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ABSTRACT–   This paper proposes the application of H∞ synthesis to 
design a robust controller for regulating the voltage and frequency of a 
wind generation system. The controlled system consists of a wind turbine 
that drives an induction generator connected to the utility grid through 
asynchronous AC-DC-AC link. The main control objective is to regulate 
the DC link voltage and to track and extract maximum available wind 
power. This is accomplished via controlling the firing angles of the 
rectifier and the inverter. The complete nonlinear dynamic model of the 
system has been described and linearized around an operating point. 
Also, the design problem of the H∞ controller has been formulated in a 
standard form with emphasis on the selection of the weighting functions 
that reflect robustness and performance goals. The proposed system has 
the advantages of robustness against model uncertainties and external 
disturbances, fast response and the ability to reject noise. The 
performance of the wind generation system with the proposed controller 
has been tested through a step and sinusoidal changes in reference input 
power. In addition, detuned system parameters are assumed. Simulation 
results confirm that good dynamic performance of the proposed wind 
energy scheme has been achieved.   
 
KEYWORDS:  wind turbine - induction generator - H infinity - robust 
control. 

 
NOMENCLATURE 

qsds vv ,      d-q  stator voltages, 

qsds ii ,            d-q stator currents, 

qrdr ii ,           d-q  rotor currents, 
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sR , rR           stator and rotor resistances per phase, 

mrs LLL ,,  stator, rotor and magnetizing inductances 

0C    self excitation capacitance per phase 

sω   Angular stator frequency of  the induction generator 

mω   Angular rotor speed (electrical rads/s) of the induction generator 

J   moment of inertia 
f   friction coefficient 
p   differential operator d/dt 

DCL   DC-link inductance 

DCR   DC-link resistance 

IR αα ,   firing angles of the converter and inverter. 

qcondcon vv ,  d-q input voltage of the converter. 

qcondcon ii ,  d-q input current of the converter. 

DCI   DC-link current. 

invv   inverter output voltage 

P   number of pole pairs 

 
1. INTRODUCTION 

 

Nowadays, the wind energy has gained a lot of attention and became one of the most 
promising renewable resources. The squirrel cage induction machine is ideally suited for 
use in wind energy applications as it requires low maintenance, and is built robustly to 
withstand severe operating conditions [1]. One of the simplest methods of running a 
wind generation system is to use an induction generator connected directly to the utility 
grid. This is a very common method of operation which force the machine to run at a 
constant frequency and therefore at nearly constant speed. Because the wind is highly 
variable, it is very desirable to operate a wind turbine at variable speeds [2]. In this case, 
a large fraction of the available wind energy can be extracted by maintaining the optimal 
tip speed ratio.  
 

Various control strategies have been proposed for regulating grid voltage and / or 
achieving optimal output power of the turbine. In some schemes, the wind turbine drives 
an induction generator connected to grid through a static converter [2-3]. Other control 
schemes use search methods that vary the speed until optimal power is obtained [4-5]. 
However, these techniques have the difficulty of tracking the wind which will cause 
additional stress on the shaft. 
 

Recently, advanced control tehniques, which were applied successfully on the machine 
drives, have been proposed for regulating the wind power in a grid connected wind 
energy conversion scheme. In the first approach [6], the dead beat control of output 
power was proposed. However, the knowledge of wind speed must be necessary for 
controller implementation. In other approaches [7-8], the sliding mode technique has 
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been employed in a variable structure controller for regulating the output power. The 
proposed sliding mode controller has the advantages of  robustness against parameter 
uncertainties as well as wind disturbances.  However, an inevitable chattering resulting 
from the switching of the control structure still exist. Moreover, the wind estimation 
would be needed in [7] while a speed sensor  must be existed in [8] to measure the rotor 
speed. 
 

