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Abstract
A hybrid control technique combining fuzzy logic control and synergetic
control is proposed to extract maximum power of Standalone PhotoVoltaic
System (SPV). The combined control law ensures the quick convergence of
the SPV operating point towards the maximum power point without any
chattering. The addition of fuzzy control makes the system robust under the
presence of modeling uncertainties and external disturbances such as variable
irradiance and temperature. The simulations results of the proposed hybrid
control scheme are presented and performance comparison to individual
control schemes i.e synergetic control and fuzzy control is studied under
various atmospheric conditions. The MATLAB based simulation results
show the effectiveness of presented scheme such as higher efficiency and
quick convergence to MPP with reduced oscillations.
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1 Introduction
Rapid increase in the population and industrialization of the world is the
prime cause of huge demand in the energy. The critical features of fissile
fuels such as insufficiency, high prices and global warming, are the main
driving force behind the search of other sources of energy. The solar energy
became a major source in many parts of the world as a result of its ecological
cordial characteristics, abundant in volume and easily accessible nature. In
the solar energy conversion system, the photovoltaic (PV) cell is the
fundamental element whose dynamics depends on the radiation and
temperature. Essentially the SPV system consists of PV source, power
electronic converter and load. The maximum power point tracking (MPPT)
algorithm is an algorithm, which always extracts maximum power from PV
source.
This paper presents a hybrid control scheme combining the features of
fuzzy logic control with synergetic control to extract maximum power of
photovoltaic system using boost converter as MPPT system. This combined
control performs well and overcomes the disadvantage of the synergetic
control.
The organization of this paper is as follows. Section 2 gives a concise
review about the literature review on various MPPT techniques. Section 3,
presents PV module modeling, working of the MPPT system, and modeling
and design of boost converter. Section 4 explains the design procedure of
proposed fuzzy synergetic control (FSC) technique. In section 5, simulations
results analyzed in comparison to conventional P&O and synergetic control
methods, and then the conclusions given in last section.

2 Literature Survey
The MPPT control is a challenging task, because the solar radiation is
time dependent and also the model of PV system is highly non linear in
nature. For these reasons, the design of an appropriate MPPT controller is
hard to design. A wide choice of MPPT methods are presented in literature
such as P&O, IC, fractional Voc, fractional lsc [1-2], AI based methods as
neural networks(ANN), fuzzy logic (FL) and Sliding mode control (SMC)
methods [3-4]. The choice of MPPT is highly application-dependent and
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unmistakably each MPPT technique has its own preferences and weaknesses.
The P&O method fails in case of quick environmental changes, and in IC
method the operating point oscillates around the MPP [5]. The ANN based
technique MPPT algorithm needs a great amount of training data to acquire
reasonable results, which limits its application [6]. The SMC based MPP
tracking suffers from the drawback of chattering phenomenon [7].
Synergetic control (SC) is a nonlinear control strategy like sliding mode
control utilizes the benefit of variable structure nature of the system and
accomplishes the objective using switching control by changing structure
form one state to another state continuously [8]. Contrasted with SMC the SC
is more robust to load changes and parameter variations and improving the
control performance with reduced chattering, finite time convergence and
less steady state error [9]. However, the synergetic control alone cannot
tackle the modeling uncertainties and disturbances completely. The fuzzy
control is an intelligent control strategy utilizes the knowledge of human
experience and performs well for the uncertain nonlinear systems. It
overcomes the disadvantage of conventional control methods, which only
can be applied to systems with the mathematical model [10-11].

3 Standalone Photovoltaic System
Standalone photovoltaic (SPV) systems are intended to work
autonomously, without depending on the electric utility grid to supply simple
electrical loads. The direct-coupled system is the basic SPV system without
any energy storage system, i.e batteries operates only during daytime. The
output of the PV panel through power converter is directly connected to the
loads such as circulation fans, water pumps [12].
The schematic diagram of the Standalone Photovoltaic (SPV) system
with PV panel and essential components is shown in figure. 1. The PV panel
is a network of several PV cells interconnected in series and parallel to obtain
desired output voltage and current.

Figure 1 Block diagram of the SPV system
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The dynamic equation obtained from the diode model of PV cell shown
in figure 2 is given in (1) and it also gives the current – voltage characteristic
of PV source.

