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Fuzzy Controller for StandAlone Hybrid
PV-Wind Generation Systems

G. Balasubramanian, S. Singaravelu

Abstract—This paper proposes a fuzzy logic based voltage
controller for hybrid generation scheme using solar and wind
energy for the stand alone applications. The fuzzy logic controller
is designed to vary the duty-cycle of the DC-DC converter
automatically such that to maintain the load voltage constant. The
hybrid scheme inherently adapts to the changes in wind speed or
load on generator. A dynamic and steady-state mathematical
model and simulations for the entire scheme is presented. The
model is implemented in the MATLAB/Simulink platform. Results
from the simulations and laboratory tests bring out the suitability
of the proposed hybrid scheme in remote areas.

Index Terms—DC-DC converter, Fuzzy logic, Induction
generator, PV array, Single-phase and Wind energy.

I. INTRODUCTION

Wind and solar energy conversion are gaining prominence
over the conventional energy conversion due to great
advantages like being abundant in nature, recyclable and
causing too less pollution [1]. It can be used separately or as
hybrid for three phase or single phase power generations. For
remote residential power supply applications such as water
pumps, village electrification etc., need single-phase power
generation. Hence this paper investigates one such hybrid
scheme comprise PV array and single phase self excited
induction generator.

Generally, PV power and wind power are complementary
since sunny days are usually calm and strong winds often
occur on cloudy days or in night time [2]. The hybrid
PV-wind power system therefore has higher availability to
deliver continuous power and results in a better utilization of
power conversion and control equipment than with of the
individual sources [3].

In case of stand-alone wind power generation system with
a self-excited induction generator, it is necessary to provide a
dynamically variable reactive power to maintain constant
output voltages [4-7]. But in case of solar-wind hybrid
scheme the necessary reactive power under varying rotor
speed or load can be achieved by providing a single-phase
fixed frequency pulse width modulation (PWM) inverter fed
from the photovoltaic array.

In this paper fuzzy logic controller is designed to vary the
duty-cycle of the DC-DC converter such that to maintain the
load voltage constant under varying rotor speeds or loads.
The hybrid scheme comprises one set of fixed capacitor bank
and a parallel connected single-phase fixed frequency pulse
width modulation (PWM) inverter fed from the solar panels
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which provide the reactive power requirements to the
induction generator.

A dynamic d-q axis and steady-state mathematical model
for the entire hybrid scheme is presented. The complete
system is modeled and simulated MATLAB/Simulink
environment. Results from simulations and laboratory tests
show that the dynamic reactive power compensation is
inherent.

Figure 1 describes the hybrid scheme of solar-wind with
the proposed fuzzy logic controller. A self-excitedsingle
phase induction generator (SESPIG) connected in parallel
with the inverter. The base level excitation requirement is
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Figure 1. Schematic diagram of solar-wind hybrid scheme

provided by one fixed capacitor bank. The additional
excitation requirements under varying rotor speed or load is
supplied by the parallel connected inverter fed by solar array.

Whenever the wind speed is lower than the nominal
synchronous speed or at higher load, the SESPIG generates
less than the rated voltage if no parallel inverter. But in the
proposed hybrid scheme due to the presence of parallel
connected inverter fed by battery which is charged by the
photovoltaic array will provide the necessary additional
lagging reactive power to the SESPIG to develop the rated
voltage. At the same time the battery will supply a small
amount of real power through inverter. Whenever the wind
speed near to the synchronous speed or beyond, the real
power supplied by the inverter decreases in magnitude. The
reactive power supplied by the inverter is also decreases
because of the fixed capacitor bank. Thus the inverter
supplies the balance reactive power (difference in fixed
capacitance var and the actual requirement) at the given
speed and load condition. Also the battery connected to the
inverter supplied a limited real power. At the same time the
generator frequency is tied to the inverter output frequency.

The above said can be achieved by the proposed fuzzy
logic controller which varies the duty cycle of DC-DC step
up converter automatically. This proves the self-regulating
mechanism of the proposed scheme.

