INTERNATIONAL JOURNAL OF ADVANCED STUDIES IN

COMPUTER SCIENCE AND ENGINEERING IJASCSE 02/28/2022

VOLUME 11 ISSUE 2, 2022

Advanced Design of DC Machines Using Finite Element Method Simulator

BENKAIHOUL Said'", MAZOUZ Lakhdar®*, NAAS Toufik Tayeb?

!Applied automation and diagnostic industrial laboratory (LAADI), Ziane Achour University of djelfa, 17000 Djelfa Algeria
2Gas Turbine Joint Research Team, Ziane Anchor University of djelfa, Algeria
toufiknaas@gmail.com, * said.benkaihoul@univ-djelfa.dz , *l.mazouz@univ-djelfa.dz

Abstract

Given the importance of DC machine in the industrial field and with the technological
development, researchers are interested in developing the design of DC machine of all kinds.
In this work, an advanced design of different type for DC machines using finite element
method simulator. Design series DC machine, shunt DC machine and compound DC machine
were implemented using Ansys RMXprt and study electromagnetic phenomena in Maxwell
software, we will study flux lines and magnetic flux density and identify areas of temperature
distribution. The speed and torque rates for each design are evaluated with consideration of
time. Then, a 3D design of a compound DC machine and series DC machine was created to
evaluate the difference between the DC machine types.

Keywords: compound DC machine, Ansys Maxwell, finite element method (FEM). Magnetic
flux density.

Method for Torque and Speed
Determination for a Compound DC Motor,
Md Akram Ahmad et al [11] defined
Speed control of a DC motor using
Controllers, Wei Jie Feng et al [12]
investigated Design and Simulation of PID
parameters self-tuning based on DC speed
regulating system, Jesus U. Liceaga-Castro
et al [13] studied a Series DC Motor
Modeling, Olga V. Tikhonova and
Anatoliy T. Plastun [14] investigate
Electromagnetic Torque Calculation of
Induction Motor of ANSYS, the results
optimal of electromagnetic  torque
calculation, Bedoud Khouloud et al [15]

1. Introduction

DC machine has been used since ancient
times for their importance in industrial
systems because its control is simple and
reliable in operating conditions [1-2].

There are several types of DC machines,
including series DC machine [3], shunt DC
machine and compound DC machines.
They differ from each other according to
the way the field is connected in parallel or
in series. Ansys program is based on the
Finite Element Method (FEM) to solve the
complex calculations in the system in order

to analyze and solve the equations related
to the flux and electromagnetic of a DC
machine. [5][6], ,Istvan Kovéacs and Kornél
Sarvajcz [7] studied Simulation of a series
DC motor using ANSYS, Bekir Gecer and
N.Fusun Oyman Serteller [8] investigate
Switched Reluctance Motor Analysis using
ANSYS/Maxwell The result is a flux
analysis of a SRM, Tushar Waghmare et al
[9] conducted design of a BRUSHLESS
DC MOTOR USING ANSYS, Zhaohui
Zeng and Ewen Ritchie [10] found A
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presented Modeling and Fuzzy logic of a
PWM Converter Feeding DC Machine,
The DC machine has simple structure and
models and the various phenomena in this
machine can Dbe studied through a
design[16]. The DC machine gains high
efficiency in work and this is due to the
large torque values and the simple nature
of the design [4].The current study differed
from the previous studies in terms of
design type, where the DC machine is
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designed that combines the characteristics
of series DC machine and shunt DC
machine[7][26]

In this work we will design a shunt DC
machine and series DC machine and
compound DC machine, we will know the
speed and torque of each design, In Ansys
Maxwell we are shown the path of the flux
line and Magnetic flux density and points
of concentration of temperature, And 3D
design each series DC machine and
compound DC machine and note the
differences between them.

2. DC machine

The DC machine in the structure contains
two types of compounds, the motor
winding and the field coil, which
determines the type of DC machine. In the
rotor we find the motor windings. It is
known that DC machine generate high
torque with very low current consumption
and with the development the application
of DC increased in the middle Industrial
because of its high efficiency and we find
the application of this type of machine in
electric cars and precision digital
instruments. The control of the DC
machine requires model knowledge and it
is necessary to know the dynamic model of
the system to improve performance. The
high efficiency of the DC machine is
related to the design capacity, and in order
to improve the design, the dynamics of the
DC machine must be known, not
necessarily knowing the mathematical
representation [2][17].

