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NONLINEAR FEEDBACK CONTROL AND TORQUE
OPTIMIZATION OF A DOUBLY FED INDUCTION MOTOR
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∗

In this paper, the authors propose a new vector control intended for doubly fed induction motor (DFIM) mode. The use
of the state-all-flux induction machine model with a fluxes orientation constraint gives place to a simpler control model. Since
the double flux orientation creates an orthogonally between the stator and rotor fluxes, it results a linear and decoupled

machine control giving an optimal developed torque. The nonlinear feedback control purpose is employed and where the
global asymptotic control stability is proven using the Lyapunov function. The present DFIM-control is achieved by means
of armature fluxes, so the machine saturation should be mostly solicited. Consequently, a new torque-optimization- factor
(TOF) will be proposed in this work.

K e y w o r d s: double fed induction machine, wound rotor, vector control, flux orientation, Lyapunov function, torque-
optimization-factor (TOF), energy saving

1 NOMENCLATURE

s, r Rotor and stator indices

d, q Direct and quadrate indices for orthogonal components

x̄ Variable complex such as: x̄ = ℜe [x̄] + j ℑm [x̄] with
j2 = −1

x̄ It can be a voltage as ū , a current as ī or a flux as φ̄

x̄∗ Complex conjugate

Rs, Rr Stator and rotor resistances

Ls, Lr Stator and rotor inductances

Ts, Tr Stator and rotor time-constants (Ts,r = Ls,r/Rs,r )

σ Leakage flux total coefficient (σ = 1 − M2/LrLs )

M Mutual inductance,

θ Absolute rotor position

P Number of pairs poles

δ Torque angle

ρs, ρr Stator and rotor flux absolute positions

ω Mechanical rotor frequency (rd/s)

Ω Rotor speed (rd/s)

ωs Stator current frequency (rd/s)

ωr Induced rotor current frequency (rd/s)

ωc Injected rotor current frequency (rd/s)

J Inertia
Cr Load torque

Ce Electromagnetic torque

∼ Symbol indicating measured value

ˆ Symbol indicating the estimated value
∗ Symbol indicating the command value

DFIM Doubly Fed Induction Machine

TOF Torque Optimization Factor

2 INTRODUCTION

Known since 1899 [1], the doubly fed induction ma-
chine (DFIM) is a wound rotor asynchronous machine
supplied by the stator and the rotor from two external

source voltages. This solution is very attractive for the
variable speed applications such as the electric vehicle
and the electrical energy production [1–5]. Consequently,
it covers all powers ranges. Obviously, the requested vari-
able speed domain and the desired performances depend
of the application kinds [1–7]. The use of DFIM offers
the opportunity to modulate power flow into and out
the rotor winding in order to have, at the same time, a
variable speed in the characterized super-synchronous or
sub-synchronous modes in motor or in generator regimes.
Two modes can be associated to slip power recovery: sub-
synchronous motoring and super-synchronous generating
operations. In general, while the rotor is fed through a
cycloconverter, the power range can attain the MW or-
der which presents the size power often reserved to the
synchronous machine. [1-10].

The DFIM has some distinct advantages compared to
the conventional squirrel-cage machine. The DFIM can
be controlled from the stator or rotor by various possible
combinations. The disadvantage of two used converters
for stator and rotor supplying can be compensated by
the best control performances of the powered systems
[3]. Indeed, the input-commands are done by means of
four precise degrees of control freedom relatively to the
squirrel cage induction machine where its control appears
quite simpler. The flux orientation strategy can transform
the non linear and coupled DFIM-mathematical model to
a linear model leading to one attractive solution as well
as under generating or motoring operations [1–15].

The main idea behind all flux orientation control
strategies is that the machine flux position or vector
flux components are computed from the direct physic
measurements. In DFIM, both stator and rotor currents
are easily measured, at that moment the flux vectors
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Fig. 2. DFIM vectorial diagram after orientation

can be calculated using non differential equations flux-

current constituting a simpler flux estimator. It depends

on inductive parameters (inductances) which are function

on the machine saturation state. Its robustness against

saturation effect could be guaranteed by the torque-

optimization-factor (TOF) which will be exposed, in the

next. In this work, to solve the problem of non linear

DFIM control, the solution of non linear feedback control

was adopted in order to create a double flux orientation

applied for all-flux induction machine model. It results

that the stator flux oriented in q-axis becomes the active

power input command from which the developed torque

will be controlled, while the rotor flux assumes the reac-

tive power input command acting the magnetizing ma-

chine system.

