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Harmonic Analysis and Performance
Improvement of a Wind Energy Conversions
System with Double Output Induction Generator

M. Sedighizadeh, and A. Rezazadeh

Abstract—Wind turbines with double output induction
generators can operate at variable speed permitting conversion
efficiency maximization over a wide range of wind velocities. This
paper presents the performance analysis of a wind driven double
output induction generator (DOIG) operating at varying shafts speed.
A periodic transient state analysis of DOIG equipped with two
converters is carried out using a hybrid induction machine model.
This paper simulates the harmonic content of waveforms in various
points of drive at different speeds, based on the hybrid model
(dgabc). Then the sinusoidal and trapezoidal pulse-width—-modulation
control techniques are used in order to improve the power factor of
the machine and to weaken the injected low order harmonics to the
supply. Based on the frequency spectrum, total harmonics distortion,
distortion factor and power factor. Finally advantages of sinusoidal
and trapezoidal pulse width modulation techniques are compared.
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I. INTRODUCTION

N order to maximize energy extraction from the wind, wind

energy conversion systems (WECS) should be able to
operate at variable rotational speed. Although variable speed
operation demands higher complexity and initial investment,
these drawbacks are offset by the increase of energy capture
and the improvement of control flexibility [1]. Therefore, as
wind technology progresses, an increasing number of variable
speed WECS schemes are proposed.

An interesting configuration among them is the one that
uses grid-connected double-output induction generator
(DOIG) with slip energy recovery in rotor, shown in Fig. 1. At
the cost of a wound rotor, DOIG provides several attractive
features [2]. For instance: constant voltage and constant
frequency generation (even operating at variable speed),
generation above the machine rated power, and cheaper and
smaller converter compared to those required for squirrel cage
or synchronous generators (only slip power is processed). In
addition, power control can be electronically implemented by
modifying the DOIG torque through the firing angle of the
converter.

The converter can be rated at a fraction of the generator
rating for a limited speed range of applications. This leads to a
lower cost of the power electronics components. Comparing
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to ac part, ripple free dc link current, the most work based on
dg model of the machine, simplifications are made on DOIG
such as ignoring the injected harmonics to the system by
rectifier/inverter, neglecting the overlap angle of the rectifier,
larger time constant of dc part of rotor circuit compared with
ac part, ripple free dc link current [3]. These simplifications
for dc link current lead to an error in the predicted
electromagnetic torque. The hybrid model (dgabc) keeps the
real parameters of the rotor and takes into account the effect of
the machine impedance on the overlap angle of rectifier, as
well as simplifications for dc link current and rectifier/inverter
harmonics, which are not made [4].

RECTIFIER

 GENERATOR ir 1A A SA

LY WY WY

| ;
yYyy
Yyy

INVERTER

Fig. 1 Basic Power Circuit of a DOIG

The main drawback of static DOIG using cascade
converters is its poor power factor. The reason is the reactive
power absorbed by the generator, inverter and rectifier. By
reducing the inverter reactive power absorbed by the inverter,
power factor of the drive can be improved. One method for
power factor improvement is the operation of inverter with a
fly-wheeling control. For a three-phase inverter, a fly-
wheeling control can be used with firing angles of between 90
and 120. For firing angles larger than 120, fly-wheeling
control is not possible and power factor remains unchanged.
The second method for power factor improvement is inverter
operation with PWM technique. In this method, self-
commutated switches (GTO or IGBT) replace the inverter
thyristors and the inverter operates with a zero reactive power
applying PWM technique [8].

Il. SYSTEM MODELLING

The DOIG is simulated based on a hybrid model. This
mathematical model consists of the models of induction
generator, rectifier and inverter, as extensively described in

[6].
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A. Phase-Controlled Inverter Model

The transformer and the main supply are assumed to have a
negligible internal impedance. Consequently, the commutation
overlap of the inverter can be neglected then inverter is
modeled as a chopped sinusoidal voltage source with a period
equal to one-sixth that of the supply. In this paper three phase
controlled inverter model that its equations have been
presented completely in [6,7] has been used.

B. PWM Controlled Inverter Model [9]

Normally commutated inverter in DOIG’s demands some
reactive power. In addition, it recovers active slip power to the
supply. Consequently, the absorbed reactive power by whole
system rises leading to a lower power factor of the drive. Also,
a rather large low-order harmonics is injected to the supply.

