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Abstract—Multi -phase ac motor drives are nowadays
considered for various applications, due to many
advantages that they offer when compared to three-
phase motors. Cancellation of mechanical position or
speed sensors at the motor shaft have the attractions for
adjustable speed drives of induction motor to reduce the
cost and increase the reliability. To replace the sensor,
information of the rotor speed is extracted from
measured stator currents and voltages at motor
terminals. This paper investigates speed estimation
method using model reference adaptive system (MRAS)
to improve the performance of a sensorless vector
controller of six-phase induction motor (IM). In the
proposed method, the stator current is used as the state
variable to estimate the speed. Since the stator current
error is represented as a function of the first degree for
the error value in the speed estimation, the proposed
method provides fast speed estimation and is also, more
robust to variations in the stator resistance, compared
with other MRAS methods. Consequently, this method
can improve the performance of a sensorless vector
controller in a low speed region and at zero-speed. The
proposed method is verified by simulation using the
Matlab/Simulink package. The performance of the
proposed system is investigated at different operating
conditions. The proposed controller is robust and
suitable for high performance six-phase induction motor

drives. Simulation results validate the proposed
approaches.
Keywords— Six-phase induction motor, speed

sensorless control, field oriented control
Nomenclature

V : Stator voltage

Rs : stator phase resistance (ohm)

d,q : direct and quadrature stator axis

Ld, Lq : direct and quadrature axis inductances (H)
Tl : load torque (N.m)

J : inertia of motor (Kg.m2)

B : friction coefficient (N.m.s/rad)

o : component along the stationary o, —axis

B : component along the stationary B —axis

v : Flux linkage

l. INTRODUCTION

Multi-phase induction motor offer several advantages
compared to conventional three-phase motor. Some
of the advantages are reducing the amplitude and
increasing the frequency of torque pulsations,
reducing the rotor current harmonics, reducing the
stator current per phase without increasing the voltage
per phase, This allows the requirements for capacity of
the motor and inverter semiconductor elements to be

reduced. lowering the dc link current harmonics, fault
tolerance, reduced power switch rating etc. By
increasing the number of phases it is also possible to
increase the power/torque per rms ampere for the
same volume machine. Multiphase induction motors
allow greater reliability of the drive systems to be
ensured because they may be conditionally operated at
failure of one or more stator phases. Applications
involving high power may require multiphase
systems, in order to reduce stress on the switching
devices. [1-7].

In many publications about position and sensorless
control methods of the multiphase induction motors.
Most researches are based on the Field-Oriented
Control and Direct Torque Control,[8-13] .Each
method presents its respective advantages and
disadvantages. Both, Extended Kalman Filter (EKF)
[14], and Model Reference Adaptive System (MRAS)
[15-20], based methods give robust speed and flux
estimates but they are complex in implementation.
Sliding mode observers [21] is used to estimate rotor
flux, rotor time constant and motor speed. These
observers have robustness and parameter insensitivity.
But, they need fast execution and high switching rate.
To overcome the disadvantages associated with above
model-based schemes, machine saliency and high
frequency voltage signal injection have been used .
They increase the complexity of the system and
require a high precision measurement. In other
publication a hybrid between two different schemes .
All these methods aim to achieve parametric
robustness and wide range of speed estimation.

In this paper, an indirect rotor field oriented based
speed estimation using model reference adaptive
system (MRAS) control for high performance
induction motor drive is proposed. The proposed
method can provide fast speed estimation and is also
more robust to variations in the stator resistance. The
proposed MRAS method improves the performance of
a sensorless vector controller in a low speed region
and at zero-speed. The effectiveness of the proposed
method is tested at different operating conditions.
Simulation results are presented and discussed. The
paper is organized as follows, section Il presents the
description of mathematical model of the system
under study. In section Ill, the proposed MRAS speed
estimation technique is introduced. The simulation
results are explained in section IV and finally section
V introduced the results discussion and conclusions
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Il. SYSTEM DESCRIPTION AND MATHEMATICAL MODEL

