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Design and Development of an Optimal Capacitor 
Charger 

 
D. Louhibi1     R. Beggar2    F. Almabouada3     A. Noukaz4

  
Abstract – With coupled inductances, we can load a 
capacitor placed in parallel with the secondary inductance by 
the transfer of magnetic energy stored in the primary 
inductance (flyback principle). Calculations have shown that 
the time required to the complete energy transfer decreases 
with the incremental initial value of the voltage between the 
terminals of the capacitor. That behaviour has led us to 
model a simple circuit (based on the NE555) which allows 
minimizing dead time between the command pulses of the 
switching transistor in order to optimize the speed of the 
charge. For this optimization only the sensing of the 
capacitor voltage is needed. The simulation of the model 
allowed us to confirm the theoretical estimations. The 
experimental results are in good agreement with those 
obtained by the simulation performed by MicroSim Relase 8 
which constituted a validation of our model.  
 
Keywords – Flyback, capacitor charger, energy-storage 
capacitor, flash lamp pumping. 
 

I. INTRODUCTION 
 
The capacitor discharge is a widely used technique in 
excitation systems, especially for those intended to excite 
pulsed lasers and plasma-based systems [1]. With the 
development of new efficient semiconductor components, 
such as IGBTs (Isolated Gate Bipolar Transistor), 
capacitor charger systems become solely based on the 
principle of SMPS (Switch Mode Power Supply). Many 
previous works have been achieved in this context with 
various topologies. The latter mainly consist of forward 
configuration, Full bridge configuration [2-3], H-bridge 
configuration [4-5] and flyback configuration [6].  
 
We have also opted for a flyback configuration, where the 
primary and the secondary excitation current are 
uncoupled. Indeed the capacitor charge results from 
energy transfer. Unlike Sokal [6], we have chosen a 
system with a complete energy transfer. The minimization 
of the time between the command pulses of the switching 
transistor is based on a relationship predetermined 
analytically and carried out with a simple an intelligent 
circuit based on a NE555. For this control, only the 
sensing of the capacitor voltage is needed. That avoids 
difficulties and perturbations inherent to secondary current 
measurement. The discrete pulse number allowing the 
load of the capacitor is determined according to the energy 
value transferred per pulse, the loading duration and the 
total energy to load. Our system stops the charge when 
this one reaches a predetermined value. Also our charging 
system doesn’t need an auxiliary wending to detect the 
demagnetization of the transformer core and the driving 
circuit doesn’t need a soft-start feature as a conventional 
driving circuit. 
The paper first received 7 July 2009 and in revised form 22 Mar 2010. 
Digital Ref: Digital Ref: A170701234 
Centre de Développement des Technologies Avancées, Algérie, 
1E-mail: dlouhibi@cdta.dz; 2 E-mail: rbeggar@cdta.dz; 3 E-mail: 
falmabouada@cdta.dz ; 4 E-mail: anoukaz@cdta.dz 

 
II. FUNDAMENTAL RELATIONS 

 
The basic flyback circuit is given in Fig 1. [7] 

 
 

Fig. 1: Flyback circuit 
 

The primary current pulse ip, the secondary current pulse 
isk, the switching command pulses V and the voltage of the 
capacitor C are respectively represented in Fig 2. 
 
The variation of the primary current flowing through the 
primary winding of the transformer writes: 

τ
tI)t(i maxPP =  

(1)

where IPmax is the maximum primary current, t is the time 
and τ  is the pulse command width of the switching 
transistor (S) as shown in figure 2.  
 
The maximal primary current is: 

τ
P

p L
EI =max  

  
(2)

where E is the rectified and filtered main power voltage 
and LP is the primary inductance.    
The secondary current varies according to the relationship: 

( ) ( )tsin
Z

V
tcosI)t(i 0

C
0maxSS

1k
k

ωω −−=  
  
(3)

with: 

CLS

1
0 =ω ,  

C
L

Z S=  
 

where ISmax is the maximum secondary current, LS is the 
secondary inductance, C is the storage capacitor, Vck-1 is 
the  storage capacitor voltage and the index k is an integer 
and corresponds to the kth pulse. 
 
The transfer of the stored energy in the magnetic circuit 
towards the capacitor C is complete when the secondary 
current is cancelled. We can thus deduce the needed time 
for the energy transfer from a pulse to another as follows: 
 

⎟
⎟

⎠

⎞

⎜
⎜

⎝

⎛ ⋅
=

−1kC

maxS

0
k V

IZ
arctg1t

ω
Δ  

 
(4)
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We notice that ktΔ decreases as 
1−kCV increases. 

For: 1kCmaxS V)IZ(
−

<<⋅ , equation (4) 
becomes:   

⎟
⎟

⎠

⎞
⎜
⎜

⎝

⎛ ⋅
=

−1kC

maxS

0
k V

IZ1t
ω

Δ  
(5)

The evolution of 
kCV  from pulse to pulse is given as: 

⎥
⎥
⎦

⎤

⎢
⎢
⎣

⎡

⎟
⎟

⎠

⎞

⎜
⎜

⎝

⎛ ⋅

⋅
=

−1k

k

C

maxs

maxS
C

V
IZarctgsin

IZV  
(6)

 
Fig. 2: Temporal variation of the primary current pulses, 

the secondary current pulses and the voltage of C. 
 

As shown in Fig 2 the necessary time to the cancellation 
of the secondary current decreases from a pulse to another. 
To allow the complete demagnetization of the 
transformer’s secondary winding for the first pulse we 
must choose a period great or equal to )t( 1 τΔ + . But if 
we use this fixed period the lost time would increase 
between the next pulses and the load of C would be 
slowed down. To solve this problem we had to minimize 
this dead time, in other way to compress these command 
pulses. 
 

III. MODELLING 

 
Fig. 3: The Synoptic scheme of the system. 

The purpose is to design an electronic circuit which 
supplies pulses to the switch depending on the voltage 
load capacitor. The low level width of these pulses has to 
vary in the same manner as the time necessary to 
cancellation of the secondary winding current. The 
scheme of this system appears in Fig 3. 
 
The circuit which allows following the variation of ktΔ  in 

terms of 1−kCV is given in Fig 4. 

 
 

Fig. 4: The scheme of the pulses compression circuit. 
 

The designed circuit is based on a NE555 assembled in 
astable. The values of the components R, R1 and C1 (Fig 4) 
were calculated so that the period of the control signal 
(low level for Vc0=0V) performs a complete 
demagnetization of the secondary winding during the first 
energy transfer. The capacitor C1 discharges through R1 
resistance during a fixed time representing the low level of 
the pulses at the output of the NE555, while the time of 
load of C1, which represents the high level, is modulated 
by sensing the storage capacitor voltage of C. The signal 
obtained at the output of the NE555 attacks the entry of 
the monostable of precision that provided the control 
signal to the switch having constant high level to fix the 
IPmax value and variable low level which follows the time 
of cancellation of the secondary current. This circuit also 
makes it possible to stop the load of C when this one 
reaches a predetermined value by blocking the monostable. 
As we see it on Fig. 4, the output voltage Vck-1 controls the 
base current of the transistor (T) through the feedback 
resistor RB. The emitter current charges the capacitor C1 of 
NE555. This transistor constitutes a current generator and 
can be schematized as in Fig 5. The calculation of the 
necessary time to charge the capacitor C1 of NE555 
between 1/3 and 2/3 of supply voltage of the circuit Vcc 
gives the following relationship: 
 

⎟
⎟
⎟
⎟
⎟

⎠

⎞

⎜
⎜
⎜
⎜
⎜

⎝

⎛

−

⋅

⋅⋅⋅
+

+⋅⋅=
− CC

D

BCC

C
1k V

V6

RV
VR3

1

11LnCRT
1k

β
Δ  

 
 
(7) 

 
where VD  is the threshold voltage of the diodes D1 and D2 
and β  is the gain of the transistor (T), 
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Fig. 5: The equivalent scheme of the current generator. 

 
In the case where:  

β.R.3
RV.6Vc B

D1k >>− , the first term of the series 

expansion of relation (7) gives the new relation: 

Vcc
V.6

R.Vcc
Vc..R.31

C.RT
D

B

1k
1

k
−+

=
−β

Δ  
 
(8)

In order to determine the value of the resistor R of the 
NE555 circuit, we rewrite the equations (4) and (7) for 
k=1 (Vck-1 =Vc0 =0V). 
The new equations are:  

0
1 2

t
ω
πΔ =  

(9) 

⎥
⎥
⎥
⎥

⎦

⎤

⎢
⎢
⎢
⎢

⎣

⎡

⎟
⎠

⎞
⎜
⎝

⎛ −
+=

Vcc
V

.61

11Ln.C.RT
D

11Δ  

  (10)

Equalising equations (9) and (10) we have: 
 

 
 

Fig. 6: The variation of 
k

BR
⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
β

versus 
1−kCV  

⎥
⎦

⎤
⎢
⎣

⎡
−

=

CC

D
10 V

V.62Ln.C..2
R

ω

π  
 
(11) 

For a fixed value of C1 we calculate the R value.   
 
Also from equalising equations (5) and (8) results the 
following expression:   
 

)I.Z.V.6VccI.ZV.Vcc.C.R.(

V.R.3.I.Z
)

R
(

maxsDmaxsC10

Cmaxs
k

B

1k

1k

+−
=

−

−

ωβ
  

(12) 

 

Fig 6 represents the variation of 
k

BR
⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
β

 in terms of
1kCV

−
. 

 
We notice on figure 6 that after a certain load voltage the 

ratio 
k

BR
⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
β

 tends to be constant. By choosing a 

transistor with a known gain β   we calculate the 
correspondent value of RB. 
 
The curve of both  ktΔ  and kTΔ  (using equations (4), (6) 

and (7)) versus 
1−kCV for 5

k

B 10R
=⎟⎟

⎠

⎞
⎜⎜
⎝

⎛
β

 kΩ, is 

represented in figure 7.  
 

 
 

Fig. 7: Variation of ktΔ and kTΔ  versus
1−kCV . 

 
We notice on this figure that the two curves coincide that 
prove the efficiency of our model. 
 
We can see clearly from the Fig 8 that the pulses 
compression makes the capacitor charging faster.  
The curves represented in Figs 6, 7 and 8 were plotted by 
using the software Matlab.  
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Fig. 8: Capacitor charging with and without pulses compression. 

 
IV. SIMULATION 

 
The proposed circuit was simulated with MicroSim Relase 
8 software. The obtained results are given in the following 
figures. 

 
Fig. 9: The primary and secondary currents without pulses 

compression. 

 
Fig. 10:  The primary and secondary currents with pulses 

compression. 
 

Figs 9 and 10 show the variation of the primary and 
secondary currents without and with pulses compression. 

These figures point out clearly the advantage of our circuit, 
which consists of practically complete delete of the dead 
time. 
 
We can also see this advantage in the charging process in 
Fig 11 where the charge is becoming faster. 
 

 
Fig. 11: The capacitor charging with and without pulses 

compression. 
 
The curves of the Figs 6, 7, 8, 9, 10 and 11 were obtained 
with the following parameters value:  
LS =14.3 mH, IPmax=10A, ISmax=2A, C=40µF, C1=82nF,  
VD =0.6V VCC=12V, 

k
BR

⎟
⎠
⎞⎜

⎝
⎛

β
=105 kΩ. 

