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Abstract— This paper presents an artificial neural
networks controller devoted to improve the performance
of direct torque control strategy of double star induction
machine fed by two five-level diode-clamped inverters. The
resulting control scheme presents enough degrees of
freedom to control both torque and flux with very low
ripple and high dynamics. Unfortunately, the diode-
clamped inverter has an inherent problem of DC-link
capacitors voltages variations. To overcome this problem,
an artificial neural network based direct torque control
with balancing strategy is proposed to suppress the
unbalance of DC-link capacitor voltages. Simulations
results are given to show the effectiveness and the
robustness of the suggested control method.

Keywords— Double Star Induction Machine; Five-
Level Diode Clamped Inverter; Balancing Strategy; Direct
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1. INTRODUCTION

THE multiphase drive systems have numerous advantages
over conventional three-phase drives such as reduced rotor
harmonic currents, reduced torque pulsations, magnetic flux
harmonic reduction, and lower current per phase without
increasing the voltage per phase and higher torque per RMS
ampere for the same machine volume [1, 2].

Five-phase and six-phase induction or synchronous
machines are the common multiphase machines [3]. These
types of machines drives are widely used in several
applications especially in the field of high power
electrical/hybrid, rolling stock traction systems such as
locomotive and electric ship propulsion [4]. Recently, special
attention is given to the double star machine drive systems [5].
Normally two two-level inverters are indispensable for double
star electrical drive. So, in the field of high power drive
systems, the level of DC-bus voltage constitutes an important
limitation on the handled power.

In this context, multilevel inverters have been used for
power conversion in high-power applications such as utility
and large motor drive applications. In a multilevel inverter, a
desired output voltage waveform can be synthesized from
multiple voltage levels with less distortion, less switching
frequency, higher efficiency, and lower voltage devices.
Compared to conventional two-level converters, multilevel
converters show great advantages such as high power quality
of waveforms, low switching losses, high-voltage capability,
and low electromagnetic interference [6]. In general,
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multilevel converters can be categories into three types: diode-
clamped multilevel converters, flying capacitor multilevel
converters, and cascaded multilevel converters with separated
DC sources [7].

Among these inverter topologies, multilevel diode-clamped
inverter (DCI) reaches the higher output voltage and power
levels and the higher reliability due to its modular topology
[8]. However, the unbalance of the input DC voltages of the
diode-clamped multilevel topology constitutes the major
limitation facing the use of this power converter. To balance
the voltage of DC-link series capacitors, three main
approaches have been proposed, which are: using separate DC
sources, adding some auxiliary balancing circuits, and using
space vector modulation technique by selecting redundant
switching states [9].

On the other hand, the multilevel direct torque control
(DTC) of electrical drives has become an attracting topic in
research and academic community over the past decade [10].
This control is based on the decoupled control of flux and
torque providing a very quick and robust response with a
simple control approach [11]. The main advantages of DTC
are the absence of coordinate transformation, there is no need
for current regulators, and the absence of separate voltage
modulation block. However, the significant disadvantage of
conventional DTC is ripples, which exist in the torque and flux
variables. In the aim to improve the performance of the
electrical drives based on DTC, neural network direct torque
control (DTC-ANN) attracts more and more the attention of
many researches [12].

The objective of this paper is to propose a multilevel DTC
based on artificial neural network method with efficient DC-
voltages balancing control method dedicates to double star
induction machine.

The present paper structure is as follows: in Section II, the
DTC-ANN with voltage balancing strategy principal is
presented. In Section III, the model of the DSIM is presented;
a suitable transformation matrix is used to develop a simple
dynamic model. The proposed five-level is briefly presented in
Section IV. Section V is reserved to DC capacitor voltages
balancing analysis. In Section VI, the DTC strategy is applied
to get decoupled control of the flux and torque. In order to
improve the static and dynamic control performance of the
DSIM, the switching tables used in DTC are substituted by an
artificial neural network controller in Section VII. In Section
VIII, a comparative study between two-level DTC-ANN and
five-level DTC-ANN with balancing strategy is presented.
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I. PRINCIPAL OF THE DTC-ANN USING VOLTAGE
BALANCING STRATEGY

The general structure of the double star induction machine
fed by two five-level inverters and controlled by DTC-ANN is
represented in Fig 1. It includes closed loop control of speed
using PI controller.
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Fig. 1 Five-level DTC-ANN scheme with balancing strategy
(4G=1,2,....,12).