Figure 2 Model of a photovoltaic cell


  q (VPV  Rs I PV )   (V  Rs I PV )
I PV  n p  I Ph  I o e  AkTn s   1  PV
n s Rsh









(1)

Where VPV and IPV are PV generated voltage and current. Rs and Rsh are
the parasitic resistances, Io is the diode dark current, np and ns are the quantity
of parallel and series solar cells. Other quantities are A is unit less factor
depends on junction material, k is constant (1.38×10−23 J/K) and T is the
cell’s temperature (K).
The dependence of the photo current, Iph on the two important variables
insolation G and temperature T, is expressed as,
G
I Ph _ STC  Ki (T  TSTC 
I Ph 
(2)
GSTC
Where IPh_STC , TSTC and GSTC are the photo-current, temperature and
insolation at STC. The Ki is a constant given by manufacturers.
The ratings of the PV module considered (CENTSYS 120W) at 25oC,
1000W/m2 from the datasheet are Pmax= 120W, Voc = 22V, Isc= 7.06 A, Vmax
= 18V and Imax= = 6.67 A.
Figure 3 demonstrate the impact of differing climate conditions on the
MPP locations in P-V characteristic. Figure 3(a) demonstrates the variation
between open circuit voltage (Voc) and the PV power generated when there is
increase in the insolation. It is can be understood that the reduction in the
insolation causes a decrease in the generated PV power. Figure 3(b),
explains, at the consistent insolation (1000 W/m2) and rising temperature
conditions, the Voc decreases.
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(a)

(b)
Figure 3 Impact on P-V curves with (a) variable insolation (b) variable temperature

The operation of PV system is desired always at or close to maximum
power point, which is ensured by MPPT controller. The continuous
extraction of maximum power is accomplished through continuous switching
of the boost converter shown in figure 4, by controlling the duty cycle [13].

Figure 4 Circuit model of Boost converter
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The converter output (Vo), which is the voltage across load is always
greater than or equal to the input VPV which is PV array voltage. The voltage
level conversion is controlled by switching on and off of the swich S at a
high frequency. The designed parameters are: Inductance, L = 8.256 mH,
Capacitance, C = 26.8 F, Switching frequency, fsw = 10 KHz, Voltages VPV
and Vo are 18V and 55V respectively.
The dynamic equations when the duty cycle D = 1, switch (S) is ON are
given as [14],
dI L 1
 VPV
dt
L
(3)
dVo
1

Vo
dt
RC
The dynamic equations when the duty cycle D = 0, switch (S) is OFF are
given as,
dI L 1
1
 VPV  Vo
dt
L
L
(4)
dVo 1
1
 IL 
Vo
dt
C
RC
The complete model of the converter becomes,

dI L 1
1
1
V
 VPV  (1  D)Vo  (VPV  Vo )  o D
dt
L
L
L
L
dVo (1  D)
V
1
V
I

IL  o
 (I L  o )  L D
dt
C
RC
C
R
C

(5)

Let the three state variables are x1  I L ; x2  Vo , then the state vector x
becomes,

 x1   I L 
x  
 x 2  Vo 

(6)

The state space model is represented as,

dx
 f ( x, t )  g ( x, t ) D
dt
1

 Vo 
 L (VPV  Vo )


f ( x, t )  
; g ( x, t )   L 

1
V
I
 (I L  o ) 
 L 
R 
C
 C

x&

(7)

(8)
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4 Proposed Fuzzy Synergetic Controller
The nonlinear system dynamics are expressed by the differential
equation as follows,

x (t )  f ( x)  g ( x)u

(9)

Where x is the n-dimensional state vector, u is the m - dimensional
control input and t is time.
The design procedure of synergetic control for the nonlinear system
involves the following steps.
Step 1: Selection of a macro variable which is a nonlinear function of state
variables as,
(10)
   ( x, t )
The synergetic control will drive the system to converge to the surface
(Ψ = 0).
The selection of macro-variable is based on the specifications for
example the settling time, the steady state error and constraints on control
output.
Step 2: Selection of the desired dynamics of the macro-variable as
Ts    0 , Ts  0
(11)
Where Ts is the time constant, which determines the rate of convergence,
smaller the value greater the rate of the transition processes.
Applying the chain rule of differentiation the derivative of ψ becomes,

 

d d dx d


x
dt
dx dt dx

(12)

From equations 9 and 12,

Ts

d
dx

( f ( x)  g ( x)u )    0

(13)

Solving the equation 13 for u, the derived control law is expressed as,

u SC   [ x ( x) g ( x)]1  x ( x) f ( x)  [Ts  x ( x) g ( x)]1  ( x)  ueq  u sy

(14)

Where ueq  [ x ( x) g ( x)]1  x ( x) f ( x) and u sy   [Ts  x ( x) g ( x)] 1  ( x) (15)
From the equation 15, it is observed that the control u depends on the
state variables as well as on the time constant Ts and the macro variable Ψ.
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Figure 5 Schematic diagram of Fuzzy Synergetic Controller (FSC)

The combined fuzzy synergetic control is the sum of synergetic control
and fuzzy control [15].
uFSC = ueq + usy +ufl
(16)
The fuzzy controller takes the synergetic function Ψ as input and
produces ufl as output as ufl = Fuzzy(Ψ).
Similar to other MPPT techniques, the design of the fuzzy synergetic
MPPT controller depends on condition that at the MPP the ratio of change in
generated PV power to the change in current should be zero. Accordingly the
selected manifold Ψ is expressed as a function of IL,