 
V. EXPERIMENTAL RESULTS 

 
Figs 12 and 13 show the experimental results for an input 
voltage of 220 Vac. These results are obtained with and 
without the pulses compression. As soon as the 1kV 
charge value is reached, the system stops the charging 
process. One has to note that these experimental results 
are in good agreement with that of simulation. The storage 
capacitor voltage was measured using a Tektronix scope 
and probe with attenuation setting of 1000. Therefore the 
scaling factor of this measure is 200V/div. We can note 
also that reducing the dead time between the commands 
pulses of the switching transistor makes the time of the 
capacitor charging faster. 
 

 
Fig. 12: The capacitor charging without pulses compression. 
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Fig. 13: The capacitor charging with pulses compression. 

 
Figs 14 and 15 give the experimental wave forms of the 
primary and secondary currents using a resistor of 0.1 Ω in 
series with the primary and secondary windings. 
 

 
Fig. 14: The primary current (upper trace) and secondary current 

(lower trace) without pulses compression. 
 

 
Fig. 15:  The primary current (upper trace) and secondary current 

(lower trace) with pulses compression. 

Figs 16 and 17 show the IGBT driving signal (the 
switching command pulses) with and without the 
command pulses compression. 
 

 
 

Fig. 16:  The IGBT driving signal without pulses compression. 
 

 
 

Fig. 17:  The IGBT driving signal with pulses compression. 
 

VI. CONCLUSION 
 

We developed a simple method that allowed us to 
optimise the capacitor charging time. This system need 
only the sensing of the capacitor voltage during the 
charging process in order to drive the switching transistor 
by the use of a simple and intelligent command circuit. 
Our charging circuit has been validated by both simulation 
and experiment. For application the charge of a capacitor 
of 40µF up to a voltage of 1kV in 68 ms allowed us to 
supply a xenon flash lamp for pumping a solid-state laser 
at a repetition rate of 10 Hz. 
 
For more power we can put in parallel several modules 
identical to that shown in Fig 3. 
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Modeling and Simulation of Wind Turbine Driven 
Permanent Magnet Generator with New MPPT 

Algorithm 
 

R. Bharanikumar1   A.C. Yazhini2   A. Nirmal Kumar3 

 
Abstract – This paper presents Maximum Power Point 
Control for variable speed wind turbine driven permanent-
magnet generator. The wind turbine generator is operated 
such that the rotor speed varies according to wind speed to 
adjust the duty cycle of power converter and maximizes 
Wind Energy Conversion System (WECS) efficiency. The 
maximum power point for each speed value is traced using 
Maximum Power Point Tracking (MPPT) algorithm. The 
rotating speed of permanent-magnet generator should be 
adjusted in the real time to capture maximum wind power. 
The system includes the wind-turbine, permanent-magnet 
generator (PMG), three-phase rectifier, boost chopper, 
inverter and load. The control parameter is the duty cycle of 
the chopper. PMG is made to operate at variable speed to 
achieve good performance. The entire WECS model consists 
of wind turbine model, PMG model and power converters 
model. The MATLAB / SIMULINK are used for simulation 
and the results are compared with laboratory setup.   
 
Keywords – PMG, rectifier, boost chopper, inverter, wind 
turbine,  MPPT. 
 

I. NOMENCLATURE 
 
ρ - Air density 
A - Area swept by the blades 
Iq,Id -  q - axis, d -axis current, respectively 
Xq,Xd -  Reactance of q -axis , d - axis, respectively 
δ - Power Angle 
p - Differential Operator (d/dt) 
Te - Electromagnetic Torque produced 
V  - Velocity of the Wind 
λ - Tip Speed Ratio 
ωt - Turbine Speed 
Tg   - Generator Torque 
Vabc - Phase Voltages 
Rabc - Phase Resistances 
λabc - Flux Linkages in the phases 
β - Pitch Angle 
G - Gear ratio 
Cp - Power Coefficient 
  

II. INTRODUCTION 
 
Consumption of energy based on fossil fuels is considered 
to be the major factor for global warming and environment 
degradation. The utilization of naturally occurring 
renewable energy sources as an alternative energy supply 
has been assuming more importance of less Power 
generation utilizing solar rays, geothermal energy, wind 
force and wave force has became a reality. 
 
The paper first received 8 July 2009 and in revised form 21 April 2010. 
Digital Ref: Digital Ref: A170701235 
1, 2, 3 Department of Electrical and Electronics Engineering, Bannari 
Amman Institute of Technology, Anna University, TamilNadu India  
E-mail: bharani_rbk@rediffmail.com 

 
Research on performance improvement of and cost 
reduction in such non–conventional energy conversion 
systems is being accorded the highest priority [8].Wind 
power generation has a strong connection to rotating 
machinery and hence its practical application is most 
promising. Wind generator control methods have already 
been proposed to efficiently utilize the wind power which 
is prone to fluctuation every moment. The induction type 
machine has the advantages of robustness, low cost and 
maintenance-free operation. However, they have the 
drawbacks of low power factor and need for an AC 
excitation source. Permanent magnet generator is chosen 
so as to eliminate the drawbacks of induction generator. 
Boost chopper circuit with a single switching device is the 
choice for power control that provides an improved 
efficiency [9]. 
 
For analysis of the above wind generator system, the 
generator and boost chopper are represented by their 
equivalent circuits. Performance characteristics such as 
generated output power and DC output voltage are 
expressed as functions of the duty cycle of chopper and 
shaft speed of generator. The power generated varies with 
load with the peak occurring at certain load. Therefore, the 
optimum duty cycle for maximum power can be deduced 
by differentiating the output power with respect to duty 
cycle.  The validity of the technique for arriving at the 
maximum power is confirmed in the simulation study. In 
the present analysis, the value of each part is calculated on 
the basis of the rotational speed observed by the rotation 
sensor. Considerations of the characteristics of the wind 
mill are not necessary, because the torque is a function of 
the generator speed and characteristics of the wind mill are 
reflected in the rotational speed [8]. 
 

III. COMPONENTS OF WIND ELECTRIC SYSTEMS 
                     
The basic components of a wind electric system analyzed 
herein are shown in Fig 1. A step-up gear box and a 
suitable coupling connect the wind turbine to the 
Permanent Magnet Generator (PMG). The generated 
power of continuously varying frequency is fed to local 
load through suitable power converters, to ensure constant 
voltage and constant frequency. Since the wind power 
fluctuates with wind velocity, the generator output voltage 
and frequency vary continuously. The varying AC voltage 
is rectified into DC in a diode bridge and the dc voltage is 
then regulated to obtain constant voltage by controlling 
the duty ratio of a DC/DC boost converter. The DC 
voltage is inverted to get the desired AC voltage and 
frequency employing a PWM inverter. The duty ratio, δ 
controls the Boost chopper output voltage.  
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Fig. 1: Block diagram of wind electric generator system 

 
IV. THEORETICAL ANALYSIS 

 
A. Wind turbine model  
There are two types of wind turbines namely vertical axis 
and horizontal axis types. Horizontal axis wind turbines 
are preferred due to the advantages of ease in design and 
lesser cost particularly for higher power ratings. 
 
The power captured by the wind turbine is obtained as 

3 21
2 pP R V Cπρ=  

(1)

where the power coefficient Cp is a nonlinear function of 
wind velocity and blade pitch angle and is highly 
dependent on the constructive features and characteristics 
of the turbine. It is represented as a function of the tip 
speed ratio λ given by [2]. 

tR
V
ω

λ =  
(2) 

It is important to note that the aerodynamic efficiency is 
maximum at the optimum tip speed ratio. The torque value 
obtained by dividing the turbine power by turbine speed is 
formed obtained as follows: 

( ) ( )2 31,
2t t tT V R C Vω πρ λ=  

(3)

where Ct (λ) is the torque co-efficient of the turbine, given 
by 

( )
( )p

t
C

C
λ

λ
λ

=  
(4)

The power co-efficient  is given by [3]  

( ) ( )
16.5

1116 0.4* 5 0.5
1pC e λλ β
λ

−
⎛ ⎞= − −⎜ ⎟
⎝ ⎠

 
(5)

  where        

( )

1

3

1

1 0 .0 3 5
0 .0 8 9 1

λ

λ β β

=
⎛ ⎞

−⎜ ⎟⎜ ⎟+ +⎝ ⎠

 (6)

                                  
B. Permanent Magnet Generator Model 
Permanent Magnet Generator provides an optimal solution 
for varying-speed wind turbines, of gearless or single-
stage gear configuration. This eliminates the need for 
separate base frames, gearboxes, couplings, shaft lines, 
and pre-assembly of the nacelle. The output of the 
generator can be fed to the power grid directly. A high 
level of overall efficiency can be achieved, while keeping 
the mechanical structure of the turbine simple. 

 
Fig. 2: Equivalent circuit of PM generator for one phase 

 
Generated emf / phase , 

( )E V t Ia R a jX s V t Ia Z s= + + = +  (7)
where             

Zs= 2 2R a X s+  
The rotor reference frames of the voltages are obtained as   

( )q S q q r d d r mV R L p I L Iω ω λ=− + − +  (8)

( )d S d d r q qV R L p I L Iω=− + +  (9)
The expression for the electromagnetic (EM) torque in the 
rotor is given by  

( )3
2 2

n
e d q q d m q

P
T L L I I Iλ⎛ ⎞⎛ ⎞ ⎡ ⎤= − −⎜ ⎟⎜ ⎟ ⎣ ⎦⎝ ⎠⎝ ⎠

 
(10)
 

The relationship between the angular frequency of the 
stator voltage (ωr) and the mechanical angular velocity of 
the rotor (ωm) is obtained as follows: 

2
n

r m
P

Gω ω=  (11)

( )
2

n
r m e

g

P
p T T

J
ω = −  

(12)

rpθ ω=  (13)
Torque developed by the turbine Tt  released to the input 
to the generator Tm is expressed as  

t
m

T
T

G
=  (14)

C. Rectifier Model 
A three-phase diode bridge rectifier converts the AC 
generated output voltage, which will be varying in 
magnitude and also in frequency, into DC. The average 
output voltage of the three phase diode rectifier is obtained 
[5] as follows: 

3 m
dc

VV
π

=  
(15)

and the average and RMS load currents are given by 
dc

dc
l

VI
R

=  
(16)

C rms
rms

l

VI
R

=  
 

(17)
D. Boost Chopper 

 
Fig. 3: Circuit diagram of boost chopper and PWM inverter 



Asian Power Electronics Journal, Vol. 4 No.2 August 2010 
 
 

54 

The conversion of rectified DC voltage to any specified 
DC output voltage can be carried out employing a DC–DC 
converter or chopper circuit. Fig 3 shows the circuit 
diagram of boost chopper and PWM inverter. 
The boost chopper output voltage is obtained [8] as 

( )
o

o n

TV V s
T T

=
−

 
(18)

(1 )
o

VsV
δ

=
−

   
(19)

where δ=Duty ratio of the chopper  
Table 1 shows the change of duty ratio of chopper with 
respect to wind velocity. As the wind velocity changes the 
duty ratio of chopper is adjusted in order to provide a 
constant output. 
 

