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Abstract—Modern electrical AC drives with best available
performances are based on the so-called fundamental wave
machine model approaches. This paper introduces an upgrade
of fundamental wave model approach by respecting both in-
herent and fault-induced deviations of machine flux from its
fundamental component. A field-oriented control scheme for an
asymmetric induction machine is presented. The algorithm is
based on observing newly introduced flux-angle-based variations
in the transient leakage inductance due to the asymmetry. A
simple extension of the conventional rotor field-oriented control
structure is proposed that takes into account detected variations
and improves machine performance in the asymmetry conditions.
Detection and characterization of newly formed modulation in
transient leakage inductance are performed by employing an
unscented Kalman filter. Simulation results for the case of a
5.5 kW induction machine are presented.

Index Terms—Asymmetric Induction Machine, Field-oriented
Control, Dual Unscented Kalman Filter.

I. INTRODUCTION

Increasing demands for dynamic performances of electrical
drives led to the fact that field-oriented control (FOC) or direct
torque control (DTC) have been adopted as standard control
strategies in widely-spread industrial applications for last 15
years [1]. Both of them belong to the group of control methods
that use the so-called fundamental wave machine model. The
fundamental wave approach is a generally accepted method for
modeling the machine flux position, which assumes ideal and
sinusoidal flux distribution in the machine air gap, i.e. neglects
saliencies, saturation, hysteresis losses and other nonlinearities
and asymmetries due to machine physics and geometry.

Our motivation for respecting asymmetries in the machine
operation arose from observing wind turbine generator elec-
tromechanical faults and providing the corresponding fault-
tolerant control. Building on the fault detection algorithm
[2][3], fault-tolerant control should provide an autonomous
reaction in order to suppress the fault spreading and to
enable smooth operation of the generator. Rotor-bar and stator
winding inter-turn faults of a squirrel-cage induction machine
are considered. Occurred faults introduce more or less asy-
mmetries in the machine operation and cause degradation of
the wind turbine performance.

If a short-circuit occurs in a stator winding, the shorted turn
(or few of them) is segregated from the healthy machine phase.
The shorted turn can be observed as a newly formed phase
in the machine with its own resistance and inductance [4].
This new phase is also influenced by the variable magnetic
flux that induces voltage and introduces a current flow in the
shorted turn. Consequences are machine local overheating and
undesired torque modulation around the reference value.

In this paper, more general and, from the control viewpoint,
more convenient approach for representation of the asymmetry
is considered. The approach is relied on detecting changes in
transient leakage inductance due to the inherent asymmetry,
the occurred fault [2][3], or both. Depending on the detection
capability and by assuming the machine can operate safely in
asymmetric conditions, the proposed algorithm can be applied
regardless of the asymmetry cause. In the sequel, the stator
winding inter-turn short circuit is considered.

In [5], a method for suppressing the stator inter-turn short-
circuit by modulating the fundamental magnetic flux and
thereby restricting the current flow in the shorted-turn is
proposed. This allows the machine to operate safely under
fault condition without local overheating.

The focus here is to improve the drive control performance
in terms of FOC algorithm upgrade to overcome the asymmet-
ries and corresponding torque degradation. The algorithm is
conceived as an extension of widely-adopted rotor-flux-based
FOC used in control of symmetric induction machines. The
goal is to make the extension with minimum modifications
of conventional control algorithms. The developed algorithm
is intended for torque control of a squirrel-cage induction
machine but can also be modified for control of any type of
machine controlled by FOC.

This paper is organized as follows. In Section II a
fundamental-wave model of a symmetric induction machine
is described and a common model-based FOC algorithm is
shortly presented. The stator winding isolation fault and mod-
eling of asymmetries are briefly described in Section III. An
extension of the FOC algorithm that considers machine asy-
mmetries is proposed in Section IV, together with a procedure
for asymmetry detection. Section V provides simulation results
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for the case of a 5.5 kW squirrel-cage induction machine.
Conclusions are drawn in Section VI.

