
Journal of ELECTRICAL ENGINEERING, VOL. 57, NO. 2, 2006, 78–86

HIGH PERFORMANCE ADAPTIVE
FIELD–ORIENTED MODEL REFERENCE CONTROL

OF CURRENT–FED INDUCTION MOTOR
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∗
— Amar Goléa

∗∗

This paper develops the application of an adaptive model reference approach to the direct field-oriented control of
the current-fed induction motor. The proposed algorithm decomposes the control task into three loops, namely, the speed

loop, the d -axis flux loop and the q -axis flux loop. In this way the matching conditions are always fulfilled. Then, a
model reference tracking adaptive control is designed for each loop. Proportional-Integral update laws are used to adjust
the control parameters, which increases the tracking performance. As compared to standard adaptive control schemes, no
special knowledge about the drive parameters is required. Extensive simulation studies have shown good robustness against

parameter variations, high tracking performance and simplicity of implementation.
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1 INTRODUCTION

Even though it is highly nonlinear, thus requiring
much more complex control algorithms, the induction ma-
chine is traditionally and for a long time used in fixed
speed applications for reasons of cost, size, reliability
and efficiency. Consequently, when a variable speed is re-
quired, the DC machine appears to be the most appro-
priate electromechanical device where torque and flux are
naturally decoupled and can be controlled independently,
thus allowing a fast torque response and high precision of
regulation to be achieved.

The field-oriented control for induction motors was
introduced for the first time by Blaschke in the early
1970s [1]. The main objective of this control method is,
as in separately excited DC machines, to independently
control the torque and the flux; this is done by choosing
a d–q rotating reference frame synchronously with the
rotor flux space vector. Once the orientation is correctly
achieved, the torque is controlled by the torque producing
current, which is the q -component of the stator current
space vector. At the same time, the flux is controlled by
the flux producing current, which is the d -component
of the stator current space vector [2, 3]. However, this
decoupling characteristic is highly sensitive to variations
of electrical parameters. If the electrical parameters set in
the field-orientation scheme cannot be tuned according to
their actual values, the torque generating characteristics
will become sluggish and oscillatory. On the other hand,
in many industrial applications the drive operates under
a wide range of changing load characteristics and the
mechanical system parameters vary substantially [4].

In order to cope with the problems mentioned above,
various adaptive field-oriented control schemes with on-
line estimation of the induction motor parameters were

developed [5]–[11]. In the magnetic part, several algo-
rithms were proposed to tune the rotor mutual and time-
constant. On the other hand, in the mechanical part the
load torque is usually considered as the only changing
parameter. Since in adaptive control the parameters up-
date generally does not, converge to the true parameters,
the tracking performance is very sensitive to the tran-
sient change in the drive parameters. Moreover, since the
friction coefficient and inertia change with the load, they
play a great role in the speed and position control perfor-
mance.

In recent years, the reference model control for dy-
namic systems have been a topic of considerable interest.
A reference model can be used not only to characterize
the desired performance objectives but also to reflect the
possibility of achieving them [12, 13]. However, the ap-
plication of the reference model to the induction motor
drive was limited by the coupled nonlinear dynamics of
the drive and the difficulty to realize the matching condi-
tions. Thus, the application of the model reference control
to the induction motor drive was only considered for the
speed control due to the linearity of the mechanical part,
and facility to realize matching conditions [14–19].

Based on the adaptive model reference technique, this
paper proposes a new robust architecture to realize the
field-oriented control of the induction motor drive. The
control problem is broken into three servo control prob-
lems, namely, the speed loop, the d -axis flux loop and
the q -axis loop. In this manner, the problem is reduced
to three SISO sub-systems where the matching conditions
are always verified. Then, for each subsystem, an adaptive
control input is designed to achieve the reference model
tracking objective with compensation of the coupling due
to the other loops.
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Fig. 1. Proposed induction motor control scheme.

The major contributions of the work presented in this
paper are: (1) considering the whole current-fed drive dy-
namics, ie, no simplification is made, which permits mas-
tering of both the transient and steady state dynamics;
(2) considering all the electrical and mechanical param-
eters as unknown, and designing the control loops to ac-
count for this situation; (3) Proportional-Integral update
laws are used to tune the control parameters, which, com-
pared with simple Integral update laws, provides faster
tracking and convergence performance.

