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Abstract: This paper presents an improved new control technique of the stability of the DC-DC buck converter supplied
by a standalone photovoltaic system. The newly designed control based on passivity PBC can stabilize the control system
by taking into account the stored energy. The system is modeled under the formalism of Euler Lagrange, to build a
passive control law while guaranteeing satisfactory static and dynamic performances. Designed controllers of PBC,
photovoltaic panel, and DC-DC buck converter will be simulated using MATLAB/Simulink toolbox and they will be
validated by an experimental setup, which ensures the stability and the robustness of the control synthesis in different

tests.
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Introduction

Due to population growth, the energy demand has
drastically increased. Traditional and old sources of
energy cannot meet all demands, thus more researches
focused on obtaining alternative and renewable sources
of energy are a most. In fact, renewable energy is
considered the most effective solution to overcome the
energy scarcity and to reduce the damage to the ozone
layer in the earth’s atmosphere. Solar energy systems as
a renewable energy source, ecofriendly for the
environment have many advantages for instance; low
maintenance, abundance of energy sources, and a zero
post-production pollution. Thanks to it, photovoltaic
electricity is obtained by directly transforming sunlight
into electricity, using photovoltaic cells.

According to my researches [2, 3] and the literature

[4, 5], the external parameters of PV cells (irradiance and
temperature) affect the module efficiency and the
maximum power extraction. Because of the non-linearity
of the |-V and P-V characteristics, the tracking MPP
becomes more and more complicated and it becomes a
major problem in the photovoltaic sector. To cope with
this problem, both of temperature and irradiance shall
take a uniform value during the day; and thus, a single
MPP. However, when the photovoltaic system is directly
connected to the load, the photovoltaic power generation
will suffer from disruption because the power output
depends on the load’s characteristics. To improve the
efficiency of the complete system, many researches have
proven that adding an algorithm between the
photovoltaic system and the load is critical, [6, 7], ensure
that the system is operating on its maximum power and
under various irradiance conditions. Photovoltaic systems
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are generally composed of series and parallel number of
photovoltaic modules covering large areas. In some times
and due to moving clouds, passing on trees or
neighboring buildings, the PV arrays are partially shaded.
Under these conditions (PSCs), the power to voltage
curve becomes more complex because it is characterized
by numerous maximum power point and the power will
suffer from disruption. As a result, the efficiency of the
system will be reduced and it can supply the load
normally [8]. Many control systems are used to reduce
the negative effects of climatic condition variation on the
photovoltaic system. Firstly, the duty cycle control of the
accompanied DC-DC converter by using a classical Pl
controller. This type of converter doesn’t give a good
performance in the case of large parameter variations [9]
[10]. Secondly, the sliding mode controller SMC; it is a
nonlinear control method, which modifies the dynamicity
of a nonlinear system by the application of a
discontinuous control signal. It is known as the nonlinear
robust control compared to the traditional controller
system for DC-DC converter control [9- 12]. However, this
kind of controller has mains problems such as variation of
the switching frequency, the steady-state error and

Materials and Methods
The photovoltaic generator

Figurel illustrates a global system, consist of a PV
system controlled by an effective technique of stability. It
consists of two photovoltaic modules of 50W each one,
DC-DC converter with MPPT algorithm and resistive load.
All PV parameters are presented in Table I. The simulation
results of the photovoltaic panel are presented by
elaborating on the |-V and P-V characteristics in various
values of temperature and irradiance.

Photovoltaic Panel DC

Load

DC

MPPT
algorithm

Figure 1. The complete description model of stand-alone
photovoltaic system

chattering phenomenon under large variation of DC-DC
parameters. To overcome this problem, we seek to
improve the performance of parameters, to impose
minimum storage energy at the desired point of
equilibrium, and to ensure asymptotic stability in the
second stage.

