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Abstract— This work relates to the study of direct torque
control of the double star induction machine drive fed by two
five-level diode-clamped inverters. The analysis of the three-phase
direct torque control shows that this concept can be extended
easily to double star induction machine even when it is fed by a
multilevel inverter. Diode-clamped inverter, as one of the
prominent multilevel inverters, has several advantages like high
voltage and low current waveform distortion. However, it suffers
from the problem of neutral point potential variation. The
variation causes an unbalance in the DC-link voltage levels and
increases consequently the current waveform distortion. This
problem can be solved in satisfactory way by using multilevel
direct torque control equipped by a balancing strategy. The
simulation results, illustrating the steady state and dynamic
performances, prove the effectiveness of the proposed control
approach.

Keywords— Double star induction machine, Five-level diode
clamped inverter, Direct torque control, Balancing strategy.

I. INTRODUCTION

ULTIPHASE machines have been studied for a long time,

but recently they have gained attention in the research
community and industry worldwide [1]. The multiphase
machines are used in wind power systems, electrical and
hybrid vehicles, electric ship propulsion, electric aircraft
actuators, and in safety-critical applications, such as aerospace
or military naval drives, where fault tolerance is a desirable
feature [2].

Multiphase machines drives have been proposed for
different applications where some specific advantages such as:
lower torque pulsations, less DC-link current harmonics,
higher overall system reliability, better power distribution per
phase can be better exploited, justifying the higher complexity
in contrast to the three-phase solution [3].

One of the most common examples of multiphase machines
is the double star induction machine (DSIM) [4]. This type of
machine is composed of two windings with 30 electrical
degrees phase shift and of a rotor, which can be wound or with
squirrel cage. These windings are generally fed by a six-phase
inverter supply in variable drives.

Multilevel inverter topology can offer reduced harmonic
distortions of the output currents, low voltage stresses of
power switches, and reduced electromagnetic interferences [5].
Therefore, it is a preferred solution for medium-high voltage
or high-power electrical drives applications. Several
topologies of multilevel inverters have been proposed in the
specialized literatures [6]. Among these topologies, diode-
clamped inverter (DCI) represents one of the most interesting
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solutions to increase voltage and power levels and to achieve
high quality voltage waveforms. Unfortunately, DCI has an
inherent problem of DC-link capacitors voltages variations [7].
Some solutions have been proposed, which are based on
redundant switching configurations or on the addition of zero-
sequence voltage components to the output voltage references
[8].

Direct torque control (DTC) has been actively investigated
during the last decade in the area of AC drives. The main
advantages of DTC are the high performance achieved by
decoupling the control of stator flux and torque, fast torque
response and robustness. Not only that, DTC is known by its
simplicity since the coordinate transformation, modulation
block, and current controllers are no longer requires [9]. In the
basis DTC scheme, based on two-level inverter, the torque and
flux ripples are high due to the limited number of voltage
vectors. In order to overcome this problem, many
contributions have been made that extent DTC to multilevel
topologies [10].

The purpose of this paper is to propose a five-level DTC
method with balancing strategy based on the redundancy of
switching states in order to accomplish two objectives: (1)
balancing the DC-link capacitors voltages; (2) ensuring a high
performance of the multiphase drive.

The remainder of this paper is structured as follows: in
Section II the model of the DSIM is presented, a suitable
transformation matrix is used to develop a simple dynamic
model. The proposed five-level DCI is briefly presented in
section III. In section IV, the DTC strategy is applied to get
decoupled control of the stator flux and electromagnetic
torque. The simulation results related to the five-level DTC
without balancing strategy are presented and discussed in the
section V. The section VI is reserved to balancing analysis of
the proposed control strategy. In the section VII, the
simulation results related to the five-level DTC with balancing
strategy are presented and discussed.

II. DOUBLE STAR INDUCTION MACHINE MODELING

The machine model presented in this section is based on the
following assumptions: The air gap is uniform and the
windings are sinusoidally distributed around the air gap, and
the magnetic saturation and core losses are neglected. A
schematic of the stator and rotor windings for a double star
induction machine is given in Fig. 1 [4].
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Fig. 1 DSIM windings representation.