2.1 Construction of a DC machine

The DC machine consists of two basic
parts, one is the stator and the other is the
rotor. An air gap separates them. The fixed
part is the outer frame of the machine and
is not movable. The movable part is free to
move and is the inner part of the device.
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The DC machine also contains several
components, as shown in Figure (1) [18],
the essential parts of a DC machine are
described below: Stator parts: Yoke, Pole
Core, Pole Shoes, Field Coils, Interlopes.

Rotor: Shaft and core of the machine.
Winding the armature, commutator and
brushes as shown in Figure 1

.....

Figure.1. Construction of a DC machine.
2.2 principle of electric motor

The work of electric motors depends on
electromagnetic induction around each
conductor in which a current passes, a
magnetic field is formed, and any change
in the magnetic field affects the electric
field [19-20].

Force F Magnetic flux

Coil width=r

Current I‘// Force Fl Coil length=1L

Figure. 2. Principle of electric motor.
2.3 Characteristics of DC Motors

The performance of the DC machine is
evaluated based on its characteristic
curves. The relation between the quantities
is the kinetic characteristics that appear
through the curves and the most important
of these characteristics:

1. Speed and Armature current, Torque and
Armature current and Speed and Torque.
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The control of the flux ¢ depends on the
change of flux and therefore the change of
speed N. In the design of the DC machine,
we explain the relation between them [3]
[13].

2.4 Types of DC Motors

Types of DC machines differ according to
the connection between the armature
circuit and the field circuit. There are three
important types. The performance of each
type differs and each has suitable
applications, these types are described in
the following [21]:

e separately-excited DC machine
o Self-excited DC machine

A separately excited DC machine has a
separate voltage. It consists of a field and a
rotor winding. This structure has the
advantage of controlling, In a DC self-
excited machine, we find three types, (a)
shunt DC machine (b) Series DC machine, (c)
Compound DC machine. The type of DC
machine varies according to the method of
connection between the field winding and
the machine. Connecting the field winding
in series with the machine we get a series
DC machine. (Figure. 3 (b)) [22], and
(Figure 3(a)) is shunt DC machine by
connecting the field winding in shunt with
the armature [11]. Compound machine it is
a combination between shunt DC machine
and series DC machine (Fig.3 (c)).

(a) (b) (c)

Figure 3 .Type of DC machine: (a) shunt DC
machine, (b) Series DC machine, (c)
Compound DC machine.
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The supply voltage in a DC machine is
connected with the inductance L and the
resistance R. They are connected in series
or shunt, and the type of DC machine is
determined on that basis. The equations of
the DC machine vary according to its type
[23-24] in the study of the DC machine;
we rely on the concepts of system theory
and the mathematical model. In this system
we find differential equations in each part
(electrical and mechanical) and the relation
between them [25] [15].

We apply the Newton and Kirchhoff laws
on the machine electric model with
separate excitation, we can write [2]:

_ o di
U=E+Ri+L - Q)
E=KQ (2)
Mechanical part modeling [27]
dw_
I 5= Te-Tifw (3)

The performance of the machine is related
to the torque [28]

Te =K i (4)

Where w is Angular speed (rad/s), E
represents back electromotive force, Te is
the motor torque, TL is the Load torque
(N.m), and k is the back electromotive
force constant i is the DC motor current
(A), U is the Input voltage (V), is the J is
the Inertia of the motor (Kg.m2), is the f is
the Viscous friction, constant
(N.m/rad/sec), R is the Armature resistance
is the Armature inductance is the induced
voltage.

In a series DC machine, high torque is
produced when connecting a field of
winding connected to a series with the
rotor winding, however when the load
increases, the torque decreases [27].
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The DC shunt machine consist of a
shunt winding connected in shunt with the
armature, So it has excellent positioning
and good speed regulation ability, A DC
shunt motor can be described by
inductance (La) in series with a resistance
(Ra) field circuit connected across the
armature having resistance and inductance
value (Rp and (Lf) respectively. For the
current (i) is produced from the field
current (if) and the machine current (ia)
according to the relation [29]:

I=iatHis

In the differential equations of a
compound DC machine, the flux from the
field series winding and the field shunt
winding are produced and are opposite
[10].

