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ABSTRACT

A dynamic model of a variable speed cage machine wind generation unit, including wind profile,
wind turbine, induction generator, local load and transmission line connecting the grid is
developed. The steady state as well as the dynamic performance of the wind energy system is
explored. The performance of the system under wind gust conditions has been studied and the
amount of transient injection to the grid investigated. A stabilizing control scheme which
minimizes the transient injection through a thyristor controlled variable capacitance at the
generator terminal is explored. PI controller with optimized gain settings is included in the
control loop. The ‘optimal’ parameters of the PI controller are obtained through a pole-placement
technique. The PI controlled variable capacitance strategy has demonstrated very good damping
profile for the wind turbine-generator power system.
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Wind energy system, induction generator, variable capacitor control, PI control, pole-placement
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Dynamic Performance of a Wind Generation System with Thyristor
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I. INTRODUCTION

As a result of increasing environmental concern, more and more electricity is generated from
renewable sources. The main advantage of electricity generation from renewable sources is the
absence of harmful emission and the infinite availability of the prime mover that is converted to
electricity. One way of generating electricity from renewable sources is to use wind power. A
tendency to erect more and more wind turbines has been observed during recent years. As a
result of this, in the near future wind turbines may start to influence the behavior of electrical
power systems. Therefore adequate models to study the impact of wind turbines on electrical
power systems behavior are needed.

Wind has been proven as a cost effective and reliable source of energy. Technological
advancements over the last few years have placed wind energy in a firm position to compete with
conventional power generation technologies. Saudi Arabia has a vast uninhabited land area as
well as a long coastline, free from man made obstacles, presenting a possible wind resource [1-
2]. In view of this, there is an urgent need to start research programs with the aim of studying the
potential of wind energy in Saudi Arabia, site specifications and other technical needs for the
wind energy assessment project. There is also a need to develop the dynamic model for effective
control of the wind turbines. Though, wind and other alternative sources of energy are attractive,
care has to be taken in connecting the generating plants to the existing grid because they may
export their own problems as well as ‘pollution’ to the grid system.

Induction generators are being increasingly utilized in a wind energy conversion system since
they are relatively inexpensive, rigid, and require low maintenance. However, the ever-changing
nature of wind-speed and lack of inherent reactive power source of induction generator make the
stability issue a very delicate matter. Many techniques have been proposed to keep the rotor
speed as nearly constant as possible. The major ones are the control of blade pitch angle to
control mechanical input power, and control of electrical power through the control of external
VAR compensator devices [3-4].

In this study, dynamic model of a variable speed cage machine wind generation unit feeding a
grid system, along with a local load, is developed. Improvement of the damping properties of the
system through a PI controlled variable capacitance stabilizer is investigated.

I1I. WIND TURBINE-GENERATOR SYSTEM MODELING

Fig. 1 shows the wind-generator system configuration. The system consists of a horizontal axis
wind turbine and an induction generator (IG) interfaced to the utility grid through a transmission
line. The models for the different components of the wind turbine-generator system are given in
the following.
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Fig.1. Wind-generator system

A. Wind Turbine Model

The wind turbine is characterized by the plot of the power coefficient C, as a function of both tip
speed ratio, A and the blade pitch angle, 3. Typical C, - A curves for the pitch angle changing

from 0 to 20° are shown in Fig. 2. The tip speed ratio A, which is the ratio of linear speed at the
tip of blades to the speed of the wind, is expressed as,

_or
V

w

A (1)
Where R is the radius of the turbine blades, Q is the mechanical angular velocity of the wind

turbine rotor, V), is the wind velocity. Expressions of C;, as a function of A and f3, as employed in
reference [5], are
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The output mechanical torque and power of the wind turbine, respectively, can be calculated
from the equations [6],

1 2

{ 3)
3
Pm = EpACp 'Vw

Here, p is the air density and A is the swept area by the blades. Fig. 3 shows the power-speed
characteristics curves of a typical wind turbine for various wind velocities.

