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Abstract

This work relates to a hybrid scheme (Neuro-Fuzzy) for speed control of a dual star induction motor (DSIM) with enhanced
performance. A 4-layer network is utilized to set the Fuzzy elements in order to minimize error square. To control this machine,
two five-level inverters with PWM techniques are introduced and an indirect field oriented method is used. Simulation results
are presented for the NF controller; it is observed that the NFC gives better responses and robustness for the speed control
of this machine with its load disturbances and parameter variations, such as increased rotor resistance and moment of
inertia. The results are compared with results obtained from a conventional inverter. Notably, there is a great drop in the
stator currents, and the magnitude of the pulsating electromagnetic torque is reduced for a five-level inverter compared with

a conventional inverter.
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1. Introduction

Poly-phase machines exist to cover multiple tasks and spe-
cial profits (such as reduced couple pulsations, mitigate to-
tal harmonic distortion, high power/current ratio) can be in-
vested to justify the great complexity with regard to three-
phase case [1-4].

Emil Levi [5] summarizes new developments in the field
of control of poly-phase induction machine control. Con-
ventional proportional-integral (PI), proportional-integral-
derivative (PID) controllers are employed in speed and cur-
rent controllers, but the designs of these controllers de-
pend on the exact machine model with accurate parame-
ters, and are very sensitive to machine parameter varia-
tions, load disturbances and rotor resistance variations [6—8].
Mathematical modeling is not needed for the development
of advanced controllers. Numerous methods have been
proposed to replace conventional proportional-integral (Pl),
proportional-integral-derivative (PID) controllers, such as the
fuzzy logic controller (FLC) [9-11] and artificial neural net-
works (ANNs) [12—-14]. To improve fuzzy controller perfor-
mance, manual tweaking is needed [7] and it is important to
train the neural controller for all operating cases [15]. The
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Neuro-Fuzzy Controller (NFC) controls the induction motor
drive and has the advantages of both the FLC and ANN. So,
in this paper, an NFC for speed control of a DSIM drive sys-
tem is proposed. The NFC developed in the early 90s by
Jang [16—18] combines the concepts of fuzzy logic and neu-
ral networks to form a hybrid intelligent system that enhances
the ability to automatically learn and adapt. An ANN is used
to adjust input and output parameters of membership func-
tions in the FLC. The back propagation learning algorithm is
used to train this network.

In recent years multi-level inverters have become very
popular for industrial and power system applications, due
to their advantages over conventional inverters, i.e., High
Power rating, Low Harmonics. Some studies about model-
ing and analysis of the dual star induction machine supplied
by multi-level inverters were done individually [19-21], but
there has been no study into control of this machine fed by
multi-level inverters. So, in this study an advanced control
scheme using neuro-fuzzy (NF) is proposed to control a dual
star induction machine (DSIM) supplied by two 5-level volt-
age sources (PWM) inverters used in association with indi-
rect field oriented control. A comparison with the results of
the conventional inverter is given.

The simulated model results show very convincing per-
formances with introduced load disturbances and parameter
variations, such as increased rotor resistance and moment
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Figure 1: Schematic diagram of the dual star induction machine

of inertia. A detailed Matlab model for indirect field oriented
control of DSIM fed by two voltage source inverters integrat-
ing the proposed NFC is developed.

The paper is organized as follows: in Sections 2 and 3,
the DSIM and IFOC are explained; Section 4 presents the
model and control of a five-level inverter; the design of the
NFC controller are shown in Section 5; Section 6 contains
the simulation results. Finally, the conclusions are in Sec-
tion 7.

2. Machine model

A common type of multiphase machine is the dual star
induction machine (DSIM), where two sets of three-phase
windings, spatially phase shifted by 30 electrical degrees,
share a common stator magnetic core, as shown in Fig. 1 [9].
Modeling and control of DSIM in the original reference frame
would be very difficult. For this reason, a simplified model is
required. As a consequence, the mathematical modeling ap-
proach of DSIM is similar to the standard induction machine
ones and usually it is obtained using the same simplifying
assumptions as cited in [9].

In the induction machines, rotor winding has a short-circuit
hence v;4,=0 and v,,=0.

The mechanical equations are given by equations (1)
and (2):

Tem = PLm—':lLr [(f’d;-(iqs] + iqs2) - ¢qr(idsl + idsZ)] (1)
J d Ky
S—w, =Ten—TL - =0, 2
pd” LT @)

where: w; , w,—speed of synchronous reference frame
and electrical rotor speed, [, , [,—stator and rotor induc-
tances, L,,- resultant magnetizing inductance, P—number of
pole pairs, J—moment of inertia, T;—load torque, K —total
viscous friction coefficient.