This paper is organized as follows. In Section 2, we
briefly review the current-fed induction motor model
and the field-orientation control principle. The proposed
adaptive model reference control of the induction mo-
tor speed and fluxes is discussed in Section 3. Section 4
presents the stability analysis of the closed loop drive dy-
namic. The simulation results are presented and discussed
in Section 5. Finally, some concluding remarks end the
paper.

2 INDUCTION MOTOR MODEL

The current-fed induction motor model established in
d -q synchronously rotating frame is given by the follow-
ing equations

ψ̇d = −αψd + ωslψq + βId (1)

ψ̇q = −αψq − ωslψd + βIq (2)

ω̇ = −aω + b
(

µ(ψdIq − ψqId) − Tl
)

(3)

where
ω is the electrical rotor speed; ωsl is the slip frequency;
Id, Iq are the d, q axis stator currents;
ψd, ψq are the d, q axis rotor fluxes;
Rr is the rotor resistance; Lr is the rotor inductance;
M is the mutual inductance; J is the moment of inertia;
f is the viscosity coefficient;
P is the number of pairs of poles; Tl is the load torque;
α = Rr/Lr is the rotor time constant,
β = αM , µ = PM/Lr , a = f/J and b = P/J .

In the direct field-oriented control, the speed is con-
trolled by the torque producing current Iq to track the

speed reference command. The d -axis flux is forced to
follow some reference flux command using the flux pro-
ducing current Id . Further, the slip frequency ωsl is used
as the third control input to force the q -axis flux to zero,
ie, to achieve the correct flux orientation. Since we are
not, here, concerned with the flux estimation, any of the
flux observers proposed in the literature (see eg , [20] for
a detailed survey) can be used to realize this task.

3 MODEL REFERENCE ADAPTIVE CONTROL

In what follows, we present the design of adaptive
model-reference control for current-fed induction motor
(1)–(3), under general parameters uncertainties. To re-
duce the design complexity, the control problem is broken
into three simpler sub-systems. Namely, the speed control
loop, the d -axis flux loop and the q -axis flux loop (see
Fig. 1).

The reference model of each control loop is designed
to reflect the desired behavior. Thus, the reference model
for the speed loop is given by

ω̇m = −amωm + amωref (4)

where am > 0, ωm is the reference model state, and ωref
is the reference speed command.

The flux reference models are chosen to reflect the
field-orientation principle described above. Then, the d -
axis and q -axis reference models are designed such as

ψ̇dm = −αmψdm + αmφref (5)

ψ̇qm = −αmψqm (6)

with αm > 0, φref is the flux reference command gen-
erated by some energy saving algorithm, and ψdm , ψqm
are the d -axis and q -axis reference models states, respec-
tively. To reflect the field-orientation situation, the ini-
tial conditions for the reference models states are set to:
ψdm(0) = ψref , ψqm(0) = 0. Hence we get ψdm(t) =
ψref , ψqm(t) = 0 ∀t ≥ 0, ie, the fluxes reference states
are always in the field-orientation conditions.

3.1 Speed Loop Design

Considering (3)–(4), the speed tracking error is given
by

ė = −ame− (a− am)ω + amωref − b(µψdmIq − Tl)

+ bµ(edIq − eqId) (7)

where e = ωm − ω is the speed tracking error, eq =
ψdm − ψd is the d -axis flux tracking error, and eq =
ψqm − ψq = −ψq is the q -axis flux tracking error.

To achieve the speed tracking objective, the torque
producing current is defined as

Iq =
1

ψdm

(

k1
ωω + k2

ωωref + k3
ω

)

(8)
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with

k1
ω = k1

ωI
+ k1

ωP
, k2

ω = k2
ωI

+ k2
ωP
, k3

ω = k3
ωI

+ k3
ωP

and kjωI
, kjωP

, for j = 1, 2, 3, are the control input inte-
gral and proportional adaptive terms, respectively. Intro-
ducing (8) in (7), the resulting expression can be arranged
as

ė = −ame− bµ[KωI
zω +KωP

zω] + bµ(edIq − eqId) (9)

where

KωI
=

[

(

k1
ωI

−
(a−am)
bµ

) (

k2
ωI

− am

bµ

) (

k3
ωI

−
Tl

µ

)

]

(10)

KωP
=

[

k1
ωP

k2
ωP

k3
ωP

]

(11)

zω = [ω ωref 1 ]
⊤

(12)

Observing that K̇ωI
=

[

k̇1
ωI

k̇2
ωI

k̇3
ωI

]

, we chose the

following expressions for the integral and proportional
terms

K̇ωI
= γ1ez

T
ω (13)

KωP
= γ2ez

T
ω (14)

where γ1, γ2 > 0 are the update step sizes.

