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Five-level fuzzy logic direct torque control of
double star synchronous machine

Elakhdar Benyoussef, Abdelkader Meroufel and Said Barkat

Abstract— This paper deals with the direct torque control of the
salient-pole double star synchronous machine drive fed by two five-
level diode-clamped inverters. This approach combines the well-
known advantages of the multilevel inverter with those of a direct
torque control. The proposed approach consist to replace the
hysteresis controllers by one fuzzy controller and the output vector of
the fuzzy controller is led to a multilevel switching table to decide
which reference vector should be applied to control the two three-
level inverters. Simulation results show some improvement regarding
in the reduction of torque and flux ripples.

Keywords— Double Star Synchronous Machine, Multi-level
Inverter, Direct Torque Control, Fuzzy Logic Control.

I. INTRODUCTION

FOR many Vyears, 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].

Multiphase drives are often considered as a viable solution
when reduction of the inverter per phase rating is required due
to the high motor power. Furthermore, this category of drives
has many advantages over conventional drives such as
reducing the amplitude of torque pulsation, lowering the DC
link current harmonics, higher reliability and decreasing the
current stress of switching devices [2].

The multiphase machine used in electrical drive systems are
in principle the same as their three-phase counterparts. These
include asynchronous and synchronous multiphase machines.
Synchronous multiphase machines may be with permanent
magnet excitation or with field winding excitation [3], among
these types of machines; the salient-pole double star
synchronous machine (DSSM) is one of the most useful of
multiphase machines. This kind of machine contains double
stators displaced by 30 degrees; the rotor is similar to the rotor
of a simple synchronous machine and it’s excited by constant
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current source.

The feeding of this type of machine is generally assured by
two two-level inverters. However, for the high power;
multilevel inverters are often required. Since the advantages of
multilevel inverters and multiphase machines complement
each other, it appears to be logical to try to combine them by
realizing a multilevel multiphase drive. Several topologies of
multilevel inverters have been proposed in the technical
literatures [4], [5]. The diode clamped inverter (DCI)
represents one of the most interesting solutions, to increase
voltage and power levels and to achieve high quality voltage
waveforms [6]. This makes the DCI an attractive solution to
high power drive systems.

In order to ensure an effective control of DSSM, several
methods have been proposed [7]. Complexity and parameters
sensitivity are the weakness of these methods. An alternative
solution is the use of direct torque control (DTC) strategy [8].
Direct torque control method is characterized by its simple
implementation and a fast dynamic response [9]. Considerable
research effort is still being devoted to the elimination of its
inherent disadvantages. One more significant disadvantage of
conventional DTC is ripples, which exists in the torque and
flux variables. Recently, several techniques have been
developed [10], [11] to improve the torque performance. In
this context, a FLDTC scheme applied on five-level DCI is
proposed in this paper. Then, an appropriate voltage vector is
selected. Simulations are then carried out to verify the
performances of the proposed strategy. The simulation results
obtained with the optimization in the rules number show good
performances.

The remainder of this paper is structured as follows: in
Section 1l the model of the DSSM is presented, a suitable
transformation matrix is used to develop a simple dynamic
model. The proposed five-level inverter is briefly presented in
Section Il1. In Section 1V, the DTC strategy is applied to get
decoupled control of the flux and torque. In order to improve
the static and dynamic control performance of the DSSM, the
hysteresis controllers used in DTC are substituted by a fuzzy
controller in Section V. Finally, the advantages of the
proposed control system are shown by simulation involving 5
kW DSSM in Section V1.

Il. MODELLING OF THE DOUBLE STAR SYNCHRONOUS
MACHINE

In order to establish a model of DSSM, the usual assumptions
are adopted: the MMF in air-gap has a sinusoidal repartition
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and the saturation of magnetic circuit is neglected [7]. The
stator and rotor voltages equations are given by:

.od
v, :RslerE¢5S 1)
With:
v, : Stator voltage vector.
i : Stator current vector.
@ : Stator flux vector.

The original six dimensional system of the machine can be
decomposed into three orthogonal subspaces(«, f3),
(z,,z,)and(z,,z,) [3], using the following transformation.

U
|:Xa X le XZZ X13 Xz4:| :[A][Xs] (2)

B

With:

"
X ]=[Xa X.,] =[X X X X
Where: X, represents stator currents (i), stator flux (¢,), and
stator voltages (v,).

