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Abstract

This paper presents a direct torque control strategy for double star
synchronous machine fed by two three-level inverters. The analysis of the
torque and the stator flux linkage reference frame shows that the concept of
direct torque control can be extended easily to double star synchronous
machine. The proposed approach consists to replace the switching tables by
one artificial neural networks controller. The output switching states vectors
of the artificial neural networks controller are used to control the two three-
level inverters. Simulations results are given to show the effectiveness and the
robustness of the suggested control method.
Keywords
Double Star Synchronous Machine; Multi-Level Inverter; Direct Torque

Control; Artificial Neural Networks Control.

Introduction

Today, three-phase machines are a standard for electrical drives [1]. Cost, reliability,

robustness, and maintenance-free operation are among the main reasons behind the
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penetration of this kind of machines in industrial applications [2]. Also, the development of
power electronics and signal processing has resulted in the improvement of the control for AC
drives. However, the limited power supply levels, the system performance requirements
motivate the use of more than three phases [3].

In a multiphase drive, here assumed to be a drive that comprises more than the
conventional three phases, the machine output power can be divided into two or more solid
state inverters that could each be kept within prescribed power limits. Also, having additional
phases to control means additional degrees of freedom available for further improvements in
the drive system. Major advantages of using a multiphase machine instead of a three-phase
machine are higher torque density, greater efficiency, reduced torque pulsations, greater fault
tolerance and reduction in the required rating per inverter leg (and therefore simpler and more
reliable power-conditioning equipment) [4]. Additionally, noise characteristics of the drive
improve as well [1].

One of the most common examples of multiphase machines is the double star
synchronous machine (DSSM). Such a machine has the advantage of reducing the
electromagnetic torque ripples and rotor losses significantly [5]. To introduce an electric
motor in high power applications, such as traction or marine propulsion, it is often necessary
to segment the power [6]. To this end, one can intervene at the converter level through
multilevel or parallel topologies.

Among the multilevel inverters generally quoted in the literature, the three-level
neutral-point-clamped (NPC) inverter has the advantage of being able to produce three
different levels of output phase voltage compared to the standard two-level one [7]. With a
greater number of available levels for the output voltage the desired sinusoidal voltage can be
achieved more accurately without increasing the switching frequency; making possible to use
less expensive semiconductor devices. This results in less current harmonics and therefore
more efficient utilization of the available energy. However, this improvement is at the
expense of additional hardware and complexity [8].

During the last two decades, the control of electrical drives has been the subject of
intensive investigations. Especially, direct torque control (DTC) is recognized today as a
high-performance control strategy for AC drives. The conventional DTC is characterized by
its good dynamic performances and robustness, because it requires no current regulator, no

coordinate transformation and depends only on stator resistance [1]. Considerable research
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effort is still being devoted to the elimination of its inherent disadvantages. One more
significant disadvantage of conventional DTC is torque and flux ripples. Recently, several
techniques have been developed [1, 3] to improve the torque performance. In this context, the
direct torque control using artificial neural networks (DTC-ANN) attracts more and more the
attention of many scientists [9, 10]. This control method exploits the ability of the artificial
neural network to approximate nonlinear functional relationships.

This paper is devoted to DTC-ANN of DSSM fed by two three-level NPC inverters.
This control scheme combines the advantages of multilevel inverters and artificial neural

networks for decoupled flux and torque control.

Modelling of the Double Star Synchronous Machine
For idealized DSSM the following equations of the instantaneous stator phase voltages

can be written:

dg,
dt

. dg,
V., =Ri_, +
o =Rig 0 @

d
Vv, =R;i, +%

where Vg, Vsp: Stator voltages; is, Isp: Stator currents; ¢s1 ¢sp- Stator flux; @: Flux of rotor

Vsl = Rsisl +

excitation, v, iy: Voltage and current of rotor excitation.
The original six dimensional system of the machine can be decomposed into three

orthogonal subspaces(«, 8) , (z,,z,) and(z,,z,), using the following transformation.

(X, X, Xy X, Xo X, ] T[X], k=12 ®)

where: [Xsk]z[xsl st]T:[Xal Xbl Xcl Xz sz Xcz]T-

a

(Xsk) represents stator currents (i, ), stator flux (4, ), or stator voltages (v, ).
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To express the stator and rotor equations in the same reference frame, the following
rotation transformation is adopted.
cos(d) sin(@
po)-| oSO sin(©)
—sin(@) cos(@)
With: @ is the rotor position and y is set to n/6.

