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ABSTRACT This paper proposes a simple extended Kalman filter (EKF) loss model controller (LMC)
for efficiency improvement of a six-phase induction machine in all speed ranges. The proposed method
is fast and can be operated online. If the machine parameters are changed during the operation, the EKF
algorithm is activated to find the parameters to ensure optimal efficiency operation. Not only is the motor
speed measurement difficult at low speeds but it is also difficult to calculate the machine efficiency at the
same speeds. Thus, the EKFmodel can estimate speed, load, and motor efficiency at low speed ranges so that
optimization can be done in all loads and speed ranges. Unlike the conventional LMC method, the proposed
method is independent of parameter variations. Because of the independency of this method against the
parameter variations, it works similarly to the search based efficiency control methods. Two DSP boards
including estimator and controller are used to achieve high accuracy and speed in estimating and controlling
machines. The simulation and experimental results verify the robustness of the sensorless method against
parameter variations.

INDEX TERMS EKF, six-phase induction motor, FOC, loss model control.

NOMENCLATURE
−→
9 Flux vector
−→
I Current vector
−→
U Voltage vector
Te,Tl Electromagnetic and load torque
ω Electrical rotor speed
s, r Subscript for stator and rotor quantities
ψs, ψr Stator and rotor flux
J Moment of inertial
Rs,Rr Stator and rotor resistance
Ls,Lr Self stator and rotor

inductance
Tr Rotor time constant
Ts Sample time
M Magnetizing inductance

The associate editor coordinating the review of this manuscript and

approving it for publication was Chunlong He .

P Number of pole pair
Lls Stator leakage inductance
X1,Y1,U1 the state vectors of the system
w1,w2 the system noises
Q, R, and wu Covariance matrices of

the system, measurement, and input noise
kh, ke Hysteresis and eddy current coefficient

I. INTRODUCTION
Six-phase and five-phase machines are two usual types of
multi-phase machines that have several applications [1]–[4].
Increasing machine phases has several advantages, such as
higher redundancy and lower torque pulsation. Field-oriented
control (FOC) and direct torque control (DTC) tech-
niques are implemented for six-phase and five-phase
machines [7]–[11], which speeds up the application of the
multiphase machines. These methods cannot achieve good
performance in low-speed applications due to the speed mea-
surement difficulty and parameters variation. In low-speed
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applications, a suitable method is required to estimate param-
eters and speed [12]–[14].

The EKF is robust in estimating past, present, and future
states of nonlinear systems [25]–[28]. It can be used to esti-
mate various parameters and outputs while there are not any
sensors to measure. To estimate the parameters, some of the
system outputs are measured by sensors; then, the estima-
tion error is deduced and the Kalman filter coefficients are
improved. If the sensors are not accurate enough to mea-
sure some parameters, the EKF can be used to improve the
accuracy of the measurements [29]–[30]. The Kalman filter
and EKF have been used in many research works to estimate
motor parameters and outputs of servo systems [31]–[32].
Nowadays, with the increase in processing speed in DSP,
the online experiment of EKF has been rendered possible.
Induction motors have stochastic properties, so the EKF can
easily be used to model it. Also, it can be employed to control
machines when they are used at low speeds or the machine
parameters are changed. Other estimators are used to estimate
the parameters of induction machines [33]–[36].

When a motor operates at a low speed or light load, the sys-
tem will demonstrate very low efficiency. It is, therefore,
essential to use an appropriate method to improve efficiency.
The proposed method should be useful at all speed ranges,
especially at low-speed ranges. Typically, the efficiency
improvement methods of electrical machines are divided into
two general categories: loss model control (LMC) [15]–[21]
and search control (SC) [22], [23]. Although the SC method
is independent of machine parameters, it is time-consuming
to implement. Therefore, the SC method cannot be used in
highly dynamic applications. In contrast, the LMC technique
is relatively fast to implement in a real-timemanner; thus, it is
suitable for highly dynamic cases, but it depends on machine
parameters and offers high computation speed. It is of the
practical significance to employ an appropriate method to
estimate motor parameters and to improve the LMC method
performance. Efficiency improvement of six-phase induction
machines has been dealt with in some research papers [23]
and [37]. The efficiency improvement method considering
highly dynamical applications and all speed ranges of the
six-phase induction motors has rarely been reported before
to the best knowledge of the authors.