Table 1: Change of Duty Ratio of Chopper with respect to 
Wind Velocity 

 
E. PWM Inverter Model 
For providing electric power to industrial applications in 
the form of AC, the DC output of Boost Chopper is 
inverted in a three – phase ac voltage [1]. The most 
efficient of controlling the output voltage is to incorporate 
pulse width modulation control with in the inverters. In 
this method, a fixed dc input voltage is supplied to the 
inverter and a controlled ac output voltage is obtained by 
adjusting the on and off periods of inverter devices. In the 
inverter output voltage of 2π radians, each control signal 
has duration of π radians. The period T has been divided 
into six intervals. During each interval the switches 
receive control signals. 
 
A switch conducts and carries current in the direction of 
its diode when the control signal is present and the switch 
is forward biased. The switch will always be forward 
biased, except when its antiparellel diode conducts and 
thus reverse biases the switch by its voltage drop. In any 
case, either the switch or its antiparellel diode will be in 
conduction during the presence of the control signal and 
the current will be flowed in either direction. During the 
interval I, the switch diode pairs Sap, Scp and Sbn are in 
conduction. Hence, terminals A and C are connected to 
positive terminal of DC source and terminal B is 
connected to the negative terminal of the DC source. 
 
Gating signals for PWM Inverter devices are generated 
employing a Sinusoidal Pulse Width Modulation 

Technique (SPWM), by comparing a sinusoidal reference 
signal with a triangular carrier wave. Fig. 4a, 4b and 4c 
shows the PWM pulses generated for phase a, phase b and 
phase c legs in three phase inverter. In this method of 
PWM, the harmonic content can be reduced using several 
pulses in each half cycle of output voltage. The width of 
each pulse is varied proportional to the amplitude of a sine 
wave evaluated at the centre of the same pulse. The 
frequency of reference signals fr determines the inverter 
output frequency f0 and its peak amplitude controls the 
modulation index M and this in turn the rms output 
voltage, V0. The number of pulses per half cycle depends 
on the carrier frequency. By varying the modulation index, 
the rms output voltage can be varied. 
 
If δm is the width of the mth pulse and p is the number of 
pulses, then the rms output voltage is obtained as:  

2
1

2

1
⎟
⎟

⎠

⎞

⎜
⎜

⎝

⎛
= ∑

=

pul

m

m
inac VV

π
δ  

 
(20)

 
Fig. 4 a: PWM pulse generation for Phase A leg in three phase 

inverter 

 
Fig. 4 b: PWM pulse generation for Phase B leg in three phase 

inverter 
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Fig. 4 c: PWM pulse generation for Phase C leg in three phase 

inverter 
 

F. Maximum Power Point Tracking 

 
Fig. 5: Optimum Power Point tracked. 

 
For variable speed operation, each wind velocity has a 
maximum power point. Fig.5 shows the optimum power 
point tracked in the power characteristics curve of wind 
turbine. To operate the WECS at maximum power point, 
the controller requires both voltage and current inputs. 
This increases the number of controller blocks [4], [7].  
 
To improve the efficiency and to reduce the number of 
controller blocks, the control algorithm is developed with 
only one input – the current input. This controller 
generates appropriate firing angle to the boost chopper, 
and as a result, maximum power point is tracked. The 
optimized current is used as reference so as to obtain the 
maximum generated output power from the wind turbine 
generator for various wind velocities. The proposed MPPT 
control algorithm is represented in Fig. 6. 
 
From the current reference we are finding out the flux 
components that are given by equation (21). 

d s d s d s

q s q s q s

v i
R p

v i
ψ
ψ

⎡ ⎤ ⎡ ⎤ ⎡ ⎤
= +⎢ ⎥ ⎢ ⎥ ⎢ ⎥

⎢ ⎥ ⎢ ⎥ ⎢ ⎥⎣ ⎦ ⎣ ⎦ ⎣ ⎦

 (21)

The flux linkage in the previous matrices is expressed by 
the following equation    

c o s
s in

d s d s t m
q e

q s q s t m

i
L K

i
ψ θ
ψ θ
⎡ ⎤ ⎡ ⎤ ⎡ ⎤

= +⎢ ⎥ ⎢ ⎥ ⎢ ⎥
⎢ ⎥ ⎢ ⎥ ⎣ ⎦⎣ ⎦ ⎣ ⎦

 (22 

 
Fig. 6: MPPT algorithm with current feedback 

 
The Fig. 7 shows the MATLAB/SIMULINK model of 
flux linkage estimator which converts the direct axis and 
the quadrature axis current in to the equivalent flux 
linkage. 

 
Fig. 7 : Flux Linkage Estimation 
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In the MPPT algorithm as shown in Fig. 5 the values of ia, 
ib and ic is taken as input and id , iq and ωm are calculated 
using the equations (23),(24) and (25), 

(2 / 3)( sin sin( ) sin( ))d a b ci i i t i tθ θ ω θ ω= + − + + (23)
(2 / 3)( cos cos( ) cos(q a b ci i i t iθ θ ω θ= + − + + ))tω (24)

2 r
m

np G
ω

ω =  
(25)

The value of flux linkages are obtained by using equations 
(26) and (27), 

d ds dsv Riψ = +  (26) 

q qs qsv Riψ = +  (27) 

The optimized speed is given by equation (28), 
3 2 2

0 2 1 1
2

1(( )3 )) ( * )
3

opt
m rc k k k k v

k
ω = − + −

(28)

Tip speed ratio (λ) and power output are obtained from the 
equations (1) and (2), given in the wind turbine model. For 
a particular wind velocity, the current operating point is 
determined by using the power-speed relationship and the 
desired operating point is determined by using the 
optimized value. If current operating point is equal to 
desired operating point then the duty cycle of chopper is 
maintained as the same otherwise the duty cycle of 
chopper is adjusted to make to make both operating points 
equal and again the process is repeated. 
 

V. MATLAB IMPLEMENTATIONLM) 
Fig. 8 shows the overall simulation model of Wind Energy 
Conversion System. This model is simulated in 
MATLAB/SIMULINK for various wind velocities. 

 
Fig. 8: MATLAB model of Wind Energy Conversion System   

VI. RESULTS 

 
Fig. 9: PMG output voltage curve for the wind 

velocity of 10 m/s 
 

Fig 9 shows the Permanent Magnet Generator output 
voltage. This AC voltage is rectified into DC using a 
rectifier. 

 
Fig. 10: Rectifier output voltage for wind velocity of 10m/s. 

 
Fig. 11: Boost Chopper Output Voltage 

Fig 10 shows the diode rectifier output voltage for wind 
velocity of 10m/s. The DC output is given to boost 
chopper unit. Fig 11 shows the boost chopper output 
voltage for different values of wind velocity. The chopper 
output voltage is 508 volt constant. This is given to 
SPWM inverter. 

 
                          Fig 12: SPWM Inverter Output Voltage  
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Fig. 13: Sinusoidal Output Voltage of SPWM Inverter 

 
Figs 12 and 13 show the inverter output voltage of 
415Volt AC is constant for that all wind velocities. This is 
given to load. 

 
Fig 14: Duty cycle variation for variation in wind velocity 

 

 
Fig 15: Maximum Power Point Tracking  

 

 
Fig. 16: Optimum Power Trajectory 

 
Fig. 14 shows the variation in duty cycle for different 
values of wind velocity. As the wind velocity is varied, the 

duty cycle of chopper varies accordingly to maintain 
operation of WECS at maximum power point. 
 
Fig 15 shows the maximum power point tracked for 
different values of wind velocity.  
 
Fig 16 shows the optimum power trajectory. The 
maximum power point for various wind velocities are 
tracked in the graph. 
 

 
Fig. 17: Optimum Torque Trajectory 

 
Fig 17 shows the Optimum Torque Trajectory of the wind 
turbine generator model. From the above two figures the 
maximum power and torque points for each wind velocity 
can be determined.  
 

VII. CONCLUSION 
 
The variable-speed wind energy conversion system using 
a permanent magnet generator has been discussed in this 
paper and the optimal control strategy of PMG 
maximizing the generated power was proposed. The 
optimum current value that maximizes output power is 
determined and used as reference for MPPT algorithm. 
Also MPPT control is achieved without a wind speed 
sensor. The control algorithm is made simple from other 
existing algorithms by this current reference. The system 
configuration is also simple, but the operation of wind 
turbine generator is optimized. Simulation study on a 
Wind Energy Conversion System employing 
MATLAB/SIMULINK model is the core coverage in this 
paper. 
 

APPENDIX 
 
PMG - 0.75kW, 380V, 1000rpm 
Converter unit -500V, 10A 
Load - 3 phase, 415V, 10A 
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Improvemed Power Quality Using Photovoltaic Unified 
Static Compensation Techniques 

 
Narayanappa1   K. Thanushkodi2 

 
Abstract - This paper describes the design and simulation of 
custom power controller photovoltaic based power electronic 
device used for mitigations in voltage sag, swells and reactive 
power compensation and also controlled current harmonics. 
This system increases efficiency when compared to the 
conventional power distribution system. A new PWM based 
control scheme is performed by using digital simulator 
PSCAD/EMTDC.4.2 and the simulation was carried out. The 
simulation results prove the capability of the photovoltaic 
based system in mitigating voltage sag, flicker reduction and 
voltage unbalanced mitigation in a power distribution system. 
 
Keywords - Voltage sag, custom power, PVUC, 
PSCAD/EMDC, photovoltaic cells. 
 

I. INTRODUCTION 
 
In recent years power quality issues have become more 
and more important both in practice and in research. 
Power quality can be considered to be the proper 
characteristics of supply voltage and also a reliable and 
effective process for delivering electrical energy to 
consumers. Binding standards and regulations impose on 
suppliers and consumers, the obligation to keep required 
power quality parameters at the point of common 
coupling (PCC).  
 
Interest in power quality issues results not only from the 
legal regulations but also from growing consumer 
demands. Owing to increased sensitivity of applied 
receivers and process controls, many customers may 
experience severe technical and economical 
consequences of poor power quality. Disturbances such 
as voltage fluctuations, flicker, or imbalance can prevent 
appliances from operating properly and make some 
industrial processes shut down. On the other hand, such 
phenomena now appear more frequently in the power 
system because of systematic growth in the number and 
power of nonlinear and frequently time variable loads. 
When good power quality is necessary for technical and 
economical reasons, some kind of disturbance 
compensation is needed and that is why applications of 
power quality equipment have been increasing.  
 

II. OPERATION OF PHOTOVOLTAIC UNIFIED 
OMPENSATION (PVUC) 

 
The general structure of the Photovoltaic Unified 
Compensation (PVUC) contains two "back to back" 
voltage source converters using Insulated-Gate-Bipolar 
Transistor (IGBT) with a common DC link in Fig.1. 
Shunt converter is connected as parallel and another 
converter is series with distribution system.  
The paper first received 9 Nov2009 and in revised form 18 Mar 2010. 
Digital Ref: Digital Ref: A170701257 
1 Department of Electrical Engineering, Adhiyamaan college of 

Engineering, Anna University, Email:narayanbsn@yahoo.co.in  

2 Director in ACET, Anna University, Coimbatore, Email: 
thanush_dr@rediffmail.com 

 
The shunt converter is used to provide active power 
demanded by the series converter through a common DC 
link. The series converter provides the main function of 
the PVUC by injecting an AC voltage with controllable 
magnitude and phase angle. To the Distribution system 
through series converter and it exchanges the active and 
reactive power with the AC system. Since the converters 
are connected to a common DC link, they exchange only 
active power and there is no reactive power between 
them. It means that reactive power can be controlled 
independently at both converters. The Fig.1 enables 
voltage control by the shunt inverter and the series 
inverter controls active and reactive power.  

