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Abstract: This paper deals with direct torque control based on
space vector modulation strategy of a double star induction
machine supplied by two three-level diode-clamped inverters.
This type of inverters has several advantages over the standard
two-level inverter, such as lower voltage stress on power
switches and less harmonic distortion in voltage and current
waveforms. However, a very important issue in using a diode
clamped inverter is the ability to guarantee the stability of the
DC-link capacitors voltages. This drawback can be solved in
satisfactory way by using multilevel space vector modulation
technique equipped by a balancing strategy. Simulations results
are given to show the effectiveness of the proposed control
approach.
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1. Introduction

For many years, electrical drives are founded on the
traditional three-phase machines. However, when enhancing
power capabilities of the drive is considered, multiphase
machine drives are potentially recommended. In fact,
multiphase drives are useful for large systems such as naval
electric propulsions systems, locomotive traction and
electrical vehicles applications [1, 2].

A multiphase drive has more than three phases in the stator
and the same number of inverter legs is in the inverter side.
The main advantages of multiphase drives over conventional
three-phase drives include increasing the inverter output
power, reducing the amplitude of torque ripple and lowering
the DC-link current harmonics [3].

One way to perform multiphase machines is to use double star
technology. Indeed, in double star machine two sets of three-
phase windings spatially phase shifted by 30 electrical
degrees are implemented in the same stator. Two common
examples of such structures are the double star synchronous
machine and double star induction machine (DSIM) [4].

Normally two two-level inverters are indispensable for
double star electrical drives. However, for high power
applications multilevel inverters are often required. Many
multilevel topologies have been developed [5], among them,
the diode-clamped topologies (DCI), which can reach high

37

output voltage, and high power levels with higher reliability
due to its modular topology [6]. However, the unbalance of
the input DC voltages constitutes the major limitation facing
the use of this kind of power converter. Several methods are
proposed to suppress the unbalance of DC-link capacitors
voltages. Some of these methods are based on adding a zero
sequence or a DC-offset to the output voltage [7]. Addition
of auxiliary power electronics circuitry is another solution
used to redistribute charges between capacitors [8]. SVM
based DC capacitors voltages balancing method, which
exploits the switching vectors redundancy to mitigate DC
capacitors voltages drift, is one of the prominent solutions
proposed in the literature to face this type of issues [9].

The multilevel direct torque control (DTC) of the multiphase
machine has become an attracting topic in research and
academic community over the past decade. This control is
characterized by its good dynamic performances and
robustness, because it requires no current regulators, no
coordinate transformation and depends only on stator
resistance [10]. This drives control utilizing hysteresis
comparators suffers from high torque ripple and variable
switching frequency. One common solution to those
problems is to use the space vector modulation [11].

In this paper, a multilevel DTC-SVM with balancing strategy
based on the switching states redundancy is proposed in
order not only to improve the DSIM based drive performance
but also to balance the DC-link capacitors voltages.

The remainder of this paper is structured as follows: in
Section 2, the DTC-SVM with voltage balancing strategy
scheme is presented. The model of the DSIM is presented in
section 3; a suitable transformation matrix is used to develop
a simple dynamic model. The proposed three-level DCI is
presented in section 4. Section 5 is reserved to DC capacitor
voltages balancing strategy. The DTC-SVM strategy is
presented in section 6. The advantages of the proposed
control system are shown by simulation results in section 7.

2. Structure of the Proposed Multilevel DTC-SVM
Equipped by a Voltage Balancing Strategy

The general structure of the double star induction machine
fed by two three-level inverters and controlled by direct
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torque control based on space vector modulation with
balancing strategy is represented in Fig. 1.
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Fig. 1. DTC-SVM with balancing strategy of DSIM (with i=1, 2, 3, 4).
3. Double Star Induction Machine Modeling

The stator voltage equations can be expressed as:

sal Rs 0 0 0 0 0 lml Qul
Va1 0 R 0 0 0 0|1y @,
vscl O 0 Rs O 0 0 ixcl d @Cl
= Sl g
Voo 0 0 0 R 0 O|i,| 4 @,
Vo 0 0 0 0 R 0|y, (/%8
_vch_ L O 0 0 0 0 Rx__isc2_ _QCZ_
The rotor voltage equations can be expressed as:
0 R0 0], @,
01| 0 R, 0 |li, |+—\4, )
t
0 0 0 R, |i, @.
with
Vo Vg Ve - Stator voltages of the first winding;

Vons Vs Vo o Stator voltages of the second winding;

