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Abstract—The present work describes the analysis, modeling and control of a cascade DC-DC power
conditioning stage and AC-DC boost rectifier to control a speed of DC motor in water pumping systems.
To maximize energy extracted from PV generator and control speed of DC motor a backstepping
controller is designed. The stability of the control algorithm is demonstrated by means of Lyapunov
analysis. The achievement of the DC-DC and AC-DC conversion at unity power factor and the efficient

PV’s energy extraction are validated with simulation results.
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1. Introduction

Photovoltaic (PV) is a technology in which the
radiant energy from the sun is converted to direct
current. The photovoltaic process produces power
silently and is completely self-contained, as there are
no moving parts. These systems can withstand severe
weather conditions including snow and ice.
Photovoltaic systems for different applications can be
either stand alone or grid connected. In a stand alone
system, the load has no connection to the utility grid
and often relies on a set of batteries to secure an
energy supply at night and other times when the solar
panels do not produce electricity. A utility interactive
or grid connected system is employed in applications
where utility service is already available. In this case,
there is no need for battery storage because the power
station can be used to supplement photovoltaic
generation when the load exceeds the available PV
output. The use of photovoltaic as the power source
for pumping water is considered as one of the most
promising arecas of PV application. Photovoltaic
powered water pumping systems require only that
there be adequate sunshine and a source of water. The
use of photovoltaic power for water pumping is
appropriate, as there is often a natural relationship
between the availability of solar power and the water
requirement. The pumped water can be used in many
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applications such as domestic use, water for irrigation
and village water supplies. The advantages of using
water pumps powered by photovoltaic systems
mclude low maintenance, ease of installation,
reliability and the matching between the powers
generated and the water usage needs.

A power conditioning system linking the solar array
and the power DC motor is needed to facilitate an
efficient energy transfer between them, this implies
that the power stage has to be able to extract the
maximum amount of energy from the PV, to assure
that the input current presents both low harmonic
distortion and to control a speed of DC motor in front
of system’s perturbations [1].

In order to extract the maximum amount of energy
the PV system must be capable of tracking the solar
array’s maximum power point (MPP) that varies with
the solar radiation value and temperature. Several
MPPT algorithms have been proposed [2], namely,
Perturb and Observe (P&O) [3], incremental
conductance [4], fuzzy based algorithms [5], etc. They
differ from its complexity and tracking accuracy but
they all required sensing the PV current and/or the PV
voltage.

Several controller strategies have been used in the
literature, citing the PID [6] that is generally suitable
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for linear systems, the sliding mode [7] for which the
chattering problem, and fuzzy logic adapted to
systems without a mathematical model [8].

In this work, the problem of controlling switched
power converters is approached using the
backstepping technique [9]. While feedback
linearization methods require precise models and
often cancel some useful nonlinearities, backstepping
designs offer a choice of design tools for
accommodation of uncertain nonlinearities and can
avoid wasteful cancellations [10]. The backstepping
approach is applied to a specific class of switched
power converters, namely dc-to-dc converters. In the
case where the converter model is fully known the
backstepping nonlinear controller is shown to achieve
the control objectives i.e. input voltage tracking and
speed control of DC motor with respect to climate
change and load torque.

The desired array voltage is designed online using a
P&O (Perturb and Observe) MPP tracking algorithm
[8]. The proposed strategy ensures that the MPP is
determined, the speed of DC motor is controlled to its
reference value and the close loop system will be
asymptotically stable. The stability of the control
algorithm is verified by Lyapunov analysis [9].

The rest of the paper is organized as follows. The
dynamic model of the global system is described in
Section 2. A backstepping controller is designed
along with the corresponding closed-loop error
system and the stability analysis is discussed in
Section 3. In Section 4, a simulation results proves the
effectiveness of this approach with respect solar
radiation, temperature, load torque and speed changes.

2. MPPT System Modeling

The solar generation model consists of a PV
array module, dc-to-dc boost converter, ac-to-dc
boost rectifier and dc-to-dc buck converter as
shown in Figure 1.
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Fig.1. Power conversion structure of water pumping system

2.1 PV model

PV array is a p-n junction semiconductor, which
converts light into electricity. When the incoming
solar energy exceeds the band-gap energy of the
module, photons are absorbed by materials to generate
electricity. The equivalent-circuit model of PV is
shown in Figure 2. It consists of a light-generated
source, diode, series and parallel resistances [11]-[12].