This paper aims to improve the efficiency of a six-phase
induction machine (6PIM) in all speed ranges with highly
dynamical applications. The EKF is employed to estimate
the parameters and states of the motor, which is needed by
the LMC to improve the efficiency of the system in the
light load conditions. The efficiency improvement method is
based on the sensor-less field-oriented control (FOC) frame-
work for 6PIM. The advantage of EKF is not only estimat-
ing the speed in the low-speed range with high precision
but also estimating the variant parameters, like resistance,
to achieve better robustness performance. The innovation of
this paper is extending a simple EKF model for 6PIM to
achieve high efficiency using the LMC-based FOC of the
motor.

In the rest of this paper, a six-phase induction motor mod-
eling and field-oriented control of a 6PIM are first deduced,
and EKF modeling of the 6PIM is described in Section II.
A suitable loss model control of the 6PIM using the param-
eters estimated by the EKF is explained in Section III.
Finally, extensive simulation results and experiment results
are given to validate the correctness of the analysis and the
effectiveness of the proposed methods in all speed ranges
in Section IV.

II. SIX-PHASE INDUCTION MOTOR MODEL
A. MODELING AND FOC OF MOTOR
The Vector space decomposition (VSD) method is a popular
method in the modeling 6PIMs [1]. The technique has been
used in several papers as it is simple and suitable for the
controller design of 6PIMs. Using this method and applying
6∗6 matrices, the six-phase voltage, current, and flux equa-
tions are transformed into three subspaces. These subspaces
are named (d− q) , (z1 − z2) , and (O1 − O2).
The FOC of the 6PIM is implemented in the (d− q) sub-

space and the references of the other current subspaces are
set to zero. The 6PIM model using the VSD method in that
subspace is given below:

−→
Vs = Rs

−→
Is +

d
−→
9s

dt
+ jωe

−→
9s, (1)

0 = Rr
−→
Ir +

d
−→
9r

dt
+ jω′e

−→
9r , ω

′
e = ωe − ωr ,

Te = 1.5
PM2

Lr
idsiqs = KTeidsiqs,KTe = 1.5

PM2

Lr
(2)

According to [32], the dynamic model of the 6PIM in the
(α − β) subspace can be given as:{

Xo1 = Ac1 (x)+ Bc1U1 + w1,

Y1 = Cc1X + w2
(3)

X1 = [Isα Isβ 9sα 9sβTl ωrRs],Y1 = [Isα Isβ ],
U1 = [usα usβ ],

(4)

where X1, Y1, and U1 are the state vector of the system,
the measured parameter of the motor, and the input vector
in the (α − β) subspace, respectively. All noises of the drive
system and measurement equipment in that subspace are
modeled with w1 and w2.

Ac1 (x) =



A11 −ωr A13 A14ωr 0 0 0

ωr A22 A23ωr A24 0 0 0

−Rs 0 0 0 0 0 0

0 − Rs 0 0 0 0 0

−kTψsq kTψsd 0 0 0 A56 0

0 0 0 0 0 0 0

0 0 0 0 0 0 0


(5)
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in which

A11 = A22 = −(
Rs
σLs
+

Rr
σLr

), A13 = A24 =
Rr

σLsM
,

A14 = −A23 =
ωr

σLs
, kT =

3
2J
, A56 =

−2
JP

A21 = −A12 = ωr , σ =
LsLr
M2 (6)

Bc1 =


1
σLs

0 1 0 0 0

0
1
σLs

0 0 0 0


Cc1 =

[
1 1 0 0 0 0

]
(7)

The machine model in the (z1 − z2) subspace has only copper
loss and it is modeled as follows:

Vsz1 = RsIsz1 + Lls
d
dt
Isz1

Vsz2 = RsIsz2 + Lls
d
dt
Isz2

(8)

A dynamic model of the 6PIM in the (z1 − z2) subspace is{
Xo2 = Ac2 (x)+ Bc2U2 + w′1
Y2 = Cc2X + w′2

(9)

X2 = [Isz1 Isz2 Rs],Y2 = [Isz1 Isz2]

U2 = [usz1 usz2] (10)

in which X2, Y2, and U2 denote the state vector of the system,
the measured parameter of the motor and the input vector in
the (z1 − z2) subspace, respectively. All noises of the drive
system and measurement equipment in that subspace are
modeled with w′1andw

′

2.