The control scheme of six- phase induction
motor drive consists of the modelling of the six-phase
IM, speed estimation, inverter, and an indirect rotor
field oriented control of six-phase IM, which are
discussed in the following subsections:

A. Indirect rotor field oriented control

The theory of indirect field oriented control is
applied for the Six-phase induction motor. The
application of the wvector control scheme to such
arrangement is simple, and can provide fast-decoupled
control of torque and flux. In Fig.(2), the estimated

motor speed, @,, is compared to a command speed,

o’, and the error signal is processed by the PI
controller, to generate the torque-component current
command I4*. The flux-component current command
I4* is calculated according to adopted control strategy.
The two current command components are then
transformed with the help of rotor position (for angle
) to six phase current commands iy, iy i¢ ,ig ,ie and i
in the stationary reference frame . The torque
producing current component is calculated from:
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Where, 7 is the rotor time constant and "”;r is the

direct-axis rotor flux. The angular frequency is
obtained as follows,

+ w, @)

* *

a)e = a)sl

Og = Jeg dt )

8) Te =K |vg |18s
(6)
Equation (6) is similar to that of the separately excited
dc motor and denotes that the torque can initially
proportional to the quadrature component of the stator

current, 'Zfs' if the g°-axis component of the flux

becomes zero (d®-axis is aligned with the rotor flux
axis), and the d°-axis component ‘”Slr is kept

constant. This is the philosophy of the vector control
technique. The axis transformations from rotating to
stationary reference frame used for the present work
are expressed as follows;

i | [cosd, sing, |lig )
i | | -sing, cos, ||i&

where 93 represents the sum of the slip and rotor
angles.
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These current commands are then compared to the
actual motor currents by hysteresis current controller
to generate the logic pulses for the six phase inverter
switches.

The modulated phase voltages of six-phase inverter
fed six-phase induction motor are introduced as a
function of switching logic NA, NB, NC,ND,NE and
NF of power switches by the following relations:

vl _[NA
5 -1 -1 -1 -1
v, NB
y v -1 5 -1 -1 -1 NG
s _Yael 1 15 -1 -1 %)
v, | 6 ND
-1 -1 -1 5 -1
Vi NE
-1 -1 -1 -1 5
v, - I NF

'I_'he per-phase switching state having a range of N =0
orl

B. six-phase Induction Motor Model

Squirrel-cage  six-phase induction motor s
represented in its d-q synchronous reference frame.
The winding axes of six-stator winding are displaced
by 60 degrees. By increasing the number of phases, it
is also possible to increase the torque per ampere for
the same machine volume. In this analysis the iron
saturation is neglected. The general equations of the
six-phase induction motor can be introduced as
follows:

The stator voltages equations is given by:

- dy
Vi =Ryig + dtq + O, (10)
V, =R, erd%Jra)rg//qS 11)

For the stationary reference frame ® = 0, substitute
into Equations (1) and (2) yields:

d

Vy =Riig + & (12)
dt

v%=Rg“+9%£ (13)
dt

The stator linkage is given by:
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Where, L =L, +L,
The electromagnetic torque is given by:
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1. SPEED ESTIMATION BASED ON MRAS

Estimation of rotor speed based on motor voltage
and current instead of using encoder introduced many
advantages such as, suitable for hostile environments,
including temperature ,Transducer cost avoided
,reduced electrical noise, increased reliability and
robustness and fewer maintenance requirements.
Model reference adaptive system (MRAS) based
Algorithm are one of the best techniques used to
estimate the rotor speed of induction motor due to
fewer computation requirement compared with other
methods and design simplicity.. Model Reference
Adaptive Systems (MRAS) techniques are applied in
order to estimate rotor speed. This technique is based
on the comparison between the outputs of two
estimators. The outputs of the two estimators may be
rotor flux, back e.m.f., motor reactive power or stator
current. The estimator that does not involve the rotor
speed (w,) is considered to be the reference model
(voltage model.).And the other model is considered to
be the adjustable model (current model). The error
between the estimated quantities by the two models is
used to drive a suitable adaptation mechanism which
generates the estimated rotor speed; w, to be used in
the current model was developed . In this paper, the
speed observer depends on the MRAS using stator
current and rotor flux as state variable[20,21]. This
algorithm shown in Figure 1. The stator current is
estimated as;

