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Abstract - It is proposed to employ doubly-fed induction 
generator (DFIG) in stand-alone wind system with battery 
storage. The proposed system is of low cost compared with the 
traditional system. Pulse-width modulation (PWM) converter is 
controlled to ensure maximum power extraction through the 
DFIG operation, provided that the battery bank is not 
overcharged, and to provide the reactive power required by the 
DFIG from the battery bank. Simulation results are provided in 
the paper for various operating conditions to demonstrate the 
capability of the system. 

 
Index Terms - Stand-alone wind system, doubly-fed induction 

generator, battery bank, pulse-width modulation converter. 
  

I.  INTRODUCTION 

Renewable energy sources, such as wind energy and 
photovoltaic energy, are used in stand-alone systems 
supplying remote houses. These sources are of intermittent 
nature and, therefore, the stand-alone systems include storage 
battery banks. The storage battery banks improve the 
reliability of these systems because the excess energy is stored 
in the battery bank, and this energy is delivered to the load 
when the available energy is not sufficient. 

The traditional configuration of stand-alone wind system 
with battery storage (residential wind system) has a 
permanent-magnet synchronous generator (PMSG) [1]–[4]. 
There is a maximum voltage limit of the battery bank to 
protect the battery bank against overcharging [4]–[7]. 
Therefore, it is required to capture the maximum power from 
the wind turbine provided that the maximum voltage limit is 
not exceeded [4]. Terminals of PMSG are usually connected 
to diode bridge rectifier and DC/DC converter [2], [3]. The 
required operation can be obtained by controlling the duty 
ratio of the DC/DC converter [3]. An alternative system has a 
controlled rectifier and a wind turbine with flexible blades. 
Optimal performance is obtained by twisting of the turbine 
blades, and the firing angle of the rectifier is kept at zero value 
while the battery voltage is less than the maximum voltage 
limit [4].     

PMSG can be used in the system with gearless drive. 
However, PMSG is expensive and heat sensitive. In many 
cases, induction generators with single-stage gearbox may be 
less expensive [8]. In [9], the authors have replaced the PMSG 
with squirrel-cage induction generator in the stand-alone 
system. In this system, the cost of the converter has been 
increased since it carries both the full active and reactive 
powers. This increase may overcome the cost saving of using 
the squirrel-cage induction generator. 

In this paper, it is recommended to use doubly-fed 
induction generator (DFIG) which provides saving in the 
converter size and results in a reduction in the overall cost. 
The proposed system is shown in Fig. 1. The PWM converter 
is controlled to provide the reactive power required by DFIG. 
Also, the PWM converter is controlled to capture the 
maximum power from the wind turbine, where this power 
must not exceed the rated power of the wind turbine, provided 
that the maximum voltage limit (Umax) of the battery bank is 
not exceeded. Different results are obtained to examine the 
performance of the system.   

II.  CHARACTERISTICS OF WIND TURBINE 

The developed mechanical power of a turbine rotor is 
given by [10]–[12]: 
 

 31 ρ
2m p wP C AV=  (1) 

 

where Cp is the power coefficient, ρ is the air density, Vw is the 
wind speed and A is the area swept by the wind turbine. The 
swept area is give by 
 

 2π=A R  (2) 
 

where R is the radius of the turbine rotor. 
The power coefficient is given as a function of tip-speed ratio 
(α). The relationship between α and CP of a wind turbine is 
given in Fig. 2, where α is given by 
 

 ωtip speed of rotor bladesα
wind speed

= =
w

R
V

 (3) 

 

where ω is the angular velocity of the turbine shaft. 
The mechanical power (Pm) against the turbine speed is shown 
in Fig. 3. This figure shows that to maximize the extracted 
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Fig. 1  Proposed configuration of stand-alone residential wind system. 
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Fig. 2  Power coefficient (Cp) versus tip-speed ratio (α). 

