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Abstract: This work relates to the study of direct torquecapacitors voltages variations [6]. Stabilizing tB€E€-side
control based on space vector modulation of a sgfmle ~ capacitor voltages is a challenging task. Severthaus are
double star synchronous machine. The machine iplisgp Proposed to solve this problem. Some of these ristlave

by two three-level diode-clamped voltage sourceerieys ~Presented in [7].Another interesting solution based
shared the same capacitor divider. However, a Vermultllevel space vector modulation is recognizetig¢aable to

important issue in using diode-clamped invertersthe keep capacitors balance using redundant switch siBie

- o . . In the other hand, the multilevel direct torque tooin
ability to guarantee the stability of the DC-linlapacitor (DTC) of electrical drives has become an attra&tmy’c in

voltages. To overcome this problem the multiley®ce |osearch and academic community over the past detie

vector modulation with balancing strategy is propdsto  an every control method has some advantages and

suppress the unbalance of DC-link capacitor voltage disadvantages, DTC method has too. Some of thensatyes
Simulations results are given to show the effewtgs of the are presented in [8]. The basic disadvantages @& Bdheme
proposed control approach. using hysteresis controllers are the variable $wite

frequency, the current and torque ripple. In otdesvercome
Key words: Double Star Synchronous Machine; Multi-Levelthese problems, the DTC using space vector moduolati
Inverter; Direct Torque Control; Space Vector Moatipn;  (SVM) technique was proposed [6]. The basis of BieC-
Balancing strategy. SVM methodology is the calculation of the requiseaktage
space vector to compensate the flux and torqueseatceach
sampling period.

The purpose of this paper is to propose a multil&eC
method with efficient dc-voltages balancing contnoéthod
dedicates to multiphase drive.

This paper is organized as follows. Firstly, thedeloof
the DSSM is presented in the section 2. In thei@e&, the
three-level inverter modelling is described. Thetisa 4
introduces the DTC-SVM approach. The section Seistkd
to the simulation results of the three-level DTCMNsWithout
balancing strategy. The section 6 is reserveddd#iancing
control strategy of DC link capacitor voltages. Siation
results of three-level DTC-SVM with balancing st@gy are
discussed in the section 7. Finally, conclusiores drawn in
the last section.

1. Introduction

Multiphase machines have been studied for a lomg,ti
but recently they have gained attention in the aede
community and industry worldwide [1]. The specific
application areas are the main motivation of thisréased
interest. Electric ship propulsion, locomotive traw, electric
and hybrid electric vehicles, more-electric airgrahd high-
power industrial applications can be counted as rtfzn
applications [2]. Multiphase machines are perceiteedffer
many advantages such as improved magneto-motivee for
waveforms, reduced line voltages and increasediefities.
The consequential benefits of these are reducequdor
pulsations, lower losses, reduced acoustic noidereduced
power ratings of supply converters [3]. Howevergstn
benefits are depended on machine topology, suppijfea ,
shift, winding configuration and design details. 2. Double Star Synchronous Machine M odel

In multiphase machine drive systems, more thanethre The DSSM stators voltages equations are as follows:
phase windings are implemented in the same stdttheo
electric machine. One common example of such streds o d
the double star synchronous motor (DSSM). This mbas Vg =Rig+—g@,, k=12 1)
two sets of three-phase windings spatially phageedby 30 dt
electrical degrees and each set of three-phas® statdings
is fed by a three-phase voltage source inverter [4] Where v are stator voltagek, are stator currentg, are

Nowadays, multilevel inverters have become a veryi,ior flux. The stator resistance matrix for eatdr is a
attractive solution for medium and high power agation . o .
areas. Several topologies of multilevel inverteawehbeen diagonal 33 matrix given byR = Diag[R R R].
proposed in the technical literatures [5]. Amongesth

topologies, diode-clamped inverter (DCI) represeste of  The original six dimensional system of the machiae be

the most interesting solutions, to increase volt@ge power  yocomposed into three orthogonal subs 7 7
levels and to achieve high quality voltage wavefarm P g PeEes). (2.,2,)

Unfortunately, DCI has an inherent problem of Dakli and(z;,z,), using the following matrix transformation:



21 4 o1 47 3. Three-Level DCI Modelling
=49 COE 3j C{%J %) {OS?VJ {Gséwj Figure 1 shows the circuit of a three-level diodamped
sin(0) sir{z”j si{ﬂ) sitfy) si&%ﬁ yj siEiﬁ y) inverter and the switching states of each leg efitiverter.
2

. ) o or Each leg is composed of two upper and lower swickith
[r]=75| o9 coE?”j C{%gj cwr-y) GE%-VJ {e%- (2) anti-parallel diodes. Two series DC-link capacitspdit the

C0 ) 2T i (7 (57 DC-bus voltage in half, and SiX clgmping diodesfomnthe
sin(0) S"( 3] S'”[ 3] sin(-y) 5"{3 V] S"E 3 VJ voltage across the switches within the voltage bé t
1 1 1 0 0 capacitors, each leg of the inverter can have tpassible
0 0 0 1 1 1 switching states2, 1 or 0. When top switche§,; and Sy

are turned ON, switching state is 2 [9]. When thétches
To express the stator equations in the rotor reterdrame, Sis and Sy are turned ON, switching state is 0. When the

the following rotation transformation is adopted: switchesS;; andSy; are turned ON, switching state is 1. So
there exist 27 kinds of switching states in threage three-
cos@) sin@) level inverter.
PO =| . )3
-sin(@) cos@)
i
The Park model of the DSSM in the rotor referemaene (- i, Se1
q) is defined by the following equations system: #
Ve
. d Sb 2 Sck2
R e )
 dg @ 1 ° 5 c
Vv, :Rslq+E+axpd de T k1
iclv K Sc%
Where:V,,V, ared-q axis stator voltages, i ;are d-q axis v
CJ.::
stator currents, angj , ¢ ared-q axis stator flux. Scki{
The stator flux components are given by: ivo
% :Ldid +M fdi f
=L kaT VckT
#= Lq' q ®)
n
With L, L, ared-g stator inductances, ard , is the mutual  Fig. 1. Three-level DCIK=1 for first inverter and=2 for
inductance betweethaxis stator and rotor. second inverter).
The rotor voltage equation is given by: Functions of connection are given by:
. d
Ve =R +£ (6) {kaz =S4a1Sur X=ah¢ )
kal = Ska'Ska

Where v, , i, are voltage and current of rotor excitation

respectively,@is the flux of rotor excitation, an®, is the ~ The phase voltagegy, Vi, Voccan be written as:

rotor resistance.
Vo) (ZFo-FuwFe FuFuFa

The mechanical equation is given by: Vo |7l 2R —Fo—Fo FouFuFa (Vﬂ +V°2J (10)
Vy ) \Fp—Fp—Fyp Fyu—FuF «

daQ
‘]Ez em_TL_frg2 (7)
The space vector diagram of a three-level invastshowed
in figure 2. The 27 switching states of three levielverter
With T,,, T are electromagnetic and load torquesis the  corresponds to 19 different space vectors. Basedhein

rotor speed,) is the moment of inertia, arfdis the friction  magnitude, the space vectors are divided into firoups,

coefficient. these vectors have different effects on neutrahtpeoltage
variations [9].

The electromagnetic torque generated by the madine

Ten = P04 04 o) (®)
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Fig. 2. Space vector diagram showing switchingestédr the
first three-level DCI.

In order to simplify three-level SVM algorithm, tiheference
voltage vector is only synthesized by the thredchasltage
vectors within the minimum equilateral triangulaea in
which the reference voltage vector locates.

In figure 3, the reference voltage vectoris supposed to
locate in theA region of the secto, which consists of four
equilateral triangular regions.

(220)
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(111) (211) (200)
(000) (100)

Fig. 3. Synthesized vectors in the first sector

Similarly, if v locates in another area suchcsl{1,2,3,4

algorithm uses prefixed time intervals within a leyperiod
and in this way a higher number of voltage spactors can
be synthesized with respect to those used in b@3i€
technique [10].