The power factor of a converter can be improved using a
forced commutation method. The amplitude of the harmonics
can be also reduced. The PWM technique is one of the most
effective methods in achieving the above goals. This method
of improving the power factor eliminates the low-order
harmonics.

However, the amplitude of the high-order harmonics is
increased, which can be easily filtered. Various PWM
techniques have been proposed [8].

To obtain a convenient performance, a current source type
six valve converter from sinusoidal and trapezoidal pulse
width modulation techniques controls with three-mode
switching signals is used.

Here comparing sinusoidal and trapezoidal waveforms
having a 120-phase difference and triangular carrier
waveform, two-mode switching signals x;(t)(i=1,2,3) and three-

mode switching signals are x;(t) obtained.
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Fig. 2 Three-phase six-valve AC/DC inverter

TABLEI
TRANSFORMATION OF TWO AND THREE MODE SWITCHING

BI-LOGIC THREE-LOGIC
X Xz X3 Ya Yb Yc
+1 [ +1 | +1 0 0 0
+1 [ +1 -1 0 +1 -1
+1 -1 +1 +1 -1 0
+1 -1 -1 +1 0 -1
-1 +1 | +1 -1 0 +1
-1 +1 -1 -1 +1 0
-1 -1 +1 0 -1 +1
-1 -1 -1 0 0 0

Table | shows the validity of the transformation of two-
mode switching to three-mode switching. The following linear
relationship is used to obtain three-mode switching signals:

International Scholarly and Scientific Research & Innovation 2(1) 2008

Ya(t) X (1) 1..-1...0
Yp (t) |=0.5C| Xp(t) |,-eo-... C=|-1..1.-1 Q
Ye(t) X3 (t) -1...0...0

Fig. 2 presents a three phase six-valve ac/dc inverter. The
following equations show the input currents, the output
currents and the voltages of the converter:

)
©)

I (1) =Yk (Olgc

I11. ANALYSIS OF THE SIMULATION RESULTS

A. Phase Control

In this study the firing angle of the inverter is taken to be
108 and the corresponding steady state speed 197.08 rad/s.
Fig. 3(a) shows the rotor phase current waveform. The overlap
caused by commutation impedance (stator, rotor and
magnetizing impedances) leads to a non- rectangular current
waveform. Fig. 3(al) presents the harmonic spectrum of the
rotor phase current. The use of the three phase rectifier bridge
eliminates the third harmonic and its multiples. There are
harmonics of the order (6q+1) where the signs+ and - express
the positive and negative sequences. Fig. 3(b), (bl), (c), and
(c1) show the rotor phase, line voltages and the corresponding
frequency spectra respectively. The ripples on the rotor phase
current and its large rate of variation result in pulsed voltage
waveforms. As for the frequency spectrum, the harmonics of
order (e6q+1) appear in these voltages. The fundamental

frequency of the rotor variables is s time the stator
frequency f, =sf;. An ac/dc power converter causes the

voltage and current harmonics in both ac and dc sides. In a
six-pulsed converter, the harmonics on the dc side are 6q order
and on ac side 6q+1 order [9]. Fig. 3(d) and (d1) show the dc
link current and its frequency spectrum. Since this current is
on the dc side of the two converters, from rectifier and inverter
point of views, the diode bridge has 6qf, harmonic

components, both being on the same frequency spectrum. Fig.
3 (e), (e1), (f), and (f1) present secondary and primary currents
and their corresponding frequency spectra. The drawbacks of
injecting large low-order harmonics to the network and lower
power factor can be attributed to these currents. Fig. 3 (g),
(91), (h), and (h1) present the stator phase current, the supply
current and their corresponding frequency  spectra
respectively. The stator phase current is closer to a sinusoidal
waveform (having less harmonics contents) compared with the
rotor phase current, because the stator current is the sum of the
generator magnetizing current and the rotor current phasors.
The supply current is the summation the stator current and the
reversed current of the transformer. The rectangular shape of
the reversed current leads to a more distorted supply current
compared with the stator current.
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B. PWM Control