B. The Induction Machine Model

The induction generator model can be derived from the generalized induction motor model of
Krause [7]. The voltage current relations of the stator and rotor circuits are,
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Turbine Characteristics
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Fig.2. Typical C, vs. A plot Fig. 3. Typical power vs. speed plots

for a wind turbine
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The flux linkages and currents are related through,

Was = Xslgs + Xplgr

R ©)
l//qS - xSqu +xmlqr
War = Xplgy + Xpls %
Yagr = xriqr + xmiqs
The slip s used in the above equations is defined as,
W, —®
§=—2— (8)
a)O

In the generation mode the slip will be negative and the stator currents will reverse their
directions. The rotor motion of the machine is expressed through the following slip equation,

(2H)s =P, —P, —Ds 9)
The electrical torque (or power) in pu is written as,

Pe = quldr - l//drlqr = (xrlqr + xmlqs )ldr - (xrldr + xmlds )lqr

= _xmlquds + xmldrlqs

(10)
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C. The Wind Profile

Wind speed simulation is one of the first steps for the wind generation model. Wind speed
changes continuously and its magnitude is random over any interval. For simulation of randomly
changing wind speed, probability distribution of the random number should be known. The wind
speed is usually considered constant for some intervals. The fluctuations during such intervals
can be considered to be combination of constant and sinusoidal variation. A typical formula is

[8],
v=x[1-0.2cos(27t/20)—0.05cos(27¢/600)] (11)
Here, x is the mean speed. The wind gust can be simulated by varying the magnitude and

frequency of the sinusoidal fluctuation. A typical wind profile for mean wind speed of 14 m/s is
given in Fig. 4.
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Fig. 4. Wind profile over a period of 10 minutes

D. Transmission Line and Load Model

Retaining the notation for induction motor operation, the transmission line-load equation from
Fig. 1 can be written as,

I=,-V)Y,-VYx, (12)
where, I is the induction generator current (negative), Y» = gi2tjbiy is the transmission line
admittance, Y1 = g111+jby; is the local load admittance, V; is the generator terminal voltage, and

Vy is the grid voltage. Writing I = igs + jigs and Vs = vgs + jvgs , (12) can be expressed in the
form:

Vs (811 + 812) = Vs (b + b)) =—iy + V815
Vs (b + byp) H v (g + &1n) =iy + Vybio

(13)

E. The Composite Dynamic Model

For dynamic simulation, the turbine power output given in Fig. 3 has to be expressed as an
analytic function of the generator rotor speed or slip. For a certain wind velocity, a polynomial
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function has been generated through curve fitting methods using MATLAB functions. For
example, for a wind velocity of 14 m/sec, the expression for the power output is obtained as,

P, =-5.5848x10"n" +5.397x107""n* =1.9059x10° > +0.0029 x n* —1.6024n +346.86 (14)

Here, the rotor speed 7 is in rpm. From the set of equations (4-6), the derivatives of the generator

currents i,,1,,i,,and i, are obtained in terms ofv,,v ., v, .and v . . Equation (13) is solved for

v, and v, are then substituted into it. These four differential equations along with slip derivative
equation (9) are combined to give the closed form state equations,

x = flx] (15)

Where, x is the vector of states[i,, i, i, i, s].The steady state values of the currents are solved

by dropping the derivative terms in (4-5) and solving simultaneously with (13).

Dynamic model (15) was simulated for a number of disturbance conditions for representing the
wind variations. For smaller input changes or wind gusts, excursions of the system variables are
within tolerable limits. However, if the size of the disturbance grows, the system voltage and
frequency variations may be unacceptable.

III. THE PROPOSED CONTROL STATEGY FOR STABILITY

The transient performance can be compensated by blade pitch control on the turbine side.
However, this is slow. Alternatives proposed in the literature are voltage, current and power
control on the generator side. This article looks into the possibility of transient enhancement
through the introduction of a variable capacitance/reactance at the generator terminal. The
variable reactance can be obtained by controlling a static VAR system through the firing angle
control of the thyristors. An equivalent circuit diagram of the system shown in Fig. 1 along with
the controller is shown in Fig.5a.

