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Abstract—The present work describes the analysis, modeling and control of an interleaved Boost converters and
Buck power inverter used as a DC-DC and DC-AC power conditioning stage for grid-connected photovoltaic
(PV) systems. To maximize the steady-state input-output energy transfer ratio a backstepping controller is
designed to assure output unity power factor and a Maximum Power Point Tracking (MPPT) algorithm to
optimize the PV energy extraction. The achievement of the DC-AC conversion at unity power factor and the
efficient PV’s energy extraction are validated with simulation results.
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1. Introduction

Many renewable energy technologies today are
well developed, reliable, and cost competitive with
the conventional fuel generators. The cost of
renewable energy technologies is on a falling trend as
demand and production increases. There are many
renewable energy sources such as solar, biomass,
wind, and tidal power. The solar energy has several
advantages for instance clean, unlimited, and its
potential to provide sustainable electricity in area not
served by the conventional power grid.

However, the solar energy produces the dc power,
and hence power electronics and control equipment
are required to convert dc to ac power. There are two
types of the solar energy system, stand-alone power
system and grid-connected power system. Both
systems have several similarities, but are different in
terms of control functions. The stand-alone system is
used in off-grid application with battery storage. Its
control algorithm must have an ability of bidirectional
operation, which is battery charging and inverting.

There are three main types of switched power
converters respectively called Boost, Buck and Buck-
Boost. These have recently aroused an increasing deal
of interest both in power electronics and in automatic
control. This is due to their wide applicability domain
that ranges from domestic equipments to sophisticated
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communication systems. They are also used in
computers, industrial electronics, battery operating
portable equipments and uninterruptible power
sources. From an automatic control viewpoint, a
switched power converter constitutes an interesting
case study as it is a variable-structure nonlinear
system. Its rapid structure variation is accounted for
using averaged models.

Based on these, Several controller strategies have
been used in the literature, citing the PI in [2] that is
generally suitable for linear systems, the sliding mode
in [3]-[4] for which the chattering problem, and fuzzy
logic proposed adjustment in adapted to systems
without a mathematical model [4].

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 [5], namely,
Hill Climbing algorithm [6], Perturb and Observe
(P&O) [7], incremental conductance [8], fuzzy based
algorithms [9], RCC (Ripple Correlation Control)
[10]-[11], etc. They differ from its complexity and
tracking accuracy but they all required sensing the PV
current and/or the PV voltage.
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Recently, dc—dc converters with steep voltage ratio
are usually required in many industrial applications.
One approach to constructing a large power converter
system is the use of a cellular architecture, in which
many quasi-autonomous converters, called cells, are
paralleled to create a single large converter system.
The use of quasi-autonomous cells means that system
performance is not compromised by the failure of a
cell. One of the primary benefits of a cellular
conversion approach is the large degree of input and
output ripple cancellation which can be achieved
among cells, leading to reduced ripple in the
aggregate input and output waveforms. The active
method of interleaving permits to obtain more
advantages. In the interleaving method, the cells are
operated at the same switching frequency with their
switching waveforms displaced in phase over a
switching period. The benefits of this technique are
due to harmonic cancellation among the cells, and
include low ripple amplitude and high ripple
frequency in the aggregate input and output
waveforms. For a broad class of topologies,
interleaved operation of N cells yields an N-fold
increase in fundamental current ripple frequency, and
a reduction in peak ripple magnitude by a factor of N
or more compared to synchronous operation. To be
effective in cellular converter architecture, however,
an interleaving scheme must be able to accommodate
a varying number of cells and maintain operation after
some cells have failed [12].

The problem of controlling switched power
converters is approached using the backstepping
technique [13]. 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.
The backstepping approach is applied to a specific
class of switched power converters, namely dc-to-dc
boost 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 robustness with respect
to climate change uncertainty.

In this paper, a backstepping control strategy is
developed to track the maximum power of a solar
generating system and to assure that the output current
presents both low harmonic distortion and robustness
in front of system’s perturbations.
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Nomenclature
Ue DC voltage
U * Desired DC voltage
Upyi PV voltage
Upyr ™ desired PV voltage
Ipvi PV current
L1 Inductor current
I * Desired Inductor current
c Capacitance
) Capacitance
u; Grid voltage
i output current
1.* Desired output current
up, Uy switched control signal
o duty cycle of boost converter
B duty cycle of buck inverter
ki ko ki, koo design parameter
€ eITOr Upy — Upy ®
€ error iLl — iLl*
€11 €ITor Ug-Ug™*
€n error 1,-1.*
v Lyapunov function
oy stabilization function
R, parallel resistance of PV cell
R, series resistance of PV cell

The desired array voltage is designed online using a
P&O MPPT tracking algorithm.

