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Abstract— This paper presents a direct torque control Research interest in the area of multiphase machines has
based on nultilevel space vector modulation of a double been steadily increasing during the past decade. High power
star synchronous machine operating without speed sensor. drives employing multiphase machines are required in a lot of
Each star of the machine is supplied by a five-level diode- applications, such as traction, electric marine propulsion and
clamped inverter. This topology of multilevel inverters glectric aircraft [3, 4].
represents one of the most interesting so_lutions.to increa_lse In multiphase machine drive systems, more than three-phase
voltage and power levels and to achieve high quality windings are implemented in the same stator. Among the

voltage waveforms. However, a very important issue in
using diode-clamped inverters is the ability to guarantee
the stability of the DC-link capacitor voltages. To

overcome this problem the multilevel space vector
modulation equipped by a balancing strategy is proposed
to suppress the unbalance of DC-link capacitor voltages.
For achieving high performances control of the multiphase
drive, the proposed control method needs accurate
information about rotor position and rotor speed. To this

end, they are estimated by using Luenberger observer.

Keywords— Double star synchronous machine, multilevel
diode clanped inverter, balancing strategy, space vector
modulation, direct torque control.

1. INTRODUCTION

HE concept of power segmentation has been emerged to

allow the use of voltage source inverter with reduced size
power electronic devices. There are different ways to achieve
this requirement. One of them is to use multilevel inverter fed
AC machines; this solution has been greatly developed and
studied in the past. Another way is to use multiphase machines
or multi-star machines. For this kind of structure, each phase
or each star is fed by its own inverter. The major advantages of
using a multiphase machine instead of a three-phase machine
are detailed in [1, 2]. Other potential advantages concern the
reliability of the drive system, unlike in normal three-phase
machine; the loss of one phase in a multiphase machine drive
system does not prevent the machine from starting and
running.
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multiphase machines, five-phase and six-phase induction or
synchronous machines are the most considered in the literature
[1]. One common example of such structure is the double star
synchronous machine (DSSM). This machine has two sets of
three-phase windings spatially phase shifted by 30 electrical
degrees and each set is fed generally by a two-level inverter
[2]. In order to accomplish both objectives: power
segmentation, and ensure a high reliability, the use of
multiphase machines supplied by multilevel inverters has been
recognized as a viable approach to obtain high power ratings
without increasing the stator current per phase.

Multilevel inverters can frequently be seen in high-power
high-voltage applications due to their numerous merits. The
outstanding advantage of multilevel inverters is their smaller
output voltage step, which results in high power quality, lower
harmonic components, better electromagnetic compatibility,
and lower switching losses [5]. Among all the multilevel
topologies, the most commonly used multilevel topology is the
diode-clamped inverter (DCI). However, the main drawback of
this type of inverter is the problem of voltage imbalance in DC
capacitors [6]. For this reason several methods are proposed in
the literature to suppress the unbalance of DC link capacitor
voltages [7]. Among these methods the multilevel space vector
modulation (SVM) has emerged as the most promising
solution to guarantee the stability of DC-side voltages [6].

In 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. Like an every
control method has some advantages and disadvantages, DTC
method has too. Some of its advantages are: a suitable control
method for inverter-fed AC drives, characterized by a fast
dynamic response, structural simplicity, and low sensitivity to
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parameter variations. Also, there are several disadvantages like
high current, flux and torque ripple, torque control difficulties
at very low speed, and especially variable switching frequency
behavior [2]. In order to overcome these problems, the direct
torque control based on space vector modulation (DTC-SVM)
was proposed in [8]. DTC-SVM technique has also a simple
structure and provides dynamic behavior comparable with
classical DTC with constant switching frequency.

In order to ensure the balance of the DC-link capacitors
voltages and to improve the performances of the multiphase
drive, the five-level DTC-SVM with balancing strategy is
proposed in this paper.

