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Controller Design for an Induction Generator Driven
by a Variable-Speed Wind Turbine

Woei-Luen Chen, Member, IEEE, and Yuan-Yih Hsu, Senior Member, IEEE

Abstract—This paper presents the modeling, controller design
and a steady-state analysis algorithm for a wind-driven induction
generator system. An output feedback linear quadratic controller
is designed for the static synchronous compensator (STATCOM)
and the variable blade pitch in a wind energy conversion system
(WECS) in order to reach the voltage and mechanical power con-
trol under both grid-connection and islanding conditions. A two-
reference-frame model is proposed to decouple the STATCOM
real and reactive power control loops for the output feedback con-
troller. To ensure zero steady-state voltage errors for the output
feedback controller, the integrals of load bus voltage deviation and
dc-capacitor voltage deviation are employed as the additional state
variables. Pole-placement technique is used to determine a proper
weighting matrix for the linear quadratic controller such that sat-
isfactory damping characteristics can be achieved for the closed-
loop system. Effects of various system disturbances on the dynamic
performance have been simulated, and the results reveal that the
proposed controller is effective in regulating the load voltage and
stabilizing the generator rotating speed for the WECS either con-
nected with or disconnected from the power grid. In addition,
proper steady-state operating points for an isolated induction gen-
erator can be determined by the proposed steady-state analysis
algorithm. Constant output frequency control using the derived
steady-state characteristics of the isolated induction generator is
then demonstrated in this paper.

Index Terms—Induction generator (IG), static synchronous
compensator (STATCOM), voltage regulation, wind energy con-
version system (WECS), wind turbine.

NOMENCLATURE

General

e, E Inverter output voltage in instantaneous and vector
notation.

fo Output frequency of the induction generator (IG)
terminal voltage.

I Identity matrix.

i, I Current in instantaneous and vector notation.

K, K, State and output feedback gain matrices.

P,,, P, Input mechanical power and output real power for
the 1G.

r Resistance.

T,.,T,, Electrical and mechanical torques.

u Input vector.
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v, V, V' Voltage in instantaneous, magnitude, and vector
notation.

Vi Wind speed.

X Reactance.

T State vector.

] Output vector.

I6] Pitch angle of the wind turbine.

0 Relative angular displacement for a specific vector,
where —7<0 = .

10) Flux linkage.

w Angular frequency (angular speed).

0 Zero matrix.

Subscripts

a Vector or matrix for the augmented system.
b Base quantity.

d,q Quantities in d-axis and g-axis.

dc  dc link.

f  Coupling transformer and filter for the STATCOM.
FC Fixed shunt capacitor.

L Load.

,7 Stator and rotor.

T  Wind turbine.

TL Transmission line.

oo Grid (infinite bus).

0 Initial operating point.

Superscripts
T Matrix transpose operator.
*  Reference value.

1. INTRODUCTION

NDUCTION generators are being increasingly utilized in a
I wind energy conversion system (WECS) since they are rel-
atively inexpensive, rigid, and require low maintenance. How-
ever, the impact of ever-changing wind speed on power quality,
coupled with the need of excitation current for induction gen-
erator (IG), make the mechanical power control and voltage
regulation indispensable to the wind-driven induction generator
system. By far, the most effective way of controlling the me-
chanical power captured by the wind turbine is to adjust the rotor
blade pitch angle. Blade pitch is analogous to the throttle valve in
conventional steam turbines, except that the speed of control is
much faster than the governor control in a steam turbine [1], [2].
It can be employed to regulate mechanical power input and
real power output of the WECS. However, the reactive power
required by the IG can be provided by a shunt capacitor bank, but
it may cause excessive overvoltage during disconnection. More-
over, the amount of capacitance required for excitation varies
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with the generator speed [3]. Thus, if a fixed shunt capacitor is
connected across the terminals of the IG, the terminal voltage
will vary with generator speed. To achieve continuous voltage
regulation under varying system conditions, static synchronous
compensators (STATCOMs), have been employed in the litera-
tures [4]-[8]. The basic principle of a STATCOM installed in a
power system is to generate a controllable ac voltage behind a
coupling transformer and a filter by a voltage-sourced inverter
(VSI) connected to a dc capacitor. The output voltage of the VSI
can be controlled to be greater than the line voltage in order to
provide reactive power to the wind-driven IG.

An application of the linearized multivariable output feed-
back technique to the design of a voltage and mechanical power
regulator for a wind turbine-induction generator around a spe-
cific operating point was given in [1], [9]. Nevertheless, for the
WECS, it is impractical and uneconomical to fix the generator
output power (or rotor speed) at a specific operating point since
the wind speed changes all the time. Besides, the controller de-
sign based on the constant output power (or rotor speed) consid-
erations under grid-connection condition would fail in islanding
operation.

In this paper, an output feedback controller is designed to
regulate system voltage and mechanical power under both grid-
connection and islanding conditions. The major features of the
proposed output feedback controller are summarized as follows.

1) A systematic approach based on pole placement technique
has been applied to determine proper weighting matrix for
the linear quadratic controller such that the eigenvalues for
the closed-loop system can be shifted to desirable loca-
tions. As a result, satisfactory transient excursion suppres-
sion in system voltages and generator speed can be reached
by the controller when the WECS is subjected to major
disturbances.

