Journal of Engineering Sciences, Assiut University, Vol. 34, No. 3, pp. 779-797, May 2006

ROBUST CONTROL BASED ON H, APPROACH FOR A WIND
DRIVEN INDUCTION GENERATOR CONNECTED
TO THE UTILITY GRID

A.A.Hassan* ; YehiaS. Mohamed
Electrical Engineering Department, Faculty of Engineering , EI -Minia
University, Egypt

Ali M. Yousef ** and A. M. Kassem

Electrical Engineering Department, Faculty of Engineering, Assiut
University, Egypt

* aahsn@yahoo.com

** Alimyl@yahoo.com

(Received January 16, 2006 Accepted February 18, 2006)

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. Smulation
results confirm that good dynamic performance of the proposed wind
energy scheme has been achieved.
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NOMENCLATURE
Vis s Vs d-q stator voltages,
sl s d-qg stator currents,
g ol d-g rotor currents,
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R, R stator and rotor resistances per phase,

L., L, L, stator, rotor and magnetizing inductances

Co self excitation capacitance per phase

aw, Angular stator frequency of the induction getmra

W, Angular rotor speed (electrical rads/s) of thauction generator
J moment of inertia

f friction coefficient

p differential operatod/dt

Lo DC-link inductance

Roc DC-link resistance

ag, Q, firing angles of the converter and inverter.

Vecons Vaeon d-q input voltage of the converter.

I 4eon + 1 goon d-g input current of the converter.

| oc DC-link current.

Vi inverter output voltage

P number of pole pairs

1. INTRODUCTION

Nowadays, the wind energy has gained a lot of tterand became one of the most
promising renewable resources. The squirrel cadygction machine is ideally suited for
use in wind energy applications as it requires foaintenance, and is built robustly to
withstand severe operating conditions [1]. Onehaf simplest methods of running a
wind generation system is to use an induction ggnerconnected directly to the utility
grid. This is a very common method of operationalhiorce the machine to run at a
constant frequency and therefore at nearly consiaed. Because the wind is highly
variable, it is very desirable to operate a wintbitue at variable speeds [2]. In this case,
a large fraction of the available wind energy carektracted by maintaining the optimal
tip speed ratio.

Various control strategies have been proposed dgulating grid voltage and / or
achieving optimal output power of the turbine. &m& schemes, the wind turbine drives
an induction generator connected to grid througkatic converter [2-3]. Other control
schemes use search methods that vary the speédptittial power is obtained [4-5].
However, these techniques have the difficulty aetcking the wind which will cause
additional stress on the shaft.

Recently, advanced control tehniques, which wemieg successfully on the machine
drives, have been proposed for regulating the vgoder in a grid connected wind
energy conversion scheme. In the first approachtf@ dead beat control of output
power was proposed. However, the knowledge of vepeed must be necessary for
controller implementation. In other approaches J7tBe sliding mode technique has
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been employed in a variable structure controllerrémulating the output power. The
proposed sliding mode controller has the advantafesobustness against parameter
uncertainties as well as wind disturbances. Howewe inevitable chattering resulting
from the switching of the control structure stikig. Moreover, the wind estimation
would be needed in [7] while a speed sensor nmeigixisted in [8] to measure the rotor
speed.

In [9], a fuzzy logic based intelligent controlleas been used extensively to optimize
efficiency and enhance performance of a variabedpvind generation system. This
controller has the advantages that it does notiredbhe mathematical model of the

system besides the insensitivity to external dostnce and erroneous information.
However, this system has two drawbacks. First,aperating point oscillates largely

with the change in wind speed. Second, a speesbs&ineeded to provide the speed
signal.

The linear quadratic Gaussian controller has begplied [10-11] to regulate the
terminal voltage, and optimize the power outpuaafind energy conversion scheme.
The merits of this controller are summarized ast f&sponse, robustness, and the
ability to operate with available noise data. @a bther hand, this controller has the
demerits that it needs an accurate system modedtatility margin is guaranteed and
more computational effort is required.