: Stator currents of the first winding;

l Lyis

lsaZ’ l

sal? scl

w2 Lo @ Stator currents of the second winding;

I : Rotor currents;

rc

sc2

Ly s
wsal’ wsbl’ wscl
wsaZ’ wst’ ¢sz:2

G> Gor G

: Stator flux of the first winding;
: Stator flux of the second winding;

: Rotor flux;

The DSIM stator voltage equation (1) can decomposed into
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three subsystems(a,f), (z,,z,)and (z,,z,), using the

following transformation:

I:Xva XV,B le Xz2 XzS Xz4:|7 :[‘4][XY] (3)

with

[Xv] :[Xsl XJZ]T :[Xsal Xxbl X X

sa

2 Xsb2 X.vc2]T

scl

where X, can refer to stator currents vector, stator flux vector,
or stator voltages vector.

The matrix A is given by:

+

+
Q/\‘/

N ely

3
! cos(0) cos (4—”) cos (2—”)
3 3

3
_ _ T (37
[A]—ﬁ cos(77-Y) COS(3 y) 00{3 y) 4)
sin(0) §1n(4?” sin[z?” sin(77-y) sin[g—y) sin S?U_VJ
1 1 1 0 0 0
0 0 0 1 1 1

The voltage stator and rotor equations in stationary reference
frame can be expressed as:

. dg
vSﬂ :RSZSU + -
dt
5
v, =R+ %
sp stspB dt
with

Vg Vi The a-f3 components of stator voltage;

sa’

gl 5 The a-f components of stator current;

sa?’

@a» Q- The a-fB components of stator flux;

The stator voltage equations in the stator flux reference
frame are given by:

a9
=R, +—"-pQg
X 5. d £ p ¢) 6
. dg (6)
vx)' _Rsls)- + dt +pQ@x
with
Vis Vy, : The x-y components of stator voltage;
i,» i, : The x-y components of stator current;
@ @, The x-y components of stator flux;
The electromagnetic torque generated by the DSIM is:
L, =r(ai, -9i.) )

4. Three-Level DCI Modelling

The structure of a three-level diode-clamped inverter is
shown in Fig. 2. Each leg is composed of two upper and
lower switches with anti-parallel diodes. Two series DC-link
capacitors split the DC-bus voltage in half, and six clamping
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diodes confine the voltage across the switches within the
voltage of the capacitors, each leg of the inverter can have
three possible switching states; 2, 1 or 0 [7].
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Fig. 2. Three-level DCI (k=1 for the first inverter and k=2 for the
second inverter).
Functions of connection are given by:

Foir=54184, X =ab,c
_ (8)

Foy =8 4354
The phase voltages vy, Vi, Ve Can be written as:

Va 2, ~F,—F, 28, -F,-F, U +U

cl c2
Vi |7| 2 —Fn—E, 2, —F, F, |: U :| 9
cl
Vi 2F,,—F,—h, 28,-F, -k,

The space vector diagram of a three-level inverter is showed
in Fig. 3. The 27 switching states of three levels inverter
corresponds to 19 different space vectors. These vectors have
different effects on neutral point voltage variations [7].

\ S5 ,
N oi=4 B i=3 )
5. €020) v,,i(120) v,,(220)

Sf \\ , /1N //

3 i=5 \ N / i=2 .
\ / Vi Sl
e \\ \ /, =4 .
02 V2D | viGED W 210)
; G
V(,L( ) . /{0\10) /(110) s 2L
=6 Ly N\ / \ g / -

1 \ ’» . \\(22%)/ é’ x\ y . _ i _1
777777777777 ! Jigszzf)f__,‘3?1(1\%@:7”‘11591717)7””” o
v, (022) (Ok 1) “(000)~-. /(1\00) . (200)

/ \
i =7 / /’/)x // \\ ‘4\\\ i =12
/ s \ /i2 \ 1/2 x\\\ \
vy, (012N 12 | v G12) /1, (201)
,/(001) Alay -
/ \ / \\ v
B i=8 // . y \ i =11 S:
sk y, Y |
\
ng/QOOZ) Vi0{(102) Vi 11_\(\\202)
/ i=9 i =10 \
/ \
N

Fig. 3. Space vector diagram showing switching states for the three-
level DCL
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In order to simplify three-level SVM algorithm, the reference
voltage vector is only synthesized by the three basic voltage
vectors within the minimum equilateral triangular area in
which the reference voltage vector is located.