Sa

d i, {—ai 0 4 —agwr} il L [vsal(ls)
defi, | L0 -& -a0, & [y, | oL [Vy

l//sﬂ
1l. WHERE,
1l. D;=1-(Ly2/Ls*Ly);
(Re*Ly2)/L1N2))

a2=(1/Dy*Lo)*((Rr*Lm)/L"2), a3=(1/D1*Ls)*(Lw/Ly)

and, t=(L/R,)
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Also, the rotor flux is estimated as follow:

L, 1 oo
-/ 0 = -o|.
d_|:V/ra:|_ Tr Tr Isﬁ (19)
dt V/r/i O L_m a)r _i l//ra
Tr Tr l//r/i
The difference in the stator current is obtained as
Ai
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Multiplying by the rotor flux and adding them
together, we obtain the error of the rotor speed;

2 _&)r = {(isa - iﬁsa)Wrﬂ + (I sp i:ﬁ)l//ra} (21)

This error is used to drive Pl controller which
generates the estimated rotor speed;

_ Ko\ - -
w=(kp+?){(Isa_ISa)l//rﬂ+(|sﬂ_lsﬂ)‘/jra} (22)

This method gives good performance especially at
low speed due to absence of derivative operator and,,
also, it has many advantages like , simple calculations
with low computation time ,fast convergence and

robustness.
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Fig. 1 MRAS speed estimation scheme

IV. SIMULATION RESULTS

The proposed control system shown in Fig. (2) is
designed for a simulation investigation. Simulation is
carried out using the general purpose simulation

Al=(1/D,*L)*(RBackage Matlab/Simulink [22].
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Fig. (2) Block Diagram of the Proposed Speed Control System

Simulation results are presented to show the
effectiveness of the proposed scheme at different
operating conditions. These results are classified into
two categories; the first ensures robustness of the
system against stator resistance variation, , while the
second represents the dynamic response performance
of the system.

CASE 1 : ENSURE THE ROBUSTNESS OF THE SYSTEM
TO THE STATOR RESISTANCE VARIATION

The simulation result for this is illustrated by Figs.
3 and 4 Figure 3.a shows the variation of motor
estimated speed from start-up to the steady state speed
(150 rad/sec), which is reached after about 300 m sec,
whereas Figure 3.a shows measured speed signal
whares, Fig.3b shows its estimated corresponding
signal These results show a good correlation between
the estimated speed signal and its corresponding
measured. In the two figures, signals are almost
correlated from start-up point up to the steady state
value, which is reached after about 300 m sec. Fig.3.c
shows the error between the real motor speed and the
estimated one when the stator resistance is 100% of its
nominal value, that is, 5.66 Q, whereas fig.4.d shows
the speed error when the stator resistance was
increased to 135%, that is, from 5.66 to 7.641Q. As
shown in Fig. 3c and d, the speed estimation error of
the proposed method is constant at 0.5 rad/sec. It's a
small value. Hence, the proposed method is robust to
stator resistance variation.

To study the estimation algorithm at zero and low
speed, the motor is subjected to speed reversal in the
speed command to evaluate its the performance. At
t=1.5 second the motor speed command is reversal
from 150 rad/sec to -150 rad/sec. Figure 4a and b
shows the motor speed signals corresponding to this
changes. It can be seen that the motor speed is
accelerated smoothly with nearly zero steady state

error in both direction. Figure 4.a shows measured
speed signals whereas, Figure 4.b shows the estimated
speed signal. These results show a good correlation
between the estimated speed signal and its
corresponding measured during speed reversal. This
result is of special interest since it passes the low and
zero speed and preserves good speed estimation which
verifies the effectiveness of the proposed MRAS to
estimate the motor speed. Fig.4.c shows the speed
error when the stator resistance was increased to
135%, that is, from 5.66 to 7.641Q. As shown in Fig.
4c , the speed estimation error of the proposed method
is constant at 0.5 rad/sec in both direction. This value
ensures the robustness of the proposed speed
estimation method to stator resistance variation.