During the past decade, the, Hontrol theory has been widely celebrated for its
robustness in counteracting uncertainty perturbatiand external disturbances. As a
consequence, some applications of this approacfarious plants such as dc motors
[12], switching converters [13], synchronous motfd4], induction motors [15], have
been published. The main point of the €bntrol is to synthesize a feedback law that
renders the closed loop system to satisfy a pfesgt, - norm constraint. This would
satisfy the desired stability and the tracking fegqaents.

This paper presents the voltage and frequency @onfra wind driven induction
generator connected to the utility grid via an asyanous AC-DC-AC link. The H
optimal controller has been employed to regulageD voltage at the rectifier output
and track maximum available wind power. This ikieeed by controlling the firing
angles of the converter and inverter respectiveie terminal voltage and power at the
rectifier output are measured and used as feedlmghals. The linearized
mathematical model of the proposed wind energyesystas been described. Also, the
formulation and design of the.controller have been given. The proposed control
strategy has several attractive features such hsstostability against system
uncertainties, disturbances, and measurment noibgwmeover, it has simple
implementation, and low computational burden. Femtfrore, it does not need either
the wind speed estimation or the knowledge of ihgrlaerodynamics like other control
methods.

The feasibility and effectiveness of the wind egeggnerating scheme together with
the proposed H controller have been demonstrated through compsiteulations.
Simulation results have proved that the proposedraller can give better overall
performance.
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2. SYSTEM DESCRIPTION

Figure 1 shows a wind energy system connected to theyugititl via an asynchronous
AC-DC-AC link. It consists of a vertical axis windirbine, driving a self excited

induction generator. The asynchronous link consi$ta six pulse line commutated
converter, a smoothing reactor, and a six pulse dmmmutated inverter. This system
essentially converts the variable voltage varidbdguency voltage at the induction
generator terminals to constant voltage constatuigncy at the grid terminals. The
DC link decouples the induction generator and thbtyusystems such that each
system operates at its own frequency. This endbkednduction generator to operate
over a wide speed range. The flow of power acrossXC link can be controlled by
adjusting the firing angles of the controlled réetiand the inverter.

Rectifier Inverter
DC Link
. Input rava'e Output
. Ir;guctlt;r: transformer K, V”Wtransformer
W|qd g Y ——
turbin O | Vq v, | |
C'-l:' '{' l]— Ln n, :1

Utility grid

Fig. 1: Schematic diagram of the proposed wind energy system.

3. SMALL SIGNAL LINEARIZED MODEL

The nonlinear dynamic model of the wind generasgstem can be desribed by the
following nine differential equations (1-9) ( theopf is found in appendix A )[16] :

23

I +—— Nlpe Sinag
piqs :_RsAiiqs_( A +A2a)mLm)ids+RrA2iqr _Aia)eridr (1)
COVds
. A3 .
. los +7nIDCS|naR . . . .
plds = ( C Vv + Az%Lm)lqs - |K'Aftlds + R' A2|dr + Ala‘?nl-mlqr - Alvds (2)
0Yds
Ios +2—\/§nl oc SiNax
piqr = RsAziqs + Aza)mLsids - A3iqr + (_ A + Ala)mLs)idr (3)

COVds
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23

+——nl ¢ Sinayg

gs

pidr = _AZ%LSI as + RsAzids +( ITC Vv - A.%Ls)iqr - ABI dr + szds (4)
0Vds
pw, =(—fw, +PT_+ 1.5P2Lm(iqsid, =gy N1 (5)

23

I — T Nl ,c COSay
PVas = 6) (
S CO

3J3 3J3 3x

Ploe = (-Rpel pe +——— NV, COSA, +——V, _ COSa, ——%1..)/L (7)
DC DC " DC T ds R T inv | T DC DC

pa, =V, -V.= V., _33 nv,, COSa, ®
T
3V3

pa, =Py -P = Py _(7anSCOSO'R)|DC ®)

The H, controller proposed for regulating the voltage @oger output of the system
under study is based on the state space lineaelmdterefore, the nonlinear
dynamic model of the complete wind energy cosioer system is linearized arround
an operating point. The linearized model takeddliewing state matrix form :

px = Ax+Bu, Yy=0CX

where X=[Ai, Aiy Ai, Ay, Aw, Avg Al Aag Aa)]

qr

u=lav ap] B= and

00O0O0T1 0]
000O0O01

A= [g;] isa 9x9 matrix containing the systemapaeters. The elemeng, are

written in appendix (B)AV =V, 4 —Vy is the difference between the reference

and actual rectifier output voltage.
AP =P, —P s the difference between the reference andaacectifier output

power.

