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ABSTRACT

The aim of this paper is to present the complete modelling and simulation of wind turbine driven doubly fed
induction generator which feeds AC power to the utility grid. For that, two pulse width modulated voltage source
converters are connected back-to-back between the rotor terminals and utility grid via common DC-link. The grid
side converter controls the power flow between the DC-bus and the AC-side and allows the system to be operated in
sub-synchronous and super-synchronous mode of operation. Here, the effect of DC-link electrolytic capacitor
malfunction of DFIG based wind energy conversion system (WECS) is investigated. The degradation of electrolytic
capacitor can lead to the malfunction of DC-link. As DFIG based WECS utilize low power converter, so there is a
requirement to investigate the effects of capacitor short circuit. This breakdown (short circuit of capacitor) leads to
the power ullage, high machine currents, high transient currents in rotor circuit, low terminal voltage of the
generator and increase in generator speed. All these scenarios have been simulated with the help of the simulation
program using MATLAB and its inbuilt components provided in SIMULINK library to study the effects of DC-link
capacitor short circuit on different parameters of system.

Keywords : Doubly Fed Induction Generator (DFIG), Wind Energy Conversion System (WECS), Stator Voltage
Oriented Control (SVOC), Grid Side Converter (GSC), Rotor Side Converter (RSC).

I. INTRODUCTION capacitor can lead to either short circuit (SC) or open

circuit (OC) of DC-link while remaining the converters

Doubly fed induction generator vindicate itself as one of
the successful generator technology for wind energy
conversion system due to its compensation of reactive
power and variable speed operation along with low
power rating of converter. These power converters
usually consist of DC-link capacitors as energy storage.
Electrolytic type capacitors are preferred due to their
large storage capability & low cost. These capacitors are
less reliable, temperature and frequency sensitive. The
age of electrolytic capacitor is usually shorter than the
other components of the converter. Reference [3]
reported that 72% of the power supplies failures were
due to electrolytic capacitor malfunction. If their
capacitance is decreased by more than 25% [4] with the
passage of time then capacitor is said to be over. It has
been reported in many researches that electrolytic
capacitors are the weakest link in power electronic
converters [5]. The breakdown of DC-link electrolytic
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is unaffected. The capacitor degradation is due to the
effects of temperature, mechanical, environmental
stresses and electrical and there can be any cause of its
breakdown. There a need to cram the effects of
breakdown of DC-link electrolytic [5]. As the DC-
linked capacitor converters are installed inside the
systems, so they make it difficult to detach the
component and measure the degradation of the capacitor.
Also it is very difficult to monitor manually of off-shore
or on-shore wind turbines having high towers. This
paper deals with the study of results of DC-link
electrolytic capacitor failure on the DFIG system. High
and comparatively low power converters are widely
used in DFIG, permanent magnet synchronous
generator or induction generator based wind energy
conversion systems.
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II. WIND ENERGY SYSTEM MODEL
a. Aerodynamic Model of the Wind Turbine

Wind power is dragged through wind turbine blades and
then transferred through a mechanical coupling and the
rotor hub to the mechanical energy. The shaft drives the
generator to convert the mechanical energy to electrical.
The turbine model is based on the output power
characteristics.

1
P =0Cp (A,B).; p AV €
A = (Rplade®r)/Vw 2)
Where Py, is the mechanical output power in watt, which
depends on performance coefficient C,, air density p,

turbine swept area A and wind speed v,,. % p Av3, is

equal to the kinetic energy contained in the wind at
particular speed v,,. The performance coefficient C, (A,
B), which depends on tip speed ratio A and blade pitch
angle B, determines how much of the wind Kinetic
energy can be captured by the wind turbine system.

