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Development and experimentation of a new MPPT
synergetic control for photovoltaic systems
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This paper proposes a new approach of maximum power point tracking (MPPT) using a synergetic control (SC) theory for
photovoltaic (PV) system. This system is mainly composed of a solar array, DC/DC boost converter, MPPT controller, and
an output load. Synergetic controller is used for boost converter to achieve the maximum power output. The stability of the
closed-loop system is guaranteed using Lyapunov’'s method. The new approach gives a good maximum power operation
under different conditions such as changing solar radiation and PV cell temperature. To show the validity and robustness of
the proposed approach, different simulations under different atmospheric conditions are realized using Matlab/Simulink. The
implementation of synergetic control is also presented. The experimental results show satisfactory performance of the

proposed approach.
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1. Introduction

Renewable energy resources will be an increasingly
important part of power generation in the new millennium.
The importance of photovoltaic generation is greater
nowadays as a renewable source since it exhibits many
merits such as cleanness, little maintenance and no noise
[1].

All PV systems have two big problems that the
efficiency of electric-power generation is very low,
especially under low-irradiation states, and the amount of
the electric power generated by solar arrays is always
changing with weather conditions. Load mismatch occurs
under these weather wvarying conditions such that
maximum power is not extracted and delivered to the load.
This issue constitutes, the so-called maximum power point
tracking (MPPT) problem.

In recent years, a large number of techniques have
been proposed for tracking the maximum power point.
Fractional open-circuit voltage and short-circuit current [2,
3] strategies provide a simple and effective way to acquire
the maximum power. However, they require periodical
disconnection or short-circuit of the PV modules to
measure the open-circuit voltage or short-circuit current
for reference, resulting in more power loss.

Perturbation and observation (P&O) and hill climbing
methods are widely applied in the MPPT controllers due to
their simplicity and easy implementation [3-4]. P&O
method involves a perturbation in the operating voltage of
the PV array, while hill climbing strategy introduces a
perturbation in the duty ratio of the power converter [3]

and is more attractive due to the simplified control
structure [5].

Incremental Inductance (INC) method, which is based
on the fact that the slope of the PV array power vs. voltage
curve is zero at the MPP, has been proposed to improve
the tracking accuracy and dynamic performance under
rapidly varying conditions [3, 6].

In [7] and [8] an MPPT using sliding mode current
controller for PV system is also proposed, yielding an
algorithm principle consisting in varying the load voltage
until reach the maximum power.

Furthermore, intelligent methods such as artificial
neural networks, genetic algorithms and fuzzy logic have
been also adopted to estimate the voltage and the load
current values. Thus allowing for the variation of the DC-
DC converter duty cycle so as to place the PV system in its
MPP at any given S, T, and load conditions [9,10]. For
more details on these methods and some related
applications on solar energy, PV panel the readers can
refer to [9-14] and the references therein.

The general requirements for maximum power point
tracking (MPPT) are simplicity and low cost, quick
tracking under changing conditions, and small output
power fluctuation. The search for a more efficient method
to solve this problem is ongoing quest.

Synergetic control (SC) theory was introduced in
general terms by Kolesnikov [15]. Its application to a
single boost converter was introduced in [16], and some
practical aspects with reference to both simulations and
actual hardware were discussed in [17-19].

This paper proposes a novel approach to track
maximum power point using synergetic approach for
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photovoltaic  system under different atmospheric
conditions. The remainder of this paper is organized as
follows. Section 2 gives the PV panel model. The
synergetic control procedure and MPPT system modeling
are exposed in Section 3. The design of synergetic MPPT
controller is given in section 4. Section 5 presents the
simulation and experimental results. Conclusions are
presented in the last section.

2. Modeling of a PV cell by Matlab

2.1 Equivalent model and characteristic of
photovoltaic cell

A PV cell model is shown in Fig.1. Where Iy
indicates photocurrent, which depends on the level of light
intensity, lq is current through the diode, I,, (Photovoltaic
panel current) is output current, V,, (Photovoltaic panel)
voltage is open-circuit voltage, Ry, is the equivalent shunt
resistance, and Rq is the intrinsic series resistance.
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Fig. 1.Equivalent circuit of PV cell.

Consequently the nonlinear characteristics of PV cell
can be represented by following equation.