Il. PV ARRAY MODELING

Figure 2 shows the equivalent circuit of a PV cell. A PV
cell can be represented by an equivalent circuit [8] as shown
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in Figure 2. The characteristics of this PV cell can be
obtained using standard equation (1).

I=lpy—1I, [exp (V+R51) _ 1] V4Rl (1)

Via Rp

Ipyv = photovoltaic current
lo = saturation current

Vi = NsKk T/q, thermal voltage of array

Ns = cell connected in series

T = s the temperature of the p-n junction

k = Boltzmann constant

q = electron charge

Rs = equivalent series resistance of the array
Rp = equivalent parallel resistance of the array
a = diode ideality constant

Figure 2 shows the single diode model. A single solar cell
will produce only a limited power. Therefore it is usual
practice in order to get desired power rating the solar cells are
connected in parallel and series circuits which form a
module. Such modules are again connected in parallel and
series to form a solar array or panel to get required voltage
and current. The equivalent series and parallel resistance of
the array are denoted by the symbol Rs and Rp respectively in
the equivalent circuit.

From the general 1-V characteristic of the practical
photovoltaic device one can observe that the series resistance
Rs value will dominate in the voltage source region and the
parallel resistance Rp value will dominate in the current
source region of operation.

The general equation of a PV cell describes the
relationship between current and voltage of the cell. Since the
value of shunt resistance Rp is high compared to value of
series resistance Rg the current through the parallel resistance
can be neglected. The light generated current of the
photovoltaic cell depends linearly on the solar irradiation and
is also influenced by the temperature [9] given by the
equation (2)

G
Ipy = [IPV,n+KIAT]a 2

Ipy,, = is the light generated current at nominal condition
(25°C and 1000 W/ m?)

Ay = T-T,
T actual temperature [K]
T, = nominal temperature [K]

K, = current coefficients

G = irradiation on the device surface [W/m?]
G, = nominal irradiation
I +KjA
I — scn IAT 3
0 exp(VOC’Z;I:VAT)—l ( )

Ky= voltage coefficients
K, = current coefficients

The current and voltage coefficients K, and K, are
included as shown in equation (3) in order to take the
saturation current I which is strongly dependent on the
temperature.

The output voltage is increased (where the current remain
unchanged) proportionally on number of identical PV
modules connected in series (Ng). Similarly the output
current is increased (where the voltage remain unchanged)
proportionally on number of identical PV modules connected
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in parallel (No). It can be noted that the equivalent series
and parallel resistance are directly proportional to the number
of series modules and inversely proportional to the number of

parallel modules respectively.The equation for array
composed of Ng, X Npor given by equation (4)
C‘)lpv NZ D
Figure 2: Equivalent circuit of PV cell
N
V+RS(NSJ) I
I = IpyNpar — IoNpar [€XP (VCT::: -1]-
N
V+R5(N;Z:) I @
RP(Nser)
Npar
lmp 440 A Ve 21.20V
Vip 17.00 V a 1.3
P max 74.8 W Ree 0.511 Q
lse 5.02 A Rqh 4425 Q
N, 36 Ky -74.7 mv/°C
lon | 9.83x10°A | K, [ 2.80 mA/°C

Table I. Parameter of KCP -12075 solar array at 25°C,
1000W/m?

The parameter of solar array (KCP -12075 at 25°C,
1000W/m?) used for theoretical and experimental setup is
given in table I.

I1l. DYNAMIC MODELING OF SESPIG

The d-g representation of single-phase two-winding
induction generator is shown in Figure 3.

