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Three-level direct torque control based on space
vector modulation of double star synchronous
machine
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Abstract— This paper presents a direct torque control based on
space vector modulation of the salient-pole double star synchronous
machine drive fed by two three-level neutral point clamped inverters.
This type of inverters has several advantages over the standard two-
level inverter, such as a greater number of levels in the output voltage
waveforms, less harmonic distortion in voltage and current
waveforms and lower switching frequencies. The conventional direct
torque control drives utilizing hysteresis comparators suffer from
high torque ripple and variable switching frequency. The most
common solution to those problems is to use the space vector
depends on the reference torque and flux. Simulations results are
included to verify the effectiveness of the proposed control method
under load disturbances and speed reference variations.

Keywords— Double Star Synchronous Machine, Multi-Level
Inverter, Direct Torque Control, Space Vector Modulation.

I. INTRODUCTION

OWDAYS, many industry segments need high power

electrical drives with the well-known requirements like

high efficiency, high power density and reliability [1].
High-power electric drive systems are required in many
applications, such as traction, electric/hybrid vehicles, and
ship propulsion [2]. The common exigency between the
aforementioned applications is the use of high power machine.
In this context, multiphase AC machines have been recognized
as a viable approach to obtain higher power ratings based on
the concept of power segmentation. In multiphase drive, the
number of phases of the machine is not restricted to three and
it is chosen according the power demand.

Multiphase machine possess several advantages over
conventional three phase machine. These include increasing
the inverter output power, reducing the amplitude of torque
ripple and lowering the DC link current harmonics [3].
Multiphase drive system improves the reliability; the motor
can start and run since the loss of one or many phase. For high
power, the use of the synchronous machine specially finds its
application in the motorization at variable speed of the
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embedded systems [4]. But when they are supplied by
thyristor current source inverter, torque ripples of high
amplitude appear. Increasing the number of triple armature
windings, which is supplied in relation to each other one,
lowers the rate of the torque ripples. Especially, the first
harmonic of double star synchronous machine is twelve times
the operating frequency of the machine.

In the other hand, multilevel inverter fed electric machine
systems are considered as a promising approach in achieving
high power/high voltage ratings. Moreover, multilevel
inverters have the advantages of overcoming voltage limit
capability of semiconductor switches, and improving 2
harmonic profiles of output waveforms [5], [6]. The output
voltage waveform approaches a sine wave, thus having
practically no common-mode voltage and no voltage surge to
the motor windings. Furthermore, the reduction in dv/dt can
prevent motor windings and bearings from failure.

The direct torque control (DTC) has been recognized as the
most promising solution to achieve these requirements. The
DTC is based on the decoupled control of flux and torque
providing a very quick and robust response [7]. Its simplicity,
robustness and fast torque response are the major factors make
it popular in industries [8]. Common disadvantages of
conventional DTC are high torque ripple and slow transient
response to the step changes in torque during start-up. Several
techniques have been developed to improve the torque
performance. One of them is to reduce the ripples is based on
space vector modulation (SVM) technique [9].

To improve the performances of a double star synchronous
machine, a three-level DTC based on space vector modulation
(DTC-SVM) is proposed in this paper.

This paper is organized as follows. Section Il presents the
model of the DSSM. The proposed three-level neutral point
clamped (NPC) inverter controlled via space vector
modulation (SVM) is discussed in Sections 1. In section 1V
deals with the conventional direct torque control. The direct
torque control based on space vector modulation strategy is
described in Section V. In Section VI summarizes and
comments the simulation results obtained, while Section VII
concludes the paper.
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Il. DOUBLE STAR SYNCHRONOUS MACHINE MODEL

The voltage equations of the double star synchronous
machine are as follows:

. d
—Ri, + 1
v, Is+dt¢s 1)

The stator resistance matrix for each star is diagonal 3x3
matrix is given by: R =Diag [R, R, R,].

S

The original six dimensional system of the machine can be
decomposed into three orthogonal subspaces («, A) ,

(z,,z,)and(z,,z,), using the following transformation:

|:Fa Fﬂ le Fzz Fz3 FzA]:[T][Fs] (2)

With
[F1=[F FZ]T =[F
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T
Fbl Fcl Faz sz FZ]
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Where: F, can be used for stator currents (i), stator
flux (¢,) , and stator voltages (v) .