_ q(Vpw +Rsl) (Vow +RD)
Ly = Ipn — Iy [exp( AK,T 1 R Y]

Ipp = S/1000(User + Ki X (T =T, )) (2)

o=t () o ([ [E) -G ©

An ideal PV cell has very low equivalent series
resistance Rs and very high equivalent parallel resistance
Rsh, generally speaking for silicon or polysilicon PV cell,
in the general engineering application they can be
neglected, and equation (1) becomes:

Ly, = Iy = Ly —1 [exp(qv””> 1] (4)
—Iph — lda — h — -

pv P p 0 AKbT

where 1, is the output current (A), V,, the voltage (V), lo

is reverse saturation current, g the electronic charge, Ky is

Boltzmann’s constant, T is ambient temperature in Kelvin,

T, is reference temperature, I, is the saturation current at

the reference temperature, I, is the short-circuit current of
PV cell under standard conditions, E4 is the energy of the
band gap for silicon, A is the P-N junction’s ideality factor,
K; is the short-circuit-current temperature coefficient, S is
solar irradiance (W/m2).

2. 2 PV characteristic

The current-to-voltage characteristic of a solar cell is
nonlinear, which makes it difficult to determine the MPP.

Fig. 2 illustrates the operating characteristic curves of
the solar array under a given irradiance. It consists of two
regions: one is the current source region, and the other is
the voltage source region. In the voltage source region (on
the right side of the curve), the internal impedance of the
solar array is low and in the current source region (on the
left side of the curve), the internal impedance of the solar
array is high. The MPP of the solar array is located at the
knee of the curve.
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Fig.2. I-V characteristic.

The PV characteristic is plotted in Fig. 3 under
different irradiance levels, and PV characteristic under
different temperatures is plotted in Fig. 4.
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Fig. 3. PV characteristic under different irradiance levels
(temperature =298 K).
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Current (A)

Voltage (V)

Fig. 4. PV characteristic under different temperatures
(irradiance = 1000 W/m2).

As illustrated in the figures, the open-circuit voltage
(Vo) is dominated by temperature, and solar irradiance has
preeminent influence on short- circuit current (ls). We can
conclude that high temperature and low solar irradiance
will reduce the power conversion capability.

3. Synergetic control procedure

The synergetic control design procedure follows the
Analytical Design of Aggregated Regulators (ADAR)
method [17]. The general synergetic procedure is reviewed
in this section.

The main steps of the procedure can be summarized
as follows.

Suppose the system to be controlled is described by a
set of non linear differential equation of the form

dx
o = f(xv d, t) (5)

dat
where x is the state variable vector, d is the control input
vector and t is time.
Start by defining a macro-variable as a function of the
state variables:

¥ =1xt) (6)

The control signal will force the system to operate on
the manifold

W =0 7)

The designer can select the characteristics of the
macro-variable according to the control specifications (e.qg:
limitation in the control output, the settling time, and so
on). In the trivial case the macro-variable can be a simple
linear combination of the state variables. The same process
can be repeated, defining as many macro-variables as there
are control channels.

The desired dynamic evolution of the macro-variable
is:

dy
Ts(—)+‘lf=0 ; T, >0 (8)

dt
where T; is design parameter specifying the convergence
speed to the manifold specified by the macro-variable
equals to zero.

The chain rule of differentiation gives:

d¥ /dt = (d¥/dx)(dx/dt) 9
Combining (5), (8), and (9) we obtain
Te(d¥ /dx)f(x,d,t) +¥ =0 (10)

Equation (10) is finally used to synthesize the control
law d.

Upon solving Eq. (10) for d, the control law can be
found as:

d=g0,t,¥(x,t),Ts) (1D

From Eq. (11), it can be seen that the control output
depends not only on the system state variables, but also on
the selected macro-variable and time constant Ts. In other
words, the designer can choose the characteristic of the
controller by selecting a suitable macro-variable and time
constant Ts.

3. 1. MPPT system modeling

Consider a boost type converter connected to a PV
module with a resistive load as illustrated in Fig. 5.

v o TV

Fig. 5.MPPT system schematics.
According to the position of switch S, the system can

be written in two sets of state equations. If the switch is in
position S = 0, the differential equations can be written as:

digy _ Vpv(ip) _ &

ka2 12.
dt L L (12.a)
dVo, i Vo
= L_ 0 12.b
dt _ C CR, (12.b)

If the switch is in position S = 1, the differential
equations can be expressed as:

dij, _ Vpv(iL)
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dt ~ CR,

(13.h)

