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Abstract—Multiphase Induction Machine (IM) is normally
controlled using rotor field oriented vector control. Under phase(s)
loss, the machine currents can be optimally controlled to satisfy
certain optimization criteria. In this paper we discuss the
performance of double manifold sliding mode observer (DM-SMO)
in Sensorless control of multiphase induction machine under
unsymmetrical condition (one phase loss). This observer is
developed using the IM model in the stationary reference frame. DM-
SMO is constructed by adding extra feedback term to conventional
single mode sliding mode observer (SM-SMO) which proposed in
many literature. This leads to a fully convergent observer that also
yields an accurate estimate of the speed and stator currents. It will be
shown by the simulation results that the estimated speed and currents
by the method are very well and error between real and estimated
quantities is negligible. Also parameter sensitivity analysis shows
that this method is rather robust against parameter variation.

Keywords—Multiphase induction machine, field oriented
control, sliding mode, unsymmetrical condition, manifold.

1. INTRODUCTION

NDUCTION MACHINES (IM) are widely used in industry.
They have a simple and robust rotor construction and offer
high efficiency, low cost and maintenance. In torque control,
the dynamic requirements are satisfied often by field oriented
control. In applications where accurate speed or torque control is
required, the IM is usually fed by a three-phase inverter and is
controlled using field-oriented methods (vector control). Field-
oriented control allows accurate control of the motor torque and
speed and is preferred over scalar (V/Hz) control. The most
popular method for IM vector control is based on rotor field
orientation. To implement the rotor field-oriented control
scheme, the angle of the rotor flux is required. It is typical to
estimate the angle of rotor flux of the IM model using an
observer. Many such observer designs are available [1]-[10].
Depending on the approach, these are obtained using linear, non-
linear or sliding mode (SM) design methods and perform state or
state and speed estimation. Some methods combine estimation
with adaptation [2], whereas others also involve parameter
estimation [2]. A separate class is that of SM observers (SMOs)
[2]-[3], [5], [10]; in this case, the estimation is done using
discontinuous feedback terms. The SM motion may be enforced
on single or multi-dimensional manifolds—SM methods allow for
order reduction and provide

robustness to uncertainties.

Nowadays, high power electric machine drive systems which
control multiphase induction machine by field oriented method,
have many application such as those found pumps, fans,
compressor, rolling mills, cement mills and mine hoists just to
name a few. In multi-phase drive systems, the electric machine
has more than three phases in the stator and the same numbers of
inverter legs are in the inverter side. So the current per phase in
the machine and inverter is reduced. The most common multi-
phase machine-drive structure is the symmetrical six-phase
induction machine (SPIM), which has two sets of three-phase
windings, spatially phase shifted by 60 electrical degrees.
Multiphase drive has many advantages over three phase drive.
One of these advantages is the improved reliability [1]. If one
phase is open-circuited due to a fault, the machine can still be
operated satisfactorily [1], in contrast to three-phase machines. In
many literature shows that most of the method that used for
control of three phase machine, can control symmetrical
multiphase induction machine very well. But some of these
methods haven’t good performance in unsymmetrical condition.

In this paper we show two type sliding mode observers which
can control unsymmetrical multiphase induction machine very
well. In the first part, an SMO based on a single compound
manifold is presented. It is shown in [2] that this observer does
not fully converge; despite that, it yields the correct fluxes and a
relatively accurate speed estimate. In the second part, the single-
manifold design is augmented with additional feedback terms and
this is transformed into a double-manifold SMO (DM-SMO). The
paper examines the properties of this design and shows that the
estimates converge and the speed obtained is fully accurate. This
paper is organized in seven sections. In the next section
dynamical model of multiphase induction machine under
symmetrical and unsymmetrical condition is presented. SM-
SMO and DMSMO are presented in sections three and four. In
sections five and six, simulation results and parameter sensitivity
analysis are shown. Some conclusions and perspectives will be
discussed in the last section.

II. MODEL OF MULTIPHASE INDUCTION MACHINE

A. Symmetrical Six Phase Induction Machine

The model of SPIM under normal conditions has been given
in [1]. The SPIM in the normal mode is a double-sixdimensional
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system (six stator and six rotor variables). It is shown in [1] that
the SPIM model can be decomposed into three double two
dimensional orthogonal subspaces, a-B, z;-z2, z3-z4+ by the
following transformation:
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In this matrix, y is the electrical angle between the two three
phase stator windings that is 60 electrical degrees. The decoupled
model is as follows.

1.Machine Model in a-p Subspace

The stator and rotor voltage equations are:
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with: Ls=Lis+M, Lr=L;+M, M=3L .
This model is similar to the three phase machine model in the
stationary reference frame.

