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Self-scheduled LPV controller synthesis for
doubly-fed induction generators

H. Nguyen Tien*, C. W. Scherer®, J. M. A. Scherpen**
*Delft Center for Systems and Control, Delft University of Technology, The Netherlands
**Faculty of Mathematics and Natural Sciences, University of Groningen, The Netherlands

Abstract—This paper presents a new current control design
for doubly-fed induction generators in wind turbine systems,
where the control is implemented on the rotor side. The me-
chanical angular speed of the rotor is considered as a time-
varying parameter. A self-scheduled controller is then designed
for the inner current loop in order to guarantee decoupling of
torque and power factor, and to achieve high robust dynamic
performance for all admissible trajectories of the rotor speed in
the operating range. The closed loop system performance with
the proposed controller is compared with a conventional control
scheme. Performance and robustness of the controlled system are
demonstrated via simulations.

NOMENCLATURE
Vsd, Usq = d and q components of stator voltage;
Urd, Urq = d and q components of rotor voltage;
Lsds bsq = d and q components of stator current;
Urd;s trq = d and q components of rotor current;
Wea, Uy = stator flux components;
Ly, = mutual inductance;
L, L, = stator and rotor inductances;
Rs, R, = stator and rotor resistances;
oc=1- LLj'.jT = total linkage coefficient;
T, = 7 L = time constant of stator;
T = g = time constant of rotor;
Ws ' = stator electrical speed;
W = rotor electrical speed;
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rotor speed;

I. INTRODUCTION

Doubly-fed induction machines (DFIMs) are often used as
generators for variable speed wind turbines because of their
advantages in comparison with other machines. The most
important feature is that approximately 30% of the generator
power is handled by power converters. Therefore, converters
should be designed in a cost effective fashion.

In the regular configuration of variable speed wind turbines,
the stator of DFIM is directly connected to the grid and the
rotor is connected with two converters, one on the grid side,
the so-called Grid Side Converter (GSC), and the other on the
rotor side, the so-called Rotor Side Converter (RSC), coupled
by a DC-voltage link as shown in Fig. 1.

The grid side converter is controlled to keep the DC-link
voltage at a constant value and to supply an amount of required
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Fig. 1. Variable speed wind turbine system

reactive power into the grid. The rotor side controller is used
to control active and reactive powers on the stator side.

II. MODELLING AND ANALYSIS OF DOUBLY-FED
INDUCTION MACHINE

A. Machine modelling

In this paper, a dq reference frame, which is independent
of the machine parameters and rotor speed measurement
accuracy, is adopted. This reference frame has the d axis
coinciding with the grid voltage vector [1]. In this reference
frame, the DFIM equations can be written as

_%\Psq — ivsd + a;—rlwd
dcz'l;q = (W we)ira— (“;1 + Ti) ira + 7 Waa
—’—ﬁq]sq - %'Usq + aTtlUrq M
d\gtsd - %ird — Tis'l’sd +wsWsq + Vsa
d\cli]tsq = T:”irq —wsWsq — Tis'l’sq + Usq

Rewriting (1) in a compact form and in combination with
the output equation leads to


Jacquelien Scherpen
Proc. Windpower 2007, Los Angeles, CA, USA. 

Jacquelien Scherpen


Jacquelien Scherpen



. X
Tr ) _ Ape(w) ‘ Bs B, v, 2
Yr Crc ‘ 0 0 US
r
. . T T
where T, = (lrd lrq Ug \Ijsq) s Us = (Usd Usq) 5
T . . . T
Uy = (Urd /Urq) s Yr = = (Zrd qu) 5
_ (aTtl + T%> Ws — w 7L¢:T§ — E:
a+1 a aw a
Are(w) = W Ws ( T, TT) Lm  LmTs |
L—T 0 —T% Ws
Lm 1
0 o —Ws -7
l1—0o 1
T oLm Pf oL, (1)
BS 0 T oLm ; Br = 0 oL, ;
1 0 0
0 1 0 0
1 0 0 O
Cre = (0 1 0 0) :

B. Open loop analysis
Let us analyze the system (2) denoted by G,..
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Fig. 2. The plant model

As illustrated in Fig. 2, the rotor voltages v,. are the control
inputs, the controlled outputs are the rotor current ¢,., while the
stator voltages vs can be considered as the input disturbances.