4. H, CONTROLLER DESIGN

The H, theory provides a direct, reliable procedure fortsesizing a controller which
optimally satisfies singular value loop shapingcsfeations [17]. The standard setup
of the H, control problem consists of finding a static ondsnic feedback controller
such that the H norm (a standard quantitative measure for the cizthe system
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uncertainty ) of the closed loop transfer functisress than a given positive number
under constraint that the closed loop system &ty stable.

The H, synthesis is carried out in two stages:

i.  Formulation: weighting the appropriate input-output transfendtions with
proper weighting functions. This would provide remess to modeling errors
and achieve the performance requirements. The wgeighd the dynamic
model of the system are then augmented intstdndard plant.

ii.  Solution the weights are iteratively modified until antiogal controller that
satisfies the Hoptimization problem is found.

Figure 2 shows the general setup of thg ¢fesign problem where :

P(s) is the transfer function of the augmentihtp( nominal plant G(s) plus the

weighting functions that reflect the design speaiions and goals ).

u2 is the exogenous input vector, typically consi§tsammand signals, disturbance,
and measurement noises,

ul is the control signal,

y2 is the output to be controlled, its componedgtsically being tracking errors,
filtered actuator signals,

yl is the measured output.

The objective is to design a controller F(s) fog tugmented plant P(s) such that the
input/output transfer characteristics from the mxdé input vector u2 to the external
output vector y2 is desirable. The, tesign problem can be formulated as finding a
stabilizing feedback control law ul (s) = F(s)L(g) such that the norm of the closed
loop transfer function is minimized.

In the proposed wind generation system includingchintroller, two feedback loops
are designed; one for adjusting the terminal veltagd the other for regulating the
output power as shown inFig. 3. The nominal system G(s) is augmented with
weighting transfer function®V,(s), W, (s) and W,(s) penalizing the error signals,

control signals, and output signals respectivelyhe choice of proper weighting
functions is the essence of, Eontrol. A bad choice of weights will certainlyakbto a
system with poor performance and stability charéties, and can even prevent the
existence of a solution to the,Hroblem.

2
uz2 ——» —y>
P(s)
ul > yl
F(s) r=

Figure 2: General setup of the H,, design problem
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| W(9) -

Wo() — >
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Pe + P
4’@_ » H - infinity Plant Z,

+ - corllztzg)ller G | Vs W, (S) ——»

) J

disturbancef

Figure 3: Simplified block diagram of the augmented plant including H., controller.

Consider the augmented system shown in Fig. (3¢ fblowing set of weighting
transfer functions are chosen to reflect desirdousb and performance goals as
follows:

A good choice oMW, (s) is helpful for achieving good tracking of the inpaferences,
and good rejecting of the disturbances. The wedjeteor transfer function matrix
Z, ; which is required to regulate, can be written as

Vref _VR
Z, =W, (s)
! ! |:Pref _P}

A good choice of the second weidit, (s) will aid for avoiding actuators saturation
and provide robustness to plant additive pertuobati The weighted control function
matrix Z, can be written as :

Z, =W, (s).u(s)

where u(s) is the transfer function matrix of the control reads output of the H
controller.

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

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

z=we ||
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In summary, the transfer functions of interest aihhdetermine the behavior of the
voltage and power closed loop systems are:

a) Sensitivity function: S =[1+ G(s). F(s)}

Where G(s) and F(s) are the transfer functionshef mominal plant and the .H
controller respectively, and | is the identitatnix. Minimizing S at low frequencies
will insure good tracking and disturbance rejection

b) Control function : C=F(s)[I+G(s). F(s)}

Minimizing C will avoid actuator saturationchachieve robustness to plant additive
perturbations.

