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Abstract

In this work, a Neuro-Wavelet Network (NWN) based method is proposed to calculate the critical triggering
angle of DC motor fed by the three phase controlled rectifier. Firstly, the critical triggering angles for DC motor
drive system are computed at different operation conditions. Afterwards, the NWN is trained with this data. The
critical triggering angle is derived from NWN for any operation condition. The several simulation examples
have been given to illustrate the performance and effectiveness of the proposed method. The simulation results
of the drive system show that the critical firing angle is determined precisely with the NWN.

Keywords: Neuro-Wavelet Networks, Phase Controlled DC Motor Drive, Critical Triggering Angle,
Discontinuous Current Conduction

Dalgacik-Sinir Ag1 Yaklasimi ile Faz Kontrollii DC Motor Siiriiciilerinde Kritik
Tetikleme Ac¢isinin Belirlenmesi

Oz

Bu ¢alismada Dalgacik Sinir Agi (DSA) yaklasimu ile ii¢ fazli kontrollii dogrultucu ile beslenen DA motorlar
icin kritik tetikleme agisimin belirlenmesi dnerilmistir. Ilk olarak farkli calisma durumlarinda kritik tetikleme
acilart hesaplanmigtir. Sonrasinda DSA bu veriler ile egitilmistir. Herhangi bir ¢alisma durumu igin kritik
tetikleme agist DSA’ dan iiretilmektedir. Benzetim ¢aligmasi ile dnerilen yontemin etkinligini belirlenmistir.
Siirlici sistemin benzetim sonuglari, kritik tetikleme acisinin DSA ile kesin bir sekilde hesaplanacagini
gostermektedir.

Anahtar Kelime: Dalgacik Sinir Ag1, Faz Denetimli DC Motor Siiriicii, Kritik Tetikleme Agisi, Siireksiz Akim

Calisma

1. Introduction

DC motors are not commonly used in
industry but the specific DC motors such as
Permanent magnet DC motors are used in
some specific applications with drive systems
(Naresh and Triphati, 2016; Jiang et al.,
2017; Joshi et al., 2017). DC motor drive
systems generally use two types of power
converters. These are DC Choppers and
Phase Controlled Converters (Kundu et al.,
2017). In this work, the motor is driven with
three phase controlled AD/DC converter.
Since the electromagnetic torque is produced
by armature current with nominal field
current, the electromagnetic torque waveform
of DC motor is very similar to armature
current in shape. The minimization of the

*Correspondence to: bilgin@kocaeli.edu.tr

current ripple is important for constant torque
requirement (Guru and Hiziroglu, 2001).

If the armature supplies from one-phase
controlled rectifier the motor current has
ripple. Therefore, the electromagnetic torque
has also ripple and changes over time. These
torque ripples are not desired in special
applications. Since the minimization of the
torque ripple the three phase controlled
rectifier can be used. The ripple can be
reduced partly with this converter. But the
DC motor current can be continuous or
discontinuous mode according to the firing
angle of the converter. If the current is
discontinuous the torque has ripple. Thus, the
motor should not be operated at
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discontinuous mode. There is a critical firing
angle for any operation point. This critical
angle must be calculated prior to use.

In the past years, active research has been
carried out in neural network control
(Abulafya, 1995; Verma et al., 2017; Azman
et al., 2017; Son et al., 2017; Omidvar and
Elliott, 1997, Narendra and Campagna,
1990). The characteristics of fault-tolerance,
parallelism and learning suggest that they
may be good candidates for implementing
real-time adaptive control for nonlinear
dynamical systems (Nahavandi et al., 2018;
Popov et al., 2018; Kurnia et al., 2017;
Guney et al., 2017; Singh et al., 2017). It has
been proven that artificial neural network can
approximate a wide range of nonlinear
functions (Khosravi et al., 2017; Kumar et
al., 2017; Karas and Kozak, 2018; Dmytro et
al., 2018). Recently, wavelets have become a
very active subject in research area.
Especially, wavelet neural networks (WNN)
inspired by both the feed-forward networks

and wavelet decompositions have become a
popular tool for function approximation
(Prema et al., 2015; Lin and Shieh, 2002; Isa
et al., 2017; Rabiah and Saad 2016; Sridhar
et al.,2015; Hafidz et al., 2017).

In this paper, the determination of the critical
firing angle using Wavelet Neural Networks
(WNN) for DC motor fed by three phase
controlled rectifier has been carried out. The
remaining sections of the paper was
organized as follows. Section 2 describes the
DC motor drive systems. In Section 3, the
drive system was analyzed in details. In
Section 4, The Neuro-Wavelet Network
structure was described. The simulation
results of proposed system was given in
Section 5. Finally, Section 6 is the conclusion
for this research.

2. The DC Motor Drive System

A typical DC motor drive system is shown in
Fig.1.
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Figure 1. Phase controlled DC motor drive system.

The system consists of four main parts.
These parts are the DC motor, the phase
controlled rectifier, the load and the
controller.