(I)a :(I)sh - (I)se

I

| PR———

Figure 4 compound DC machine
Armature Curent la = I — Ish = lse
Field Current, lsh = V/Rsh

Terminal Voltage = Ep +1 2 Ra + | ¢ Rse
Electrical Power Developed = Ep 1. Power
Delivered to Load = V I

Where, Rsh ,Rse are the resistances of
armature, field shunt winding, field series
winding, I ,lse are the currents of
machine, field shunt winding, field series
winding,dsh , ¢se are the flux of device,
shunt and field winding.
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3. Finite Element Model of DC machine

Maxwell contains many features that
help in the analysis of electrical machines.
A design for a DC machine can be created
in RMXprt, which gives an overview of
the machine working and fast performance.
We rely on pre-designed templates and add
data according to the type of DC machine.
The dimensions of the rotor and stator and
the number of Slots in the stator, winding,
number of poles of the machine and adjust
the type of machine series or shunt in the
DC machine, the types of DC machines
differ from each other in design according
to the type of connection in the field. If it is
series, we get a series DC machine, and if
it is a shunt we get a shunt DC machine.
The most important stages for designing a
DC machine, a composite starter, by
introducing the machine variables and
specify field series and field shunt together
and .and then transfer the design to
ANSYS Maxwell for study. We trace the
path of the various electrical and thermal
phenomena available in the program and
rely on Finite Element Method to solve the
equations [7-8]

4. Design DC machine

The design of the DC machine is based on
accurate data on the parts of the machine
Variables vary according to the type of DC
machine, In Table 1 the general data of the
DC machine. The number of poles 4 pole ,
and the speed is 750 rad/s As for the stator
data in Table 2. We chose the number of
slots 28 for the rotor Table 3. The series
data in Table 4 and the shunt data in Table
5
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TABLE 1 MACHINE DATA TABLE 4 SERIES DATA
, Series (C) |
Mame Value I Unit I Evaluated Value
Nere | Vde | Ut | Eidted Vebe | [Parlel Banch...4
Conductors pe... |4 4
Machnz Type  CC Nechinz | |Number of Stra... 500 500
N.II'N'UFU‘ESA i || Wire Wrap 0 mm
—_ . - - Wire Size Diameter: |
| | w 038 a w 8w : Pxial Clearance |3 mm 3mm
m.m L3 o W uw || Limited Cross ... 0.5 mm 0.5mm
- ) ¢ . | Limited Cross ... (0.5 mm 0.5mm
| Reference Sa.. 0 m | |Winding Filet |1 1
TABLE 5 SHUNT DATA
TABLE 2 STATOR DATA Shurt |
Stator ] Name I Value I Unit | Evaluated ‘u"aluel
Winding Type HoundWirel
Hame Ve | Unt | Evolusted Ve | [Parallel Branch... 4
| |Frame Cuter O 300 e 300w | [Conductors pe.. 6 [
| |freme Ovesal ... 300 i o | Number of Stra...| 1000 1000
- Frame: Thickne...| 30 T Harn | Wire Wrap 0 mim
Frame Length 330 mm 530mm {inr N . B I
: Frame Meteid | EEIRINE W x: ;I::rance ?ame‘te{- : mm 3mm
|| : Type 135;' - | |Limited Cross ... 0.6 mm 0.6mm
| |Pale Longhh "'“ T | |Limited Cross .. 0.6 mm 0.6mm
Pole Stacking ... |1 —
: Pok Materid | D21_50 )
Figure 5 shows the types of DC
TABLE 3 ROTOR DATA machine that were designed by Ansys
Rotor | Maxwell. Figure 5(a) Series DC machine,
Nae | Vae | Ui | Evakatd Vae Figure 5(b) shunt DC _machlne. Figure 5(c)
[ [Stacking Factor 095 Compound DC machine was obtained by
| |Numberof Sits |27 combining series DC machine, and shunt
[ [SaTwe 1| DC machine.
= Lamination Se... |1
Outer Diameter 110 mm 110mm = =
: Imner Diameter |24 mm 24mm field Series
= Length 135 mm 135mm
| |Steel Type D21.50 |
= Press Board T... |1 mm
| |SkewWidth 0 0
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Field Shunt