3. Indirect Field Oriented Control of a DSIM

The main goal of field-oriented control (FOC) is to obtain
decoupled control of electromagnetic torque and rotor flux of
the motor as in DC machines [9]. Due to its simplicity and
low cost, the ideal field oriented control method is commonly
used. The d-axis is aligned with the rotor flux space vector.
In IFOC the rotor flux linkage axis is forced to align with the
d-axis, and it follows that the direct flux equals the reference,
equation (3):

bar = ¢, 3)
The quadratic component of the flux, as (4):

PPar = bgr = 0 (4)

The slip speed wy and component references of stator
current can be expressed by equations ((5),(6) and (7)):

R)‘Ll‘ﬂ .
= e 5
T L+ gy ©

*

1
= —8 6
Lys Lm¢.v ( )
Lm+ L
ij]s = % :m (7)
where:
i:;s = i;sl + i;ﬂ (8)
iz);s = i;xl + i:;s2 (9)
Tr= (10)
r=—
R,

s

g-axes currents are re-labeled as flux-producing (iy,)
and torque-producing (i;,) components of the stator current
phases, respectively.
T,: denotes the rotor time constant.
To generate two sets of command/reference voltage vectors
(Vis1» Vast» Vas @nd v ), two independent pairs of Pl con-

. qs2
trollers are introduced.

4. Model and control of a five-level inverter

Current research focuses on various kinds of multilevel
inverters [22—-24]. In this work, a 5-level three-phase cas-
caded hybrid multilevel inverter includes a standard 3-leg in-
verter and H-bridge in series with each inverter leg given in
Fig.2 [25]. A PWM signal modulated technique (triangular
sinusoidal) is used to govern the multilevel converter.

Fig. 3 shows single phase 5-level inverter output, 4 carri-
ers with the same frequency and amplitude.

— 71—
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Figure 2: Five-level three-phase cascaded hybrid multilevel inverter structure
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Figure 3: Single phase five-level inverter output
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Figure 4: Block diagram NFC with IFOC of regulation speed of DSIM

5. Design of the NFC Controller

The NFC is composed of an on-line learning algorithm with
a neuro-fuzzy network (see scheme in Fig. 4). The neuro-
fuzzy network is trained using an on-line learning algorithm.
The speed error e, and error-changing ,, are the inputs of the
proposed NFC, whilst torque command T.,,nrc is the output
of the proposed neuro-fuzzy controller [26, 27]. In Fig. 5, 4
layers are given: the first is for inputs, the second for fuzzifi-
cation, the next represents rule evaluation and the last layer
for defuzzification.

The goal of the PI controller is to obtain the desired elec-
tromagnetic torque T,,.er., represents the error between
the desired torque T, and the control torque T, . - (its cur-
rent value given by NFC).

Detailed discussions on the various layers of the neuro-fuzzy
network are given below.

Input Layer: Each input node in this layer corresponds to
the specific input variable, the inputs of this layer are given
by net}= e, and nety=¢,,.

The outputs of this layer are given by:

yi=fl(net}) = e, and y}= fi(net)) = ¢,

The weights of this layer are unity and fixed.

Fuzzification Layer: Each node performs a membership
function that can be referred to as the fuzzification proce-
dure; seven (7) memberships based on the Gaussian func-
tion are applied, as shown in Fig. (6), and defined by (11)
and (12):

(11)

2
11 le/ B thj
net:'’. = — | —4———2

11
O—i,j

yl”j = 11]1 (netl{’j) = exp (netl{lj) (12)
where: m}'; and o7}!;, (i=1;2) are the mean and the deviation
of the Gaussian function.
Rule Layer: The total number of rule in this layer is 49 (7x7
= 49), each node is a fixed and noted II, for represent a rule
base used in the FLC, a product operator is used in each
node. Fig. (7) shows surface plot showing relationship be-
tween input and output parameters. The values of weights
between Rule layer and Fuzzification layer are unity.
Defuzzification Layer: Output is given by gravity center
method; each node equation is given as:

a=> > s b= > ol (13)
7 E 7T

nety’ = g sy =Y (y(IJV) = g (14)

wﬁ’ represents the values of the output membership func-

tions used in the FLC as shown in Fig. (8). y'—is output
of the Defuzzification layer. a and b are the numerator and
the denominator of the function used in the center of area
method, respectively. In the NFC, the goal of learning algo-
rithm is adjustment the weights w'/, the m{; , m} and o} ,
o b, For the learning algorithm we use the supervised gradi-
ent descent method. So the error E (equation (15)), we take
to describe the back propagation algorithm.
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Figure 5: Neuro-fuzzy network structure
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Figure 6: Membership functions for inputs “e” and “de”

Figure 7: Input / Output surface plot

E() = %e%em (15)

Where the error value can be written as symmetric rules
table, equation (16)
€Tem = d— y (16)

Where, d: is the desired torque controlT?,, (Output of Pl
controller) and v, is the instantaneous output ( NFC output
“TemNFC") .

