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Abstract: In this paper, a nonlinear controller is presented for Doubly-Fed Induction Machine (DFIM)
drives. The nonlinear controller is designed based on the input-output feedback linearization control
technique, combined with a sliding-mode observer, using the fifth order mo del of the doubly-fed induction
machine in fixed stator d-q axis reference frame with stator current and rotor flux components as state
variables. The nonlinear controller can perfectly track the torque and flux reference signals in spite of stator
and rotor resistance variations. In order to make the drive system capable of operating in the motoring and
generating modes both below and above synchronous speed, two level SVM -PWM back-to-back voltage
source inverters are employed in the rotor circuit. Computer simulation results obtained, confirm the
effectiveness and validity of the proposed control approach.
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INTRODUCTION

Doubly fed induction machines are very attractive
to the high performance variable speed drive and
generating applications [1, 2]. In variable speed drive
applications, the so-called slip power recovery scheme
is a common practice where the power due to the rotor
slip below/above synchronous speed is recovered
to/supplied from the power source, resulting in a high
efficiency variable speed system [3]. In variable speed
generating  applications,  Doubly-fed Induction
Generator (DFIG) wind turbines with converters rated at
about 25-30% of the generator rating are becoming
increasingly popular. DFIG-based wind turbines offer
Variable Speed Constant Frequency (VSCF) operation,
four-quadrant and decoupled active and reactive power
capabilities, lower converter cost and reduced power
loss compared to wind turbines using fixed speed
squirrel cage induction generators or synchronous
generators with full scale converters. In the DFIG
system, stator is usually connected to the three-phase
grid directly and rotor is fed by two back-to-back Pulse
Width Modulation (PWM) or Space Vector Modulation
(SVM) inverters (Fig. 1). This arrangement provides
flexibility of operation in sub-synchronous and

super-synchronous speeds in both generating and
motoring modes. The power inverter needs only be
rated for a fraction of the total output power, the
fraction depending on the permissible sub-and super-
synchronous speed range [4]. Therefore, it is
possible to use a high-frequency switching PWM
converter to achieve high performance, such as fast
dynamic response, low harmonic distortion, high
efficiency, etc., without cost penalty. However, a
high-resolution rotor position sensor is generally
needed for the proper operation of the doubly fed
induction machine systems [3].

A drive system employing mechanical sensors has
some drawbacks in terms of maintenance, cost,
robustness and cabling between the sensor and the
controller. The last problem is particularly crucial in
applications such as wind power generation because
there is a large physical separation between the
generator (which is coupled to the turbine shaft through
gears) and the power electronic equipment (which is at
ground level) [4].

Sensorless systems for DFIGs have been
previously published by several researchers. The
method proposed in [5] uses the rotor voltages and
currents to design a torque angle controller. The major
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Fig. 1: A grid connected doubly-fed induction generator and its convertors

difficulty of this scheme is the method employed for
computation of rotor flux. The integration of rotor
voltage at or near synchronous speed is analogous to
the integration of the stator voltage at or near zero
speed. Hence, similar problems of integrator saturation,
resulting in incorrect estimation of the rotor flux are
inevitable. Use of this algorithm has to be restricted up
to a certain minimum slip and operation through
synchronous speed is not possible. On the other hand,
although there are no dq transformations to need to
know the rotor angle, rotor speed does have to be
known if operation at MPPT mode is questioned.

Systems proposed in [4, 6, 7] are based on open
loop methods, where the estimated and measured rotor
currents are compared in order to derive the rotor
position and the speed is then obtained via
differentiation. However, like any other open loop
control system, problems of making the estimator robust
to parameter variations and model uncertainties exist.
Also, some noise is introduced in the speed signal via
differentiation.

The principal theory of a vector controlled DFIM
drive has been described in [8]. The structure of the
system controller design in [8] is based on neglecting
the voltage drop across the stator leakage impedance.
Having made this assumption, a steady-state error is
always expected. To solve the above problems, a few
researchers have tried to apply nonlinear control
approaches to DFIM drive system [9-14]. The nonlinear
control techniques reported so far for DFIM drive are
mostly parameter dependent or in other words are
seriously affected by the machine parameters
deviations.