In [9], a fuzzy logic based intelligent controller has been used extensively to optimize 
efficiency and enhance performance of a variable speed wind generation system. This 
controller has the advantages that it does not require the mathematical model of the 
system besides  the insensitivity to external disturbance and erroneous information. 
However, this system has two drawbacks. First, the operating point oscillates largely 
with the change in wind speed. Second,  a speed sensor is needed to provide the speed 
signal.  
 

The linear quadratic Gaussian controller has been applied [10-11] to regulate the 
terminal voltage, and optimize the  power output of a wind energy conversion scheme.  
The merits of this controller are summarized as: fast response, robustness, and the 
ability to operate with available noise data.  On the other hand, this controller has the 
demerits that it needs an accurate system model, no stability margin is guaranteed and 
more computational effort is required.  
 

During the past decade, the H∞ control theory has been widely celebrated for its 
robustness in counteracting uncertainty perturbations and external disturbances. As a 
consequence, some applications of this approach to various plants such as dc motors 
[12], switching converters [13], synchronous motors [14], induction motors [15], have 
been published. The main point of the H∞ control is to synthesize a feedback law that 
renders the closed loop system to satisfy a prescribed H∞ - norm constraint. This would 
satisfy the desired stability and the tracking requirements.  
 

This paper presents the voltage and frequency control of a wind driven induction 
generator connected to the utility grid via an asynchronous AC-DC-AC link.  The H∞ 
optimal controller has been employed to regulate the DC voltage at the rectifier output 
and track maximum available wind power.  This is achieved by controlling the firing 
angles of the converter and inverter respectively. The terminal voltage and power at the 
rectifier output are measured and used as feedback signals. The linearized 
mathematical model of the proposed wind energy system has been described. Also, the 
formulation and design of the H∞ controller have been given. The proposed control 
strategy has several attractive features such as robust stability against system 
uncertainties, disturbances, and measurment noises. Moreover, it has simple 
implementation, and low computational burden. Furthermore, it does not need either 
the wind speed estimation or the knowledge of  turbine aerodynamics like other control 
methods. 
 

The feasibility and effectiveness of the wind energy generating scheme together with 
the proposed H∞  controller have been demonstrated through computer simulations. 
Simulation results have proved that the proposed controller can give better overall 
performance.  
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2. SYSTEM  DESCRIPTION 
 

Figure 1 shows a wind energy system connected to the utility grid via an asynchronous 
AC-DC-AC link. It consists of a vertical axis wind turbine, driving a self excited 
induction generator. The asynchronous link consists of a six pulse line commutated 
converter, a smoothing reactor, and a six pulse line commutated inverter. This system 
essentially converts the variable voltage variable frequency voltage at the induction 
generator terminals to constant voltage constant frequency at the grid terminals. The 
DC link decouples the induction generator and the utility systems such that each 
system operates at its own frequency. This enables the induction generator to operate 
over a wide speed range. The flow of power across the DC link can be controlled by 
adjusting the firing angles of the controlled rectifier and the inverter.  
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Output
transformer

Utility grid
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 turbine
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DCI
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Fig. 1:  Schematic diagram of the proposed wind energy system. 

 
3.  SMALL  SIGNAL  LINEARIZED  MODEL 

 

The nonlinear dynamic model of the wind generation system can be desribed by the 
following nine differential equations (1-9) ( the proof  is found in appendix A )[16] : 
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The H∞ controller proposed for regulating the voltage and power output of the system 
under study is based on the state space  linear model. Therefore, the  nonlinear 
dynamic model of  the complete  wind energy  conversion system is linearized arround 
an operating point. The linearized model takes the following state matrix form : 
 

                       BuAxpx += ,      Cxy =  
 

where   T
IRDCdssdrqrdsqs Iviiiix ][ ααω ∆∆∆∆∆∆∆∆∆=    , 

 

[ ]TPVu ∆∆=    ,               

T

B 







=

100000

010000
  ,               and 

 

A =  [ ija ]    is a   9 x 9  matrix containing the system parameters. The elements ija are 

written in appendix  (B), Rref VVV −=∆       is the difference between the reference 

and actual rectifier output voltage. 
PPP ref −=∆     is the difference between the reference and actual rectifier output 

power. 
 