The dynamic equations [10] governing the stator and the
rotor currents in the stator flux coordinates can be written as
follows

d . . d
(Lias) , (igs) = Vas — Tgslas — R (C (5)

(Ligs +1L1) % (igs) = Vs —Tyslqs —Rulgs — %(qu)
(6)
(Lyar) i (igr) =
Var — Tar idr - % (llumd) - awr(quriqr + l‘Umq)
()
(Ligr) % (igr) =Vgr = Tqrigqr — % (Ping) + % (Ligrlar +
Ymd (8)

The state equations of capacitor bank are derived using the
d-q components of stator voltages as state variables from the
Figure 3.

d _ ids

E(vds) = Tl (9)
d igs

P (ves) = - Cze (10)
where

l‘umq = Lmqlmqlpmd = Lpnalma

lmg = lgs tlgrlma = las + lar
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Figure 3: Circuit representation of the single-phase in d-q axes
stationary reference frame

IV. STEADY STATE MODELING OF SESPIG

The steady-state equivalent circuit of SESPIG is shown in
Figure 4.
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Figure4: Equivalent circuit of SESPIG

The parameters of equivalent circuit are:
7, = jFXy;
L, =1y;
Zs = R, F/(F —v) +jFX;;;
Z, = Ry F/(F +v) +jFX, ;
Zs = Rim + jFXim
Lo =1Zs;
Z, = Rya /2a% + jFX 5 /222 —jX./2Fa% —
Rim /Z_jFle/Z}
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Zyr =1y
Zyy = —Ry /2 —jFX,, /2
ZiT = RF +jFXF + Vi

Ly =TIy
Zil = RF/Z +]FXF/2 +V1/2

The branch admittances are:

Yo =1/Z2; Yo =1/Zy; Yz =1/Zs;

Yo =1/24; Ys =1/Zs; Yo =1/Zg;

Y, =1/Z27; Yo =1/Z;  Yir=1/Ziy;
Yiu =1/214; Yir =1/Zims Yy = 1/Z;;

Yin =1/Zyy

Let V3, Vs, V3, V4, Vs and Vg be the node voltages at nodes
1, 2, 3, 4, 5 and 6 respectively. By applying Kirchhoff’s
current law at nodes 1, 2, 3, 4, 5 and 6 respectively the
following equations (11) can be obtained.

I; =1 +1g

L =1, +1; +1,+1,

Iy =1, +1,

Iz =g +1q

I; =l +1i4

Ie =l; +113 (11)
where,

L=, —V)Yy, L = (V, —V3)Yy;

L=, =V)Ys; L= (V, — V)Y

Is=Wy —V)Ys; Ig = (V3 —Ve)Ys;

L=, =Va)Yy; Ig = (V4 + V)Y

Iy =VoYir; Lo=WWs+V; /2)Yy/2

Ly =WaY1/2; Lz = (Vg + V)Y

Lz =VYy; (12)

On substituting equations (12) in equations (11) and
rearranging the resulting equations in matrix form, we can get
the following matrix

ZL = RL +jFXL
[ (Y1+Y3+Y5)  -(Y1+Y3) 0 -(Y5) 0 o vl [ o ]
-(Y1+Y3) %1:\772; Y3+ _(v2+va) 0 _(YT) 0 Vo 0
0 v2+vay 46)+ Y2+ 0 0 -(Y6) | vy 0
-(Y5) 0 0 Qﬁ;w‘* 0 0 Val| |-virzi
(13)
0 “(Y7) 0 0 Qﬁ)*w—“ 0 V5| |-Vi/zi
0 0 -(Y6) 0 0 G | ve | |-viizi)

The matrix (13) is formed from the per-phase equivalent
circuit is shown in Figure 4. The terminal voltage and the
frequency of the induction machine are fixed at the nominal
level [11]. The matrix (13) can be inverted to find the node
voltages Vi, V,, Vs, V4, V5 and Vg respectively. Once the
node voltages are found the inverter current from equation
(12) can be obtained for a given speed and inverter voltages
V;.The value of magnetizing reactance Xyis calculated from
the magnetization characteristics. The parameters of the
laboratory machine along with magnetization characteristics
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of the test system and the flowchart for predicting the
steady-state response are given in the Appendix.