Induction
Generator V
Vs Y, B
@ AB —— J K A
1+5Tg,
)4
Controller 1
(a) (b)

Fig. 5. Block diagram for the capacitance/reactance control
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The dynamic equation for the controller block is given by [9],

dAB :—L[KSEAVS +AB]+M (16)

dt T:SE TSE

where, AV, =V,,.. =V, and AB is the change in susceptance b, [Y1=gi11jb11]. Equation (16)
can be represented by the functional block diagram of Fig. 5b.

The control signal u for the wind turbine-generator system has been constructed through a PI
controller. The ‘optimal’ parameters of the PI controller are obtained through a pole-placement
technique.

The PI controller is normally installed in the feedback path as shown in Fig. 6. An additional
washout blocks the unwanted signal in the steady-state. The steps involved in the design process
are,
e From an extended nonlinear model including the controller equation (16), and selecting
the proper output variable, the linearized system equations are written as,

X =Ax+ Bu
(17)
y=Cx
e For a specific location of eigenvalue A, it can be shown that,
T K.
AL, K +—L|= ;1 (18)
1+AT,| * 2 C(AI-A4)"'B

Placing two eigenvalues A; and A, at desired locations to provide adequate damping to
the system, (18) can be solved for K, and K.

Plant

v

sT

w

A

A

K.
K +—
1+sT, P

Fig.6. PI controller block diagram

IV. SIMULATION RESULTS

The wind turbine-generator system given in Fig.1 was simulated along with thyristor controlled
capacitor control. The eigenvalues of the linearized system including the capacitive injection
block (16) are [-1138.4% j5047.5, -2249.6,-8.9, -5.9 + j6.9]. The response of the system with an
equivalent wind gust for 0.1s duration causing 20% power imbalance are exhibited in Figs. 7-10.
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The uncontrolled responses of the rotor speed, generator power output, stator terminal voltage
variation and stator current are shown in part (a) of these figures when no control action is taken.

The responses of the wind turbine-induction generator system with the proposed PI control are
shown in part (b) of Figs. 7-10. The gain settings of the PI controller are, Kp=-150 and K= -200,
respectively. These gains are determined by relocating the corresponding eigenvalues of the rotor
transients to -9 + j13, approximately. It can be observed that the uncontrolled system is quite
poorly damped, while the PI controller provides extremely smooth transition to normal
operation. Simulations carried out for other disturbance conditions and also for other operating
conditions demonstrate that the PI controller gives reasonably robust performance.
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Fig. 7. Induction generator rotor angular speed following a wind gust for 0.1s duration causing
20% power imbalance a) with no control, and b) with proposed PI control.
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Fig.8. Induction generator power output a) with no control, and b) with PI control. The
disturbance is as in Fig. 7.
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Fig.9. Induction generator terminal voltage following a wind gust for 0.1s duration causing 20%
power imbalance a) with no control, and b) with PI control.
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Fig.10. Stator phase current (a) without control (b) with control corresponding to the disturbance
condition of Fig. 9.

V. CONCLUSIONS

Improvement of damping performance of a wind turbine-generator system is investigated
through insertion of variable capacitance at the generator terminal. The capacitive injection is
controlled through PI control of the thyristor firing angle. The gains of the PI controllers are
tuned optimally through a pole-placement technique. It has been observed that normal system
damping is inadequate, and under conditions of variable wind gusts, unacceptable transients may
arise. The design of wind turbine-generator system should have enough safeguards in this
respect. The PI control of the thyristor firing angle to generate variable capacitance has been
observed to provide good damping to the system. The controller design is generally robust for
acceptable ranges of operation. However, for very large operating regions, fine tuning of the
controllers will be needed.
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APPENDIX

Generator and transmission line data (values are in pu except stated otherwise)

r=0.04373, r=0.024, x=3.418, x=3.418, x,=3.289, D=0.002, H=3, g,=0.2,
b,;;=0.6, R=0.8, X=1, synchronous speed=1800 rpm.

Turbine Data

A=577 m%, p=1.225 kg/m3, R=13.5m, gear-ratio =1:23, B=0.
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