In the aim to produce better control performance,
researchers are interested by sensorless speed control. The
elimination of the speed sensor reduces the hardware
complexity, size and cost, and increases the reliability of the
drive system. A lot of attention has been paid recently to the
development of sensorless control algorithms for electrical
drives [8, 9]. Several speed sensorless control schemes have
been suggested in literature in order to eliminate the speed
sensor: Model reference adaptive system [10], sliding mode
observer and Kalman filtering technique [11] may be are the
prospective state observation methodologies for the electric
machines. In this work a simple approach based on Luenberger
observer is adopted. This observer is known by its futures such
as order reduction control, and simple hard implementation.

The present paper is organized as follows. In Section II, the
DSSM model is reported. Section III details the SVM
algorithm for five-level DCI. In Section IV, the DTC approach
based on SVM in x-y reference frame is investigated. Speed
estimation using Luenberger observer is proposed in section
V. Comparative study between two-level conventional DTC
and two-level DTC-SVM for sensorless DSSM is presented in
the section VI. The two-level DTC-SVM is compared with
five-level DTC-SVM in the section VII. A balancing strategy
for DC voltages is developed in section VIII. In the section IX,
the simulation results related to the five-level DTC-SVM with
balancing strategy are presented and discussed.

II. DOUBLE STAR SYNCHRONOUS MACHINE MODEL

The modeling of the machine is based on the usual
assumptions such as the effect of saturation is neglected, the
distribution of induction along the air-gap is sinusoidal, and
the effect of the dampers is neglected. A schematic of the
stator and rotor windings for a double star synchronous
machine is given in Fig. 1.
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Fig. 1 double star synchronous machine stator winding scheme.

For an idealized DSSM the following equations of the
instantaneous stator phase voltages can be written:

(M

Withivy, =[vy vy Vo], Ve =[Ve Vs V]

The rotor voltage equation is given by:
v, =R i +i¢g )
f T

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

(z,,2,)and (z,, z,), using the following transformation.
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II.1. Stator fixed systerw, 3)
The dynamic model describing the
a-Breference can be given by:

Va ia Ifs +3M ss 0 d ia
:Rs . + — . +
Vi, i 0 I +3M Jdt {1,
~ @
M Sfi c?s(H) i M 3c?s(26’) 3sin(26) d f"’
dt | sin(6) 3sin(26) -3cos(26) )dt (i,
I1.2. Stator flux fixed syste,y)
In order to control directly and independently the flux and
the torque the model of the DSSM is expressed in the stator

flux reference frame by applying the following rotation
transformation.

F)_(cos(8) sin@,))(F, .
F, ) |-sin(@) cos(8) )| Fs (%)

The electrical equations become:

machine in

. dg
= + —= -
v, =R, ot P,

o 94
Vy_RSIy+F+a§<0x

(6)

The stator flux linkage equations in x-y reference frame are
as follows:

@ = Ldl X +@ COS(J)
IR )
@ =L, —@ sin(d)
The electromagnetic torque of DSSM is expressed as:
Ton= P(@i, -0 ) (8)

II.3. Rotor flux fixed systerd Q)
To express the stator equations in the rotor reference frame,
the following rotation transformation is appropriate:

_( cos(8) sin(6)
P(H)_{—sin(é’) cos(H)J

©)
With this transformation, the voltage vector components
in a-B plane can be expressed in the d-gplane as:
Vg =Ry +dd_(t@_w¢é
v, =R, +dd—(f +wg

(10)

With
@=Ly +M i, q”q:sz, ol o=l ¢+ M

Lq :|sf +3M ss_3M sfm M fd:\/ngf

ss+ 3\/' sfr

The mechanical equation is given by:
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The electromagnetic torque generated by the machine is:
Ten = PGl = 04 o) (12)

III. FIvE-LEVEL SPACE VECTOR MODULATION

In Fig. 2 one phase-leg of a five-level DCI is displayed.
With this configuration five levels of voltage can be generated
between points "a" and the neutral point 0. Depending on
which that are switchedv,,, v, +V,, 0, =\,

and —(v,, +V,,) can be achieved.

switches

¥

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

In table 1 the different states and corresponding output

voltage v, of the five-level DCI are shown. Note that there is

the possibility to only turn ON (and OFF) every switch once
per cycle, meaning that the inverter can generate a stepped
sinusoidal waveform with a fundamental switching frequency.