A control technique based on passivity PBC will be
presented in this paper, it gives them possibility to adjust
the duty cycle ratio of the converter, in such a way it will
operate at the desired current or voltage. This technique
is inspired by Takegaki and Arimoto’s works [13] in robot
manipulator control, this well-known and highly
successful field. The idea gives rise to look for the stability
of the mechanical systems, formulated by the equations
of Euler Lagrange, and by the formation only of potential
energy. This work provides a good validation of the
experimental results of the PBC controller in a high-power
system established on a stand-alone photovoltaic system
based on a PV panel /DC-DC buck converter with resistive
load. The test bench is installed in the laboratory of
innovative technology.

Table 1. The comparison of alternative journal systems

Description Value
Open Circuit voltage(V) 22.1

Short Circuit current(A) 3.02

Peak voltage at STC(V) 18.1

Peak current at STC(A) 2.75

Peak Power(W) 50

DC-DC converter and passivity
based controller PBC

DC-DC converter model

To manipulate the power transfer between the
photovoltaic converter and the load, we need to add an
associated switched converter. In our case, and according
to the two types of source and load, a DC-DC converter is
chosen. The three main types of DC-DC converters used
are the Buck Converter, the Boost Converter, and Buck-
Boost Converter. In this paper, we opted for the DC-DC
buck converter, as schematized in the Figure 2. The
mathematical equations for the Buck converter are as
indicated in the (1) and (2). From Equation (1), we can
deduce that D is the duty ratio of the switch command
signal, as a mean parameter of the MPPT controller to
extract the maximum possible power of the panel [14].
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Figure 2. DC-DC Buck converter

Vout = DViy (1)
_ _ton
|( D= tontloff
ton = DTy
2
1
L k=7

Where, D is the duty cycle of the converter, the
subscripts ton and toff are the on-off times respectively,
Ts is the switching period and fs is the system frequency.
The output voltage is changed by varying the duty cycle.
It is used to supply a resistive load under the desired
voltage by applying a passive control law PBC. The
inductor value is equal to 15mH and the capacitor value
is 2200uF.

PBC control

Buck converter design:

In order to supply our load by the desired voltage,
the output voltage must suitably follow the reference
voltage. The latter can be like the speed or the torque of
an asynchronous motor powered by a photovoltaic panel,
otherwise, this voltage can be the state of charge SOC of
the storage battery of a photovoltaic installation
equipped with motorization. A suitable passivity-based
control algorithm is applied by modifying the duty cycle
of the DC-DC buck converter. The goal of passivity is to
converge the trajectories of the system to the desired
point of equilibrium at a minimum of energy losses.
Besides, passivity-based control PBC aims to render the
closed-loop system passive by minimizing the storage
energy; in capacitor and inductance. A mathematical
model of DC-DC converter based on Euler-Lagrange
design will be established as a goal to achieve the strategy
of the passivity-based control. The main objective is a
dynamic reference tracking performance to minimize the
oscillations (in average terms or at the scale of the
switching period) parasitic which constitute as much
stress on the component or the network to which is
connected to the converter.

According to Figure 2, capacitor current is written
as follows:

dve

dt

dVout
dt

(3)

i, =

Where ic, vc, Vout and C are the capacitor current,
capacitor voltage, output voltage, and the capacitor value
respectively. In our work, we consider that the value of
parasitic elements of the inductor, output capacitor and
power switches are negligible.

The power switch of the DC-DC Buck converter
operates into two states:

ON-state (0<t<DTs), the equivalent circuit of DC-DC
converter becomes as indicated in the Figure 3(a):

di

L at =—Vour + Vin
C AVout _ _ Vout @)
dt ! R

Considering the input inductor current x1 and the

output voltage x2; i =x and Vour = X2
. 1 1
X1 ==X+ - Viy
L L
i 1 L (5)
27 ¢™1  pc™?