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

vsl:Rslsl-{_d¢Sl
dt
. dg
v, =R, +—22
2 sis2 T Q)
O—Rri,+dﬁ
dt
with:

Vo =Ny Vg VeI : Stator voltages of the first winding;
V,=Ng, Vg, Vg, : Stator voltages of the second winding;
i, =[ig iw Ig ] : Stator currents of the first winding;
i, =[ig, iy, Ig,] :Stator currents of the second winding;
i=[i, i, i.J
b=l 1 P T
b =00 P2 Per ]T
b =lba b &T

R, =Diag[R, R, R,] : Stator resistance matrix for each star;

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

: Rotor flux;

R, =Diag [Rr R, Rr] : Rotor resistance matrix for each star.

The original six-dimensional stator system can be

decomposed into  three two-dimensional decoupled
subsystems (o, ), (z,,z,)and(z,,z,), using the following
transformation:

Lxsa Xsﬂ le Xzz Xz3 XZ4J:[A][XS] (2)
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with
[Xs]:[xsl XSZ]T :[Xsal Xsbl Xscl Xsaz Xsbz Xscz]T

where Xs can refer to stator currents (i), stator flux (¢, ), or
stator voltages (v, ). The matrix A is given by:

i) 2] ft) o) f) {1
) so[2) sof%) sn) sn(Z0r) snf0)
o ) %) e (i) wf5)
sin(0) sin(%”] sin[%”j sin(7-7) sin(%—yj sin(%”—y]
1 1 1 0 0 0
Lo 0 0 1 1 L

The stator and rotor voltage equations in «-f reference

frame are as follows:

v, =R.i,, +%
dt
vsﬂ:Rsisﬂ+%
“4)
0= Rsim+%+9p¢rﬁ
O:Rsirﬂ+d(;$—9p¢m
with:

Vigs Vsy: The a-f components of stator voltage;

sa?’

Igys Iy : The a-ff components of stator currents;

sa?

Ira’

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

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

The stator voltage equations in z,-z, and z,-z, reference

frame are as follows:

v, i, Il 0 0 0 i,
v i 01 0 0 i
22 =RS .12 + S d_ z2 (5)
V,, i, 0 0 I, Oldtfi,,
Vz4 iz4 0 0 Is |z4

The harmonic currents i1 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 electromagnetic torque is given as:

Tem = p(¢saisﬂ _¢sﬁisa) (6)
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III. FIVE-LEVEL INVERTER MODELING

Fig. 2 shows a schematic diagram of a three-phase five-level
diode-clamped inverter. In this circuit, the DC-bus voltage is
split into five levels by four series-connected capacitors, Ci,
C», Cs, and C4. There are four complimentary switch pairs in

each phase. For a complimentary switch pair, turning on one of

the switches excludes the other from being turned on. Using
phase-a as an example, the four complementary pairs are

(S kal> Skas )’ (S ka2> Skas )’ (S ka3> Ska7)> and (S ka4 > S
Gating signals S, S, S, and S, are simply generated

S.;andS,, ,, respectively.

kaS) .

kx 52

S

kx 7

by inverting S, ;, S, ,>

i

SM{;%

va@@

Fig. 2 Structure of 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 for one phase of the chosen five-
level DCI. The switches are arranged into four
pairs (S ). If one switch of the pair is turned on, the

xki > xk(i+4)
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 inverter.

State S, 118 ualS s Suca S xics S w6 | S 1[S wes Vo
4 1|1(1(1]0|0(0]O0 Ve Ve,
3 oOj1|(1f(1(1]0|0]|0O Vg,
2 0(0]|1|1]1]1]0]0 0
1 Ojojof1(1|111]0 Ve,
0 010[O0]O0 |1 |1 |1 ]1] —(v,+Vv,)

Table 1 Switching state of a five-level DCI ( x=a, b or C).
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The output voltages of inverter can be written as:

VC3+VC4
Vak Fcakl Fcakz Fcak3 Fcak4 FcakS Vc3
Ve |=| For Foz Fas Fes Fans 0 (7
Vck Fcckl cck 2 Fcck3 cck 4 cck 5 _Vc2
_(Vcl+vc2)
With:
E 1 S,; is ON
“ 0 s, is OFF

IV. DIRECT TORQUE CONTROL STRATEGY

Direct torque control is a control technique used in AC
drive systems to obtain high performance torque control. The
conventional DTC drive contains a pair of hysteresis
comparators, a flux and torque estimator and a voltage vector
selection table. The torque and flux are controlled
simultaneously by applying suitable voltage vectors, and by
limiting these quantities within their hysteresis bands;
decoupled control of torque and flux can be achieved.