State S)(kl SXkZ Sxk3 S><k4 SXkS Sxk() Sxk7 Ska kao
s [t fofololo] v, +v,
3 Joft[ifift]o]o]o Ve
> JoJof1JiJt]t]o]o 0
1 Jofofoft[t]t]1]o V.,
o [ofofololt[t]|1][1] =, +v,)

Table 1 switching state of five-level DCI.
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The Boolean function Fy associated to the switch Sy is
defined by:

l S><ki
Fai =
0 S><ki

With: (i= 1...8, k=1, 2, x=abor ¢).

is ON

is OFF (13)

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

Foar = FxaFxieF xoF xie
Fouz = FueFuaF waF s
Foas = FuaF aaF xsF s (14)
Foas = FuaFsF weF
Foks = FasFxisF xioF i
Finally, the phase voltages Vak, Vok, Vck can be written as
VC3 +VC4
Va Fao Faae Feos Feoa Foa Ves
Vo |7 Foe Fee Foe Few Fox 0 (15)
Ve Foa Fee Fos Fea Fox Vea
_(Vcl +ch)

Fig. 3 depicts the switching states distribution in the
complex plane for the five-level DCI. For this inverter 125
different combinations of the switching function are possible,
but most of them correspond to the same voltage space vector.
In particular, as the most external vectors are realizable with
only one combination of the switching functions, the inner
vectors are realizable in different redundant ways.
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Fig. 3 possible switching states of a five-level DCI.

The SVM methods provide flexibility to select and optimize
switching patterns to (i) minimize harmonics, (ii) modify the
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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.

I1.1. Determination of the sector numbers

The reference vector magnitude and its angle are determined
from:

Urefk: U +U

refa k refB k
16
3, = tan2” et (1o
k
urefak
Where the tan 2! function returns an
angle-77<d, < /mwhich is converted into the range

0<3,

The sector numbers are given by:

< 27rby a C subroutine.

S'—cell( ]{$ $ S 8 S ‘)5 (17)

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

[11.2. Identification of the triangles
The reference vector is projected on the two axes making

60° between them. In each sector S, , the components U, and

u,, are given by:

uX —4Mk(cos(z9 (S' -H— ) \/_sm(z? —(S' —1)3)]

(18)
=4M ( 2 gin(8, (S| —1)”)]
resz \/5 k k 3
The modulation factor My is given by:
M ‘ = U refk (19)

v N2/3

In order to determine Af‘ the number of the triangle in a
sector S, , the two following entireties are to be defined:
|Sk = int(u refkl)

‘ (20)
l k = lnt(u refk 2)
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Where : int is a function which gives the whole part of a
given real number.

The Fig. 4 presents the projection of U,eg in the first sector
[16].
B

(4,0)

2.0/

S
u refk 2

Upes pik
"’ (1,0\/

(0,0) 0,1 u?egkl (0,2)Yref ak 0,3) 04 «a

Fig. 4 space voltage vectors of a five-level DCI in the first
sector.

For a specified voltage reference formed by two vectors
ufjfkland ufjsz , the coordinates of the tops Ay, By, Cy and Dy

are given by:
aF o
(u'Akl ’ UAQ

€2y

The following criteria (22) and (23) determine if the
reference vector is located in the triangle formed by the tops
Ay, By and Cy or in that formed by the tops By, G and Dy.