(4)

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

The electrical equations

dd,

Vd = Rsid +F—

g,

5

_pi 04 ()
Vq = slq +H+a)¢d

where vy, Vg Stator voltages dgq components; ig, iq: Stator currents dg components; ¢y, @q :

Stator flux dg components.

The flux equations

¢d = Ldid +Mfdif
¢ = Lqiq (6)
¢f = Lfif +Mfdid
The mechanical equation
dQ
J—=T, -T, - fQ
T (7

where Tem, To: Electromagnetic and load torque; ¢: Rotor speed; J: Moment of inertia; f:

Friction coefficient.
The electromagnetic torque is given by:
Ton = D(841, — 25l ) ®)
where p: Number of pairs of poles; ig, i: Stator currents dg components; ¢q, ¢q : Stator flux

dg components.

18



@ Leonardo Journal of Sciences Issue 24, January-June 2014
ISSN 1583-0233 p. 15-27

Structure of the Three-Level Inverter
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 [7].

Saki{ Sbgi{} Scki“ij
chzz
Sa.kZ Ska SckZ
Fiy #ﬁ:} iy # piN #
Vd jp— ok a b c
S &S xS,
) “ 4
Vc1:: Sak4 S S [f\:g
4 bki{ cki{

=

vﬁ@ v, ? vckT@

Figure 1. Schematic diagram of a three-level NPC inverter (k=1 for first inverter and k=2 for

second inverter)

Table 1 shows the switching states of three-level NPC inverter. Since three kinds of

switching states exist in each phase, a three-level inverter has 27 switching states.

Table 1. Switching states of a three-level inverter (with x=a, b, ¢)

Switching states | Sy | Sk | Swa | S xka | Phase voltage
2 111]|0]|0 Vee/2
1 o110 0
0 0|0]|1]|1 - Vol 2

Functions of connection are given by:

{kaZ = Sxkl'Ska

)
kal = S><k3 'Sxk2
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The phase voltages Vak, Vi, Vck can be written as:
Vi 2Fd<2_FU<2_Fck2 2Fak1_Fbk1_Fd<1 v
Vi |=| 2Rie —Fae—Feo 2Ra—FRia—Fa [V d;zj (10)
V) \2F,-F,—Fp 2P -Fu-Fg) "

With three possible output states for each of the three phases, there are a total of 27
possible switch combinations. The result of plotting each of the output voltages in a
« -p reference frame is shown in Figure 2.

Figure 2 shows that the 27 switch combinations result in a total of 19 unique voltage
vectors since some of the combinations produce the same voltage vector. These different
combinations relate to different ways of connecting the load to the DC bus that result in the
same voltage being applied to the motor.

B
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Figure 2. Space vector diagram showing switching states for a three-level NPC

The principle of the DTC control is based on stator flux and electromagnetic torque
regulators using a bang—bang comparator with hysteresis. These regulators use the estimated
errors of the control variables at each sampling time of operation. The considered controllers
for the torque and the flux ensure the separate regulation of these two variables, as for the DC
variations. 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.

The components of stator flux can be estimated by:
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t
4. (1)=[ (9, -Ri,)dr+4,(0)
; (1)
8, ()= (7, ~Rji,)dz+4,(0)
0
The stator flux magnitude and its angle are given by:
b| =9 +4;

. 5 12
0, = arctan [qf—ﬁJ (42

a

The electromagnetic torque can be estimated by:

T = P(2d, - 4. ) (13)
The reference values of flux and torque are compared to their actual values and the

resulting errors are fed into two hysteresis comparators.

The switching selection table for the conventional DTC for DSSM is given in Tables 2 and 3.

Table 2. First star switching table used Table 3. Second star switching table used
in the conventional three-level DTC. in the conventional three-level DTC.
¢ | 7 | zone(i) zone(i) and ¢ | 7 | zone(i) zone(i) and
b| T . b |7 .
. 1| Vi zone(i +1) . 1| Vs zone(i +1)
1| v, A v,
(i+8)L (i+7)L
0|0 Viica)s 010 Viisg)s
. 1] Vi . 1| Vi
11 Vg |10 Vis -1 V(i+9)L 110 V(i+5)s

The DTC block diagram of DSSM supplied by three-level NPC voltage source

inverter in each star is represented by Figure 3.