R e m a r k 1 . The first two terms in (8) represent the
standard model reference state feedback, and the third
term is added to compensate for the load torque, which
is considered unknown but constant. This is not a restric-
tion and the proposed approach can be easily extended
to variable load torque with known form.

R e m a r k 2 . The last term in (9) reflects the cou-
pling between the speed loop and the fluxes loops, which
indicates that the speed tracking error is affected by the
fluxes tracking errors. This coupling term should be ac-
counted for when designing the fluxes control loop.

3.2 d-axis Flux Loop Design

Considering the d -axis flux dynamic (1) and the ref-
erence model (5), the d -axis flux tracking error is given
by

ėd = −αmed− (αm−α)ψd+αmφref +ωsleq−βId . (15)

To achieve the d -axis reference flux tracking, the d -axis
current is chosen as

Id = k1
dψd + k2

dψref + k3
dλeIq (16)

with

k1
d = k1

dI
+ k1

dP
, k2

d = k2
dI

+ k2
dP
, k3

d = k3
dI

+ k3
dP

and kjdI
, kjdP

, for j = 1, 2, 3, are the control input inte-

gral and proportional adaptive terms, respectively. λ > 0
is small positive constant.

Then, substituting (16) in (15) and arranging the re-
sulting terms yields

ėd = −αmed − β[KdI
zd +KdP

zd] − λbµeIq + ωsleq (17)

with the following notations

KdI
=

[

(

k1
dI

− αm−α
β

) (

k2
dI

− αm

β

) (

k3
dI

−
bµ
β

)

]

, (18)

KdP
=

[

k1
dP

k2
dP

k3
dP

]

, (19)

zd = [ψd ψref λeIq ] . (20)

Further, observing that K̇dI
=

[

k̇1
dI

k̇2
dI

k̇3
dI

]

, we

chose the following expressions for the integral and pro-
portional terms

K̇dI
= γ3edz

T
d , (21)

KdP
= γ4edz

T
d (22)

where γ3, γ4 > 0 are the update step sizes.

R e m a r k 3 . The last term in (16) is added to com-
pensate for the corresponding coupling term in (9). The
parameter λ is introduced to reduce the effects of the Iq
current and the rotor speed variations on the d -axis flux
dynamic.

3.3 q -axis Flux Loop Design

Considering the q -axis flux dynamic (2) and the ref-
erence model (6), the q -axis flux tracking error is given
by

ėq = −αmeq− (αm−α)ψq +ωslψdm−ωsled−βIq . (23)

To force the q -axis reference flux tracking error to zero,
the slip frequency is used as an additional adaptive con-
trol input, and defined as

ωsl =
1

ψdm
(k1
qψq + k2

qIq + k3
qλeId) (24)

with

k1
q = k1

q
I

+ k1
q

P
, k2

q = k2
q

I
+ k2

q
P
, k3

q = k3
q

I
+ k3

q
P

and kjqI
, kjqP

, for j = 1, 2, 3, are the control input integral

and proportional adaptive terms, respectively.

Substituting (24) in (23), and arranging the resulting
terms gives

ėq = −αmeq +KqI
zq +KqP

zq − ωsled + λbµeId (25)

with

KqI
=

[

(k1
q

I
+ α) (k2

q
I
− β) (k3

q
I
− bµ)

]

, (26)

KqP
=

[

k1
qP

k2
qP

k3
qP

]

, (27)

zq = [ψq Iq λeId ]
T

(28)
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Further, observing that K̇qI
=

[

k̇1
qI

k̇2
qI

k̇3
qI

]

, we

chose the following expressions for the integral and pro-
portional terms

K̇qI
= γ5eqz

T
q , (29)

KqP
= γ6eqz

T
q (30)

where γ5, γ6 > 0 are the update step sizes.

R e m a r k 4 . The last term in (24) is added to com-
pensate for the corresponding coupling term in (9). The
parameter λ is introduced to reduce the effects of the Id
current and the rotor speed variations on the q -axis flux
dynamic.

4 STABILITY ANALYSIS

The stability results for proposed model reference
adaptive approach to the field-orientation control of the
current-fed induction motor drive are summarized by the
following theorem.

Theorem. The current-fed induction motor drive given

by the induction motor model (1)–(3), reference models

(4)–(6), adaptive control inputs (8), (16), (24) and control

parameters update laws (13)-(14), (21)-(22), (29)-(30) is

globally asymptotically stable and:

1. e , ed and eq converge asymptotically to zero, ie,

limt→∞ e, ed, eq = 0 .