4.  H∞  CONTROLLER  DESIGN 
 

The H∞ theory provides a direct, reliable procedure for synthesizing a controller which 
optimally satisfies singular value loop shaping specifications [17]. The standard setup 
of the H∞ control problem consists of finding a static or dynamic feedback controller 
such that the  H∞   norm (a standard quantitative measure for the size of the system 
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uncertainty ) of the closed loop transfer function is less than a given positive number 
under constraint that the closed loop system is internally stable.  
  
The H∞ synthesis is carried out in two stages: 

i. Formulation:  weighting the appropriate input-output transfer functions with 
proper weighting functions. This would provide robustness to modeling errors 
and achieve the performance requirements. The weights and the dynamic 
model of the system are then augmented into H∞ standard plant.  

ii. Solution:  the weights are iteratively modified until an optimal controller that 
satisfies the H∞ optimization problem is found. 

 

Figure 2 shows the general setup of the H∞ design problem where : 
 

P(s)  is  the transfer  function of the augmented plant ( nominal plant G(s) plus the 
weighting functions that reflect the design specifications and goals ).  
u2    is the exogenous input vector, typically consists of command signals, disturbance, 

and measurement noises, 
u1      is the control signal,  
y2   is the output to be controlled, its components typically being tracking errors, 

filtered actuator signals,  
y1      is the measured output. 
 

The objective is to design a controller F(s) for the augmented plant P(s) such that the 
input/output transfer characteristics from the external input vector u2 to the external 
output vector  y2   is desirable. The  H∞ design problem can be formulated as finding a 
stabilizing feedback control law  u1 (s) = F(s) . y1(s) such that the norm of the closed 
loop transfer function is minimized. 
 

In the proposed wind generation system including H∞ controller, two feedback loops 
are designed; one for adjusting the terminal voltage and the other for regulating the 
output power as shown in  Fig. 3. The nominal system G(s) is augmented with 
weighting transfer functions )(1 sW , )(2 sW and )(3 sW penalizing the error signals, 

control signals, and output signals respectively.  The choice of proper weighting 
functions is the essence of  H∞ control. A bad choice of weights will certainly lead to a 
system with poor performance and stability characteristics, and can even prevent the 
existence of a solution to the H∞  problem. 
 

P (s)

F(s)

u2

u1

y2

y1

 
 

Figure 2: General setup of the H∞ design problem 
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Figure 3: Simplified block diagram of  the augmented plant including  H∞ controller. 

 
 
Consider the augmented system shown in Fig. (3). The following set of weighting 
transfer functions are chosen to reflect desired robust and performance goals as 
follows: 
 

A good choice of )(1 sW  is helpful for achieving good tracking of the input references, 
and good rejecting of the disturbances. The weighted error transfer function matrix   

1Z  ; which is required to regulate, can be written as : 
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A good choice of the second weight )(2 sW  will aid for avoiding actuators saturation 
and provide robustness to plant additive perturbations. The weighted control function 
matrix  2Z  can be written as :  

                              )(.)(22 susWZ =  
 

where )(su  is the transfer function matrix of the control signals output of the H∞ 
controller. 
 

Also a good choice of the third weight )(3 sW  will limit the closed loop bandwidth and 

achieve robustness to plant output multiplicative perturbations and sensor noise 
attenuation at high frequencies. The weighted output variable can be written as: 
 

              







=

P
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In summary, the transfer functions of  interest which determine the behavior of the 
voltage and power closed loop systems are: 
 

a)  Sensitivity function :      S  = [ I + G(s) .  F(s) ] -1       
 

Where G(s) and F(s) are the transfer functions of the nominal plant and the H∞ 
controller respectively, and   I  is the identity matrix. Minimizing  S  at low frequencies 
will insure good tracking and disturbance rejection. 
 

b)  Control function      :      C  = F(s) [ I + G(s) .  F(s) ] -1    
 

Minimizing   C    will avoid actuator saturation and achieve robustness to plant additive 
perturbations.  
 

c) Complementary function       :      T  =  I -  S 
 

Minimizing   T  at high frequencies will insure robustness to plant output multiplicative 
perturbations and achieve noise attenuation. 
 