2) The integrals of load bus voltage deviation and dc-
capacitor voltage deviation are employed as additional
state variables to eliminate the steady-state voltage errors
for the output feedback controller.

3) A control scheme with two reference frames is proposed
to reach the decoupled control for the STATCOM real
and reactive power control loops in case of voltage fluc-
tuations, no matter what kind of disturbances may take
place.

4) A simple algorithm is developed to determine proper
steady-state operating points for an isolated IG. Using the
relationship between the generator speed and the output
power at various frequencies, a proportional-integral con-
troller is proposed to achieve constant frequency control
for an isolated IG with sufficient mechanical power.

II. SYSTEM MODELS

Fig. 1 depicts the one-line diagram of an induction generator
driven by a variable-speed wind turbine and connected to a grid
through a transmission line. An output feedback controller is
utilized to control the wind turbine mechanical power and the
system reactive power through the variable blade pitch and the
STATCOM, respectively. The reactive power required by the IG
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§ |
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| feedback :
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Fig. 1. System configuration.

in steady-state operating condition is supplied by a fixed shunt
capacitor bank, as shown in Fig. 1. To maintain constant load
bus voltage (V7,) under disturbance conditions, a STATCOM,
which is capable of adjusting its output voltage and reactive
power output based on system requirements, is employed. The
STATCOM is connected to the load bus through a coupling
transformer and a filter. Note that a constant impedance load is
assumed in Fig. 1.

A. Induction Generator Model

The per unit flux-linkages for the stator and rotor circuits
of the induction generator described in d- and g-axes are as
follows [9], [10]:

bas = Wb (Var + Tsigs) + WsBys (1)
Bgs = wh (VgL + Tsigs) — Wybas 2)
Gar = wy(Var — Triar) + (Ws — wp)bgr 3)
Ggr = W (Vgr — Trigr) — (W5 — wr)Par )

where a synchronous reference frame rotating at the electrical
angular speed corresponding to the fundamental frequency of
the grid voltage, herein denoted as ws, is adopted.

The electromechanical torque in per unit can be written in
terms of stator flux linkages and currents as

Te = ¢asiqs — Pgsids- &)
The per unit rotor acceleration is given by
1
o = 577~ (Ty — Te — Drwy 6
W 2H ( ] 2 Twr) (6)

where T, is the per unit mechanical torque of the wind tur-
bine, and Hr and Dr are the equivalent inertia constant and
the equivalent damping constant of the wind turbine-induction
generator system, respectively.
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B. Wind Turbine Model

The mechanical power output of a wind turbine can be written
as [2]

1
Py = 5pAC, V] ™

where p is the air mass density, V,, is the wind speed, A is
the rotor swept area, and C), is a power coefficient representing
the fraction of power extracted from the aerodynamic power in
the wind by a practical wind turbine.

The power coefficient C), varies with the wind speed, the
rotational speed of the turbine, and the turbine blade parameters.
The MOD-2 wind turbine model [11], [12] with the following
closed-form approximate relationship for C,, is used:

1 /R .
C, == ( ~0.0223% — 5.6) e (8)
2\
The tip speed ratio -y is defined as
wTR
= 9
V. ®
where wr is the rotating speed of the wind turbine as shown in

Fig. 1.

It is observed from (7)—(9) that the mechanical power output
of a wind turbine is related to the turbine speed wr, wind speed
V.», and the pitch angle 3. Anincrease in the pitch angle 3, which
results in a decrease in the power coefficient C),, is efficient to
control the mechanical power of the wind turbine when P,
continues to increase with increasing wind speed.

In this work, the initial pitch angle () is chosen to be 13.46°
such that the wind turbine delivers a mechanical power of 0.81
per unit (p.u.) for a 30 miles/h (mph) wind at hub height. A
hydraulic pitch angle actuator with a rate limit of +10°/s and a
transport delay of 50 ms [11], [12] is used in this paper.

C. STATCOM Model

For a balanced three-phase system, the STATCOM model
can be described in per unit using the variables in d- and g-axes
synchronous reference frame as [4]

. wbrf . . Wy

lde = ———"lde + Wsige + — (Var, — €4) (10)
e Xf € qe Xf

g wpTy . . Wy

lge = —X—fzq@ — Wylge + X—f(qu —€y). (11)

In Fig. 1, the instantaneous powers at the ac and dc sides
of the voltage-sourced inverter are equal, giving the following
power balance equation:

Udcidc = eqlge + eqiq(z~ (12)
The per unit dc-side circuit equation is
1 Vdc
Ude = tde — 13
dc Cdc ( dc Tde ( )

where rq. is used to represent the inverter switching loss.
The per unit equations of the fixed shunt capacitor, transmis-
sion line, and local load models are given in the Appendix.

Ptj Q.
E=E[ gg VL:VL{ 9L
(eq, ) (Var, Var)
rr Xr
L=1,/6
STATCOM (des i) Load bus

Fig. 2. Power flow between STATCOM and the load bus.

III. DERIVATION OF THE AUGMENTED STATE EQUATIONS

In order todetermine proper control signal for the STATCOM
through a systematic design approach, the dynamic system equa-
tions as given in Section II are linearized around a nominal
operating point in the form as

Az=A -Az+ B - Au

Ay=C-Ax (14a)

where
Az =[Avgy Avgp Aigr Aigp Aw® Avge Ay
Adar Apas Adys Nigrr, Nigrr, Aige  Nige]"
(14b)

is the state vector. It remains now to define the control action
Aw and the output vector Ay based on the two-reference-frame
transformation described below.