V. DC-DC BOOST CONVERTER

A dual stage power electronic system comprising a boost
type dc-dc converter and an inverter is used to feed the power
generated by the PV array to the load. To maintain the load
voltage constant a DC-DC step up converter is introduced
between the PV array and the inverter. The block schematic
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of the proposed scheme is shown in Figure 1. In this scheme a
PV array feeds DC-DC converter used in step-up
configuration. The voltage across the DC-DC converter is fed
to a single-phase, quasi-square-wave IGBT inverter a
single-phase fixed amplitude and fixed frequency supply is
obtained to feed an isolated load. For a dc-dc boost converter,
by using the averaging concept, the input—output voltage
relationship for continuous conduction mode is given by
Vo/Vin = 1/(1 —D) (21)
Where, D = duty cycle. Since the duty ratio “D” is between 0
and 1 the output voltage must be higher than the input voltage
in magnitude. It should be noted that the control logic of such
dc-dc converter has to be different when it is fed from a stiff
DC source. The duty ratio of the chopper is found to increase
linearly with increase in cell temperature and hence the
intensity.

As the inverter DC voltage varies with irradiation to obtain
constant amplitude and constant frequency supply from the
inverter, a closed loop fuzzy controller is incorporated to
automatically vary the duty-cycle of the DC-DC converter to
obtain constant DC voltage at the inverter input terminals.
The inverter output is then applied to an isolated load. At the
same time fuzzy controller will maintain the output voltage
of inverter by supplying the required reactive power
according to the change in speed of the wind and load. This
can be achieved by maintaining the battery voltage
adequately high.

VI. FUZZY LOGIC MPPT CONTROLLERS

The conventional PI controllers are fixed-gain feedback
controllers. Therefore they cannot compensate the parameter
variations in the process and cannot adapt changes in the
environment. Pl-controlled system is less responsive to real
and relatively fast alterations in state and so the system will
be slower to reach the set point. On the other hand P&O
method for MPPT tracking will not respond quickly to rapid
changes in temperature or irradiance. Therefore the fuzzy
control algorithm is capable of improving the tracking
performance as compared with the classical methods for
both linear and nonlinear loads. Also, fuzzy logic is
appropriate for nonlinear control because it does not use
complex mathematical equation.

The two FLC input variables are the error E and change of
error AE. The behavior of a FLC depends on the shape of
membership functions of the rule base. In this paper a fuzzy
logic control scheme (Figure 1) is proposed for maximum
solar power tracking of the PV array with an inverter for
supplying isolated loads. They have advantages to be robust
and relatively simple to design since they do not require the
knowledge of the exact model. On the other hand the
designer needs complete knowledge of the hybrid system
operation.

A. Fuzzification

The membership function values are assigned to the
linguistic variables using seven fuzzy subset called negative
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big (nb), negative medium (nm), negative small (ns),
zero(zr), positive small (ps), positive medium (pm), positive
big (pb). Fuzzy associative memory for the proposed system
is given in Table-2. Variable ¢ and Ae are selected as the
input variables, where e is the error between the reference
voltage (V;) and actual voltage (V,) of the system, Ae is the
change in error in the sampling interval. The output variable
is the reference signal for PWM generator U. Triangular
membership functions are selected for all these process. The
range of each membership function is decided by the
previous knowledge of the proposed scheme parameters.

B. Inference engine

Inference engine mainly consist of Fuzzy rule base and
fuzzy implication sub blocks. The inputs are now fuzzified
are fed to the inference engine and the rule base is then
applied. The output fuzzy set are then identified using fuzzy
implication method. Here we are using MIN-MAX fuzzy
implication method.

C. Defuzzification

Once fuzzification is over, output fuzzy range is located.
Since at this stage a non-fuzzy value of control is available a
defuzzification stage is needed. Centroid defuzzification
method [12] is used for defuzzification in the proposed

Table2. Fuzzy associative memory for the proposed system
e Ae

nb |nm |ns zr ps pm |pb
nb |nb nb |nb |nm |nm |ns zr
nm |nb nb nm |nm |ns zr ps
ns nb |nm |nm |ns zr ps pm
zr nm |nm |ns zr ps pm |pm
ps nm |ns zr ps pm |pm |pb
pm |ns zr ps pm |pm |pb |pb
pb |zr ps pm |pm |[pb |pb |pb

scheme.The membership function of the variables error,
change in error and change in reference signal for PWM
generator are given in Table 2.

