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Abstract

A torus-type permanent magnet brushless DC motor is the object of this thesis.
The motor can operate with the winding connected either in two — phase or three — phase
system. A comparative study of performance of the motor operating in these two systems
is the objective of the thesis.

To analyze the motor performance, the dynamic models of the motors operating
with two — phase and three — phase motors have been proposed. The simulation of motor
operation was carried out using the MATLAB/SIMULINK software package.

A study of motors operation in steady state conditions has been done by applying
simpler models which were based on brush DC motor equivalent circuit. It is observed
that the electromechanical characteristics of these two motors are similar and the motor
with three — phase winding has lesser quantity of torque ripples.

Since the motors operating in the two types winding connection systems are
supplied from voltage — type inverters, switching conditions have a significant influence
on motor performance. This was also studied in the thesis project using the dynamic
motor model. The results of this study show that by advancing the commutation angle,

the efficiencies could be improved greatly.



Chapter 1 : Introduction

1.1 Brushless DC Motors

Nowadays, Brushless Direct Current (BLDC) are becoming prominent as the
demand for efficiency, precise speed and torque control, reliability and ruggedness
increases. BLDC provide high efficiency and exemplary precision of control when
compared to conventional motors. It has the best torque vs. weight or efficiency
characteristics. They are used in military, grinding, aircraft, automotive applications,
communications equipment etc [1]. The theory of brushless dc motors was proposed in
1962 by T.G. Wilson and P. H. Trickey. But the limitations in magnet and power
switching have prevented them to bring into real life. In 1980, Powertec Industrial
Corporation started manufacturing them [2] [3].

Brushless, as the name implies there are no brushes and commutators (see Fig.
1.1). In conventional motors, the switching of current in the armature coils is done using
the combination of brushes and commutators whereas in the brushless, the commutation
is performed with the help of electronic circuit, which reduces the mechanic losses and
improves the efficiency. There are many other merits of brushless motors over the
conventional motors.

e The brushless machines requires hardly any maintenance



e Speed/torque characteristics are flat which enables operation at all speeds
with rated load. Whereas brushed dc motors have moderately flat
characteristics.

e The electric noise generation is low for brushless.

e Brushless motors have low rotor inertia which improves dynamic response.

o They have higher speed range and output power to frame size ratio.

BRUSH DC MOTOR BRUSHLESS DC MOTOR

BRUSH HALL EFFECT

" STATOR
COMMUTATOR L WINDING
- + [

/ MAGHET QUTPUT
B

SHAFT

oc ARMATUIRE ROTOR
VOLTAGE []:l WINDING []: MAGNET :D
% L QUTPUT

ROOCOOOX)

mﬁ) OO~ AT

= HALL MAGNETS

Fig. 1.1 Brush and Brushless DC Motors

The brushless disc type dc motors are classified into:

e Radial flux permanent magnet machines (RFPM).

e Axial flux permanent magnet machines (AFPM).
An example of radial flux BLDC motor is shown in Fig. 1.2. An important part of the
motor is position sensor which controls the switching of the power electronic switches. In

Fig. 1.2, hall elements are used for this purpose.



The BLDC axial flux machines may be classified [4] as follows:
o Single-sided AFPM machines
with slotted stator (Fig. 1.3a)
with slotless stator
with salient-pole stator
e Double-sided AFPM machines
with internal stator (Fig. 1.3b)
= with slotted stator
= with slotless stator
o with iron core stator
o with coreless stator (Fig. 1.3d)
o without both rotor and stator cores
= with salient pole stator
- with internal rotor (Fig. 1.3¢)
= with slotted stator
= with slotless stator
= with salient pole stator
o multi-stage (multidisc) AFPM machines
This project deals with a torus type brushless dc motor, shown schematically in
Fig. 1.3b. Torus is a double-sided, axial-flux, disc type permanent-magnet, brushless
machine which may be operated as either a motor or a generator. It has a simple toroidal,

stripwound stator core which carries a slotless, polyphase winding. Use of the high-field



permanent - magnet material Neodymium-Iron-Boron for excitation enables quite high
flux density to be achieved in the relatively large air gap associated with the slotless
winding [7].

The winding coils are spread uniformly on the stator core and can be connected in
single or poly-phase systems. In this project, motors with two-phase and three-phase
connection of the winding are analyzed.

