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a b s t r a c t
Wind turbine driven induction generators are vulnerable to transient disturbances like wind gusts and
low voltages on the system. The ﬁxed capacitor at the generator terminal or the limited support from
the grid may not be able to provide the requisite reactive power under these abnormal conditions. This
paper presents a susceptance control strategy for a variable speed wound-rotor induction generator
which can cater for the reactive power requirement. The susceptance is adjusted through a robust feedback controller included in the terminal voltage driven automatic excitation control circuit. The ﬁxed
parameter robust controller design is carried out in frequency domain using multiplicative uncertainty
modeling and H∞ norms. The robustness of the controller has been evaluated through optimally tuned PID
controllers. Simulation results show that the robust controller can effectively restore normal operation
following emergencies like sudden load changes, wind gusts and low voltage conditions. The proposed
robust controller has been shown to have adequate fault ride through capabilities in order to be able to
meet connection requirements deﬁned by transmission system operators.
© 2010 Elsevier B.V. All rights reserved.

1. Introduction
Large penetration of wind power to the grid is, though, very
desirable it has its associated disadvantages. Simple connection of
an induction generator to the grid may give rise to unacceptable
voltage rise at the bus, not delivering the maximum available power
at the desired efﬁciency. Wind turbines mostly do not take part
in voltage and frequency control and if a disturbance occurs, the
wind turbines are sometimes disconnected and then reconnected
when normal operation has been resumed [1]. Variation of wind
speed from time to time due to gusts and disturbances like faults
on the asynchronous as well as the synchronous part of the system
may pose serious control problems [2]. Transients arising in either
system may propagate into the other causing malfunctions in the
controls. Voltage collapse has been reported following transient
short circuits in the connecting networks with large wind farms
[3].
The transient performance can normally be enhanced for by
blade pitch control on the turbine side. Pitch control for power
output and speed ﬂuctuations has been reported in [4,5]. Braking
resistor control for fault ride through has been proposed in [6]. Voltage, current and power control on the generator side is reported

in [7,8]. Adaptive control strategies [9] and robust controllers [10]
have been reported in the literature for maximum power point
tracking. Fuzzy-logic based power and efﬁciency maximization as
well as robust speed control have also been reported [11,12]. While
some of these are open-loop strategies, the PI controllers used in
some of these studies depend on feedback of terminal voltage, current and speed of the machine. In the PI designs, departure from the
nominal operating point degrades controller performance signiﬁcantly due to nonlinearity of the system. In general, control designs
considering the entire system dynamic model is lacking.
This study proposes a susceptance control strategy for transient
control of a variable speed wind generation system with a woundrotor type of induction machine. A ﬁxed parameter robust damping
controller has been proposed which acts along with an automatic
susceptance control circuit driven by changes in terminal voltage.
The robust design uses the uncertainty modeling and the controller
function is arrived at through frequency response methods. Simulation studies demonstrate the effectiveness of the robust controller
in restoring normal operation following severely depressed voltage
conditions.

2. The system model

∗ Corresponding author. Tel.: +966 3 8604986; fax: +966 3 8603535.
E-mail address: ahrahim@kfupm.edu.sa (A.H.M.A. Rahim).
0378-7796/$ – see front matter © 2010 Elsevier B.V. All rights reserved.
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Fig. 1 shows the variable speed wind turbine-generator system
considered in this study. The system consists of a horizontal axis
turbine-generator connected to the power grid through back-to-
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Nomenclature
d–q
Rs , Rr
xs , xr
xm
qs
ds ,
qr
dr ,
ids , iqs
idr , iqr
vds , vqs
ωe
ωo
Vs
Vsr
Pm , Pe
H
KsE , TsE
Tw

subscripts for direct and quadrature axes
stator, rotor resistance
stator, rotor reactance
mutual reactance
d, q axes stator ﬂux linkage
d, q axes rotor ﬂux linkage
d, q axes stator current
d, q axes rotor current
d, q axes stator voltage
generator rotor angular speed
base angular speed
generator terminal voltage
generator terminal reference voltage
input, output power of generator
inertia constant of generator
gain, time constant of exciter circuit
washout block time constant