= sbl sa2

sal scl

The matrix A is given by:

-cos(o) cos[%”j cos(%”J cos(y) cos(%ﬂwj COS(%’TW]_
sin(0) Sin(%ﬁ) sin(%ﬂj sin(y) sin(%ﬂ+yj sin(%’r+y]
[A]:% cos(0) cos[%) cos(z?”j cos(7-y) cos(%—y] cos(%ﬁ—yj (3)
sin(0) Sin(%ﬂj sin(%”] sin(z-7) sin(g—y] sin{%ﬂ-yj
1 1 1 0 0 0
L © 0 0 1 1 1

To express the stator and rotor equations in the same

stationary  reference frame, the following rotation
transformation is adopted
cos(@) sin(@)
PO)=| (4)
—sin(@) cos(0)

With this transformation, the components of the a- plane can
be expressed in the d-q plane as:

The electrical equations

. dg
vV, =Ri, +——0w
d sd dt ¢q
 dg,
Vq :Rslq +T+a)¢d (5)
 dyg
v, =R.i, +——
f frf dt
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With:

VaVy, : d-q axis stator voltages.

iyl : d-g axis stator currents.

b, 4, : d-g axis stator flux.

Vi : DC voltage and current of rotor excitation.
& : Flux of rotor excitation.

R, : Stator resistance.

R, : Rotor resistance.

w : Rotating speed of rotor flux linkage.

The flux equations

¢ =Lgig +Myi,
% =Ly, (6)
¢ =Ll +Myi,
With:
Ly, L, :d-gstator inductance.
L, : d axis rotor inductance.
M, : Mutual inductance between d axis for each stator
and rotor.

The mechanical equation

dQ

J=—==T7, -T -f.Q 7
dt em L r ( )

With:

T Te : Electromagnetic and load torque.

Q : Rotor speed.

J : Moment inertia.

f, : Friction coefficient.

The electromagnetic torque equation is given by:

Tem :p(¢diq_¢qid) (8)

With: p is the pole pair number.

I1l. STRUCTURE OF FIVE-LEVEL INVERTER

The main circuit of the five-level DCI is shown in figure 1.
The DC bus capacitor is split into four, providing a three
neutral-point. Each arm of the inverter is made up of eight
IGBTs (Insulated Gate Bipolar Transistor) devices, and six
clamping diodes connected to the neutral-point. The advantage
of the inverter is that circuit topology is simple, the output is
connected with the machine directly, no transformer needed.
The voltage stress of switching device is only quarter of the
DC bus voltage; it is easy to extend the capacity of inverter.
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Fig. 1 Structure of five-level diode-clamped inverter (k=1 for first
inverter and k=2 for second inverter).

Since five kinds of switching states exist in each phase, a

five-level inverter has 125 switching states and there are 61

effective vectors (figure 2).
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Fig. 2 Space voltage vectors for a five-level DCI.
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For each switching device Sy (k=1, 2, i=1... 8, x=a,b or¢), a
Boolean function F, is defined by:

1if S,
kai = -
0if S,

is ON

is OFF ©)

The complementarities between upper and lower switching
devices of each leg impose the following equations:

Fai =1-Fug (10)

For each leg of the inverter, five connection functions are
defined as follow:

Fexcr = FaFucaFcsFca
Fexcz = Fac2FacsFacaFcs
Feues = FucsFucaFucsFuce (11)
Fexca = FucaFucsFucsFucr
Fexes = FucsFucsFucr Fucs
The phase voltages Vg, Vi, Ve €an be written as:
Vi /2
Vi Fear Feae Feas Fews Fous || Vo /4
Vi Fons  Fowo Fos Fowa Fones 0 (12)
Vi ch FCckZ Fcha Fch4 FCcks Ve / 4
V. /2

IV. DIRECT TORQUE CONTROL STRATEGY

The well-known DTC strategy is based on flux and torque
control using hysteresis comparators. These controllers use the
estimated errors of the control variables at each sampling time
of operation. The considered flux and torque controllers
ensure the separate control of these two variables, as for the
DC drives. When the level of torque or stator flux passes to
the high or low hysteresis limit, a suitable voltage vector is
applied to bring back each variable in its corresponding band

(8].