OFF-state (DTs <t<Ts), the equivalent circuit of DC-DC
converter becomes as shown in Figure 3(b):

di

L
LE = —Vout + Vg 6
CdVout — _ Yout (6)
dt L R
The same as in ON-state, we suppose i; = x;
and Vour = X2
. 1 1
X1 =—=-X2 +-v4
L L
Xy = =x Ly 7
2= M RC V2

According to the two systems (5) and (7), the DC-
DC buck converter can be modeled by the two following
equations:

. 1 1 1
Xy = =7%t Ul + 7 (1 —-wvg
L1 1 (8)
Xy = Exl —R—sz

Where u is the duty cycle defined as below:

u(t) =
1 fOT tkSt<tk+DT

0 for t, + DT <t <ty + T, (9)

Passivity control design:
To control the passivity of our system, we need to
define the Lyapunov function, called also candidate
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function, defined as the energy error (the difference
between the state and its point of equilibrium), as
indicated in the eq.12.

V(x) = %XTAX (10)

_[x1 _[L 0
Where X = [XZ]’ A= [0 C]’

The Lyapunov function is defined as defined by
the stored energy in the inductance and the capacitor of
our DC-DC converter using the value of the matrix X and
A, as shown in the following equation (11) .

1 1
V(x) :ELxl2 +5Cx22 (11)
The derivative of the lyapunov function can be
calculated as:
V(x) =L x1%; + C x,%, (12)
By using the system of equations as represented in
(11), the derive of the Lyapunov function is giving as the
following equation:
. 1
V(x) = uVipxy — [Exzz -(1- u)vd] < ulpxy
SOV uVix, (13)
Based on [15] and looking for the definition of
system passivity, we can deduce that the buck DC-DC
converter is strictly passive. There, the system of its
model is represented by the function V, negative definite,
that checks the inequality V (x)< uV_in x_1. An averaged
model as indicated in the following matrix can describe its
model:

Ax+(J+Rx=u (14)

Where J, R, and p are constants matrix represented,

respectively, as follows:

=", clr= [00 0%] and p =

DViyp — (1 - D)vd]

. (15)

The error, e (t), is defined as e(t) = x — x; then
equation 14 becomes as follows (16):

Dé+(J+R)e(t) =u—[Dxg+ U+ R)xq+ Rie(t)] (16)

In the second operation, the energy regulation of the
system is achieved by:

UE = Lxjg +x39 + (1 —wWva + R; (X34 — x41)

Cxid — X14d + %xzd =0 (17)

e(t) =[lel e2]=[x;q—x; X2q — X2]

Stability design:

The stability of the system can be assessed by the
Lyapunov function. When V (e) is definite negative, as
seems in (21), the stability of our system becomes good
established according to [16].

V(e)=: e™D e (18)

The derivative of the Lyapunov function is indicated in
the following equation:

V(e) = § ¢™D e +§ e™D é (19)
Where: V(e) = ?[Rielz +% ezz]<0 (20)

This type of nonlinear controller is used as an ideal
model of the converter, without the parasitic element,
and to prove its stability, we need to consider its Lyapunov
theorem as illustrated in the eq.23. Passive control is used
to stabilize a system characterized by more degrees of
freedom and control, which used in the context of
adaptive control by rendering the system passive [18]. In
our case, the passivity is used to regulate the output
voltage of a static converter according to the selected
reference in the shelter to supply a resistive load. This
technique serves the overall stability of the system. This
passivity property is integral to many other physical
applications such as electrical and electromechanical [18].

Pl controller

A Proportional Integral Pl controller is a control
loop A Proportional Integral Pl controller is a control loop
feedback mechanism. It is essentially used in more than
95% of closed-loop industrial processes. The Pl controller
is deployed to correct the error between the desired
process variable and the measured one to produce a
corrective action mainly used for adjusting the process.
Indeed, the performance of the output response of the
process is globally influenced by the two Pl parameters,
the Proportional (P), and the Integral (I) values. We are
using a Pl controller to improve the evolution of the
voltage and peak power of the photovoltaic system.
Under a change in the PI controller gain, the value of the
output will change. Therefore, the value parameters, Kp
and Ki, are achieved by setting Kp= 0.08 and Ki= 0.5 when
obtains an optimum response of the output voltage. The
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output response of Pl controller is represented as follows
in the (21):

u(t) = Kye(t) + K; [ e(t) dt (21)
L
s (YYTM
C—— Re” 3
Vi i) Ue [
(@)
L
——— Y Y Y —
7 [« ::1 l
(b)