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

VASH VA
) :[A]{f‘} (8)
v sp Vsa
with
Asl = [VAsal VAsbl Vscl] and V [V,\saz VAst VASCZ]
The expression of the stator flux is estimated by:
t
b=y —R,i,,)d7+4,(0)
0
' €)]
= J- s s/} d T+ ¢ (0)
0
Using (9), the electromagnetic torque is estimated by:
p(¢saisﬁ_¢sﬂisa) (10)
The magnitude of stator flux is estimated by:
¢s = \A ¢52a + ¢52ﬁ (1 1)

The flux angle is given by:
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® |7 |Zone(i) || ® |7 | Zone(i) || ® |7 | Zone(i)
4 | Vi 4 | Vi 4 | VieL
3 Vi 3 Vi 3 [ Viisepr2
2 [ Viism 2 [ V(isam 2 | Viiem

) L Vs 0 L Vs B L Vs
0 Vv, 0 Vv, 0 Vv,
=11 Viags =1 | Viiaes =1 | Vs
-2 v(i+18)M -2 V(i+]6)M -2 V(i+]4)M
-3 Vi -3 ViisioLz -3 Ve
4 | Vs 4 [Visgu 4 Vi

Table 3 Switching table used in the DTC of second DSIM star.

The direct torque control of double star induction motor
supplied by two five-level DCI is represented by Fig. 4.

sy 719 o Frsiet g
&—10] SN
Switching
‘r\—p tables
X | ",
L x2i_| Second 5-level |4 ¢
Fig. 3 switching states of the five-level DCI. > mverter ]
’ !
s Vdc
The switching tables used in the DTC of first and second
DSIM stars are given by Tables (2) and (3), respectively. eﬁ?r:zieosn
O |7t | Zone(i) || ® |7 |Zone(i)||® |7 | Zone(i) AT Vi Vi,
s em \ 4 A4
v abcl,2 i
af sl
4 V(i+4)LI 4 V(i+6)Ll 4 V(i+8)L1 Stator flux and
3 V(i+4)L2 3 V(i+6)L2 3 V(i+8)L2 torque estimator Lap < 2
2 | Viiiam 2 | Viigm 2 | Viigm o ah
| 1 V(i+4)s 0 1 V(i +6)S 0 1 V(i+8)S - é Q
0 v, 0 v, 0 v,
Fig. 4 Five-level DTC scheme without balancing strategy.
-1 V(i+20)s -1 V(i+18)S -1 V(i+15)s
=2 | Vaom -2 | Viagm =2 |V gm V. SIMULATION RESULTS OF FIVE-LEVEL DTC WITHOUT
BALANCING STRATEGY
-3 v(i+20)L2 -3 v(i+18)L2 -3 V(i+]6)L2
—4 | Vi o011 —4 Vs -4 V(i 6L To verify the validity of the five-level DTC strategy, the

Table 2 Switching table used in the DTC of the first DSIM star.
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system was simulated using the DSIM parameters given in
Appendix. The simulation results are obtained using the
following DC-link capacitance values C1= Co= Cs= C4=1mF.
The DC side of the inverter is supplied by a constant DC
source Vgc=600V.

The obtained results are presented in Fig. 5 where the DSIM
is accelerated from standstill to reference speed 100rad/s. The
system is simulated with load torque (T, = 10N.m), afterwards
a step variation on the rated load (T = 0 N.m) is introduced at
time t =0.5s. And then a sudden reversion in the speed
command from 100 rad/s to -100 rad/s is introduced at t =1s.
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Fig. 5 Five-level DTC performances without balancing strategy for
DSIM.
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As it can be seen from these figures, the rotor speed
response is merged with the reference one and the stator flux is
very similar to the nominal case and independent of the torque.
Thus, the decoupling between torque and flux is ensured in the
beginning and during all the control process. The rotor speed
controller intervenes to face the speed variation and ensures
that the system follows its suitable reference speed.

It is important to mention the problem of the unbalance of
the input DC voltages of the intermediate capacitors filter.
Indeed, the voltages V1 and Vs increase and the voltages Vo
and Vcz decrease. In order to improve the performance of five-
level DTC for DSIM, a five-level DTC based on balancing
mechanism is proposed.

VI. DC-CAPACITOR VOLTAGE BALANCING STRATEGY

The capacitor voltage balancing strategy proposed in this
work is based on the minimum energy property fulfilled by
selecting appropriate redundant switching states of the two
DCI units over a switching period [11].