Since the fluxes are used like control variables, the

machine fluxes must be maintained at acceptable level

especially during the transient regimes. Then the tran-

sient torque time evolution should be optimized dur-

ing the rapid change of variables command (fluxes)

which can reach very high magnitude. So a new torque-

optimization-factor (TOF) will be proposed in this work.

The main function of this controller is to optimize the

transient torque in keeping the machine saturation at the

acceptable level. Thereafter, the machine current magni-

tudes will be sufficiently reduced with their accompanied

copper losses guaranteeing improved machine efficiency.

3 THE DFIM MODEL

Its dynamic model expressed in the synchronous ref-

erence frame is given by Voltage equations:

ūs = Rsīs +
dφ̄s

dt
+ jωsφ̄s ,

ūr = Rr īr +
dφ̄r

dt
+ jωrφ̄r .

(1)

Flux equations:

φ̄s = Lsīs + Mīr ,

φ̄r = Lr īr + Mīs .
(2)

From (1) and (2), the state-all-flux model is written like

ūs =
1

σTs

φ̄s −
M

σTsLr

φ̄r +
dφ̄s

dt
+ jωsφ̄s ,

ūr = −
M

σTrLs

φ̄s +
1

σTr

φ̄r +
dφ̄r

dt
+ jωrφ̄r .

(3)

The electromagnetic torque is done as

Ce =
PM

σLsLr

ℑm
[

φ̄sφ̄
∗
r

]

(4)

and its associated motion equation is:

Cel − Cr = J
dΩ

dt
. (5)

In DFIM operations, the stator and rotor mmf’s (mag-
neto motive forces) rotations are directly imposed by the
two external voltage source frequencies. Hence, the rotor
speed becomes depending toward the linear combination
of theses frequencies, and it will be constant if they are
too constants for any load torque, given of course in the
machine stability domain. In DFIM modes, synchroniza-
tion between both fmm’s is mainly required in order to
guarantee machine stability [5]. This is the similar situa-
tion of the synchronous machine stability problem where
without the recourse to the strict control of the DFIM
fmm’s relative position, the machine instability risk or
brake down mode become imminent. Figure 1 illustrates
the DFIM flux relative positions; particularly we can dis-
tinguish the torque angle δ defined between them. This
angle denotes, by analogy to the synchronous machine,
the torque angle. Each flux is located by a relative arma-
ture position.

4 DFIM DOUBLE FLUX

ORIENTATION STRATEGY

A. Double flux orientation

It consists in orienting, at the same time, stator flux
and rotor flux as indicated in Fig. 2. Thus, it results the
constraints given below by (6). Rotor flux is oriented
on the d -axis, and the stator flux is oriented on the
q -axis. Conventionally, the d -axis remains reserved to
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magnetizing axis and q -axis to torque axis. Consequently,
δ will be identical to 90◦ and the two fluxes become
orthogonal, so we can write

φsq = φs ,

φrd = φr ,

φsd = φrq = 0 .

(6)

Using (6), the developed torque given by (4) can be
rewritten as follows:

Cel = kcφsφr (7)

where, kc = PM
σLsLr

, φs appears as the input command of

the active power or simply of the developed torque, while
φr appears as the input command of the reactive power
or simply the main magnetizing machine system acting.

B. Nonlinear feedback control for Double flux

orientation

Separating the real-part and the imaginary-part of (3),
one will have

usd =γ1φsd − γ2φrd +
dφsd

dt
− ωsφsq =−f1 +

dφsd

dt
,

usq =γ1φsq − γ2φrq +
dφsq

dt
+ ωsφsd =−f2 +

dφsq

dt
,

urd =−γ3φsd + γ4φrd +
dφrd

dt
− ωrφrq =−f3 +

dφrd

dt
,

urq =−γ3φsq + γ4φrq +
dφrq

dt
+ ωrφrd =−f4 +

dφrq

dt

(8)

where γ1 = 1

σTs

; γ2 = M
σTsLr

; γ3 = M
σTrLs

; γ4 = 1

σTr

and,
−f1 = γ1φsd − γ2φrd − ωsφsq ,

−f2 = γ1φsq − γ2φrq + ωsφsd ,

−f3 = −γ3φsd + γ4φrd − ωrφrq ,

−f4 = −γ3φsq + γ4φrq + ωrφrd .