Urerkis in the triangle ABCy if:

Ui Ui <1 +1.8 +1 (22)
Urerkis in the triangle B,CDy if:
Ui HUgio 2 13 +1.8 +1 (23)

[11.3. Calculation of application times

The application times are calculated by:
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t@‘” :( U it |k)

i
2 =(us , -1
Cy refk2 k2

ta =T, —(t@;k +t§:k j

Where:
a3
A( b

24

S Ak
t tAq ,tﬁ“ :are times of application of the

A% Ak
vectors UA:' ,upe ,ué: respectively.
With q:1,...,16 and S/ =§5,... S.

l11.4. Effects of different switching states on DC intermediate

branch currents

To develop a mathematical model that describes the average
current in the DC-intermediate branches, the contributions of
different switching states to the DC-intermediate branch
currents and the relationship between the DC-intermediate
branch currents and the AC- side currents for each switching
state are required. The proposed SVM algorithm intrinsically
maps all sectors to the first sectorS,, only sector S, is

considered and then based on minor adjustments; the analysis
is generalized for all sectors. Effects of switching states on
DC-intermediate branch currents, i.e. iyxs, ixo and iyy, and their
relationship with AC side currents, i.e. i5, ipk and i, in sector

S, are shown in table 2.

Switching| i i i Switching i i i
State k3 k2 31 state k3 k2 31
400 0 0 0 200 0 i
410 0 0 i 432 i i
bk bk ck
420 0 i 0 321 i i i
bk ak bk ck
430 [ 0 0 210 0 e | T
440 0 0 0 442 0 i 0
411 0 0 -iak 331 i | 0 i
300 i 0 0 220 0 | [a | 0
421 0 e | e 433 -lak 0 0
310 i 0 i 322 i Ciac |0
431 [ 0 I 211 0 g la
320 [ Tk 0 100 0 0 i
441 0 0 i, 443 iy 0
330 . 0 0 332 . i
-ick Sl | ek
422 0 K 221 0 | ek | du
311 i 0 -lak 110 0 0 -lak

Table 2 relations between DC-side currents and phase currents for
different switching states in the first sector S, .

In order to find similar relations between currents, as shown
in Table 2, Table 3 gathers the various exchanges needed to be
carried out between the phase currents in the first sector and
phase currents in the other sectors.
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S Se S S¢ S S¢
iak iak—'ibkiak—'ibk iak—'ick iak—’ick iak
ibk ibk"iakibk—’ick ibk ibk—’iakibk_’ick
ick ick ick —'iak ick —’iak ick _'ibkick —’ibk

Table 3. Interchanging phase currents between
S, andS,, i =2,...,6.

IV. DIRECT TORQUE CONTROL BASED ON SPACE VECTOR
MODULATION
In DTC control scheme the reference stator flux magnitude
and reference electromagnetic torque are compared with their
estimated values. The flux and torque errors are delivered to
Pl controllers, which generate the reference stator voltage

components in stator flux coordinates (v, ,v;) . These voltages
are transformed to stationary coordinates using the estimated

stator flux position angle 61. The reference stator voltage

components  (V,,,

V;k) are delivered to space vector

modulator, which generates the switching signals necessary to
control power transistors of the inverter [12]. So, the next step
is to transform x-y variables in the stator reference frame using
the following transformations.

Vo, cos(6,)  sin(d,)
Vy || -sin@)  cos(@) |[v,
Vo, | | cos(@ -y sin(@ -y) [v;]
5 ) \—sin(@ -y) cos(d,-y)

(25)

The stator voltage estimator is based on the following
equation:

)

With:V,, =[V, Vy, V]andv,, =[V, V, V]

(26)

V,, are computed using (15).

The stator flux is estimated from the measure of stator
currents and the estimation of stator voltages and their
transformation in the a-f subspace. So:

t

9 = [, ~Ri,)dr +¢,(0)

! 27)

t

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

0
The stator flux magnitudeis given by:

@=\a+a

(28)
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The stator flux angle is calculated by:
0, =tan2"' (fﬂ
%,

The complete set of DSSM model equations can be written
in stator flux coordinate system x-y. This system of
coordinates rotates with the stator flux angular speed €. This
angular speed is defined as follows: Q_ =d 6, /dt

29

Since the stator flux is along the X-axis which results
ing, =0and g, = ¢,. The presented control strategy is based

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

vV, = Rsix+d—¢)S
dt (30)
v, =R, +Q g,

The electromagnetic torque can be expressed by the
following formula:

Ten = P&, 31)
The above equations show that the Vv, component has
influence only on the change of stator flux magnitude ¢, and
the component vy if the term Q_g, is decoupled can be used

for torque adjustment.