¢) Complementary function . T =1-8

Minimizing T at high frequencies will insure nadiness 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 lize the available wind
energy) at any given wind speed, and
i) Minimizing the reactive power consumed by the cotare so as to optimize
the size and capacity (VARs ) of the self excitatcapacitor bank connected
at the terminals of the induction machine.

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

The block diagram of the wind energy conversiontesyswith the proposed H
controller is shown in Fig. (4). The entire systeas been simulated on the digital
computer using the Matlab / Simulink software paekaThe specifications of the
system used in the simulation procedure are listeppendix (C)[16]. The following
set of weighting functions are chosen after maeyattons in order to achieve the
desired robustness and performance goals:

s+50 0 v s+30
W = 1’5470 , W =| *'s+666 and
1 0 s+1500 2 0 y s+3
V275600 #5440
s+0.0374
Voo————— 0
W = s+900
3 s+ 0.00465
0 Voo————

s+1500
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Where
¥, =0.0005, y,, = 0001, y,, = 0012, y,, = 002, y,, =0.1712, y,, = 043 .

Rechifier Tverter
Bt nC Lk Pa—
Tnduwotion transfomer o ¥ tramsformer
Wind gnerabor | '
ki O "g ¥ ¥ =
. 1 1 l 1:n n 1
IL o r o
H-infinity
P + : contraller
T ety gril

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

6. RESULTS

Computer simulations have been carried out in cimlgalidate the effectiveness of the
proposed scheme. At first, the eigen values ofyis¢éem under study are examined; for
the purpose of comparison, with and without theckntroller as shown imable 1. It

is seen that the open loop system is unstableeathtbsen operating point while all the
poles of the augmented system including thecHntroller has negative real parts in
the complex s — plane. Moreover, these poles hapitig ratios between 0.133 to 1.
This will ensure the damping performance of theetbloop system.

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

Without H,, controller With H, controller (augmented system )
(open loop system )
-62.232 + 374.53i -62.232 + 374.53i , -44.748 + 332.75i
65.312 + 317.32i -68.418 + 316.88i , -125.94 + 275.53i
-207.62 -45.198 + 5.6002i
187.92 -909.12 , -737.54 , -599.87 20%7.62 |,
-20.365 -194.14 |, -146.93 , -69.998 , -294,
16.626 -20.365 , -17.545 , -5.0122 3,3215 ,
0.82602 -0.82612 , -1604.8 , -600 , -66,
-40 , -70 , -1500 -900.
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The performance of the proposed system has betad tedéth a step change in wind
speed. Thus, the wind speed is assumed to varpthbftom 6.4 m/sec. to 6.5 m/sec.
at t = 2 seconds. This means that the power refermcreases from 165 to 173 watts.
Also, the system parameters are assumed to hawmedetvalues through the
simulation. Thus, the parameters of the inductienggator deviate from their nominal
values by + 50% in the stator and rotor resistane¢28% in the stator and rotor
leakage inductances, -10% in the magnetizing irasheet, and +50% in the moment of
inertia and friction coefficient. Moreover, therpmeters of the dc link are permitted
to deviate by +50% in its resistance, and +200%héninductancerigure 5 illustrates
the dynamic responses of the d-q stator currentpooents and rotor speed of the
induction generator, firing angles for both reetifand inverter, reference and actual
rectifier output voltages, reference and actuatifrec output powers, and DC link
current. Simulation waveforms may be interprettedolows:

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

g-azds current (armp.) 318 rotor speed (rad/s)
75 —N_/— 4] ]
: . : 313 : : : :
09 d-azis current (armp.) 120 reference and actual valtages {walt)
0.85 " 1 140 J\
0.8 . . . 130 : : :
rectifier firing angle (deg) DC link current (amp.)
20 1.3
10 —l/; 12 _q/;
|:| i

1.1

refereﬁce anld an:tulal nwlers ' invertlerﬁrinl an Ié de I

- P () 150 g angle (deg)