II. MATHEMATICAL MODEL OF AN AC MACHINE

Mathematical model of an AC squirrel-cage induction ma-
chine can be represented in the two-phase (d, q) rotating
coordinate system [6][7]:

ūs = Rsīs +
dψ̄s

dt
+ jωeψ̄s, (1)

0 = Rr īr +
dψ̄r

dt
+ j(ωe − ωr)ψ̄r, (2)

where bar notation represents a complex (d, q) vector, sub-
script s stator variables, subscript r rotor variables, i currents
and R resistances. In a common rotating coordinate system
stator variables are rotating with speed ωe = 2πf and rotor
variables with speed ωe−ωr, where f is the frequency of the
AC voltage supplied to the stator, ωg is the speed of rotor,
ωr = pωg , and p is the number of machine pole pairs. Flux
linkages ψ̄s and ψ̄r are given by:

ψ̄s = Lsīs + Lmīr, (3)
ψ̄r = Lmīs + Lr īr, (4)

where Ls = Lsσ + Lm is stator inductance, Lr = Lrσ + Lm

is rotor inductance, and Lm is mutual inductance. Parameters
Lsσ and Lrσ are stator and rotor flux leakage inductances,
respectively.

By perturbing relations (1)-(4) and by fixing the rotor
flux linkage to d axis, a rotor field-oriented control (RFOC)
equations are obtained:

imr =
ψrd

Lm
, (5)

isd = imr + Tr
dimr

dt
, (6)

ωsl = ωe − ωr, (7)

Tg =
3

2
p
L2
m

Lr
imrisq = kmimrisq, (8)

where imr is the magnetizing current that creates the rotor flux,
Tr = Lr

Rr
is the rotor time constant, ωsl =

isq
Trimr

is the slip
speed (difference between the electrical and mechanical speed)
and Tg is the electromagnetic torque. The torque is controlled
only by q stator current component because magnetizing
current vector imr is dependent on the time lag Tr and is
therefore kept constant in the sub-nominal speed operating
region.

Voltage-controlled machine (Fig. 1) is usually more suitable
than the current-controlled so by eliminating ψs and ir, and
by introducing (5) in (1)-(4), stator voltage vector components
usd and usq are obtained:

usd = ksisd + Ll
disd
dt

+

(
Ll

Tr
− Ls

Tr

)
imr − ωeLlisq, (9)

usq = Rsisq + Ll
disq
dt

− ωe (Ll − Ls) imr + ωeLlisd, (10)
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Fig. 1. Field-oriented control loop.

where Ll = (Ls − L2
m

Lr
) and ks = (Rs − Ll

Tr
+ Ls

Tr
). Parameter

Ll denotes the leakage inductance. Relations (9) and (10)
show that d and q coordinates are not fully decoupled and
changing the voltage value in one axis, affects also the other.
By introducing correction voltages Δusd and Δusq , fully
decoupled relations are derived:

usd +Δusd = ksisd + Ll
disd
dt

, (11)

usq +Δusq = Rsisq + Ll
disq
dt

, (12)

with

Δusd =
1

Tr

L2
m

Lr
imr + ωeLlisq, (13)

Δusq = −ωe
L2
m

Lr
imr − ωeLlisd. (14)

These equations are now suitable for further design of
the control loop and proportional-integral (PI) controllers are
chosen with integral time constants TId = Ll/ks for d-current,
TIq = Ll/Rs for q-current and gain Kr. Finally, closed loop
dynamics can now be represented as a first-order lag system
with transfer function:

isd(s)

isd REF (s)
=

isq(s)

isq REF (s)
=

1

1 + τs
, (15)

where τ is a time constant defined with τ = Ll

Kr
.

III. STATOR WINDING ISOLATION FAULT AND MACHINE
ASYMMETRIES

Stator winding isolation faults represent about 30% of all
machine faults [8]. They mostly appear in the stator slot
(Fig. 2) due to moisture in the isolation, winding overheating,
or vibrations. Modern voltage-source inverters also introduce
additional voltage stress on the inter-turn isolation caused by
the steep-fronted voltage surge [9][10].