5.  IMPLEMENTATION  SCHEME 
 

The main objectives of the proposed controller are : 
i) Tracking maximum available wind power (to fully utilize the available wind 

energy) at any given wind speed, and 
ii)  Minimizing the reactive power consumed by the converter, so as to optimize 

the size and capacity (VARs ) of the self excitation capacitor bank connected 
at the terminals of the induction machine. 

 

For this purpose, the controlled system has been designed to contain two feedback 
loops. The first loop is designed for adjusting the induction generator terminal voltage 
at the rectifier output according to a certain reference. The other loop has been 
dedicated for regulating the output power to a set point, thereby, maximum available 
wind power can be tracked at any given wind speed. 
 

The block diagram of the wind energy conversion system with the proposed  H∞ 
controller is shown in Fig. (4). The entire system has been simulated on the digital 
computer using the Matlab / Simulink software package. The specifications of the 
system used in the simulation procedure are listed in appendix (C)[16]. The following 
set of weighting functions are chosen after many iterations in order to achieve the 
desired robustness and performance goals: 
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Where      
43.0,1712.0,02.0,012.0,001.0,0005.0 323122211211 ====== γγγγγγ . 

 
 

 
 

Fig. 4:  Block diagram of the wind energy conversion system with the proposed H∞ 
controller. 

 

 
6.   RESULTS 

 

Computer simulations have been carried out in order to validate the effectiveness of the 
proposed scheme. At first, the eigen values of the system under study are examined; for 
the purpose of comparison, with and without the H∞ controller as shown in Table 1. It 
is seen that the open loop system is unstable at the chosen operating point while all the 
poles of the augmented system including the H∞ controller has negative real parts in 
the complex s – plane. Moreover, these poles has damping ratios  between  0.133  to 1. 
This will ensure the damping performance of the closed loop system. 

     
Table 1: Eigen values of the system under study with and without the H∞ controller. 

 

Without H∞ controller  
( open loop system ) With   H∞ controller (augmented system ) 

 -62.232 ± 374.53i 

  65.312 ± 317.32i 

 -207.62               

  187.92               

 -20.365               

  16.626               

  0.82602      

  -62.232 ± 374.53i  ,    -44.748 ± 332.75i 

  -68.418 ± 316.88i  ,    -125.94 ± 275.53i 
  -45.198 ± 5.6002i 

  -909.12    ,   -737.54    ,   -599.87    ,  -207.62   ,      
  -194.14    ,   -146.93    ,   -69.998    ,  -21.499   ,          
  -20.365    ,   -17.545    ,   -5.0122    ,  -3.3215   ,           
  -0.82612  ,   -1604.8    ,   -600         ,  -666.27  , 
  -40           ,   -70           ,   -1500       ,  -900 . 
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The performance of the proposed system has been tested with a step change in wind 
speed. Thus, the wind speed is assumed to vary abruptly from 6.4 m/sec. to 6.5 m/sec. 
at t = 2 seconds. This means that the power reference increases from 165  to 173 watts. 
Also, the system parameters are assumed to have detuned values through the 
simulation. Thus, the parameters of the induction generator deviate from their nominal 
values by + 50% in the stator and rotor resistances, +20% in the stator and rotor 
leakage inductances, -10% in the magnetizing inductance, and +50% in the moment of 
inertia and friction coefficient.  Moreover, the parameters of the dc link are permitted 
to deviate by +50% in its resistance, and +200% in the inductance. Figure 5  illustrates 
the dynamic responses of the d-q stator current components and rotor speed of the 
induction generator, firing angles for both rectifier and inverter, reference and actual 
rectifier output voltages, reference and actual rectifier output powers, and DC link 
current. Simulation waveforms may be interpretted as follows: 
 