2.Machine Model in z;-z, Subspace
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As it can be seen from these three subsystems, the
electromechanical energy conversion takes place only in a-
subsystem, and the other subsystems have not any
contribution in the energy conversion. The z;-z, and z3-z4
subsystems produce only losses, so they should be controlled
to be as small as possible. It can be concluded that the torque
and speed controller synthesis and analysis for six-phase
induction machines is almost the same as for three-phase
induction machines: it is done with the equivalent model in

a-f subspace.

B. Unsymmetrical Six Phase Induction Machine

In this section we open phase s; of machine. Whatever the
open phases are, the stator and rotor voltage equations can be

written as:
d
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+
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When the phase s; is opened, the current and voltage vectors
are:
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In these equations, [Rs], [Rs], [Lss], [Li], [Ls], and [Lys] are
matrices including the model parameters described in [1].
The drawback of this model lies in the coupled nonlinear
expressions of the inductance matrices. In order to obtain a
decoupled model, it is shown in [1] that two transformation
matrices are required. These matrices, so-called [Ts] and [T],
split the original model into two decoupled subspaces: o-3
subspace and z subspace. The first one represents the
electromechanical energy conversion subspace while the
other one gives only losses. The transformation matrix
decomposing the model given (6) into a-f subspace and z
subspace will be presented. The electromechanical energy
conversion takes place only in a-3 subspace which means that
the MMF produced by five stator phases is equivalent to the
MMF produced by two windings on the axes a and p with the
currents is, and igg respectively. These currents are defined by:
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When s; is opened and y = 60°, the matrices[a], [B], [Ts] and
[Te] are:
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By applying the transformation matrices [Ts] and [Ts] to the
model of machine, the following formulation is obtained:
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1.Equations in o-f Subspace and z Subspaces:
From (11), the decoupled SPIM model gives the stator and
rotor voltage equations:
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hsws Asp, Ao and A are respectively o-f components of the
stator and rotor flux described as:
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The stator voltage equations in z-subspace are:
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II1. SINGLE-MANIFOLD SM OBSERVER FOR IM SPEED AND
STATE ESTIMATION

The model of the induction motor in the stationary
reference frame can be rewritten as [2]:
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The parameters o, § and y are defined as:
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The equations of the single-manifold SM observer are:
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The speed estimate [ | ,is of the form:
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where @ is a constant design gain. The manifold S; is:

sO0i00% i

1 oo oo

(18)

In (16), the voltages v, and vg and currents i, and ig are
measured quantities. The mismatches are defined as:
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By subtracting (15) from (16), the mismatches are:
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To study the existence of the SM motion, s; is differentiated,
this gives:
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In (20), replace the derivatives from (16) and (19), the result
is:
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Note that in (21), the speed estimation @ rappears twice.
The term -B(A +X )o",2"* ", is very important. ‘Msuming that

A

this observer estimates the fluxes, -B(A +A )=-p A & & 2<0
Then, since this coefficient is reliable (non-zero and always
negative), with high wo, the term -p(A +A ) & @ ® sign(so1)

can be made as large as desired — this should enforce the SM
motion

on s;. On the other hand, the term -o (A i +A1)" . . sy may
be undesirable since the presence of a second switching term

on the right side of (21) could disturb the SM motion already
in place. However, if the observer converges or if the current

mismatches are small, the term(\ i +A i%,, ;) should be zero

or very small. By rewriting (21), this becomes:
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Since f cannot tend to infinity (f has a finite upper
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estimate), if (A 1 +A 1 )HBA A )>0%u e "w"p2  then,

the SM motion can be enforced on manifold s;. If the designs

gain o is

chosen to satisfy [ /[ [(A1+A1)+BA+L)>0 @ > f“aJ[s Ll a2 "p2

[ 0 the manifold and its derivative will have opposite signs

sxs <0

\As a result, the manifold is attractive and s;—0. After SM
occurs, s = 0 identically. It means that:
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From a theoretical point of view, s; = 0 does not necessarily

imply that i =0, and i- =0;. It can be conclude immediately that

s1 10 can be obtained with a set of non-zero fluxes and

current mismatches.

IV. DOUBLE MANIFOLD SM OBSERVER FOR IM SPEED AND
STATE ESTIMATION

The proposed observer is obtained by augmenting the
single-manifold observer (16) with additional feedback terms
—these are also switching terms [2]. The objective is to obtain
an observer that enforces the SM motion at the intersection of
the two manifolds. If SM occurs and both manifolds tend zero,
this may improve the estimation properties of (16). The
manifolds chosen are:

st ain0 0 qin (25)
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If SM can be enforced on these manifolds, then S;=0 and
S>=0. This is equivalent to:

Since  det(A)=-(A+A ) 200  (assuming that

the fluxes converge), (26) has unique solution:
o o0 Q7
Therefore, the current estimates of the observer are

guaranteed to converge. The equations of the observer are:
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where k is a design parameter. The switching controls are:
L% D o.sign(st) (29) u2 [ M.sign(s2)

By subtracting the original equations, the mismatches are:
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The two manifolds are differentiated, the derivatives are
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speed of the motor under fault condition operation of the
For S, the result is: motor which shows the good performance of the observer.
Fig. 3 shows the two manifold of the observer. As we can see
when sliding mode motion occurs two manifolds tend to zero.

el onnernne )’; I Fig. 4 shows real and estimated stator current of the motor.

