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Abstract: In this paper, performances of five-phase induction motor controlled with direct
torque control strategy are studied. In order to perform the control system, a speed
controller based on artificial neural network is designed. Power required motor is ensured
via two levels voltage source inverter. Five-phase induction machine modeling and their
control are defined and described. The proposed scheme control is simulated using
Matlab/Simulink software in four quadrant operation. Simulation results have been
illustrated and he improves significantly behavior and dynamic response, mainly, of the
speed response, quick electromagnetic torque and the rate of stator flux due to the proposed
neuro-speed controller design.
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Introduction

Currently many industrial applications require multi-phase voltage source inverters (VSI) feeding
multi-phase machines. The various aspects covered have included advantages of multi-phase machines over
their three-phase counterparts, modelling and control of multi-phase machines, three-phase motor drives [1,2].
However, the multiphase induction motors are earning interest as viable alternative solutions to a three phase
induction motors drives because he possesses many advantages such as less torque ripple, increasing the
frequency of the torque pulsation, reducing the rotor harmonic currents, reducing the current per phase, etc
[3-7]. Also, by increasing the number of phases, it is possible to reduce the torque per ampere for the same
amount machine. Although the literature review was focuses, generally, on five-phase and six-phase designer
[1, 8].

The configuration comprising two VSI feeding five-phase induction motor (FPIM) using a direct torque
control (DTC) and a speed controller based on artificial neural network is feature investigated in this particular
work. For this reason, modelling of FPIM and VSI are developed. Direct torque control strategy is based on
instantaneous space vector theory [9]. It is possible to control directly the stator flux and torque by selecting an
appropriate switching inverter states and consequently, the voltage vectors according to the errors of stator flux
and torque. The switching table DTC based on the estimated stator flux position, hysteresis controllers for
torque and flux generate the available inverter switching states. DTCis one of the powerful control for
high performance control of electrical motor drives. Three-phase voltage source inverter has only eight (8)
voltage space vectors that can be applied to a load, while in five-phase inverter it has Thirty-two (32) possible
voltage space vectors. There is therefore a greater flexibility in controlling a five-phase motor. This control type
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provides high performance of smaller current with little flux and torque ripples due to the application of
large number of space vectors. In the electrical drives the intelligent controllers has been progressively utilized
to solve any complex control problems.

In this paper, a speed controller based on artificial neural network has been insured in order to perform
the control performance. Numerous simulation studies are achieved for drives using direct torque control
principles and proposed intelligent speed control.

The organization of this paper is as follows. Section 2 is devised into two parts. The first deals with the
presentation of a five-phase induction motor model and a voltage source inverter. In the second part, principal
of DTC strategy is described in detail. Section 3 examined the designing of the proposed neuro-speed
controller. Simulation study performed at condition of four quadrant of speed mode operation is presented in
section 4. Finally, a conclusion is avowed.

Five phase induction motor model

The FPIM  has five phase windings. The windings axes of five stator winding are displaced by 72
degrees as shown in Fig.1.
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Figure 1. Space representation of phases

The voltage equations of the stator and rotor motor are given by (1) and (2), respectively:
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The electromagnetic torque (I'.) is given by:

ro=2(iy ey ) o

)

T

The use of the transformation Park given by (4) , allows to transform a five phases system (a, b, ¢, d and
e) , presented by the equations (1) et (2) in a two phases equivalent (d, q) rotating frame to obtain a simple
mathematical model [10, 11].
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Where: i = s or 1, respectively index for stator and rotor; k= a,b,c,d and e; index for phases and ,

P(6) = \/E cos(0) cos(@—2.7/5) cos(@—4.71/5) cos(8@—6.x/5) cos(6—8.7/5)
s sin(@) sin(@ —2.7/5) sin(@—-4.x/5) sin(@—-6.7/5) sin(6 —8.7/5)

For this, we obtain the following system:

Via =Rsd gy + dztsd O,

Vig =Ry d g + W 0¥ )
Via =0=R,..1,; + dl;,/trd (0, — o, )y,
Vg = 0= Ry + 20 (0, ~0,

Where:

Wea =Llsq +Lyly
Vg = lesq +Lm1rq
Vg =Ly + Lyl
Wi =L 0oy + Ly,

where Rs, R, , L , L, L, are respectively stator resistance , rotor resistance , stator inductance, rotor

inductance and mutual inductance.