Fig. 2. Speed vs. power output characteristics of a wind turbine.

back converters and the transmission lines. The integrated local
load and the proposed control circuits are shown to be connected
at the generator terminal. A wound-rotor induction generator is
considered in the study. It is assumed that a variable susceptance
control circuit is installed at the AC side of the system along with
the local load. The variable susceptance can be obtained by controlling ﬁring angle of the thyristors in the static VAR system. The
SVC system contains a ﬁxed capacitor (FC) needed for normal excitation of the induction generator. If additional capacitor excitation
is required the thyristor switched capacitor (TSC) is switched in. A
reduction in capacitance is achieved by switching in the thyristor
controlled reactor (TCR) into the circuit. The models for the different components of the wind turbine-generator system are given in
the following.
2.1. The wind turbine model
The mechanical power output of a wind turbine is related to the
wind speed Vω by [2]:
Pm =

1
ACp Vω3
2

(1)

Here,  is the air density and A is the swept area by the turbine
blades. The power coefﬁcient Cp is a function of both tip speed ratio
() and the blade pitch angle (ˇ). The tip speed ratio which is the
ratio of linear speed at the tip of blades to the speed of wind is
expressed as:
=

ωm R
Vw

where R and ωm are the radius and the mechanical angular velocity, respectively, of the wind turbine rotor. Expressions of Cp as a
function of  and ˇ employed in [13] are:
Cp (, ˇ) = 0.5176

 116



− 0.4ˇ − 5 e−21/i + 0.0068

i
1
0.035
1
=
− 3
i
 + 0.08ˇ
ˇ +1

(3)

Fig. 2 shows the power–speed characteristics curves of a typical
wind turbine for various wind velocities. For a given wind speed Vw
and pitch angle ˇ, the power coefﬁcient Cp is constructed for a set
of values of  (usually in the range 0–14) using relationship (3). For
a certain value of Cp and  mechanical power is calculated through
(1) and (2) gives the corresponding rotor speed. The plots in Fig. 2
are for zero blade pitch angle.
Wind speed changes continuously and its magnitude are random over any interval. For simulation of randomly changing wind
speed, probability distribution of the random number should be
known. The average wind speed is usually considered constant for
some intervals (say about 10 min). The ﬂuctuations during such
intervals can be considered to be combination of constant and sinusoidal variation around the mean speed, Vm . A typical formula is
[14]:



Vω = Vm 1 − 0.2 cos

 2t 
20

− 0.5 cos

 2t 

(4)

600

The wind gust can be simulated by varying the magnitude and
frequency of the sinusoidal ﬂuctuation.

(2)
2.2. The induction machine model
The induction machine model can be derived from the generalized induction motor model of Krause [15]. The voltage current
relations along the d–q axes of the stator and rotor circuits, respectively, are:
1 ˙
ωo

ds

−

1 ˙
ωo

dr

−s

ωe
ωo
qr

qs

+ Rs i̇ds = vds ,

+ Rr i̇dr = vdr ,

1 ˙
ωo
1 ˙
ωo

qr

qs

+

+s

ωe
ωo
dr

ds

+ Rs i̇qs = vqs (5)

+ Rr i̇qr = vqr

(6)

The ﬂux linkages and currents are related through:

Fig. 1. Wind generator-inﬁnite bus system.

ds

= xs ids + xm idr ,

qs

= xs iqs + xm iqr

(7)

dr

= xr idr + xm ids ,

qr

= xr iqr + xm iqs

(8)
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of the induction machine, and hence are not included in the analysis. For closed form dynamic representation, the turbine power
output given in Fig. 2 has to be expressed as an analytic function
of the generator rotor speed or slip. For example, for wind velocity
of 9 m/s, the expression for the power output as a function of rotor
speed n (rpm) is obtained by using MATLAB function polyﬁt as:
Pm = −2.102×10−13 n6 +1.305×10−9 n5 −2.965×10−6 n4 +28.750
× 10−4 n3 − 1.030n2 + 143.348n − 4033.626
Fig. 3. Functional block diagram of the susceptance control circuit.