The proposed strategy ensures that the MPP is
determined and the system errors are globally
asymptotically stable. The stability of the control
algorithm is verified by Lyapunov analysis [13].

The rest of the paper is organized as follows. The
dynamic model of the global system (PV array, boost
converter, buck inverter ) is described in Section 2. A
control design, backstepping controller of boost
converter, buck converter are designed along with the
corresponding closed-loop error system and the
stability analysis is discussed in Section 3, 4 and 5
respectively. In Section 6, a simulation results and
comments are presented.
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2. MPPT System Modeling

The multi-string inverter depicted in Figurel is the
further development of the string inverter, where
several strings are interfaced with their own dc—dc
converter to a common dc—ac inverter. This is
beneficial, compared with the centralized system,
since every string can be controlled individually.
Thus, the operator may start his/her own PV power
plant with a few modules. Further enlargements are
easily achieved since a new string with dc—dc
converter can be plugged into the existing platform. A
flexible design with high efficiency is hereby
achieved [12].

The solar generation model consists of a PV array
module, interleaved dc-dc boost converter and a dc-ac
buck inverter as shown in Figure 1.

]
U

Grid line

Fig.1. Interleaved boost converter connected to full bridge buck
inverter

2.3 PV model

PV cell 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 [14]-[15].
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Fig.2. Equivalent model of solar cell

2.3 Boost model

The dynamic model of the solar generation system
presented in figure 3 can be expressed by an
instantaneous switched model as follows [3]:

Cl'apvlzipvl_iLl )
L'iLl = upvl - (l—ul).ucz

Fig.3. PV array connected to boost converter

where L, and ip, represents the first dc-dc converter
storage inductance and the current across it, u., 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).

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

cl'dpvl Zipvl_iLl (2)

L'iLl =u

pvl —a.ucz (3)

Where a is averaging value of (1-u,), up,, and i, are
the average states of the output voltage and current of
the solar cell, iy, is the average state of the inductor
current.

2.3 Inverter model

The active power transfer from the PV panels is
accomplished by power factor correction (line current
in phase with grid voltage). The inverter operates as a
current-control inverter (CCI). Noticing that u, stand
for the control signal of buck inverter, the system can
be represented by equations (4) [16].
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Fig.4. Buck inverter connected to grid line
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L,

ug =2y -1) . u.,

2 "M )

SUg — U,

iy = Quuy -1) .0,
ig= g1 +igy +ig3

Where uc,, u,, u, designs a DC voltage, output
inverter voltage and AC grid voltage, respectively.
And 1ig4, i, 1, are converter output current, inverter
input current and grid current respectively and u, is
the switched control signal that can only take the
discrete values 0 (switch open) and 1 (switch closed).

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

X .
C2 T_Zd'ucz us.lr (5)
Li =f ug, —u (©)

Where B is averaging value of (2.u, -1) and X is the
square of the DC voltage.

3. Control design

Two main objectives have to be fulfilled in order to
transfer efficiently the photovoltaic generated energy
into the utility grid are tracking the PV’s maximum
power point (MPP) and obtain unity power factor and
low harmonic distortion at the output. Figure 5 shows
the control scheme used to accomplish the previous
objectives [16].

The interleaved boost converters are governed by
control signal o; (i [J [1..3]) generated by
backstepping controller. This controller is developed
to maximize the power of the solar generating system.
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The controller tracks a desired array voltage designed
online by using MPPT algorithm, by varying the duty
cycle of the switching converter.

The unity power factor controller input signal u, that
controls the buck inverter. This controller consists of
an inner current loop and an outer voltage loop. The
inner current loop is responsible of obtaining a unitary
power factor. The outer voltage loop assures a steady-
state maximum input-output energy transfer ratio and
a desired steady-state averaged DC-link voltage
guarantying proper Buck inverter dynamics [16].

4. Backstepping controller for boost converter

The boost converter is governed by control signal a
generated by a backstepping controller that allow to
extract maximum of photovoltaic generator control by
regulating the voltage of the photovoltaic generator to

Ipvi 11

MPPT | | o
pvl
Upy1 11

1 Z25. 2 v

GPV DC-DC

Ipvi

Inner

Outer
| current loop

voltage loop 7
ipg*

Backstepping Controller 1

ip\'Z 12
—
‘ MPPT ‘

Eal i

Outer
voltage loop

GPV DC-DC

DC-AC

Inner

| currentloop
12+ —
Backstepping Controller 1

Inner
current loop

Outer
voltage loop

—
Iy

Backstepping Controller 2

ivs .
P 113

”7{“

MPPT

v v )

Outer
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Inner

—>| current loop
i

Backstepping Controller 1

Fig.5. Control scheme
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its reference provided by conventional P&O MPPT
algorithm as illustrated in figure 6.