- Determination of the sector numbers

The reference vector magnitude and its angle are determined
from:

— 2

u +u?

refk "‘mfak ref Bk
", (10)
g, =tan2’ [—f A ]
urefak
The sector numbers /-6 is given by:
Sk :ceil[ﬁk JIZI{I 2,3, 4,5 6} an
" /3 T

where ceil is the C-function that adjusts any real number
to the nearest, but higher, integer [e.g. ceil (3.1) =4], (n=1,...,
6).

- Identification of the triangles

The reference vector is projected on the two axes making 60°

koo sy
between them. In each sector S, , its components u, and

S, ; .
U, , are given by:

Mkl =2M (cos(ﬂk -, —D— ) \/_sm(ﬁ =S, - 3)]

12)
2 . T
Uy, =2M (ﬁsm(ﬁk -8y —1)3))
The modulation factor M, is given by:
u refk (13)

M =—XF
by 213

In order to determine the number of the triangle in a sector
the two following numbers are to be defined:

n’

150 =int@w®: )
Y= int S
k1 refk 1 (14)
sk _

L mt(u,pm)

where int is a function which gives the whole part of a given
real number.

Fig. 4 presents the projection of u,. in the first sector.
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Fig. 4. First sector corresponding to the space voltage vectors of a
three-level inverter.
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In a reference frame formed by the two vectors )y, and

o k
ufe;k , the coordinates of the tops Ay, By, C and Dy are given
by:

5)

A‘A k k
( Akl ’ ): l/fl ° lS

As" K
( BM ’ z) l i +1 lS )

A‘k
Mckl ’
( k2 )

The following criteria (16) and (17) determine if the
reference vector is located in the triangle formed by the tops
Ay, By and C; or in that formed by the tops By, C; and D.

A‘k
Dl\l ’

(
(i
(1. 138 +1)
(

15 +1, 1% +1)

Uy 1s in the triangle A B, Cy if:

refk1+”refk2<lé' +lbk +1 (16)
Uy 18 in the triangle ByCiDyif:
nﬂcl+unﬂc2—156 +1S +1 17

- Calculation of application times

If tops xy, i, zx corresponding has Ay, By, Cy, respectively, the
application times are calculated by:

Af/’)5 — S

t)’k _( refkl_l ) s

sy sk st

t.! _(ureka_lkZ T, (18)
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! —TS—(Q; —t

k k
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,tf: are the application times of the vectors

Ajﬁ
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<k k

ASn ASn .
q q .
ysu, !, respectively;
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X, yr and z; are the tops of Ay, By, Cy respectively, g=1,...,4.
5. Voltage Balancing Approach
The total energy of the two condensers is given by:
1 2
w :E;Cyui (19)

Based on appropriate selection of redundant vectors [4], W
can be minimized (ideally reduced to zero) if the capacitor
voltages are maintained at voltage reference values of E/2.
Assuming that all capacitors are identical, C;=C,=C, the
mathematical condition to minimize W is:

(20)

ﬂ:cim{‘ —ZA i
dt P

where AU@ is the voltage deviation of capacitor C Vs
Au, =u, —(E /2) andi is the current through capacitor
C, . The capacitor currents i, in (20) are affected by the DC-

side intermediate branch currentsi, ,and i,,. These currents
can be calculated if the switching states used in the switching
pattern are known. Thus, it is advantageous to express (20) in
terms of i,,and i,,. The DC-capacitor current is expressed

as:
2
Iy :icl+zikl (21)
k=1
Considering a constant DC-link voltage
2
> Au, =0 (22)

y=1

From (22) it is possible to deduced the following equation

2

(23)
y=1
Solving (21) and (23), yields
1 2 2 2 2
=—Zm[2im}—2[2im} (24)
2m:l k=1 m=y \ k=1

where m=1, 2.

By substituting i, into (20), the following condition to
achieve voltage balancing is deduced:

)5

, calculated from (23), in (25) it yields

Zm

ml

>

m=y

(25)

y=1

By substituting Au,,
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(26)

2
AU“[ZikIJZO
k=1

Applying the averaging operator, over one sampling period,
to (26) results in:

(k +1)r

— Av,
T

2
‘I(Zi“jdtzo
KT k=1

27

Assuming that the capacitor voltages can be assumed as
constant values over one sampling period and consequently

(27) is simplified to:
j]dt >0

From (28), the final form of the cost function is given by:

(K +T
1

AU“(K)[F |

KT

(28)

2
Z’kl
k=1

2 _
W, =AUL,1(K)(Zik1(K)jdt (29)
k=1

where AU, (K)is the voltage drift of C; at sampling period
K, and i,,(K)is the averaged value of the first DC-side

intermediate  branch current. Currenti,, (K )should be

computed for different combinations of adjacent redundant

switching states over a sampling period and the best

combination which maximizes (29) is selected. If the
k

reference vector is in the triangle A:“ (i=1,...,6, g=1,..,4), and
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figure 2, the current i,” is expressed by:
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wherei, ,i;; and ;" are the charging currents to the states

. . . sk e e
of commutation x;, y; and z in the triangle A" minimizing

the cost function W.