 
Fig.1: Diagram of the photovoltaic unified compensator. 
 
In the shunt branch of PVUC the controlled by the phase 
angle of the converter and output voltage. In the series 
branch of PVUC the active and reactive power in the 
transmission line are influenced by the amplitude as well 
as phase angle of the injected voltage. Therefore the 
active power controller indicated with the reactive power 
and vice versa. In order to improve the interaction 
between the active and reactive power control, by 
decoupled control algorithm based on d-q axis theory 
was used [8,9]. Photovoltaic models have been presented 
by several authors [8, 6].  The PVUC model consists of a 
controllable voltage source connected in series with the 
Distribution system and two current sources added in 
shunt. The present model is connected in series and 
shunt with Distribution system.  
 

III. CONTROL STRATEGY OF PVUC 
 

The control system of PVUC has two parts and is 
described in the following subsections.  
 
A. Control system of shunt Inverter 
The controlling magnitude and phase of line voltage and 
power flow can be controlled. By the PV array supplies 
the voltage and inverter injected voltage to the 
distribution system shown Fig 2. The design of 
controllers for shunt and series inverter as follows. 
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The inverter output voltage represented by in three phase 
system as follows. 

nNkNkn vvv −=      k= a, b, c 

nNaNan vvv −=  similarly b and c phases. 

(1)

Each phase voltage can be written as: 

dt
di

Lvv Ck
cSkkn −=  

(2)

In a three phase, three wire system voltage represent 
with respect neutral: 

( )cNbNaNnN vvvv ++=
3
1  

   
(3)

Substituting nNV in equation (1)  

cNbNaNn vvvv
3
1

3
1

3
2

1 −−=  
(4)

Similar equation can be written for phase b and c. 
The phase voltage can be also written as: 

[ ]
1

2

3

2 1 1
3 3 3
1 2 1
3 3 3
1 1 2
3 3 3

an

bn

cn

v T
v V T

Tv

⎡ ⎤− −⎢ ⎥
⎡ ⎤ ⎡ ⎤⎢ ⎥
⎢ ⎥ ⎢ ⎥⎢ ⎥= − −⎢ ⎥ ⎢ ⎥⎢ ⎥
⎢ ⎥ ⎢ ⎥⎢ ⎥ ⎣ ⎦⎣ ⎦

⎢ ⎥− −
⎢ ⎥⎣ ⎦

 

 
 
 
 
(5)   

The variables Tk represent the states of inverter switches 
operation. Tk is ‘0’ for open the Switches and ‘1’ for 
closed the Switches. Defining the d k switching state 
function. 

2 1 1
1 1 2 1
3

1 1 2

a a

b b

c c

d T
d T
d T

− −⎡ ⎤ ⎡ ⎤⎡ ⎤
⎢ ⎥ ⎢ ⎥⎢ ⎥= − −⎢ ⎥ ⎢ ⎥⎢ ⎥
⎢ ⎥ ⎢ ⎥⎢ ⎥− −⎣ ⎦⎣ ⎦ ⎣ ⎦

 
(6)

Converter devices voltage represents. 

( )1dc
a Ca b Cb c Cc

idv T i T i T i
dt C C

= = + +  
(7) 

The system model is complete in the ‘abc’ reference 
equation (8) in Fig 3. 

 
Fig. 2: Shunt Inverter PSCAD/EMTDC simulation 

circuit. 

 
Fig. 3: Control block diagram of shunt Inverter. 
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(8) 

where: 

Cai , Cbi , Cci  - three phase converter1 current, 
Lc - inductance of the transformer, 
da,db,dc - three phase switching state functions, 
C - Capacitance of DC link, 
Vsa,Vsb,Vsc- three phase supply voltages. 
In eq(8), the steady state fundamental components are 
sinusoidal to reduce control complexity and ‘dq’ frame 
in eq (9) rotating at the supply frequency can be used. 
With this frame, the positive sequence components at 
fundamental frequency become constant. 

cos cos( 2 / 3) cos( 2 / 3)
2 sin sin( 2 / 3) sin( 2 / 3)
3

1/ 2 1/ 2 1/ 2

cd ca

cq cb

co cc

i wt wt wt i
i wt wt wt i
i i

π π
π π

⎡ ⎤− +⎡ ⎤ ⎡ ⎤
⎡ ⎤ ⎢ ⎥⎢ ⎥ ⎢ ⎥= − − − − +⎢ ⎥ ⎢ ⎥⎢ ⎥ ⎢ ⎥
⎣ ⎦ ⎢ ⎥⎢ ⎥ ⎢ ⎥⎣ ⎦ ⎣ ⎦⎣ ⎦

     (9) 

where: 
 icd, icq -d-axis q-axis converter currents, 
 ico   - Zero sequence  converter current, 
w   - Supply angular frequency, 
Taking into account the absence of the zero-sequence 
components in the currents in a three wire system, the 
simplified transformation matrix can be used.   

⎥
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(10)

The model of d-q frame equation (11) is: 
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⎣ ⎦

 

 
 
 
 
(11) 

where: 
dd,dq –d-axis and q-axis switching state functions, 
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Vsd,Vsq-d-axis an dq-axis supply voltages. 
The equation (11) changes in to the current equation 
models. 
 

SddCqC
cd

C VdViwL
dt

di
L +−= ...  

(12)

SqqCdC
cq

C VdViwL
dt

di
L +−−= ...  (13)

Define 
SddCqCd VdViwLu +−= ...  (14)

SqqCdCq VdViwLu +−−= ...  (15)

and considering that the current control is realized by 
using PI controller, the equations (16) and (17) using  in 
Fig. 3. 

. .Sd C Cq d
d

v L w i u
d

V
− −

=  
(16)

. .Sq C C d qv L w i u
dq

V
− −

=  (17)

The voltage equation in the model (13) can be written as: 

.d C d q C q
dvC d i d i
d t

= +  (18)
 

. .p v d C d q C qu d i d i= +  (19)
And considering that voltage control is realized by using 
a PI controller, the equation (20) using in Fig. 3 is: 

2
3 supdcr pv

Vi u
V

=  (20)

                    
B. Control system of series inverter 
The voltage compensator is a system based on power 
electronics inverter injected voltage and compensate the 
voltage sags, and keeping the load voltage around its 
rated value Fig 4. Under balanced condition the series 
inverter output voltage The variables 2kT  represent the 

states of series inverter operation of switches. 2kT  is ‘0’ 
for open the Switches and ‘1’ for the closing the 
Switches. 
Defining the kd as switches state function.   

2 2

2 2

2 2

2 1 1
1 1 2 1
3

1 1 2

a a

b b

c c

d T
d T
d T

− −⎡ ⎤ ⎡ ⎤⎡ ⎤
⎢ ⎥ ⎢ ⎥⎢ ⎥= − −⎢ ⎥ ⎢ ⎥⎢ ⎥
⎢ ⎥ ⎢ ⎥⎢ ⎥− −⎣ ⎦⎣ ⎦ ⎣ ⎦

 
(21)

The filter output voltage is  

( )1ko
fk Lk

f

dv i i
dt C

= − −  
(22)

The dq complete model of the system as shown Fig. 4. 
2

2

10 0

10 0

1 10 0

1 10 0

d

ff

qfd fd

f ffq fq

od od
ld

foq oq f

Lq
f f

d Vw
LL
di iw V

L Li id
v vdt w i

Cv v C

w i
C C

⎡ ⎤⎡ ⎤ −⎢ ⎥⎢ ⎥
⎢ ⎥⎢ ⎥
⎢ ⎥⎢ ⎥⎡ ⎤ ⎡ ⎤− −⎢ ⎥⎢ ⎥⎢ ⎥ ⎢ ⎥
⎢ ⎥⎢ ⎥⎢ ⎥ ⎢ ⎥= + ⎢ ⎥⎢ ⎥⎢ ⎥ ⎢ ⎥
⎢ ⎥−⎢ ⎥⎢ ⎥ ⎢ ⎥
⎢ ⎥⎢ ⎥⎢ ⎥ ⎢ ⎥⎣ ⎦ ⎣ ⎦
⎢ ⎥⎢ ⎥
⎢ ⎥⎢ ⎥− −
⎢ ⎥⎢ ⎥⎣ ⎦ ⎣ ⎦

(23)

where: Cai , Cbi , Cci three phase converter  currents 

Lc - inductance of the transformer, 
da, db, dc -  three phase switching state functions, 
C - Capacitance of DC link, 
Vsa,Vsb,Vsc- three phase supply voltages. 
The steady state fundamental component is sinusoidal to 
reduce control complexity in the dq frame when rotating 
at the supply frequency can be used. With this fame the 
positive sequence components at fundamental frequency 
becomes constant. 
The current equation in the models can be written as:  

202 ddfqfd VdviLu −+= ω  (24)

202 qqfdfq VdviLu −+−= ω  (25)  

Considering that the current control is realized by using 
PI compensators the equations (26) and (27) using in Fig. 
5. 

V
uiLv

d dfqfod
d

2
2

−+
=

ω  (26)

V
uiLv

d qfdfoq
q

2
2

−+
=

ω  (27) 

The voltage equation in the model (23) can be written as: 

.d C d q C q
dvC d i d i
d t

= +  (28)

. .pv d Cd q Cqu d i d i= +  (29)

and considering that voltage control is realized by using 
a PI compensator, the equations (26) and (27). 

2
3 supdcr pv

Vi u
V

=  (30)

Figs 3 and 5 shows the gate pulse generator circuit of the 
series and shunt inverters based on SPWM technique. In 
the presented SPWM technique, the error signal is 
applied to a PI controller and the output signal of PI 
controller is the reference signal of the SPWM technique.  
Voltage sag compensate equation is 

Vper-sag   - Vper(pu) 
%Sag  = -------------------- * 100         

V per-sag (p u) 

(31)

 
IV. SIMULATION RESULTS 

 
The schematics diagrams Figs. 2 and 4 are simulated by 
using PSCAD/ EMTDC, The PVUC is placed in a 11 kV 
distribution system with static load of 2.7 MVA. The 
simulations are carried out and illustrate the 
effectiveness of the PVUC as a unified compensator for 
voltage regulation, voltage sag compensation, voltage 
flicker reduction, and voltage unbalance mitigation.  
 
Load is increased from 0.5 to 1.0 per unit as shown in 
Fig 6. The load voltage decreases and returns to its rated 
voltage due to the voltage sag compensation capability 
of PVUC system. 
 
Fig 7 (a).shows the line voltage sag without PVUC and 
the Fig 7 (b) shows that line voltage sag compensation 
with PVUC. 

 The simulation period 300ms-600ms, the load is 
increased by closing switch C. In this case, the 
voltage drops by almost 34% with respect to the 
reference value. 
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 At 600ms. The switch C is opened and remains so 
throughout the rest of the simulation the load 
voltage is very close to the reference value. 

 In this same interval A is closed and the PVUC 
starts operating to mitigate the voltage sag and 
restore the voltage back to the reference value. 

 
The simulation also carried initially an unbalanced 
voltage due to two phase to ground faults that are phase 
A and phase C at time t = 300ms to t = 600ms.  
As shown in Fig 8. 
 

 
a) Without PVUC. 

 

 
b) With PVUC. 