a) The step change in reference power will cause the power error to increase, 
consequently, the inverter firing angle will increase also ( Eqn 9 ). This is in turn 
will increase the inverter input voltage. On the hand, the dc link current decreases 
slightly as a result of the positive change of inverter firing angle keeping in mind 
that the rectifier output voltage hasn't been changed yet. The decrement of dc link 
current will imply that the rectifier input current to decrease also.  This in turn will  

 

 
 

Fig. 5: Dynamic responses of the proposed scheme to a step change in wind speed. 
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require that the terminal voltage of the induction generator rises and so the rectifier 
output voltage. Therefore, the firing angle of the rectifier will be decreased to 
satisfy the requirement of the voltage increment.   

b) As the voltage error increases,  the closed loop adjusts the rectifier voltage causing 
the firing angle to increase untill this error disappears. 

c) The power closed loop adjusts the inverter firing angle untill the actual power is 
equal to the reference one. The dc link current increases to satisfy the power 
requirement.    

d) As a result of providing more power to the grid, the load on the induction generator 
increases. This would affect the rotor speed dynamic response slightly.  

 

It has been noticed in the figure that the actual converter output power tracks 
accurately the reference one with small steady state error equal to about 0.03 % , and 
less than 1 sec. rise time. On the other hand, an overshoot with amplitude equal to     
4.2 % has been noticed in the response of the actual voltage output from the rectifier, 
but it dies fastly. The figure reports also that the steady state error between the actual 
and reference voltages is equal to about  0.15 %. It is worthy to note that, reducing the 
voltage overshoot is possible by modifying the weights but at the expense of  
increasing the steady state error.  

 

The wind generation system with the proposed  H∞ controller has been tested also with 
sinusoidal variation of wind speed. Thus, the wind speed is assumed to vary 
sinusoidally from 6.077 m/sec. to  6.277 m./sec. with an average equal to 6.177 m./sec. 
This corresponds to reference power variation from 157.2 to 173.2 watts. The 
frequency of the wind speed variation is assumed to be equal to 12 cycles per minute. 
The system parameters are detuned as in the previous case. Figure 6  illustrates the 
dynamic responses of the proposed system under the influence of such variation. The 
following points are concluded: 
 

a) The rotor speed of the induction generator oscillates in response to the wind speed 
variation.    

b) Good tracking between the reference and actual powers is evident. 
c) A small deviation  of the actual voltage around its reference ( about   ± 0.36 % ) 

has been reported.  
d) The rectifier firing angle oscillates between 5  and 12.6°   in order to regulate the 

voltage. 
e) The inverter firing angle swings between 146.1 and 146.5° in order to keep 

tracking of the actual power.  
f) The stator current components and the dc link current oscillate about their average 

values to meet the control requirements.   
 

7.  CONCLUSIONS 
 

In this paper, the H∞ control theory has been used in order to design a state feedback 
static controller for a wind driven generation system. The controlled system consists of 
a wind turbine that drives an induction generator connected to the utility grid through 
asynchronous  AC-DC-AC  link.   The  control  objective  aims to regulate the  rectifier  
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Fig. 6: Dynamic response of the proposed scheme to sinusoidal variation  

of wind speed. 
 
 
output voltage at maximum available wind power. This is carried out via controlling 
the firing angles of both the rectifier and the inverter. The complete dynamic model of 
the system has been described and linearized around a working point. The design 
problem of the H∞ controller has been described and formulated in the standard form 
with emphasis on the selection of weighting functions that satisfy optimal robustness 
and performance. The proposed control strategy has many advantages like robustness 
to plant uncertainities, simple implementation, and fast response.  
 