Our purpose in this paper is to introduce a
combined adaptive nonlinear controller for DFIM drive
system for generating and motoring modes of operation
both below and above the base speed. According to
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this method, based on input-output feedback

linearization and sliding-mode observer, an ideal linear
torque controller is designed for DFIM. The ideal
input-output controller is capable of tracking a desired
second order eference model. In this control system,
the active and reactive power reference signals (injected
to the stator circuit) are perfectly tracked in generating
mode of operation. One may note that in the motoring
mode of operation, the tracking signals are chosen to be
the rotor speed and reactive power reference signal,
injected to the stator circuit. The nonlinear controller is
designed on the basis of DFIM fifth order model in a
stationary dq axis reference frame, with rotor fluxes
(War» W) and stator currents (ig, i) as state variables.
Considering a special synchronous reference frame with
the d-axis coinciding with stator voltage space vector,
the active and reactive power reference commands are
converted into the norm of rotor flux and torque
reference signals. However, in motoring mode of
operation, the torque reference signal is generated by a
conventional speed PI controller.

Moreover, to have a robust drive system and also
in order to remove the rotor speed sensor, a sliding-
mode observer is designed that detects the rotor
resistance and rotor speed online. In this observer, the
estimation laws are derived based on the Lyapanouv
stability theory and the rotor fluxes (g, W) are
calculated by using the stator and rotor real currents.
Moreover, using the two level back-to-back SVM -PWM
voltage source inverters in the rotor circuit, the
proposed control method can be applied for motoring
and generating modes of operation both below and
above synchronous speed. In addition, the rotor dc link
voltage is maintained constant based on the input-
output linearization again, using a rotating reference
frame with the d-axis coinciding with the space voltage
vector of the main ac supply.
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DOUBLY-FED INDUCTION MACHINE MODEL

Under assumption of linear magnetic circuit and
balanced operating condition, the equivalent two-phase

model of the symmetrical DFIM with stator connected to

power grid, represented in fixed stator dq reference
frame is:

dig (Rg + Rer2 i RILm
—_— = (= 1
a0 L, L et Y
+ er v +u_d: _ m_y
LILG N LU LI'LG o
diqs Rs I m2 R L
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where, i, V;, U, U,, R and L denote stator currents, rotor
flux linkage, stator terminal voltage, rotor terminal
voltage, resistance and inductance, respectively. The
subscripts s and r stand for stator and rotor while
subscripts d and q stand for vector components with
respect to a fixed stator reference frame, respectively. o,
denotes the rotor electrical speed and L, is the mutual

inductance.

Lm ’
)

T s

L, =L.(1-(

is the redefined leakage inductance.

The generated torque of DFIM can be expressed in
terms of stator current and linkage
components as

rotor flux

3P
T2

e

L —(Walgs = Wrks) @)

Where P is the number of poles. The mechanical

dynamic equation is given by

J

do,
T+me+TL:Te (3)

where J and B denote the moment of inertia of the motor
and viscous friction coefficient, respectively, T, is the
external load and ®, is the rotor mechanical speed

(0,=(3)0, ).
Let

“[in iy e vl @)

be the state vector and let the generated torque T, be
the output y of the dynamic system (1), that is

LI
2L,

T =

e

Q)

y (Wdliqs_\vqriis)

It is well known that the torque control is very
important for high-performance motion systems.
However, from (1) and (5) we can view that the
generated torque T, of DFIM is a nonlinear output with
respect to state variables x of dynamic model (1), igs, igs,
yu and . Therefore, it is difficult to evaluate the
torque response from (5) by the control input ug and u,
designed for the model (1).

INPUT-OUTPUT FEEDBACK CONTROL
For the proposed nonlinear controller, a coordinate

transformation is applied. Firstly, we write the model in
(1) in a compact form as:
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At this gage, the generated torque T and the
squared modules of the rotor flux linkage py.| = yq  +
Y, are chosen as the controlled outputs. Therefore,
we consider

3PL . )
h (x)=—— R/
(%) oL (Wadgs = Wols) ©

hy(x) =y, +v,’

The following notation is used for the lie derivative
of a function h (x):R"—>R along a vector field

f(x) = (fix)... .fi(x))

Lh(x) = Zj—hf(x) (10)

i=1 OX;

Iteratively, we define L,'h=L,(L,"'h).