170 [’ - e

160 . . . : 140
0

2 4 G g 10 a 2 4 B g 10
t (sec) t (sec)

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 inductimmerator rises and so the rectifier
output voltage. Therefore, the firing angle of tleetifier will be decreased to
satisfy the requirement of the voltage increment.

b) As the voltage error increases, the closed logpstsithe rectifier voltage causing
the firing angle to increase untill this error gipaars.

c) The power closed loop adjusts the inverter firimgla untill the actual power is
equal to the reference one. The dc link currentemses to satisfy the power
requirement.

d) As a result of providing more power to the grice thad on the induction generator
increases. This would affect the rotor speed dyoaesponse slightly.

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

The wind generation system with the proposegcéhtroller has been tested also with
sinusoidal variation of wind speed. Thus, the wisppeed is assumed to vary
sinusoidally from 6.077 m/sec. to 6.277 m./sethwan average equal to 6.177 m./sec.
This corresponds to reference power variation frb&v.2 to 173.2 watts. The
frequency of the wind speed variation is assumedaetequal to 12 cycles per minute.
The system parameters are detuned as in the pscuameFigure 6 illustrates the
dynamic responses of the proposed system undenftbhence of such variation. The
following points are concluded:

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

b) Good tracking between the reference and actual oiwevident.

c) A small deviation of the actual voltage aroundréference ( about * 0.36 % )
has been reported.

d) The rectifier firing angle oscillates between 5dd2.6° in order to regulate the
voltage.

e) The inverter firing angle swings between 146.1 dd®.5° in order to keep
tracking of the actual power.

f)  The stator current components and the dc link atiwscillate about their average
values to meet the control requirements.

7. CONCLUSIONS

In this paper, the Econtrol theory has been used in order to desigtai@ feedback
static controller for a wind driven generation gyst The controlled system consists of
a wind turbine that drives an induction generatmnected to the utility grid through
asynchronous AC-DC-AC link. The control oltjee aims to regulatéhe rectifier
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. fq-2:ds current (amp rotor speed (radfs)
e e e e i 3145 P P,
7.4 : : 314 : :

1 d-azis current (amnp.) 145 reference and actual voltages (valt)
A AVAVAVAVAVAVAVAVAVAVAVAY RN/ S ASFNRAPAAENA
06— : 135 — '

15 rectifier firing angle (deg) O link current (amp.)
1.4 1
1o WV\NUWW 1.2 A
] 1 1 ]
a : . 0t - :
180 reference and actual powers (w) 150 inverter firing angle (deg)
140 : :
a 20 40 B0
t (sec)

Fig. 6: Dynamic response of the proposed scheme to sinusoidal variation
of wind speed.

output voltage at maximum available wind power.sTisi carried out via controlling
the firing angles of both the rectifier and thearter. The complete dynamic model of
the system has been described and linearized arauwvdrking point. The design
problem of the H controller has been described and formulated enstandard form
with emphasis on the selection of weighting funagidhat satisfy optimal robustness
and performance. The proposed control strategynfaasy advantages like robustness
to plant uncertainities, simple implementation, &t response.

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

The mathematical models of the different parts & wind generation system are
described as follows

A.1 Wind Turbine Dynamic Model
The wind turbine is characterized by nondimensianaves of the power coefficient
C, as a function of both the tip speed rafioand the blade pitch angg, In order

to fully utilize the available wind energy, the walof A should be maintained at its
optimum value. Hence, the power coefficient coroesiing to that value will become
maximum also.

The tip speed ratial can be defined as the ratio of the angular rspeed of the wind
turbine to the linear wind speed at the tip of lhedes. It can be expressed as follows:

A=wRIV, (al1)
Where R is the wind turbine rotor radiu¥,,, is the wind speed andw, is the

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

P, =050AC.V,] (a?2)

Where p is the air density, andA is the swept area by the blades.
Also, the torque available from the wind turbine te expressed as :

T, = 050ARC V,: /A (a3)