Ac2 =


−
Rs
Ls

0 0

0 −
Rs
Ls

0

0 0 0

 , Bc2 =


1
Ls

0

0
1
Ls

 ,
C2 =

[
1 1

]
, (11)

A discrete model of the motor is needed for the DSP-based
digital control of the motor. The discrete model of the 6PIM
is deduced by discretizing the state vectors. If the sampling
time is Ts, the discrete state vector in the (α − β) subspace
will be as below{

x1 (k) = Ad1(x1)x1 (k)+ Bd1 (k)+ w1(k)
y1 (k) = Cd1 (k)+ w2 (k)

(12)

in which Ad1 (x1) = Ac1 (x1)Ts + I7∗7,Bd1 = Bc1Ts,
Cd1 = Cc1
Also, the discrete state vector in the (z1 − z2) subspace is:{

x2 (k) = Ad2(x2)x2 (k)+ Bd2 (k)+ w′1(k)
y2 (k) = Cd2 (k)+ w′2 (k)

(13)

in which Ad2 (x2) = Ac2 (x2)Ts + I3∗3,Bd2 = Bc2Ts,
Cd2 = Cc2

B. EKF MODELING OF 6PIM
When the speed is low, the accuracy of speed sensing and
calculation is decreased to a great extent. The EKF is a
powerful estimator in this case. The EKF model of the
6PIM is given by recursive equations as below:

P (k) = Ad−d
(
x̂ (k)

)
Ph (k)ATd−d

(
x̂ (k)

)
+Bd−d (u(k))wu(k)BTd−d (u(k))+Q(k) (14)

Ph (k + 1) = P (k)−P (k)CT
d (k) (Cd (k)P (k)C

T
d (k)

+R)−1Cd (k)P (k) (15)

x̂h (k + 1) = Ad
(
x̂
)
x̂ (k)+BduT (k)

+Ph (k+1)CT
d (k)R

−1(Y
′

y−Cd (k) x̂ (k) )

(16)

in which

Ad−d (
_x(k)) =

∂ Ad (
_x(k))

∂
_x(k)

, Bd−d (u(k)) =
∂ Bd (u(k))
∂ u(k)

where three covariance matrixes (Q, R, and wu) are used
to model the system, measurement, and input noise of the
system. These equations are run recursively to decrease the
estimation error.

III. LOSS MODELING OF MACHINE
Electrical and mechanical losses are two parts of a drive
system. The motor loss decreases the system efficiency and
causes the motor temperature to increase. The loss in the
machine not only increases the power consumption of the
machine but also reduces the operating life of the motor. Elec-
trical motors are designed to have maximum efficiency near
the nominal conditions. If a motor load or speed is less than
the nominal ones, the motor loss increases. An appropriate
method can increase machine efficiency in light load condi-
tions. Previous papers have generally focused on increasing
efficiency only under light load conditions, and low speed
and light load condition has not been addressed. To this end,
a suitable model is used to model the motor losses according
to [14].

The total loss of a 6PIM, including stator and rotor copper
losses, rotary power loss, and core loss, can be calculated as
below [37]:

Ploss =
1
2

[
Rs
(
i2ds + i

2
qs

)
+ Rr (

Lm
Lr
iqs)2

]
+Pcore + kmω2

r (17)

Pcore = khweM2I2sd + kew
2
eM

2I2sd
= pc1 + pc2I2sd + pc3I

−2
sd

pc1 = (kh + 2keωrm)
Te
k ′Te

M2, k ′Te = kTeTr

pc2 = (kh + keωrm)M2ωrm

pc3 =
keT 2

e

k ′Te
(18)
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FIGURE 1. The diagram of the EKF based on efficiency improvement in a
FOC six-phase induction motor.

From (2), (17), and (18), the total loss is calculated as:

Ploss = (Ai2ds + B
1

i2ds
+ C) (19)

where:

A = pc2 + 0.5Rs,

B = (Ke +
1

2K ′Te
+ Rr

L2m
L2rK

′
Te
)
T 2
e

K ′Te
,

C = pc3 + kmω
2
rm +

1
2

(
Rs |isz|2 + Rr |irz|2

)
If the temperature of the machine is increased during the
working process, the stator and rotor resistance will be
changed. Thus, the loss model control of the machine has
many errors. According to Figure 1, the loss model of the
machine is calculated from the parameter estimation of the
EKF estimator.