The slip s used in the above equations is deﬁned as:
s=

ωo − ωr
ωo

(9)

The rotor motion of the machine is expressed through the following slip equation:
(2H)ṡ = Te − Tm − D s

qr idr

−

dr iqr

2.3. Transmission line and load models
Retaining the notation for induction motor operation, the equation for current in the transmission line in Fig. 1 can be written
as:
(12)

where Y12 = g12 + jb12 is the transmission line admittance,
Y11 = g11 + jb11 is the local load admittance, Vs is the generator terminal voltage, and Vb is the grid voltage which is assumed to
remain constant. Writing the generator stator current and voltage
as, I = ids + jiqs and Vs = vds + jvqs , Eq. (12) can be expressed in the
form:

(16)

Here, x is the vector of states [ids iqs idr iqr s B].
3. Robust susceptance control
The additional controller in the voltage sensitive automatic
susceptance control circuit has been designed to provide robust
damping performance. The design principle of the controller followed by construction of the controller function is presented in
this section.
3.1. The robust design principle
The control problem for the nonlinear power system model is
stated as: given the system represented by set of Eq. (16), design a
controller which will bring the system to normal operation following a perturbation in the system. Since there is no general method
of designing a stabilizing control for the nonlinear system, the procedure starts with a design which will be valid around a nominal
operating condition. The linearized system of state equations are
written as:
Ẋ = AX + Bu,

vds (g11 + g12 ) − vqs (b12 + b11 ) = −ids + Vb g12 ,
vds (b12 + b11 ) + vqs (g11 + g12 ) = −iqs + Vb b12

ẋ = f [x, u]

(11)

In the generation mode the slip will be negative and the stator
currents will reverse their directions.

I = (Vb − Vs )Y12 − Vs Y11

From the set of Eqs. (5)–(8), the derivatives of the generator currents ids , iqs , idr , and iqr are obtained in terms of vds , vqs , vdr , and vqr .
Expressions for vds and vqs obtained from (13) are then substituted
into them to yield four differential equations in terms of generator
currents. These along with slip derivative Eq. (10) and susceptance
controller Eq. (14) are combined to give the closed form state equations as:

(10)

In the above s is the change in slip from the steady value, and
electrical torque Te is written as:
Te =

(15)

Y = CX

(17)

A block diagram of the variable susceptance control circuit conﬁguration is shown in Fig. 3.
The controller compares the generator terminal voltage (Vs )
with a reference signal (Vsr ) and injects susceptance (B) at the
terminal to keep proper excitation of the system. The control circuit has provision of including additional control (u) to the thyristor
ﬁring circuit.
The dynamic equations for the control block in Fig. 3 can be
written as:

The C matrix will depend on the chosen output variable Y. The
changes in operation of the nonlinear system (16) can be considered as changes in the elements of the system matrices (A,
B, C). These perturbations are modeled as multiplicative uncertainties and robust design procedure is applied to the perturbed
linear systems. The design is carried out using the minimization
of performance measures expressed in terms of H∞ norms. A frequency domain based graphical construction procedure has been
employed for the robust control design. The uncertainty model, the
robust stability criterion, and an algorithm for the design process
are given in the following [16].
Suppose that the linearized plant having a nominal transfer
function P belongs to a bounded set of transfer functions. Consider
that the perturbed transfer function resulting from the variations
in operating conditions can be expressed in the form:

1
KSE u
d B
=−
[KSE (Vs − Vsr ) + B] +
TSE
TSE
dt

P̃ = (1 + ˝W2 )P;

(13)

2.4. The susceptance controller

(14)

2.5. The composite dynamic model
The converters of the variable speed wind generation system are
in cascade with the generator stator. The time constants of the converter electronics are fairly small compared to the time constants

P = C[sI − A]−1 B

(18)