2.1. Three Phase Controlled Converter

The three phase controlled converter output
voltage can be changed by delaying the firing

signals. The delay is introduced in the form
of triggering signals to the gates of the
thyristors. The delay angle is generally
named o. The motor terminal voltage can be
changed during the start-up or speed control.
Thus, the output voltage of the converter
should also be changed. A typical three phase
controlled bridge converter is shown in Fig.2.
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Figure 2. A three phase controlled bridge converter.

The converter output voltage can be adjusted
to desired value by changing firing angle a.
The average output voltage (Vdc) of converter
that shown in Fig. 2 is derived as below.

Vac = %VmCos(a) 1
where Vp, is the peak value of the input voltage.

2.2. Mathematical Model of DC Motor and
Load

It is well known that the equivalent circuits
of separately excited DC motor can be drawn
as Fig.3. The armature winding has a
resistance Ra and a self inductance La. Va, €a
and l. are supply voltage, induced emf and
armature current, respectively.

Figure 3. Separately excited DC motor equivalent
circuit.

The terminal voltage relationship is written
as (2) from Fig. 3.
V, :ea+ia-Ra+La%
dt )
€, = Kb O

The state-space form dynamic equations of
DC motor are written as,

where J, B, Kp, T are the rotor inertia, rotor
friction coefficient, emf constant and load
torque, respectively.

3. Analysis of Drive System

A three phase thyristor controlled converter
with DC motor equivalent circuit is shown in
Fig.4.

Figure 4. DC Motor equivalent circuit fed by three
phase controlled converter.

The average output voltage (Vdc) depends on
the firing angle. It has oscillatory waveform.
Fig. 5 and Fig. 6 show the output voltages
and currents for a=30° and a=60°,
respectively.
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Figure 5. Continuous current condition (a=30°).
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Figure 6. Discontinuous current condition (a=60°).

The armature current of DC motor is shown
as continuous form in Fig 5, and
discontinuous form in Fig. 6. The period of
the Vg is n/3 radian and the output voltage
expression is written as;

Ve :vain(wSH%m), O<ayt <% (4)

The DC motor armature current can be
continuous or discontinuous depending on
the firing angle, while the other factors are
constant. However, the armature current must
be continuous for constant torque operation.
If the armature current is discontinuous, the
torque will be also discontinuous. Therefore,
the produced torque will be zero over some
time period. This is not a desirable effect for
the high sensitive applications such as
machine tools and robotics. Therefore, the
discontinuous current mode should be

o=t e il o) il -0k | E

o

1— e_Sa)Sra

By examining the Eq.7, it is shown that the
lao is related to rotor speed (ws), terminal
voltage (Vm), La (or @), induced emf (E) and
firing angle (a). The triggering angle
converting continuous armature current into
discontinuous armature current is called
critical triggering angle. It can be calculated
by assigning the initial armature current iao
to zero in (7). This is given as Krishnan
(2001).

prevented. The factors of discontinuous
mode are identified by using motor
equivalent circuit and converter output
voltage expression. If the field flux is
constant, then the induced emf becomes
proportional to the rotor speed, and the
terminal relationship is written as

. di
Ve =Rala + Ly d_? + Ky, (5)

Induced emf e, is constant at constant speed
and field flux. This emf is named E. As
Krishnan (2001) shows, ia(t) is obtained by
substituting (4) into (5).

I () = (V"“]{Sin(wst +%+a ) —Sin(%+a —(/?)e%a} ©6)

2.l
L L
e

where (1)5227'Ef (P:atan((OsLa/Ra), ’Ca:La/Ra,
Za:Ra+an and E:Kb(x)miao and Vm are the
initial current at t=0 and peak value of the
phase voltage, respectively. iz is calculated
to enter the given initial condition using (6).
The period of i, is 7/3. ia Can be written as,

o) =ia(at+3),

T

i (———
(o

):iao

Therefore, the initial current expression can
be derived as,

T

1—e 3w, (7)

This expression shows that the critical
triggering angle is a function of the emf, line
to line AC voltage and impedance angle (o)
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of the DC motor. The input voltage is
generally constant and the oc only depends
on two variables, ¢ and E/Vm. The critical
firing angle versus E/Vy, for various value of
¢ is shown in Fig. 7.

For the continuous current operation, the
firing angle o should not exceed the critical
firing angle oc If o exceeds oc the
discontinuous current mode occurs. As it can
be seen from (8), the firing angle
determination can be difficult in case of
using on-line operations.
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Figure 7. The critical triggering angle versus E/Vy, for
various value of ¢.

In the proposed method, the critical firing
angle is derived by using NWN in on-line
operation without any calculation from Eq.

(8).
4. The Neuro-Wavelet Network

The wavelet networks are developed by the
joining the wavelet theory and neural
networks. Wavelet networks are feed-
forward neural networks and have wavelets
activation function. Wavelet functions and
neural networks are combined in different
styles. One of the applications of neuro-
wavelet networks is function estimation.
Given a series of observed values of a
function, a wavelet network can be trained to
learn the composition of that function, and
hence calculate an expected value for a given
input. A wavelet neural network usually
consists of a feed-forward Artificial Neural
Network (ANN) with one hidden layer. It
uses nonlinear wavelet functions instead of
nonlinear sigmoid or tanh functions.