The stator voltage estimator is given by:
/ v

{Aa} ) [A]{Asj-}
B 52

Where V', and v, are computed using Eq (12).

(13)

The stator flux vector components and its amplitude can be
evaluated from the estimated stator voltage equation as
follows
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9, :}(\ia —R.i )d7+4,(0)

#y = [0, ~R,i, )7 +4,(0) (14)
0
| =é:+;
The stator flux angle is calculated by:
6, =tan2* ¢—ﬁ (15)
The electromagnetic torque can be estimated by:
Ton =P =51, (16)

Tables 1 and 2 present the output voltage vectors which are
selected to change the torque angle.

Table 1. Switching table used in the DTC of first star for the

© |7 | Zone(i) || ® |z | Zone(i) || ® |7z | Zone(i)
4 1V 4 | Vieu 4 | Vg
3 Vi 3 Viisep2 3 VisgLe
2 | Viiam 2 | Viiom 2 | Viigm

1 L[V o | 1|V L [V
0 vy 0 Vv, 0 Vo
1| Vo 1| Vs 1| Vs
-2 |V (i+20)M -2 |V (i +18)M -2 |V (i+16)M
-3 |v (i+20)L2 -3 |v (i+8)L2 -3 |v (i+16)L2
4 | Vi 0e ~4 |V ~4 | Vo

Table 2. Switching table used in the DTC of second star for the
DSSM
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The DTC block diagram of DSSM supplied by five-level
DCl in each star is represented by figure 3.
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Fig. 3 Five-level DTC scheme for DSSM.
V. Fuzzy LocGIc DIRECT TORQUE CONTROL STRATEGY

The principle of fuzzy logic direct torque control is similar
to traditional DTC. However, the hysteresis controllers are
replaced by fuzzy controller and the output vector of the fuzzy
controller is led to a switching table to decide which vector
should be applied. This method based on fuzzy classification
has the advantage of simplicity and easy implementation [7,
9].

Figure 4 gives the membership functions for input variables
Er, E,and és. For this purpose it is assumed that the stator

flux linkage space vector can be located in any of twelve
sectors presented in figure 4.

O (7 | Zone(i) || ® |7 | Zone(i) || ® |7 | Zone(i) Her
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Fig. 4 Membership functions of input variables: a). Torque error, b).
=4 | Ve =4 |V i,19) =4 1V i) Stator flux error, c). Stator flux angle.
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The fuzzy control rule base, developed using Mamdani’s
method, is shown in tables 3 and 4.
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Table 3. Rules of fuzzy control for first star.

O 0., Os 0.4
~E/ P | Z [N ~E P[] Z]|N ~E P | Z|N ~E P | Z|N
PL1 | V51 | Vem | Vou1 PLL | V51 | Vem | Vou1 PL1 | voi1 | Vaom | Visu1 PLL | Vo1 | Viom | Viaus
PLZ | Vg1 | Vem | Vaoz PL2 | Vg1 | Vem | V1o PLZ | VigL1 | Vaom | Viaa PLZ | Via1 | Viom | VisL1
PML | vzq | Vem | Viar PML | vz | Vem | Vi PML | vy | Viom | Vs PMI | viyug | Viom | Visua
PM2 | vyo | Vos | Va2 PM2 | vy, | Vas | Va2 PM2 | vgo | Vs | Vaaro PMZ | Vg | Ves | Vialo
PS1 | Vg | Vos | Voiz PS1 | Vgo | Vas | VioL2 PS1 | vz | Ves | Vo PS1 | Viota | Ves |Viao
PS2 | Vam | Vos | Vawm PS2 | vam | Vas | Vem PS2 | Vem | Ves | Viom PS2_ | Vew | Ves | Viom
ZE Vo | Vo | Vo ZE Vo | Vo | Vo ZE Vo | Vo | Vo ZE Vo | Vo | Vo
NLL | Voom | Vo | Viem NL1 | Voom | Vo | Viem NLL | vam | Vo | Voom NLI | vim | Vo | Voom
NL2 | Voop | Vigs | Vise NL2 | Vogp | Vigs | Vior2 NL2 | Voo | Vigs | Voaro NL2 | Voip | Vigs | Vasio
NMI | Vooro | Vigm | Vier2 NM1 | Vo015 | Vigm | VisLo NMI | vy, | Vaom | Vaor2 NM1 | vip | Vaom | Vooie
NM2 | V311 | Vigm | VioLs NM2 | Vo311 | Viem | VioLs NM2 | Va1 | Voom | Vosis NM2 | Va1 | Vaom | Vasia
NSI | Vo1 | Vasiz | Visa NSI | Vg1 | Viorz | Vaort NS | Vaia | Voarz | Vaora NS1 | Vaus | Vasio | Voars
NS2 | Vi1 | Vasiz | Vara NS2 | vy | Viez | Vi NS2 | vyg | Voorz | Vora NS2 | Va1 | Vaorz | Varus