A nonlinear model describes C, (A, B) as:

cp (A, B) = c1(c; — 3B — caff® — c5)e ™% 3)
Where, ¢;=0.5, c,=116/ Ai, c3=0.4, c,=0, c5=5, cx=21/
M,

11 0.035
A A+008p B3+1

(4)

There is an optimum value of A that leads to maximum
power coefficient Cpmax . The maximum theoretical value
of Cp is approximately 0.59.
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Figure 1. Basic configuration of DFIG wind turbine
b. Modelling of DFIG - dg Reference Frame Model
The dg-axis model of the induction generator can be

obtained by decomposing the space-vectors into their
corresponding d- and g-axis components, that is, Space-

vector models for induction generator in the

synchronous and stationary reference frames
Fs)zvds-l'jvqs; l_s)zids-l'jiqs; Aszlds-}'j/lqs (5)

vy = Vg +jvqr; I = igy +jiqr; Ar = Agr +j/1qr(6)

The dg-axis voltage equations for the induction
generator are

Vgs = Rsigs + DAas — (‘)Aqs (7)
Vgs = Rslgs + p/lqs + wAgs (8)
Var = Rylgr + pAar — (0 — wr)/lqr 9)
Vgr = Rylgr + DAgr + (0 — wr)Agr (10)

Similarly, substituting the equations, the dg-axis flux
linkages are obtained

Aas = (Lis + Lin)ias + Liiar = Lsias + Limiar (11)
Ags = (Lis + Ly)igs + Liniqr = Lgigs + Linigy (12)
Aar = Ly + Lidiar + Limias = Lyiar + Liplas (13)
Agr = (L + Lm)iqr + Linigs = Lylgr + Linigs (14)

The electromagnetic torque Te in Equation (15)
can be expressed by dg-axis flux linkages and currents
as well. By mathematical manipulations, several
expressions for the torque can be obtained. The most
commonly used expressions are given by

3PLy ,. . .,

> (lqsldr - ldslqr)
3PLy, ,. .
2L, (lqsldr - ldslqr)

Equations (11) to (14) together with the motion
Equation (15) represent the dg-axis model of the
induction generator in the arbitrary reference frame. To
obtain the dg-axis model in the synchronous and
stationary reference frames, the speed of the arbitrary
reference frame w can be set to the synchronous (stator)
frequency w, of the generator and zero, respectively.

( % (iqslds - idslqs)
e—! (15)

c. Stator Voltage Oriented Control

In DFIG wind energy systems, the stator of the generator
is directly connected to the grid, and its voltage and
frequency can be considered constant under the normal
operating conditions. It is, therefore, convenient to use
stator voltage oriented control (SVOC) for the DFIG.
The stator voltage oriented control is achieved by
aligning the d-axis of the synchronous reference frame
with the stator voltage vector v,. The resultant d- and g-
axis stator voltages are:

Vgs = 0& vg5 = v

Where vy is the magnitude of v, (also the peak value of
the three-phase stator voltage).
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The rotating speed of the synchronous reference frame is
given by
ws = 27 f; (16)
where f is the stator frequency of the generator (also the
frequency of the grid voltage). The stator voltage vector
angle 6, is referenced to the stator frame, which varies
from zero to 2t when v, rotates one revolution in space.
The rotor rotates at speed w,.. The rotor position angle 6,
is also referenced to the stator frame. The angle between
the stator voltage vector and the rotor is the slip angle,
defined by

051 = 0s — 6 17)
The DFIG operates with unity power factor, the stator
current vector 1 is aligned v, with but with opposite
direction (DFIG in generating mode). The rotor voltage
and current vectors, v, and i, which are controlled by
the converters in the rotor circuit, are also given in the
diagram. The rotor voltage and current vectors can be
resolved into two components along the dg-axes: vy,
and vg,. for v, and iy, and ig, for z; .

