with /" being an mx(n-m) matrix.
The sliding modc 1s then governed by the equations
V= A + Ay, 7
Vo ==tV + Eyig + yag
representing an (n-m)" order system with v, playing
the role of a state feedback control. The closed loop
svstem will then have the following dynamics:
V= Ay - Aty + Aptvig + Aipyag - This
indicates that the design of a stable sliding mode
(v »0 as 1 ->x) requirecs the sclection of the
matrix / such that (A4;, - 4,,/) has (n-m) left-half-
planc cigenvalues. This may be achicved by using
any standard design method giving a linear feedback
controller for a lincar dynamical system. including
the quadratic performance approach. cigenstructure
assignment and assignment of cigenvalues in certain
regions |5.8].
Upon dctermining /<. the matrix (" can be calculated
using the fact that /' =C3'Cy.  This leads to
C KBl 1,1 where Ky is an (mxm) design

matrix. and l,,, 1s the (mxm) identity matrix [3].

The simplest approach to avoid thc amount of
calculation in the selection of the matrix Ky 1s to lct
Kr=B>, which is equivalent to specifv /> [,. and
gives

F:[P Im ' (%)

2.2 Reaching mode design and control law

Once the existence problem has been solved that is
the matrix C has been determined. attention must be
turned to solving the reaching problem. This involves
the selection of a non-linear feedback control function
u(x) which ensures that trajectorics arc dirccted
towards the switching surfacc from any point in the

state space. Therefore. if V(x.1) =s's is a Lvapunov
function for system (1). a suitable control u(x) must
be chosen to guarantee that the rcaching condition.

namely. s's <0 . is satisfied.

Several types of control structurcs insuring the
reaching condition arc given in the litcrature
[3.4.5.8]. The classical and thc simplest onc is the
relay control law, defined by the following function:

k... when s(x)>0

u(x)=4 ™ (9)
k

The relay gain may be either constant or statc

dependent.

min  When s(x) <0

4 Application to MPPT of a PV DC-
Water Pump System

4.1 System and control scheme description
The motor and pump used in this study have the
following parameters:

Motor type: Permanent-magnet DC motor

Pump type: Centrifugal

Armature circuit resistance: R, = 1Q

Armature circuit inductance: 1, = 0.04H
Inertia: J =0.001 Kg-m?
Friction coefficient: /v =0.001 N - m/rd/s

The applied shaft torque I' is assumed [5.10] to be

proportional to angular velocity 2
I‘:KTQ and E :Khsz (10)

m

where K; =0.1 and K, =0.5 are the proportionality

factor between shaft torque. back c¢mf (/:,) and
angular velocity respectively.

To attempt the optimal point. thc DC motor is
matched to the solar array by mecans of maximum
power point tracker ( MPPT). which consists of a
power processing circuit. The block diagram of the



proposed MPPT variable structure control scheme is
given in the following figure:

DC water pump
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Fig.3. Block diagram of the control scheme

The DC water pump system can be described by the
following linear state equation model:

X = Ax+ Bu
where
_¢1 500y __e0u W
- e -e - u
§-125 -25 ¢ & 258 St

The input of this system is the motor control signa u.
The states x; and x, being the angular speed of the
motor shaft W and the current i,,, respectively.

4.2 Sliding surface design
In this current system,
Xz =[Xr Y%r] =[0 1g]' defines the reference
input. The design procedure of the dliding surface
s=CX =0 is as follows. As B has the right form,
there is no need for the transformation, i.e., take T to
be the identity matrix. Here, the closed loop systems
dynamics are then described by the equation

¥ =(-1- 500F)y; +500l g (12)
The eigenvalue of this first-order system can be
conveniently selected. To this end, we choose to set
F =0.02, yidding a stable closed loop pole at -2.
Now, from Equation (8), it follows that

c=[c, c,|=[0.02 1] (12)

control

4.3 Control law selection;
The relay control law approach is considered here,
and leads a control function of the following genera
form:

iV, when s(x)>0

u(x) ={

(13)
10 when s(x)<0

where the relay gain V,, is the PV generator voltage

witch is not constant and depends on the operating
point, but its value is not critical, as the reaching
condition is guaranteed if V,* 0.

The choice of this control structure turns out to be
very interesting as it avoids the introduction of the
non linear |-V characteristic of the PV generator in
the system model, yielding linear State equation
sysem and a very smple control scheme in
comparison to the classical step-up converter driven
by duty-ratio pulse. In fact, the proposed strategy is
based on the diding mode control theory and allows a
natural non linear control of the power converter.
Fig.3 shows that the power switch is controlled
directly by the sign of the switching function s(x).
Noting dso that, in the diding mode, the dynamics
behaviour of the system is totally invariant with
respect to a subset of uncertainties called matched
uncertainties, and the dynamics are completely
defined by the choice of the diding surface. The
propriety of invariance during the diding mode is
more strong that robustness.

5 Simulation Results

Since its hard to adjust the operating condition of the
PV aray, such as the insolating level and
temperature in the real field test, the following
smulations are carried out instead to confirm the
performance of the MPPT-VSC technique by using
Matlab with Simulink package.

The open circuit voltage and the short-circuit current
of the PV generator used in this study are
respectively Vpg =52V and I =15A at 100%
insolation (E=1000w/m?). The numerical smulations
were done for different level of insolation (small,
medium and high).
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Fig.4. System response at E=250w/m? and 1z=3.2A
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Fig.5. System response at E=400w/m? and 1z=5.2A
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Fig.6. System response at E=650w/m? and 1z=8.4A
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Fig.7. System response at E=800w/m? and 1z=10.1A

From Fig.4 to Fig.7 it is evident to see that an
optimum matching of the DC water pump to the PV
generator can be achieved at any insolation level.
Furthermore, the control signal frequency is adapted to
the operating conditions.

6 Conclusion

A novel MPPT control strategy based on the diding
mode theory has been shown. to significantly solve
the problem of poor utilisation efficiency of PV

generator coupled to DC water pump system. Its
shown that maximum power output from a PV
source is achieved a dl insolation levels. The
resulting control scheme is easily designed using only
the linear system model and alowing a direct non
linear control of the power converter.

The two steps of the design approach, namely the
existence step in which we choose the diding surface
that gives good behaviour during the diding mode,
and the reaching step in which we choose the control
to ensure that the reaching condition is met, are
investigated. Stability and robustness issues are
addressed. Numerical simulations have been
presented showing the applicability and the efficiency
of the proposed method.
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