Define the change of coordinates as

=h,(x)

z, =h(x) (b

Then, the dynamic model of DFIM is given in the
new coordinates by
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Furthermore, a nonlinear state feedback method is
employed in order to decouple the control inputs. We
construct the new control inputs as follows

ﬁd: Lglhz(x)ud: +Lg2hz(x)uqr
[ﬁJ - {Lgh ((X)u, +L,h 2(x)uJ (14

Then, the system (12) becomes

MBS T o
Z, Lh(x) 0 1ju,

Define the system errors as

*2

Ca=Z,—V,

16
€,=2,-T, (19
Derivation of the error model (16) gives
¢, = L.hy(x)+T,, +,d(x)
¢,=Lh )+ T+ ¢,d,(x)
¢, = A(X)+BXU 17)

It is obvious that the controllers u, and 1 are

decoupled with respect to two dynamic models,
[es, ex]. According to the above equations, the
input-output control for the first equation of (17) is
designed as

u, =-Lh{x)-¢d(x)-ke, (18)

where k;>0. Similarly, the input-output feedback control
for the second dynamic equation of (17) is designed as
follows

ﬁqr =—L:h,(x) - ¢,d,(x)—k,e,, 19

where k; is the positive constant feedback gain.

Theorem 2: Using the controller described by (18-19),
the controlled torque and flux amplitude of the DFIM are
stable.

Proof: The proof is obtained by choosing the following
Lyapanov function

[e. +e,?] (20)

Taking the derivative of (20) with respect to time
and then substituting (17) into this derivative, we can
obtain
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Vv, = ezl[Lf(x)hZ(X) T+ ¢1d1(x)]+

@n
e, [ Ligoh, (x)+ T, + 0,d,(x)]
Substituting (18), (19) into equation (21), gives
V,=-ke,’ -k, <0 (22)
Define the following equation
M(t) =ke,” +k,e,,> 20 23)

and the following function
V() =V(e(0)6(0) +] (3 de=V((0),40)~ [M(aide  (24)

where e = [e,;, ¢,]". From the definition of the above
Lyapanouv function, Vj(t)>0. The following result can
be deduced

{ij‘}jM(T)dT < V(e(0),4(0)) <o (25)

Based on the Barbalat’s Lemma [15], we can obtain
M(t) > 0 as t—o0 (26)

That is, ¢, and e, will converge to zero as t—oo.
Therefore, the proposed controller is stable and robust.

DESIGN OF ROTOR FLUX OBSERVER
Choosing stator current and rotor flux as state

variables, the space vector model of DFIM in the stator
reference frame can be expressed by:

15

dt

L . u,
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The adaptive rotor flux observer is introduced as:

di. ... s ..
ﬁzﬂ+]wo)1s+ﬁa1®w+%—ﬁur —-Ksgn(i) (28)

Where

n SN R, .
a=oa, +Aa,y, =(—+al B)
(e}

In order to develop the adaptation laws, it is
assumed that the motor speed and rotor and stator
resistances are unknown but constant parameters.
Therefore, from (27) and (28), the observer error dynamic
are expressed by

di. . Y en C ~.
d—;= ~7)i + - jo), + Pla— jo) i, —Ksgn(i) (29)
dy, . . A . -
dt =(X‘L’mls_((x‘ +J0‘))Wr_((x _.]((DO_('O))WI
where:

=i —i,y,=y -y, 0=a-a,

Choosing the following function as Lyapunov
candidate

VoL@, @+ —a) (30)
2 c, C,

derivating V with respect to time gives

V:—aw,TWﬁw(c—w—(w,)Tw,)
. ! @31
Fo— (T~ L,i)")

o

As a result, the adaptation laws are obtained
from (31) as:

a=c, (¥, ~L,i)"v, (32)