Step 1. Let us introduce the input error :

€ =Upyl ~Upyl *

Deriving e; with respect to time and accounting for
(2) and (3), implies:
* _ ip vl

iLl
pvl T
‘

A

e = upvl —u pvl * (7

In equation (7), ir; behaves as a virtual control input.
Such an equation shows that one gets é&=-k;.¢; (k;>0
being a design parameter) provided that:

iLl = kl.cl.el + ipvl - Cl.lzi

®)

pvl *

As ip; is just a variable and not (an effective) control
input, (7) cannot be enforced for all 0. Nevertheless,
equation (7) shows that the desired value for the
variable 1y 1s :

(0] =iL1*=k1.01.€1+ipV1—Cl.ﬂpvl* (9)
Indeed, if the error:
62 :iLl _iLl * (10)

vanishes (asymptotically) then control objective is
achieved i.e. €=Uy, — upvl* vanishes in turn. The
desired value q; is called a stabilization function.
Now, replacing ip; by (ex+ip*) in (7) yields :

ipvl B (iLl *+€2) .

Upyl *

é1=

A A

which, together with (9), gives:
€

3|

é = —kj.e — (11)

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

In view of (3) and (10), time-derivation of e, turns out
to be:

u a.u

. H H le c) H *

ey =iy, —ip *=—-— —i (12)

2 74 T L L L
From (9) one gets:

021 = iLl * = kl'cl'él + ipvl — Cl-’;"pvl *
which together with (12) implies:
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Sense upy(n) , ip(n)

!

Ppv(n) = Upy(n). ipy(n)

Fig.6. Flowchart of MPPT algorithm

ule (Z.Z/lc

L L
In the new coordinates (e,e;), the controlled system
(1) is expressed by the couple of equations (11) and
(13). We now need to select a Lyapunov function for
such a system. As the objective is to drive its states

(e1,e2) to zero, it is natural to choose the following
function:

1 1
Vv = —.612 + —.622

2 2

2

é =

_kl'cl’él _ipvl +Cl’i’ipvl* (13)
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The time-derivative of the latter, along the (el,e2)
trajectory, is:

V= el.él + €2.é2

V= _kl .612 — k2 .622

1 au
%{uz 112 klclﬂlj— Rty 1*4‘252}(14)

where k,>0 is a design parameter and ¢ép is to be
replaced by the right side of (13). Equation (14)
shows that the equilibrium (el,e2) = (0,0) is globally
asymptotically stable if the term between brackets in

(14) is set to zero. So doing, one gets the following
control law:

a= Ll |:upV klcle]—ﬂ—lpvl+clu 1 +k2€2:| (15)
Uy L q

Proposition : Consider the control system consisting
of the average PWM Boost model (2)-(3) in closed-
loop with the controller (15), where the desired input
voltage reference u,,* is sufficiently smooth and
satisfies up,;*>0. Then, the equilibrium 1] — 1%,
Upvi — Upv1™ and o — ayp is locally asymptotically
stable where :

Ly | Upvi
Ly

ag = — 1 €Ll pyy * (16)

ucz

5. Backstepping controller for buck inverter

The unity power factor controller input signal u,
that controls the buck inverter. This controller
consists of an inner current loop and an outer voltage
loop. The inner current loop is responsible of
obtaining a unitary power factor. The outer voltage
loop assures a steady-state maximum input-output
energy transfer ratio and a desired steady-state
averaged DC-link voltage guarantying proper Buck
inverter dynamics [16].

Step 1. Let us introduce the input error :

e, = X-X* (17)
Where X* is a reference signal of square of DC
voltage witch to be equal the square value of input

inverter voltage (u, must be higher than the grid
voltage).
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Deriving e;; with respect to time and accounting for
(5) implies:

lg.u c ) Ug .,
) )
In equation (18), i, behaves as a virtual control input.

e, =X -X*=2. (18)

Such an equation shows that one gets €1;=-Kj;.e11
(k>0 being a design parameter) provided that:

P kll .6’2 e+ 2.ucz.i

B
2ug

d

(19)

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

k, . .c .611+2.u62.i

1172
2u,

The equality of average (on cutting period) inverter
output power (p=<usi>) and grid input power
(pe=<u..i> ) implies <u>=<ug>.

apy =it = d (20)

Indeed, if the error:

ey =ip =i * 2D
vanishes (asymptotically) then control objective is
achieved i.e. e;;=u,-u,* vanishes in turn. The desired
value a,, is called a stabilization function.