II. MODELING OF THE DOUBLE STAR INDUCTION
MACHINE

A schematic of the stator and rotor windings for a double
star induction machine is given in Fig 2.

Fig. 2 DSIM windings representation.
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The machine model is established based on the following
assumptions: the air gap is uniform, the windings are
sinusoidally distributed around the air gap, and the magnetic
saturation as well as core losses are neglected. The DSIM has
two sets of three-phase windings spatially shifted by y =30

electrical degrees with isolated neutral points [13].

The voltage equations in the original phase coordinates can
be expressed as:

.od
Vg =Rl + %
dt
dg
Vi, =R, +—> 1
s2 $'s2 dt ( )
. d
0=R,i, + a4,
dt
with
Vv, =[Vy, Vg V] :Stator voltages of the first winding;
V, =[V, Vg, V] :Stator voltages of the second winding;
i, =[ig, Iy, g1 : Stator currents of the first winding;
i, =[ig, Iy, iy,] :Stator currents of the second winding;
i, =[i, i, i.]" :Rotor currents;

b, =10a by ] : Stator flux of the first winding;
¢, =[d, 4y, &,] :Stator flux of the second winding;

¢r :[¢ra ¢rb ¢rc]T
R, =Diag[R, R, R,]: Diagonal 3x3 stator and rotor

: Rotor flux;

resistance matrix.

The original six-dimensional stator system can be

decomposed into three two-dimensional decoupled
subsystems (&, #), (z,,z,) and(z,,z,), using the following
transformation:
i U
|:xsa Xsﬁ le Xzz Xz3 xz4i| :[A][Xs] (2)

with [X,]=[X, X]
where Xs can refer to stator currents vector (i), stator flux

vector (4, ) , or stator voltages vector (V).

The matrix A is given by:

cos(0) cos(%zj cos[%{) cos(y) cos(%ﬂ’j 005(47”+7j
sin(0) sin(%rj sin(%{j sin(y) sm(%ﬁ-}/] Sin(%ﬂ’]
ot o) o) e of) (5
sin(0) sin(%rj sin(%rj sin(z-7) sin[%—yj sin %’ly]
1 1 1 0 0 0
o 0 0 ! 1 ]
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[1.1. Electrical equations in - reference frame

The stator and rotor voltage equations of DSIM in stationary
frame are given by:

VS(Z S Sa +d¢sa
dt

d¢sﬁ

+_
SSP it

dg,
rira +T+ pQ¢r[f

- d¢r[;’
+—2 _pO
r'rp dt p ¢ra

(4)

The stator and rotor flux linkages in the same frame:

¢sa :Lsisa +Mira

¢S/, = Lsisﬂ+Mirﬂ
(5

with:

Viu> Vi, The a-f components of stator voltage;

sa?’

Igs Iy : The a-f components of stator current;

sa?

Ira’

i, : The a-f components of rotor current;
#..» #.5: The a-f components of stator flux;

#..» $,5: The a-f components of rotor flux.

I1.2. Electrical equations in z1, z2, z3, z4 reference frame

In such frame, the stator voltages equations are given by:
(6)

where L, =1, +M andL, =l +M.

L, L, : Stator and rotor inductance respectively;
I, I, : Stator and rotor leakage inductance respectively;
M : Mutual inductance between stator and rotor.

The harmonic currents i, and i must be as low as possible
to reduce the extra losses in the DSIM. These currents are only
limited by stator resistance and leakage inductance.

The currents i3 and i are equal to zero because the two
three-phase windings are connected with isolated neutrals.

The mechanical equation is given by:
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%:Tem _TL_fQ (7)
With:

T, : Electromagnetic torque;
T, :Load torque;

Q : Rotor speed;
f : Friction coefficient;

J : Rotor moment of inertia.