Considering the above simple model of DSSM, the Fig. 5
shows the stator flux and electromagnetic torque control loops
for the DTC-SVM in X-y reference.

DSSM model

em

Fig.5 flux and torque control loop with two P controllers in X-y
reference frame.

V. SPEED ESTIMATION BASED ON LUENBERGER OBSERVER

The Luenberger observer will be used to estimate the rotor
position and rotor speed of DSSM. The Luenberger observer is
based on the error of the actual position and actual speed and
their estimated values which must be converged toward zero.
Fig. 6 shows a schematic diagram of mechanical state
variables estimation using Luenberger observer.
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Fig. 6. Luenberger structure for angular position and speed
estimation.

The state equations of simplified model of DSSM are
written as:

X = Ax+ BU
(32)
y =Cx
With:
x=[6 Q T].U=i.B=[0 pMyi/J 0]
0 p 0 100
A=|0 -f/3 -1/J3|, C={0 1 0
0 0 0 000

The Luenberger observer is given by the following system:

X = Ax+ But L( Y-y (33)
§ = CX
With:
0 0 0
L=(I, 1, 0
l, 0 0

with : Iy, I, I3 are the observer gains.
Anghig. dbslerdts OB LUIEIRY from the DSSM model as

follows:

dé -

P Q

s

dQ 1 . f 4 . .

= (T -T)-—Q+1(Q-0)+1.(6-8 34
pm J(em D) 3 L ( )+1,(60-6) (34)
df, 5

—L =1 (6-

pm ;(6-6)

The Fig. 7 represents the total configuration of the five-
level DTC-SVM of sensorless DSSM.
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Vapi o S-level S, 1| First 5-level
SVM inverter
v’
a2 S-level S Second 5-level
SVM inverter
apl,2
Vdc
xy
Voltages
estimation
a Vs
s .
N abcl, 2J; [N
@ Va/? 4i1
Stator flux and | ] A :

torque estimator | 145 lsy

eB
! ﬂl lla
i
«d apB

Q | Luenberger
«——
Observer

7, 1dg
ol 1
Fig. 7. Five-level DTC-SVM scheme for sensorless DSSM.

VI. COMPARATIVE STUDY BETWEEN TWO-LEVEL DTC AND
TWO-LEVEL DTC-SVM

The aim of this section is to compare the two-level DTC for
sensorless DSSM with the two-level DTC-SVM for sensorless
DSSM. The DC side of the inverter is supplied by a constant
DC source Vgc=600V. The observer gains [l11,13] are chosen as
follows: [100000 100 1] to satisfy convergence conditions.
Two situations are considered:

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

The multiphase drive performances are presented in Figs. 8
and 9 for the two-level DTC and the two-level DTC-SVM
respectively. The decoupling control is clearly maintained
during load torque variation. The speed response is merged
with the reference one and the flux is very similar to the
nominal value. It can be observed also that the estimated speed
can track the actual speed accurately with minor error.
However, the DTC-SVM for DSSM decreases considerably
the torque ripple in comparison with basic DTC.

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

The performances for the DTC are presented in Fig. 8, for
the DTC-SVM see Fig. 9. The control scheme ensures good
quality results during reference speed inversion period. The
speed response is smooth without fluctuations and the flux is
insensitive to torque transients and is without significant
ripple. The estimated speed follows the actual speed. It found
once more, that the DTC-SVM reduces significantly the flux
and torque ripples in comparison to the conventional DTC.
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Speed (rad/s)

150
— — — — Estimated speed

100 — Actual speed

-100 R
-1 T . T . T ‘ :
150 (U L 2, I
0 0.5 1 1.5 2 2.5 3
Time (s)
Electromagnetic torque (Nm)
40 1

. 6‘ m

106

Time (s)
Fig. 8 dynamic responses of two-level conventional DTC for
sensorless DSSM.

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

In this section the two-level DTC-SVM for sensorless
DSSM is compared with the five-level DTC-SVM. The
inverter is supplied by a constant DC source. In multilevel
case, this source is equally shared between DC side capacitors
such as each capacitor voltage takes 150V, In order to simulate
these control methods the same two situations, defined above,
are applied during DSSM operating.