Here, W2 is a ﬁxed stable transfer function, also called the weight,
and ˝ is a variable transfer function satisfying ||˝||∝ < 1. The inﬁnity norm (∝-norm) of a functionis 
the least upper bound of its
absolute value, also written as ˝ = sup ˝(jω), and is the
∝

ω

largest value of gain on a Bode magnitude plot. In the multiplicative
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uncertainty model (18), ˝W2 is the normalized plant perturbation
away from unity. If ||˝||∝ < 1, then:



 P(j̃ω)
 


 

 P(jw) − 1 ≤ W2 (jω) , ∀ω

(19)

So, |W2 (jω)| provides the uncertainty proﬁle, and in the frequency
plane is the upper boundary of all the normalized plant transfer
functions away from unity. For a multiplicative perturbation model,
robust stability condition is met if and only if ||W2 T||∝ < 1 [17,18].
This implies that:



 W2 (jω)L(jω) 
 1 + L(jω)  < 1, ∀ω

(20)

T is the input–output transfer function, and is the complement
of sensitivity function S, The loop function L = PCR , where CR is the
robust controller to be designed. The nominal performance condition for an internally stable system is given as ||W1 S||∝ < 1, where
W1 is a real-rational, stable, minimum phase transfer function. The
robust performance condition is:



W2 T  < 1;
∝



 
 W1 S 
 1 + ˝W T  < 1; ∀ ˝ < 1
2

Fig. 4. Bode magnitude diagram of nominal and perturbed plant functions.

(21)

Combining all the above, it can be shown that a necessary and a
sufﬁcient condition for robust performance is [17]:


 

W1 S + W2 T  < 1
∝

(22)

The design procedure requires selection of a loop transfer
function L so as to satisfy the robust performance criterion approximately, and then to obtain the controller from the relationship
CR = L/P. Internal stability of the plants and properness of CR constitute the constraints of the method. Condition on L is such that PCR
should not have any pole zero cancellation.
A necessary condition for robustness is that either or both |W1 |,
|W2 | must be less than unity [19]. If a monotonically decreasing
function W1 is selected, it can be shown that at low frequency the
open-loop transfer function L should satisfy:

 
L  >

 
W1 
 
1 − W2 

(23)



 
  1 − W1 
L  <   ≈  1 
W2 
W2 



Fig. 5. (a) sup P̃(jω)/Pnom (jω) − 1 and (b) W2 .

while, for high frequency:
(24)

At high frequency |L| should roll-off at least as quickly as |P| does.
This ensures properness of CR . The general features of the open-loop
transfer function is that the gain at low frequency should be large
enough for the steady state error considerations, and |L| should not
drop-off too quickly near the crossover frequency resulting in internal instability. The steps to generate a robust control function are
summarized in the following.
1. Obtain the db-magnitude plot for the selected nominal as well
as perturbed plant transfer functions (P, P̃).
2. Construct W2 satisfying constraint (19).
3. Select W1 as a monotonically decreasing, real, rational and stable
function.
4. Choose L such that it satisﬁes conditions (23) and (24).
5. Check for the nominal performance measure and robust stability
criteria.
6. Construct the controller function from the relation L = PCR .
7. Test for internal stability by direct simulation and repeat the
procedure, if necessary.

Fig. 6. The open-loop function with the low and high frequency limits.
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Fig. 8. Induction generator power output variations following a 40% input torque
pulse for 0.2 s with: (a) no control and (b) proposed robust susceptance control.

Fig. 7. Plot of nominal and robust performance indices.

3.2. The controller design

ber of disturbance conditions and for a range of operation. The data
for the system is given in Appendix A.

For nominal induction generator power output of 0.86 pu the
transfer function (P) for the wind turbine-induction generator system is obtained as:
P=

153

5141.5(s + 5129.56)(s + 6.91)(s2 + 13.2779s + 340.35)
(s + 3.336)(s + 15.576)(s2 + 8.746s + 259.771)(s2 + 3169.457s + 2.863 × 106 )

(25)

In Fig. 3, the input to the controller is considered to be the rotor
current deviation. Power output in the ranges of 0.3–1.1 pu were
chosen to generate the off-nominal set of plant function P̃. The logmagnitude vs. frequency plots for the nominal and perturbed plants
are shown in Fig.4.