955 956 657 958
E~E/ P | Z|N|[E~E P |]Z]N ~El P Z[N]|[EE P|]Z]N
PLL | Viaa | Vagm | Vi PLL | Vigi1 | Viam | Vaza PLL | Vizig | Vigm | Vo PLL | Vizi1 | Vism | Vora
PL2 | Vig1 | Viam | Visa PL2 | Viga | Viam | Vooir PL2 | Vigiq | Vagwm | Vooin PL2 | Voou1 | Vigm | Voar1
PML | vigg | Vigm | Vies PML | visiq | Vaam | Vaora PM1 | Vg1 | Vigm | Vo1 PM1 | Vg1 | Vigm | Vosi1
PM2 | vip5 | Vios | Vielo PM2 | vigi5 | Vaos | Vaglo PM2 | vigo | Viss | Voor2 PM2 | Vigo | Viss | VaoLz
PS1 | Vagp | Vags | Vasio PS1 | Viao | Vios | VisLo PS1 | Visio | Vass | Viero PSL | Vigio | Vass | Vooro
PS2 | Viom | Vaos | Viem PS2 | Viom | Vios | Viem PS2 | Vigm | Vass | Voowm PS2 | Vigm | Vias | Voom
ZE Vo Vo | Vo ZE Vo Vo | Vg ZE Vg Vo | Vg ZE Vo Vo | Vo
NLI | vam | Vo | Vim NLI | Vam | Vo | Vim NL1 Vem | Vo | Vam NLI | Vgu | Vo | Vam
NL2 | Vgo | Vis | Va2 NL2 | vz | Vis | Va2 NL2 | vigo | Vos | VLo NLZ | Vi | Vas | Voo
NM1 | vgo | Vom | Vi NM1 | vyp | Vom | Varo NM1 | vgo | Vem | Va2 NMI | Vo | Vem | Va2
NMZ | vzy | Vim | Vau NMZ | v75 | Vam | Var NM2 | Vi | Vam | Vo NM2 | vigq | Vam | Vo
NS1 | Vg1 | Voo | Vous NS1 | Vg1 | Varo | Vaur NS1 | VioLs | Ver2 | Vel NS1 | Vioig | Voo | Ve
NS2 | Vi1 | Vio | Vaus NS2 | Vsi1 | Vio | Vi NS2 | Vou1 | Vawo | Vss NSZ | Vg1 | Varz | Vs