Figure 2. Space-Vector Diagram Of DFIG with SVOC
in the Super-Synchronous Mode

These dg-axis components can be controlled
independently by the rotor converters. The DFIG wind
energy system can be controlled by the electromagnetic
torque for speed control or active power. In contrast to
the other wind energy systems, the electromagnetic
torque Te of the generator, the active power P, and the
reactive power Q. of the stator are controlled by the
rotor-side converter. Therefore, it is worthwhile to
investigate the controllability of T,,P, , and Q, by the
rotor voltage and current. The investigation will also
facilitate the analysis of the stator voltage oriented
control. The electromagnetic torque of the generator can
be expressed as

3P /. .
T, = Y (lqsllds - ldsllqs) (18)
where 445 and A4 are the dg-axis stator flux linkages,
given by

{Ads = Lsigs + Liplar
Ags = Lsigs + Linlgr

from which the dg-axis stator currents are calculated to

(19)

; Ads—Lmiar
tas ==
. Aqs_Lmiqr (20)
lgs = By
Substituting Equation (20) into (18)
3PLy , . ,
T, = Z_Ls (_lqr/lds + ldr/lqs) (21)

Referring to the induction generator model, the stator
voltage vector for the steady-state operation of the
generator is

F; = Rsfs) +jws/1—s)

the representation in dg-axis is
(vds +jl7qs) = Rs(ids +jiqs) +jws(lds +qus)(23)

(22)

from which the dg-axis stator flux linkages are

/1d — Vgs—Rsigs
S w
— 17(15_;sl'qs (24)
=T
substituting Equation (24) into (21) with v, = 0 for the
stator voltage orientation control, the torque equation

can be simplified to

_ 3PLy ,p . . .
T, = (Rslqslqr + Rslgsiar — larVas)

(25)
2wgLg
Ignoring the stator resistance from the above equation
the electromagnetic torque is a function of d-axis rotor
current and stator voltage. The stator active and reactive
power can be calculated by
3 , ,
P. =—(vd la + v, L )
s 23 S | s qs .qs (26)
Qs = 2 (vqslds - vqslqs)

Using the stator voltage oriented control (v, = 0, the

above equation can be simplified to
3 Ads—Lmi
PS = Evds [ ds Lsmldr]
0r = — 2ug, [frime] (@7)
s 2 Vds Ls
= 2L
dr — = S
3vgslm
o= 2L _ _Vas (28)
v 3pgelm ¢ wsly

The above equations indicate that for a given stator
voltage, the stator active power P, and reactive power
Qs can be controlled by the dg-axis rotor currents.

d. Control Strategy for Grid Side Converter

The grid-connected inverter can be controlled with
various schemes. One of the schemes is known as
voltage oriented control (VOC). To realize the VOC, the
grid voltage is measured and its angle 6, is detected for
the voltage orientation. This angle is used for the
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transformation of variables from the abc stationary frame
to the d-q synchronous frame through the abc/dg
transformation or from the synchronous frame back to
the stationary frame through the dg/abc transformation.
In the voltage orientation control, the grid voltage is
measured and its angle 6, is detected for the voltage
orientation. Assuming that the grid voltage vag, vy,
and v, are three phase balanced sinusoidal waveforms,
6, can be obtained by

6, =tan™! Z—i (29)
Where ,
2 1 1
Vg = g(vag ~5Vhg — Eng) = Vqq (30)
2 (V3 V3 V3
17[; = 5(7vbg - 71]Cg) = ?(Uag + vag) (31)
For
Vag + Vbg + Vg =0 (32)

The above equation indicates that there is no need to
measure the phase-c grid voltage. In practice, the grid
voltage may contain harmonics and be distorted, so
digital filters or phase locked loop (PLLSs) may be used
for the detection of the grid voltage angle 6, .