6. Direct Torque Control Based on Space Vector
Modulation

The main idea behind the DTC-SVM control strategy is to
force the torque and stator flux to follow their references by
applying in one switching period several voltage vectors.
This control algorithm uses prefixed time intervals within a
cycle period and in this way a higher number of voltage
space vectors can be synthesized with respect to those used
in basic DTC technique [11].

The stator voltage can be estimated using equation (31) as
follows:
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&1V

Via _[A]|:Vx1:|
vx,b’ vx2
Wlth vsl :[vml vsbl vscl]’ VSZ :[vva vrbZ vch]

The presented control strategy is based on simplified stator
voltage equations described in stator flux oriented x-y
coordinates. The rotation transformation (32) transforms
command variables in stator flux reference frame x-y to the

stationary reference a-f3 :
V * V * V *
=@ (32)
vsﬁl v sy 4 sB2

with
B —sin(8,)
r@= e ]

sy

Ve
761"

cos(8.)
sin(8,)

Since the stator flux is along the x-axis, it results ing, =0

andg, =¢ . The presented control strategy is based on

simplified stator voltage equations described in stator flux
oriented x-y coordinates:

The stator voltage equations in x-y frame are:

X = 5 ! X + d_wg
dt 15)
v sy = Rs'isy + a)v Q
The torque expression is simplified to:
T, =p|@|i, (16)

7. Simulation results

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

The obtained results are presented in Figs. 5 and 6 for the
DTC-SVM without balancing strategy and that with
balancing strategy, respectively. The DSIM is accelerated
from standstill to reference speed /00 rad/s. The drive is
simulated with load torque (7;=/0N.m), afterwards a step
variation in the rated load (7, = -10N.m) as well as a speed
inversion from 100rad/s to -100rad/s are introduced at 0.8s.
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Note that the both proposed controls schemes present an
excellent performance in terms of starting, rejection of
disturbance and speed tracking. Also, the decoupling
between the stator flux and electromagnetic torque is
maintained in both configurations, confirming the good
dynamic performances of the developed multiphase drive
systems.

Referring to Fig. 5, it appears that the capacitor voltages
given by v, and v, are deviating from their reference
voltage value (v,/2). This result shows the problem of the
unbalance capacitor voltages and its consequence on
electromagnetic torque and stator flux harmonics rate. In
order to improve the performance of the previous system, a
three-level DTC-SVM based on balancing mechanism is
proposed.

As expected in Fig. 6, the proposed solution is very efficient
to solve the above-mentioned instability problem. As result,
each capacitor voltage merged with its reference voltage
value. Consequently, the torque and flux ripples decreases
considerably using the proposed balancing strategy.

8. Conclusion

In this paper, an effective three-level DTC-SVM of DSIM is
presented. The idea behind this control method is to gather
the merits of the well-known DTC and those of the SVM
equipped by a balancing strategy in the aim to improve the
performance of the overall multiphase drive.

From the obtained simulation results, it is pointed out that the
robustness of the controlled DSIM drive against speed and
load torque variations is guaranteed. On the other hand, to
take full benefit of multilevel DCI inverter, the proposed
control method is endowed by a suitable balancing strategy
able to ensure the stability of DC-link capacitor voltages. The
simulation results confirm that the proposed direct torque
control based on space vector modulation scheme with
balancing strategy achieves a fast electromagnetic torque
response with low torque ripples, in comparison to that
control scheme without balancing strategy. Moreover, it
performs well under various condition variations such as
sudden change in the speed reference, speed reversion
operation, and step change of the load torque.

Declaration of conflicting interest

This work was supported by the Directorate-General for
Scientific Research and Technological Development (DG-
RSDT) of Algeria under PRFU project number
AO01L07UN300120200001.

9. Appendix
The parameters of DSIM are given in Table 1.

Table 1. DSIM parameters.
1kW, 2 Poles, 220V, 50Hz
Quantity
Stator resistance

Value
4.67 Q

Symbol
R

s

43

10.

11.

Rotor resistance R, 8Q
Stator inductance L, 0374 H
Rotor inductance L, 0374 H
Mutual inductance M 0.365 H
Inertia moment J 0.003 kgm®
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