A. Decoupled Control Using the Two-Reference-Frame
Transformation

The purpose of the STATCOM controller is to make use of the
real power and reactive power exchange between the STATCOM
and the ac system to achieve good regulation of dc-capacitor
voltage and the load bus voltage. In other words, STATCOM
control is closely linked to the power flow at the STATCOM
terminal, as shown in Fig. 2. It is well known [4], [5] that the
instantaneous real and reactive power, through a coupling path
to the STATCOM, at the load bus can be represented as follows:

(15a)
(15b)

Pe = UdLZ-de + 'UqLiqe

Qe = UqL?:de - UdLiqe-

Note that the d—q quantities of the STATCOM current (74,
and ¢,.), STATCOM voltage (e and ¢, ), and load bus voltage
(var and v,r) in (10), (11), and (15) are derived by choosing
the vector for grid bus voltage V , as the d-axis. To decouple
the STATCOM real and reactive power control loops, a new
reference frame which uses the vector for load bus voltage V1,
as the new d-axis (denoted as d’-axis) is defined in Fig. 3 [4].
Note that the angles 6., 07, and 6, in Fig. 3 are the phase
angles for the voltages E, V', and STATCOM current I, with
respect to the original d-axis, respectively. On the other hand,
the angles ¢/, and 6/ in Fig. 3 are the phase angles for the voltage
E and STATCOM current I, with respect to the new d’-axis,
respectively. As shown in Fig. 4, the voltages €/, and e; and
currents 7, and 4, in the new reference frame are related to the
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g-axis

. d'-axis
q'-axis 2
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Fig. 3. Transformation between the two reference frames illustrated by

trigonometric relationships.
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Fig. 4. Block diagram of the proposed output feedback controller.

voltages e, and e, and currents ¢4 and ¢, in the original reference
frame through the transformation matrix 7" as described below.

-/ ; /
{?7@} =T [W] and [67] =T [ed} (16)
qu e eq €q

sin 6y, }

where

T _ [ cos 0r,
—sin by,

Using the d—q quantities v/,; (which is equal to V1), ¢, and
i;e in the new reference frame, the real and reactive powers in

(15) can be written as

cos by,

P. =1, (17a)
Qe = —vypip,. (17b)
As (17) shows, the d’-axis current component i:le accounts

for the instantaneous real power and the ¢'-axis current compo-
nent iy, is the instantaneous reactive current. Thus, STATCOM
control design is simplified to a great extent with this new ref-
erence frame since the load bus voltage regulation is achievable
through the control of the reactive power (), which only related
to the q'-axis current iy, .

Evidently, the transformation matrix T" as described in (16)
and its inverse are needed to transform certain system variables
from the synchronous reference frame to the other in order to
decouple STATCOM real and reactive power control loops for
the proposed controller, as shown in Fig. 4. Thus, the control

inputs for the state equations in (14a) are

Au=[Ac; Ac, Af" (18)
and the output vector is as follows:
Ay=[AVL Avee Aw' Ady, AT
=CAzx (19)

where the output matrix C' is given by
c=[cl ci cf cf ct]’

and the submatrices C'y, C5, C3, C4, and C5 are defined
as AV = C1Ax, Avge = CoAz, Aw! = CsAx, A, =
C Az, and Ai;e = C5Aw, respectively.

Note that the mechanical power can be conditioned by a
variable blade pitch angle 3 in (18) through a controller with IG
speed error Aw! as the primary stabilizing signal in the output
vector in (19).

B. Elimination of Steady-State Errors Through the Augmented
State Equations

To ensure zero steady-state errors for load bus voltage Vp
and dc-capacitor voltage vqc, two integral terms [ AV dt and
| Avgcdt are required in addition to the state variables in (14b).
Furthermore, the operating point of the IG changes with wind
speed and load and different reference values for A7, and
Adl,, may be required by the STATCOM to achieve good reg-
ulation of load bus voltage V; and dc-capacitor voltage vqc.
In order for the STATCOM currents Ai;, and Aiy, to fol-
low the reference values A7, and A}, and ensure tight reg-
ulations for di;, = Adjl, — Ady, and diy, = Adjy, — Aig,, we
need two additional state variables [ di; dt and [ dil;, dt. In
the present work, the integral terms [ [ AVydt (which is re-
lated to [ 41/ dt, since [ AVpdt is proportional to Adl%, [4])
and [ [ Awvqc dt (which is related to [ d4), dt, since [ Avgcdt
is proportional to Ai’;, [4]) are employed as the additional state
variables. With the four integral terms [ AVydt, [ Avgcdt,
J [AVpdt, and | [ Avg.dt as the additional state variables,
we have the augmented state equations as follows:

Az, = A, - Az, + B, - Au

Ay, = CoAz, (20)
where

[Az | Ay
sec 2], (2]

T
/A’Udcdt //AVLdt //A’Udcdt:|

| Az
Az= /AVLdt
rA 0

0
|lc, o o _[B [c o
Aa— 02 0 0 9 Ba—|:0:|7 Ca_|:0 I4><4:|
L0 Iy O

2y
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IV. CONTROL DESIGN

The main objective of the proposed controller is to regulate
certain output measurements and drive system states to equi-
librium operating points when the wind-driven induction gen-
erator system is subjected to various disturbances under both
grid-connection and islanding conditions. In the design of the
output feedback controller, the pole placement approach based
on linear quadratic control (LQC) will be used. The goals in
the controller design process include both transient excursion
suppression and good regulations in steady-state operation.