VII. RESULTS AND DISCUSSION

A MATLAB based modeling and simulation scheme
(Appendix) with fuzzy logic controller is proposed which are
suitable for studying performance of the hybrid scheme
(Figurel). The photovoltaic 1-V and P-V characteristics are
discussed. Also, the steady-state and dynamic characteristics
of the hybrid scheme under varying speed and load
conditions are discussed.

A. PV-Characteristics

The behaviour the PV cells and its characteristics are
discussed in this section. It is found that the set of P-Vandl-V
characteristics are highly nonlinear and dependent on solar
irradiance of the PV array.Figure 5(a) and 5(b) shows P-V
and |-V characteristics of a PV cell. It can be observed that as
the cell temperature remain constant the PV output voltage
remains nearly constant while the PV output current
increases with increasing solar intensity.
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Figure5(a): P-V Characteristics

VIIl. DYNAMIC RESPONSE OF HYBRID SCHEME

The simulated per phase current and voltage waveform
across the load is shown in Figure6(a). The simulated per
phase current waveform (Fig. 6(b)) shows, even though the
load is applied at 2.25 seconds the voltage across the load
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Figure5(b): 1-V Characteristics

remains almost constant. Figure 6(c) and 6(d) shows the
experimental waveforms of voltage and current respectively
under loading conditions. Some harmonics have been
introduced in the proposed scheme found in the waveforms it
can be eliminated by

introducing necessary filters.

)

C—"
Figure 6(c).

Figure 6(d).

Figure 6. Simulated and Experimenal waveforms

IX. STEADY STATE PERFORMANCE OF HYBRID SCHEME

The per-phase equivalent circuit is shown in Figure. 4. A
new mathematical model for the steady-state analysis in
matrix form (equation 13) is presented in section IV. The
steady state model includes the equivalent circuit of the
inverter and its impedance of the inverter side filter. The
steady-state characteristics under varying rotor speed of the
SEIG from 1400 to 1700 rpm and minimum to maximum
irradiation from 0.3 to 0.9 kW/m? of the PV cell are
discussed.

Figure 7(a) shows wind speed variation from 1400 to 1700
rpm at minimum solar irradiation of ~ 0.3kW/m?. When the
wind speed is around 1400 rpm (below synchronous speed)
the PV array power increases (by proportionally varying the
duty cycle of DC-DC converter) and supplies the additional
power to the load through the inverter and hence the load
voltage is maintained as desired. On the other hand when the
wind speed is around 1550 rpm (above synchronous speed)
the SEIG will supply directly the additional power to the load
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and hence the load voltage is maintained as desired wherein
the PV array power decreases.

700 r 250
4
600 L 200
__ 500 - -
El 400 - 150 %
%300 | 2
H 0z
200
A 50
100 H
0 T T T T T + 0
1400 1450 1500 1550 1500 1650 1700
Speed(r.p.m)
load powerWw B load power W (expt)
— v aFray power W ® pv array power(expt)
m——vyind power W A wind powerW (expt)
—|oad voltage /phaze (v) & load voltage/phaseexpt)

Figure. 7(a) Minimum irradiation and varying windspeed

Figure 7(b) shows wind speed variation from 1400 to 1700
rpm at maximum solar irradiation of 0.9kW/m?. When the
wind speed is around 1400 rpm (below synchronous speed)
since the solar irradiation is maximum the PV array power
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increases and supplies the additional power to the load
through the inverter and hence the load voltage is maintained

Power W)
(n) ade3jon

T T T T T
1400 1450 1500 1550 1600 1650 1700

Speed (r.p.m)
load powerW B load power{expt)
—y ErrEy W ® pyarray(expt)
wind power W A wind powerW (expt)
= |nad voltage/phase + load voltage/phase (expt)

Figure. 7(b) Maximum irradiation and varying windspeed

as desired. On the other hand when the wind speed is around
1550 rpm (above synchronous speed) the SEIG will supply
directly the additional power to the load and hence the load
voltage is maintained as desired wherein the PV array power
decreases (by proportionally varying the duty cycle of
DC-DC converter).