 

P
I L

(17)

For the considered boost converter, the manifold Ψ is a function of IL
only, which is the state variable x1, the inductor current.
The manifold in terms of PV variables,

 ( x) 

PPV (VPV I L )
V

 I L PV  VPV
I L
I L
I L

Hence using the chain rule of differentiation
 V
 2VPV  
d d
 ( x) 

x1   x1 IL  2 PV 
IL  IL
dt dx1
I L2
 I L

2
 V
d
 VPV 
  x1  2 PV 
IL 
dx1
I L2
 I L


(18)

(19)
(20)

The derived control law is

DSC  Deq  Dsy  [ x1 ( x) g1 ( x)]1  x1 ( x1 ) f1 ( x)  [Ts  x1 ( x) g1 ( x)]1  ( x)

(21)
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(23)

The overall output of combined fuzzy logic and synergetic controller is
(24)
The design of fuzzy control involves four major operations as following:
the fuzzification converts crisp input into proper fuzzy value, continuous
interaction with rule base, the fuzzy inference to decide which rule has to fire
based on the current input, and the final stage is the defuzzification, which
converts the fuzzy values to crisp output.
The input Ψ and output Dfl of the fuzzy controller are partitioned into
five fuzzy variables, NB, NS, ZE, PS and PB respectively as shown in figure
6.

DFSC (k  1)  DSC (k )  D fl (k )  Deq (k )  Dsy (k )  D fl (k )

(a)

(b)
Figure 6 Fuzzy membership functions (a) Ψ (b) Dfl
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The operating range of Ψ is determined from the simulation studies of PV and V-I characteristic curves which results as [−10,10]. The range of
output variable Dfl is considered as [−0.01; 0.01]. The five fuzzy rules are
shown in table 1

Table 1 Rule base of FSC MPPT controller
Rule
Statement
1
IF Ψ is PB, then ufl is NB
2
IF Ψ is PS, then ufl is NS
3
IF Ψ is ZE, then ufl is ZE
4
IF Ψ is NS, then ufl is PS
5
IF Ψ is NP, then ufl is PB

5 Result Analysis
The figure 6 and 7 demonstrates the simulation results of PV output
power variation and corresponding duty cycle variation of designed boost
converter for the considered PV system using the two MPPT controllers at
temperature = 25oC and solar insolation =1000W/m2. Clearly, it very well
may be reasoned with the Fuzzy Synergetic controller, the generated PV
power reaches the maximum value quicker than the synergetic controller and
P&O algorithm. However, with the P&O method the duty cycle variation is
much higher.

Figure 6 The PV power under standard climatic conditions

Fuzzy Synergetic Controller Based MPPT for Standalone Photovoltaic System 569

Figure 7 The duty cycle of boost converter under standard climatic conditions

The figures 8 and 9 shows variation in the generated PV power and
corresponding duty cycle under variable irradiance conditions i.e the
irradiance is varied from 600 W/m2 to 1000W/m2 at time 2sec. From figure
9, with the fuzzy synergetic controller the photovoltaic system has reacted
accurately by generating power quickly and reaches the maximum value
without any undershoots when compared to Synergetic controller and P&O
algorithm under condition of sudden change in irradiance. The corresponding
variation in the duty cycle of designed boost converter is shown in figure 9.
Using the P&O method the duty cycle variation is very high and the
oscillations present in the initial stage continue throughout the operation.
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Figure 8 The power under variable irradiance

Figure 9 The duty cycle under variable irradiance

The figure 10 and 11 shows variation in the generated PV power and
corresponding duty cycle under variable load conditions i.e the load
resistance is abruptly varied from 50 to 100 Ω at 2 sec. The fuzzy synergetic
controller maintains the generated PV power at maximum value without any
interruption when compared to Synergetic controller and P&O algorithm.
The variation in duty cycle using fuzzy synergetic controller is limited to ±3
% of 0.67 when compared to the variation ±10 % of 0.67 using synergetic
controller and ±20 % of 0.67 using P&O method.
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Figure 10 The generated power under load change

Figure 11 The duty cycle under load change

6 Conclusions
The design and analysis of a hybrid MPPT controller combining
intelligent fuzzy logic control and nonlinear synergetic control theory is
presented in this paper. The fuzzy synergetic MPPT controller drives boost
converter such that the PV output power is always at it’s the maximum under
the disturbance conditions such as sudden change in irradiance and load
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when compared to the synergetic controller and P&O algorithm. The
variation in duty cycle is also less using fuzzy synergetic controller. The
superiority of proposed controller is shown by comparing the simulation
results with the synergetic controller and standard P&O MPPT algorithm.
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