The matrix T is given by:

cos(0) cos[z?”j cos[‘%ﬁj cos(y) cos(%ﬁyj cos(%’+yj
sin(0) sin[z?”j sin[%r] sin(y) sin(%ﬁ-yj sin(%z-w]
T]= % cos(0) cos[%) cos[z?”] cos(r-7) cos[%—y) cos(s?”—yj 3)
sin(0) sin[%[j sin[z?”j sin(z-7) sin(%—yj sin(s?”—yj
1 1 1 0 0 0
0 0 0 1 1 1

The Park model of the DSSM in the rotor reference frame (d-
q) is defined by the following equations system:

dg,

Vd :Rsid +T—w¢q
4)
_R H d¢q

Vq = slq +d—t+0)¢d
Where:

¢ =Lyiy +M i

¢ =Ly, ®)
With:

V,.V, :Stator voltages dq components.

Iy ,|q . Stator currents dq components.
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¢,,¢, : Stator flux dg components.

The rotor voltage equation is given by:

. d
vV, =R 1 +i

it (6)

The mechanical equation is given by:

.]dd—?:Tem -T, -f,Q (7

With:

T.., T, : Electromagnetic and load torque.

Q : Rotor speed.

v,,i; :Voltage and current of rotor excitation.

The electromagnetic torque generated by the machine is:
Tem =p(¢diq_¢qid) (8)

I1l. THREE-LEVEL INVERTER MODELLING

A three-level inverter differs from a conventional two-level
inverter in that it is capable of producing three different levels
of output phase voltage. The structure of a three-level neutral
point clamped inverter is shown in figure 1. When switches 1
and 2 are on the output is connected to the positive supply rail.
When switches 3 and 4 are on, the output is connected to the
negative supply rail. When switches 2 and 3 are on, the output
is connected to the supply neutral point via one of the two
clamping diodes [6].
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Fig. 1 Three-level inverter (k =1 for first inverter and k =2 for second
inverter).
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Functions of connection are given by:

F.,=s5,,5

{ xk 2 xk 1 xk2’ X Za,b,C (9)
kal = s><k3's><k 2

The phase voltages Vg, Vi, Ve €an be written as:
Vi 2Fak2_Fbk2_Fck2 2Fak1 Fbkl Fc
Vi |= 2Fbk2 F Fckz 2Fbk1 F F [ dc/zj (10)
Ve 2Fck2 _Fakz _Fbkz 2Fc F Fbkl o

The representation of the space voltage vectors of a three-
level inverter for all switching states is given by figure 2.
According to the magnitude of the voltage vectors, the voltage
vectors can be partitioned into four groups: the zero voltage
vectors (Vo), the large voltage vectors (vi, Vai, Vs, V7L, Vai,
viy), the middle voltage vectors (Vor, Var, Ve, VaL, VioL, ViaL),
and the small voltage vectors (Vis, Vs, Vs, Vas, Vss, Ves)-
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Fig. 2 Space vector diagram showing switching states for a three-
level inverter.

The SVM methods provide flexibility to select and optimize
switching patterns to (i) minimize harmonics, (ii) modify the
switching pattern to carry out DC-capacitor voltages balancing
task with no requirement for additional power circuitry, and
(iii) minimize switching frequency for high power
applications. However, real-time implementation of the
conventional SVM strategies is faced with time limits due to
the calculation overhead time. Therefore, fast algorithms are
required to overcome complexity of calculations. A fast SVM
algorithm can save the processor execution time to perform
the required calculations of DC-capacitor voltages balancing
task.

ISSN: 1998-4316

55

Volume 8, 2014

A. Determination of the sector numbers

The reference vector magnitude and angle are determined
from:

_ / 2 2
urefk - urefak +urefﬂk

)

Where the tan 2™ function returns an angle -z < 9, < which
is converted into the range 0< 9, < 27z by a C subroutine.

ref Sk (11)

u
8, =tan2* (
u

ref ak

The sector numbers 1-6 is given by:

s/ =cei|( i

T

(12)

je{l, 2,3 4,5, 6}
3
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).
B.