The electromagnetic torque is given by:
Tem = p(¢sais/3_ sﬁ'isa) (3

III. MODELING OF THE FIVE-LEVEL INVERTER

Fig 3 shows a three-phase five-level diode-clamped inverter.
The order of switches numbering for first phase is
(Sa1»--» Sag) and likewise for other two phases. The DC-bus

consists of four capacitors acting as voltage divider. For a DC-
bus voltage Vg, the voltage across each capacitor is V4c/4 and
voltage stress on each device is limited to Vqc through clamping
diode [14].

IKO
>

Fig. 3 One phase-leg for a five-level DCI Inverter (k=1 for first
inverter and k=2 for second inverter).

Table 1 shows the output voltage levels and the
corresponding switch states of the chosen five-level DCI. The
switches are arranged into four pairs. If one switch of the pair
is turned ON, the complementary switch of the same pair must
be OFF. Four switches are triggered at any point of time to
select the desired level in the five-level DCI.
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State S, 1S s [SealSwalSws!Swe!Swr|Sus Voo
4 IL{1(1(10|0|0]O0 Vs Ve,
3 o(rfryry1y010]0 v,
2 Ojo|1j{1{1|1]0]0O0 0
1 0Ojo0jO0j1{1|1]1]0 -V,
0 O(ofofo|1|1|1]1 -V, +v,,)
Table 1 Switching states of five-level DCI (i = 1...8, k=1, 2,

x=a, b or ¢).

The boolean function Fy associated to the switch Sy is
defined by:

1 S, is ON

Fui = ) 9
X {o S, is OFF 2

For each leg of the inverter, five connections functions can
be defined as:

T
T
e
oy
e

oxk 1 — T xk1m xk2' xk 3" xk 4
chkz = kazkazka4ka5
chk} = kaSka4ka5ka6 (10)
chk4 = ka4ka5ka6ka7
chkS = kaSkaGka7ka8

Finally, the phase voltages Vsak, Vsbk, Vsck Of each inverter can
be written as:

Ve Ve,
v sak Fcak 1 Fca.k 2 Fcak 3 Fcak 4 Fcak 5 v c3
Ve |=|Foer Feo Feos Fooes Fonrs 0 (11)
v sck Fcck 1 Fcck 2 Fcck 3 Fcck 4 Fcck 5 v c2
_(V a Ve )

IV. DC-CAPACITOR VOLTAGE BALANCING STRATEGY

The capacitor voltage balancing strategy proposed in this
work is based on minimum energy property. By selecting an
appropriate redundant switching state that minimizes a specific
cost function, drift voltage phenomenon of DC capacitors
voltage can be controlled [16].

In a five-level DCI, the total energy E of four capacitors is:

1 4
E, =§chvcj (12)
j=l
Where
4
Z(ch _Vdc):() (13)
j=l1
E-ISSN: 1998-4316
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By making a change of variable from v ; to(v; V4 )/4 in

(11) the positive definite cost function becomes:

1 4
—C> Av

J= g (14)
2 j:1 !
where:
Ach :ch _Vdc/4 (15)

A control method should minimize (12) to achieve voltage
balancing [17]. Indeed, based on a proper selection of
redundant vectors, J can be minimized if the capacitor voltages
are maintained at voltage reference values of (v, /4) .

The mathematical condition to minimize J is:

dJ 4 dv, & .

—=CHY AV, —L=NAv_i_ 16

dt JZ::, cj dt ; cje ( )
with:

Av ; : The voltage deviation of capacitor C; ;
icg : The current through capacitor C;.
The capacitor currents I; in (16) are affected by the DC-

side intermediate branch currentsi,,, i,, and i,,, which can

be calculated if the switching states used in the switching
pattern are known. Thus, it is advantageous to express (16) in
terms of i, i,, and i,,.

The DC-capacitor currents are expressed as:

. 1 3 2 . 3 2 .
w5 -3 an
y=l1 k=1 y=j \k=l

By substitutingi,; calculated from (17) in (16), the
condition to achieve voltage balancing is deduced as:

4 1 3 2 . 3 2 .