% L \/bp R?;] ‘[

Fig.2. Equivalent model of solar cell

24 BOOST model

The dynamic model of the power boost converter
presented in figure 3 can be expressed by an
mstantancous switched model as follows [10]:

(1)
@)

Cl.upv = ipv —iLl
Llel SUpy — (l_ul)~udc

where L, and i, represents the dc-to-dc converter
storage inductance and the current across it , ug is the
DC bus voltage and u; is the switched control signal
that can only take the discrete values 0 (switch open)
and 1 (switch closed).
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Fig.3. PV array connected to boost converter

Using the state averaging method, the switched model
can be redefined by the average PWM model as
follows:

3)
“4)

cl.u'pv = ipv —iLl

Lip =up, —aju

€2

Where o, 1s averaging value of u;-1, uy, and 1, are
the average states of the output voltage and current of
the solar cell, 11, is the average state of the inductor
current.

2.4 Boost rectifier model

The active power transfer from the grid is
accomplished by power factor correction (line current
in phase with grid voltage). The rectifier operates as a
current-control rectifier. Noticing that u, stand for the
control signal of boost rectifier, the system can be
represented by differential equations [3]:

C iy =Tg =1, Q)
Lg .ig =g —Uc3 (6)
=2.uy -l) U (7
—(2 uy -1) . (8)
c3u A3 =lg —le ©)
Ly i, =u3—u, (10)

Where u., 1,, u, designs a DC voltage, input rectifier
current and AC grid voltage respectively. And i, 1y, 1,
are output rectifier current, output DC current and
grid current respectively.
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Fig.4. boost rectifier operate as PFC converter connected to DC
bus
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Using the state averaging method (on cutting period),
the switched model can be redefined by the average
PWM model as follows:

Cylicy =isg =1, (11)
Lg.ig =Ug — Uy (12)
Ue = ) .U (13)
iy = an.i, (14)
C3di 4 =l —1, (15)
Ly iy =ug3—u, (16)

Where a is averaging value of (1-uz)

24 Buck converter model

The power converter here is like buck. It provides
power to the DC machine with a share of power
supplied by the photovoltaic generator and the rest by
the power supplied by the grid source. The studied
converter accomplish constant speed operation of the
DC machine to ensure a constant flow of water
pumping. Figure 5 illustrate a buck converter
connected to DC motor. Noticing that u; stand for the
control signal of buck converter, the system can be
represented by differential equations [3]:

JQ=ki,

Li, =uzugy,

(13)
(14)

~fQ-T,
~kQ-R,, i,

Where ug, u, designs a DC voltage, output buck
converter voltage respectively. And ig, are

Iy
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converter input current and DC motor current
respectively. L, Q, Ty are the addition of DC motor
inductor and the dc-to-dc converter storage
inductance, rotor speed and the load torque
respectively and as is the averaging value of us.

usz
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Fig.5. buck converter connected to DC motor

Using the state averaging method (on cutting period),
the switched model of buck converter can be
redefined by the average PWM model as follows:

(15)
(16)

JQ=ki, ~fQ-T,
Li, =o3uy, —kQ-R,, i,

Where o5 is averaging value of u;

3. Nonlinear controller Design

Two main objectives have to be fulfilled in order
to transfer efficiently the photovoltaic generated
energy into the DC motor are tracking the PV’s
maximum power point (MPP) and obtain unity power
factor at the input grid current and control speed of
DC motor. Figure 6 shows the control scheme used to
accomplish the previous objectives.

3.1 Backstepping controller to track MPPT

The boost converter is governed by control
signal a; generated by a backstepping controller 1 that
allow to extract maximum of photovoltaic generator
control by regulating the voltage of the photovoltaic
generator to its reference provided by conventional
P&O MPPT algorithm.
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Fig.6 Control scheme for boost converter, PFC rectifier and buck
converter with control speed

Step 1. Let us introduce the input error:

&
pv

e =u u 17)

pv
Deriving e; with respect to time and accounting for
(3), implies:
I i
. pv 1 .
—a, k= (g
pv cl cl pv

=u

€ pv

(18)

In equation (18), i;,; behaves as a virtual control input.
Such an equation shows that one gets
&1=-ki.e; (k;>0 being a design parameter) provided

that:
iLl zkl.cl.el+ipv—cl.upv* (19)

As 1y, is just a variable and not (an effective) control
mput, (18) cannot be enforced for all =0.
Nevertheless, equation (19) shows that the desired
value for the variable i, is:

o :iLl*:kl'cl'el+ipv_cl'upv* (20)

Indeed, if the error:

€y :iLl —iLl* (21)
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vanishes (asymptotically) then control objective is
achieved ie. e=u,, — u,™ vanishes in turn. The
desired value a, is called a stabilization function.
Now, replacing i1 by (extip:*) in (18) yields:

. 1 iL * +e2 )
el:(ﬂ_ L )_upv>X< (22)
Cl Cl
which, together with (20), gives:
. €9
é1 = —ky.ep — =
1 1-€1 o (23)

Step 2. Let us investigate the behaviour of error
variable e;.