The frequency responses of the channels v — 4, can be
seen in Fig. 3 and 4. The time response of the rotor currents
with respect to the rotor voltages v, and the stator voltages
v for some values of w in its operating range can be seen in
Fig. 5.

50

-100

Magnitude (dB)

-150

-200

— — —vrd-ird
— — —wrd-irq

10°

(rad/sec)

Magnitude (dB)

— — —vig-irq
— — —vrg-ird

10° 10°

(rad/sec)

Fig. 3. Bode magnitude plot from the rotor voltages v, to the rotor currents
i,. Dash lines: w = 0.7ws, dotted line: w = wg, and solid line: w = 1.3ws

An analysis of the open-loop shows:

« Stator (gird) voltages can be considered as input distur-
bance.

« The bandwidth is close to the excitation frequency of
stator voltages [2], [3].

o Because of the magnetic coupling between stator and
rotor, variations of grid voltages result in oscillations in
rotor currents.
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Fig. 4. Bode magnitude plot from the stator voltages vs to the rotor currents
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Fig. 5. Open loop time response of the rotor currents %,» with respect to the
rotor voltages v, (left) and the stator voltages vs (right) for 15 values of w
in the range of [0.7ws, 1.3ws]

« In the normal operation the stator voltage v, is assumed
to be a constant. However, in some specific cases such
as grid faults, the sag in the grid voltage will results in a
significant influence on the performance of the system.

III. CONTROL OF DFIM IN WIND TURBINE SYSTEMS

A. Control structure

The total control structure of DFIM in a Wind Energy
Conversion System (WECS) is shown in Fig. 6. Here two
current controllers are designed for the rotor and grid side
converters respectively. However, in this paper, only the con-
trol structure on the rotor side with two loops as shown in
Fig. 7 is discussed. The inner loop in Fig. 7 with controller
K. is called the rotor current control loop. The design goal
of the rotor current controller K, is to achieve high dynamic
performance and robust tracking of the rotor currents. The
outer loop with controller K is called the electrical torque
control loop used for tracking the optimal values of electrical
torque 7"¢f and power factor @Zef . In Fig. 7, G, represents
the plant according to equations (2); y, is the controlled
output that is estimated from the outputs of the plant. Based
on the actual measured values of the wind speeds and the
characteristics of each particular wind turbine, the main control
station will track the optimum torque from a look-up table and
use it as the reference value for the power electronics control
stage.

The electrical torque of the DFIM on the dq reference frame
aligned to the stator voltage, i.e. ¥;4 = 0, can be computed
by
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Fig. 7. Rotor side current control loop

On the other hand, controlling the reactive power can be
implemented by regulating the power factor ¢. This factor
can be computed as follows:

isiq
.2 .2
\/ st + qu

The equations (3) and (4) show that the torque and power
factor of the DFIM can be regulated via the components of
the rotor currents i,q and i,4.

The essential common features of the conventional design
methods [4], [5], [6], [7], [8] to design the current controller
K, are:

arcsin

“4)

¥

o The vector control technique [9] is used which allows
one to achieve decoupled control of active and reactive
powers in both generator and motor operations.

o The difficulties of the nonlinear dynamics of DFIG are
not taken into account, i.e. the model of the machine
is linearized and it is assumed that both the machine
parameters required by the control algorithm and the grid
voltage are precisely known.

o The closed-loop behavior is highly sensitive to a change
of the operating conditions and/or parameters.

