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Abstract—This work relates to the study of direct
torque control based on space vector modulation applied
on five-phase induction machine. It is well established that
the conventional direct torque control using hysteresis
comparators suffers from high torque ripples and variable
switching frequency. The most common solution to those
problems is the use of space vector modulation. In the
other hand, this paper aims also to design an extended
Kalman filter observer for speed/flux estimation, which
improves not only the control performances by using a
sensorless algorithm but also can lower the cost and
increase the reliability of the system. Both theoretical
principle and simulation results of the sensorless control
method of multiphase drive will be conducted to verify the
effectiveness of the proposed control approach.

Keywords—Five-phase induction machine, five-phase
inverter, DTC, SVM, extended Kalman Filter.

I. INTRODUCTION

RIABLE speed electric drives are commonly based on

three-phase machines. However, since the variable speed
AC drives require a power electronic converter for their
supply, the number of machine phases is essentially not
limited [1]. Applications such as marine electric propulsion,
electric vehicles, hybrid electric vehicles, electric aircraft, and
locomotive traction are the main users of multiphase machines
[2].

Actually, the multiphase machines have led to an increase
in the interest in AC drive applications, since they offer some
inherent advantages over their three-phase counterpart. These
advantages include the ability to reduce the amplitude and to
increase the frequency of torque pulsations by reducing the
rotor harmonic current losses and lowering the DC-link
current harmonics. In addition, owing to their redundant
structure, multiphase machines improve the drives reliability
[3].

In order to get smooth operation of the multiphase drives
the multiphase machine has to be supplied with multiphase
inverter. The use of multiphase inverters together with
multiphase AC machines similarly has been recognized as a
viable approach to obtain high power ratings with current
limited devices [4].
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Direct torque control has developed in past two decades and
it is recognized as a powerful control method for motor drives
with very simple implementation. DTC has been recently
applied in multi—-phase drives [5], [6] due to its multiple
advantages including low machine parameters dependence
and fast dynamic torque response [7].

However, the main drawbacks of this method are the high
level of torque ripples and variable inverter switching
frequency [6]. The solution to handle these problems is
through using DTC scheme based on space vector modulation
(DTC-SVM) [8]. Since, SVM technique generates a reference
stator voltage vector with a constant frequency at every
sampling time the inverter produces a voltage vector in any
direction of variable magnitude, allowing a smooth torque
change.

For many reasons, mainly for cost reduction and reliability
increase, mechanical sensorless control of electrical drives has
attracted the attention of researchers as well as many large
manufacturers [9]; mechanical sensors are to be replaced by
algorithms that estimate the rotor speed and position, based on
electrical sensors measurement.

In order to reduce the number of sensors and consequently
lowering the cost of control system, several speed sensorless
control schemes have been suggested in literature [10] [11].
One of the most credible estimation methods is the extended
Kalman filter (EKF), which is widely applied for drives
sensorless control approaches even with multiphase machines
[12]. The EKF is a recursive optimum stochastic state
estimator. Therefore, model uncertainties and nonlinearities
inherent in multiphase machines are well suited to the
stochastic nature of EKF.

This paper is devoted to DTC-SVM of sensorless five-
phase induction machine (FPIM) using extended Kalman filter
(EKF) observer. The obtained results are compared to
conventional DTC.

The present paper is organized as follows. In Section II, the
(FPIM) model is reported. In Section III, details about SVM
algorithm for five-phase inverter are given. In Section IV, the
conventional DTC strategy is applied to get decoupled control
of the stator flux and electromagnetic torque. Next, a brief
introduction on the EKF algorithm is presented in Section V.
Section VI introduces the DTC-SVM approach. Section VII is
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devoted to the comparative study between DTC and DTC-
SVM of sensorless (FPIM). Finally, conclusions are drawn in
the last Section.

II. MODELING OF FIVE-PHASE INDUCTION MACHINE

FPIM is characterized by a spatial displacement between
phases of 72 degrees [5]. For the sake of generality, the rotor
winding is treated as an equivalent five-phase winding of the
same properties as the stator winding. To model the FPIM, the
following assumptions are taken into account:

Five phases of the machine are regularly shifted by
2n/5;

Magnetic saturation is neglected;

The stator phases are star connected.