ACTIVE AND REACTIVE
STATOR POWER CONTROL

For both the motoring and generation modes of
operation of DFIM, it is desired to regulate the stator
active and reactive powers, whose references are P’

and Q. respectively. Considering a synchronous d-q

axis rotating reference frame with the d axis coinciding
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Fig. 1: DC link voltage controller [17]
with space voltage vector for the main ac supply, it is SYSTEM SIMULATION

shown in reference [16] that:

. 3P

22U

. 3Q

== 33
1(1 2U ( )

In addition, the rotor flux references can be
obtained as:

1 (R.. . 1
. it — @i’ ——U 34
v, B%(G a =g j (34)

So, motor flux and torque references are calculated
as below

vi =yl +vy)
T =u(vii; - viii) (35)
STABILIZATION OF ROTOR DC LINK VOLTAGE
In this paper, the rotor dc link voltage is maintained
constant on the basis of input-output feedback

linearization technique. The control strategy is shown
in Fig. 1[17].

A C'" computer program was developed to model
this system on P.C.

The overall block diagram of the proposed
controller is shown in Fig. 2.

In this program, a static runge-kutta fourth order
method is used to solve the system equations. The
effectiveness and validity of the proposed approach is
tested on a three-phase 5KW, 380 V, six-pole, 50 Hz
DFIM drive [10] by simulation.

In order to investigate system robustness to
parameter variations, all simulations have been
performed for R = 2R,,, where R, is the nominal rotor
resistance.

Figure 3 shows the drive system performance in
generating mode of operation above the synchronous
speed. Active and reactive power references and torque
and flux references are shown in Fig. 3. The rotor has
been kept at a constant speed of w, =375 (rad/sec).

Figure 4 shows the system performance in the
motoring mode of operation below and above
synchronous speed.

In all modes of operation, the torque and rotor
reference flux signals are obtained based on the desired
active and reactive power reference profiles which are
injected to the stator from the main ac supply.

For the sake of comparison, the method in this
paper is compared with the one in [18], where a direct
active and reactive power control strategy for DFIG has
been used. This method was first used in three-phase
PWM rectifiers [19], where the converter switching
states were selected from an optimal switching table
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Fig. 3: Simulation results for generating mode above synchronous speed
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Fig. 5: Simulation results for generating mode above synchronous speed using the method in [18]

based on the instantaneous errors between the
reference and estimated values of active and reactive
power and the angular position of the estimated
converter terminal voltage vector. In [ 18] two three-level
hysteresis comparators are used to generate the
respective active and reactive power states. Based on
these states and also the position of stator flux in the
rotor reference frame, optimal rotor voltage vector is
selected. Stator flux is first estimated in the stationary
reference frame using the following equation:

W =[ (v, -R])dt (36)

Since the amplitude and frequency of stator voltage
is relatively fixed, an accurate estimation of stator flux is

provided using the above relation. It is then transformed
to the rotor reference frame using rotor angular position.
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The presence of rotor resistance is a critical
problem in this method, since the impact of rotor
resistance on rotor flux (as in the following relation) has
been neglected:

e vir

" 37

Therefore, the in stator flux
estimation at low speed can arise in rotor flux estimation
near synchronous speed and for high rotor resistance
machines.

The method in [18] has been simulated for
generating mode above synchronous speed and the
results are depicted in Fig. 5. In comparison to Fig. 3, it

same problems

is observed that there are several bad overshoots in
active and reactive powers in the method in [18] while
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no overshoot is visible in the proposed method.
Moreover, the proposed model is more robust to
parameter variations. Finally, there is better decoupling
between active and reactive powers in the proposed
method.

CONCLUSION

In this paper, an adaptive nonlinear controller has
been introduced for DFIM drives. The proposed
controller is designed based on input-output feedback
linearization combined with Sliding-Mode observer. The
proposed control approach has been tested for both the
motoring and generating modes of operation both
bellow and above synchronous speed, using the two-
level SVM -PWM back-to-back voltage source inverters
in the rotor circuit. Computer simulation results confirm
the validity and effectiveness of the proposed control
approach.
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