Possible scenarios are short-circuit between two different
machine phases, shorted turns of the same phase or phase-to-
ground faults. If there is a short-circuit between two different

���
���� ����

Fig. 2. Sketch of a stator slot including two turns of the same phase (aa)
and two turns of different phases (ab).
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phases or a phase-to-ground short circuit, the time elapsed
between the fault occurrence and triggered safety device is
about one third of a second. For the case of a short-circuit
between turns of the same phase (stator phase inter-turn short
circuit) the time elapsed between incipient fault and triggered
safety device is about several minutes or even much longer,
depending on the stator winding method [11]. This gives an
opportunity for the fault detection and autonomous control
reaction.

The stator phase inter-turn short circuit is manifested as a
shorted turn in the phase winding with very low resistance. It
results in high currents that flow through that turn and cause
machine torque reduction and local overheating. If current
in the shorted turn is kept below its rated value, the fault
propagation can be stopped.

The change of stator resistances due to occurred inter-turn
fault is negligible (below 1% change). The change in funda-
mental wave inductances is also very small (1-2% change),
however, it has a noticeable effect on the instantaneous value
of the transient leakage inductance. The leakage inductance
comprises all fundamental wave inductances masked in a
mutual product and therefore results in much greater change
(up to 10%), which can be observed with a fault-detection
algorithm. Shorted phase has its own resistance and inductance
and affects the main flux in the machine air-gap.

Assuming the fault is suppressed and machine can operate
safely, influence of the modified flux and corresponding torque
modulation due to shorted turns still remains.

A. Modeling the asymmetry

For symmetric fundamental-wave machine the leakage in-
ductance is the same for all phases and so far the parameter
Ll was implied to be constant. Due to occurred asymmetry
in the machine, the leakage inductance is no longer the same
for all phases and can be represented with a complex value
denoted with L̄l,t. It is composed of a scalar offset value
Loffset and a complex value L̄mod. The offset value represents
the symmetric part while complex value includes induced
asymmetry with its magnitude and spatial direction. More
about this approach can be found in [2][3]. In stator reference
frame leakage inductance Ll,t is represented as:

L̄l,t = Loffset + L̄mod, L̄mod = Lmod · ej2γ . (16)

The angle γ = ωet + ϕ corresponds to the current location
of the stator fault with respect to the magnetizing flux. The
frequency is doubled due to effects of both north and south
magnetic field poles per single flux revolution period.

Every machine in normal operation has inherent asymmet-
ries, which are the result of spatial saturation, anisotropy,
saliencies etc. The most conspicuous one is the saturation
saliency that arises from the spatial distribution of the funda-
mental wave along the stator circumferences [3]. The period is
also twice as of the fundamental wave. This particular inherent
asymmetry is dependent on the flux magnitude and load
amount and can be noticeable in normal machine operation.
Another asymmetry is caused by slot openings in the rotor

lamination and its period corresponds to the number of rotor
bars.

For the fault detection procedure and machine diagnostics, it
is important to segregate different causes of asymmetries and
observe the influence of each. From the control viewpoint, the
total leakage inductance is included in the control procedure as
a representative value in which all contributions from different
asymmetry causes are reflected, including the fault-induced
ones.

IV. CONTROL OF ASYMMETRIC INDUCTION MACHINE

In Section II a widely-adopted RFOC algorithm is de-
scribed. It provides very good results and satisfying perfor-
mance of a nearly symmetrical machine. Several modifications
can be applied to further improve its performance. Often
applied one is to consider machine saliencies by choosing
different values of stator inductances in d and q axes [6]. Also
a lot of effort is currently put into finding adequate solution
for sensorless drives [1][13].

In the sequel, an RFOC algorithm for asymmetric machine
is proposed. The algorithm is conceived as an extension of the
previously described method for symmetric machine control.