A. Linear Quadratic State Feedback Control
For the linear system described in (20), the linear quadratic
state feedback control Awu that minimizes the performance index

0

2
where @ is the weighting matrix of the state variable variations
and R that of the control effort, is given by [13]

Au=-K,Ax,. (23)

The closed-loop system equation with the optimal control
Au(t) is

Az, = A;Az,, A;=A,—-B,K,=A,—SM (24)

where
S=B,R'B!

K,=R'B'M (25)

and M, is the positive semidefinite (stabilizing) solution M of
the algebraic Riccati equation (ARE)

ATM +MA, +Q—-MSM =o0. (26)

To determine the state feedback gain matrix K for the linear

quadratic control in (23), a set of initial weights ‘L:(Q) must be
first chosen for the weighting matrix @ in (22) based on physical
reasoning and past experience. In the present work, a diagonal
weighting matrix with the diagonal elements 10, 0, 0, 1, 100,
100, 1, and 1 corresponding to the state variables Avgc, Adge,
Aiqe,Awﬁ7fAVLdt,fAUdcdt,ffAVL dt,andffAvdc dt,
respectively, is selected as the initial weighting matrix. The
weights for the other state variables of minor concern are cho-
sen to be zero. Note that the weights for STATCOM currents
Aig4. and Aig4. have been chosen to be small (zero) because it
may be necessary to adjust these variables to new values in order
to regulate load bus voltage under various disturbances. Higher
but moderate weights are placed on the integral terms [ AV} dt,
J Avge dt to avoid steady-state errors in load bus voltage and
dc-capacitor voltage. However, if an extremely high weight is
placed on these variables, the adjustment in the reference cur-
rents (Aig, and Aifj,) may be limited by the control laws which
tries to keep the integral terms fixed at their original values in
order to minimize the state variations. With the weighting ma-
trices at hand, we can proceed to determine the feedback gain
matrix K using (25).

629

If the dampings for the closed-loop eigenvalues with the opti-
mal control in (23) are not satisfactory, the initial weighting ma-
trix may be updated using the pole placement technique in [14],
where procedures have been described to move the closed-loop
eigenvalues by introducing a degree of relative stability x into
the original performance criterion and modifying the weight-
ing matrix @. Then the new spectrum (the collections of stable
eigenvalues) A of the optimal system with the modified weight-
ing matrix (Q — 2xM,) is

A=A, —2yI Q7

where M, is the negative semidefinite solution M of (26),
and A; is the spectrum of the optimal system with the initial
weighting matrix.

To determine M ,,, we assume that (A,, B,) is stabilizable
and the Hamiltonian matrix

A -5

Ho=|"" T

[ -Q -4,
has no pure imaginary eigenvalues. These conditions are nec-
essary and sufficient to ensure the existence of a unique ma-

trix M, = 0 such that (24) is stable. The closed-loop eigen-
structure can be written as Jordan decomposition of H in the

form [14], [15]
Wol|As O
Zy 0 A,

{Aa -S Wo] _ {XO
(28)

Xo
-Q -Al'l|Yo Z Yo

where A, and A, are the collections of the stable and unsta-
ble eigenvalues of H, respectively. Note that A, and A, are
symmetric with each other with respect to the imaginary axis.
The matrix M, can be derived from the eigenvectors of H
associated with the stable eigenvalues in (28) in the form

M, =Y X," (29)
Similarly, a negative semidefinite matrix
M, = Z,W,! (30)

exists and is also a solution of the ARE in (26) associated with
the unstable eigenvalues.

The results of [14] allow a desired shift in the locations of
the original eigenvalues by using a negative semidefinite ma-
trix (M, ) that is obtained from the initial weighting matrix. It
is noted that partial placement of optimal eigenvalues can be
reached in the same manner and will be used in this paper.

B. Output Feedback Control

Since some state variables such as A¢y, , Ady,, Adys, and
A¢ys are not readily measurable, nine output variables AV7,
A'Udc, Awﬁﬂ Ai/qe, A’L'lde7 fAVLdt7 fA’Udcdt, ffAVLdt,
and [ [ Avgcdt as listed in (21) are selected to be the feedback
signals. Then, the output feedback control Aw is given by

Au=—-K,Ay, (3D
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TABLE I
SUMMARY OF SYSTEM EIGENVALUES
Open-loop cigenvalues Closed-loop eigenvalues
State feedback Output feedback
Generator Dynamics Generator Dynamics
—123.83+2340.2 —124.73+j2340.9 —124.63+j2357.2
—5.79+j7.94" —-17.79+j7.91° —9.61£j6.17
-12.93 -12.83 -7.60
STATCOM Dynamics STATCOM Dynamics
—45.68+ j376.449 —261.53+530.26% —97.29+j553.17¢
-0.07739 -539.5 -579.5
Controller Dynamics Controller Dynamics
0 -10.20 .
0 _11.005 -11.31£j0.93
0 B 211741538

* electromechanical mode; at the ac current mode of STATCOM.

where the output feedback gain matrix K, is related to the state
feedback gain matrix K as follows:

K,C, = K,. (32)

Thus, the output feedback gain matrix K, can be derived using
K, and CZ , the pseudoinverse [9], [16] of the augmented output
matrix C,, as follows:

K,=K.,C! (33)

where

ci=ci(c.cr)

Sets of open-loop and closed-loop eigenvalues for the WECS
are summarized in Table I. The relative stability of x = 6 is in-
troduced to shift the eigenvalues for the electromechanical mode
from —5.79 & j7.94to —17.79 & 57.91 in order to improve the
damping effect for the closed-loop system with state feedback
controller. On the other hand, the eigenvalues for the electrome-
chanical mode are shifted to new locations —9.61 + j6.17 if
an output feedback controller with generator speed feedback
and pitch angle control is used. In this case, the diagonal
elements of the modified state weighting matrix correspond-
ing to Avge, Aige, Nige, Aw?, [AVL, [Avge, [ [ AV,
and [ [ Avg. become 9.46, 0.00018, 0.00024, 53221, 207.65,
557.77, 197.88, and 205.28, respectively. It is clear that the
modified weight on Aw* is higher than that of the initial weight
since improved damping for the electromechanical mode is de-
sired. In addition, in the grid-connection condition, a poorly
damped STATCOM mode characterized by the pair of eigen-
values —45.68 + j376.44 is present in the open-loop response.
This mode can be shifted by the output feedback controller
to the new locations —97.29 £ j553.17. Moreover, the pair of
well-damped modes for controller dynamics in Table I indicate
that the deviations of load bus voltage and dc-capacitor voltage
would be reduced by the proposed output feedback controller.
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vdc 1 -I(J\——
v t t L
t. 2 3
0,905 HL___ LR N .
1 2 3 4 5 6 7 8 9 10
(a)
2
P
¢ 1
(pu) t t t t
o . VA ‘ v v )
0 1 2 3 4 5 6 7 8 9 10
(b)
379 -
® 3785
v
(rads) 378 \/\’—t/\t
v v Y i"
3775 L 1 L L 1 L ]
0 1 2 3 4 5 6 7 8 9 10
(©
138 1
136
dearee! 34 PV . . .
egree) t,
132 ¥ ) v ‘ ‘ v s ¢ ‘
0 1 2 3 4 5 6 7 8 9 10
(d)
50
V
w40
(mph) . -
a0 ¥ ) A ‘ VA v .
0 1 2 3 4 5 6 7 8 9 10
Time (s)
(e)

Fig. 5. Dynamic responses for the WECS operated in grid-connection condi-
tion. (A 10-cycle temporary voltage dip of 5% at grid began at t; = 0.095 s).
(Wind gust began at to = 3.0 s). (Wind gust ended at t3 = 6.0 s). (A step load
change of 10% began at t4 = 8.0 's).

1.05
4 1 ¢
U,
® 55 |
0.05 0.1 0.15 02 0.25 03 0.35
Time (s)
Fig. 6. Dynamic responses for load bus voltage when the WECS was operated

in grid-connection condition. (A temporary voltage dip of 5% at grid began at
t1 = 0.095 s).

V. SIMULATION RESULTS
A. Grid-Connection Performance

The dynamic performances of the output feedback controller
for the WECS were examined under three successive distur-
bances and the results are depicted in Figs. 5-8. The first event
was a temporary voltage dip of 5% at the grid bus starting at
t; = 0.095 s and lasting for ten cycles. The voltage dip caused
a transient swing of +0.2 rad/s in generator speed, as shown in
Fig. 5(c). The response curves in Fig. 5(c) and (d) reveal that
the blade pitch angle can be controlled to limit generator speed
deviation in this event.

The second disturbance of a wind gust started at to = 3.0 s,
reaching the peak wind speed of 46 mph at ¢ = 4.6 s, and fi-
nally the wind speed dropped to 36 mph at £3 = 6.0 s. For the
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L

. ! | \ . Y . )
3 35 4 45 5 55 6 6.5 7

Time (s)

Fig.7. Dynamic responses for load bus voltage when the WECS was operated
in grid-connection condition. (Wind gust began atto = 3.0's). (Wind gust ended
atts = 6.0 s).
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4
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Time (s)
Fig. 8. Dynamic responses for load bus voltage when the WECS was operated

in grid-connection condition. (A step load change of 10% began at t4 = 8.0 's).

sake of clarity, the effects of wind shear and tower shadow were
ignored. It is obvious that the rotor would accelerate as a result
of the increasing mechanical power caused by increasing wind
speed if the pitch angle was fixed. However, as demonstrated in
Fig. 5(d), the wind-sensorless output feedback controller gen-
erated a pitch angle command as soon as the wind speed be-
gan to increase. In addition, the increased output power con-
verted from aerodynamic power after gust was another benefit
of the controller, as illustrated in Fig. 5(b). The third distur-
bance considered was a 10% step change in load demand that
took place at t4 = 8.0 s. This sudden increase in load demand
caused a transient drop in the kinetic energy and speed of the
IG in order to provide the sudden increase in generator output
power, as shown in Fig. 5(b) and (c). After this transient, the
increase in load power was balanced by the grid, and generator
speed returned to its original value as shown in Fig. 5(c). It
is also observed from Fig. 5(d) that the pitch angle decreased
slightly during the transient and returned to the original value
afterward.