DTC Based on Artificial Neural Networks Strategy

A general architecture graph of Multi-Layer Perceptron (MLP) is shown in figure 4.
This network which can be multiplexed for each output of the controller has been found to
possess acceptable performance in many industrial applications [9]. The feed-forward
topology shown in the network of figure 4 offers the advantage of simplicity and ease
programming. Such a neural network contains three layers: input layer, hidden layers and
output layer. Each layer is composed of several neurons. The number of the neurons in the
output and layers depends on the number of the selected input and output variables. The
number of hidden layers and the number of neurons in each depend on the system dynamic

and the desired degree of accuracy.
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Figure 4. Architecture of multilayer neural network

The structure of the neural network to perform the DTC applied to DSSM

satisfactorily was a neural network with 3 linear input nodes, 12 neurons in the hidden layer,

and 6 neurons in the output layer, as shown in Figure 5.
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Figure 5. Neural network structure for three-level DTC

The general structure of the double star synchronous machine with DTC-ANN using a

three-level inverter in each star is represented by Figure 6. It includes closed loop control of

speed using PI controller.
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Figure 6. Schematic diagram of artificial neural network based DTC for DSSM

Results and Discussion

The proposed control method has been tested under reversal speed condition whereas
the machine is loaded at time Os by a rated torque. The parameters of DSSM are given in the
Appendix. The obtained three-level DTC-ANN results are presented and compared with those
obtained by conventional three-level DTC. Figures 7 and 8 gather the whole of DTC results
with its two variants above-mentioned.

The DSSM s accelerating from standstill to reference speed 100 rad/s. The system is
started with full load torque (T, =11 N.m). Afterwards, a step variation on the load torque (T,
=0 N.m) is applied at time t=1s. Afterwards it is decelerate to the inverse rated speed (-100
rad/s) at time t=1.5s.

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.

The dynamic responses of mechanical speed, stator flux and electromagnetic torque
are shown in figure 7 for conventional DTC and in figure 8 for DTC-ANN. The simulation
results illustrate both the steady state and the transient performance of the proposed torque
control scheme.

In figures 7 and 8, the speed response is closed to its reference without any overshoot
and steady-state error and the flux is very similar to the nominal case while the
electromagnetic torque returns to its reference value without an error. Thus decoupling
between stator flux linkage and torque is ensured for the nominal load. It is important to
notice in figure 8 that the stator flux ripples are considerably decreased.

The comparison between figure 7 and figure 8 reveals that the flux ripple of the
proposed DTC-ANN is less than that of the conventional one. Furthermore, the obtained
results show that the use of a three-level inverter instead of a two-level one improves the
dynamical performance of the drive leads to lower ripples.

Also, it has been shown that using DTC-ANN, satisfactory dynamic is achieved. This

can be manifested in fast torque response and robustness against load torque.

24



Issue 24, January-June 2014
p. 15-27

Leonardo Journal of Sciences
ISSN 1583-0233

@

Speed (rad/s)

Speed (rad/s)

100} -~ - -

e

-150

e (s)

Tim

(s)

€
Electromagnetic torque (Nm)

Tim

Electromagnetic torque (Nm)

Time (s)

Time (s)

Stator flux (Wb)

Stator flux (Whb)

2,15

2,15

Time (s)

Time (s)

25

=
N
N
@]
— .
o =z
n =z
85
o O
o -
a0
= >
L«
=]
S =
> 2
Qe
© 3
[¢B)
S
-]
=y
LL
=
N
N
@]
Y—
)
80
3=
F >
2
o8
m”
52
s c
O 8
~
[¢B)
|-
-]
=y
LL



Three-Level Direct Torque Control Based on Artificial Neural Network of Double Star Synchronous Machine
Elakhdar BENYOUSSEF, Abdelkader MEROUFEL, and Said BARKAT

Conclusion

The presented approach provides a more accurate selection of the inverter state. Some
simulation results were carried out to illustrate the effectiveness of the proposed control
system. It is pointed out that the robustness of the controlled double star synchronous machine
drive against speed and load torque variations is guaranteed. Furthermore, the proposed
control scheme decreases considerably the stator flux ripples and assures good speed tracking
without overshoot. The decoupling between the stator flux and the electromagnetic torque is
maintained, confirming the good dynamic performances of the developed multiphase drive

system.

Appendix
The rated values and parameters for the double star synchronous machine used in the

simulation study are listed in Table 4.

Table 4. DSSM parameters

Rated power 5 kKW
Rated phase stator voltage | 232 V
Rated stator frequency 50 Hz

Pole pair number (p) 2
Stator resistance (Rs) 2.35Q
Rotor resistance (Ry) 30.3Q

d axis inductance (Lg) 0.3811H

g axis inductance (L) 0.211H

Rotor inductance (Ly) 15H

Mutual inductance (My) |2.146 H
Moment of inertia (J) 0.05Nms/rad
Friction coefficient (f) 0.001Nms/rad
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