By transferring to the common reference frame the leakage
inductance can be represented with:

L̄l,t = Lld + j · Llq, (17)

where Lld = Loffset + Lmod cos(2γ), and Llq =
Lmod sin(2γ).

The leakage inductance from (17) is put into induction
machine stator and rotor voltage equations (1) and (2) and
linear transformations of equalities are performed in the same
manner as for the case of deriving conventional symmetric
FOC equations. Result is the mathematical model of the
asymmetric induction machine based on the variable leakage
inductance approach:

usd =kaisd + La
disd
dt

− Llq

Lld
usq +

Llq

Lld
Rsisq − ωeLaisq+(

La

Tr
− Ls

Tr

)
imr + ωe

Llq

Lld
Lsimr, (18)

usq =Rsisq + La
disq
dt

+
Llq

Lld
usd −

(
Llq

Lld
Rs +

Llq

Lld

Ls

Tr

)
isd+

ωeLaisd +
Llq

Lld

Ls

Tr
imr − ωe(La − Ls)imr, (19)

where ka = (Rs − La

Tr
+ Ls

Tr
) and La =

(
Lld +

L2
lq

Lld

)
. In the

same way as in symmetric FOC, the decoupling method is
applied. By introducing correction voltages Δusd and Δusq ,
fully decoupled relations are derived:

usd +Δusd = kaisd + La
disd
dt

, (20)

usq +Δusq = Rsisq + La
disq
dt

. (21)

It may be observed that relations (20) and (21) have the same
form as for the case of symmetric machine (11) and (12),
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and therefore the same controller structure can be applied.
Decoupling voltages of the asymmetric machine model are:

Δusd =
Llq

Lld
usq − Llq

Lld
Rsisq + ωeLaisq −

(
La

Tr
− Ls

Tr

)
imr−

ωe
Llq

Lld
Lsimr, (22)

Δusq =− Llq

Lld
usd +

(
Llq

Lld
Rs +

Llq

Lld

Ls

Tr

)
isd − ωeLaisd−

Llq

Lld

Ls

Tr
imr + ωe(La − Ls)imr. (23)

Equations (18)-(23) represent the mathematical model for
an asymmetric induction machine. With complex transient
leakage inductance from (16) and (17), influence of the
shorted phase is respected in machine control. Change of
stator resistance Rs and inductance Ls due to inter-turn
short-circuit is neglected as described in Section III. With
Lld = Loffset = Ll and Llq = 0 above relations are valid for
symmetric machine as well and they obtain the same form as
in (9)-(14).

In the same manner, PI controller parameters are chosen
with integral time constants TIda = La/ka for d-current,
TIqa = La/Rs for q-current. Index ’a’ denotes controller
parameters in case of detected asymmetry. PI controller gain
Kra is selected with respect to the desired transient velocity
and inverter constraints. Control system block scheme remains
the same as in Fig. 1.

The way of detecting the true value of the leakage induc-
tance L̄l,t under asymmetric machine conditions determines
how much the system performance is improved with the new
FOC algorithm. A method of high-sensitive detection that
is based on investigation of machine behavior on transient
excitation caused by inverter switching is proposed in [12]
and further developed in [3].

In the sequel an approach with nonlinear Kalman filter is
described. The FOC algorithm is based on precisely deter-
mined flux angle, which is needed for coordinate system trans-
formations. Control algorithm therefore includes an observer
and Kalman filter is one of the common approaches. With
the goal of minimum modifications to the conventional FOC
control algorithm, the existing Kalman filter is extended to
provide estimation of the leakage inductance. By applying
this approach, the minimum computational time increase is
achieved.

A. Estimation of the leakage inductance

In this paper a dual unscented Kalman filter (UKF) is used
for both state and leakage inductance estimation because of
its proficient ability to cope with hard nonlinearities. The
UKF represents a novel approach for estimations in nonlinear
systems and provides better results than extended Kalman filter
(EKF) in terms of mean estimate and estimate covariance [14].