An observation of the response curve in Fig. 5(a) indicates
that the dc-capacitor voltage can be kept almost constant under
these disturbances except for a very small deviation of +0.4%
in the voltage dip event.

It is also observed from the response curves in Figs. 68
that the STATCOM with the output feedback controller is su-
perior to the fixed shunt capacitor in providing voltage support
for the WECS under large disturbances. As illustrated in Fig. 6,
the load bus voltage supported by STATCOM settled to the
steady-state value in 2 cycles after the sudden change in grid
voltage. Besides, it is clear that a very small transient excur-
sion of £0.015% in load bus voltage was observed during the
wind gust transient, as shown in Fig. 7. A transient excursion
of less than 0.3% and lasting for only 2 cycles is observed for
the load bus voltage in Fig. 8 when the system was subjected
to a step load change. In contrast to the STATCOM, the voltage
supported by the fixed shunt capacitor experienced considerably
higher voltage excursions and steady-state errors, as shown in
Figs. 6-8.
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Fig. 9. Dynamic responses for the WECS operated in islanding condition.

(Grid disconnection began at £ = 0.095 s). (Wind gust began at t5 = 3.0 s).
(Wind gust ended at t3 = 6.0 s). (A step load change of 10% began at t4 =
8.0 s).

B. Islanding Performance

Self-excitation can occur if the IG loses its connection to the
grid. Unstable voltage and frequency may be observed during
self-excitation [7], [8]. In the first simulated event, the WECS
lost its connection to the grid at ¢; = 0.095 s and remained in
islanding mode thereafter. Fig. 9(b) illustrates that the output
power of IG dropped rapidly from 0.798 to 0.488 p.u. after the
grid-disconnection transient since the IG exported a real power
of 0.31 p.u. to the grid before it was disconnected from the grid.
Note that the load demand remained unchanged when the I1G
was disconnected from the grid since the load bus voltage mag-
nitude was fixed by the STATCOM at steady state. This is as
expected since constant impedance load model was employed
in this simulation. During the grid-disconnection transient, the
surplus mechanical power resulting from the decrease in electri-
cal power output was conditioned by increasing the blade pitch
angle 3. Generator speed can thus be stabilized to a new value,
as shown in Fig. 9(c) and (d). The frequency difference A f,
(Hz) between the grid and the islanding induction generator is
depicted as the rate of change in angular displacement (df, /dt,
which is equal to 27 A f, inrad/s) in Fig. 9(e). It is observed from
Fig. 3 that the 0, the relative angular displacement between the
vectors of load bus voltage V1 and the grid bus voltage V ,
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Fig.10. Dynamicresponses for load bus voltage when the WECS was operated
in islanding condition. (Grid disconnection began at t; = 0.095 s).
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Fig.11. Dynamic responses for load bus voltage when the WECS was operated

in islanding condition. (Wind gust began at t2 = 3.0 s). (Wind gust ended at
t3 =6.05).
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Fig.12. Dynamicresponses for load bus voltage when the WECS was operated

in islanding condition. (A step load change of 10% began at t4 = 8.0 s).

can not be fixed since the load bus voltage vector V' rotates
at a speed w that is different from the synchronous speed w;
for the grid voltage vector V', under islanding condition. Thus
dfy, /dt no longer equaled zero and there was a frequency dif-
ference between the islanding IG and the grid.

When the WECS was operated under islanding condition,
a wind gust and a step load change of 10% were assumed to
take place at {3 = 3.0 s and ¢4 = 8.0 s, respectively, in order to
examine the dynamic performance of the output feedback con-
troller under disturbance conditions. It is observed from Fig. 9(c)
and (e) that both generator speed (w, ) and the rate of change
of relative angular displacement (df;, /dt) can be stabilized to
new equilibrium points by the control of blade pitch angle
[Fig. 9(d)] under islanding condition.

As shown in Fig. 9(a), the dc-capacitor voltage can be kept al-
most constant under all disturbances except for a small transient
excursion of 1.8% during the grid-disconnection event.

Figs. 10—12 summarize the voltage regulation performances
of output feedback controller for the WECS in islanding con-
dition. As illustrated in Fig. 10, the load bus voltage settled to
a steady-state value in 10 cycles during the grid-disconnection
transient. Figs. 11 and 12 show that the transient excursions
in load bus voltage can be suppressed to be less than +£0.02%
and £1% by the controller for the disturbances of wind gust
and sudden change in load, respectively. Besides, undervoltage
(underexcitation) may occur due to insufficient reactive power
compensation by fixed shunt capacitor for the IG when it is
disconnected from the grid, as illustrated in Fig. 10.

Constrained Unconstrained
inputs outputs
Vi —p >
t Induction Q
P, —p generator —» P,
system

fo —» 4 —> o
Fig. 13. Induction generator input—output variables for steady-state analysis
in islanding.

VI. STEADY-STATE ANALYSIS FOR FREQUENCY CONTROL OF
AN ISOLATED INDUCTION GENERATOR

It has been observed from the response curve in Fig. 9(e) that
system frequency no longer remained fixed at the rated value of
60 Hz when the induction generator was disconnected from the
power grid and was operated under islanding condition. In fact,
frequency deviations of 0.485 Hz (3.051 rad/s) and 0.454 Hz
(2.850 rad/s) were observed for the isolated generator when it
was subjected to wind gust and a step load change, respectively.
Under the assumption of sufficient mechanical power input, it
is interesting to study how to reduce the frequency deviations
and maintain constant frequency operation for an isolated in-
duction generator. To do this, the relationship between rotating
speed (w, ) and real power output (P,) at various frequencies
for the isolated induction generator under steady-state operating
condition must be first determined.