(9)

Hence, (8) is simply rewritten as

dφsd

dt
= f1 + usd ,

dφrd

dt
= f3 + urd ,

dφsq

dt
= f2 + usq ,

dφrq

dt
= f4 + urq .

(10)

Tacking into account constraint given by (6), one can
formulate the Lyapunov function as follows

V =
1

2
φ2

sd +
1

2
φ2

rq +
1

2

(

φsq −φs

)2
+

1

2

(

φrd−φr

)2
> 0 (11)

where its derivative function becomes

V̇ = φsdφ̇sd + φrqφ̇rq +
(

φsq − φs

)(

φ̇sq − φ̇s

)

+
(

φrd − φr

)(

φ̇rd − φ̇r

)

. (12)

Substituting (10) in (12), it results

V̇ = φsd

(

f1+usd

)

+φrq

(

f4+urq

)

+
(

φsq−φs

)(

f2+usq−φ̇s

)

+
(

φrd − φr

)(

f3 + urd − φ̇r

)

. (13)

Let us define the following law control as:

usd =−f1 − K1φsd,

urq =−f4 − K2φrq,

usq =−f2 + φ̇s − K3

(

φsq− φs

)

,

urd =−f3 + φ̇r − K4

(

φrd− φr

)

,
(14)

hence (14) replaced in (13) gives:

V̇ = −K1φ
2
sd − K2φ

2
rq − K3

(

φsq − φs

)2

− K4

(

φrd − φr

)2
< 0 . (15)

The function (15) is negative one. Furthermore, (14) in-
troduced into (10) leads to a stable convergence process
if the gains Ki (i = 1, 2, 3, 4) are evidently all positive,
otherwise:

lim
t→+∞

φsd = 0 ,

lim
t→+∞

φrq = 0 ,

lim
t→+∞

(

φrd − φ∗
r

)

= 0 ,

lim
t→+∞

(

φsq − φ∗
s

)

= 0 .
(16)

In (16), the first and second equations concern the dou-
ble flux orientation constraints applied for DFIM-model
which are define above by (6), while the third and fourth
equations define the errors after the feedback fluxes con-
trol. This latter offers the possibility to control the main
machine magnetizing on the d -axis by φrd and the de-
veloped torque on the q -axis by φsq .

C. Torque optimization factor

To optimize the DFIM electromagnetic torque, espe-
cially in transient operations, let us calculate the time
derivative function of (7) such as we obtain a separable
variables fluxes differential equation given as follows

φ̇sφr + φ̇rφs = 0 . (17)

In this proposed DFIM control strategy, the limitation of
the transient torque goes by the limitation of the stator
flux which defines the torque input command component
on q -axis. Otherwise, we must assume the following con-
straint

φs ≤ φs max . (18)

If (17) and (18), are simultaneously considered, then we
can write

−φ̇sφr = φ̇rφs ≤ φ̇rφs max (19)

thus,

−
φ̇s

φs max

≤
φ̇r

φr

, (20)
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the resolution of (20) leads to

−
φs

φs max

+ C ≤ lnφr (21)

therefore,

φr ≥ e
−
(

φs

φs max

+C

)

. (22)

Since, the main torque input-command in motoring
DFIM operation is related to the stator flux, so it de-
pends of the speed rotor sign, thus we can write

φsq = φs sgn Ω =

{

+φs if Ω > 0 ,

−φs if Ω < 0
(23)

with above equation (23), (24) may be rewritten as follows

φr = e

( |φsq|
φs max

−C

)

. (24)

The tested laboratory machine parameters and its ratting
values are given next in appendix. We remember that in
this DFIM control strategy, the stator flux is assumed as
input of torque-command. Figure 3 shows an illustration
of the relationship (24) and on which we can observe the
direct impact of the arbitrary constant C choice. This pro-
cess is so-called torque-optimization-factor (TOF), where
in optimizing the transient’s torque; we can avoid the
saturation effect and reduce the magnitude of machine
currents from which the DFIM efficiency could be clearly
enhanced. The curve corresponding to C = 2.5, as shown
in Fig. 3, characterises an acceptable saturation level than
given by C = 1.5. In order to avoid over saturation ef-
fect into the machine, the maximal stator flux is done at
1.1 Wb and in the same time the rotor flux don’t exceed
the same value (1.1 Wb), in the all cases. Fig. 4 gives the
stator and rotor currents versus input torque command
(stator flux) when TOF is used. For C = 1.5, the stator
and rotor currents represent practically the same curves.
Note that C = 2.5 gives the reduced magnitude currents
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than C = 1.5 for a given load torque corresponding to a
given input-command defined by the stator flux. There-
fore, a judicious choice of the arbitrary constant C can
substantially reduce the currents magnitudes.