The core idea of UKF lies in unscented transformation, way
of representing and propagating Gaussian random variables
(GRV) through a nonlinear mapping. The unscented transfor-
mation enables better capturing of mean and covariance of

GRVs than simple point-linearization of the mapping: posterior
mean and covariance are accurate to the second order of the
Taylor series expansion for any nonlinearity. More information
about the algorithm itself and whole theory on which it relies
can be found in [14].

Machine model states in common (d, q) reference frame
are isd and isq stator currents, magnetizing current imr and
position of the magnetic flux ρ. Mathematical model used for
state estimation of the asymmetric machine via UKF is:

disd
dt

=
1

La
usd +

1

La
Δusd − ka

La
isd + v1, (24)

disq
dt

=
1

La
usq +

1

La
Δusq − Rs

La
isq + v2, (25)

dimr

dt
=

1

Tr
(isd − imr) + v3, (26)

dρ

dt
= pωg +

1

Tr

isq
imr

+ v4, (27)

where variables v1,..,4 denote process noise.
For reliable estimation of isd and isq currents, the depen-

dency on flux angle ρ has to be included in relations (24)
and (25). It can be done by introducing line voltages in
(a, b, c) coordinate system and by applying Park’s and Clark’s
transform [6], which results in:

usd = 2
3uab cos ρ+

(
1
3 cos ρ+

√
3
3 sin ρ

)
ubc,

usq = − 2
3uab sin ρ+

(
− 1

3 sin ρ+
√
3
3 cos ρ

)
ubc.

(28)

Inputs vector for the UKF is therefore chosen to include
line voltages coming out from FOC and measured generator
speed:

u = [uab ubc ωg]
T
. (29)

Stator currents are usually measured in electrical machine
applications and they are therefore used in UKF states correc-
tion procedure. Since the state vector x = [isd isq imr ρ]T

is in (d, q) coordinates and measurements are in (a, b, c)
coordinates, inverse Clark’s and Park’s transforms are applied
and measurement vector is chosen as y = [ia ib]

T :

ia =isd cos ρ− isq sin ρ+ n1,

ib =isd

(
−1

2
cos ρ+

√
3

2
sin ρ

)
+ (30)

+ isq

(
1

2
sin ρ+

√
3

2
cos ρ

)
+ n2,

where n1 and n2 denote measurement noise.
An attractive feature of UKF is that partial derivatives and

Jacobian matrix (like in EKF) are not needed and continuous-
time nonlinear dynamics equations are directly used in the fil-
ter, without discretization or linearization. Therefore, equations
(24)-(27) and Runge-Kutta numerical integration algorithm are
used for calculating predictions of states.

The UKF itself is shortly described next. The estimated state
vector x̂k in a discrete time-instant k is augmented to include
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means of process and measurement noise v̄ and n̄:

x̂ak = E(xak) =
[
x̂Tk v̄ n̄

]T
, (31)

where E(·) denotes the expectation of a random variable. State
covariance matrix Pk is also augmented accordingly:

Pa
k = E

(
(xak − x̂ak)T (xak − x̂ak)

)
=

⎡
⎣ Pk 0 0

0 Rv 0
0 0 Rn

⎤
⎦ ,
(32)

where Rv and Rn are process and measurement noise covari-
ance matrices, respectively. Time update algorithm starts with
the unscented transformation and by forming the sigma points
matrix X a

k :

X a
k =

[
x̂ak x̂ak + γ

√
Pa

k x̂ak − γ
√

Pa
k

]
. (33)

Variable
√
Pa

k is the lower-triangular Cholesky factorization
of matrix Pa

k and γ =
√
L+ λ is a scaling factor. Parameter

L is the dimension of augmented state xak and parameter
λ determines the spread of sigma points around the current
estimate, calculated as:

λ = α2 (L+ κ)− L. (34)