A. Algorithm for Determining the Steady-State Operating
Points of an Isolated Induction Generator

To find the steady-state operating points for an isolated in-
duction generator with a shunt excitation capacitor, an iterative
approach has been proposed [3] to solve the nodal equations
for the induction generator system. However, it is difficult to
formulate nodal equations for an IG with a voltage regulator.
In this paper, a simple steady-state analysis algorithm based on
dynamic system model is proposed for an isolated IG with a
voltage regulator using the MATLAB function TRIM. The volt-
age regulator can be a STATCOM, an SVC, or a capacitor with
adjustable capacity. As shown in Fig. 13, the constrained in-
puts to the induction generator system include load bus voltage
V1, generator output P, and system frequency f,. The uncon-
strained outputs include mechanical power P, , generator speed
w,, and the required reactive power ().. Fig. 14 depicts the
flow chart for the proposed steady-state analysis algorithm. In
the algorithm, proper capacity of the equivalent shunt capacitor
can be determined such that the load bus voltage V7, is fixed at
0.986 p.u. The generator speed w, is computed for various com-
binations of electrical output power P, and system frequency
fo using the power repetition loop and the frequency repetition
loop in Fig. 14. Note that the equivalent load impedance must be
updated in the power repetition loop when the constrained gen-
erator output power is changed. In addition, the angular speed
ws for the synchronous reference frame and the base quantity
wy, must be set to be equal to the specified frequency 27 f, in
the frequency repetition loop. The per unit reactance, inertia
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for a grid-connected IG based on

V;=0.986 pu,
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STOP
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Fig. 14.  Flow chart for the proposed steady-state analysis algorithm for an IG
operated in islanding.

constant Hy and damping constant D7 must also be updated
based on the specified frequency 27 f,.

Since the nonlinear induction generator model has more than
one steady-state solution, the reasonable steady-state solution
hinges on the initial value. To acquire reasonable steady-state
solution and speed up convergence while using the proposed
algorithm, the first initial condition can be obtained by solving
the dynamic equations of grid-connected IG since the output
frequency is the same as the grid frequency at steady-state,
irrespective of generator speed or load power, thus confining
the solution to a small region. In addition, steady-state solution
in each power repetition loop can be treated as the initial value
for the next power repetition loop to speed up convergence, as
shown in Fig. 14.

Fig. 15 shows the results from steady-state analysis for output
frequencies f, ranging from 59.4 to 60.6 in 0.2-Hz increment
with the load bus voltage fixed at 0.986 p.u. It is observed from
Fig. 15 that generator speed w, increases linearly with increasing
real power output P, at a specific output frequency. It is also
observed that a change in output frequency means a change in
rotor speed when the real power output is held constant.

Note that the steady-state operating points at ¢, = 2.5 s,
ty =7.5s, and t. = 9.5 s in Fig. 9 are marked in Fig. 15.
The corresponding frequency deviations for the three operating
points in Fig. 15 are 0.272 Hz (1.713 rad/s), 0.485 Hz (3.051
rad/s), and 0.454 Hz (2.850 rad/s), respectively, which match
closely with the dynamic simulation results in Fig. 9(e).
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B. Constant Frequency Controller Design

Fig. 15 gives the relationship between generator speed w,,
frequency f,, and real power output P, for an islanding IG
under constant voltage control. An interesting application of the
steady-state operating characteristics in Fig. 15 would be the
constant frequency operating mode for an induction generator
with sufficient mechanical power P,, . In the design of a constant
frequency controller for such an isolated IG, the generator speed
w, in Fig. 15 is first expressed as a linear function of its real
power output F:

wylp, = QUP;) =aP, +b (radfs). (34)

Since the IG delivers zero output power when it is operated
at synchronous rotating speed (w, = 27 f,), the parameter b in
(34) equals the synchronous frequency 27 f,. In addition, the
slope a in (34) at each frequency f, can be measured from the
curves in Fig. 15 and is plotted in Fig. 16. It is observed from
Fig. 16 that the slope a can be approximated as a linear function
of f, as follows:

a(f,) = 0.02125f, + 0.007L. (35)

Substituting (35) into (34) yields the general form for the ref-
erence rotor speed in terms of the actual real-power output and
the specified output frequency as

wy = (B, fo) = alfo) Py + 2]

Based on (36), a proportional-integral controller as shown in
Fig. 17 is proposed to reach constant frequency control for an
isolated induction generator. As shown in Fig. 17, the inputs
to the proposed constant frequency controller are the desired
frequency f (f = 60 Hz in this work), the real power output

(rad/s). (36)
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Fig. 18.  Dynamic responses for the wind-driven IG with constant frequency

controller and without constant frequency controller. (Grid disconnection began
att; = 0.095 s).

P,, and the generator speed w;.. The reference speed wy. is deter-
mined using (36). When the actual speed w, deviates from the
reference speed w; (e.g., w, >wy), then the PI controller gener-
ates the desired pitch angle command A ¢ p based on the speed
deviation (Aw = w’ — w, ). A negative Aw causes an increase
in pitch angle (ABcr>0). As a result, the mechanical power
input to the generator is decreased, causing a decrease in the
kinetic energy and rotating speed of the generator. Finally, the
rotating speed w, settles down to a lower steady-state value and
the frequency deviation is eliminated.