2. The control inputs integral terms are bounded, ie,

KωI
,KdI

,KqI
∈ L∞ .

P r o o f . Let us define the following Lyapunov func-
tion

V = Vω + Vψ (31)

with

Vω =
1

2
e2 +

bµ

2γ1
KωI

KT
ωI

(32)

and

Vψ =
1

2λ
e2d +

1

2λ
e2q +

β

2λγ3
KdI

KT
dI

+
1

2λγ5
KqI

KT
qI
. (33)

In a first step, we study the speed closed loop dynamics.
The differentiation of (32) along the trajectory of (9)
yields

V̇ω = −ame
2 − ebµ[zTωK

T
ωI

+ zTωK
T
ωP

]

+ ebµ(edIq − eqId) +
bµ

γ1
K̇ωI

KT
ωI
. (34)

This can be arranged as

V̇ω = −ame
2 − bµezTωK

T
ωP

+
bµ

γ1
[K̇ωI

− γ1ez
T
ω ]KT

ωI

+ ebµ(edIq − eqId) . (35)

Then, substituting the update laws (13)-(14) in (35)
yields

V̇ω = −ame
2 − γ2bµz

T
ω zωe

2 + ebµ(edIq − eqId) . (36)

Then, observing that the second term in (36) is semi-
definite negative yields

V̇ω ≤ −ame
2 + ebµ(edIq − eqId) . (37)

In a second step, we consider the fluxes closed loops dy-
namics. The differentiation of (33) along (17) and (25)
yields

V̇ψ = −
αm
λ
e2d −

αm
λ
e2q −

1

λ
edβ

[

zTd K
T
dI

+ zTd K
T
dP

]

+
1

λ
eq

[

zTq K
T
q

I
+ zTq K

T
q

P

]

+
1

λ
ωsleqed−

1

λ
ωsledeq−bµeIqed

+ bµeIdeq +
β

λγ3
K̇dI

KT
dI

+
1

λγ5
K̇qI

KT
qI
. (38)

Further, (38) can be arranged as

V̇ψ = −
αm
λ
e2d −

αm
λ
e2q −

β

λ
edz

T
d K

T
dP

+
1

λ
eqz

T
q K

T
q

P

+
β

λγ3

(

K̇dI
− γ3edz

T
d

)

KT
dI

+
1

λγ5

(

K̇qI
+ γ4eqz

T
q

)

KT
qI

+ bµe(Ideq − Iqed) . (39)

Then, introducing the update laws (21)-(22) and
(29)-(30) in (39) yields

V̇ψ = −
αm
λ
e2d −

αm
λ
e2q −

β

λ
γ4e

2
dz
T
d zd −

1

λ
γ6e

2
qz
T
q zq

− bµe(Iqed − Ideq) . (40)

Hence, observing that the third and fourth terms in (40)
are semi-definite negative yields

V̇ψ ≤ −
αm
λ
e2d −

αm
λ
e2q + bµe(Ideq − Iqed) . (41)

At this point, differentiating (31) and using the results
(36), (41) yields

V̇ ≤ −ame
2 −

αm
λ
e2d −

αm
λ
e2q . (42)

Hence, using standard stability arguments [21] with the
last result (42), one can conclude that the induction mo-
tor drive with the proposed adaptive model-reference con-
trol is globally asymptotically stable, the tracking errors
e , ed , eq converge to zero, and the control inputs adap-
tive gains are bounded.

R e m a r k 5 . From the above analysis it can be seen
the proportional terms do not play any role in the stabil-
ity achievement. However, as it will be seen in the simula-
tion results, they are of great importance for the tracking
and convergence performances [13].
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Fig. 2. Drive response under no parameters change.

Fig. 3. Control gains evolutions.

Fig. 4. Drive response under load torque change.

5 SIMULATION RESULTS

In this section the effectiveness of the proposed algo-
rithm for speed and flux control of an induction motor is
verified by computer simulations. The specifications for
the used induction motor are listed in the appendix. The
reference models are chosen as am = 40 for the speed
loop and αm = 100 for the flux loops. The update steps
are: γ1 = 0.0040, γ2 = 0.0002 for speed control parame-
ters, γ3 = 200, γ4 = 20 for the d -axis flux control, and
γ5 = 100, γ6 = 2 for the q -axis flux control.