2.4V, —ZV[ZIWJ—Z[Z'W] <0 (18)

j=1 4y:1 k=1 y=j \ k=l
Since the net DC-link voltage is regulated at V

4

Avy =0 (19)

Substituting Av_,, calculated from (19), in (18) it yields

c4»
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Zo 320

By applying the averaging operator, over one sampling
period, to (20), it results:

(20)

1 (K+)T 3 2
1S o, [Z(Ziky ]jdt >0 @
T i y=j \k=l
Equation (20) can be simplified to:
3
> v, (K)(Z(any j(K)}it >0 (22)
i=l y=i

where:

Av; (K): The voltage drifts of C;at sampling period K.
i_ky (K) : The averaged value of the j" DC-side intermediate

branch current.

For the five-level FLDTC balancing strategy the cost function
is given by:

:ZzlAvq. (K)[i[ilky(K)D (23)

y=]

To calculate i_ky o=1..,

to the DC side intermediate branch currents and relationship
between the DC and AC side currents, ika, ixo, and ik, are
required.

3), contributions of switching states

ks = Feaclac + Fonesloe + Feaala
(24)

= FCakz a T Fenoaloe T Fogoal

=F

Cakl ak +FCbk1 bk +FCck1 ck

The currents i_ky are calculated based on (24) for each set of

switching combinations; they are replaced in (23) and the best
set that fulfills the condition is selected.

For example the switching states in sector I that are adjacent
to the triangle are (421, 310), (411, 300) and (410) using
equation (23) one obtained the Table 2.

iky 421 310 411 300 410
ikl ick ibk _iak 0 ibk
i, T 0 0 0 0
ik3 0 iak 0 iak 0

Table 2. Example for switching states in first sector

Fig. 4 shows a schematic diagram of the five-level DTC-
ANN balancing system including the DC capacitor voltage
control strategy.
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Fig. 4 Schematic representation of the five-level DTC-ANN with
balancing strategy

V. CONVENTIONAL DIRECT TORQUE CONTROL
STRATEGY

Direct torque control consists of choosing a voltage vector
based on a switching table according to the flux and torque
errors as well as the stator flux vector position. In this
technique, the rotor position is no longer needed [10].

The stator voltage estimator can be obtained by the
following equation:

o]

The expression of the stator flux components is written as:

(25)

] dr+¢ (0)
; (26)
J. s 5/3 dT+¢ (0)

0

The magnitude of stator flux and their angle are estimated by:

¢Az 72
= sa + sp

4

27)

Fig. 5 illustrates the switching states of a five-level diode-
clamped inverter. Since five kinds of switching states exist in
each phase, the five-level inverter has 125 switching states and
there are 61 effective vectors. According to the magnitude of
the voltage vectors, the five-level DCI is divides into nine
groups [9].
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Fig. 5 Switching states of the five-level DCI.

The output voltage vectors, which are selected to change the
torque angle are presented in Tables 3 and 4.

o |7 Z, o |7 Z, o |7 Z,
4 Vi 4 VoL 4 | Vi
3| Vit 3 Viiser2 31 Vs
2 | Viiiam 2 | Viigm 2 | Vigm
) :) Vi \+/4)s 0 :) Vi \+/6)s o :) v (i\:s)s
0 0 0
=1 | Vi -1 Viiags —1 1 Vies
2|V (i+20)m -2 |V (i+18)M -2 |V (i+16)M
-3 V(i +20)L2 -3 V(i +18)L2 -3 V(i +16)L2
—4 v(i+20)L1 —4 V(i+18)Ll —4 V(i+|<))u

Table 3 Switching table used in the conventional DTC of first star for

the DSIM.