In this paper, the rotor current controller is designed based
on the linear parameter varying (LPV) systems approach [10],

[11], [12]. In this approach, the rotor mechanical angular speed
w in (1) is considered as a time varying parameter or, in
other words, as a scheduling variable. This particular choice
is motivated by the fact that w, which causes the system to
be nonlinear, can be measured online. Then, a self-scheduled
controller is designed for the inner current control loop in order
to achieve high robust dynamic performance for all admissible
trajectories of the rotor speed in the operating range.

B. LPV representation of DFIM model

In fact, the rotor mechanical angular speed varies by +30%
around the synchronous speed w,. Therefore, with —1 <
0, < 1 and p, = 0.3, the mechanical angular speed can
be expressed as w = wy(1 4 p,d,). Thus (1) now becomes
affinely parameter dependent and can be rewritten as

.’1’37‘ == (A'rs + 60.1147"0.)) x’r‘ + BSUS + B’I‘UT (5)

where A, A, are matrices defined by

(1) 0 e
Ao = 0 () s oo |
Lo 0 -
0 T7g —Ws _%s
0 WsPw 0 mﬁ:w
0 AWsPw 0
Ay, = | WoPe Lom
0 0 0 0
0 0 0 0
. 0w O .
With A, = 0 5. ) the system (5) can be rewritten as
w
follows:
Yr = Grc ,US 5 Wy = szw (6)
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C. H, control of the LPV system

A mixed sensitivity T/S loop shaping H,., optimization

[13] is proposed for the rotor current control loop
(see Figure 7). The external control inputs w;.
consist of stator voltages and reference rotor currents
T
Wye = (Usd Vsq i:gf iﬁgf ) . The controller outputs are
T . .
Uy = (vrd vrq) . The controller inputs or tracking errors
T
T . . . .
are e, = (ercd ercq) = (z:Zf — i z:;f —zrq) . The
. . \T o
measured outputs are y, = (zrd zrq) . The sensitivity

(I + G,cK,.)~! and the complementary
sensitivity function is 7;.. 27 Sre.

function is S,,. =

The interconnection of the system used for synthesis is
shown in Figure 8. The weighting function

0.198s54-3000 0
— d; _ 0.003
Wis = diag (Wysd, Wisq) = ( 5 ()17598+3000>
s+0.003

is the low-pass filter used to shape the sensitivity for
tracking. The weighting function

540.0003 0
W,y = diag (Wiiq, Wieq) = (0‘0190505+3000 5+0.0003 )
0.015385+3000
is the high-pass filter used to shape the complementary sen-
sitivity function to guarantee robustness against high frequency
un-modelled dynamics.

Zrtd
Weta
iy Zrtq
. it
iy !
Zre
Wre Vsd +y [W—l Zrsd
> d
Vg ira " T
Grc
> + Zrsq
Wsq
—» irg
Urd €red
Yrq K. Creq
Fig. 8. The interconnection of the system

The H,, control problem is to find a stabilizing LTI
controller K, .(w) at fixed frozen values of w such that the
H,-norm of the channel w,. — 2z, is smaller than a specified
bound v, namely

Wrssrc <7

D. Synthesis of gain-scheduled current controller

‘ W’I”tTTC

oo

The gain-scheduled controller synthesis is similar to the
classical H,, synthesis, but both the plant and the controller
are now LPV systems. The optimization problem is to find
a stabilizing controller K,..(w) such that the L5-gain of the
channel w,. — z,. is smaller than ~y for all trajectories of
w(t) € [wmin, Wmaz] = [(1 — po)ws, (1 + pu)ws]-

We employ the Linear Matrix Inequality (LMI) Control
Toolbox in Matlab [14] in order to compute the vertex con-
trollers

Krcl _ <AKT‘CI

BKrcl AK’I‘C2
) Krc =
C’Krcl > 2 (

BKTcZ
DKrcl CK’I‘C2

DKrc2

in a polytopic controller description. Then the controller is
implemented as follows: for a value w(t) measured at time ¢,
we use

gmazx —p(t) p(t) _ 6mm,
Krc t) == - Krc o TC
( ) 517Unaz _ 5$zn 1 + 57:rvna:r _ 57:runzn 2
with p(t) = 2= for simulating the controller dynamics.