Under balanced conditions, the voltage equations of a FPIM
are given by:

.
v, =Ri, +—¢S
dt
4 M
0=R,i, +—
dt
With:
Vo=, Vg Vg Vg V] :isthe stator voltage vector;
i,=[iy iy iy iy il :isthe stator current vector;
i,=[i, i, i, iy 1i.] :istherotor current vector;
¢ =, o, & @y @] :is the stator flux vector;
¢ =6, by S Sq &1 :is the rotor flux vector.

The model can be presented in the stationary reference, in
which two orthogonal frames called o-f and z,-z, are used,

where the a-f components are responsible for developing the
fluxes and the torque, while the remaining z,-z,components
generate the machine losses [7].

The original five-dimensional stator system can be
decomposed into three-dimensional decoupled subsystems
using the following transformation:

(X, X, X, X, %] =[A][X] )

with
[X]:[Xa Xb Xc Xd Xe]T

where X can be used to stand for current vectors (i, i,),
flux vectors (¢@,, ¢,) or voltage vectors (V,, V,).
The matrix A is given by:
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The stator voltage equations of the FPIM can be obtained in
the stationary reference frame as follows:

.44,
vsa:Rslsa—i_T
dg
P B
vsﬂ:Rslsﬂ+?
i d¢szl (4)
Ve =R, dt
. d
VSZZZRSISZZ 3222
with v ,,v,, are the «-fcomponents of stator

voltage,v,,, V,, are the z,-z, components of stator voltage,

sz12
iy, are the «-f components of stator current and

sa?

sp

i, I, arethe Z,-Z, components of stator current.

sa?

The rotor voltage equations of the FPIM can be obtained in
the stationary reference frame as follows:

. dg,
O:erra+d_tr_a) ' B
 dg,
O:errﬂ+d_'[r+w¢'“ .
O—ererd¢er
dt
O—Rr|,22+d¢—rZ2
dt
with i, 1, are the a-f components of rotor current and

i, i,,arethe z -z, components of rotor current.

1

The stator and rotor flux linkages of these subspaces are:
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¢, =L, +Mi,

b, =L, +Mi,,

ho=li, (6)
[/ :Isiszz

=i

G, =i,

with ¢,,, ¢, are the «-f components of stator flux,
$.» §,, are the a-f components of rotor flux, ¢,,, ¢,,are
the z,-Z,components of stator flux, and ¢,,, @,,are the

Z,-z, components of rotor flux.

Since the (&, ) machine model is similar to the three-

phase machine model in the stationary reference frame, the
electromagnetic torque expression can be easily deduced as:

Tem = p( sais/}_ sﬂisa) (7)

In order to transform variables in the stator flux reference
frame a-f to the stator flux reference frame X-y, the

following rotation transformation is adopted:

cos(6,)

[P@)]= Lin(&s )

—sin(6), )} ©

cos(6,)
where 6, is the stator flux angle.

In the x-y stator flux reference frame, the voltage equation
becomes:

o dg,
Vi :Rslsx + dt _a)¢sy
y )
5y
v, =Ry + i + o,
with v, v, are the X-y components of stator voltage, i, i,

are the X-y components of stator current, and ¢,

SX 2

¢, are the X-

y components of stator flux.

The electromagnetic torque takes the following form:

Ton =P (A 0y —4yis ) (10)

The mechanical equation is given by:

E-ISSN: 1998-4464

Volume 17, 2023

dQ

ngTem—TL—fQ an

with T, is the electromagnetic torque, T is the load

torque, Q is the rotor speed, and f is the friction coefficient.

1.  FIVE-PHASE TWO-LEVEL SPACE VECTOR MODULATION

Two-level five-phase inverter consists of ten pairs of
transistors-diodes as shown in Fig. 1. The phase voltage of
each phase is entirely defined by the state of the two
transistors constituting each arm. In the five-phase inverter,
each leg switching function that is called S, (x=a, b, c, d) and
can take either 1 or 0 value based on the state of the upper or
lower switch. If the upper switch is ON then the switching
function takes a value of 1 else 0.

B BB

Ve —

FPIM

CFNBAE G

Fig. 1 schematic diagram of a two-level five-phase inverter.

The phase voltages of five-phase inverter are given by:

Vg, 4 -1 -1 -1 -1\(S,
Vo | -1 4 -1 -1 -1]|S,
Ve, =% -1 -1 4 -1 -1||S, (12)
Vg -1 -1 -1 4 -1]|S,
v -1 -1 -1 -1 4)(S

Thirty two switching combinations can be considered for a
five-phase inverter: two zero voltage vectors and thirty active
space voltage vectors. In a five-phase inverter, all the five-
phase variables can be represented in «-f subspaces. The 32

space voltage vectors are composed of three sets of different
vector amplitudes and divide the switching plane pattern into
ten sectors [10]. All output voltage vectors generated by five-
phase voltage source inverter are presented in Fig. 2.
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Fig. 2 space voltage vectors of a five-phase inverter in @-f plane.