A.2 Induction Generator Dynamic Model

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

piqs = _RsAliqs - (ws + Azmem)ids + Rr Aziqr - Aia)ml—ridr (a 4)
pids = (ws + Azmem)iqs - RsAiids + Rr Azidr + Aimemiqr - AJ.Vds (a 5)
piqr = RsAziqs + Azmesids - ABiqr + (_a)s + Aimes)idr (a 6)

Pia = Ayl + RA G + (@ — AW, Ly)ig — Ay +AVe,  (@7)
Where Vg = 0, due to the choice of axis alignment, and
A=L/LL -L%), A =L /(LL -L2), and A, =R @+AL_)/L,
The rotor speedy,, is governed by the following differential eqoat:
T,+T,=p+ f)w, /P (a8)

Where T, is the input torque from the prim-mover, anfl, is the electromagnetic
torque representing the load on the inductionegator (T, is negative for generator
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action) which is given by:

T =15PL (Iqs dr dslqr) qp
Equations (8) and (9) are combined as
pw, = (—fw, +PT,_ +15P°L mgslar ~laslq )/ (a 10)

A.3 Asynchronous DC Link Model

The asynchronous DC link (used to interface thedwenergy system to the utility)
consists of a six pulse line commutated conveaamoothing reactor, and a six pulse
line commutated inverter. An isolating transforroéturns ratiol: n interconnects the
induction generator to the converter. Neglectirgréssistance and leakage reactance of
the isolating transformer, the various ac quarstiae the primary and secondary sides
can be related by:

Vdcon = ans ’ \Y =nv ’ I :iql /n ’ idcon :idl /n (a 11)

gcon gs qgcon

Assuming the converter is lossless, the instantamepower balance equation
(Vyon = 0, due to the choice of axis alignment):

gcon

=Veloe (a12)

Vdcon dcon
Where V; is the DC voltage at the converter output teaisirwhich can be written
as:

Vi =—3 nv,, Cosa, (a13)
s

The ac and dc currents of the converter are related

PR 23

icon: (chon Idcon) =

I oc (a14)

Neglecting the commutation overlap, the d-q cot@rezurrents can be deduced using
equations (a 12-a 14) as:
243

=g, COSO, = TI oc COST (a15)

2.3

L __ . a
[ leon SINA g = ——— | 5 SINAR 16
s

I dcon

gcon

Referring to Fig. (1), the dynamics introduced g DC link is given by:
Loc Ploc + Rocloe =V =V, (a17)

WhereV, is the DC voltage at the inverter input terminalsich can be expressed
as :
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3V3

33Xy
V= _TVinV cosa, +7C o (a18)

where X, is the commutating reactance.

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

3J3 3J3 3x

Pl oe = (—Rpel pe +—— NV, COSA, +——V _€OSa, ——% 1)/ L,. (a19)
DC DC " DC T ds R T inv | T DC DC

A.4 Self Excitation Capacitor Model

Referring to the d-q equivalent circuit of the selcitation capacitor shown in Fig.
(A1), the following differential equations can beiten:

i
pvqs = g - a)svds (a 20)
0
pv, = I + WV (a21)
ds C s gs

0
Since, v, =0, due to the choice of axis alignment, equatiori20{@21) can be
rewritten as:
i

w. = @ az22
’ COVds ( )
idc
Vv, = — az23
p ds CO ( )
ids idl iqs iqI

VdST COI | VqST COI iqc

Fig. Al: d-qg equivalent circuit of the self excitation capacitor.

Referring to Fig. (A1), the values df, and i, can be written as:

ch :iqs_iql ’ idc :ids_idl (a24)

Equations (all, al4 and al5) are combined withteoué@?24) as:

2.3 23

iqc=iqs+7nIDcsina'R , I g =|ds—7nl oc COSO, (a 25)
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Substituting the values och and i, from equation (a 25) into equations (a 22) and
(a 23) would give:
243

I T —— Nl Sinag
m

w, = a 26
) COVds ( )
I 4o —Z—\Enl oc COST
- m
V4 = azi7
p ds Co ( )

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

The DC voltage at the output of the converter taats can be regulated by controlling
the firing anglea as described in the following differential equatio

3V3

paR :Vref _VR = Vref - T nvds COSO'R
whereV, is the reference voltage of the converter output.