 

 
Fig. 3  Mechanical power against rotor speed for different wind speeds. 

 
power, the rotor speed must be varied with wind speed. 
Fig. 4 shows a typical power curve of wind turbine. The 
design of the wind turbine is such that the generation is started 
at the cut-in wind speed (Vcut-in) . In the maximum Cp region, 
the operation is at optimum value of α (αopt). The output power 
is equal to its rated value from the rated speed (Vrated) to the 
cut-out speed (Vcut-out) [11], [13]. 

III.  MODELLING OF DOUBLY-FED INDUCTION MACHINE 

Voltage equations of the DFIG are written with the 
positive direction of stator currents is out of the stator 
terminals. These voltage equations in the stationary reference-
frame are given by [14]: 
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where 
        = +s Ls mL L L  (5) 
       = +r Lr mL L L  (6) 

 = dp
dt

 (7) 
 

uqs, uds q-axis and d-axis components of stator voltages 
uqr, udr q-axis and d-axis components of rotor voltages 
ωe electrical angular speed of induction-generator 
Ls, Lr self inductances of the stator and rotor windings 
iqs, ids q-axis and d-axis components of stator currents 
iqr, idr q-axis and d-axis components of rotor currents 
Rs, Rr  stator and referred rotor resistances 
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Fig. 4  Typical power curve of a wind turbine. 

 
LLs, LLr stator and referred-rotor leakage inductances  
Lm magnetizing inductance. 
The equation of motion is given by 
 

 
ωω − −

= L e m mm T T Bd
dt J

 (8) 

where 

 
ω

ω = e
m P

 (9) 

 

ωm mechanical angular speed of the DFIG 
Te electromagnetic torque of the DFIG 
P number of pole pairs 
TL driving torque 
Bm friction coefficient 
J inertia 

IV.  MODELING OF BATTERY  

 The lead-acid batteries can be represented by the 
equivalent circuit shown in Fig. 5 [6], [15], [16], where 
Rc , Rd  internal charge and discharge resistances  
Ubat , Uboc  battery terminal and open-circuit voltages  
ibat , Cb battery current and battery capacitance 

V.  PROPOSED CONTROL SCHEME OF STAND-ALONE WIND 
SYSTEM 

The proposed control scheme of the system is shown in 
Fig. 6. In this figure, the stator-voltage vector (us) and stator-
current vector (is) in the stator frame, the rotor position (θr), 
and the DC-bus voltage (udc) are used to estimate the reference 
rotor currents iAr-ref , iBr-ref and iCr-ref . The differences between 
these reference currents and the rotor currents are the input 
signals to the current controllers, which are hysteresis 
controllers. The output signals of these controllers (A, B and 
C) determine the switching state of the PWM converter. 
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Fig. 5  Lead-cid battery equivalent circuit (directions of currents are during 
charging period). 
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Fig. 6  Control scheme of proposed stand-alone wind system. 

 
A.  Calculation of Stator-Flux angle  

The angle of the stator flux linkage (θλ) in the stator 
frame, with the positive direction of stator currents is out of 
the stator terminals, is determined as [17]: 
 

 λ ( )qs qs s qsu R i dt= +∫ ,   (10) 

 λ ( )ds ds s dsu R i dt= +∫ , (11) 

 1
λ

λ
θ tan

λ
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where  
uqs, uds   q-axis and d-axis components of stator voltages     
iqs, ids   q-axis and d-axis components of stator currents 
λqs, λds   q-axis and d-axis components of stator flux linkage 

B.  Reference Flux and Reference Torque 
The reference flux linkage is taken equal to the rated 

value when ωm is less than or equal to the DFIG rated speed 
(ωm, rated). On the other hand, when ωm is greater than the rated 
speed, the machine is operated in the field weakening region, 
thus: 
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The reference torque of the DFIG is given by: 
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where Topt is the optimal torque of the wind turbine. 
The torque Topt is obtained, according to Fig. 4, as follows: 
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where Prated is the rated power of the wind turbine, ω is the 
turbine speed, and ωopt,rated is the optimum turbine speed at 
rated wind speed (Vrated), and  is given by: 
 



 ,

α
ω opt rated

opt rated

V
R

=    (17) 