In every sector, the reference voltage vector is synthesized
by two adjacent active voltage vectors and one zero vector.

in the first sector, V. is

For ;

example, synthesized

usingV,, vV, and v, according to the following equation:

VT, =tV +tV, +tv,

S " sw

T, =t +t +1, (13)

Vs = Vsa + vaﬂ

where t,, t;, t; are the application times of the space voltage
vectors V,, Vi, Vy, respectively during a switching period Ty

Fig. 3 presents the projection of the reference voltage
vector in sector 1.

LA

Sector 1

»
R - » >
\" Vi «

sa

Fig. 3 projection of the reference voltage vector in sector 1.

From Fig. 3, the space voltage Vv,, V, andV,can be

expressed as:
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v, =0
v, =
1 5 dc (14)
2 -
v, = \/;Vdc (cos(27/5)+ j sin(27/5))
After projection, and using (14) it is possible to get:
V:a :tl\/gvdc +t2\/gvdc COS(”/5)
. 2 (15)
Vsﬂ =t2 gvdc SIH(”/S)
The switching times applied for first sector are given by:
\/gv:a \/g cos(7/5) .
N Y e
2v, \2vsin(z/5)
N LI
> N2 v, sin(z/5) (16)
=Ty -t -t

Fig. 4 illustrates the gates pulses generated in sector 1. It is
about symmetrical signals that have the same states at the
center and at the ends.

Vol Vo IV IV Ve b V1V, v

S, 0 1 1 1:1 1 1 0

S, 0 1 1 1:1 1 1 0

s 0 0 0 11 0.0 0
[+

IS 0 0 0 1:1 0. 0 0
d

S, 0 0 1 1:1 1 0O 0

L | Lt [P S t,

&
ol
N
N
&
N
N
&

aQ
o
E
A
) 4

t, ., <

e on < >

Fig. 4 examples of chronograms pulses of sector 1.

IV. CONVENTIONAL DIRECT TORQUE CONTROL

Fig. 5 represents the direct torque control scheme of
sensorless FPIM.
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Fig. 5 DTC scheme for sensorless FPIM.

In Fig. 6, the vectors with maximum amplitude are named
large vectors, the vectors with minimum amplitude are named
small vectors, and vectors whose amplitude is larger than
small vectors and smaller than large vector are named middle
vectors.

Fig. 6 switching states of the five-phase inverter in ¢-f plane.

In conventional DTC, the stator flux and electromagnetic
torque are controlled by selecting directly the appropriate
inverter switching states. The DTC scheme consists in torque
and flux hysteresis bands, switching table, and flux and torque
estimator [5].

The stator voltage components can also be estimated using
the flowing equation:
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V., v.,] =[A]V.] (17)

with U, =[V, V¥, V. Vg4

v, ]T is given by (12).

The switching selection table for the conventional DTC for
FPIM is given in Table 1.

Table 1. Switching table used in the conventional DTC

(i=1, 2, ..., 10).

O] T Z,
2 Vi
1 Vi

1 0 Vit20)
-1 V(i+19)
-2 V(i+29)
2 Vi
1 Vi

-1 0 Viisos)
-1 V(i+18)
-2 V(i+28)

V. EXTENDED KALMAN FILTER OBSERVER

The extended Kalman filter is basically a full order
stochastic observer for recursive optimum state estimation of
nonlinear dynamical systems in real time by using signals that
are corrupted by noise; the noise source in EKF takes into
account measurement and modeling inaccuracies [13].

The development of the Kalman filter is closely linked to the
stochastic systems that can take the following form:

X(t) = Ax(t) + Bu(t) + w(t), x(t,) =X,
y(t) = Cx(t) +v(t)

where W and v are the system and measurement noises.

(18)

The extended Kalman filter implementation for the FPIM
requires two basic steps:
- Continuous FPIM model,
- Discretization of the FPIM model.