CASE 2 : DYNAMIC PERFORMANCE

For studying the dynamic performances of
proposed system, a series of simulations have been
carried out. In this respect, the dynamic response of
the proposed speed estimation algorithm is studied
under speed step up change under full load condition
and load impact.

1-SPEES STEP CHANGE FROM 100 TO 157
(RAD/SEC)

To study the dynamic response of the control
system due to speed step up change , the motor is
subjected to speed step up change in the speed
command from 100 rad/sec to 157 rad/sec At t=1.5 to
evaluate its the performances. Figure 5a shows the
motor speed signals measured and estimated with
speed reference corresponding to this changes. It can
be seen that the motor speed signals is accelerated
smoothly with nearly zero steady state error . These
results show a good correlation between the estimated
speed signal and its corresponding measured during



speed step up change. The motor phase current signals
and developed torque corresponding to this speed step
up change are shown in Figs. 5b and ¢ respectively.it
is noted that the frequency of motor phase currents
increases with speed step up and the value of current
is constant because the load is constant. Figure 5d
shows the g-axis stator current it takes the same shape
of motor torque where 5e¢ shows the d-axis stator
current it is a constant value. Figure 5f and g show d
and q axis rotor currents. It is noted that the g-axis
rotor current equal zero. These results ensure the
effectiveness of the proposed system and shows good
behaviour with speed step change response.

2. LOAD IMPACT (CHANGE FROM NO-LOAD TO
15N.Mm)

The ability to withstand disturbances in IM control
system is another important feature. A step change in
the motor load is considered as a typical disturbance.
A high performance control system has fast dynamic
response in adjusting its control variables so that, the
system outputs affected by the load impact will
recover to the original status as soon as possible.

the motor is subjected to load impact from no load
to 15Nm at t=1. Sec. Figure 6a shows the motor
speed signals measured and estimated with speed
reference corresponding to load impact. It can be seen
that the motor speed signals is decelerated and
recover to its original value with acceptable time with
nearly zero steady state error . These results show a
good correlation between the estimated speed signal
and its corresponding measured .The motor phase
current signals and developed torque corresponding
to load are shown in Figs. 5b and c respectively.it is
noted that the value of motor phase currents increases
with load impact and the frequency of current is
constant because the speed is constant. Figure 5d
shows the g-axis stator current ,where 5e shows the d-
axis stator current. Figure 5f and g show d and g axis
rotor currents. These results shows good load
disturbance rejection of the proposed system
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V.CONCLUSION

This paper presents a robust rotor speed estimation method
using MRAS to improve the performance of a sensorless
vector controller of six- induction motor. The effectiveness of
the proposed speed estimation algorithm has been investigated
under dynamic and steady-state operation. A good correlation
between simulated and estimated speed signals has been
obtained under different operating conditions. Also, the
proposed speed estimation method gives special interest since
it passes the low and zero speed and preserves good speed
estimation and it is robust to variations in the stator resistance.
The results show the effectiveness and robustness of the
proposed speed estimation procedure. As a result, the
proposed method can produce an excellent speed estimation
performance in a low speed region and at zero-speed
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Appendix
Motor Parameter
No. of poles 4
Stator resistance 5.66 ohm
Rotor resistance 2.125 ohm

Rotor leakage inductance  0.01344 H
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Stator leakage inductance ~ 0.01344 H

Mutual inductance 0.32H
Supply frequency 50 Hz
Motor speed 1500 r.p.m.
Supply voltage 380 volts

Inertia 0.0015 kg.m2