The obtained results are presented in Fig. 9 for the two-level
DTC-SVM and Fig. 10 for the five-level DTC-SVM. The
above results show that the actual speed response is in good
agreement with reference speed. The decoupling is ensured in
the beginning and during all the control process.

E-ISSN: 1998-4464

130

Volume 17, 2023

Speed (rad/s)

150

-~~~ Estimated speed
Actual speed

100

-100 [
-1 I I | |
0 | 1! 21 3 |
-150 I I I | I
0 0.5 1 1.5 2 2.5 3
Time (s)
Electromagnetic torque (Nm)
40 T T T T T
! I | | | | !
: neg--7--5--- i :
| |
R (1] S e :

Time (s)
Fig. 9 dynamic responses of two-level DTC-SVM for sensorless
DSSM.

The error between the rotor speed estimated by the
Luenberger observer and its real value is kept small around
zero. The comparison between Fig. 9 and Fig. 10 reveals that
the flux and torque ripples of the proposed five-level DTC-
SVM are less than those obtained with a two-level inverter.

The five-level DTC-SVM without speed sensor method
decreases considerably the torque ripple and ensures good
decoupling between flux linkage and electromagnetic torque.
However, the five-level DCI has an inherent unbalancing
problem among its DC capacitor voltages. This problem
results in collapse of some voltages and the rise of others due
to the non-uniform power drawn from capacitors. For this
reason the five-level DTC-SVM without speed sensor based
on balancing strategy is proposed to solve this drawback.
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Speed (rad/s)
150 ===~ —— —
-~~~ Estimated speed

Actual speed

100 - - - - ‘

Time (s)
Fig. 10 dynamic responses of five-level DTC-SVM for sensorless
DSSM.

VIII. VOLTAGE BALANCING THEORY

The proposed SVM-based DC-capacitor voltage balancing
strategy is founded on the minimization of a cost function J
using an appropriate selection of redundant switching states of
the five-level DCI over a switching period [6].

The total energy of the four condensers is given by:

4
E =lZCj Vo (35)
245
Assuming that all capacitors are identical, C;=C,=C3=
C,=C, the energy E is minimal if all the capacitor voltages are
balanced. Indeed:
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E . :lCdec
™2 4
The property of minimization of energy can be employed
for the balancing of the capacitor voltages. For this reason, a
cost function Jy is defined. This function is based on the
quadratic sum of the differences between the capacitor
voltages and their reference values (v, /4)[6]. So, Jg is

(36)

expressed by:

3= lcj[v -V—j (7)
2 40T 4
Based on a suitable choice of the redundant vectors, the
function Jx can be minimized to zero and the capacitor voltages
will be maintained at their reference values. The mathematical
condition ensuring the convergence of the cost function Jyat its
minimal value is given by:

dJ, : dv,
—k=CHAv, —L<0 38
dt ,Z; 9 dt G8)
Where: Av; =v,; -V, /4
The current in each condenser is defined by:
i =c M 39
1. =C ——
C dt ( )
Using (39), the equation (38) becomes:
4 .
Z:,Ach g <0 (40)
iz

Where: i is the current through capacitor C; .
The capacitor currents i in (40) are affected by the DC-

side intermediate branch currents iys, ixoand ix1. These currents
can be calculated if the switching states used in the switching
pattern are known. Thus, it is advantageous to express (40) in
terms of ixs, Ix2 and ix;. The DC-capacitor currents are
expressed as:

2

|c4 _|c3 +Z| k3
k=1
2

ic3 :icz I k2 (41)
k=1
. . 2 .
Icz =l cl +ZI k1
k=1
Considering a constant DC bus voltage, it yields:
4 dv. 4
CY—2=>i,=0 (42)
j=1 dt =1

i
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The capacitor currents are given by:

pEpIT

Where: m=1, 2, 3. Let us replace i given by (43) in (40),
the balancing condition of the capacitor voltages becomes:

2 i
2l
km

k=1

S
i :Zmz;m (43)

1

4 3 2 3 2
Sav, (12 m[z if;,]— z(zi:ngn <0 (44)
i=1 4= k=1 m=j \k =1
It is known also:
4
2.Avg =0 (45)
j=l1

By replacing Av_,extracted from (45) in (44), the condition
of balancing can be reduced to:

(46)

The application of the average operator on the equation (46)
during one commutation period T gives:

1 (KT S (& a
= Av [Z( %Hdt >0
m=j\ k=1

If it is admitted that the period of commutation is weak in
front of the response time of the capacitor voltages, the
capacitor voltages can be regarded as constants [6], and
consequently the equation (47) will be simplified to:

K +1 (47)

KT

3 3 (K+D)T 2

ZAVCJ-(K)[ Ti [ (Zif;j}jtzo (48)
Or

3 v, (K )[Z(ZF « )Hdt >0 (49)

Where:
Av ; (K): is the voltage drift of C; at sampling period

K. I_k?nk (K ) : is the averaged value of the " DC-side
intermediate branch current.
The currents ﬁfnk (K ) should be computed for different

combinations of adjacent redundant switching states over a
sampling period and the best combination which maximizes
(49) is selected.

If the reference vector is in the triangle Asi , q D{l,...,16} R

SooaS% A%k L .
and tf:k ,tﬁ: ,tZA:' are the application times of the
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Sk % —g — —gi
A By Bq ; ST & i Sk
vectorsu, ' ,u, ', U, respectively, 1,5, x,andi j currents

are expressed by:

—dg . . . t e
Ik} IkSS(x Iéy Il(?z k
| 1le 4 . Al
Ik2 _? Ikséx Ik%y Iéz tqu (50)
Els< IkSle ikly Ilfz tA§K

Wherei 5 i f;m, andi S are the charging currents to the
of Yk zin  the
triangle A[;'L minimizing the function cost J,.

For the conventional five-level DTC-SVM the cost function
is given by:

states commutation Xy, and

3

2

(51

3 2 .
i =2Avc,-(l<>[ (2 L&(K)Hdt
j=1 =j\ k=1
This section aims to demonstrate the effectiveness of the
proposed DTC-SVM strategy to control and prevent drift of
DC capacitor voltages. Fig. 11 shows a schematic block of the
five-level DTC-SVM balancing system including the DC

capacitor voltage control block.

SXH
v
=V
v, . L, Flrs:) SC-:IIevel
5-Level SVM with 1y
Vg balancing strategy ey
I L4<:: Va
7Y A
Var l L
FEEN ) Second 5-level
5-Level SVM with Dl
Vi balancing strategy [€
le—!

S,

X 21
Fig. 11 schematic representation of the five-level DTC-SVM with
balancing strategy of DSSM.

I[X. SIMULATION RESULTS

Simulations were performed to show the behavior of the
double star synchronous machine fed by two five levels DCI
controlled via space vector modulation. The proposed direct
torque control is based on speed estimation using Luenberger
observer.
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Fig. 13 dynamic responses of five-level DTC-SVM with balancing
strategy for sensorless DSSM.
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Fig. 12 dynamic responses of five-level DTC-SVM without

0.5
balancing strategy for sensorless DSSM.
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A. Dynamic performances during speed and load torque
variation:

The DSSM is accelerating from standstill to reference speed
10Qrad/s. At first, 11 Nmload is applied to the motor. At t=1s,
the load is completely removed from the motor shaft.
Afterwards it is decelerate to the inverse rated speed (-
100rad/s) at time t=1.5. The multiphase drive performances
are presented in Fig. 12 for the five-level DTC-SVM without
balancing strategy and Fig. 13 for the five-level DTC-SVM
with balancing strategy.

One can notice that the proposed method performances are
very satisfactory. The rejection of disturbance is very efficient.
It is clear from the figures that the motor is regulated to the
desired speed and the flux is maintained constant
independently from the torque variations. Thus decoupling
between stator flux linkage and torque is guaranteed for the
nominal load.