Field Series

Figure 7 Compound DC machine

We relied on the finite element method to
solve the magnetic field equations,
Maxwell’s  equations describing the
magnetostatic field are [30]:

024 924
o to =l (4)
0x2  0y2
© g
Figure 5. Design shapes: (a) Series DC VxH=] ©)
machine, (b) shunt DC machine, (c) B=VxA (6)

Compound DC machine.
B magnetic flux density, H magnetic field

5. Design DC MACHINE 3D intensity vector, J is the applied current
The DC machine was designed in 3D. (rjrfantselrtiya’l u permeability of the magnetic

Where Figure 6 shows the design of Series
DC machine and Figure 7 shows the design
of Compound DC machine, we note that
field series and field shunt. The simulation results obtained from the
design of the types of DC machine, which
are represented in the speed, torque,
temperature, flux lines and magnetic flux
density.

6. Results and Discussion

6.1 Series DC machine

o Tarwn
i
{
1

X

-4
1

Figure.6. Series DC machine ™
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Figure.8. torque curve
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Figure.9. speed curve

Through the results of the design of the DC
machine series, we note that the value of
the speed is fixed at the value of 750rpm
(Fig. 9), while the value of the torque starts
from O until it reaches 5.5 Nm and then is
constant (Fig. 8)
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2, 2715e-002
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=3, EEEY s -0
~B. S1UBR-ANS

hime =008s

Specd =750.00000000m | e —
Position =288 333300deqg | o 150
=

Figure 10.Flux Lines.
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Figure 11.Magnetic flux density
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Figure 12. Temperature.

The results show the forms of flux line,
magnetic flux density, and temperature for
a series DC machine, Where we observe
large values at the level of the coils for
each of the flux line Figure 10 and
magnetic flux density figure 11
,temperature figure 12.

6.2 Shunt DC machine

Tarwe _ MueDagy

sl [ ) nhe =% ns nw

Figure.13. torque curve of a shunt DC
machine

It appears that the value of the torque rises
until it is constant at 1.5
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Figure.14. Speed curve of a shunt DC machine

In the design of the shunt DC machine,
it is clear that the model is very similar to

02/28/2022
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the design model of a series DC machine,
and from the design results the flux line,
magnetic flux density, and temperature
appear close to the results of the series DC
machine, The most important difference
between them is the torque of the DC
machine.

6.3 Compound DC machine

From the results of designing a compound
DC machine, Figure 17 shows that the flux
line is spread between the rotor and the
stator, and from Figure 18 we notice the
distribution of magnetic flux density inside
the machine and the same distribution of
temperature in Figure 19, the torque curve
is shown to rise to the point of stability at
4.5.

Tquu. R ..-1'\' re

Moo |
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. ‘7

=

Il

=
Il

L S v A T
1 Sio nn 15m 200

Figure.15. torque curve
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Figure.16. Speed curve
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Figure .19.Temperature.
7. CONCLUSION

In this study, we designed a DC
machine in Ansys RMXprt and showed
flux lines, magnetic flux density and
temperature in Ansys Maxwell.

And our focus was on studying the speed
and torque of the DC machine types, series
DC machine, shunt DC machine and
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compound DC machines, FEM was carried
out to study DC machine types and from
observing the perfect distribution of flux
lines and magnetic flux density and this
indicates the efficiency of the process,

It is evident that the torque values were
average in the compound DC machine
compared to the other DC machines.

Through comparison of the two designs, it
is found that the compound DC machine
has a suitable torque and a more
widespread flux distribution.

8. FUTURE WORK

In future works, the DC machine can
be transferred to the Ansys Simplorer and
it can be controlled, the parameters of the
machine can be changed according to the
appropriate method.

References

[1] Soressi, E. (2012, December). New life
for old compound DC motors in industrial
applications.In 2012 IEEE international
conference on power electronics, drives
and energy systems (PEDES) (pp. 1-6).
IEEE.