By using the state space averaging method [18],
Eqgs.(12) and (13) can be combined into one set of state
equation to represent the dynamic of the system. Based on
the idea of Pulse-Width Modulation (PWM), the ratio of
the switch in position 1 in a period is defined as duty ratio.
Two distinct equation sets are weighted by the duty ratio
and superimposed:

dX
— =a-

It )—+d

dt (14)

where X.=[iix Vor 1", Xo=[i> Vo2 1", and de[0 1] is the
duty ratio. Hence the dynamic equation of the system can
be described by:

du_ )2 4 o 15

G= -y (15-2)

dVO 1 Vo 15.b
== )E‘CRL (15.0)

where C is the capacity, L is the inductance, R_ is the
resistive load, d [0 1] is the duty ratio, which is also the
control input. Vy is the output voltage and i is the inductor
current. Note that the equivalent series resistance (ESR) of
the inductor and wiring resistance are neglected in this
case, SO i, is assumed to be equal to the PV current (Ipy).
Eqg. (15) can be written in general form of the nonlinear
time invariant system.

X
2 =@ +g0d (16)

4. Design of synergetic MPPT controller

In this study, we introduce the concept of the
synergetic control for the MPPT system.

By selecting the manifold as oPpy/0lpy =0, it is
guaranteed that the system state will hit the manifold and
produce maximum power output persistently.

Py _ ARy _ Ry,
= = 2R L 1
ﬂpv dpv pv pv + pv 0’,1 =0 ( 7)

Where R=Vpy / Ipy is the equivalent load connect to
the PV, and Ipy the PV current which is equal to i in this

case. X
The solution of (17) is 2R, + I, ﬁpy =0
pv

Hence, the manifold is defined as:

ﬂR.”" (18)

¥ =2R,, + i, 7L

Then the desired dynamic evolution of the macro-
variable can be expressed as:

T,(d¥/dx)+¥ = 0; Ts>0 (19)

Where
d¥/dt = (d¥/dX)(dX /dt) (20)

The substitution of ¥ from Eq. (20) into the functional
equation (19) yields

T{ (d¥/dx) (f(x) +g()d(®))}+¥ =0

(0¥ /ox) (22—2 ”" — Vo +— dit))=-¥/T,  (21)

(w< n2)- () e

The time derivative of ¥ can be written as:

N Ry, . PRy
x - 3 a, +1i a2 (23)
Replacing Ry, by the definition of Ry, = Vp/ Iy
R, o [Vpv 1 /N Voo
m o = (3 -5 24
ﬁL dL dL lL

FRyy 1[0V 2\ [(Vp\ 2V
—=—|\== - |—= —|+—  (25)
a, I\ dig, Iy, oiy, Iy,
By (4), the PV voltage (V, ) can be rewritten as function
of PV current (1)

KyTAY (L + 1o — 1
o = (27 ) in (22 2—2) 26)
q Iy

Substituting Eq. (23) into Eq. (22), the synergetic control
signal is defined as:

YL Vo
dt) = 1- 30R PR\ V. 27)
s (s ) Y

Asymptotic stability is obtained using the Lyapunov
function candidate:

1
v, =S¥ (28)

The derivate of V|_is:

a=v @)=l e
dt dat) T, (29)
Consequently we have:

—— === <

a = (-x)v=o @0
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5. Results and discussions

In this section we show the two parts of our work,
which in the first we present the validation by simulation of
the synergetic approach and the second part gives the
experimental results.

5. 1. Simulation results

Simulation results for SP75 PV module are presented,
whose specifications are stated in Table 1.

Table 1. Specification of PV array panel SP75

Parameter Value
Maximum output power Pax 75W
Open circuit voltage Vo 21.7 (V)
Short circuit current g, 4.8 (A)

Short circuit current temperature coefficient | 2.06
K; (mAFC)

The specification of the MPPT system used in the
simulation and in the experimentation and shown in
figure.6 is tabulated in Table 2.

| = o ———| DCDCBoost Load
Imadiance | | N iL =
— B Converter
i | Va i
! !1 Duty cycle| |y,
Temperature | = Hl__m
p rrwezzanes N D r
\ﬁ Synergetic MPPT
e
Controller
Fig. 6. Proposed schematic system.
Table 2. System specification
Parameter | Value Parameter | Value
C 220 (UF) | q 1.6 x10™ (C)
L 440 (mH) | Eq 1.12 (eV)
T, 0.003 ko 1.38x10% (J/K)
T, 298 (K)
R 23Q

To show the effectiveness of the proposed control
algorithm, the PV system is modeled and simulated using
Matlab/Simulink environment.