To achieve the VOC control scheme, the d-axis of the
synchronous frame is aligned with the grid voltage
vector, therefore the d-axis grid voltage is equal to its
magnitude (v4, = v,) and the resultant g-axis voltage
vqg 1S then equal to zero, from which the active and
reactive power of the system can be calculated by

For Vgg = 0,

3 .
Fy=3 (Vagiag) (33)
3 .
Qg =73 (vdglqg) (34)
The g-axis current reference iz, can be obtained from
N Qg
lgg = —1-5(:7619 (39)

Where Qg is the reference for the reactive power, which
can be set to zero for unity power factor operation, a
negative value for leading power factor operation, or a
positive value for lagging power factor operation.

e. Control Strategy for Rotor Side Converter

The main purpose of controlling rotor side converter is
to control stator side active and reactive power
independently. In order to implement the decoupled
control method of active and reactive power, stator flux
oriented vector control scheme is adopted. To achieve
this stator field oriented scheme, Stator voltage drop
across resistance has been neglected as the stator

resistance values are quite low in value. The DFIG is
connected to stiff grid i.e. the frequency and amplitude
of stator and grid voltage is assumed to be constant. The
g- axis is rotating 90° ahead of d-axis at synchronous
speed in the direction of rotation. The stator flux vector
is aligned with the d-axis of the stator.

From the SVOC scheme d-axis and g-axis voltages are:
(36)
The angle between the stator voltage vector and the
rotor is the slip angle, is defined as:
Osc = 05— 0,

Vgs = 0 and vgs = vg

37)

The rotor voltage and current is controlled by the
converters in the rotor circuit. The DFIG wind energy
system can be controlled by the electromagnetic torque
speed control or active power. In contrast to the other
wind energy system, the electromagnetic torque of the
generator, the active power and the reactive power of the
stator are controlled by the rotor- side converter.

3

Pl ;. .
T, = 2L, (_lquds + ldrlqs) (38)

The above torque equation shows that the T, is the
function of rotor current and stator flux linkages. In this
system the stator voltage is constant, since it is directly
connected to the grid. To find the relationship between
the torque, stator voltage and rotor current referred to the

induction generator model. The stator voltage vector for
the steady state operation of the generator is-

Fs) = Rsl_s) +jws/1—s)

It has to represent in d-g-axis is-

(vds +jvqs) = Rs(ids +jiqs) +jws(/1ds +jlqs)
(40)

(39)

Substituting the wvalue of flux linkage into the
electromagnetic torque equation, with v,s = 0, for the
stator voltage orientated control, and ignoring stator
resistance R, which is normally very low for large DFIG,
the torque is simplified

—3PLy, .

T, = larVds (41)

2Lgwg

It can be observed from the above equation that the
electromagnetic torque is a function of d-axis rotor
current and stator voltage. Using the stator voltage
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oriented control (v,s= 0), the stator active and reactive
power can be calculated

3 .
P = Evdslds

5  forygs =0 (42)
Qs = _Evdslqs
Substituting the value of current in above equation,
3 Ads—Lmiar
Fs =3 Vas [ : L : ]
S . 3)
__3 Ags—Lmiqr (4
Qs - = Evds [ L ]

The value of active and reactive power in terms of dg-
axis rotor current and flux linkages, from which the
value of current (neglecting the stator resistance, which

is very small) we have
P 2L
dr — = S
3vdSLm
i _ 2Lg __ Vas (44)
™ Buglm 5 wsky

The above equations show that for a given stator voltage,
the stator active power Ps and reactive power Qs can be
controlled by the dg-axis rotor currents.

I1I. DC-LINK CAPACITOR BREAKDOWN

Off-shore or on-shore wind turbines bear unkind
environmental conditions. By The application of
electrolytic capacitors in DC-link of converter makes it
weak to periodic degradation. This degradation of
capacitor over the passage of years or loose link may
result in short circuit or open circuit of capacitor in the
DC-link. If the capacitor is short circuited it will make
the DC voltage as zero in the rotor and grid side
converter controllers. These controllers depend on Vdc
for determining the modulation index for active power,
reactive power and DC-link voltage control. In case of
DC link short circuit, the GSC will try to charge the
capacitor in order to raise the voltage of capacitor; hence
it will exchange more power from the grid. On the other
hand, the firing sequences of the switches are also
dependent upon the DC-link voltage. The modulation
indices of rotor side convertor and grid side convertors
are determined by taking into account the DC-link
voltage. Equation (45) gives the relation that is used for
determining the modulation indices of RSC and GSC.