A series of tests were conducted to check the perfor-
mance of the proposed model reference adaptive control.
In all sketched figures the time axis is scaled in seconds.

First, the drive response under 5 Nm load torque,
without any change in parameters during the operating

time. As can be seen from Fig. 2, the speed and flux re-
sponses are fast without any overshoot. The control adap-
tive parameters evolution is shown in Fig. 3. These pa-
rameters converge to bounded constant values.

The first series of tests consist in studying the drive
response under mechanical parameters change. Figure 4
depicts the drive under a load torque change from 5 to
10 Nm at 0.5 sec. It can be seen that the speed transient
error is less than 1.5% and the flux responses are not
affected by this perturbation. Figure 5 shows the drive
performance for a brusque change in the viscosity coef-
ficient. In both cases the speed tracking error transient
is not greater than 0.01% for the speed,whereas the flux
tracking performance is not perturbed. Figure 6 shows
the drive dynamic under different values of the inertia
with constant speed reference and with speed inversion.
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Fig. 5. Drive response under viscosity coefficient change: (a) Change −50 %, (b) Change +100 %

(a)

(b)

It is clear that the speed tracking is little affected by those
changes, and the control effort is increased to compensate
for this change of inertia.

The second series of tests investigate the influence
of the electrical parameters change on the drive per-
formance. Figures 7 to 9 depict the drive performance
for brusque changes in the rotor resistance, rotor induc-
tance and the mutual. The transient tracking errors for
the speed and the d -axis flux are quantified in Table 1.
From those results, it can be seen that the impact of the
electrical parameters change on the drive performance is
more important. However, those results shown also that
the drive robustness and rejection of the perturbations is
significantly enhanced compared to conventional control
approaches.

The third test concerns the drive dynamic under flux-
weakening operating. As depicted in Fig. 10, the flux and
speed are not remarkably affected by the reference flux
reduction.

The last test concerns the study of the effect of the
proportional terms on the drive dynamic performance.
Different values of the proportional terms gains γ2 and
γ4 are tested. It can be seen from Fig. 11 that those val-
ues affect greatly the drive performance and the tracking
errors convergence. This fact indicates, that adding pro-
portional terms in the update laws improves greatly the
drive performance.

Table 1. Effect of electrical parameters change.

Parameter variation Speed d -axis flux
e

ωref
× 100 ed

φref
× 100

Rr
−50% 0.05 0.4
+100% 0.08 0.8

Lr
−50% 0.6 0.4
+100% 1.1 0.7

M −50% 1.2 5
+100% 0.7 2.5

Fig. 6 Speed response under different inertia values:

— J , ... 2J , - - - 4J .
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Fig. 7. Drive response under rotor resistance change: (a) Change −50 %, (b) Change +100 %

(a)

(b)

Fig. 8. Drive response under rotor inductance change: (a) Change −50 %, (b) Change +100 %

(a)

(b)
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Fig. 9. Drive response under mutual change: (a) Change −50 %, (b) Change +100 %

(a)

(b)

Fig. 10. Drive response under flux-weakening

Fig. 11. Drive performance for various proportional terms gains: - - - γ2 = γ4 = 0, ... γ2 = 0.0001, γ4 = 10, — γ2 = 0.0002, γ4 = 20.
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Table 2. Induction motor parameters.

Parameter value

Poles pairs P = 2
Stator resistance Rs = 5.3Ω
Rotor resistance Rr = 3.3Ω
Mutual inductance M = 0.34 H
Stator inductance Ls = 0.365 H
Rotor inductance Lr = 0.375 H
Viscosity coefficient f = 0.0003 Nms/rad

Inertia J = 0.005Nms2/rad
Rated speed ωn = 150 rad/s

Rated flux ψn = 1.16 Wb

6 CONCLUSION

A new adaptive model-reference field-oriented control
of an induction motor drive was presented in this paper.
The proposed control approach needs no specific knowl-
edge about the motor parameters. Further, the adaptive
controller has no singularities, so the scheme is globally
defined, even in startup. The overall speed and flux con-
trol system was verified to be globally stable and robust to
the variations of motor mechanical and electrical param-
eters variations. Simulation studies were used to demon-
strate the characteristics of the proposed method. It is
shown that the proposed adaptive controller has better
tracking performance and robustness against parameters
variations as compared with the conventional model ref-
erence adaptive controller. The proportional-integral up-
date laws have been shown to provide more fast tracking
and convergence performances compared to pure integral
laws.
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