C.  DC-bus Voltage Limiter 
The block "DC-bus voltage limiter" observes the battery-

bank voltage, udc, to prevent this voltage from increasing 
above its maximum value, Umax. The output of this block, δT is 
given by: 
 

 δ δ 0= ≥∫ uT k b dt T  (18) 
 

where, 
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and k is the integrator gain. The value of k is determined by 
trial and error. In this work, k is chosen to be equal to 10. 
When udc exceeds its maximum limit, bu is set to 1 and the 
value of δTe is increased. Hence, TREF is decreased. Referring 
to Fig. 6, TREF is given by 
 

 δ= −REF refT T T  (20) 
 

Decreasing TREF has the effect of decreasing the DFIG torque 
(Te) and accelerating wind turbine beyond ωopt. Operating the 
wind turbine beyond ωopt results in less extracted power that 
makes udc close to Umax. When udc decreased below its 
maximum limit, i.e. bu equal to -1, the value of δTe is 
decreased. It should be noted that the value of δTe is not 
allowed to go below zero. 

D.  Reference Rotor Currents 
Firstly, reference currents are obtained in stator-flux 

frame as follows: 
The developed torque (Te) in the stator-flux frame can be 
given by [18] 
  

 ( )
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where 
iqr(λ)  q-axis component of rotor current  
Ls self inductance of the stator winding 
Lm magnetizing inductance  
The reference rotor current iqr(λ)-ref can be obtained by 
substituting with the values of TREF and λs,ref in (21). Thus, 
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The stator flux (λs) in the stator-flux frame, with the positive 
direction of stator currents is out of the stator terminals, can be 
given by [14]: 
 

 (λ) dr(λ)=s s ds mL i L iλ − +    (23) 
 

where 
ids(λ)  d-axis component of stator current 

idr(λ)  d-axis component of rotor current  
The reference rotor current ird(λ)-ref can be obtained by 
substituting with the values of λs,ref and ids(λ) in (23). Thus, 
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Secondly, reference rotor currents in rotor frame (iqr(r)-ref and 
idr(r)-ref), where the subscript r means reference rotor frame, are 
obtained by using the filtered value of irq(λ)-ref  and the values 
of ird(λ)-ref , θλ and the rotor position θr .  
Finally, reference rotor-phase currents in rotor frame (iAr-ref , 
iBr-ref and iCr-ref)  are obtained by using the transformation from 
qd axes to abc axes.  

E.  Current Controller 
The current controller is two-level hysteresis controller 

and its characteristics are shown in Fig. 7 [17]. Taking the 
tolerance band of this controller equal to 2Hi , the output of 
this controller is given by: 
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VI.  MODES OF OPERATION 

The limiting conditions of extraction of maximum power 
are: 

1) The DC-bus voltage never exceeds a maximum preset 
value. 

2) The captured power from the wind turbine does not 
exceed the rated power of the wind turbine.    

Hence, according to the battery-bank voltage (udc), we have 
two modes of operation. Mode 1 is when udc ≤ Umax , and 
Mode 2 is when udc > Umax. Fig. 8 illustrates these operating 
modes. 

In Mode 1 of operation, the required operation of the 
system is according to the power curve of the wind turbine, 
Fig. 4. This mode is explained in Fig. 9.  
In Mode 1(A), it is required to capture the maximum power 
from cut-in to rated wind speeds as shown in Fig. 9(a). In this 
figure, the wind speed is increased from Vw1 to Vw2 where Vw2 
≤ Vrated , and the captured power follows the path X-Y-Z.  
In Mode 1(B), it is required to capture the rated power from 
rated to cut-out wind speeds as shown in Fig. 9(b). In this 
figure, the wind speed is increased from Vw1 to Vw2 where    
Vw2 > Vrated . 

In Mode 2 of operation, the turbine is accelerated beyond 
ωopt to operate at the power that makes udc equals Umax . This 
power is less than the captured power in Mode 1 for the same 
wind speed. This mode is explained by Fig. 10. The captured 
power follows the path X-Y-Z. 