In view of (4) and (21), time-derivation of ¢, turns out
to be:

R : _pv co Do
é =iy, —i7, ¥=——— —1 24
2= T T T T (24)
From (20) one gets:
dl :iLl*:kl'cl'él+l:pv_cl'u.pv* (25)
which together with (24) implies:
u ou
- pv 02 . H .. *
& =—— —kycrey—i, ., +c i 26
2 7 1C1€1 —lpy T UL, (26)

In the new coordinates (e1,¢,), the controlled system
in (3) and (4) is expressed by the couple of equations
(23) and (26). We now need to select a Lyapunov
function for such a system. As the objective is to drive
its states (ei,e,) to zero, it is natural to choose the
following function:

v—lez-i-le
2 T2

2 Q7)

The time-derivative of the latter, along the (¢).¢,)
trajectory, is:
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v:el.e'l +62.é2 (28)

v= _kl .612 —](2.622

Uy Flley
L L

N .
%) —kl.cl.el —c—l _lpv +Cl.1/lpv *+k2.62 (29)
1

where k,>0 is a design parameter and ¢, is to be
replaced by the right side of (26). Equation (29)
shows that the equilibrium (e;,¢,)=(0,0) is globally
asymptotically stable if the term between brackets in
(29) is set to zero. So doing, one gets the following
control law:

- e M .-
o =—— hJrkl.cl.el——l—lpvJrcl.upv”‘Jrk/Z.ez (30)
Uen | 11 a

Proposition 1:

Consider the control system consisting of the average
PWM Boost model (3)-(4) in closed-loop with the
controller (29), where the desired input voltage
reference uy,,* 1s sufficiently smooth and satisfies u,,*
>0. Then, the closed loop system errors (€;,¢2) achieve
globally asymptotically.

3.2 Speed controller design

This controller consists of an mner current loop
and an outer speed loop. The inner current loop is
responsible to regulate the current of DC motor. The
outer loop assures a steady-state control a speed of
DC motor [3].

Step 1. Let us introduce the input error:

e3:Q—Q* €3]

Where Q* is a derivable reference signal of speed of
DC motor. Deriving e; with respect to time and
accounting for (15) implies:

ki,

J

Where i, is a virtual control input. Such an equation
shows that one gets ¢;=-ks.e; (k>0 being a design
parameter) provided that:

63 =Q-Q*= —Lm L (32)
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&

_f.Q+TL _J.k3.e3
k k k

(33)

Im

As iy is just a variable (not effective) control input,
equation (33) cannot be enforced for all t>0. Indeed, a
new error is introduced:

VA
k

(34)

g k_ g
e, =iy, —1,*=I,

TL _J.k3.e3)
4

kK k

vanishes (asymptotically) then control objective is
achieved i.e. es= Q - Q* vanishes in turn. The desired
value i,,* is called a stabilization function.

Now, replacing i, by (i, * + e4) in (32) yields:

35
J J J 33)
which, together with (32), gives:
. k.e4
€3 = —k3.€3 + (36)

Step 2. Let us investigate the behavior of error
variable e..
In view of (16), time-derivation of e, turns out to be:

L == I m” (37)
From (33) one gets:
f, =t =2 38
"k k k %)
Substituting (38) in (37) implies:
6 =i —i %= g kQ Ry i,
4 L L L
. T R
_ f'_QJr_L_M (39)
k k k

In the new coordinates (e3,¢4), the controlled system is
expressed by the couple of equations (36) and (39).
We now need to select a Lyapunov function for such a
system. As the objective is to drive its states (e;,e4) to
zero, it is natural to choose the following function:
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I > 1
v=—e3 +—.e
R 4

5 (40)

The time-derivative of the latter, along the (es.eq)
trajectory is:

. 2 2

ek azug kQ
+ey.| kyey + + -
4[ 4e4t =7 7 7
Ry | ST Tk @D
L k k k

where ks>0 is a design parameter and i, * is to be

replaced by the right side of (38). Equation (41)
shows that the equilibrium (e;,e4)=(0,0) is globally
asymptotically stable if the term between brackets in
(41) 1s set to zero. So doing, one gets the following
control law:

kL
kQ+ R, i, — Lkyey—3

053 =
Uge

N LfQ+LT, —Lkkyey—LJ kseé3

42
k.udc ( )

Proposition 2:

Consider the control system consisting of the average
PWM Buck model in closed-loop with the controller
(42), where the desired speed motor reference Q¥ is
sufficiently smooth. Then, the closed loop system
errors (€3,¢4) achieve globally asymptotically.