5.1. The back propagation algorithm

Output layer: The input error is given as:

1 (Toec)
NB NM NS ZE PS PM PB

T;mNFC

Z15 10 =5 0 5 10 15

Figure 8: Membership functions for output “Teunrc”

(5IV=—6—E OE Oe Oy

= —. === 17
de dy’ ailV ¢ (17)
The variations Aw;)(’ of the weights wi)! to minimize the
error can be determined by the generalized delta rule as fol-
lows:

OE 1

AWl = - = -6y (18)
J 6W§X b J
Finally, the weights W?c/ can be updated to minimize the error
as follows:

whi (1) = wh (¢ = 1) + p, Al (1) (19)
Where p,, : is the learning rate for wﬁ’
Rule layer: The error received by this layer from the output
layer is computed as:

OE 1
111 _ _ A% v
5jk - _6t1.” - 1_7'60 (ij _y) (20)
J:

Fuzzification layer: The error received from the rule layer is

calculated as:
7))

1 _ _ 111 111

01 = ol = zk: O Vjk (21)
OE

1 _ _ 111 111
02 = ardl Z,: O Yk (22)
In this layer, the changes of m{, ,m}; and o'}',,c"}; are written

as:
o 2 -l

Am!l = — =6 ( a ") (23)

b omit. ( ol )2

AO = - =gl (24)

Membership parameters adaptation is obtained through the
following:
mi’ (1) = ml’ (t = 1) + pAm’ (1) (25)

o6y = 1 (1 = 1) + oAt (0 (26)

Where: u,, ,u.: are learning rates, respectively, for m{l(z) i®
11
and Tk -

6. Simulation Results and Discussion

The technical parameters are: 2 poles, 4.5kW, 220v /
phase, 50 Hz, 2753 rpm. The parameters of the DSIM are re-
ported in the Appendix. In this section, the simulation results
obtained in MATLAB software are presented and discussed.

To evaluate the performances of the NFC following the ma-
chine parameter variations, various operating conditions are
applied, namely load torque and rotor resistance variations,
speed reference reversal (2500 rpm, -2500rpm) reference
speed with an increased moment of inertia (AJ % = +50%)
on no load. Fig. (9), show the imposed temporary evolution
of the load torque and rotor resistance.

It can be seen in Fig. (10)a) that the rotor speed follows
its reference (2,500 rpm) in a good manner regardless of the
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Figure 9: Variation of rotor resistance and load torque.
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Figure 10: Simulation results at step reference speed (2500 rpm) under variable (load, rotor resistance) condition
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Table 1: Motor Parameters

Parameters Identifiers &
values

Stator resistance, R,, Q 3.72

Rotor resistance, R,, Q 212

Stator leakage inductance, L,, H 0.022

Rotor leakage inductance, L,, H  0.006

Resultant magnetizing 0.3672

inductance, L,,, H

Moment of inertia, J, kg - m? 0.0662

Viscous friction coefficient, K, 0.001

kg -m?/s

torque value and the rotor resistance. Fig. (10)b) also shows
that the electromagnetic torque follows load torque.

The component of the rotor flux (quadratic and direct) fol-
lows its references values, as in Fig. (10)c).

Consequently, the proposed structure is robust from the
point of view of variation.

In order to show the influence of the level inverter on the
phase current quality and electromagnetic torque ripples,
other simulations were conducted when DSIM is fed by two
voltage sources: with a conventional inverter and a five-level
inverter Fig. (11).

Fig. (11) shows the results obtained when step changes
of load torque Tr = 21N.m at t = [1 2]s and speed inversion
were applied at t = 2.5s to evaluate drive performance. As
illustrated in Fig. (11)a), it is clear that the speed is not af-
fected by load variation. It is also observed that the time
the machine requires to reach the reference speed value
(2500 rpm) with the conventional inverter (0.6s) is greater
than when the machine is supplied by the five-level inverter
(0.54s); the same holds true for the time needed for speed
reversal.

The magnitude of pulsations in the electromagnetic torque
Fig. (11)b) and stator currents Fig. (11)c) and d) show a sub-
stantial reduction for the five-level inverter compared with the
two-level inverter.

The phase current quality is degraded and the torque os-
cillates when the level of the inverter is increased, because
the supply voltage of the DSIM approximates the ideal sinu-
soidal voltage source when the harmonics reduce.

7. Conclusion

An enhanced NF controller has been proposed on the ba-
sis of indirect vector control of DSIM. Simulation of the IFOC
and DSIM with NFC is explored using Matlab software. The
behavior of the controller was tested in different cases of
operating stats. A comparison was made between the pro-
posed NFC fed by (i) conventional and (ii) five-level inverters.

The simulation results indicate that the proposed neuro-
fuzzy controller is reliable and effective for speed control of
the dual star induction motor in various working conditions.
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