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

1 4
Ez;cjvcj (13)
e

To achieve voltage balancing a control method should
minimize (13) [8]. By a change of variable from
Vi to(Vy V4 )/4 in (13) the positive definite cost function

becomes:
1 4
J=-CY AV, (14)
2 3
where AV is the voltage deviation of capacitor C; defined
by:
Ach :ch Ve /4 (15)

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:
N 4 dv, & .
—=CY Av, —2 =) Av i, 16
dt ,Z‘ ot ,Z 1 (16)

with e is the current through capacitorC .

The capacitor currents icki in (16) are affected by the DC-
side intermediate branch currents i,,, i,, and i,,. Currents
i,;, I, and i,, can be calculated if the switching states used

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

The DC-capacitor currents are expressed as:

2
=—Zy[2'kyj Z[Zikyj (17)
y =l j \k=l
By substituting ickj calculated from (17) in (16), the
condition to achieve voltage balancing becomes:
2
Son, (158 B[S )]0 aw
j= y=l1 j\k=l
Since the net DC-link voltage is regulated at v
4
Z} AV =0 (19)
] =
Substituting Av, calculated from (19), in (18) yields
3 3 2 .
D A [Z[Zukyﬂ >0 (20)
j=t y=j\ k=l

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

K+1)T 3 2
— Z Av [Z[Zikyndtzo (21)
y=i \k=l
Equation (21) can be simplified to:
ZAVCJ (K)( Zuky (K)}it >0 (22)

where:
AV ; (K'): The voltage drifts of Cjat sampling period K.

Iy (K)

: The averaged value of the j DC-side intermediate
branch current.

To calculate i_ky (y=1,...,3) contributions of switching states

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

=F

Cak3 ak +FCbk3 bk +FCck3 ck

=F

CakZ ak +FChk2 bk +FCck2 ck

(23)

Ty :FCakl a T Fenoroe + Foaorla

From (23), the cost function can be written:
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24)

:i% (K>[i(2'ky](mj

j=l y=]

The currents i_ky are calculated based on (23) for each set of

switching combinations, they are replaced in (24) and the best
set that fulfills the condition is selected.

For instance, in the triangle of the first sector where the
following switching states: (421, 310), (411, 300) and (410)
are available, the table 4 can be obtained.

iky 421 310 411 300 410
ikl ick ibk _iak 0 ibk
ikz ibk 0 0 0 0
ik3 0 iak 0 iak 0

Table 4 Example for switching states in the first sector.

Fig. 6 shows a schematic diagram of the five-level DTC
balancing system including the DC capacitor voltage control
strategy.

S1><i
v
= V¢4
@ B First
> | v
, Switching table < ¢ five-level
— 71 with balancing “"‘{ T Ve lll| DCI
Zone B N strategy [ ] {ZZch N
Tty g
v  —
o » Second
SWltChlng ta.ble L five-level
L] with balancing |« DCI
strategy
> e

S ]

Fig. 6 Schematic representation of the five-level DTC with balancing
strategy.

VII. SIMULATION RESULTS OF FIVE-LEVEL DTC WITH

BALANCING STRATEGY

The proposed multilevel DTC with balancing strategy is
tested by some numerical simulations to verify its effectiveness
in the steady-state and dynamic. Fig. 7 presents the simulation
results obtained in the same conditions as in Fig. 5.
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Fig. 7 Five-level DTC performances with balancing strategy for
DSIM.
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In Fig. 7, as can be seen, the rotor speed follows its
reference value while the torque returns to its reference value
with a little error. These results show that speed transients lead
to the electromagnetic torque variations.

It can be observed also that the proposed DTC with
balancing strategy is able to guarantee capacitor voltages
balance even during the abovementioned transits. In addition,
the tracking capability is further improved, and the decoupling
control between electromagnetic torque and stator flux is
always confirmed.

VIIIL.

The objective of this work was, at first, to realize a direct
torque control applied to a double star induction machine fed
by two five-level diode-clamped inverters. In the second place,
it aims to improve the system overall dynamic performances
by introducing DC-link voltage balancing strategy.

The obtained results are very satisfactory since they show a
good stability of the DC-link voltages. So, the proposed DTC
endowed by a balancing strategy based on the adequate use of
the redundant vectors seems to be an effective way to deal with
the inverter input DC voltages drift phenomenon.

However, it is worth to mention that the control of the five-
level diode-clamped inverter is not only known by its
complexity but also the DC-link voltage balancing is an extra
constrained to fulfill.

CONCLUSION

APPENDIX

The parameters of DSIM are given in table 5.

1 kW, 2 Poles, 220 V, 50 Hz

Quantity Symbol 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?

Table 5 DSIM parameters.
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