3.3 Control of Boost rectifier

To obtain unity power factor at the input grid
current and regulate the DC bus voltage, the AC-DC
converter is introduced. The control of this converter
is to use two control loops. The inner loop ensure the
output current of the grid so that it is in phase with the
grid voltage and the external loop to regulate the DC
bus voltage to its reference (must be higher than the
grid voltage) [13]. Figure 7 shows the approach to
achieve the above objectives:

Issue 2, Volume 7, April 2012



WSEAS TRANSACTIONS on SYSTEMS and CONTROL

Fig.7. Control scheme of boost rectitier

4. Simulation result

The PV model, boost rectifier, boost and buck
DC-DC converter, DC motor model and backstepping
controller are implemented in Matlab/Simulink as
illustrated in Figure 6. In the study, RSM-60 PV
module has been selected as PV power source in
cooperation with grid source, and the parameter of the
PV source are chosen to deliver maximum 1kW of
power generated by connecting 16 module of RSM-60
parallely. The specification of the system and PV
module are respectively summarized in the following
table.

Matlab® simulation of the complete water pumping
system with the backstepping controller and the
MPPT algorithm has been carried out using the
following parameters:

o switching frequency = 25kHz
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TABLE
MAIN CHARACTERISTICS OF THE PV SYSTEM

Parameters Value
PV generator Prax | 60W

Uy a | 16V

Pmax | 21.5V

Voo 3.8A

Icc
Boost converter (O 220uF

L, 0.004H
Boost rectifier L, 0.001H

Cy 10uF

U, 220/50Hz
Buck converter and | L; 0.002H
load R 0.47Q

Ln 0.0068H
Backstepping k; 150
Controller ks, 10

ks 1000

ky 150000

The water pumping system is evaluated on two
aspects: the first one is the ability to regulate the
speed of DC motor to a reference chosen by the user
when the solar radiation changes. The second one is
the ability to absorb a current from the grid with a
power factor near unity.

Figure 8.a, 8.b show the step irradiance input 500 to
1000 W/m® under the same temperature (T=25 °C),
the temperature step from 25° to 35° at time 3s
respectively. The load torque variation is illustrated in
figure 8.c. figure 7.d shows the PV voltage properly
following its reference provided by the MPPT
algorithm.

Figure 8.c illustrates the maximum power extracted
from the solar panel according to a step in solar
radiation from 500 to 1000 w/m>. This power limits
the power demand of the grid and ensure a constant
DC bus voltage as possible. Figure 8.f shows the DC
bus voltage well achieved to its reference (450v). The
DC bus voltage reaches its reference value at t=0.5s
and is kept there until the end of simulation.
Figure 9.a shows the speed of DC motor follows its
reference (50rad / s) after a smooth transient response.
This speed reaches the desired value in 0.8s.

figure 9b and 9.c illustrates the current and the
voltage absorbed from the grid. Notice that the grid
current is in phase with the AC voltage (unity power
factor) and the current eclectric system demand
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decreases when solar radiation increases from 500 to
1000 w/m”.
The simulation results prove the robustness of the |
studied controller with response of the irradiation,
temperature and the load torque changes.
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Figure 9. (a) Speed of DC motor and reference, (b) Grid voltage
and current, () Grid voltage and current [1.95 to 2.15s]

5. Conclusions

A Dbackstepping control strategy has been
developed for a solar generating system to extract the
power from a photovoltaic panel, assure an unitary
power factor and regulate the speed of DC motor in
varying weather conditions. A desired array voltage is
designed online using an MPPT searching algorithm
to seek the unknown optimal array voltage. To track
the designed trajectory, a tracking controller is
developed to modulate the duty cycle of the boost-
buck converter. The proposed controller is proven to
vield global asymptotic stability with respect to the
tracking errors via Lyapunov analysis. Simulation
results prove the robustness of the nonlinear controller
with respect the load torque and the weather changes.
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