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Abstract: This paper deals with using Extended Kalman Filter
(EKF) as a powerful tool in estimate of parameters and states of six-
phase induction motor (6PIM). The speed-sensorless field-oriented con-
trol of 6PIM supplying by SVPWM is used to estimate of parameters
in parameter variations. The EKF algorithm estimate stator flux, sta-
tor current, and stator resistance by measurement of stator currents of
inverter. The estimation algorithms based on the stator fluxes is tested
under load variations in the high velocity. The simulation results pre-
sented in this paper explain the performance of proposed method in
the six-phase induction machine drive.
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1 Introduction

Recently, some advantages of multi-phase machines of various types are
caused their possible attention in some applications. These machines have
some advantages to three or one phase machines like higher redundancy in
fault conditions that these machines can be worked in inter-phase short cir-
cuits and open circuits of some phases (one phase to three phases) [1, 2]. Mul-
tiphase induction machines are used in the field of high marine propulsion,
aerospace applications, and railway traction [2, 3]. The six-phase induction
machine is very interesting and is one of the most discussed types of multi-
phase machines. The extended kalman filter is powerful in estimation of past,
present, and future states of nonlinear systems. It can be used to estimate
of varied parameters and outputs while there is not any sensor to measure.
To estimate of parameters, some of the systems outputs are measured and
calculated by sensors, then estimation error are deduced and kalman filter
coefficients are improved. If sensors have not enough accuracy to measure of
some parameters, EKF will increase the accuracy of measurements. Kalman
Filter and EKF are used in many papers to estimate of motor parameters
and outputs of servo systems [4, 5]. EKF is a suitable instrument to es-
timate of machine parameters because of stochastic properties of induction
motor. Also it can be used to control of machine when machine parameters
are changed. This paper presents a speed sensorless FOC of 6PIM in high
speed. Estimation of velocity is powerful instrument in velocity control.

2 Six-phase induction motor model

The popular method in six-phase induction machine modeling is VSD (Vector
Space Decomposition). In VSD method, the machine modeling is achieved
in three two-dimensional orthogonal subspaces [7]. Fundamental harmonic
of the machine, which produces electromechanical energy conversion and the
harmonics of the order 12n± 1 (n = 1, 2, 3, . . . ) are mapped to the (d− q)
subspace. Harmonics of the order 6n ± 1 (n = 1, 3, 5, . . . ) are mapped
to (z1 − z2) subspace and produces losses and then they must be reduced
to improve efficiency. Third harmonics are mapped to (o1 − o2) subspace.
Six-phase induction motor model can be described by the following set of
differential equations:

⎧⎨
⎩
Vdq = RsIdqs + ρΨdqs ± ωeΨdqs

0 = RrIdqr + ρΨdqr ± j(ωe − ωr)Ψdqs

(1)

Ψdqs = LsIdqs +MIdqr

Ψdqr = LrIdqr +MIdqs
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Where:

ωr =
P
2
ωm, Ls = Lls +M,

LR = LlR +M, M = 3Lms

vz1,z2 = Rsiz1,z2 + Lls
diz1,z2

dt
(3)

In FOC of 6PIM ψrq = 0, thus by (1) and (2) we can say:

Irq = −M

LR
Isq, ψrd =

MIsd
1 + STR

(4)

ωs = −RrIrq

ψrd
=
M

TR

Isq
ψrd

(5)

ωe = ωs + ωrm θe =
∫
ωedt (6)

Electromechanical energy conversion is as the follow:

Te =
3P
2
Im

(
Ψr.Ir

∗) (7)

Dynamic model of 6PIM in the stationary reference frame is as follow:
⎧⎨
⎩
X◦ = A(x)X +BU + w1

Y = CX + w2

(8)

Where X is the state of the system that X = [Iαs Iβs ψαs ψβs ], Y is the
measurement parameters vector that Y = [Iαs Iβs ], input vector is U , U =
[uαs uβs ], w1 is process noise, and w2 is measurement noise.