The quantity P̃(jω)/Pnom (jω) − 1 is constructed for each per-

4.1. Simulation results
Figs. 8 and 9 show the power output and stator terminal voltage variations of the generator, respectively, when a 40% torque
pulse for 0.2 s is applied to the generator. The no control responses
show that the system is seriously perturbed at the onslaught of the
disturbance. While the subsequent transients settle down quickly
because of grid support, the initial thrust may disable the existing
controllers resulting in system isolation. The proposed robust strategy is very effective in holding the large swings under control and
returning to steady condition in a very short period.
Figs. 10 and 11 show the variation of the generator power output
and rotor speed variations, respectively, following a short 1 s wind

turbed plant P̃(jω) and the upper envelope in the frequency plane
is ﬁtted to the function:
W2 (s) =

2.0468s4 + 1871.466s3 + 9.357 × 106 s2 + 9.9048 × 108 + 1.959 × 105 s + 4.8735 × 106
s4 + 48003.04s3 + 3.6147 × 107 s2 + 1.096 × 108 s + 1.2996 × 108



(26)



Fig. 5 shows the supremum of the functions P̃(jω)/Pnom (jω) − 1
and the ﬁtted upper envelope W2 .
A Butterworth ﬁlter with Kc = 0.1 and fc = 10 is selected as:
W1 (s) =

Kc fc2
s3

+ 2s2 fc

+ 2sfc2 + fc3

(27)

For W1 and W2 selected above and for the open-loop transfer
function satisfying the loop requirements, the controller transfer
function obtained through the relation C = L/P is:
CR =

100(s + 4)(s2 + 8s + 100)
(s + 0.1)(s2 + 50s + 200)

(28)

The log-magnitude plot of the open-loop function, the robust
and nominal performance measures are shown in Figs. 6 and 7,
respectively. It can be observed that the nominal performance as
well as robust stability measures is both satisﬁed. However, the
margin for the nominal performance measure is larger.
4. Testing the robust controller
The robust control function (28) arrived in the previous section
was tested on the wind generator system given in Fig. 1 for a num-

Fig. 9. Induction generator stator voltage variations following a 40% input torque
pulse for 0.2 s with: (a) no control and (b) proposed robust susceptance control.
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Fig. 10. Induction generator power output variations following a 1 s duration wind
gust with: (a) no control and (b) proposed robust susceptance control.

gust. The uncontrolled responses show the oscillations are quite
signiﬁcant even for this small gust. As expected, the controls will
not going to be effective while the gust continues. However, the
robust controller is able to hold the subsequent swings very much
under control restoring normal operation quickly.
4.2. Testing the robustness of operation
The effectiveness of the proposed robust controller on the
dynamic performance on a range of operation was tested.
Figs. 12 and 13 show the generator power output and speed deviations, respectively, following a 40% torque step for 0.2 s duration.
Three widely spaced operating conditions reported here are for
loadings of (a) 106%, (b) 86%, and (c) 50%. Following the disturbance,
the robust controller restores normal operation quickly for all the
points of operation. The performance of the controller, however,
depends on the selected range of operation in the design process.
4.3. Evaluation of controller performance
A qualitative comparison of the response with the proposed
robust controller was made with conventional PID controller. The

Fig. 11. Generator rotor speed variations following a 1 s duration wind gust with:
(a) no control and (b) proposed robust susceptance control.

Fig. 12. Grid-connected induction generator output variations following 40% torque
pulse for 0.2 s for the three loading conditions: (a) 106%, (b) 86%, and (c) 50%.