The current estimates converge and the mismatches currents

~oyoroooo oy ok@ ooz 2w (32) nooooooooo  tend to zero as per (18). In the next test, we applied trapezoid
0oo(oooo

reference speed to the machine control algorithm. In this test

Note that the switching term uz does not appear in (31). The = We Wwant to examine the ability of the method in speed
expressions are rewritten as: inversion condition. F.ig. 5 shows that mismatch between
references, real and estimated speeds are zero.

0 P .
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By inspecting (31) and (32), the functions fi, f> are a 0 i i
L . . 0 0.1 0.2 0.3 0.4 0.5
combination of the estimates, the observer mismatches and t[s]

also involve the speed and the motor parameters. If the
estimates are finite, both functions have an upper estimate
(they do not tend to infinity). Based on (33), with high enough

current[A]

PPN
values for o and M assuming that A FA < g2 [ 0 the

switching terms on the right side of (33) will be such that:

AN o | | f200°2). 000 f Fig. 1 Running up test without any applied control
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5. 1000 :
As a result, the manifolds are attractive and s;—0, s,—0. = /
5 so0f e .
V. SIMULATION RESULTS "
In this section, a five-phase induction machine, with the 00 S 10 is
parameters given in Table I, is simulated to validate the double t[s]

manifold sliding mode observer. The simulation is carried out  ;
using Matlab/Simulink. Fig. 1 shows the machine speed
before applying vector control. It shows that the speed of
machine isn’t fixed and oscillates around 150 rpm without any
control where the nominal speed is 2800 rpm. Stator currents
of the machine in this case are completely unsymmetrical
because of unsymmetrical supply. In order to show the
behavior of the proposed observer in unsymmetrical operating
condition, two tests are considered. In the first test, the motor
is started towards a speed of 500 rpm and accelerates to 75%
upper speed at t = 6 s. The simulations of this observer
confirm the theoretical analysis. The SM motion occurs and
sl and s2 tends to zero. The estimated currents of the observer
tend to the real currents. Fig. 2 shows the real and estimated

—

g. 2 Real and estimated speed in acceleration test
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Fig. 6 Lm variation to half of rated value
=
2 The observer is implemented using the rated parameters
E while the machine is detuned: R, is increased up to double the
rated value; Ly is reduced to half its rated value (this
corresponds to a practical situation). Simulations show that
0.05 , the observer is rather sensitive to Ly, and is insensitive to R;.
La'}
= :
=] 0 1000
g : -
: £
5 i , __% 0
0% s 10 15 v
tle] -1000
100
E
£ 0
3 :
Fig. 4 Real and estimated current components in acceleration test 68 :

0 5 10 15
1000 : T t[s]

Fig. 7 R: variation to double of rated value

VII. CONCLUSION

- In this paper we discuss the performance and ability of
double manifold sliding mode observer in Sensorless control
of multiphase induction machine under fault condition. This
observer is a modification of single manifold sliding mode
_ observer which are discussed in many literature. Simulation
i oa_a_| results show that when sliding mode motion occurs observer
2 5:25 5.3  can estimate machine currents and speed accurately and
tl converge completely. On the other hand in speed inversion
test, this observer work very well and error between real,
estimated and reference speed is negligible. It is found that,
VI PARAMETER SENSITIVITY ANALYSIS under improper parameters, this observer is sensitive to the
variation of the magnetizing inductance and is quite robust to
the value of the rotor resistance.

21 5.i5 5

-

Fig. 5 Reference, real and estimated speed in speed inversion test

This section investigates the sensitivity of the observer to
the variation of the IM parameters. The variation of the rotor
resistance Ry and the magnetizing inductance L is considered.

.. . . . TABLE 1
Thf: Varlatlop of R  is not considered .(1f needed, R s can be PARAMETER OF SIMULATED MACHINE
estimated using stator-mounted thermistors).

1000 No. of poles
'E Rated output 90 W
-% 0 Rated voltage 42V
N Rated current 2.6A
-1000 Rated speed 2800 rpm
L] Rated torque 0.3 N.m

Stator resistance (Rs) 1.04 Q
Stator inductance (Ls) 0.0127 mH

Rotor resistance (Rr)  0.4107 Q
Rotor inductance (Lr) 0.0127 mH
Mutual inductance (M) 0.0115 mH

t[s]
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