The stator voltage estimator computed using equdfio) is
given by:

o)

With: Vi, =[Vyy Vo Vo], Vo=[Ve W, Y

(11)

The stator flux is estimated from the measure aftost
current and voltage and their transformation in g8

subspace. So:

% =, -Ri,)dr+4,(0)
° (12)

@ =0, - Ri,)dr +,(0)

0

The stator flux magnitude and its angle are giwen b

a|=\Z+%

g, =arcta %
@

The presented control strategy is based on siraglifitator
voltage equations described in stator flux orienteg
coordinates. The rotation transformation (14) tfams
command variables in stator flux reference frameto the
stationary reference-g :

(13)

of the sectoB, , the modulation durations of the related basic

vectors can be calculated. With the symmetry of she
sectors, the modulation durations of the basicorsatan be
obtained easily when the reference voltage vedcates in
other sectors.

4. Direct Torque Control
M odulation

The main idea the DTC-SVM control strategy is tocéothe
torque and stator flux to approach their referdmcapplying
in one switching period several voltage vectorssTontrol

Based on Space Vector

v, v, ) (v Vv,
{ i”]:[P(HS)][ ] ( i’zJ:[P(HS-V)][ TJ (14)
Vi Vy) Ve Vy
With:
cos@, ) - sing, )
[P(@S)] =l .
sin@@,) cos@,)
The stator voltage equationsxty frame are:
v, =R i, +d—¢é
dt (15)
v, =R, +twg,
The torque expression is simplified to:
Ten = P01, (16)




Figure 4 represents the DTC-SVM control of doubtar s 200 Capacitor vottages (V)
synchronous machine.
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5. Comparative Study

To verify the validity of the three-level DTC-SVMrategy,
the system was simulated using the DSSM paramgtees
in Appendix. The simulation results are obtainethgighe
following DC link capacitors value€,;= C,=1mF. The DC
side of the inverter is supplied by a constant Diiree
Vgc=600V.

Electromagnetic torque (Nm)

|
The control system was tested under deferent dpgrat !
conditions such as sudden change of load torquestem T | R
change in reference speed. !

The DSSM is accelerating from standstill to refeen
speed00 rad/s. The system is started with full load torque
(T.=11 N.m). Afterwards, a step variation on the load tmrq Stator flux (Wb)
(T.=0 N.m) is applied at timeg=1s. And then a sudden 3 '
reversion in the speed command fra@f60rad/s to-100rad/s
was introduced at.5s. The obtained DTC-SVM results are
presented in figure 5.

Time (s)

2,15

As it can be seen from these figures, the speqmbnsg is |
merged with the reference one and the flux is wémyilar to ] A R
the nominal case and independent of the torques,Tine !
decoupling between electromagnetic torque andrsfiatois !
ensured in the beginning and during all the conproicess. !
The speed controller intervenes to face this vianaand 0 05 15
ensures the system follows its suitable referepeed. _ _ Time (s) _

Fig. 5. Dynamic responses of three-level DTC-SVNheout
It is important to note that the problem of the alaince of balancing strategy for DSSM.
the two DC voltages of the intermediate capacifitsr. )
Indeed, the voltagesiincrease and the voltages decrease. ©- Voltage Balancing Theory o
In order to improve the performance of three-lepaic-  The total energy of the two condensers is given by:
SVM for DSSM, a three-level DTC-SVM based on ,
balancing mechanism is proposed. 3 :%ZCJ‘V;

j=1
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Assuming that all capacitors are identid@=C,=C. Based 1 (KT 2
on appropriate selection of redundant vectarsgan be T Z AVcl[Z'kljdtZO (25)
minimized (ideally reduced to zero) if the capacitoltages KT k=t

are maintained at voltage reference values g2 .The

mathematical condition to minimizsis: Assuming that the capacitor voltages can be assuased

constant values over one sampling period and coesdky
(25) is simplified to:

Y _cyay, Yooy (18)
dt % dt 49

KT k=1

Avcl(K)[-?l(K -+[1)T (Zzl i klj]dt >0 (26)