Identification of the triangles

The reference vector is projected on the two axes making 60°
between them. In each sector S, components ufefkland

Sk H .
u.n , are given by:

Un =2M (COS(S’k—(Sk -1 ) \/—Sln(9 (Srf—l)z)J

(13)
2 .
USh, =2M [ @smwk—(s:—l)g)j
The modulation factor My is given by:
u
M — refk (14)
© v, 213

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

snk : sk
I;; =intu )

_ ) (15)
int(u rse?k 2)

Sk
I3 =

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

The figure 3 presents the projection of u,g in the first sector
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Fig. 3 First sector corresponding to the space voltage vectors of a
three-level inverter.

k
In a reference mark formed by the two vectors u;, and

ufe;kk2 the coordinates of the tops Ay, By, Cx and Dy are given
by:

«

AST AS?

u,* , u,”

( Aci T T A

« «

ASH ASh

q q
(uBkl ’ uBkZ j

« «

ASH AS?

u.* , u.”

( Ck1 ' “Ck2

S (18 418 41
Up,,» Up,, [Zlha +4 L5 +

Sk Sk
155,155

(16)

The following criterias (17) and (18) determine if the
reference vector is located in the triangle formed by the tops
Ay, Bxand Cy or in that formed by the tops By, Cy and Dy.

Uret IS in the triangle ABiCy if:

Sy Sy S Sy
Urher FUher <lep +15 +1 (7)
Uret IS in the triangle B,C, Dy if:

Sa Si Sy Sy
urefk1+urefk22|k1 +Ik2 +1 (18)

C. Calculation of application times

If tops Xk, Yk, Zx corresponding has Ay, By, Cy, respectively, the
application times are calculated by:

o :(u

Sh Sp
Vi refkl_lkl Ts

e (o, 1, (19)
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k

A A‘jg Agnk . ..

tte ot are times of application of the
Agnk Ajnk Aé'l‘( .

vectorsu,® ,u,* ,u,’ respectively.

Xk Yk and z, : are the tops of Ay, By, Cy respectively, q=1...4.

D. Examples of chronograms

Figure 4 illustrates the pulses of region (=1 forS} ). Itis

about symmetrical signals that have the same states at the
center and at the ends.

000{1001110{1111211221|222222|221/211|111|110 100000
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Fig. 4 Examples of chronograms pulses of region (a3t ).

IV. DIRECT TORQUE CONTROL

DTC technique is a convenient, relatively complete and
easy applicable method. In this method, the required stator
flux and torque are determined and a proper switching pattern
of the inverter is then applied. Since the motor input voltage
contributes in both flux and required torque, a proper
switching pattern for inverter firing is essential.

The stator voltage estimator computed using equation (20):

SRk

With: v, =V, Vi V] Vi, =[Va Vi Vil

(20)

The components of stator flux can be estimated by:

(V, —R,i,)dz+g, (0)

(VAﬂ—RSiﬂ)dT+g;ﬂ (0) (21)

The stator flux angle is calculated by:

; )
6, =arctan| == (22)
B
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Electromagnetic torque calculation uses flux components,
current components and pair pole number of the double star
synchronous machine [3]:

T =P (A, 4. (23)

The reference values of flux and torque are compared to
their actual values and the resulting errors are fed into two
hysteresis comparators [7].

The switching selection table for the conventional DTC for
DSSM is given in tables 3 and 4.

@ | 7 | zone(i) zone (i ) and
o |7 .
. L Vi zone (i +1)
-1 V(i+B)L
0|0 v,
I Vi (i+8)s
1 10 v,
-1 V(i+1O)L ;

Table 3. First star switching table used in the conventional DTC.

@ |7 | zone(i) zone (i ) and
o |7 .
. 1 Vi zone (i +1)
-1 V(i+7)L
0 |0 V.
. 1 |v (L (i+3)s
0
1|V ! Viisss

Table 4. Second star switching table used in the conventional DTC.

The general structure of the double star synchronous
machine with direct torque control using a three-level inverter
in each star is represented by figure 5.
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Fig. 5 DTC scheme for DSSM (with j=1, 2, 3 or 4).
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V. DIRECT TORQUE CONTROL BASED ON SPACE VECTOR
MODULATION

The main idea the DTC-SVM control strategy is to force the
torque and stator flux to approach their reference by applying
in one sampling period several voltage vectors instead of only
one voltage vector as in basic DTC [9]. 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.

The presented control strategy is based on simplified stator
voltage equations described in stator flux oriented x-y
coordinates:

v, =R;i, +d¢S
dt

v, =R{i, + o4

(24)

By applying the following rotation transformation, with
transforms variable in the stator flux reference frame x-y to the
stationary reference a-4:

O TS R R IO
vl ) [ ranfi) e
- _|cos(6,) —sin(é,)

with: [P(HS)]_Lin(es) cos(@s)}

The torque equation is as follows:

T =P, (26)

Figure 6 represents the DTC-SVM control of DSSM.

apl | 3-level lel; First 3-level
SVM inverter

a2 3-level x2i | Second 3-level
SVM inverter
afl,2 ’
< d
Xy : :
Voltages
vy v, estimation

~ Vsl VSZ
A v v
22|

Fig. 6 DTC-SVM of DSSM (with j=1, 2, 3 or 4).
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VI.