A. Continuous FPIM Model

The model of the FPIM in the «-f reference can be written

in the following from:

{xa) = AX(t) + Bu(t)

19
y(t) = Cx(t) (19)

147
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. . U
withx()=[i,, iy, ¢, 4, Q] s the

LT,
y:[lm Isﬁ,J is the output vector, u:[v

state vector,

T .
VSﬂJ is the

Sa

input vector, and the system matrices are:

Re -pQ R —th 0 L 0 0
o c o
pQ R in R 0 L 0
o O o o
A=l R, 0 0 o ofBT 1 o o
0 -R, 0 0 0 0 1 0
_ p¢5/3 p¢sa 0 _L 0 0 0 ;1
L J J J ] L J ]
1 00 0O
C =
01000
where R, =—(R(L, +R,L,), =M 2 -L,L,
B. Discretization of the FPIM Model
The discrete time model is given by:
Xiaon =ApX i +BUy + oy 20)
Y ik :Cjkxjk Vi

The discretization is performed using the following
approximation:

A =e™ =1 +AT,
B =j.e’*9thg‘f=B.TS @1
The matrix Ay, By and Cj are given by:

_LR,

1-—=—Lt T pQ -pQ—=—=— 0
O o
TspQ l_Tth pQTer Ter 0
A = (e (o2 (o2
kTR, 0 1 0 op
0 -T.R, 0 1 0
_Tsp¢sﬁ Tsp¢sa 0 _Tsf 1
L J J J ]
_T.L, 0 0
O
0 _LL 0
B — o (1 06000
KT, 0 0 "% o100 0
0 T, 0
0 0o
L N

Using equation (20), the rotor speeds and load torques can
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be estimated by the extended Kalman filter algorithm
described as follows:

Sate prediction:

)(“j(kﬂ/k):Ajkxj(k/k)+Bjkujk (22)
Estimation of the matrix of the covariance error:

Iﬁj(k+1/k) =Aj Pj(k/k)Aka +Q; (23)
Kalman coefficient update:

Ko = lﬁj(kﬂ/k)CJTk [C i F;i(kﬂ/k)CJTk +R; T 24)
State estimation:

R sgcencen =Xy K (s ~Cockygenny)  @9)
Covariance error matrix update:

F;j (k+1/k+1) — Iﬁj(k +k) Kj(k +1)C ik F;j (k+1/k) (26)

where X is the system state, Uy is the system input vector, y
is the system output vector, P, Q and R are the covariance
matrices, C is the transformation matrix.

The magnitude of stator flux can be estimated by:

As = \/ &sza + ¢?szﬂ (27)
The stator flux angle is calculated by:
6, = arctan ¢isﬂ (28)
P

The electromagnetic torque can be estimated using
estimated fluxes and measured currents as follows:
Tem = p(¢saisﬂ_¢s/}isa) (29)
VL. DTCBASED ON SPACE VECTOR MODULATION STRATEGY
The block diagram of the DTC-SVM scheme of the
sensorless FPIM is shown in Fig. 7. Two PI regulate flux and
torque errors giving reference voltage vector in X-y
coordinates. After transformation, the voltage vector in a-f
coordinates is delivered to SVM block.
The basis of the DTC-SVM methodology is the generation, at
each sampling period, of a required voltage space vector to

compensate for the flux and torque errors using SVM [14].
The presented control strategy is based on simplified stator
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voltage equations described in stator flux oriented x-y

coordinates, in which the stator flux is along the X-axis, which

results ing,, =0 and ¢, =4, .

Ve
! S-phase |s, | 5-phase \
SVM inverter | /
Vi
o
lvdc
Xy
Vy T TV - Voltages
0, estimation
PI PI
V"S
A por e abcde
Tem = p(¢sa|s/3 - sﬂlsa) i
0, :tan2"(¢?s/)‘/¢35a) <«
b =\d, + 45 B
- 4 . VAsu isn
I S
Extended Kalman
Filter Observer

€ ‘

Fig. 7 DTC-SVM scheme for sensorless FPIM.

The components of stator voltage vector, given by (9), are
simplified to:

dg,
dt (30)
Vsy = Rsisy +a)s¢s

Vg = Rslsx +

The electromagnetic torque equation is reduced to:

Tem = p|¢s|isy (31)

The first equation of (30) shows that the v, component has
an influence only on the change of stator flux magnitude ¢, ,

and if the term @, ¢, is decoupled the component Vg, can be

used for torque adjustment.

So, the next step is to transform X-y reference voltage vector
components to the stationary reference frame using the
following transformation.

V:a _ -1 V:x
(v:J‘[P”S” ”

The stator flux and electromagnetic torque control loops for
the DTC-SVM of FPIM in x-y reference are shows in Fig. 8.