WhereAv is a voltage deviation of capacitoiC,,

Avy =v, - (v, /2)andi is the current through capacitor prom (26) the cost function is given by:
C, . The capacitor currents; in (18) are affected by the DC-

side intermediate branch currehtsandi,,. These currents j _ 5, (K)(Zz:i_ (K)jdt 27)
k cl k1

can be calculated if the switching states usetérstvitching
pattern are known. Thus, it is advantageous toesgpf18) in

terms ofi,,andi,,. The DC-capacitor current is expressedwhere: Av_, (K ) is the voltage drift o2, at sampling period
as:

k=1

K, and i_kl(K)is the averaged value of the first DC-side

) intermediate branch current. CurrEg(K)shouId be

2
ez _'C1+k§' k1 (19) computed for different combinations of adjacenturedant
switching states over a sampling period and thet bes

Considering a constant net-link DC voltage combination which maximizes (26) is selected. Ife th

reference vector is in the trianglék (i=1,...,6 g=1,..,4,and

sk §k

! & ) L ..
Avy =0 (20) ;= ty¢ t;° are times of application presented in figure 2,

i_kfjk current is expressed by:
From (20) it is possible to deduced the followingiation

—gk Ir « . . s § #‘T
Yi, =0 L LA 'é][ti: t tﬂ (28)
c

=1
. Slk . Sk . S|k .

The common current through all capacitors is noisidered  Wherely i, and i; are the charging currents to the

in the process since it does not contribute toagatdrifts of

. . . Sik
capacitors. Solving (19) and (21), yields states of commutation, Y« and z in the triangled,

minimizing the function cost.

2 2 2 2

icj :%Zm(zika— Z(Z| ka (22) 7. Simulation results for DTC-SVM with balancing
m=1 k=1 k=1 strategy

The proposed balancing strategy is tested by sameerical

Where: me=1, 2.By substitutingi; into (18), the following simulations to verify its effectiveness in the stgatate and

m= |

condition to achieve voltage balancing is deduced: dynamic. Figure6present the simulation resultsioled in
the same conditions as in figure 5.
2 1 2 2 2 2
D Avy EZ m(Z ikmj—Z(Zikmj <0 (23)  In figure 6 as can be seen the speed follows ference
i=1 m=1  \k=1 m=j\ k=1 value while the electromagnetic torque returns te i

reference value with a little error. These resshew that

SubstitutingAv, calculates from (20), in (23) yields this variation leads to the variation in the elesiagnetic
torque.
2
Avcl(ziklj >0 (24) It can be observed also that the proposed balarstiategy
k=1 is able to guarantee capacitor voltages balanca dueng

the abovementioned transits. In addition, the fragk

Applying the averaging operator, over one samppegod, capability is further improved. Moreover, the degling
to (24) results in: control between torque and stator flux is alwaysficmed.
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Fig. 6. Dynamic responses of three-level DTC-SVNhwi
balancing strategy for DSSM.

8. Conclusion

In this paper, the multilevel DTC-SVM method apglien
DSSM fed by two three-level inverters is presentedst, the
dynamic modeling of a synchronous machine equippi¢al

more than one three-phase sets on the stator serpes.

After that, the study is focused on the balancingbfem of
the input voltages of three-level DCI using a DTi@l@wed
by an appropriate balancing strategy. Simulatidrdifeerent
operating conditions have been carried out. Thailsition

results verify that the proposed DTC-SVM schemehwit

balancing strategy achieves a fast torque respandelow

10. Appendix
Double star synchronous machine parameters arergatin
Tablel.

5 kW, 2 poles, 232 V, 50 Hz

Components Rating values
Stator resistance R() 2.35Q
Rotor resistance R() 30.3Q
d-axis stator inductance.{ ) 0.3811H
g-axis stator inductance. ) 0.211H
Rotor inductance L¢) 15H
Mutual inductance Niq ) 2.146 H
Moment of inertia 1) 0.05Nmé/rad
Friction coefficient {) 0.001Nms/rad

Table 1. DSSM parameters.
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torque ripple, in comparison to the DTC-SVM scheme

without balancing strategy, in a wide range of dtod

variations such as sudden change in the commanedspe

reverse operation and step change of the load. Sthdy
confirms as expected that the proposed balanciategtly of
the input DC voltages is more than necessary taaugpthe
performances of the DSSM fed by two three-level DCI