[2] Moutabir, A., Abdelmounim, E.,
Aboulfatah, M., & Abouloifa, A. (2014,
April). Backstepping control design of a
DC-DC converter-DC machine
association. In 2014 International
Conference on Multimedia Computing and
Systems (ICMCS) (pp. 1613-1618). IEEE.

[3] Harinadh, D., Babu, P. K., & Kumar,
B. K. (2021). HEAT TRANSFER
ANALYSIS OF IN-WHEEL ELECTRIC
MOTOR HOUSING WITH DIFFERENT
COOLING FIN ARRANGEMENT
USING ANSYS. INTERNATIONAL
JOURNAL, 6(2).

[4] Muruganandam, M., & Madheswaran,
M. (2013). Stability analysis and

WWW.NEW.IJASCSE.ORG

implementation of chopper fed DC series
motor with hybrid PID-ANN
controller. International Journal of Control,
Automation and Systems, 11(5), 966-975.

[5] Zhao, J., Liu, W., Li, B., Liu, X., Gao,
C., & GU, Z (2015). Investigation of
electromagnetic, thermal and mechanical
characteristics of a five-phase dual-rotor
permanent-magnet  synchronous motor.
Energies, 8(9), 9688-9718.

[6] Plavec, E., Filipovi¢-Gr¢i¢, B., &
Vidovi¢, M. (2020). The impact of plunger
angle and radius on the force and time
response of DC solenoid electromagnetic
actuator used in high-voltage circuit
breaker. International Journal of Electrical
Power & Energy Systems, 118, 105767.

[7] Kovacs, I, & Sarvajcz, K. (2018).
Modelling and simulation of a series
wound direct current motor using ANSYS.
In MATEC Web of Conferences (Vol. 184,
p. 02015). EDP Sciences.

[8] Gecer, B., & Serteller, N. F. O. (2020,
June). Understanding switched reluctance
motor analysis using ANSYS/Maxwell.
In 2020 IEEE  29th International
Symposium.

[9] Waghmare, T., Choube, P. R., Dakre,
A., Suryawanshi, A. M., & Holambe, P.
(2016). Design of internal permanent
magnet  brushless dc motor using
Ansys. International Journal of Research
Publications in Engineering  and
Technology, ISSN: 24547875, (4).

[10] Zeng, Z., & Ritchie, E. (1998,
December). A method for torque-speed
curve determination for a DC compound
motor without loading the motor. In 1998
International  Conference on  Power
Electronic Drives and Energy Systems for
Industrial Growth, 1998.
Proceedings. (Vol. 1, pp. 380-385). IEEE


%5b4%5d%20https:/www.philadelphia.edu.jo.
%5b4%5d%20https:/www.philadelphia.edu.jo.

INTERNATIONAL JOURNAL OF ADVANCED STUDIES IN

COMPUTER SCIENCE AND ENGINEERING IJASCSE 02/28/2022

VOLUME 11 ISSUE 2, 2022

[11] Ahmad, M. A., & Rai, P. (2014).
Speed control of a DC motor using
Controllers. Automation,  Control  and
Intelligent Systems, 2(6-1), 1-9.

[12] Feng, W. J., Xu, D. X., & Hu, Z. Y.
(2016). Design and Simulation of PID
parameters self-tuning based on DC speed
regulating system. In MATEC Web of
Conferences (Vol. 44, p. 01018). EDP
Sciences.

[13] Liceaga-Castro, J. U., Siller-Alcal3, I.
l., Jaimes-Ponce, J., & Alcantara-Ramirez,
R. (2017, May). Series dc motor modeling
and identification. In 2017 International
Conference on  Control,  Artificial
Intelligence, Robotics & Optimization
(ICCAIRO) (pp. 248-253). IEEE.

[14] Tikhonova, O. V., & Plastun, A. T.
(2017, February). Electromagnetic torque
calculation of induction motor with ring
windings by dint of “ANSYS Maxwell”.
In 2017 IEEE Conference of Russian
Young Researchers in Electrical and
Electronic Engineering (EIConRus) (pp.
1600-1605). IEEE.