(32)
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¢: Pl v st =V J ¢5

T PI

Fig. 8 stator flux and electromagnetic torque control loop with two Pl
controllers in X-y reference frame.

VII. COMPARATIVE STUDY BETWEEN DTC AND DTC-SVM

The obtained conventional DTC results are presented and
compared with those obtained by DTC-SVM using the FPIM
parameters given in the Appendix. The proposed control
method has been tested under reversal speed condition
whereas the machine is loaded at the beginning by a rated
torque.

A. Dynamic performances during speed and load torque
variations

To test the speed evolution, the FPIM is accelerate from
standstill to reference speed 100rad/s with a load variation of
8Nm to ONm at 1s followed by a speed inversion from
100rad/s to -100rd/s at 1.5s. Indeed, Figs. 9 and 10 show the
simulation results obtained using conventional DTC and
DTC-SVM of sensorless FPIM, respectively.

Situation 1: Step change in load torque. Note that, both
control approaches ensure good decoupling between stator
flux linkage and electromagnetic torque. However the DTC
based on SVM for the FPIM decreases considerably the
torque ripples.

Situation 2: Step change in reference speed. Note that the
control gives good quality results with the speed variation.
The speed response is merged with the reference one and the
flux is very similar to the nominal case. We can see also, that
the DTC-SVM for FPIM decrease considerably the torque and
flux ripples.

B. Dynamic performances during low speed operations

In order to verify the robustness of the proposed control
using extended Kalman observer, a low speed test has been
performed. The FPIM is accelerating from standstill to
reference speed 10rad/s. The system is started with full load
torque 8N.m, afterwards; the FPIM is accelerated again to
reference speed 20rad/s at time 0.4s. Afterwards, a step
variation on the load torque (T, = ON.m) is applied at time
t=0.8s. Finally, it is decelerate to the reference speed -10 rad/s
at time 1.2s.
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Fig. 9 dynamic responses of DTC for sensorless FPIM.
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Fig. 10 dynamic responses of DTC-SVM for sensorless FPIM.
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Fig. 11 shows the performances of the DTC-SVM for
sensorless FPIM using extended Kalman observer under low
speed operation. Simulation results show that the speed
follows its reference value while the electromagnetic torque
reaches slowly its reference value. Elimination of the load
torque causes a slight variation in speed response. The speed
controller intervenes to face this variation and ensures the

system follows its suitable reference speed.
Stator currents (A)

20 .
isa
15 isb
isc
10 isd
ise
S

i

aann HFWW»KWWM%

S

ﬁk
==

i;:k:%

-5 1[(
-10
-15
0 02 04 06 08 1 1.2 14 16
Time (s)
Rotor speed (rad/s)
40
— Actual speed
Estimated speed
20 AN
10 / \
0 \
-10
-20
0 02 04 06 08 1 1.2 14 16
Time (s)
Electromagnetic torque (Nm)
15
5
° VT
-5
0 02 04 06 08 1 1.2 14 16
Time (s)
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Stator flux( Wb)

2
1,27
0.5
0
0 02 04 06 038 1 1.2 1.4 1.6
Time (s)
Fig. 11 dynamic responses of DTC-SVM for sensorless FPIM for
low speed.

Moreover, the decoupling control between torque and stator
flux is always confirmed. Note also that the sensorless
controller is effective to drive the multiphase machine to track
the speed reference even in low speed. Furthermore, the
proposed observer is accurate and robust against load torque
variation even at low speed operations.

viil. CONCLUSION

In this paper, a DTC based on space vector modulation
method applied on FPIM is presented and its merits over the
conventional DTC approach are verified. Indeed, the
simulation results confirm that the proposed DTC-SVM
scheme achieves a fast torque response and low torque and
flux ripples in comparison to the conventional DTC scheme.
The decoupling between the flux and the torque is maintained,
which confirms the good performances of the developed drive
system. In addition, the proposed sensorless multiphase drive
has a satisfactory dynamic response over a wide speed range.

APPENDIX
Table 2 FPIM parameters.

Quantity Symbol Value
Stator resistance R, 10 Q2
Rotor resistance R, 6.3Q
Stator inductance L, 0.46 H
Rotor inductance L, 046 H
Mutual inductance M 042 H
Inertia moment J 0.01 Nms?/rad
Pair of pole p 2
Rated flux A, 1.2705 Wb
Rated torque T, 8.33Nm
Rated speed Q, 1500 rpm
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