95 9 ‘95 10 0511 05 12
A E| P Z N E. E|, P Z N E; E} P Z N E; E, P Z N
PLL | Voug | Voom | Vau PLL | Voug | Voom | Vi PLL | vya | Vom | V511 PLL | vy | Vom | V511
PLZ | Voor1 | Voom | Vaut PL2 | Vo1 | Voom | Vaus PL2 | Vo0 | Vom | Vet PLZ | Vg | Vom | Veur
PM1 | Vas1 | Vaam | Vau1 PML | Vo1 | Voom | Vaur PML | Va1 | Vom | Vs PM1 | Va1 | Vom | Vo
PM2 | Vooi2 | Vigs | Viio PM2 | Vo012 | Vags | Viiz PM2 | vy, | Vis | Va2 PM2 | vy, | Vis | Va2
PS1 | Viga | Vigs | Voal2 PS1 | Vaorz | Vigs | Varz PSL | Vasiz | Vis | Varo PS1 | Vaip | Vis | VeL2
PS2 | Voom | Vigs | Vam PS2 | Vyom | Vags | Vim ps2 Vim | Vis | Vam PS2 Vim | Vis | Vam
ZE Vo Vo Vo ZE Vo Vo Vo ZE Vo Vo Vo ZE Vo Vo Vo
NLL | viom | Vo | Vem NLI | viom | Vo | Vem NLL | vigm | Vo | Viom NLL | vigm | Vo | Viom
NLZ | Vvigo| Ves | VioLz NL2 | Vvi5o | Ves | Viawo NL2 | vigio | Vios | Viatz NLZ | vigip | Vios | Viar2
NMI | Vipi5 | Viom | VeL2 NM1 | vipi5 | Vigm | VaL2 NM1 | vigio | Viam | Viove NMI1 | vigio | Vigm | Viow2
NM2 | vigg | Vewm | Vi NM2 | vigq | Vem | Vi NM2 | Vigi1 | Viom | Visit NM2 | vig g | Viom | Visis
NS1 | Vig1 | Viore | Viour NS1 | Vi1 | Virie | Viou NS1 | Vigig | Vige | Viaa NS1 | Voo | Visio | Via
NSZ | Vigi1 | Va2 | Vour NS2 | Vigig | Varo | Vo NS2 | Vizig | Vioe | Visu NSZ | Viz1 | Viorz | Vis

Table 4. Rules of fuzzy control for second star.
Starl sl 052 s3 954 s5 s6 s7 958 959 6510 9511 s12
Star2 9512 s1 952 053 ‘954 955 656 957 Hss 959 9510 ‘9s11

ISSN: 2313-0512 33




INTERNATIONAL JOURNAL of FUZZY SYSTEMS and ADVANCED APPLICATIONS

The general structure of the five-level FLDTC for DSSM s
represented by figure 5.

. X1 | First 5-level
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Fuzzy Logic
Control
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ap

o
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Fig. 5 Five-level FLDTC scheme for DSSM.

VI. COMPARATIVE STUDY

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
five-level DTC for DSSM with the five-level FLDTC for
DSSM.

The obtained results are presented in figure 6 for the five-
level DTC and figure 7 for the five-level FLDTC. The DSSM
is accelerate from standstill to reference speed 100 rad/s. the
system simulated with load torque (T, = 11 N.m), afterwards it
is step variation on the rated load (T, = 0 N.m) at time t=1s.
And then a sudden reversion in the speed command from 100
rad/s to -100 rad/s was introduced at 1.5s.

In figure 6, the speed follows its reference value while the
electromagnetic torque reaches slowly its reference value.
Elimination of the load torque causes a slight variation in
speed response. The speed controller intervenes to face this
variation and ensures the system follows its suitable reference

speed.
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Fig. 6 Dynamic responses five-level DTC for DSSM.

Figure 7 illustrates that the system has a quick and smooth
starting process and the command reject effectively the
disturbance. The excellent dynamic performance of
electromagnetic torque and flux control is evident. It must be
pointed out that the five-level FLDTC decrease considerably
the torque ripple.

The simulation results show that the five-level FLDTC is an
effective solution for DSSM drives. In fact, this control
ensures good decoupling between stator flux linkage and
electromagnetic torque. Also, it can decrease the torque
ripples in comparison to the five-level DTC with good
dynamic performances.
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Fig. 7 Dynamic responses of five-level FLDTC for DSSM.
VII. CONCLUSION

In this paper, a multilevel DTC method applied on DSSM
fed by two five-level inverters is presented and its merits over
the conventional DTC approach are confirmed by simulation
results.

Simulation results that have been presented in steady-state
and transient operating conditions suggest that the proposed
scheme is capable of giving satisfactory steady state and
dynamic performance. Indeed, the drive operates with low
ripple of motor variables and the decoupling between the
stator flux and the electromagnetic torque is maintained,
confirms the good performances of the developed drive
systems. Moreover, by means the five-level inverter fed DTC
drive, it is possible to reduce the stress of the switching
devices of the voltage source inverter and lowering the
switching power losses, often demanded requirements in high
power applications.

VIII. APPENDIX: DSSM PARAMETERS

Pn=5 kW, v,=232V, p=1, R=2.35 Q, R=30.3Q, L4=0.3811H,
L4=0.211H, L=15H, M=2.146H, J=0.05Nms?/rad,
f,=0.001Nms/rad, i;=1A.
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