EKF is a suitable instrument to estimate of state-space variables and out-
puts. With estimate of variables, the accuracy of control system is increased.
Also parameter estimation reason to reduce of measurement sensors, thus the
hardware and cost is reduced. Parameters estimation is possible by measure-
ment of uncertainty inherent of machine [5] and immeasurable parameters.
EKF requires to the linearized approximation of the nonlinear model and
uses the estimation of states and inputs in the linearization model. EKF
model of six-phase induction motor can be indicated by recursive equations
as below:

P = Ad(x̂)PhAd(x) +BdwuBd(u) +Q (9)

Ph = P − P * CT (C * P ) * CT +R)−1 * C * P (10)

�x = A(�x) * �x +BuT + PhC
TR−1(Y ′

y − C) * �x) (11)

That

Ad(�x) =
∂A(�x)
∂�x

, Bd(u) =
∂B(u)
∂u

Q is the covariance matrix of the system noise, R is the covariance matrix of
the measurement noise, and wu is the covariance matrix of the input noise.

c© IEICE 2012
DOI: 10.1587/elex.9.642
Received February 18, 2012
Accepted February 28, 2012
Published April 04, 2012

644



IEICE Electronics Express, Vol.9, No.7, 642–647

EKF has two separated steps, the first step is prediction and the second one is
parameters estimation. In prediction step A(�x), Ad(�x), and P are calculated
and then in estimation step Ph, x̂h are calculated.

EKF estimate 6PIM state variables by using measurement of motor phase
currents. DC voltage of inverter input is measured by voltage sensor, and
phase voltages are computed by switching times easily. EKF based on Tay-
lor series approximation is a stochastic state estimator that can be used
to estimate of 6PIM non-linear states by a recursive algorithm. Parameter
estimation of speed and machine resistance in 6PIM cause increasing of ac-
curacy and reducing sensor in velocity measurement. 6PIM has nonlinear
and uncertainty parameters as IM that are suitable to the stochastic make
up of EKF [6]. EKF has some special properties as: high accuracy and low
convergence time in parameter estimation and online estimate of states.

3 Results

In order to validate the efficiency of the proposed method, a computer sim-
ulation model as Fig. 1 is implemented using Matlab. 6PIM with fallowing
parameters is used: Number of pole pairs p = 4, stator resistance is 15 Ω,
rotor resistance is 7.9Ω, ΨsN = 0.55web, N = 1400 rpm. The controller pa-
rameters (Kp,Ki) are chosen to achieve the best transient performance of
step change in speed.

Simulation results of EKF modeling of FOC 6PIM are shown in Figs. 2
to 4. In the simulations, motor speed reference is 100 rad/sec. load torque
is 0.5N.m in beginning and changed to 1.5 N.m at 0.8th. Results of this
simulation are in Fig. 2. If Rs is changed as shown in Fig. 3-a, it causes
ignore in estimation algorithm, we have an error in estimation of parameters.
Red line is simulation results of torque estimation and blue line is actual value
of torque. Estimation of Rs is deduced to increase accuracy in estimation.
As see from Figs. 2 and 4, estimation of load torque and stator flux has good
response in parameters changes. Variation of stator resistance in various
states is shown in Fig. 3-a. as see from this figure resistance is changed from
15 Ω to 19.5 Ω in 0.6th second and remained in that value. As see from Fig. 4-
b estimation of Rs has a big oscillation in beginning. Suitable selection of
initial value can decrease this oscillation. If covariance matrix is changed to

Fig. 1. Block diagram of simulation model.
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Fig. 2. EKF modeling of FOC six-phase induction motor,
(a) Load torque and estimation of load, (b) stator
current in d-q axes, (c) enlarged of load torque,
(d) rotor flux in d-q axes.

Fig. 3. (a) Change of Rs in estimation algorithm, (b) es-
timation of Rs in high speed.

Fig. 4. Stator flux in d axis vs. q axis when motor speed
is high, (a) without estimation of Rs, (b) with
estimation of Rs.
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an optimal value, this oscillation can be reduced. In Fig. 4 stator flux in d

axis vs. q axis with and without estimation of stator resistance are shown.
As shown from Fig. 4-b, stator flux with estimation of stator resistance has
a good-looking shape with low noise.

4 Conclusion

In this paper EKF sensorless estimation algorithm is simulated for FOC of
6PIM. The motor is derived by SVPWM to have minimum loss in (z1 − z2)
domain. EKF estimation of stator currents, stator resistance, and stator flux
have good responses in parameters changes. Ignoring stator resistance vari-
ations causes large error in parameters estimation and instability in control
system.
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