Figure 3. Equivalent circuit of DC-DC buck converter: (a)
when switch is ON (b) when switch is OFF

Experimental Validation

In the test of the performance of the proposed PBC
algorithm, we ar employed a Dspace-MicroAutoBox as a
controller in the test bench for generating the switch
command to the buck DC-DC converter. It is based on a
TMS320F240 DSP microcontroller; when, its main
function is the management of digital/analog
input/output [19]. The algorithm code of the control
PBC is generated in Matlab-Simulink by taking input from
the controller board CLP1104 DSP and generates output
to the same controller board as indicated in the following
figure, Figure 4. Besides, its mains input and output are
shown in a simple Controlled Desk which facilitates easy
communication between MATLAB and onboard DSP.
Depending on this, we add sensors to measure the PV
voltage, PV current and load voltage, which are inputs
signals to the control system as indicated in the Figure 5.
Intending to measure the inputs signals by eliminating the
high-frequency noise, we add Low pass filters. The PWM
command is applied to the switch of DC-DC converter by
introducing a DS1104-DSP-PWM block to generate
standard 20 kHz fixed-frequency PWM pulses.

PV panel Power Converter Load

Vm

Duty cycle A
i

v
Voltage and Current
Sensing

Pl regulator

A
;pv v ‘ L Vref

Vpmax
Reference voltage Adjustment+ PASSIVE
CONTROL

Vpv

Figure 4. PV panel connected to the load through MPPT
algorithm and reference voltage adjustment

Figure 8 clarifies a simple real-time implementation
of a PBC controller using a fast dSPACE DSP controller. The
system consists of an acquisition model of input/output
voltage and current ( I, Ich, Vpv and Vi), @ block PBC+PI
controller, and a treatment block for PWM generates a
signal. To validate the PBC control, the proposed
algorithm is tested under four different conditions, i.e.
sunny weather (G=1000W/m?), partial shade, total
shaded and using another load resistive. We opted to
choose a reference voltage that stepped up from
Vrer=4.5V to Vier=12V at t=7.5s, then it changed to another
value (Vref=16.5V) at t=15s and it increased 21V at t=22.5s.
Figure 6 gives a schematic representation of the bloc of
the PBC principle with a PID controller.

The experimental configuration we used to realize
the performance of the PBC controller is shown
schematically in Figure 7. We used a SUNMODULE SW 50
POLY RGA/D of SolarWorld Manufacturer as a renewable
source, connected to CLP1104 DSP based on DSP
microcontroller. Here, the measurement of the inputs/
output currents and voltage is done by LA-25NP and LV-
25P current and voltage sensor. An interface is used to
provide galvanic isolation to all signals connected to the
controller board.

Results and Discussions

Simulations and experimental results obtained by
MATLAB/SIMULINK and the test bench is shown in figures
9,10, 11, 12, 13, and 14. The steady-state ripple is about
60mV where the steady-state value of 4.5V as indicated
in figure 9.

The first experimental test, as indicated in Figure 10,
is done in sunny weather with an equal irradiance of 1000
W/m? and temperature equal to 25°C. In this state, the
output voltage of the converter suitably follows its
reference with a very good performance and without
oscillations in both cases of simulation and experimental
results.

International Journal of Automation and Smart Technology

5

Volume 11 | Issue 1 | 2127


https://doi.org/10.5875/ausmt.v11i1.2127

ORIGINAL ARTICLE

https://doi.org/10.5875/ausmt.v11i1.2127

In the second test, the PV system is partially shaded
through the passage of a cloud over part of our
photovoltaic panel. The graph of Figure 11 is elaborated
when it passes a cloud at the same time, it indicates a
similar performance as the case of sunny weather when
the reference voltage is inferior to 16.5V but with some
oscillation (Vref=16V).