Parameter α is usually set to a small positive value e.g. 10−4 ≤
α ≤ 1 and κ is usually set to 1. There are 2L+1 sigma points
used for the transformation, which correspond to the columns

in X a
k =

[
(X x

k )
T

(X v
k )

T
(Xn

k )
T
]T

.
Time-update equations used to calculate prediction of state

x̂−k+1 and state covariance P−k+1 as well as prediction of output
ŷ−k+1 are:

X x
i,k+1|k = F

(X x
i,k, uk,X v

i,k

)
, i = 0, ..., 2L, (35)

x̂−k+1 =
2L∑
i=0

W
(m)
i X x

i,k+1|k, (36)

P−k+1 =
2L∑
i=0

W
(c)
i

(
X x

i,k+1|k − x̂−k+1

)
×

(
X x

i,k+1|k − x̂−k+1

)T
, (37)

Yi,k+1|k = H
(
X x

i,k+1|k,Xn
i,k

)
, i = 0, ..., 2L, (38)

ŷ−k+1 =

2L∑
i=0

W
(m)
i Yi,k+1|k, (39)

where i is the index of columns in matrix X a
k (and also in

X x
k , X v

k , Xn
k ) starting from value zero. Function F (·) is the

model vector function from (24)-(27) where the next state
is obtained by Runge-Kutta numerical integration. Function
H(·) represent measurements from (30). Weights for mean
and covariance calculations are given by:

W
(m)
0 = λ

(L+λ) ,

W
(c)
0 = λ

(L+λ) +
(
1− α2 + β

)
,

W
(m)
i = W

(c)
i = λ

2(L+λ) , i = 1, ..., 2L.

(40)

For Gaussian distributions, β = 2 is optimal.
Measurement update algorithm is performed in the similar

way as in classical Kalman filter but requires also output
covariance matrix Pỹk+1ỹk+1

and cross-covariance matrix
Px̃k+1ỹk+1

:

Pỹk+1ỹk+1
=

2L∑
i=0

W
(c)
i

(Yi,k+1|k − ŷ−k+1

)×
(Yi,k+1|k − ŷ−k+1

)T
, (41)

Px̃k+1ỹk+1
=

2L∑
i=0

W
(c)
i

(
X x

i,k+1|k − x̂−k+1

)
×

(Yi,k+1|k − ŷ−k+1

)T
, (42)

followed by the correction of predicted states and covariance:

Kk+1 = Px̃k+1ỹk+1
P−1

ỹk+1ỹk+1
, (43)

x̂k+1 = x̂−k+1 +Kk+1

(
yk+1 − ŷ−k+1

)
, (44)

Pk+1 = P−k+1 −Kk+1Pỹk+1ỹk+1
KT

k+1. (45)

where Kk is Kalman gain matrix.
At the time-instant k measurement update is executed first.

It results in current estimates which may be used for the
control algorithm, i.e. to obtain the current input uk. These
two parts are time-critical in the on-line implementation. They
are followed by time-update algorithm part which should be
finished by the next sampling instant (k + 1) when new
measurements arrive.

For the purpose of simultaneous parameter estimation in the
model (24)-(27), the UKF above is extended into so-called
dual UKF. Parameters in the dual Kalman filter implemen-
tation approach are estimated with a separate filter (Fig. 3).
This way two state vectors are formed: x = [isd isq imr ρ]T

and θ = [θ1 θ2]
T , where θ1 = ϕ and θ2 = Lmod, and

two estimation algorithms are executed sequentially at each
sampling instant. Whole control system is presented in Fig. 4.
The dual Kalman filter is often referred to as a ’braided’
Kalman filter in the electrical drives community.
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Fig. 3. Dual unscented Kalman filter scheme. Subscript ’k’ represents the
current time step. Hat notation is used for calculated variables and uppercase
’-’ is for predicted variables.