Now, replacing i, by (i,*+ey,) in (18) yields :
ld 'ucz 2 ur.(i,, *+€22)

é“ =2. (22)
© @

which, together with (20), gives:

. u

€11 = _kll.ell ——r.ezz (23)

€2

Step 2. Let us investigate the behavior of error
variable e,,.
In view of (4), time-derivation of e,, turns out to be:

pu,., —u
: 4 r :
—l*:—z —1 £

ézz = l:r L 7 (24)
2
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From (20) one gets:

i, M Ak 11+2ld o F2ig1 )
o == 5 3
1,
_ur.(k11 Cyey ) +2iq.uc,) 25)
2.ur2

which together with (24) implies:
P, —Uy U oAk €yl F2hg e, + 200 )
L 2.ur2

ép =

u, (ky c,e +2igu

2.ur2

)

+ (26)

In the new coordinates (e;;,e2,), the controlled system
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 (e;1,€2,)

to zero, it is natural to choose the following function:
1 2 1 2

vV = —.e11 + ?.622

> 27)

The time-derivative of the latter, along the (e;,e2)
trajectory (using (23) and (26)) is:

vV =epp.€1] + e3).€3)
b=k —knen®

Pty =1 u_(k,, Zen+21du +2440 )
| L 2.u,2
(ke +2iqu

2.ur2

u, Upe

)

. )

(28)

where k;,>0 is a design parameter and ir is to be

replaced by the right side of (25). Equation (28)
shows that the equilibrium (e;1,e2,) = (0,0) is globally
asymptotically stable if the term between brackets in
(28) is set to zero. So doing, one gets the following
control law:

L |u 4 ki o€y F20q 000 + 2011 )
p=—=|-T+ 3
ucz lQ 2.1/1,,.
u (k,,c,e +2igu.,) u.e
_r 11 12 €2 + 11 (29)
2u, )
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Proposition : Consider the control system consisting
of the average PWM Buck model in closed-loop with
the controller (29), where the desired DC voltage

reference u,* is sufficiently smooth. Then, the
equilibrium i, — 1,*, ue; — u* and  — Po

is globally asymptotically stable where:

ﬁ) 3 [Q U, iMr.(z.l'd.l/lcz +2jd’u02)_2'ar'id'u02 (30)

6. Simulation result

The PV model, interleaved boost converter, buck
inverter model, backstepping controller and P&O
MPPT algorithm are implemented in Matlab/Simulink
as illustrated in Figure 5. In the study, RSM-60 PV
module has been selected as PV power source, and the
parameter of the components are chosen to deliver
maximum 3kW of power generated by connecting 16
module of RSM-60 in parallel (lkw for each
converter). Each boost converter operates at a
maximum power point separately to other converters.
The specification of the system and PV module are
respectively summarized in the following tables.

TABLE 1
MAIN CHARACTERISTICS OF THE PV
GENERATION SYSTEM
Maximum Output Qpeq— Short
voltage at circuit current
powet Pnax voltage circuit
60w 16v 21.5v 3.8A
TABLE 1I
CONTROL PARAMETERS USED IN THE
SIMULATION
parameters Value unit
k 100
k, 11000
ki 1000
Kys 10000
ci 220 uF
C 4700 uF
L, 0.001 H
L, 0.002 H
u, 220/50 V/Hz
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A Matlab simulation of the complete system with the
backstepping controller and the MPPT algorithm has
been carried out using the following parameters:

* Buck switching frequency = 25kHz

* Boost switching frequency = 100kHz

The proposed controller is evaluated from tow
aspects: robustness to irradiance and temperature. In
each figures, two different values of irradiance and
temperature are introduced in order to show the
robustness. Figure 7 shows the simulation results of
the designed interleaved boost converter and buck
inverter when the solar radiation changes from
500W/m* to 1000W/m’ and then the temperature
change from 25° to 30° at t=2s and t=2.5s
respectively. Figure 7.c shows that the DC-link
capacitor voltage reaches the commanded value of
450V witch is greater than AC grid voltage. Figure
7.d shows the influence of temperature on the
power transmitted to the grid. This power
degrades slightly with increasing temperature.
Notice that according to figure 7.d the maximum
power point is always reached after a smooth transient
response and the power of photovoltaic generator
reaches the commanded value according to radiation
change and temperature,

From figure 8.a and figure 8.b, it can be seen that the
output current is in phase with the utility grid voltage.

Conclusions

A Dbackstepping control strategy has been
developed for a solar generating system to inject the
power extracted from a photovoltaic array and obtain
unitary power factor 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 tow backstepping controller are
developed to modulate the duty cycle of the
interleaved boost converters and buck inverter. The
proposed controller is proven to yield global
asymptotic stability with respect to the tracking errors
via Lyapunov analysis. Simulation results are
provided to verify the effectiveness of this approach.
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