In this section the application of sinusoidal and trapezoidal
PWM technique in DOIG for the power factor improvement of
the supply, the reduction of the total reactive power
consumption and the dc link ripples current and injected
harmonics to the supply are shown. In the PWM technique, by
changing the index modulation, the pulse width and the mean
value of the inverter voltage are varied, thus the generator is
controlled by the input voltage of the inverter (it depends on
firing angle in phase control technique and modulation index
in PWM technique). In order to compare the characteristics of
the system in the three techniques, the mechanical torque and
speed of the generator must be identical. Therefore, for
modulation index 0.31 and T,, = 20.N.m Nm, the speed of the

generator is approximately 197.08 rad/s (in phase control
technique it will be ate =108). The control system of the
inverter has been designed based on the sinusoidal and
trapezoidal PWM technique with three mode switching
control. Fig. 4 and 5 (d,d1) show the simulated dc link current
and its frequency spectrum respectively. The amplitude of the
ripples of the dc link current oscillations is reduced while the
oscillation frequency is increased and oscillation frequency
resulting from the slip frequency of the rotor appears in it. The
comparison of its frequency spectrum with the corresponding
frequency spectrum from the phase control technique in Fig.
3(d1), indicates the reduction of the low-order frequency
components. The rotor phase current and the rotor line voltage
with their corresponding frequencies are shown in Fig. 4 and
5(a,al,c,cl), respectively. The mean amplitude of these
waveforms or the corresponding waveforms from the phase
control technique is the same. So the amplitude and frequency
of the ripple oscillations of the rotor current and the dc link
current are identical. Rapid variations and almost linear ripples
on the rotor current lead to pulses with the same frequency on
the phase and line voltages. Table 1l compare THD due to the
rotor current and voltage waveforms, the primary and
secondary currents of the recovery transformer based on the
control phase and PWM techniques. Considering these tables
and the frequency spectra, THD of the phase current are
almost identical while the harmonics contents (THD) of the
rotor voltage has been decreased.

Fig. 4,5(f), (f1), (e), and (el) show the primary and
secondary of the recovery transformer currents and their
frequency spectra, respectively. The largest effect of the PWM
technique can be seen on these currents. Regarding these
frequency spectra Fig. 4,5(el) and the corresponding spectrum
in Fig. 3(el), the effective amplitude of the first harmonic and
the low-order harmonics are largely weakened and
transformed to the high-order harmonics. This is confirmed by
comparing THD of these currents from Table I1.

Fig. 4,5(h), (h1), (g), and (g1) show the stator phase and
supply currents and their corresponding frequency spectra,
respectively. The transforming the action of the rotor
harmonics on the stator windings, the stator current contains
speed-depending harmonics. Then the stator (and supply)
current is no periodical. The equality of the harmonic contents
of the rotor phase current using three controls techniques
causes a similar harmonic distortion in the stator current. The
comparison of Fig. 3(fl) and the corresponding frequency
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spectrum well confirms the above result. The amplitude of the
fundamental component and of every supply current harmonic
are obtained from victories sum of the generator and inverter
currents, as well as the supply harmonic currents are largely
assigned to the inverter current, as the generator harmonic
currents are relatively small. The harmonic contents and
supply current are improved and low-harmonics eliminated
due to the inverter effect if PWM technique is used. Table 3
shows the power factor of the DOIG when two different
control techniques are used. Fig. 4 and 5(d,d1,e,el) show the
primary and secondary of the recovery transformer currents
and their frequency spectra, respectively.

TABLE 11
PERCENTAGE OF THD FOR DIFFERENT CONTROL TECHNIQUES
Control Rotor Rotor Rotor Transformer | Transformer
technique phase phase line current current
current | voltage | voltage secondary primary
Phase 18.07 16.33 16.52 29.06 26.34
Sinusoidal 17.67 14.07 14.26 27.67 23.67
Trapezoidal 16.82 13.05 13.95 27.24 20.98
TABLE 111

POWER FACTOR FOR DIFFERENT CONTROL TECHNIQUES

Control technique Power factor of the DOIG
Phase 0.56
Sinusoidal 0.65
Trapezoidal 0.71