The stability and tracking performance of the proposed system including mismatched 
parameters have been evaluated through step and sinusoidal variations of input power 
reference. The results proved that good dynamic performance, and high robustness in 
face of uncertainities can be achieved by means of the proposed controller. 
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APPENDIX  A : COMPLETE  SYSTEM  MODEL 
 

The mathematical models of the different parts of the wind generation system are 
described as follows: 
 
A.1   Wind Turbine Dynamic Model  
 

The wind turbine is characterized by nondimensional curves of the power coefficient 

pC  as a function of both the tip speed ratio,λ  and the blade pitch angle,β .  In order 

to fully utilize the available wind energy, the value of  λ  should be maintained at its 
optimum value. Hence, the power coefficient corresponding to that value will become 
maximum also.  
The tip speed ratio λ  can be defined as the ratio of  the angular rotor speed of the wind 
turbine to the linear wind speed at the tip of  the blades. It can be expressed as follows: 

 

wt VR /ωλ =                                                                              (a1) 

Where R    is the wind turbine rotor radius, wV   is the wind speed and  tω  is the 

mechanical angular rotor speed of the wind turbine.   
The output power  of the wind turbine,  can be calculated from the following equation 

      

    35.0 wpm VACP ρ=                                                                            (a 2) 

 Where  ρ   is the air density, and  A   is the swept area by the blades.  
Also, the torque available from the wind turbine can be expressed as : 
                                      
                      λρ /5.0 2

wpm VARCT =                                                            (a 3) 

 
A.2   Induction Generator Dynamic Model 
 

The dynamic behavior of the induction generator in the d-q axis synchronously rotating 
reference frame is given by [16]: 

 

drrmqrrdsmmsqssqs iLAiARiLAiARpi ωωω 1221 )( −++−−=                   (a 4) 

dsqrmmdrrdssqsmmsds vAiLAiARiARiLApi 11212 )( −++−+= ωωω        (a 5) 

drsmsqrdssmqssqr iLAiAiLAiARpi )( 1322 ωωω +−+−+=                       (a 6) 

            dsdrqrsmsdssqssmdr vAiAiLAiARiLApi 23122 )( +−−++−= ωωω          (a 7) 
 

Where   0=qsv , due to the choice of axis alignment, and  

)/( 2
1 mrsr LLLLA −= ,    )/( 2

2 mrsm LLLLA −= ,    and   rmr LLARA /)1( 23 +=  
 

The rotor speed mω   is governed   by the following differential equation : 
 

PfJpTT mem /)( ω+=+                                                         (a 8) 
 

Where mT  is the input torque from the prim-mover, and  eT  is the electromagnetic 

torque representing  the load on the  induction  generator  ( eT  is negative for generator 
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action) which is given by: 
 

)(5.1 qrdsdrqsme iiiiPLT −=                                                  (a 9) 
 

Equations (8) and (9) are combined as 
 

                     JiiiiLPPTfp qrdsdrqsmmmm /))(5.1( 2 −++−= ωω                      (a 10) 

 
A.3    Asynchronous DC Link Model 
 

The asynchronous DC link (used to interface the wind energy system to the utility) 
consists of a six pulse line commutated converter, a smoothing reactor, and a six pulse 
line commutated inverter. An isolating transformer of turns ratio n:1  interconnects the 
induction generator to the converter. Neglecting the resistance and leakage reactance of 
the isolating transformer, the various ac quantities on the primary and secondary sides 
can be related by: 
 

dsdcon nvv =   ,   qsqcon nvv =   ,   nii qlqcon /=   ,   nii dldcon /=                       (a 11) 
 

Assuming the converter is lossless, the instantaneous power balance equation 
( 0=qconv , due to the choice of axis alignment): 

                               DCRdcondcon IViv =
2

3
                                                          (a 12) 

Where  RV    is the DC voltage at the converter output terminals which can be written 
as : 

                                RV = Rdsnv α
π

cos
33

                                                          (a 13) 

 