Fig.6: Per unit Voltage Vrms at the load point. 
 

 
a) Without PVUC. 

 

 
b) With PVUC. 

 
Fig 7:  Line Voltage Vab at the load point. 

 
a) PV voltage without boost converter 

 

 
b) PV voltage with boost converter 

 

 
Time in sec 

a) Without PVUC 
 

 
Time in sec 

b) With PVUC 
 

 
Time in sec 

 
c) With supply voltage of  PVUC 

Fig. 8: Phase faults 
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V. CONCLUSION 
 
The use of computer programs in simulation of custom 
power controllers including photo voltaic is extremely 
important for the development and understanding of  the 
power electronics based technology. The result is 
achieved through digital simulation which clearly shows 
the capability of the PVUC to mitigate the voltage sags 
providing a continuously variable level of shunt 
compensation of voltage sages and regulates the voltage 
a new PVUC design which incorporates PV module as a 
DC voltage source to mitigate voltage sags in a 
distribution system has been presented. The PVUC is 
modeled with a new feedback controller scheme to 
control the IGBT switches of the inverter.  The output is 
filtered in order to mitigate the harmonics generated 
from switching. The PV is connected to a boost 
converter so as to achieve a higher output voltage for 
charging the capacitor efficiently. Simulation results 
prove that the PV is a useful alternative DC source for 
the PVUC. 
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Frequency Domain Analysis of Adjustable Speed Drive 
Systems Based on Transfer Switching Function 

 
V. Mohan1   J. Raja2   S. Jeevananthan3  

 
Abstract – A frequency domain analysis (FDA) is proposed 
to build an accurate model of the front end rectifier and 
pulse width modulated (PWM) inverter in an ac-ac 
conversion scheme, in order to analyze the harmonic 
currents generated by the adjustable speed drive (ASD) 
systems. The harmonic currents cause detrimental 
effects, such as an abrupt termination of the load 
power or oscillations, which may impose higher 
stresses on all the components of the power path. The 
impact of the interaction between non-linear loads and 
the power sources need to be characterized, which 
necessitates the accurate model. Simulation and experimental 
results of the suggested approach are compared with those 
obtained using time domain simulation, to highlight its 
validity. 
 
Keywords - Frequency domain analysis, PWM inverter, 
transfer switching function. 
 

I. INTRODUCTION 
 
The present day systems are powered by non-ideal sources 
whose output impedance is not negligible, besides most of 
the loads are non-linear in nature [1]. The analysis of 
harmonic components is an inevitable part of the study, 
due to the requirements of higher power quality. 
Numerical techniques offer a good representation of the 
non-characteristic waveform distortion generated by the 
converters. The most widely used method to calculate the 
harmonic components is a numerical time domain 
simulation method, in which the various components are 
analyzed by solving differential equations. 
 
The time domain methods are easy to use and allow 
verification of system operation under any number of 
different operating states. However they do not provide an 
analytical insight required for optimal design; besides 
frequency dependence cannot be accurately modeled [2-
3]. An alternative method for calculating the harmonic 
currents of a power converter uses the Fourier series and 
the switching functions. With a frequency domain model, 
the closed loop frequency responses can be established, 
which will facilitate the analysis of system stability and 
design optimization. The frequency response test is 
cumbersome to perform, for systems with large time 
constants, as the time required for the output to reach the 
steady state for each frequency of the test signal is 
exceedingly long. However frequency domain modeling is 
significant for power electronic circuits, which offer a 
faster response.  
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Sakui et al. have proposed an analytical method to 
calculate the harmonic currents of three-phase rectifier 
with a dc filter by accounting the ac side reactance [4]. 
They have further improved it by including the ac side 
resistance for continuous and discontinuous modes of 
conduction [5]. Hu and Yacamini have developed another 
analytical method to show how harmonics are transferred 
in the both directions through three phase bridges [6]. 
Larsen et. al have proposed a three-port network and 
analyzed the low order harmonic interactions on HVDC 
systems [7]. Wood and Arrillaga have developed a three-
port model and used it to predict the composite resonant 
frequency. The same authors have shown that HVDC 
rectifiers and other nonlinear power electronic switching 
devices are almost completely linear in frequency domain 
[2]. 
 
This paper presents a transfer switching function (TSF) 
based frequency domain analysis (FDA) for adjustable 
speed drive (ASD) system consisting of an uncontrolled 
inverter and pulse width modulated (PWM) inverter. The 
developed FDA results are compared with time domain 
analysis (TDA) and experimental results. 
 

II. FDA OF UNCONTROLLED RECTIDIERS 
 
A typical single phase diode rectifier (SPDR) is shown in 
Fig 1. Generally the rectifier operates as a modulator, 
since its primary function is to convert the fundamental 
power frequency ac (50 or 60 Hz) to dc. The modulation is 
achieved by the alternate switching action of the diodes. 
The instantaneous output voltage, Vdc shown in Fig.2(c),  
is expressed in terms of the  rectifier switching function 
‘S’ and ac source voltage, Vac as in (1). Fig 2 (b) shows 
the TS) of the SPDR, which represents the switching of 
the alternate diode pairs, to connect the supply voltage to 
the dc-bus. This switching function operates as a 
frequency transfer function in that it describes the way an 
ac    side frequency signal is transferred to the dc side 
[8,9,10]. The Fourier series of switching function is given 
in (2). 

 
   

Fig. 1: Uncontrolled rectifier 
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dc acV V * S=  (1)

0
1 1

cos( ) sin( )n n
n n

S a a n t b n tω ω
= =

= + +∑ ∑  (2)

As the switching function is symmetrical, the Fourier 
coefficients ao and an are zero and the switching function S 
is                                          

1,3,..

4 sin( )
n

S n t
n

ω
π=

= ∑  (3)

 
       (a)                             (b)                           (c) 
Fig. 2 (a): Rectifier input (b): Switching function and 

(c): Rectifier output 
Substituting (3) in (1) gives  

dc m
1,3 ,..

4V sin ( ) * V sin( )
n

n t t
n

ω ω
π=

= ∑    
(4)

m m
2

2 , 4 , . . .

2 V 4 V c o s ( )
1n

n t
n

ω
π π =

= −
−∑

  
(5)

The final rectifier output is given by (5) and the rectifier 
load side current is given by 

m m
d c 2

2 nn = 1 ,2 ,3 . . .

2 V 4 V c o s (2 nω t )I = -
πR π (4 n -1 )* Z∑  (6)

where, Z2n is the impedance offered to even order 
harmonic components. The rectifier source side current 
can also be obtained by using the same switching function 
(S) and the load side current, expressed as   

a c d cI = I * S  (7)

By substituting (6) and (3) in (7) 

m
ac 2

n=1,3,5...

m
2 2

2nn=1,2,3... n=1,3,5...

8V sin(nω t)I =
nR

16V cos(2nω t) sin(nω t)       - *
n(4n -1)*Z

π

π

∑

∑ ∑
 

(8)

 
III. FDA OF PWM INVERTERS 

 
The typical single-phase inverter is shown in Fig 3. The 
typical switching function ‘SI’ of the inverter is shown in 
Fig 4 (b) which is derived from comparison of sine 
reference and triangular carrier. Figs 4(a) and 4(b) show 
the inverter input and output respectively. The switching 
angles are found using following expressions [11]. 
 

i
2P int sec , sin 0

2 2
th

m a m
f f

jer tion M
M M
πα α+ − =   

 
(9)

i +1
2P int sec , sin 0

2 2
th

m a m
f f

jer tion M
M M
πα α− − =  

The Fourier coefficients for a pair of pulse is given as 
34 sin( ) sin ( ) sin ( )

4 4 4
m m mn m m

n
B n n

n
δ δ δ

α π α
π

⎡ ⎤
= + − + +⎢ ⎥

⎣ ⎦
 (10)

 
Fig. 3: Single-phase full-bridge inverter 

 
                  (a)                        (b)                         (c) 

Fig. 4 (a): Inverter input, (b): Switching function and 
(c): Inverter output 

Where, mα  is the starting point of the pulse and mδ is the 
width of each pulse. The over all switching function is 
given as 

m
p m

m
I

mn=1.3.5.. m=1
m

3δ
sinn(α + )nδ4 4S = sin( ) sin(nωt)

δn 4 -sinn( +α + )
4

π π

⎡ ⎤
⎢ ⎥
⎢ ⎥
⎢ ⎥
⎢ ⎥⎣ ⎦

∑ ∑
 

 
(11)

The output of the inverter is given by  
              Vo(t)=Vdc*SI 

dc m

p
m

o m
n=1.3.5.. m=1

m
m

4V nδ
sin( )

n 4
3δV (t) = sin(nωt)sinn(α + )

4
δ

- sinn( +α + )
4

π

π

⎛ ⎞
⎜ ⎟
⎜ ⎟
⎜ ⎟⎡ ⎤
⎜ ⎟⎢ ⎥
⎜ ⎟⎢ ⎥
⎜ ⎟⎢ ⎥
⎜ ⎟⎢ ⎥⎣ ⎦⎝ ⎠

∑ ∑
 

 
 
 
(12)

The inverter output current is the ratio between the output 
voltage and the load resistance, expressed as  

dc m

p
m

o m
n=1.3.5.. m=1

m
m

4V nδsin( )
nπR 4

3δI (t) = sin(nω t)sinn(α + )
4

δ- sinn(π+α + )
4

⎛ ⎞
⎜ ⎟
⎜ ⎟
⎜ ⎟⎡ ⎤
⎜ ⎟⎢ ⎥
⎜ ⎟⎢ ⎥
⎜ ⎟⎢ ⎥
⎜ ⎟⎢ ⎥⎣ ⎦⎝ ⎠

∑ ∑  

 
 
(13)

The inverter input current is obtained by using the inverter 
output current and the same switching function (SI), given 
by 
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i o II ( t ) = I ( t ) * S     (14)
2
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p
dc m
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nδ4 sin( )
nπ 4
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R 4
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⎢ ⎥⎜ ⎟⎢ ⎥

⎜ ⎟⎢ ⎥⎢ ⎥⎣ ⎦⎝ ⎠⎣ ⎦

∑ ∑  

 
 
 
(15)

 
IV. PROBLEM FORMULATION 

 
It is envisaged to develop a frequency domain based 
model of a single phase uncontrolled rectifier and a SPFB 
inverter, in order to evaluate the performance of the ac-ac 
conversion system, suitable for variable frequency system 
through MATLAB simulation and FPGA based hardware 
implementation. The simulation results are to be validated 
by comparing with those obtained using time domain 
analysis. Besides, the analytical (FDA) and experimental 
results are to be compared.  
 

V. SIMULATION RESULTS 
 
The simulation is performed on a SPWM inverter using 
MATLAB both in time and frequency domain for various 
values of Ma and Mf. However the results obtained by the 
analytical method are compared with those available in the 
time domain for Ma, 0.8 and Mf, 10.  

 
5 (a) 

 
5 (b) 

 
Fig. 5 (a): Output voltage (b): Output current waveform FDA -

calculated, TDA-simulated 
 

The results are obtained for a rectifier of load resistance of 
10Ω and inductance of 0.1H. The FDA results are shifted 
in the Y-axis scale for clarity. Fig 5 shows the dc voltage 
of the rectifier. It follows that the frequency domain 
analysis output voltage and time domain simulation output 
are almost the  same, but the output dc current shown in 
Fig 5 (b) reveals  that the  time domain analysis takes a 
longer time to reach  steady state. The source side current 

of the rectifier is seen in Fig 6. The output voltage of 
inverter and fundamental component of the output are 
depicted in Figs 7 (a) and (b) respectively. Fig 8 shows the 
simulated harmonic spectrum of the inverter output 
voltage. The dominant harmonic components of PWM 
controlled inverter are pushed to higher frequency as 
expected. It is seen that the inverter output current 
waveform is the same as that of the voltage for a resistive 
load. 