IV. CONCLUSION

In this paper, the harmonic contents of various waveforms
of the DOIG at different inverter techniques control have been
shown using a detailed hybrid dgabc model. In this model, the
actual rectifier overlap has been considered. The injected
harmonics by the inverter/rectifier and ripples of the dc link
current have been also taken into account. The presence of the
recovery inverter using the phase control technique causes the
injected low-order harmonics with rather large amplitude to
the supply while the absorption of the reactive power can
reduce the power factor. The application of the PWM control
technique in the inverter with a forced commutation can
improve the power factor of the drive and reduce the low-
order harmonics injected to the supply; however amplitude of
the high-order harmonics are increased which can be easily
filtered.
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Fig. 3 Waveforms and harmonics content of: (a, al) rotor phase
current, (b, b1) rotor phase voltage, (c,cl) rotor line voltage, (d, d1)
dc link current, (e, el) transformer secondary current, (f, f1)
transformer primary current, (g, g1) stator phase current, (h, h1)
supply current.--(phase control)

1SN1:0000000091950263



Open Science Index, Electrical and Computer Engineering VVol:2, No:1, 2008 publications.waset.org/842.pdf

World Academy of Science, Engineering and Technology
International Journal of Electrical and Computer Engineering

Vol:2, No:1, 2008

(@) (a1) (@ (a1)
20 15 20 15
< <
g 10 § 10
5 10 < 10
o o
v 0 o 0
3 3
£ 5 £ 5
o .10 & 10
5 5
s ; b
T o Mt 1 o € 5 0 Y
8.05 8.1 0 200 400 8 8.05 8.1 0 200 400 600
(b) (b1) (b) (b1)
100 40 100 40
> >
T T
2 50 30 2 50 30
3 3
> >
v 0 20 > 0 20
@ s
£ £
o .50 10 o .50 10L
5 I 5
3 ]
€ 100 o Mlnin b £ 100 0 [ b
8.05 8.1 0 200 400 8 8.05 8.1 0 200 400 600
©) (c1) (©) (c1)
100 80 100 60
B B
g 50 60 g 50
g g 40
3 5
> 0 40 > 0
o »
2 2
3 3 20
5 50 20 5 50
g " &
100 0 100 0
8 8.05 8.1 0 200 400 8 8.05 8.1 0 200 400 600
) (d1) (d) (d1)
20 20 20 15
P T e T e e P A S e Ve
ERU 15 £ 10
5 5 10
3 0 10 3 0
£ £ 5
g1 5 5 10
s} o
20 0 -20 0
8.05 8.1 0 200 400 8 8.05 8.1 0 200 400 600
_ () (e1) _ 0] (e1)
< 20 4 < 20 3
= €
g e
510 3 5 10
2
> >
g 0 2 £ o0
2 2
8 3 1
$ -10 1 & -10
1] k3
§ -20 0 g -20 0
ko8 8.05 8.1 0 200 400 o8 8.05 8.1 0 200 400 600
@ (f1) ® (f1)
- 10 2 - 10 2
g g
£ B
2 5 15 2 5 15
3 3
2 o 1 2 0 1
£ E
& 5 0.5 o 5 0.5
2 2
K] 3
£ -10 0 £ -10 0
8 8.05 8.1 0 200 400 8 8.05 8.1 0 200 400 600
@ (91) ()] (91)
20 10 20 10
< <
§ 10 8 g 10 8
3 6 3 6
% 0 % 0
g 4 s 4
[ T
s 10 2 5 10 2 i
K] ©
& 20 o illila u ® 20 o il o
8.05 8.1 0 200 400 8 8.05 8.1 0 200 400 600
() (h1) (h) (h1)
20 15 20 10
2 z .
T 10 € 10
g 10 g
3 3 6
> o > 0
g = 4
g 5 g
@ -10 @ -10 )
g 2
-20 0 20 o il 1

8 8.05 8.1 0 200 400 600 8 8.05 8.1 0 200 400 600

Time(Second) Frequency(Hz)

Fig. 4 Waveforms and harmonics content of: (a, al) rotor phase
current, (b, b1) rotor phase voltage, (c,cl) rotor line voltage, (d, d1)
dc link current, (e, e1) transformer secondary current, (f, f1)
transformer primary current, (g, g1) stator phase current, (h, h1)
supply current.—( sinusoidal PWM control)
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Fig. 5 Waveforms and harmonics content of: (a, al) rotor phase
current, (b, b1) rotor phase voltage, (c,cl) rotor line voltage, (d, d1)
dc link current, (e, el1) transformer secondary current, (f, f1)
transformer primary current, (g, g1) stator phase current, (h, h1)
supply current .—( trapezoidal PWM control)
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