VII.  SIMULATION OF PROPOSED STAND-ALONE WIND 
SYSTEM 

The system is simulated using MATLAB/SIMULINK 
[19]. Data of DFIG, wind turbine and battery bank are given in 
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Fig. 7  Characteristics of current controller 

  

 
Fig. 8  Modes of operation. 
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Fig. 9  Mode 1 of operation. 
 

 
Fig. 10  Mode 2 of operation. 

 
the Appendix. A capacitor filter of 10 mF is connected across 
the battery bank to reduce the ripple currents. Rectifier states 
are reviewed every about 71 μsec. This means that each of the 

turn-on and turn-off times of the rectifier switches has 
minimum value of about 71 μsec and, hence, the maximum 
switching frequency is about 7 kHz. The low-pass filter has 
cutoff frequency of 1 kHz. The load connected to the DC-bus, 
Fig. 1, is considered a resistive load and its value is RL . 

To study Mode 1, state of charge (SOC) of the battery 
bank is chosen of low value to operate at  udc < Umax . 
For Mode 1(A), where Vw2 ≤ Vrated , results for SOC = 0.3, RL 
= 12 Ω and wind speed (Vw) changed suddenly from 4 m/s 
(Vcut-in) to 11.5 m/s (Vrated) at time equal to 2 s are shown in 
Figs. 11 to 14. Fig. 11 shows that the captured power from the 
wind turbine is increased gradually, starting from the time of 
change of wind speed, until maximum power operation is 
obtained. The steady-state captured power is about 3681 watt, 
while the optimal maximum power is equal to the rated power 
of the wind turbine which is 3694 watt. Therefore, the 
captured power has about 0.35 % deviation, and good peak-
power operation is obtained. Fig. 11, also, shows that the 
turbine speed is increased gradually to the value 
corresponding to maximum power operation. The steady-state 
turbine speed is about 301 rpm, while the optimal turbine 
speed corresponding to optimal maximum power is about 299 
rpm. Therefore, the turbine speed has about -0.7 % deviation. 
Fig. 12 shows that the DC-bus voltage is less than its 
maximum limiting value (Umax), where Umax is about 130.39 
V, confirming Mode 1(A) of operation. Figs. 13 and 14 show 
that the steady-state stator and rotor phase currents of the 
DFIG are nearly sinusoidal currents with total-harmonic 
distortion (THD) of about 6.2 % and 5.4 % respectively. This 
is achieved by incorporating a low-pass filter in the control 
scheme. It should be noted that the removing of the low-pass 
filter increases the distortion of stator and rotor currents as 
shown in Figs. 15 and 16 respectively. 
For Mode 1(B), where Vw2 > Vrated , results for SOC = 0.3, RL = 
12 Ω and wind speed (Vw) changed suddenly from 11.5 m/s 
(Vrated) to 15 m/s at time equal to 2 s  are shown in Figs. 17 
and 18. Fig. 17 shows that the captured power from the wind 
turbine is increased beyond rated power of the turbine, starting 
from the time of change of wind speed, until rated power 
operation is obtained. The steady-state captured power is 
about 3618 watt, while the rated power is equal to 3694 watt. 
Therefore, the captured power has about 2.1 % deviation, and 
good rated power operation is obtained. Fig. 17, also, shows 
that the turbine speed is increased gradually to turbine speed 
corresponding to rated power operation. The steady-state 
turbine speed is about 622 rpm, while the required turbine 
speed corresponding to rated power operation is about 619 
rpm. Therefore, the turbine speed has about -0.49 % deviation. 
Fig. 18 shows that the DC-bus voltage is less than its 
maximum limiting value, confirming Mode 1(B) of operation.  

Different values of volt-ampere of PWM converter 
corresponding to different wind speeds are estimated.  The 
results are obtained for SOC = 0.3, RL = 12 Ω, and are given in 
TABLE I. These results show that the power rating of the 
PWM converter is less than 60 % of the rated power of wind 
turbine for our system. Therefore, the cost of the system is 
reduced. 