The ac and dc currents of the converter are related by : 
 

            )( 22
dconqconcon iii +=  DCI

π
32=                                                    (a 14)  

 

Neglecting the commutation overlap,  the d-q converter currents can be deduced using 
equations (a 12-a 14) as:  

RDCRcondcon Iii α
π

α cos
32

cos ==                                                    (a 15) 

RDCRconqcon Iii α
π

α sin
32

sin −=−=                                               (a 16) 

 

Referring to Fig. (1), the dynamics introduced by the DC link is given by: 
 

IRDCDCDCDC VVIRpIL −=+                                                      (a 17) 
 

Where IV   is the DC voltage at the inverter input terminals which can be expressed    
as :       
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        DC
ci

IinvI I
x

vV
π

α
π

3
cos

33 +−=                                             (a 18) 

where  cix   is the commutating reactance. 

 
Combining equations  (a 12), (a 17), and (a 18) the following equation can be   
obtained : 
 

DCDC
ci

IinvRdsDCDCDC LI
x

vnvIRpI /)
3

cos
33

cos
33

(
π

α
π

α
π

−++−=    (a 19)     

 
A.4    Self Excitation Capacitor Model 
 

Referring to the d-q equivalent circuit of the self excitation capacitor shown in Fig. 
(A1), the following differential equations can be written:  

 

dss
qc

qs v
C

i
pv ω−=

0

                                                                (a 20) 

qss
dc

ds v
C

i
pv ω+=

0

                              (a 21) 

Since, 0=qsv , due to the choice of axis alignment, equations (a20-a21) can be 

rewritten as:  

   
ds

qc
s vC

i

0

=ω                                                                                   (a 22) 

0C

i
pv dc

ds =                                                                                      (a 23) 

 

dsv
qsv

dsi

dci qci

qlidli qsi

0C
0C

 
 

Fig. A1:  d-q equivalent circuit of the self excitation capacitor. 
 
 

Referring to Fig. (A1), the values of  qci   and  dci   can be written as: 

qlqsqc iii −=                        ,            dldsdc iii −=                           (a 24) 
 

Equations (a11, a14 and a15) are combined with equation (a24) as: 
 

RDCqsqc nIii α
π

sin
32+=           ,            RDCdsdc nIii α

π
cos

32−=           (a 25) 
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Substituting the values of  qci   and  dci  from equation (a 25) into equations (a 22) and 

(a 23) would give: 

ds

RDCqs

s vC

nIi

0

sin
32 α

πω
+

=                                                         (a 26) 

0

cos
32

C

nIi
pv

RDCds

ds

α
π

−
=                                                     (a 27) 

 

Equation (a 26) can be used to determine the electrical frequency of the voltage 
generated by the induction generator. 
 
A.5    Voltage Regulator Model 
 

The DC voltage at the output of the converter terminals can be regulated by controlling 
the firing angle Rα  as described in the following differential equation : 
 

                   RrefR VVp −=α  =  Rdsref nvV α
π

cos
33−  

 

where refV  is the reference voltage of the converter output. 

 
A.6    Power Regulator Model 
 

The power output of the converter (power delivered to the asynchronous AC-DC-AC 
link by the wind energy system) can be adjusted via controlling the inverter firing 
angle Iα  according to the following differential equation:    
 

              PPp refI −=α   =  DCRdsref InvP )cos
33

( α
π

−  

 

where  refP   is the reference power at the output of the converter. 