[15] Khouloud, B., Hichem, M., Tahar, B.,
Latifa, A., Djalel, D., & Brahim, O.
Modeling and Fuzzy Control of a PWM
Converter  Feeding DC  Machine.
Proceedings of the 11th  Annual
International Conference on Industrial
Engineering and Operations Management
Singapore, March 7-11, 2021

[16] Rusu, M. S., & Grama, L. (2008). The
design of a DC motor speed controller.
Fascicle of management and tech eng,
7(17), 105-106.

[17] Ogbuka, C., Okoro, O. I., & Agu, M.
U. Simulation of DC Machines Transient
Behaviors: Teaching and Research. In
ESPTAEE 2008 National Conference (pp.
115-120). on Industrial Electronics (ISIE)
(pp. 446-449). IEEE.

WWW.NEW.IJASCSE.ORG

[18] Rajne, P. A., & Ramanarayanan, V.
(2006, December). Programming an FPGA
to emulate the dynamics of DC machines.
In 2006 India International Conference on
Power Electronics (pp. 120-124). IEEE.

[19] Keream, S. S., Mohammed, K. G., &
Ibrahim, M. S. (2018). Analysis study in
principles  of  operation of DC
machine. Journal of Advanced Research in
Dynamical and Control Systems, 10(02),
2323-2329.

[20] Khoury, W., & Szemes, P. T. (2018).
Robust control system design for a brushed
direct current motor using labview
simulation loop. In MATEC Web of
Conferences (Vol. 184, p. 02020). EDP
Sciences.

[21] Khubalkar, S., Chopade, A., Junghare,
A., Aware, M., & Das, S. (2016). Design
and realization of stand-alone digital
fractional order PID controller for Buck
converter fed DC motor. Circuits, Systems,
and Signal Processing, 35(6), 2189-2211.

[22] Zhao, D., & Zhang, N. (2008). An
improved nonlinear speed controller for
series DC motors. IFAC Proceedings
Volumes, 41(2), 11047-11052.

[23] Adepoju, G. A., Adeyemi, I. A, &
Oni, O. S. (2014). Application of fuzzy
logic to the speed control of DC motor.
International Journal of Engineering
Trends and Technology (IJETT), 15(5),
215-219.

[24] Avitan, 1., & Skormin, V. (1990).
Mathematical modeling and computer
simulation of a separately excited DC
motor with independent armature/field
control. IEEE transactions on industrial
electronics, 37(6), 483-489.

[25] Ekinci, S., Hekimoglu, B., & lzci, D.
(2021). Opposition based Henry gas



INTERNATIONAL JOURNAL OF ADVANCED STUDIES IN
COMPUTER SCIENCE AND ENGINEERING IJASCSE 02/28/2022

VOLUME 11 ISSUE 2, 2022

solubility  optimization as a novel
algorithm for PID control of DC motor.
Engineering Science and Technology, an
International Journal, 24(2), 331-342.

[26] Okoro, O. 1., Ogbuka, C. U., & Agu,
M. U. (2008). Simulation of dc machines
transient  behaviors:  teaching  and
research. Pacific journal of science and
technology, 9(1), 142-148.

[27] Vanegas, D. P., Alvarez-Valle, R. S.,
& Tamayo, M. F. V. (2019, October). Non-
linear State Estimation of a DC Series
Motor: A Review and a Novel Tuning
Method. In 2019 IEEE 4th Colombian
Conference on Automatic Control (CCAC)
(pp. 1-6). IEEE.

[28] Olejnik, P., Adamski, P., Batory, D.,
& Awrejcewicz, J. (2021). Adaptive
Tracking PID and FOPID Speed Control of
an Elastically Attached Load Driven by a
DC Motor at Almost Step Disturbance of
Loading Torque and Parametric Excitation.
Applied Sciences, 11(2), 679.

[29] Obaid, B. A., Saleh, A. L., & Kadhim,
A. K. (2019). Resolving of optimal
fractional PID controller for DC motor
drive based on anti-windup by invasive
weed optimization technique. Indonesian
Journal of Electrical Engineering and
Computer Science, 15(1), 95-103.

[30] Lee, C., Lee, J., & Jang, I. G. (2021).
Shape optimization-based design
investigation of the switched reluctance
motors regarding the target torque and

current limitation. Structural and
Multidisciplinary Optimization, 64(2),
859-870.

WWW.NEW.IJASCSE.ORG