P̂loss = (Âi2ds + B̂
1

i2ds
+ Ĉ) (20)

in which Â, B̂, Ĉ, R̂s, R̂r , ω̂2
r represent the estimated parame-

ters of the EKF estimator and are defined as below:

Â = p̂c2 + 0.5R̂s, p̂c2 =
(
kh + keω̂rm

)
M2ω̂rm

B̂ =

(
Ke +

1

K̂ ′Te
+ R̂r

L2m
L2r K̂

′
Te

)
T̂ 2
e

K̂ ′Te

Ĉ =
keT̂ 2

e

K̂ ′Te
+ kmω̂2

rm +
1
2
(R̂s |isz|2 + R̂r |isz|2)

The estimated power differential efficiency optimization of
the machine is as below:

∂Ploss
∂ids

= 0⇒ Î∗ds =
4

√
B̂

Â
(21)

which can be used in Figure 1 to achieve efficiency
improvement.

IV. SIMULATION AND EXPERIMENTAL RESULTS
In this section, the EKF modeling of a 6PIM at low and
high-speed is first shown in Figure 2. In these simulations,
the motor speed reference is 1 rad/sec at low speed and
90 rad/sec at high-speed. The EKF algorithm is active and
estimates all states. According to this Figure, the load is
varied at 1.25 sec to 2 N.m at t = 1.25 sec and then
to 1.25 N.m at t = 2.5 sec. Also, the stator resistance is
changed from 15� to 25� at t= 3 sec, but the EKF algorithm
can estimate these variations.

The simulation is run with and without the LMC algorithm
and the results are shown in Figures 3 and 4, respectively.
In these figures, the EKF modeling of a 6PIM is active in
high-speed and the motor speed reference is 130 rad/sec and
load torque is varied. According to results, the load is varied
at t = 1.25 sec to 3 N.m and then to 1.25 N.m at t = 3 sec.
In figure 3, the LMC algorithm is inactivated and efficiency
is low at all load torques. In figure 4, the proposed optimiza-
tion algorithm is activated after 0.3 sec; thus by changing
the load of the 6PIM, the motor currents are varied to the
optimal value. Efficiency, input power, motor currents, motor
speed, and load torque in the proposed loss model control
method are shown in Figure 4(a)–(f). The comparison of
Figures 3(a) and 4(a) shows the advantage of the proposed
method to improve the efficiency of the 6PIM. According to
Figures 3(a) and 4(a), after running the optimization algo-
rithm, the motor efficiency is changed from 13% to 38%.
Also, the proposed method increases the motor efficiency
from 63% to 64.5% and from 43% to 58% when the load
torque is 3 N.m and 1.25 N.m, respectively.

In Figure 5, the LMC is added to the EKF model of
the 6PIM at low speed and the efficiency is improved.
This Figure illustrates the performance of the pro-
posed algorithm at low speed and load variations. The
proposed algorithm is run at 1 second. After running the
optimized algorithm, the stator current in the d-axis is
changed to the optimal value. while the optimization algo-
rithm is off, the load torque is changed to 0.5 N.m
at 2.5 econd. The optimization algorithm is run again at
t = 3.5 second while the optimization algorithm is off from
t = 5 sec to t = 6 sec, the load torque is changed at 5 sec.

The optimization algorithm is run again at t = 6 second
and efficiency is optimized as depicted in Figure 5(a). Also,
this figure shows the efficiency improvement, input power,
current in the (α − β) subspace, rotor flux, load torque, and
motor speed in the LMC of the FOC of the 6PIM. The
experimental results of the proposed method at a high-speed
are displayed in Figure 6. The motor speed is 100 rad/sec and
the motor load is 0.5N.m which is changed to 1.5 N.m at
t = 1.7 sec. The proposed efficiency improvement algo-
rithm is run at t = 0.8sec and is active until t = 1.7sec.
Then, the efficiency improvement is deactivated and run
at t = 2.3sec again.
Also, the stator resistance is varied from 15 � to 18 �

at t = 2.7sec. According to the results, the proposed algo-
rithm is active after stator resistance variation and optimal
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FIGURE 2. The EKF modeling of a six-phase induction motor at a) low-speed, b) high-speed.

FIGURE 3. The simulation results in high-speed conditions without the loss improvement algorithm, a) efficiency, b) input power, c) current
in the (α − β) subspace, d) d-axis and q-axis current, e) load torque, and f) speed.

efficiency is obtained. Also, the experimental results at low-
speed are shown in Figure 7. The motor speed is 1.8 rad/sec
and the motor load is varied at t = 2.4 sec. The proposed
efficiency improvement algorithm is run at t = 0.8sec and

is active until the load change. Then, the efficiency improve-
ment is deactivated and run at t = 3.4 sec again.