O |7 Z, o7 Z, o |7 Z,
4 Vi 4 | Vi 4 | VgL
3 Vi 3| Vi 3 Ve
2 Ve 2 Vi 2 | Viom

1 1 v (i+2)s 0 1 v (i+4)s 1 1 v (i+6)s
0 v, 0 v, 0 v,
-1 V(i+18)S -1 V(i+16)S -1 V(i+14)s
-2 V(i+18)M -2 V(i+16)M -2 V(i+14)M
-3 Viis) -3 Viive)e -3 ViisaL2
—4 V(i+18)Ll —4 V(i+16)L1 —4 v(i+l4)Ll

Table 4 Switching table used in the conventional DTC of second star
for the DSIM.
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VI. DTC BASED ON ARTIFICIAL NEURAL NETWORKS
STRATEGY

Artificial neural networks use a dense interconnection of
computing nodes to approximate nonlinear functions. Each
node constitutes a neuron and performs the multiplication of
its input signals by constant weights, sums up the results and
maps the sum to a nonlinear activation function; the result is
then transferred to its output. The feed-forward topology
shown in the network offers the advantage of simplicity and
ease programming. Such a neural network contains three
layers: input layer, hidden layers and output layer [15].

The structure of the neural network adopted to perform the
DTC of DSIM supplied by two five-level inverters is shown in

N

7}5

)

X))

Output layer

Input layer

Hidden layer

Fig. 6 Neural network structure for five-level DTC.

VII. COMPARATIVE STUDY BETWEEN TWO-LEVEL DTC
AND FIVE-LEVEL DTC-ANN

To verify the validity of the proposed controller, the system
was simulated using the DSIM parameters given in Appendix.
The simulation results are obtained using the following DC-
link capacitors values C1= C,= C3= C4= 1mF. The DC side of
the inverter is supplied by a constant DC source V4:=600V.

The obtained two-level DTC-ANN results are presented and
compared with those obtained by five-level DTC-ANN with
balancing strategy. The control system was tested under
deferent operating conditions such as sudden change of load
torque and step change in reference speed.

The DSIM is accelerating from standstill to reference speed
100 rad/s. The system is started with full load torque (T =10
N.m). Afterwards, a step variation on the load torque (T.=0
N.m) is applied at time t=0.5s. And then a sudden reversion in
the speed command from 100 rad/s to -100 rad/s was
introduced at 1s. Indeed, Figs. 6 and 7 show the simulation
results obtained for the two-level DTC-ANN and the five-level
DTC-ANN with balancing strategy of DSIM, respectively.
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Fig. 7 Dynamic responses of two-level DTC-ANN for DSIM.

Note 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 that the system follows its suitable
reference speed. Moreover, the decoupling control between
electromagnetic torque and stator flux is always confirmed. It
is important to notice in Fig. 7 that the electromagnetic torque
and stator flux ripples are considerably decreased in
comparison with Fig. 8.
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Fig. 8 Dynamic responses of five-level DTC-ANN with balancing
strategy for DSIM.
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It can be observed also that the proposed balancing strategy
is able to guarantee capacitor voltages balance even during the
abovementioned transits. In addition, the tracking capability is
further improved. Moreover, the decoupling control between
torque and stator flux is always confirmed.

VIII. CONCLUSION

In this paper, a five-level DTC-ANN method applied on
DSIM is presented and its merits over the conventional DTC
approach are confirmed by simulation results. One important
problem with the five-level DCI topology is the problem of
voltage imbalance in DC capacitors. The multilevel diode-
clamped inverter has an inherent problem of DC-link
capacitors voltages fluctuations. This problem can be solved in
satisfactory way by using a simplified multilevel DTC-ANN
algorithm equipped by a balancing strategy. This solution has
offered the opportunity to equalize the different input DC
voltages of the inverter and improve the performances of the
multiphase machine.

APPENDIX

The parameters of DSIM are given in Table 5.

Quantity Symbols Value
Stator resistance R, 4.67 Q)
Rotor resistance R, 8Q
Stator inductance L, 0.374 H
Rotor inductance L, 0.374 H

Mutual inductance M 0.365H
Inertia moment J 0.003 kgm®
Pair of poles p 1
Rated speed Q, 2830 mpm
Rated voltage v, 220V
Rated power P, 1 kw

Table 5. DSIM parameters.
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