PID controller is normally placed in the feedback path. A washout is
included in cascade with the controller to disable the control action
in steady state. Starting with the linearized model (17), the gains of
the controller were obtained through placement of the dominant
poles at the proper location in the left-half s-plane. The following
equation is then solved for KP , KI and KD for desired pole locations:





Tw
KI
1
KP +
+ KD  =
−1
1 + Tw

C(I − A) B

(29)

In the absence of susceptance control the dominant eigenvalues,
contributed by the d–q axes rotor currents, yields a damping ratio of
0.1316 for a nominal generator power output of 86%. The damping
ratio is fairly small and is considered to be responsible for the oscillations in the system following the disturbances. A PID controller
was designed to relocate the eigenvalues corresponding to the d–q
axes rotor currents corresponding to damping ratio of 0.1776. The
gains of the PID controller were found to be −17.98, 16.53, and 2.31,
respectively. The washout time constant was optimized at 0.44.
The response with the designed controller at the nominal loading
provides reasonable performance in terms of restoration of normal condition. However, for loadings of 105 and 50%, which are

Fig. 13. Speed variations of the induction generator corresponding to this ﬁgure for
the loading conditions: (a) 106%, (b) 86%, and (c) 50%.
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Fig. 15. Comparison of stator voltage variations corresponding to the fault condition
of Fig. 14 with proposed robust controller and PID controller.
Fig. 14. Comparison of power output of generator following a 150 ms fault for 2
loading conditions, 105% and 50%, with proposed robust control and optimized PID
controller.

away from the nominal load, the responses are not so satisfactory.
Figs. 14 and 15 show the power output and stator voltage variations of the generator for the above two loadings, respectively, for
a symmetrical three-phase fault of 150 ms duration on the grid bus.
The plots are shown in two separate frames for the two loadings
to avoid overcrowding of the plots. The solid lines are with the
proposed robust control, while the dotted ones are with PID control. It can be observed that the robust controller response is much
superior over the PID under these different loading conditions.
4.4. Low voltage ride through (LVRT)
Early wind generator technology would shut down the wind
generating unit if there was a sudden change in voltage on the
transmission system. With the increasing number and size of wind
plants, there is a concern that wind plants tripping off-line during
a low voltage situation could raise signiﬁcant reliability concerns.
Transmission system providers in different countries came up with
low voltage ride through standards for large wind plants. The grid
codes stipulate that wind farms should contribute to power system
control, much as the conventional power stations, and emphasize
wind farm behavior in case of abnormal operating conditions of the
network. Tsili and Papathanassiou [20] presented a survey paper
summarizing the grid codes for LVRT in terms of low voltage duration, minimum voltage level and voltage restoration time. Referring
to Fig. 16 the low voltage durations for utilities in the different countries are in the range 100–625 ms (Denmark 100 ms, UK 140 ms,
Germany 150 ms, Ireland, USA and part of Canada 625 ms). The minimum allowable voltage is between 0 and 25% of nominal value, and
restoration time being in the range of 0.8–3 s.
Figs. 17–19 show the various responses of the system when subjected to a three-phase fault of 625 ms at the grid bus. Fig. 17 shows

Fig. 16. Low voltage ride through speciﬁcations.

Fig. 17. Power output following a three-phase fault of 625 ms at the grid.
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Table 1
Generator, transmission line and turbine data (values are in pu except stated
otherwise).
Generator

Transmission
line and exciter

Turbine

Rs = 0.04373
Rr = 0.024
xs = 3.418
xr = 3.418
xm = 3.289
D = 0.00
H=3
f = 60 Hz

R = 0.8
X=1
KSE = 2
TSE = 0.1

Blade swept area, A = 577 m2
Air density,  = 1.225 kg/m3
Blade radius, R = 13.5 m
Gear-ratio = 1:23
Pitch angle, ˇ = 0.
Mean wind speed Vw = 9 m/s

considered. The robust controller has demonstrated capability to
ride though low voltage conditions according to the requirements
speciﬁed by transmission system operators. The controller has also
been observed to perform very well over a good range of operation. Comparison of the response with optimally tuned PID control
demonstrates the superiority of the robust design.
Fig. 18. Voltage variations following a 625 ms fault at the grid.
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