Besides, the stator resistance is varied from 15� to 18� at
t = 3.9 sec. According to the results, the proposed algorithm
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FIGURE 4. The simulation results in high speed conditions without the loss improvement algorithm, a) efficiency, b) input power, c) current in
the (α − β) subspace, d) d-axis and q-axis current, e) load torque, and f) speed.

FIGURE 5. The simulation results in low-speed conditions with the loss improvement algorithm, a) efficiency, b) input power, c) current in the (α − β)
subspace, d) rotor flux e) load torque, and f) motor speed.

is active at all speed ranges and can minimize the power loss
very fast. In addition, the proposed method is independent of
parameter variations and optimal efficiency is obtained with
parameter variations.

The proposed technique to improve efficiency has been
developed and tested in an experimental set-up. The structure
of the implemented hardware is illustrated in Figure 8. The
test-bench is composed of a 6PIM and load. This machine
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FIGURE 6. The experimental results of LMC of a six-phase induction motor by EKF at a high-speed and when Rs is changed, a) efficiency, b) stator flux, c)
torque, d) estimated load torque, e) estimated Rs, and f) estimated ψsβ .

FIGURE 7. Results of LMC of a six-phase induction motor by EKF at a low-speed, a) load torque, b) estimated stator flux amplitude, c)
estimated speed, d) estimated load torque, e) estimated efficiency, and f) estimated ψsβ .

is fed by a six-phase DC-AC VSI. The 6PIM is made of a
three-phase induction motor by rewinding the stator as an
asymmetrical structure. The motor specification parameters
are shown in Table 1.

To perform the 6PIM closed-loop vector control, the
six stator phase currents are sensed using LEM current
sensors. Four current sensors are used to measure
the phase currents of VSI. The outputs of sensors
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FIGURE 8. The experimental setup.

TABLE 1. Motor specifications.

are digitized using six 12-bit A/Ds in the TMS
board.

TMS3206713 is a floating point processor with 225 MHZ
clock time that can execute real-time algorithms.
Tms320F2812, which is a fixed point microcontroller, has
favorable performance in motor control by useful peripherals.
If the control and estimation algorithms are implemented in
one DSP board, the execution time and sampling time will
be large. To reduce sampling time, the control algorithm is
implemented in EZDSP2812 board and the EKF algorithm is
implemented in the DSK6713 board.

For the high-speed interface of two DSP boards, a parallel
interface is used. To this end, an HPI port in DSK6713 is
connected to P2 (XINTF) in EZDSP2812. The host port
interface (HPI) is a parallel port in DSK6713 for rapidly
sending and receiving data. The host processor can directly
access the CPU memory space by the HPI port.

The proposed loss model control method has been
compared with other power loss minimization strategies.
Table 2 summarizes the improvements caused by some
of the methods available in the literature. In this table,
the announced results are the average values for load torque,
efficiency before loss minimization, and efficiency after loss
minimization methods with different load torques.

According to table 2, the proposed loss minimization
method has a good response in low load conditions than
other methods. Also, if the stator resistance is varied the
proposed method can estimate the optimal current very well.
Compare of efficiency improvement of various methods
with 30% stator resistance variations are shown in Table 3.
According to the results, the proposed method has the

TABLE 2. Compare of efficiency improvement of various methods
without parameter changes.

TABLE 3. Compare of efficiency improvement of various methods with
30% stator resistance variations.

best response in various loads. If motor parameters are
changed without parameter estimation, the motor efficiency
is decreased.

V. CONCLUSION
The EKF loss model control of a 6PIM presented in this
paper gives optimal efficiency at all speed ranges. Accord-
ing to the results, the proposed method is active under load
variations and the variations of parameters. If the motor
speed is low, the proposed method estimates the speed and
optimal flux to reduce the loss and improve efficiency.
Also, the proposed method is fast and can estimate machine
parameters and motor loss online. The proposed method is
independent of parameter variations and optimal efficiency
is obtained with parameter variations. This technique has
some the advantage against the usual efficiency improvement
methods. This method is as fast as the LMC method and
the proposed method is independent of motor parameters
like the SC techniques. The performance of the proposed
method is proven with simulations and experimental results
perfectly.
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ABBREVIATIONS
EKF Extended Kalman filter
LMC Loss model controller
FOC Field-oriented control
DTC Direct torque control
SC Search control
6PIM Six-phase induction machine
VSD Vector space decomposition
VSI Voltage source inverter
HPI Host port interface
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