A.6 Power Regulator Model

The power output of the converter (power delivai@the asynchronous AC-DC-AC
link by the wind energy system) can be adjustedcaatrolling the inverter firing

anglea, according to the following differential equation:
_ _ 3/3
pa, =Rg —P = PFyq _(TnvdscosaR)l DC
where P is the reference power at the output of the caave

APPENDIX B
The elementsy; of the 9 x 9 matrix A are:

ap = “RA; ~(lao/ CoVasn)

ZJ_nIDcosnaRo) A

molms i3 =~ =-R/A, ,  ay =-Aopl,
7CoVasn

= ~(lgs0/ CoVas )~ (

l oo +——Nl e Sing,
qs0 DCO RO 2.3nl . sin
15 = Aol mlaso ~Aillaro s 46 = z 2 )= Aol = (—\/_ ds0 27 %Ro )
Co(Vas) 7Co Vs
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2\/_nldco COSaRO) 2y/3nl peo SiNagg )+A

A, = Ay = (204! CpV, + Omolm s 8 = —RA,
18 ( ”Covdso ( gs0 0 dso) ( ﬁConso 2%mo=m 22 s
8y = ~Ay0pol
_[(Iq50)2 nlqsolocos'naRo] 24/3nl © SiNaRe
=A I-mIqSO+A I-mlqul A% = -Aq, ay =
O(Vdso) 7Co Vg
2\/§nIDCOI <0 COSoRg
Qg = C\j oAy Ta, TRA,, g = Awnels, ag =ay =R (1+AL,)/L,
T Vdso
243 .
g0 *———Nl peo SiNaRg
Q3 =8 =" z +Aomolsy 8z = Azl daon + Al
CoVaso
| 40 +£nl beo SiNagg
ags =( Naro
O(Vdso )? r
a _2\/§nldrosino¢Ro a _—2\/§nl pcol aro COSaRg = (1 o/ CVag )= Aol
37 ECOVdSo 1 938 ﬂConso 41 qr0 0Vds0 2¥m0*s
23 .
ALl +AL ('qso+7”'Dcos'”“Ro B+ A 24/3nl o Sinaigg
Qs = — y Qg = , Q= ———
45 2-s'qgs0 s gr0 46 Co(Vdso )2 qr0 2 47 ﬂConso
2430l peol 4ro COSOL
a48 — \/_ DCO' qr0 RO , 3.51 :3P2Lm|dr0 / ZJ ,
7CyVyso
ass = —3P’L l4e0 /2], a5 =3P%L /2] ag=-f/J , aezzci
0
-2/ 3 24/3nl i 3X.
o, = 2fanosany  _2nlpcsnagy o33 g ey
7C, 7C,y L pe bis

33

3 . . 3
azg :(_Tnvdso SNage )/ Lpc » ar :(_Tnvdso SNagg )/ Lpc g :(_THCOS“RO)1

3/3 3/3 3/3

=(Tnvdso SiNagg) , g =(_Tn| bco COSaRe) 1 Agy =(_Tnvdso COSagg )
3/3 . Qg =apg = A9 T Ayg = Ags = A5y = Asg
o8 =(——NV4gl pco SiNary) _ e m m ;o _ =0
T =59 =8g =3 =gy = g5 = ags = g9 ~
Q) =8y =83 Ty T a5 = Ay
=ag, =8g3 =ag = ag —ag —ag =0

8g, =g =agg =agy =ags =agg =0

APPENDIX C: SYSTEM PARAMETERS

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

Size : Height=4m , Equator radius = 1 iSwept area = 4m p=1.25 kg/ .
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Induction Machine :
Rating : 3-phase, 2kw , 120V, 104pole, 1740 rpm .
Parameters R,.=0.62Q , R =0566Q , L= L,=0.058174 H. L = 0.054 H,

J=0.0622 kg.h, f=0.00366 N.m./rad/s.
DCLink : R,.=17Q, Ly = 0.15H.,

Self Excitation Capacitor:
Rating : 176 1f / phase, 350V ,8A.
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