The problem of the unbalance capacitor voltages and its
consequence on electromagnetic torque harmonics appears in
Fig. 12. This problem it is solve in Fig. 13. It is clear that each
capacitor voltage follows closely to its reference voltage value.
Consequently, the torque ripple decreases considerably using
the proposed balancing strategy.

It can be seen that, the rotor speed error converge to zero
rapidly. Good speed estimation is achieved at the high speed
region with rated load. Remarkably, the designed sensorless
control scheme is robust against load torque application.

B. Dynamic performances during low speed operation:

In order to verify the robustness of the proposed control
using Luenberger observer, a low speed test has been
performed. The DSSM is accelerating from standstill to
reference speed 10rad/s. The system is started with full load
torque (T,= 11IN.m), a step variation on the load torque (T .=
ON.m) is applied at time t=1s. Afterwards, the DSSM is
accelerated again to reference speed 10Qrad/s at time 0.3s.
Finally, it is decelerate to the reference speed (-10 rad/s) at
time t=1.2s.

Speed (rad/s)

130 T -
— = — — Estimated speed

— Actual speed

T
s
112
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Fig. 14 dynamic responses of five-level DTC-SVM for sensorless
DSSM for low speed.

The performances of the five-level DTC-SVM for
sensorless DSSM for low speed using Luenberger observer are
presented in Fig. 14. Simulation results show that the
sensorless controller is indeed effective to drive the multiphase
machine to track the speed reference even in low speed. The
operation at low speed does not influence the estimation of the
rotor speed. The estimated speed reaches the real one with
very small steady-state error and good dynamics. Furthermore,
the proposed observer is of high accuracy and robustness
against load torque variation.

X. CONCLUSION

In this paper, a multilevel direct torque of sensorless salient-
pole DSSM, fed by two five-level diode-clamped inverters has
been investigated. 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-SVM 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. The simulation results conclude that the proposed
DTC is able to carry out the voltage-balancing task with no
requirement for additional auxiliary power circuitry.
Furthermore, the proposed control scheme decreases
considerably the torque ripples and assures good speed
tracking without overshoot. The decoupling between the stator
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flux and the electromagnetic torque is maintained, confirms the
good performances of the developed drive systems. In
addition, the simulation results have shown that the proposed
sensorless multiphase drive has a satisfactory dynamic
response over a wide speed range.

Appendix 1. List of principal symbols

Vi Vips> Vie : Stator voltages of the first winding.
Vo Vo, Vo, Stator voltages of the second winding.
V.V, : The a-f components of stator voltage.
Vg,V : The d-q components of stator voltage.
V.V, : The x-y components of stator voltage.
Fias 11 1 e : Stator currents of the first winding.

|2a’ Izb’lzc
i

: Stator currents of the second winding.

: The a-f3 components of stator current.

a’> B
i g i : The d-q components of stator current.
i : The X-y components of stator current.
X 2
B Bo> 9. : Stator flux of the first winding.
B> B> B : Stator flux of the second winding.
@, ¥ : The a-f components of stator flux.
@9, : The d-q components of stator flux.
@.9 : The x-y components of stator flux.
Vv, ,i : Voltage and current of rotor excitation.
1] : Flux of rotor excitation.
TemsT 0L : Electromagnetic and load torques.
Q : Rotor speed.
w : Rotating speed of rotor flux linkage.
@ : Rotating speed of stator flux linkage.
8. : Angular position.
o : Angle between rotor and stator flux.
y =m/6 : Angle between first and second stators.
R, : Stator resistance.
R : Rotor resistance.
Ly, |_q : d-q stator inductances.
L : d-axis rotor inductance.
P : Pole pair number.
J : Moment inertia.
f : Friction coefficient.

: Mutual inductance between d-axis for each

stator and rotor.

Appendix 2. DSSM parameters

pn=5kW, =232V, p=1, R=2.35Q, R=30.3Q, L4=0.3811H,

L4=0.211H, L=15H, M=2.146H, J=0.05Nn¥rad,
f=0.001Nms/rad,; =1A.
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