 
Fig. 6: Source side current waveform of rectifier  

(FDA -Calculated, TDA-simulated) 

 
7 (a) 

 
7 (b) 

 
Fig. 7 (a): Output voltage and (b): Fundamental of output  

(Ma= 0.8, Mf=10, Vdc=300V) 

 
Fig. 8: Harmonic spectrum of output voltage -SPWM 

Ma=0.8, Mf=15 and Vdc= 300V 
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VI. HARDWARE IMPLEMENTATION 
 
The SPWM strategy is implemented on a SPFB inverter 
using FPGA architecture (Xilinx-Spartan-3 xc3s400-4-
pq208). The design is complied, simulated using 
ModelSim and finally downloaded to the device through 
Xilinx software. The PWM pulses are generated using 
TRR algorithm, in which the basic idea is to generate 
carrier waves of any frequency, acquired by fetching the 
triangular samples while the reference of any magnitude is 
obtained through a suitable multiplying factor [12]. The 
FPGA processor acquires the values of Ma, Mf, base 
reference wave (at Ma=1) and base carrier wave (at Mf =1) 
as inputs. The first step is to modify the base reference to 
the given Ma and obtain the actual reference wave. The 
base reference samples are multiplied by a transitory Ma 
(ten times the actual Ma) and later divided by ten. The 
values of the actual reference wave are stored in an array 
of fresh adjacent locations. The second step is to compare 
the reference and carrier waves. The subroutine 
determines the actual carrier wave from the base carrier 
wave. The modified sine pointer (MSP) and formed 
pattern pointer (FPP-where the PWM pattern is to be 
stored) are initialized and thereafter the carrier pointer 
(CP) is calculated recursively. 

 
Fig. 9:  Experimental output voltage waveform with SPWM 

 
Fig. 10: Frequency spectrum with SPWM (Ma=0.8, Mf=15) 

Fig. 9 shows the typical output waveform resulted in hardware 
testing. The corresponding harmonic spectrum is presented in 
Fig. 10. A detailed comparison of analytical and experimental 
results is presented in Fig.11 in terms of total harmonic distortion 
(THD) as a function of Ma. Tables 1 and 2 shows similar 
comparison for Ma=0.8 and Mf=15 highlighting the dominant 
harmonics. Fig 12 shows the FDA and time domain analysis 
results of dc link current while Fig 13 gives similar results of 
representative dominant harmonics. 

 
Fig.11: Comparison of analytical (FDA) and experimental values 

 
Fig. 12: Input current of inverter (Ma= 0.8, Mf=10, Vdc=300V, 

R=10Ω) 

 
13 (a) 19th harmonic 

 
13 (b) 21st harmonic 

Fig. 13: Dominant harmonic components of SPWM inverter 
(Ma= 0.8, Mf=10, Vdc=300V, R=10Ω) 



Asian Power Electronics Journal, Vol. 4 No.2 August 2010 
 
 

68 

Table 1: THD fundamental and lower order harmonics 
Method THD 

9%) V3 (%) V5 (%) V7 (%)

TDA 76.68 12.45 8.62 2.28 
FDA 68.02 0.18 0.12 0.03 

Experimental 69.68 1.45 0.62 0.28 
 

Table 2: Comparison of carrier frequency harmonics 

 
VII. CONCLUSION 

 
The approach has served to develop accurate FD models 
of the front end rectifier and PWM inverter. The 
importance of switching functions has been illustrated 
through the analysis. The scheme has created a new 
dimension in the harmonic analysis of power converters. 
The results show that TDA is very accurate and reflects 
the circuit behavior right from the first cycle of its 
working. The frequency domain modeling has highlighted 
a technique by which the linear operating range of the 
PWM inverters can be identified. The close comparison of 
the simulated and implemented results reveals the 
superiority of the proposed method. This idea will go a 
long way in exploring newer variable speed techniques 
suitable for ac drives to meet state- of-the- art 
applications.  
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TDA 27.20 51.48 43.41 9.63 
FDA 17.55 38.92 38.86 17.55 
Experimental 19.20 40.48 36.41 13.63 
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On Closed-loop Decoupling Control Strategy for Grid-
connected Double-fed Generator  

 
CHE Yanbo1      WANG Yu2     WANG Chengshan3

 
Abstract - This paper first introduces the basic theory of 
double-fed wind power generation system, and builds the 
mathematical model in two-phase rotary coordinate system. 
In order to deal with the strong coupling problems, the vector 
control technology is introduced, and the idea of double-fed 
generator stator-flux-oriented vector control strategy is 
presented. Based on the two-phase simplify mathematical 
model and stator-flux-oriented vector control strategy, no-
load grid-connected control strategy and power control 
strategy after grid-connected for double-fed generator are 
introduced: they both use dual-channel closed-loop 
decoupling control frame, both consider rotor current’s mt 
component as the inner-loop. By passing key control 
variables, the flexible connectivity between generator and 
grid can be carried out and the soft switch of the control 
strategy also can be achieved during grid-connected. In 
MATLAB/SIMULINK, the simulation model is set up, and 
the results show that the control strategy is correct and 
effective. 
 
Keywords - Closed-loop decoupling control, double-fed 
inductor generator, grid-connected, maximum power point 
tracking,  output power control, rotor current. 

 
I. INTRODUCTION 

 
At present, the double-fed wind-power generation system 
has been increasingly widely used, its motor is double-fed 
inductor generator(DFIG).It has some advantages, 
including that it allows the prime mover operates in a 
wider speed range, which can simplify the adjustment 
device and reduce the mechanical stress during changing 
motor speed. Moreover, DFIG system’s frequency 
converter occupies only part of the rated capacity, which 
reduces the frequency conversion device’s size and cost 
[1]. 
 
DFIG wind power generation system has become a new 
focus in the renewable energy power generation field, and 
its control strategy is the key problem, including the 
control strategy before and after grid-connected. Most 
researchers have researched the two control methods 
independently. This article will summarize the previous 
researchers’ experience, study the decoupling closed-loop 
control structure, and achieve the soft switch of the two 
control strategy. 

  
II. THE BASIC THEORY FOR DFIG  

 
A. The Basic Structure for DFIG 
DFIG’s structure is similar to the wound induction motor. 
Its stator and rotor are both installed with three-phase 
symmetric winding. Its stator winding is connected to the 
power grid through a transformer, and it is excited by 
symmetric three-phase power with fixed frequency [2].  
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Its rotor winding is excited by symmetric three-phase 
power with variable frequency. The frequency can be 
regulated by back-to-back PWM converter, including rotor 
side converter and grid side converter. They are both 
controlled by DSP controller. The basic structure for DFIG 
system is showed in Fig. 1. 

 

Fig. 1: DFIG system structure 
 

B. The Mathematical Model 
The mathematical model for DFIG with synchronous 
rotary coordinate system is converted from the three-phase 
model through coordinate transformation [3]. Assume that 
the voltage and current of the stator side is directed by 
generator; Voltage and current of the rotor side is directed 
by motor. Based on the aforementioned assumptions we 
get the DFIG mathematical model in synchronous rotation 
coordinates as (1) - (6).  
Voltage equation: 
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1

ms s ms ms ts

ts s ts ts ms

u R i p

u R i p

ψ ωψ

ψ ωψ

⎧ = − − +⎪
⎨

= − − −⎪⎩
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tr r tr tr mr
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Flux equation: 
ms s ms m mr

ts s ts m tr

L i L i
L i L i

ψ
ψ

= −⎧
⎨ = −⎩

 
(3)

mr m ms r mr
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ψ
ψ

= − +⎧
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 (4)

Electromagnetic torque equation: 
( )e p m ts mr ms trT n L i i i i= −  (5)

Equations of motion: 
1 r

m e
p

dT T J
n dt

ω
− =  (6)

Where, u: voltage, i: current, ψ: flux, L: self-inductance, 
Lm: mutual-inductance between stator and rotor, subscript s 
and r: stator side and rotor side, subscript m and t: m-axis 
component and t-axis component in synchronous rotary 
coordinate system, J: rotational inertia, np: pole pairs, Tem, 
Tm: electromagnetic torque, mechanical torque. 
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C. Decoupling Control 
For AC excited double-fed generator system, stator and 
rotor current are the alternating variables of the power 
frequency and slip frequency, so the system is a strong 
coupling multi-variable system. If we simply control the 
AC current by closed-loop control method without 
decoupling, the result will not be ideal [4]. In order to 
achieve the decoupling control for DFIG, referring to the 
vector control idea, the actual AC variable can be broke 
into two independent and vertical components, which are 
controlled by closed-loop respectively. Closed-loop 
control strategy with decoupling can get better control 
performance [5]. 
 
D. The Stator-flux-oriented Control Strategy 
The stator winding is connected directly to the infinite 
power grid, so the stator voltage’s amplitude and 
frequency can be regarded as constant approximately [6]. 
If we orient the m-axis by stator flux vector, so do the 
stator voltage vector and the negative t-axis the stator flux. 
By stator-flux-oriented method, we can get (7)-(8). 

1
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We can get (9) by linking (7), (8) into (2). 
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(9)

From (9), it shows that stator flux is a constant, which is 
related with voltage and frequency.  

 
III. GRID-CONNECTED CONTROL 

 
A. No-load grid-connected control 
Before DFIG system achieves grid-connected operation, 
stator voltage’s amplitude, frequency and phase must be as 
same as grid side. By controlling the rotor side converter 
can adjust DFIG rotor excitation current, and control stator 
voltage indirectly [7]. Assume that there is no-load state 
before grid connected, that is, ims＝its＝0.Based on ims＝its

＝0 and (1)-(4), we can get (10)-(13), which is the no-load 
mathematical model for DFIG. 
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We can get (14) by linking (7) into (11). 
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Linking (14) into (13), we can get (15). 
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Based on no-load mathematical model, a closed-loop 
decoupling control strategy is presented [8]. Through 
calculating power grid voltage u1 and synchronous angular 
frequency ω1, we can get flux ψ1. According to (14), the 
rotor current m-axis component imr

* is calculated, the rotor 
current m-axis component itr

* should be controlled to be 
zero. Based on the relationship between rotor voltage and 
rotor current, which is showed as (15), the rotor current’s 
mt component is selected as inner-loop control variable for 
PI regulator. The error between imr

*, itr
* and imr, itr are 

regulated by PI proportion, the result, which add the 
compensation voltage are the rotor voltage anticipant value 
umr

* and utr
*. The rotor voltage mt component umr

* and utr
* 

can be changed to the rotor voltage in three-phase 
coordinate system. The three-phase rotor voltage 
component can be used to generate the necessary 
command signals for rotor power’s exciting control. 
According to that, we can get the DFIG no-load grid-
connected control model, as in Fig. 2. 