To examine the effectiveness of the proposed constant fre-
quency controller, dynamic responses for the induction gener-
ator that was disconnected from the grid at £; = 0.095 s are
depicted in Fig. 18. It is observed from Fig. 18(d) that zero-
frequency deviation (df, /dt = 2w A f, = 0) can be reached by
the proposed constant frequency controller. This is achieved by
increasing the pitch angle (3, causing a temporary decrease in
mechanical power P,, and a decrease in generator speed w,., as
shown in Fig. 18(a)—(c). For comparison, the generator speed
w, for the output feedback without constant frequency control

is also shown in Fig. 18(b). It can be observed that the output
feedback controller without constant frequency control can pro-
vide stable operation with satisfactory response under islanding
operation except for a small frequency deviation as shown in
Fig. 18(d). This means that the mechanical power P,,, during
the grid-disconnection transient, was controlled to be slightly
higher than the real-power output F; so that the accumulated
kinetic energy accelerated IG to a higher rotating speed, as il-
lustrated in Fig. 18(a) and (b).

Another important application of (36) is the design of a con-
stant output power controller for the IG connected with a grid.
In this case, the generator speed reference w;' is derived based
on the desired real power output P, and system frequency f,
as shown in Fig. 17.

VII. CONCLUSION

A STATCOM and blade pitch control system has been suc-
cessfully designed to regulate the load bus voltage and stabi-
lize rotor speed for an induction generator in a variable-speed
WECS. A major feature of the present work is that the two-
reference-frame model is included in the detailed dynamic sys-
tem model in order to achieve decoupled control for the STAT-
COM real and reactive power control loops. Besides, a sys-
tematic approach based on pole placement technique has been
developed to determine proper weighting matrix for the linear
quadratic controller such that the eigenvalues for the closed-loop
system can be shifted to desired locations.

To ensure zero steady-state error regulation and improve
transient excursion for load bus voltage and dc-capacitor volt-
age, four new states, [ AV dt, [ Avgcdt, [[ AVp dt, and
[ Avgc dt, have been augmented in the system dynamic model.
Simulation results indicate that the output feedback controller
designed for the STATCOM and blade pitch is capable of im-
proving WECS dynamic responses in case of disturbances un-
der grid-connection or islanding conditions. It is also noted that
generator speed feedback instead of wind speed feedback for
the output feedback controller provides satisfactory transient
response in stabilizing generator speed. A simple algorithm
based on dynamic system model for an isolated IG has been
developed such that a flexible steady-state analysis is achiev-
able under various operating conditions. Utilizing the steady-
state properties deduced by means of the proposed algorithm,
a proportional-integral controller has been designed such that
constant frequency operation (for an isolated IG) and constant-
output power operation (for a grid-connected IG) can both be
reached as long as the mechanical power is sufficient. The pro-
posed constant output frequency controller and constant output
power controller are also suitable for applications in hydro-
driven or steam-driven induction generator systems.

APPENDIX
1) Fixed Shunt Capacitor Model:
Ve = WsVqr + Wy Xclgre

VgL = —WsVqr, + wpXcigrC.
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2) Transmission Line Model:

. WyTTL . . Wy
14TL = — 1dTL + WslgTL + (VdL — Vdoo)
XL X1,
; WHTTL Weiarr, + ~2 (V1 — Vgoo)
¢TL — — ¢TL — WstdTL S \YgL 7 VUgoo)-
Xt XTL
3) Load Model:
- wyTL . . Wh
L = — 4L + WstqL + ——VdL
X Xz
i waLi Wslgr, + b )
L =- L — WsldL + ——YqL-
q XL q S XL q

4) Simulation Parameters:

Induction Generator (2.5MW, 4 poles, 4.16kV, 60Hz )

Stator resistance ¥s 0.0042 pu
Rotor resistance rr 0.0032 pu
Stator leakage reactance Xy 0.0326 pu
Rotor leakage reactance X, 0.0326 pu
Fixed shunt capacitor reactance X 3.0pu

Saturation parameters
Air gap voltage V5 (pu)
Magnetizing reactance X,, (pu)
Voltage-Sourced Inverter

0.0 0.84 0.86 0.90 0.96 1.06 1.18 1.32 1.44
1.88 1.88 1.86 1.77 1.63 1.37 1.08 0.77 0.55

Series line resistance ry 0.02 pu
Series line reactance Xr 0.14 pu
DC-link capacitance Cac 2800 pF
Switching loss resistance Fic 500 pu
Transmission Line
Line resistance rr 0.015 pu
Line reactance XL 0.15 pu
Infinite-bus voltage Ve 120’ pu
Load Model

Nominal power at nominal voltage PL/Qy
Wind Turbine [11], [12]

0.6 pu/0.15pu

Equivalent inertia constant Hr 18.711s
Equivalent damping constant Dy 0.010125 pu
Rotor radius (4=7R?) R 150 ft
Gear ratio GR 102.56
System Base Setting
System MVA Sh 2.5MVA
Induction generator voltage base Vaies v (2/3)x4.16kV
Inverter DC-link voltage base Vbes 2xVach
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