In the third test, the PV system is placed under the
tree and the irradiance level changes rapidly. The output
voltage reaches 17.5V as the maximum voltage of the
photovoltaic panel under totally shaded. Under this state,
the DC-DC output voltage evolves stably without
oscillation and with performance parameters better than
the state of partially shaded. These results prove the
effectiveness of the proposed controller in terms of
stability and performance as indicated in figure 12.

As given in Figure 13 of the fourth test, shows the
influence of the load value on the performance and the

stability by assuming the load resistance equals to half of
the initial value(R=250Q). As indicated in the table below,
its settling time is two parts less than the case of
maximum resistance.

According to the results shown in Table 2, the
fourth test has the fastest settling time of 0.24 seconds
while the test with 500 Q as a resistance value has the
slowest settling time of 0.64 seconds. In addition, for the
maximum undershoot, the fourth test with the PBC
controller has the best overshoot, which is the lowest one.
In contrast, the four tests have the same rise time that
indicates the performance parameters of the PBC
controller, which is the rapidity of our DC-DC buck
converter.

PV panel DC/DC converter Resistor
’ Power Converter Load
/ Vpv
Ipv
v Y A
Voltage and PWM Vout

Current Sensing

\/

PBC
algorithm+Interface
+Pl Regulator

\/

PCl

CLP1104 dSPACE
Controller card

Figure 5. Asymptotic model of experimental test
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Figure 6. Simulink implementation of PBC controller system with the acquisition bloc
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Figure 7. PBC controller with PID regulator

Based on these results, we can conclude that
passivity based controller with load value equal to 250 Q
is much better in overall performance including rising
time, overshoot, settling time and robustness as
compared to the normal condition with resistance value
(R=500 Q). Besides, the experimental and simulation
results show that the stability of our DC-DC converter is
assured in all tests. As presented in all figures of the four
tests (Figure 10, figure 11, Figure 12, and Figure 13), a
comparison between the simulated and experimental
results have proven the good reliability of our passivity
based control.

Table 2. Performance parameters of DC-DC response
using PBC control in the four tests:

Rise Settling | Overshoot | *(s)
time (s) | time(s)
tm ts
1st test 0.1 0.64 5 0.29
2nd test 0.1 0.836 5,5 0.36
3rd test 0.1 0.568 5 0.312
4th test 0.1 0.24 1 0.29

* Steady state establishment time

To make into account the efficiency and the stability of
our proposed PBC with PI controller, we are going to
compare its response result with the response of a PBC
without a PI controller. In Figure 14, the proposed PBC
with Pl shows a more stable response compared with the
one without Pl compensator. In fact, its simulation results
indicate a null value of the static error.

Conclusion

In the work of our developed approach, the
passivity-based control is aimed to regulate the output
voltage of the DC-DC buck converter supplied by a
photovoltaic panel with high power conversion. The
developed controller PBC controller in this paper can
stabilize converter in high power conversion and large

changes in loads value. The main role of the PBC
controller is to manage the energy management between
storage energy and supplied energy. This kind of
management is formulated by the equations of Euler
Lagrange and its simulation results prove the
effectiveness of PBC employed in the photovoltaic
domain.

(b)

Figure 8. Experimental test bench: (a) PV panel, current
sensor and voltage sensor (b) DC-DC switches resistive
load DS1104 DSPACE, Oscilloscope and galvanic isolation
interface
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Figure 10. PBC Output voltage control and reference voltage using PBC- test1 at 1000 W/m? (sunny day)
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Figure 11. PBC Output voltage control and reference voltage using PBC- test1 in partial shaded
(G=50W/m?%T=35°C)
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Figure 12. PBC Output voltage control and reference voltage using PBC- test3 in total shaded (G=33W/m?
and T=17.5°C)
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Figure 13. PBC Output voltage control and reference voltage using PBC- test4 at R=250 Q at sunny day
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Figure 14. PBC control with and without Pl regulator
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