αβ

αβ

αβ

αβ

αβ

αβ

 Fig. 2: DFIG no-load grid-connected control model 
 

B. The Output Power Control after Grid-connected 
The output power control after grid-connected for DFIG is 
aim to carry out output active power and reactive power’s 
decoupling control, and achieve Maximum Power Point 
Tracking (MPPT) technology. The MPPT basic principle 
is to get the most reasonable rotor speed through 
controlling the DFIG output active power [9]. So power 
control is the precondition of MPPT. Linking (7)-(9) to 
(1)-(4), we can get (16)-(18). 
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umr
’ and utr

’ is the decoupling component for rotor voltage 
and current, △umr

 and △utr is the compensation for 
eliminating   cross-coupling between the rotor voltage and 
current. Dividing the rotor voltage into the decoupling 
component and the compensation can simplify the control 
process [10].                                                                            
The whole system is a dual-closed-loop structure. The 
outer ring is for the power control, and the inner ring is for 
the current control. In power ring, the error between the 
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power command P*, Q* and the feedback value P and Q 
are calculated by power PI regulator, the results are the 
reactive component imr

* and the active component itr
*, 

which are compared with their feedback value, then the 
error is calculated by current PI regulator, the output 
values are the voltage component umr

’ and utr
’, which add 

△umr
  and △utr are the rotor voltage command umr

*  and 
utr

*. According to that, we can get the DFIG power control 
model after grid-connected, as in Fig. 3. 
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 Fig.3:  DFIG power control model after grid-connected 
 
C. The Soft Switch before and after Grid-connected  
According to compare the control strategy before and after 
grid-connected, it is known that both control methods 
adopt the idea of stator-flux-oriented vector control [11], 
and they both get command signals umr

* and utr
* by 

controlling the rotor current imr and itr, umr
* and utr

* can be 
applied to generate SVPWM control variable. So they 
have same current inner-loop PI regular, both of them 
apply closed-loop decoupling control structure [12]. Based 
on that, it proves that the basic control method before and 
after grid-connected is similar to each other, so the most 
important problem is the transfer of key variable when 
grid-connecting. 
The rotor current imr

 and itr is the pivotal variable, which 
are the inner-loop under-control variables.  So the value of 
rotor current imr

 and itr before grid-connected should be 
passed to the control model when grid-connecting. Besides 
that, other variables ims＝its＝0, Tm＝Te＝0 and P＝Q＝0 
before grid-connected also need to transfer. When these 
values have been passed, the no-load grid-connected mode 
will be disabled, and the output power control model 
begins to run, the whole model works in order. 

 
IV. SIMULATION 

 
A. Simulation Model 
According to the front analysis, the simulation model is set 
up in MATLAB/SIMULINK. The simulation parameters 
are shown in Table I. The whole model is shown as Fig. 4, 
which includes two models. One is no-load grid-connected 
model, as in Fig. 5. The other is power control model after 
grid-connected, as in Fig.6. The simulation time is set to 
10s. The state transfer switch is automatic, the switch time 
is set to 1s. When switch state change, rise signal transfer 
from 1 to 0, it disables the no-load model, at the same time, 
it enables power control model.  When no-load model ends, 
it will pass the state value imr

 and itr to next model. The 

power control model will receive the value, and begin to 
run. 
In order to prove MPPT control, we set reactive command 
value as 200W, change active power command value by 
changing the wind speed. The initial wind speed is set to 
6m/s, then to 5m/s at 4s, in the end to 7m/s at 7s. 
TABLE. Simulation  parameters 

Stator Resistance 1.920Ω

Rotor Resistance 2.575Ω

Stator self-Inductor 0.240 H

Rotor self-Inductor 0.240 H
Mutual-inductance 
between stator & rotor 0.234 H 

Pole pairs 2 

 
Fig. 4: Whole simulation model 

 
Fig. 5: No-load simulation model 

 
Fig. 6: Power control simulation model 
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B. Simulation Result 
Fig. 7 is the simulation result of stator voltage and grid 
voltage (a-grid voltage, b- stator voltage), The simulation 
result shows that stator voltage can follow grid voltage 
after 0.02s. It proves that the no-load model satisfy the 
grid-connected condition. 
Figs. 8 and Fig. 9 are the simulation results for DFIG 
active power and reactive power respectively. According 
to MPPT theory, one wind speed value corresponds to an 
active power value. Fig. 8 shows that the active power 
value can follow wind speed’s change. Fig. 9 shows that 
the reactive power remains 200W. Those results prove the 
model achieve power control well. 
Figs. 10 and Fig. 11 are the simulation results of rotor 
current imr、itr. The simulation result shows that the rotor 
current has fulfilled transfer from no-load model to power 
control model. The rotor current t-axis component itr and 
DFIG active power are corresponding to each other, so are 
the rotor current m-axis component imr and DFIG reactive 
power. It proves the decoupling closed-loop control 
strategy is effective. 
Figs. 12 and Fig. 13 are the simulation results of DFIG 
electromagnetic torque and mechanical torque respectively. 
Fig. 14 is the simulation result of rotor speed. Figs. 12-14 
also can prove the validity of MPPT control. All of them 
can follow wind speed’s change. 

 
Fig. 7: Stator voltage and grid voltage simulation result 

 
Fig. 8: DFIG active power simulation result 

 
Fig. 9: DFIG reactive power simulation result 

 
Fig. 10: Rotor current m-axis component imr simulation result 

 
Fig. 11: Rotor current t-axis component itr simulation result 

 
Fig. 12: DFIG electromagnetic torque simulation result 

 
Fig. 13: Mechanical torque simulation result 

 
Fig. 14: Rotor speed simulation result 
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V. CONCLUSION 
 

The simulation results show that the closed-loop 
decoupling control strategy on wind power generation is 
effective. Before grid-connected, no-load control model 
can satisfy grid-connected condition by controlling rotor 
current imr and itr. The stator voltage’s amplitude and 
frequency are as same as grid. When grid-connected 
operation happens, model can achieve the transfer for rotor 
current decoupling component  imr and itr, and realize the 
soft switch between two control models. The out power 
control model after grid-connected can achieve active and 
reactive power respectively decoupling control and MPPT 
control also by regulating rotor current imr and itr. They 
both adopt closed-loop decoupling control strategy, the 
simulation results prove the strategy is correct and it can 
be applied for double-fed wind power system. 
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Integrated Electronic Load Controller with T-Connected 
Transformer for Isolated Asynchronous Generator 

 
Bhim Singh1      V. Rajagopal2  

 
Abstract – This paper deals with a integrated Electronic 
Load Controller (IELC) for an isolated asynchronous 
generator (IAG), used in constant power pico hydro power 
generation for feeding three-phase four-wire loads. The 
proposed IELC is used to control the voltage and frequency 
of IAG in the integrated manner. This IELC is realised using 
a T-connected transformer and three-leg insulated gate 
bipolar transistors (IGBTs) based current controlled voltage 
source converter (VSC) a capacitor, a chopper switch and an 
auxiliary load on its dc bus. The proposed IELC with an 
isolated generating system is modeled and simulated in 
MATLAB along with Simulink and power system blockset 
(PSB) toolboxes. The simulated results of IAG-IELC system 
are presented to demonstrate its performance for feeding 
three-phase four-wire linear/nonlinear (balanced/unbalanced) 
loads with the neutral current compensation. 
 
Keywords – Integrated electronic load controller, isolated 
asynchronous generator, voltage source converter, point of 
common coupling.  
 

I. INTRODUCTION 
 
Conventional power generation using fossil fuels such as 
coal, hydrocarbons etc. cause environmental pollution and 
degradation. Besides, these sources are limited and at the 
current rate of their exploitation, are not likely to last very 
long. Therefore, there is need to give utmost importance to 
harnessing non-conventional and renewable energy 
sources such as wind energy, small hydro, bio-mass, solar, 
geothermal energy etc to reach the consumers in remote 
and isolated places. This leads to develop small isolated 
pico hydro generating plants and cost reductions may be 
obtained by utilizing run of the river schemes [1- 2]. The 
IELC (integrated electronic load controller) is used to 
regulate the voltage and frequency constant. 
Asynchronous machines like a squirrel cage type offers 
simple and rugged brushless rotor construction with least 
maintenance requirements over any conventional 
synchronous machines [3- 4]. As the induction machine is 
isolated, the reactive power for its operation may be 
supplied by a VAR generating unit connected across its 
terminals, which is generally realized in the form of 
capacitor banks. The capacitor banks are such selected that 
when driven at rated speed should produce the rated 
voltage at no load operating under the magnetic saturation 
at some stable point [5]. These IAGs have inherent voltage 
and frequency regulation problems in constant power 
applications, along with these poor voltage and frequency 
problems it has poor power quality [6]. Therefore, use of 
an IELC with a suitable scheme becomes necessary for 
uncontrolled pico hydro turbine driven IAG based power 
generation. 
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In this paper, a synchronous reference frame theory [7-8] 
based control of an IELC is proposed which is having 
capability of controlling the voltage and frequency in 
integrated manner. The dc bus with this type of controller 
is more stable as compared to other controllers. The 
control scheme is fast in response as compared to any 
other control scheme. For controlling the voltage and 
frequency of IAG system, an IELC with a chopper switch 
and an auxiliary load at its dc bus is used. The active 
power of the IAG system is controlled by the chopper 
switch and an auxiliary load on the dc link of IELC and 
the reactive power is compensated by the VSC with a 
capacitor on the dc link. IELC acts as a reactive power 
compensator along with a harmonic eliminator and a load 
balancer a chopper switch with an auxiliary load at its DC 
link to absorb surplus active power not used by consumer 
loads. For the neutral current compensation a T-connected 
transformer neutral terminal can be used for non linear and 
unbalanced linear loads where the neutral current is 
compensated in primary windings of T-connected 
transformer keeping the VSC free from circulating 
currents [9-11]. 
 

II. SYSTEM CONFIGURATION AND PRINCIPLE OF 
OPERATION  

 
Fig. 1 shows the system configuration of IAG, an IELC 
(consisting a chopper switch and an auxiliary load at its 
DC link and three-leg VSC with isolation T-connected 
transformer) and the consumer loads. A three phase 
capacitor bank is used for the VAR requirement of the 
asynchronous generator and the value of this capacitor 
bank is selected to generate the rated voltage at no load. 
The IAG generates the constant power and when 
consumer loads power changes, the DC chopper of IELC 
absorbs the difference in active power into the auxiliary 
load. The three-leg VSC of IELC regulates the voltage due 
to changes in consumer loads. Thus the voltage and 
frequency of IAG system is not affected and remain 
constant during the frequent changes in consumer loads. 
The IELC is connected to the IAG terminals (point of 
common coupling (PCC)) through a T-connected 
transformer and AC filtering inductors. The DC bus 
capacitor is used to mitigate voltage ripples and provides 
self supporting DC bus of VSC.  
 
Fig. 1 also shows the control strategy of an IELC for 
regulating constant voltage and frequency along with 
constant excitation capacitor of an IAG driven by 
uncontrolled pico hydro turbine.  The control algorithm for 
the control of an IELC is based on the generation of 
reference source currents and a constant generated power 
of the IAG system. The T-connected transformer is used to 
change the voltage to an optimum level and for the neutral 
current compensation.  
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III. CONTROL STRATEGY 

 
The synchronous reference frame theory [7-8] is used for 
the control of the voltage and frequency of an IAG in the 
integrated manner. A block diagram of the control scheme 
along with generating system and consumer loads is 
shown in Fig. 1. The load currents (iLa, iLb, iLc), the 
terminal voltages (va, vb, vc) and dc bus voltage (vdc) of 
VSC are sensed as feedback signals. 
 