The representation of the phase in the coordinate’s d-q is show by the figure. 2.

d-axis
ids
Vds Lg
idr
Vdr Lr

Lr Ls

‘/\‘-mﬁ* q-axis
iqr R

lq.s‘
v
Var ks

Figure 2. Phases in coordinate’s d-q

So, the mechanical equation can be written as follows:

id(or :Fe _Fl _ia)r
With,

L,
re = P (l//rd ‘Isq Vi ‘Isd)

L
’ ()
Where J is total inertia; p is the number of pole pairs; I is the load torque and 4y is the friction coefficient.
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Modeling of five-phase voltage source inverter

The five-phase voltage source inverter (VSI) is comprised of five (5) legs every one contains two power
switches (Sx and Sy’, where k=a, b, ¢, d,e ) as show in figure 3. Both power switches Sa and Sa’ eg work in
complementarily ie if the top one (Sa) is open (Sa=1) then the low switch (Sa’) is closed (Sa’=0) and vice versa.
So, the output phase voltage can be computed using the switching function associated to one inverter
leg [8, 12]. Therefore, it considered the same operation with the other leg it result 32 possible states: 30 non-
zero active voltage switching space vectors together with 2 zero space vectors.
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Figure 3. Structure of five phase voltage source inverter

The voltage equations of five-phases VSI.
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In general terms of switching states, the phase voltage space vectors of the 5-phase is given as
follow relation and the possible states vectors are presented in Table 1.

_ 2Vdc

vk (S, +aS, +a*S.+a >SS, +a’'S

e

Where, a=e’**"> and k=01,234.....3031.

©)
DTC method for five-phase induction machine

The aim of the DTC method is to compensate the error between reference and actual quantities
of torque and flux by selecting appropriate voltage vector from the inverter. Hysteresis controllers for torque
and flux are used to generate the inverter switching states. Since the five phase voltage source inverter
has five (5) legs and each switch takes 2 states (“1” and “0”) , the five phase voltage source inverter has
thirty-two (32) switching combinations [13, 14]. Consequently, all possibilities of selecting combinations are
given by Table 1 and the voltage space vectors, as showing by figure 4.
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Table 1:

Yo Vi Vi Vi Vi Vi Vi Vi
0000 0000 0000 0000 0000 0000 0000 0000
Vi Vi Vi Vi Vi Vi Vi Vi
0000 |0000 0000 0000 0000 0000 0000 0000
Vi Vi Vi Vi Vi Vi Vi Vi
0000 0000 0000 0000 0000 0000 0000 0000
Vi Vi Vi Vi Vi Vi Vi Vi
0000 |0000 0000 0000 0000 0000 0000 0000

Figure 4. Space voltage vectors available

DTC is based on hysteresis comparators and switching tables provides a fast torque response. However,
in steady state the torque has large ripples, due to the switching frequency of the inverter caused by the
hysteresis bands. DTC requires accurate knowledge of the amplitude and angular position of the controlled flux
with respect to the stationary stator axis in addition to the angular velocity for the torque control purpose [15].
The principle of DTC operation can also be explained by analyzing the stator voltage equation in the stator flux
reference frame [16, 17].

— - d . —
ug, =Ri +d_yt/+ JOW

(10)

If this expression is separated into the direct (o) and the quadrature component () of the stator voltage,
the following expression can be obtained:

uSO{ = RSiYOC + M
dt (11)
d
l/l‘\,ﬁ = Rslsﬁ + V/?ﬁ
dt (12)

In the same reference frame fixed to the stator flux vector the electromagnetic torque can be expressed

(13)
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Combining the next expressions, we obtain the following torque expression form:

e~ 35%(1’{?/3 —OW sq )
R, (14)

Electromagnetic torque can be controlled by means of the component of the stator voltage, under
adequate decoupling of the stator flux. DTC requires the estimation of stator flux and torque, which can be
performed by means of two different phase currents, the state of the VSI and the voltage level in the DC voltage
bus. This work proposes a DTC schemes for an induction motor fed by two-level voltage source inverter (VSI).
This estimation is based in the stator voltage equation.

Vs = (g = Ryig)di 15)

The following table gives the control vectors according to the outputs of the flux and torque regulators
for the six (6) sectors for each inverter considered and dedicated to the control of FPIM.