1

The structure of NWN is shown in Fig. 8
(Lin et al., 2007; Lin et al., 2004; Khan and
Rahman (2010) and it is similar to the ANN.
The wavelet networks also consist of an input
layer, a hidden layer, and an output layer.

Output
Layer

Wavelet

Inp Layer (m)

ut
Layer(k=2)

Figure 8. Structure of the Wavelet-neural Network.

The wavelet network model shown in Figure
8 consists of three layers. The first layer is
input layer and the number of input neurons
is equal to the number of input variables.
Here, it has two inputs (¢, E/Vm). The input
neurons are connected to the next layer of
neurons called mother wavelet layer. The
activation functions of this layer neurons are
wavelet functions and connected to the third
layer, which is called wavelet layer. The
fourth layer is output layer which has one
neuron with logarithmic sigmoid function. Its
output is critical firing angle .

There are many varieties of wavelets
function, which can be used in Wavelet-
neural Networks. In this study, the first
derivative of Gaussian function is used as a
mother wavelet function(®).

1,
d(X)=—x-e 2

(9)

The output of the mother wavelet layer y: is

then constructed by translating and dilating
the mother wavelet @ according to (10)
(Parasuraman and Elshorbagy 2005).

Vi = @(—Xkd_tka
mk

where tmk, and dmk represents the translation

and dilation factors of the wavelet

(10)
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respectively. The first derivative Gaussian
mother wavelet with different translation and
dilation factors is shown in Fig. O.
(Parasuraman and Elshorbagy, 2005).
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Figure 9. Wavelets with varying dilation and varying
translation factors.

The output of wavelet layer is;

m
net =B+ Wy" (11)
i=1

and the output from the output layer can be
represented as

1

Tleem (12)

o

In this study, the energy function (E) is
defined as

E== lei2 (13)
rs2
e=(a, —a7) (14)

where, r is the length of the input pattern,
The weights (Wm), dilation (dkm) and
translation (tkm) factors can be updated in

1.6

accordance with the gradient descent method
as shown below.

Wi (1) =Wo (O ==
tint+D =t 71— (15
km
it +1) =G () =71
km

5. Determination of The Critical Firing
Angle using Neuro-Wavelet Network

The training structure for this works is shown
in Fig. 10 (Bilgin, 2008).

a; —»
a2 —»
a3 —
iy —p

Equation

®

\

A A
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(training)

£
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Figure 10. The training structure of NWN.

The inputs of NWN are ¢ and, E/Vm. The
output is critical firing angel oc. Three
neuron is used at mother wavelet layer for
each input variable and the three
multiplication operator is used wavelet layer.
The training pattern is generated from Eq.8.
¢ is changed from 0,2 to 1 (per-unit) and
E/Vnm is changed from zero to 0,94 (per-unit)
for the training pattern. The NWN is learned
with these data until the sum square error is
108, The learning pattern and learning result
is shown in Fig. 11.
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Figure 11. The learning results of NWN
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The data is increased and applied to network is determined with all possible data. The test
for learning test. The performance of network data and errors is shown in Fig.12.
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Figure 12. The test result of the trained NWN.

At the end of the learning procedure, the in
NWN is tested with the new data, which are
except the learning pattern. The drive system
shown in Fig. 4 was modeled and simulated

MATLAB, and NWN controller
performance is obtained. The motor and
converter parameters are given in Table 1.

Table 1. Similation Parameters of DC Drive System

Parameter Value Paramete Value
Ra 10Q T 3 Nm
La 0.01 H Vm 173.2V
J 0.0165 Kg-m? Kb 0.8 V/(rad/sec)
B 0.01 Nm/(rad/sec) fs 50 Hz

The simulation results are given in Fig.13 E/Vny is variable. And ¢ and E/Vn are
and Fig.14. In Fig. 13, the E/Vm is 0.33 and  variable in Fig. 15.

the ¢ is variable. In Fig. 14, ¢ is 0,55 and
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Figure 13. Simulation results of the system with E/V»,=0.33.
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Figure 15. Simulation result of the system with various value of E/V, and o.
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The various input patterns were entered to
NWN and the derived critical firing angle by
the NWN was applied to DC motor drive
system, which is modeled in MATLAB. The
current waveform is examined with all the
test inputs. From the simulation results, it can
be seen that the NWN controller has
determined the critical firing angle precisely.

6. Conclusion

The study presented in this paper has
proposed a Neuro-Wavelet Network based
critical firing angle determination method for
separately exited DC motor drive system fed
by three phase controlled rectifier. The
simulation results show that, the NWN
controller determines the critical firing angle
of the converter precisely. Since the critical
firing angle calculation is set on per-unit
variable, the NWN controller can be used to
calculate the ac for any motor drive system.
Since the result is produced by NWN at one
cycle, it can be said that the proposed method
is fast and has less calculation steps than the
an iterative methods.
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