The proposed MPPT is evaluated from two aspects:
robustness to irradiance and temperature variation. In each
figures, two different values of irradiance or temperature
are presented in order to show the robustness.
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Fig. 7 shows the tracking result at Standard Test
Condition:  Irradiance = 1000W/m2 and module
temperature = 298K. Fig. 8 shows the solar irradiance
variation.

Fig. 9 shows the tracking result at the changing
irradiance level from 500 W/m2 to 1000 W/m2.

As shown in Fig. 9, when the irradiance level sharply
changes at time 0.3s, the MPPT controller can track
quickly the maximum power point.

Fig. 10 shows the temperature’s variation.

Fig. 11 illustrates the system response under rapid
temperature change from 333K to 303K. The system
reaches steady state of both temperature levels within the
order of milliseconds.

For all the simulation results above, the synergetic
control approach is able to maintain the output at optimum
point rapidly and provide high robustness to the variation
of the external conditions.

5. 2. Experimental results
» Experimental procedure

The PV system under study and the complete automated
test bench are presented in figure 12.This system
comprises:

¢ PV modules providing 300 W of electrical power.
Every panel is constituted by 36 PV cells and can deliver
in the standard conditions of test (CST) a power of 60 W,
a current of 44 A and a voltage of 13.2V [20-21].
Because, the functioning base of our algorithm are the
electrical characteristics of the PV panels (Voltage, current
and power), then we modeled in a fine way these
characteristics according to  weather  conditions
(illumination and the temperature) and data of the
manufacturer.

e DC/DC Boost converter, whose role by using a
digital MPPT control to match the PV Panels through the
load. These converters functioning have been designed to
work in continuous regime, with a hashing frequency of 10
KHz and dimensioned for a power of the order of 200 W
[22-23].

e The implement digital MPPT controller, a
PIC16F877 microcontroller as illustrated in figure 13,
generates, according to the MPPT algorithm, a variable
duty cycle PWM signal at 10 kHz and hence allows the
PV system to converge to the maximal power point.

Fig. 12. PV panels type SP75, test bench used in the laboratory,
DC/DC Boost converter and digital MPPT control.

The DC-DC Boost converter and the designed digital
MPPT control are shown in fig. 13.

Fig. 13. Cards realized in LETAS laboratory:
(A) DC-DC converter (Boost), (B) Digital MPPT control.
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The synoptic diagram of the PV system equipped with
PV Panel DC/DC Boost the digital MPPT control is presented in figure (14).

Converter Load To validate the new approach, the PV system is
SP75 R T exposed to the solar radiation intensity varying from 730
= W/mz2 to 765 W/mz2 at 34 °C. The parameters of the boost
L invercer Anpiter MOSFET Driver f:sr;;/tec)rrte()rf ;;eg 'L—440uH, C=220uF, and the load is a
|_ v On the fig. 15, the experimental electrical quantities

icrocontroller . .
L5l Amplifier of the PV panel and the simulated values corresponding to
R1 Pici6rer? the maximum power point (power, voltage, current, duty

T cycle and macro-variable) are presented.

Fig. 14. Synoptic diagram of the PV system equipped
with the digital MPPT control.
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The obtained experimental results show:

- A very good agreement between experiment and
simulation results.

The synergetic PV system has been driven to the
maximum value 40.95W at 200 ms by the synergetic
controller (figure 15.(A))

- The voltage value after 200 ms is approximately
13V and the current effectively oscillate around the
optimal 3.15 A value (figs. 15.(B) and 15.(C) respectively)

- The 0.57 duty cycle value which allowed us to
reach the MPP at 200 ms is showed in the figure 15. (D)
with a macro variable converging to near zero (fig. 15.
(E)).

All the obtained experimental results show the
validity of our approach, and the good functioning of the
PV systems equipped with the digital MPPT synergetic
control.

6. Conclusion

In this paper a new MPPT control strategy based on
the synergetic control theory has been developed. The
proposed controller is able to achieve the maximum power
point under different temperatures and solar irradiances for
photovoltaic systems.

This system is mainly composed of a solar array,
DC/DC boost converter, synergetic MPPT controller, and
an output load. The stability of the closed-loop system is
guaranteed using the Lyapunov synthesis.

Both  simulation in  MATLAB/Simulink and
experimental results are presented to validate the efficacy
of this proposed approach, thus the obtained simulation
results clearly demonstrate that the synergetic MPPT
controller provides effective tracking of Maximum Power
Point. Therefore, the simulation results confirm the
validity of the synergetic control approach and its
robustness to the variation of external conditions.

The experimental results validate the proposed
synergetic approach and give a satisfactory results
compared with those obtained by simulation.
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