The DTC strategy developed for the five phase induction motor requires the estimation of the stator
flux and torque which are compared to their reference values and the resulting errors are  fed to
hysteresis controllers of stator flux and torque [18-22].The principle is to maintain the stator flux and
torque within the limits of flux and torque hysteresis bands by proper selection of the stator space voltage
vectors during each sampling period ( See Figure 5) , meaning switching table 2.
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Figure 5. Space voltage vectors evolution

Table 2: Switching table

Flux 1 0

Torque 1 (0 |-1]1 |0 |-1
Sector 1 V2 Vl V() V3 V4 V5
Sector 2 V3 V2 Vl V4 V5 V()
Sector 3 V4| V3| Vo | Vs | Vg | Vi
Sector 4 V5 V4 V3 V(, Vl V2
Sector 5 V(, V5 V4 Vl V2 V3
Sector 6 V] V(, V5 V2 V3 V4

Artificial Neural Network

Speed error is a result of a comparison of actual speed and the motor reference speed. Speed error and
change in speed error are given as ANN controller inputs and the output is the electromagnetic torque (I'e*).
The quadrature-axis stator current reference is calculated from electromagnetic torque equation.
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The idea is to replace the PI speed regulator by a simple neuro-controller. For learning, we use the
backpropagation algorithm Levenberg-Marquardt (LM) [16, 23, 24]. Each neural network fills a well defined
function dependent the chosen architecture (number of hidden layers and the number of neurons in each hidden
layer). The problem is to find a structure that gives better results. For this, we made several tests to determine
the optimal architecture network. The most sensible choice was to take a neural network structure hidden layer
containing three to 20 neurons using the activation function sigmoid, show Fig.6.

Figure 6. Structure of multilayer perception

Speed control is based on controller of ANN (20 multi-phase). The multi layer preceptor, the number of
hidden layers and hidden neurons is not known a priori. Furthermore, there is no general rule for predicting the
number of hidden Fig. 6 Scheme of neural speed control neurons necessary to achieve a specified performance
of the model. The proposed application, an ANN with a single layer with activation function tansig type is used.
In this step, the authors execute several tests and analyzing the performance of the system [25]. The neural
network controller considered is shown in Fig. 7 have two neurons in input layer, 30 neurons in hidden layer
and one neuron in output layer.

Ae

Figure 7. Scheme of speed control using ANN

Simulation and results

In this section, the simulation results of torque, flux, and speed motor under several conditions are
represented and discussed for to investigate the performance of the system studied. The block diagram in Fig 8
shows the schematic drawing of five-phase motor driven using DTC with an ANN speed controller.
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Figure 8. ANN speed control of DTC for FPIM

The simulations are considered to verify the performance of the DTC in controlling the speed of
the machine. The dynamic behavior of the system has been tested under different speed and torque references
illustrate by figure 9.
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Figure 9. Speed and Torque load references

The choice of these references is fixed as to ensure a good comprehension of the component of the
control motor in four quadrant operations. Thus, the speed reference is changed from 50 to -50 rd/s at t=I
second and the torque is changed de 10Nm at -10Nm for case of positive speed and in the case of negative.

The simulation model parameters of the five phase induction motor are done in Table 4. The dynamic
responses of the speed, electromagnetic torque, phase currents and stator flux are represented in figures 10, 11,
12 and 13, respectively. In figure 10, the speed follows the speed reference very well. Figure 11 illustrates the
torque in the conditions of speed and load variations. Figure 12 shows the evolution of the flux where it is
important to note, that the flux and torque can be controlled independently. In fact, after the fast flux response,
it retains its value despite the variation of the torque. It is notice a good dynamic response of the five-phase
currents induction motor is shows in figure 13 with the zoom.
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Table.3 - Simulation FPIM parameters

Five Phases Induction Motor (FPIM):
Parameter Symbol Value Unit
Nominal power P, 4.50 Kw
Stator resistance R, 3.72 Q
Rotor resistance R, 2.12 Q
Stator inductance L 0.022 H
Rotor inductance IL; 0.006 H
Mutual inductance L, 0.3672
Moment of inertia J 0.0625 Kg.m’
Friction coefficient B 0.001 N.m.s/rad
Pole number P 2 -—-
T — — o
@ 201~ i
& 0 |
0 22 04 as o3 | 12 e 16 8 2
Time(s)

Figure 10. Real and reference speed
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Figure 11. Electromagnetic, estimated torque and load torque
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Figure 13. Current phases of FPIM

Conclusion

Neuro-speed controller was performing five-phase induction machine driven using direct torque control

switching strategy. Obtain results verify the purpose. A five leg voltage inverter was emotionally involved five-
phase machine controlled with DTC method so as to introduce towards provide a fast dynamic torque and flux.
The proposed intelligent speed controlled often a high dynamic in speed response. The proposed scheme can be
applied also to high power multiphase drive control systems.
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