WsPw

The Bode plots of the closed-loop system with the LPV
controller in Fig. 9, 10, and 11 show that the designed
controller maintains the performance requirements specified
by W, and W,.s for some frozen rotor speeds in its variation
range.
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Fig. 9.  Close-loop frequency response of the complementary sensitivity
function 7. with inverted weighting function Wi (left) and sensitivity
function Sy with inverted weighting function W,.¢ (right) for 7 values of
w in the range of [0.7ws, 1.3ws]

IV. SIMULATIONS

A. Performance of the system with step changes of electrical
torque and power factor

Fig. 12 shows the performance of the controlled system
depicted in Fig. 7 tested with step changes of the reference
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Fig. 11.  Close-loop time responses of the rotor currents ¢,» with respect to
T
the references i.¢/ = (i:Zf i:gf ) (left) and the stator voltages vs (right)

for 7 values of w in the range of [0.7ws, 1.3ws]

values for the electrical torque T, and the power factor sine.
The initial value of the torque is -500Nm. Then it increases to
-1500Nm at time 3s. Finally, it decreases to -1250Nm at time
7s. Meanwhile, the set value of ¢ increases from the initial
value of 0.05 to 0.3 at the time 2s, and then it decreases to 0.1
at the time 6s. We see from Fig. 12 that the electrical torque
T, and the power factor sing accurately track their reference
values. The decoupling effect of the controller can be extracted
from the fact that torque control is achieved by controlling
the d-component, while power factor control is achieved by
controlling the g-component of the rotor currents.

B. Performance of the system with stator voltage dip

When the grid undergoes a fault, the sag in the grid voltage
will result in an increase of the current in the stator windings
of the DFIM. Because of the magnetic coupling between stator
and rotor, this current will also flow into the rotor circuit and
the power converter leading to the destruction of the converter
if nothing is done to protect it. On the other hand, the study in
[7] shows that the dynamics of the DFIM has poorly damped
poles in the transfer function of an LTI model of the machine.
This will cause oscillations in the flux if the DFIM is affected
by grid disturbances. After such disturbances, an increased
rotor voltage will be needed to control the rotor currents.
When this required voltage exceeds the voltage limit of the
converter, it is not possible any longer to control the current as
desired [15]. Therefore, the control system should maintain the
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Fig. 12. The performance of the system with step changes

operation and reduce oscillations as much as possible during
grid voltage faults.
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Fig. 13. The performance of the system when grid voltage is faulty

In Fig. 13, the grid voltage was dropped down to 25% of
the normal voltage. This phenomenon occurred in a period of
300 msec before it recovered to its rated value. After that,
the grid voltage was once again dropped to 50% of the rated
voltage during 200 msec. The graphs show that the oscillations
of torque and currents were remarkably dampened at the grid
voltage fault time.

More results compared in two complete simulation models,
one based on a conventional control scheme called dead-beat
control (similar to that in [16]) and the other based on the
described LPV framework, can be found in the poster. The



details of LPV controller synthesis for affinely parameter-
dependent systems, the resulting performance of the controlled
system with respect to the time-varying parameter, and robust
performance of self-scheduled LPV control of DFIM in com-
parison with the dead-beat controller under parameter changes
as well as grid voltage faults will be given in a future paper.

V. CONCLUSION

This paper presents self-scheduled LPV controller synthesis
for the doubly-fed induction generator in a variable speed
wind turbine system. The characteristics of the open-loop
of the plant as well as the closed-loop of the controlled
system were analyzed. The LPV framework was based on
considering the online measurable rotor mechanical angular
speed as a time-varying parameter. Hence the designed
controller achieves robust tracking for the rotor currents of
the inner loop for all trajectories of the rotor speed over its
operating range. As a result, one also achieves tracking of
optimal values of the electrical torque and the power factor in
the outer loop of the rotor side. Furthermore, the simulation
results show that performance of the closed-loop system was
confirmed during the grid faults.
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