__ 1.633+Vab
- Vdc

(45)

From above equation, the converters will try to achieve
maximum modulation indices. This will create the
fluctuating DC-link voltage in which grid side converter
will try to stable the DC-link voltage and rotor side
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converter will try to generate the sequence for
controlling the torque. This breakdown (short circuit of
capacitor) leads to the power ullage, high machine
currents, high transient currents in rotor circuit, low
terminal voltage of the generator and increase in
generator speed.

IV. Performance Analysis of DFIG during Short
Circuit of DC-Link Capacitor

Wind turbine works in different environmental
conditions. The incorporation of array of electrolytic
capacitors in DC-link of convertors makes it vulnerable
to periodic degradation. Due to this degradation of
capacitor for a long years or loose link may result in
short circuit or open circuit of DC-link capacitor.

Figure 3. Simulation Model of DFIG during Short

Circuit of DC-Link Capacitor
If the capacitor is short circuited it will make the dc
voltage as zero in the rotor and grid side convertor
controllers. The grid side convertor will try to charge the
capacitor in order to raise the voltage of capacitor hence
it will exchange more power from the grid. This problem
leads to machine instability a machine suffers from
power outage, low terminal voltage, high current and
high rotor speed.

Generato teminal vitage v Time

Figure 4. Generator Terminal VVoltage at short circuit of
DC-link capacitor

Fig. 4 shows generator terminal voltage .the simulation

was run with steady state and at t=1.8 sec., short circuit

was applied. The voltage of the generator reached to 0.4

pu. While before short circuit it was 0.7 pu.
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Figure 5. Generator Current at short circuit of DC-link
capacitor
Fig. 5 shows the generator current reached up to 2 pu
with the transient peak current reaching up to 3 pu the
increased generator current will result in increased rotor
currents.

‘Genesator Rotor Current vs Time

17 [T 18 I3 19 1% 2
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Figure 6. Generator Rotor Current at short circuit of
DC-link capacitor
Fig. 6 shows that with the increase of generator current
rotor current increases. The rotor current reached up to 2
pu while before fault it was 0.8 pu, with the transient
peak touching 3pu.

' Generator Acive Power v Time

Figure 7. Generator Active power at short circuit of
DC-link capacitor
Fig.7 shows generator active power. After the dc-link
capacitor short circuit, the generator active power
generation increases.

Timefsec)

Figure 8. Generator Reactive power at short circuit of
DC-link capacitor

Fig. 8 shows that after the DC-link capacitor short
circuited, generator  reactive  power  demand
increases .this is due to the disturbance in the control of
grid side convertor. The rotor speed fluctuates around its
rated speed during the short circuiting of capacitor.

Form Fig. 5 to 8 it is seen that dc link capacitor failure
leads to low generator terminal voltages, high rotor
speed and failure of rotor side and grid side convertors
control. Low terminal voltage, high currents, high active
and reactive power fluctuations can bring disturbance to
the complete system.

V. CONCLUSIONS

The modelling and simulation of DFIG based wind
energy power system and control technique SVOC is
used for maximum energy extraction and grid
synchronization reference frame and conditions. The
behaviour of DC link short circuit is simulated in
Simulink to observe the output parameters of DFIG
based wind energy conversion system. DC-link of DFIG
constitutes the array of electrolytic capacitors.
Electrolytic capacitors degrade with the passage of long
time. DC -link represents the weakest link in converter
and is vulnerable to short circuit. During the short
circuiting of capacitor, the generator terminal voltage
falls, its active power capability is lost with high rotor
and stator currents. The grid side converter exchanges
high currents than the nominal values. These conditions
are serious for other wind turbines in the same wind
farm. The disturbance in one generator can make
complete wind farm unstable.
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