Figure 7(c) shows variation of solar irradiation from 0.3 to
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Figure. 7(c) Minimum wind speed and varying irradiation

0.9kW/m? at minimum wind speed of 1400rpm. When the
irradiation is minimum of 0.3kw/m?the PV array power has
to be increased by proportionally varying the duty cycle of
DC-DC converter. Thus the additional power will be
supplied by the PV array through the inverter to the load and
hence the load voltage is maintained as desired. On the other
hand when the irradiation is maximum of 0.9kw/m?the PV
array power directly supplies the additional power to the load
and hence the load voltage is maintained as desired.

Figure 7(d) shows variation of solar irradiation from 0.3 to
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Figure. 7(d) Maximum wind speed and varying rradiation

0.9kW/m? at maximum wind speed of 1700rpm. When the
irradiation is minimum of 0.3kw/m?the SEIG will directly
supplies the additional power to the load and hence the load

voltage is maintained as desired. On the other hand when the
irradiation is maximum of 0.9kw/m?the PV array power has
to decreased by proportionally varying the duty cycle of
DC-DC converter the SEIG still supplies the additional
power to the load and hence the load voltage is maintained as
desired.

The above said can be achieved by the proposed fuzzy
logic controller which varies the duty cycle of DC-DC step
up converter automatically. This proves the self-regulating
mechanism of the proposed scheme.

X. CONCLUSION

A hybrid scheme for isolated application employing solar and
single phase wind driven induction generator is proposed
with fuzzy logic controller with optimized rule-base. A
DC-DC converter is intervened between the PV array and the
inverter to obtain constant load voltage with variations in
irradiation and wind speed. Using the mathematical model
described the photo-voltaic, dynamic and steady-state
characteristics are discussed. The simulated and experimental
waveforms are focused on both the steady-state and dynamic
behaviour which demonstrate the validity of the proposed
model. The experimental result of hybrid scheme shows the
operation of the controller for constant load voltage had
inherently resulted in balancing of power between the two
sources while supplying constant power to the load.

APPENDIX

The flowchart for predicting the steady-state response
discussed in section IV is given in Figure 8.

Read Machine Data, Inverter
Data and Load parameters

. gl
| Set Initial Speed |
¥
Using Matrix equation (13) find the node
voltages Vi V3 Vi, Vg Vs and Vi

¥

Compute Inverter current using
Equation (12)

¥

Compute Inverter voltage, currents,
Terminal voltage, currents, air gap
voltage Magnetizing reactance Xy, and
Magnetising current

v

A Compute real power of generator,
inverter and Load

‘ Increment Generator Speed ‘

¥

Is generated speed reaches
required range

NO YES

Figure 8. Flowchart for steady-state response

A MATLAB (version 7.9.0.529) based modeling and
simulation scheme along with fuzzy logic controller is
proposed (Figure9) which are suitable for studying the
steady-state and dynamic behaviour of the hybrid system.
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Figure 9. Hybrid solar/wind scheme with fuzzy controller in simulink (version 7.9.0.529)

Machine Parameters
Base values:

Vpase = rated voltage =230V
lnase = rated current =2A

Zbase = Viase ! loase = 38.33 ohms
Base power Ppase = Viase™ lpase = 0.75 KW
Base Speed Nbase =1500 rm
Base frequency foase =50 Hz

The p.u parameters of the machine are:
RlM = 00734, Rz = 01036, XlM = X|r = 01675,
Ria=0.1357,  X;4=0.3074, anda=1.25

The magnetizing reactance Xy versus air gap voltage
V /Fexpressed (in p.u) by a set of piecewise linear
approximations are given below.

V,/F=1.689-0.2Xy for Xy <3.2
V,/F=2.844-0.555Xy for Xy> 3.2
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