 



 
TABLE I 

POWER OF PWM CONVERTER FOR DIFFERENT WIND SPEEDS  
Wind 
speed 
(m/s) 

4 6 8 10 11.5 13 15 17 20 

Power 
(kVA) 0.57 0.8 1.15 1.62 2.04 1.95 1.89 1.85 1.78 

     
To study Mode 2, SOC of the battery bank is chosen of 

high value to make the value of udc increases to Umax . Results 
for SOC = 0.9, RL = 12 Ω and wind speed (Vw) changed 
suddenly from 4 m/s (Vcut-in) to 11.5 m/s (Vrated) at time equal 2 
s are shown in Figs. 19 and 20. Fig. 19 shows that the captured 
power from the wind turbine is increased gradually, starting 
from the time of change of wind speed, and crossing its 
maximum value. Finally, the captured power from the wind 
turbine is at a value that makes udc equal to Umax . Fig. 20 
shows the DC-bus voltage with steady-state mean value of 
about 130.387 V, while the maximum DC-bus voltage is about 
130.39 V. Therefore, the mean DC-bus voltage has about 
0.002 % deviation, and good maximum voltage operation is 
obtained.  

It should be noted that the reduction of captured power 
shown in Fig. 19 will decrease if the system supplies higher 
loads. To explain this condition, it is assumed that the system 
was operating at the conditions described in Fig. 19, then the 
load is increased (RL decreased) from 12 Ω to 6 Ω at time 
equal to 2 s. Fig. 21 shows that the captured power from the 
wind turbine is increased gradually until maximum power 
operation is obtained. The steady-state captured power is 
about 3674 watt, while the optimal maximum power is 3694 
watt. Therefore, the captured power has about 0.54 % 
deviation, and a good peak-power operation is obtained. Fig. 
21, also, shows that the turbine speed is decreased gradually to 
the value corresponding to maximum power operation. The 
steady-state turbine speed is about 302rpm, while the optimal 
turbine speed corresponding to optimal maximum power is 
about 299 rpm. Therefore, the turbine speed has about -1 % 
deviation. Fig. 22 shows that the DC-bus voltage is decreased 
and becomes less than its maximum value (Umax), where Umax 
is about 130.39 V, which is Mode 1(A) of operation. 
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Fig. 11  Captured power of the wind turbine and  turbine speed for SOC = 0.3, 
RL = 12 Ω and Vw changed from 4 m/s to 11.5 m/s at t = 2 s (Mode 1(A)). 
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Fig. 12  DC-bus voltage for SOC = 0.3, RL = 12 Ω and Vw changed from 4 m/s 
to 11.5 m/s at t = 2 s (Mode 1(A)). 
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Fig. 13  Steady-state stator-phase current of the DFIG for SOC = 0.3, RL = 12 
Ω and Vw changed from 4 m/s to 11.5 m/s at t = 2 s (Mode 1(A)). 
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Fig. 14  Steady-state Rotor-phase current of the DFIG for SOC = 0.3, RL = 12 
Ω and Vw changed from 4 m/s to 11.5 m/s at t = 2 s (Mode 1(A)). 
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Fig. 15  Steady-state stator-phase current of the DFIG after removing the low-
pass filter for SOC = 0.3, RL = 12 Ω and Vw changed from 4 m/s to 11.5 m/s at 
t = 2 s (Mode 1(A)). 
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Fig. 16  Steady-state Rotor-phase current of the DFIG after removing the low-
pass filter for SOC = 0.3, RL = 12 Ω and Vw changed from 4 m/s to 11.5 m/s at 
t = 2 s (Mode 1(A)). 
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Fig. 17. Captured power of the wind turbine and turbine speed for SOC = 0.3, 
RL = 12 Ω and Vw changed from 11.5 m/s to 15 m/s at t = 2 s (Mode 1(B)). 
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Fig. 18  DC-bus voltage for SOC = 0.3, RL = 12 Ω and Vw changed from 11.5 
m/s to 15 m/s at t = 2 s (Mode 1(B)). 
 