 
APPENDIX   B 

The elements ija  of  the 9 x 9  matrix  A  are : 
 

)/( 000111 dsdss VCIARa −−=    

mm
ds

RDC
dsqs LA

VC
nI

VCIa 02
00

00
00012 ω)

π

αsin32
()/( −−−= , 22413 ARaa r−=−=  , rm LAa 0114 ω−=     

010215 drrdsm ILAILAa −−= , mm
ds

RDCqs
LA

VC

nII
a 022

00

000

16 ω)
)(

αsin
π

32

−
+

= , )
π

αsin32
(

00

00
17

ds

Rds

VC

nI
a −=     
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)
π

αcos32
(

00

00
18

ds

Rdc

VC
nI

a −=  ,  mm
ds

RDC
dsqs LA

VC
nI

VCIa 02
00

00
00021 ω)

π

αsin32
()/2( ++=  , 122 ARa s−= ,  

mm LAa 0123 ω−=  

010225 qrmqsm ILAILAa += , 12
00

000
2

0

26
)(

]αsin
π

32
)[(

A
VC

InII
a

ds

RDCqsqs
−

+−
= , 

00

00
27

π

αsin32

ds

Rqs

VC

nI
a =    

00

000
28

π

αcos32

ds

RqsDC

VC

InI
a = ,  24231 ARaa s== ,  sm LAa 0232 ω= ,  rmr LLARaa /)1( 24433 +−==        

sm
ds

RDCqs
LA

VC

nII
aa 01

00

000

4334 ω

αsin
π

32

+
+

−=−= ,   010235 drsdss ILAILAa +=  ,  

02
00

000

36 )
)(

αsin
π

32

( dr
ds

RDCqs

I
VC

nII
a

+
=     

00

00
37

π

αsin32

ds

Rdr

VC

nI
a −=   , 

00

000
38

π

αcos32

ds

RdrDC

VC

InI
a

−
=   , smdsqr LAVCIa 0200041 ω)/( −=       

010245 qrsqss ILAILAa +−=   , 202
00

000

46 )
)(

αsin
π

32

( AI
VC

nII
a qr

ds

RDCqs
+

+
−=  ,  

00

00
47

π

αsin32

ds

Rqr

VC

nI
a =    

00

000
48

π

αcos32

ds

RqrDC

VC

InI
a =   ,   JILPa drm 2/3 0

2
51 =   ,  

JILPa dsm 2/3 0
2

53 −= ,  JILPa qsm 2/3 0
2

54 =   Jfa /55 −=   ,  
0

62
1

C
a =  

0

0
67

π

αcos32

C

n
a R−

= ,  
0

0
68

π

αsin32

C

nI
a RDC= ,  R

DC

n
L

a αcos
π

33
76 = ,  DC

ci
DC L

x
Ra /)

π

3
(77 −−=        

DCRds LnVa /)αsin
π

33
( 0078 −=  , DCRds LnVa /)αsin

π

33
( 0079 −=  , )αcos

π

33
( 086 Rna −= , 

)αsin
π

33
( 0088 RdsnVa =  , )αcos

π

33
( 0096 RDCnIa −=   ,  )αcos

π

33
( 0097 RdsnVa −=   

)αsin
π

33
( 00098 RDCds InVa =   ,   

069666564636159

58575649392919

========
======

aaaaaaa

aaaaaaa
    

0898785848382

817574737271

=======
=====

aaaaaa

aaaaaa
  

0999594939291 ====== aaaaaa   . 

 
APPENDIX  C :   SYSTEM  PARAMETERS 

 

Wind  Turbine  :   
Rating :   1  kw ,  450 rpm ( low speed side )  at   wV  =  12  m/s .  

Size    :  Height = 4 m  ,  Equator radius = 1 m  ,  Swept area = 4 m2 ,  ρ = 1.25 kg/ m2. 
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Induction Machine : 
Rating :          3-phase ,  2 kw  ,  120 V , 10 A , 4-pole , 1740 rpm . 
Parameters : sR = 0.62 Ω  , rR = 0.566 Ω  , sL = rL = 0.058174  H. , mL = 0.054 H,  

J = 0.0622  kg.m2 ,     f = 0.00366  N.m./rad/s. 
 
DC Link  :    DCR  = 1.7 Ω  ,  DCL  =  0.15 H. , 

 
Self Excitation Capacitor:   
Rating :  176  fµ / phase ,  350 V , 8 A . 
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