To verify the validity of the proposed controller, the system
was simulated using the DSSM parameters given in Appendix.
The DC side of the inverter is supplied by a constant DC
source vg.=600V.

The aim of this section is to compare the three-level DTC
for DSSM with the three-level DTC-SVM for DSSM. Two
situations are considered:

SIMULATION RESULTS

Situation 1: Step change in load torque. The DSSM is
accelerating from standstill to reference speed 100 rad/s. The
system is started with full load torque (T, = 11N.m). After
wards, a step variation on the load torque (T, = 0 N.m) is
applied at time t=1.

Speed (rad/s)
150
100
50
0
-50
-100
-150
0 0.5 1 15 2 25 3
Time (s)
Electromagnetic torque (Nm)
0
11 555‘______
-2
O0 0.5 1 15 2 25 3
Time (s)
Stator flux (Wb)
3
2,15
1
0
0 0.5 1 15 2 25 3
Time (s) =

ig. 7 Dynamic responses of three-level DTC for DSSM.
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Situation 2: Step change in reference speed. To test the
speed evolution of the system, the DSSM is accelerate from
standstill to reference speed (100 rad/s) afterwards it is
decelerate to the inverse rated speed (-100 rad/s) at time
t=1.5s.

The dynamic responses of mechanical speed, stator flux and
electromagnetic torque are presented in figures 7 and 8 for the
conventional three-level DTC and the three-level DTC-SVM
respectively. As it can be seen from these figures, the speed
response is merged with the reference one and the flux is very
similar to the nominal case and independent of the torque.

Speed (rad/s)
150
100
50
0
-50
-100
-150
0 0.5 1 15 2 25 3
Time (s)
Electromagnetic torque (Nm)
30 . T T T
11.4+%
10.8 e
ZOfg“‘
L 0.5 0.6 07 08 09 |1
11
0
L.——‘ {
_11 oo
-20
0 0.5 1 15 2 25 3
Time ()
Stator flux (Wb)
3
2,15
1
0
0 0.5 1 15 2 25 3
Time (s) Fi

g. 8 Dynamic responses of three-level DTC-SVM for DSSM.
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Note that the both control approaches ensure good
decoupling between stator flux linkage and electromagnetic
torque. However the DTC-SVM for DSSM decreases
considerably the torque ripple.

Simulations results show that the system controlled by the
proposed method is still little affected; it shows a good
property of robustness in the face of external load disturbance
and speed reversion.

As it can be seen from these figures, the decoupling
between torque and flux is ensured in the beginning and
during all the control process.

The comparison between figure 7 and figure 8 reveals that
the torque ripple and flux ripple of the proposed DTC-SVM
are less than that of the conventional one.

VII. CONCLUSION

The objective of this work was at first, to realize an
intelligent control system based on DTC applied to a double
star synchronous machine fed by two three-level inverters. In
the second place, improving dynamic performance; by
introducing the space vector modulation strategy.

In this paper, an effective direct torque control based on
space vector modulation strategy of salient-pole DSSM s
presented. The direct torque control is a good alternative
method for the double star synchronous machine drive system.
Indeed, the drive operates with low ripple of motor variables
and the decoupling between the stator flux and the torque is
maintained, confirms the good performances of the developed
drive systems. The simulation results obtained for the DTC-
SVM with three-level inverter illustrate a considerable
reduction in torque ripple and flux ripple compared to the
existing conventional DTC system.

VIIl. APPENDIX

Double star synchronous machine parameters are gathered in
Table 5.

5 Kw, 2 POLES, 232 Vv, 50 Hz

Components Rating values
Stator resistance (Rs) 2.35Q
Rotor resistance (Ry) 303Q
Stator inductance d axis (Lg) 0.3811H
Rotor inductance g axis (L) 0.211H
Stator inductance (L) 15H
Mutual inductance (Mg) 2.146 H
Inertia (J) 0.05Nms2/rad
Friction coefficient (f) 0.001Nms/rad

Table 5. DSSM parameters.
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