0 3 6 9 12 15 180

1000

2000

3000

4000

Time (s)

C
ap

tu
re

d 
po

w
er

 (w
at

t)
Tu

rb
in

e 
sp

ee
d 

(r
pm

)

 

 

 power
 speed

 
Fig. 19  Captured power of the wind turbine and turbine speed for SOC = 0.9, 
RL = 12 Ω and Vw changed from 4 m/s to 11.5 m/s at t = 2 s (Mode 2). 
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Fig. 20  DC-bus voltage for SOC = 0.9, RL = 12 Ω and Vw changed from 4 m/s 
to 11.5 m/s at t = 2 s (Mode 2). 
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Fig. 21  Captured power of the wind turbine and turbine speed for SOC = 0.9, 
Vw = 11.5 m/s and RL decreased from 12 Ω to 6 Ω at t = 2 s (Mode 1(A)). 
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Fig. 22  DC-bus voltage for SOC = 0.9, Vw = 11.5 m/s and RL decreased from 
12 Ω to 6 Ω at t = 2 s (Mode 1(A)). 

 
It should be noted that the voltage udc reaches its 

maximum voltage limit (Umax) although the battery bank is not 
fully charged. This is due to the internal resistance of the 
battery bank. However, SOC will increase gradually to full-
charge state. 

VIII.  CONCLUSION 

The proposed stand-alone wind system with battery 
storage using DFIG is studied. In addition to using DFIG, the 
proposed system has PWM converter with low power rating. 
Therefore, the system is of low cost compared with the 
traditional system. The main objective of the PWM converter 
control is to capture the maximum possible power from the 



wind turbine as long as the rated power of the wind turbine 
and the maximum voltage limit of the battery bank are not 
violated. Also, the reactive power required by DFIG is 
obtained from the battery bank through the controlled PWM 
converter. According to the battery-bank voltage (udc), there 
are two modes of operation of the system. One mode when the 
battery-bank voltage is less than or equal to the maximum 
voltage limit, and the other mode when the battery-bank 
voltage exceeds the maximum voltage limit. In the first mode, 
maximum power from the wind turbine is captured, and this 
power is limited to the rated power of the wind turbine.  In the 
second mode, the captured power is less than that power 
obtained in the first mode for the same wind speed such that 
the battery bank voltage is limited to its maximum value. 
Modeling and control of the system are demonstrated. Various 
operating conditions have been considered in the paper to 
verify the capability of the proposed system. 
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APPENDIX 

The machine used in this paper is: 
Δ-connected, 3.73 kW, 220 / 3 V, 20.8 A, 1712 rpm, 4 poles, 
60 Hz wound-rotor induction machine, and has the following 
parameters:  
Rs = 0.45 Ω, Rr = 0.5 Ω, Lls = 3.0 mH, Llr = 3.0 mH, Lm = 
110.0 mH and turns ratio = 1.0 . 

The wind turbine used in this paper is 3.694 kW, 
horizontal-axis wind turbine, and has the following 
parameters:  
R = 1.85 m, Vcutin = 4 m/s, Vrated = 11.5 m/s, Vcutout = 20 m/s, 
and has Cp–α characteristics shown in Fig. 2.  
Total inertia = 0.15 kg.m2, total friction coefficient = 0.001 
N.m.s/rad, and gear ratio = 5.72. 

The battery bank used in this paper is 120 V, two parallel 
branches banks are used. Each branch consists of ten batteries. 
Each battery is 12 V, 175 Ah deep-cycle, lead-acid battery, 
and has characteristics derived from measured data [20]. The 
derived characteristics are given in the TABLE II. The 
maximum voltage limit of one battery is Uboc at SOC = 1 
which is equal to 13.039 V. 

TABLE II 
BATTERY PARAMETERS 

Equivalent 
circuit 

parameters 

State of charge (SOC) 

0.3 0.9 

Uboc (V) 12.401 12.804 
Rc (Ω) 0.0172 0.0712 
Rd (Ω) 0.0304 0.0174 

 
 

 