A. In-phase and Quadrature Component of Reference 
Source Currents 
The load currents in the three phases are converted into the 
d-q-0 frame using the Park’s transformation as,  
 

L d L a

L q L b

L o L c

2 π 2 πc o sθ c o s (θ - ) c o s (θ+ )
3 3i i

2 2 π 2 πi = s in θ s in (θ - ) s in (θ + ) i
3 3 3

i i1 1 1
2 2 2

⎡ ⎤
⎢ ⎥
⎢ ⎥⎡ ⎤ ⎡ ⎤
⎢ ⎥⎢ ⎥ ⎢ ⎥
⎢ ⎥⎢ ⎥ ⎢ ⎥
⎢ ⎥⎢ ⎥ ⎢ ⎥⎣ ⎦ ⎣ ⎦⎢ ⎥
⎢ ⎥⎣ ⎦

      (1)        

 
A three-phase PLL (phase locked loop) is used to 
synchronize these signals with the terminal voltages. The 
d-q components are then passed through low pass filters 
(LPF) to extract the dc component of load currents 
corresponding to the active power idd and reactive power 
iqd. The fundamental active power component of the 
generator current for constant power operation can be 
calculated as   

id
* = idd+ iloss (2)

This id
* is considered amplitude of an active power 

component of the source current of an IAG system. 
The error in DC bus voltage of an IELC (Vdcer (n)) of H-
bridge at nth sampling instant is as, 

Vdcer(n) = Vdcref(n) – Vdc(n)  (3)
where Vdcref (n) is the reference DC voltage and Vdc(n) is the 
sensed DC link voltage of the VSC. The output of the PI 
controller for maintaining DC bus voltage of the VSC at 
the nth sampling instant is expressed as, 
Iloss(n) = Iloss(n-1) + Kpd { Vdcer(n) – Vdcer(n-1)} + Kid Vdcer(n)    (4) 
where Iloss(n) is considered as part of active power 
component of source current. Kpd and Kid are the 

 
Fig. 1: Schematic diagram of IAG with IELC and its control scheme. 
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proportional and integral gain constants of the DC bus PI 
voltage controller. Similarly, a second PI controller is used 
to regulate the IAG terminal voltage. Three-phase voltages 
at the IAG terminals (va, vb and vc) are considered 
sinusoidal and hence their amplitude is computed as,  

Vt = {(2/3) (va
2 +vb

2 +vc
2)}1/2 (5)

The amplitude of IAG terminal voltage and its reference 
value are fed to a PI controller and the output of PI 
controller is considered as required reactive power 
component of the system (iqr) is subtracted from the dc 
component of the load reactive current (iqd). The voltage 
error Ver is amplitude of AC voltage at the nth sampling 
instant is as, 

Ver(n) = Vtref(n) – Vt(n)     (6)
where Vtref(n) is the reference amplitude AC terminal 
voltage and Vt(n) is the amplitude of the sensed three-phase 
AC voltages at the IAG terminals at nth instant.  
The output of the PI controller (I*qr(n)) for regulating the 
amplitude of the AC terminal voltage to a constant value 
at the nth sampling instant is expressed as, 

I*qr(n) = I*qr(n-1) + Kpa { Ver(n) – Ver(n-1)} + Kia Ver(n) (7)
where Kpa and Kia are the proportional and integral gain 
constants of the proportional integral (PI) controller, Ver (n) 
and Ver(n-1)  are the voltage errors in nth and (n-1)th instant 
and I*

qr(n-1) is the amplitude of quadrature component of 
the reference fundamental current of an IELC at (n-1)th 
instant.  
 
Thus the reactive power component of the source current 
is as,  

iq* = iqr -iqd (8)
This control strategy is to regulate the IAG terminal 
voltage, elimination of harmonics in load currents and the 
load balancing. The resultant reference source d-q currents 
(id*, iq*) are again converted into the reference source 
currents in abc frame (i*sa, i*sb, i*sc) using the reverse 
Park’s transformation as,  

* *
sa d
* *
sb q
* *
sc o

1s in θ c o sθ
2i i
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3 3 2

⎡ ⎤
⎢ ⎥
⎢ ⎥⎡ ⎤ ⎡ ⎤
⎢ ⎥⎢ ⎥ ⎢ ⎥
⎢ ⎥⎢ ⎥ ⎢ ⎥
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(9)

These reference source currents (i*sa, i*sb and i*sc) are 
compared with the sensed source currents (isa, isb and isc) in 
the PWM current controller. These current errors for all 
the phases are amplified and amplified current errors are 
compared with fixed frequency triangular carrier wave 
(10kHz in this case) to generate gating signals using a 
unipolar PWM switching of IGBTs of IELC.  
 
B. Chopper PWM Controller 
The active power error is defined as, 

Per(n)  =   P *(n)-  P(n)         (10)
where P * is the reference power and “P ” is the sensed 
power of IAG.  
 
At the nth sampling instant, the power PI controller is as, 
Vcf(n)  =  Vcf (n-1)  +  Kpf {Pre(n)  -  Pre(n-1)}  +  Kif Pre(n) (11)

This output of frequency controller Vcf(n)  is compared with 
fixed frequency triangular carrier wave (3 kHz in this case) 
to generate gating signal of IGBT of the chopper of IELC.. 

IV. MATLAB BASED MODELING 
 
A Simulink model of the asynchronous generator system 
is developed and it consists of an asynchronous machine 
with a capacitor bank and IELC. The modeling of an IAG 
is carried out using 7.5 kW, 415V, 50Hz, Y-connected 
induction machine and a 6 kVAR star-connected 
excitation capacitor bank. The IELC is realized using 
three-leg VSC, a T-connected transformer and interfacing 
inductors, a DC chopper and an auxiliary load. The 
unbalanced linear and non linear loads are considered here 
to demonstrate the capability of an IELC. Simulation is 
carried out in discrete mode at 20e-6 step size with 
ode23tb (stiff/ TR-BDF-2) solver. A T-connected 
transformer is used for the neutral current compensation 
and to reduce the dc bus voltage of voltage regulator to 
optimum level, which is shown in Fig. 1.  
 

V. RESULTS AND DISCUSSION 
 
The performance of a proposed IELC is studied for a 
constant power input uncontrolled pico hydro turbine 
driven isolated asynchronous generator feeding linear/ 
nonlinear balanced/ unbalanced three-phase four wire 
loads. Fig 2 shows its performance with unbalanced linear 
loads and Figs 3 and 4 show its performance with 
unbalanced nonlinear loads. Figs 2 and 3 show the 
waveforms of IAG terminal voltages (vabc), source currents 
(isabc), capacitor bank current (icca), load currents (iLa, iLb 
and iLc for linear and non linear load), IELC currents (icon), 
load neutral current (iln), amplitude of IAG terminal 
voltage (vt), reference and DC bus voltage of IELC (vdc

*
, 

vdc), IAG speed (ω), frequency and its reference (f *,f) and 
powers for the source (PG), auxiliary load (PA) and 
consumer loads (PL) during different dynamic load 
conditions. 
 
A. Performance of IAG with the IELC with Balanced 
/Unbalanced Linear Loads  
Fig. 2 shows the performance of the IELC under the 
application of balanced/ unbalanced linear loads on an 
IAG system driven by a constant power uncontrolled pico 
hydro turbine. All three single phase loads of 2.5 kW each 
are applied to the IAG terminals. At 4.2 sec one phase load 
is removed, the IELC starts diverting the excess amount of 
power into the auxiliary load. At 4.3 sec, second phase 
load is removed, the IAG is dissipating the extra power 
into the auxiliary load. At 4.4 sec all the three phase loads 
are removed, IAG is feeding the total power to the 
auxiliary load. The T-connected transformer is having the 
unbalanced currents and it provides the neutral current 
compensation through circulating current in the primary 
windings of the transformer with stable neutral terminal of 
the transformer and IELC and secondary windings are free 
from circulating currents  
 
B. Performance of IAG with the IELC with Balanced 
/Unbalanced Non Linear Loads  
Fig. 3 shows the performance of an IELC under the 
application of balanced/ unbalanced nonlinear loads on the 
IAG system driven by constant power uncontrolled pico 
hydro turbine. At 4.15 s all three single phase loads each 
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of 2.5 kW are fed by IAG. The IELC is not consuming any 
active power. At 4.2 s, one phase load is removed, and 
IAG is feeding the excess amount of the active power to 
the IELC auxiliary load. At 4.3 s, the second phase of the 
load is removed, the IAG is diverting the power from 
consumer loads to auxiliary load. At 4.4 s, the third phase 
load is removed, the IAG is diverting the total power from 
consumer loads to auxiliary load. The transformer primary 
winding is having the unbalanced currents providing the 
path to the load neutral current with stable neutral terminal 
leaving the IELC free from the load neutral currents. Fig 
4(a) shows the source voltage waveform and its harmonic 
spectrum, which has a THD (Total Harmonic Distortion) 
of 2.14 %. Fig 4 (b) shows the source waveform and 
harmonic spectrum and its THD is 3.23%. Fig 4 (c) shows 
the nonlinear load current waveform and its harmonic 
spectrum which has a THD of 77.14%. The THD of the 
terminal voltage of the generator is well within 5%, the 
limit imposed by the IEEE-519 standard.  
 

 
 

Fig. 2: Performance of IAG with a IELC feeding an three – phase 
four wire linear loads. 

VI. CONCLUSION 
 
An integrated electronic load controller for standalone 
pico-hydro based asynchronous generator has been 
designed, modeled and its performance has been simulated 
with a SRF based controller. The performance of an IAG 
has been demonstrated under different loading conditions 
(balanced/unbalanced linear/nonlinear).  
 
It has been observed that the proposed IELC results in a 
satisfactory performance under different loading 
conditions along with the frequency and its voltage control, 
load balancing and harmonic elimination of three-phase 
four wire loads. The requirement of PI controllers is 
reduced to two in the proposed voltage and frequency 
controller. This type of control scheme has been found 
simple, quick in response and easy to control. 
 

 
 
Fig. 3: Performance of IAG with a IELC feeding an three – phase 

four wire non-linear loads. 
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Fig. 4: Harmonic spectra of (a) generator voltage (Va), (b) 

generator current (isa) and (c) load current (ilb) under balanced 
nonlinear condition. 

APPENDICES 
 
A. Parameters of 7.5 KW, 415 V, 50 Hz, Y connected, 4 - 
Pole Asynchronous Machine 
Rs=1 Ω, Rr = 0.77 Ω, Xlr = Xls =1.5Ω, J= 0.1384 kg – m2 
Lm = 0.134 H (Im< 3.16) 
Lm = 9e-5 Im

 2 – 0.0087 Im + 0.1643 (3.16<Im<12.72) 
Lm = 0.068 H (Im> 12.72) 
 
B. Controller parameters 
Lf = 3 mH and Cd = 6000 μF 
AC voltage PI controller: Kpa =0.05, Kia = 0.07 
DC voltage PI controller Kpd = 0.1, Kid =0.12 
Power PI controller Kpp = 0.004, Kip =0.001 
 
C. Prime mover Characteristics 
Tshaft = (K1- K2 ωm)  ; K1= 1465, K2 = 8.6. 
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