Figure 5 illustrates a general block diagram of the sug-
gested DFIM control scheme. As shown in this figure, we
can see that only one PI speed controller is used and
the fluxes are nonlinear feedback controlled. Also, we can
note the placement of TOF-block and the estimator-block
which evaluates firstly the modulus and position fluxes,
respectively φs , φr , ρs and ρr , from the measured cur-
rents using (2) and secondly the feedback functions f1 ,
f2 , f3 , f4 given by (9). TOF process allows adapting the
main flux magnetizing defined by rotor flux to the applied
load torque characterized by the stator flux. Indeed, the
energy saving process can be well achieved if the mag-
netizing flux decreases in the same way that the loads
torque. It results equilibrium between the core losses and
the copper losses into the machine, so the machine effi-
ciency may be largely improved.

5 SIMULATION

A. Timetable reference profiles

As indicated above, the tested laboratory machine
data are given in appendix. In order to validate our ap-

proach, the digital simulation has been realized using the
general block-diagram given by Fig. 5. We assume to have
a timetable of different operating conditions illustrated
by the basic profiles defined in Figs. 6 and 7. Hence, the
obtained results are organized respectively according to
the following specifications. Figure 6 indicates that af-
ter 0.3 s of the unloaded machine starting, a load torque
corresponding to 10 mN is applied. It is maintained in
next simulation even at the reverse speed operation. The
proposed DFIM control system has been also tested at
very low speed range (at 10 rd/s) as shown in Fig. 6. In
Fig. 7, at 0.4 s and 0.6 s the stator and rotor resistances
are respectively increased at 100% of their ratted values,
thereafter at 0.9 s the mutual inductance is decreased at
20% of its ratted value.

B. Test results

Figure 8 shows the speed response versus time accord-
ing to its desired profile given in Fig. 6. Figure 9 illustrates
the electromagnetic torque versus time in good agreement
to the applied torque load. So, the observed the torque
impulses are naturally developed for the rapid change of
speed. Figures 10 and 11 show respectively the stator and
the rotor currents versus time occurred during the test.
Figures 12 and 13 present the machine fluxes versus time
from where we can observe clearly the double flux ori-
entation strategy respecting to the constraints (6). Note
the observed flux impulses are due to the above torque
impulses. Evidently they are presents in the stator flux
which is the input torque command and in rotor flux by
the TOF link.

The magnitude of theses flux impulses can be con-
sidered as acceptable and they don’t solicit strongly the
saturation effect. The machine input voltages time evolu-
tion is given by Figs. 14 and 15. Figure 16 highlights an
interesting contribution of saving energy incarnate by the
i2t of total copper losses time varying when the proposed
TOF is used. In this last figure S1 = 1.86× 104 A2s2 and
S2 = 0.53 × 104 A2s2 indicate respectively the computed
areas limited by both curves defined with and without
TOF and, in this situation, the ration energy saving ra-
tio is 3.5 times.
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6 CONCLUSION

Access to the stator and rotor windings is one of the
advantages of the wound rotor induction machine com-
pared to the conventional squirrel-cage machine. Also, the
DFIM offering the several possible combinations for its
control. The simulations results of the suggested DFIM
system control based in double flux orientation which is
achieved by the non linear feed back control demonstrates
clearly the suitable obtained performances required ac-
cording to the references profiles defined above. The speed
tracks its desired reference without any effect of both load
torque and parameters machine model variation. There-
fore the control robustness can be well affirmed. The con-
trol flux option, used in this paper, permits to give an
optimal torque which is formulated in simpler expression
(ideal machine). Energy saving point of view, the copper
losses can be substantially reduced using the proposed
torque optimization factor (TOF). On other hand, this
one allows also to keep the fluxes level at their accept-
able magnitudes. The adopted double flux orientation for
DFIM used with the nonlinear feedback control and the
TOF for energy saving constitute an interesting contri-
bution of this paper in despite that two converters must
be employed.

APPENDIX

Parameters Rated Values Unity
Output power 4 kW
Stator voltage 220/380 V
Stator frequency 50 Hz
Pole number 2
Stator resistance 1.2 Ω
Rotor resistance 1.8 Ω
Rotor inductance 0.4612 H
Mutual inductance 0.15 H
Inertia 0.07 Kg m2
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