LS7b-1.2-5



�������

��
��
�	

��

���



�

�

�


�����

�	�����

�

�	�����
�	���

��������� �������� � �	���

�����

Fig. 4. Field-oriented control loop with dual unscented Kalman filter
(’UKF’). Block ’C’ represents the controller, block ’IM’ is the squirrel-cage
induction machine. Variables denoted with uppercase star ’∗’ are referent
values.

Magnetic flux rotational speed is calculated from states
estimation using (7) and together with θ1 location of the
asymmetry γ in the (d, q) frame can be obtained. Considering
(16) and (17), the complex value of L̄l,t (and corresponding
Lld and Llq) is completely determined with θ1 (related to γ)
and θ2.

This way, only asymmetries with the period that corresponds
to doubled frequency of the flux rotation are respected in
operation. For this case, this refers to the stator-isolation-fault-
induced asymmetry and the saturation saliency inherent one,
as described in Section III.

V. SIMULATION RESULTS

Simulation results are obtained using MATLAB/Simulink
environment and are performed on the ideal machine model.
The machine considered in simulations is a four-pole squirrel-
cage induction machine.

Machine parameters are: Ls = Lr = 0.1361 H, Lm =
0.1308 H, Rs = 0.7182 Ω, Rr = 0.6047 Ω and PI controller
gain for FOC is chosen Kr = 1. Machine rated values: stator
voltage Un = 186.67 V, stator current In = 15.18 A, power

� � �� �� �� �� ��
�

�

��

��

Fig. 5. Asymmetric machine torque and speed with symmetric and asym-
metric FOC. Asymmetric FOC is applied at 10 s and parameters are correctly
estimated at 12 s.

and torque Pn = 5.5 kW, Tgn = 37.35 Nm, frequency fn =
50 Hz. Moment of inertia is J = 0.02145 kg ·m2. Sample
time is chosen Ts = 2 · 10−4 s.

Asymmetry is introduced as a shorted turn at location ϕ =
π/4 (and γ = ωet + ϕ). The leakage inductance is modified
to obtain the complex form as described before with Lmod

selected to be 10% of Loffset = Ll.
Simulations are performed with described UKF algorithm in

closed loop operation with included process and measurement
noises. Figures 5 and 6 are results of the same experiment.

Asymmetric machine operation is presented in Fig. 5. The
machine is controlled with conventional ’symmetric’ FOC
(ϕ = 0, Lmod = 0) for first 10 s. Pulsations of machine
torque and mechanical speed due to periodic characteristic of
the asymmetry are evident. They are a result of inadequate
decoupling procedure and poorly calculated Δusd, Δusq due
to occurred asymmetry.

At time instant of 10 s, parameter estimation in UKF is
enabled and parameters converge to their true values (Fig. 6).
Initial values of parameters are θ10 = 0 rad and θ20 = 0 mH,
and true values are θ1 = π/4 rad and θ2 = 1.0327 mH.
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Fig. 6. Estimation of parameters with unscented Kalman filter. Dashed lines
are true values of parameters.
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Fig. 7. Complex leakage inductance in d-axis for constant ωe. Dash-dot line
is for the case of symmetric machine.
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When the described asymmetric FOC is applied on asym-
metric machine as provided with relations (18)-(23) and
with correctly estimated parameters, the torque ripple is re-
solved and significant improvement of system performance is
achieved as shown on Fig. 5 after 12 s time.

Fig. 7 shows real part Lld of the asymmetric leakage
inductance in the common rotating reference frame defined
with (16).

VI. CONCLUSIONS

In this paper, an extension of conventional field-oriented
control algorithm that achieves smooth operation of asym-
metric induction machine is proposed. The method is based
on observing changes in the transient leakage inductance
and respecting them in the machine control. The proposed
approach represents an upgrade of fundamental wave machine
model. Detecting changes in the transient leakage inductance
is achieved by using an unscented Kalman filter algorithm.
Described procedure is applied for the case of stator inter-
turn short circuit and provides better system performance than
classical field-oriented control. The algorithm is implemented
with minimum increase of computational effort and by utiliz-
ing already available control structure.
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