1.2 Contributions of the Thesis

The objectives of this project are:
e To compare the performance of torus-type DC motor with winding connected
in two and three-phase system.
e To analyze the motor operation under variable load conditions.
The tasks accomplished in this project are:
o Literature study about the torus brushless dc motor.
e Determination of motor parameters of the equivalent circuit and mechanical
system for two and three phase winding.
e Formulation of the mathematical motor models for steady and dynamic
operation.
o Development of block diagrams for simulation of 2-phase and 3-phase motor
dynamics using MATLAB/SIMULINK.

o Simulation of motor operation under variable load.



e Determination of the average values of electromechanical quantities and
presenting them in the form of the following characteristics: current, speed,
input power, output power, efficiency vs. load torque.

o Comparison of motor characteristics operating with a winding connected in
two and three phase system.

1.3 Outline of the Thesis

e Chapter 2 gives a description about the torus type brushless dc motors. Design
data of the motor under study. Winding connection of the two and three phase
systems.

o Chapter 3 focuses on the performance of 3-phase motor which is determined
from the simulation based on dynamic and steady-state models of the motor.
Influence of switching angle of inverter transistors on motor performance is
also studied.

e Chapter 4 presents the performance of torus motor with the winding
connected in two phase system. Influence of switching angle on motor
performance is also analyzed.

o Chapter 5 contains the comparative study of performance of the motor
operating in two and three phase winding connection and summarizes the

conclusions.
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Fig. 1.2 Disassembled view of a brushless DC motor [5]
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Fig. 1.3 Basic topologies of AFPM machines: (a) single-sided slotted machine, (b)
double-sided slotless machines with internal stator and twin PM motor, (c) double-
sided slotted stator and internal PM rotor, (d) double- sided coreless motor with
internal stator. 1-stator core, 2-stator winding, 3-rotor, 4-PM, 5-frame, 6-bearing, 7-
shaft [4].



Chapter 2 : Torus Type Brushless DC Motors

2.1 Literature Review

Due to compact structure, pancake shape and high power density, the AFPM is
used as an alternative to the cylindrical RFPM. The AFPM is also called as disc-type
machine [4]. The AFPM have various advantages over the RFPM. They have high
power-to-weight ratio with less core material [6], planar and variable air gaps. By varying
the direction of the main air gap flux many discrete topologies can be derived. They
produce less noise and vibration levels than that of conventional machines. They are used
in naval and domestic applications like pumps, fans, valve control, electrical vehicles,
centrifuges, machine tools. These machines can be used in low speed applications such as
electromechanical traction drives, hoists or wind generators because a number of poles
can be accommodated. There are many topologies of the machine and the machine
topology is determined by magnetic or non-magnetic stator. The machines may single-
sided, double-sided machines with internal PM disc rotor, double-sided machines with
internal ring-shaped core stator, with slotted or coreless stator. The single-sided
construction of an axial flux machine is simple than the double-sided one, but the torque
production capacity is lower. Fig. 2.1 shows typical constructions of single-sided AFPM
brushless machines with surface PM rotors and laminated stators wound from
electromechanical steel strips.

In the double-sided machine with internal PM disc rotor, the armature winding is

located on two stator cores as shown in Fig. 2.2. The disc with PMs rotates between two



stators [4]. PMs are embedded or glued in a nonmagnetic rotor skeleton and the
nonmagnetic air gap is large. The stators can be connected in parallel or series
connection. Parallel connected stators can operate even if one stator winding is broken.

But a series connection is preferred because it can provide equal but opposing axial

attractive forces.
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Fig. 2.1 Single sided disc type machines: 1-laminated stator, 2-PM, 3- rotor, 4-
frame, 5-shaft, 6- sheave; (a) single-sided motor (b) single-sided motor integrated
with sheave and brake [4]
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Fig. 2.2 (a) Double-sided AFPM brushless machine with internal disc rotor: 1-rotor,
2-PM, 3- stator core, 4- stator winding (b) rotor and stator configuration [4]

2.2 Torus Type Motor: Construction and Principle of Operation

The motor under consideration in this thesis is a torus motor. Torus is a
lightweight compact electrical machine which acts as a brushless dc motor when it is
supplied with a suitable power electronic switching circuits. It is a double-sided, axial-
flux, disc-type, permanent-magnet machine with toroidal, strip-wound stator core which
carries a slotless, polyphase winding [13]. Due to the absence of stator slots, the cogging
torque, pulsation losses in the rotor, acoustic noise components and flux ripple are absent
[7]. The slotless winding provides low phase self and mutual inductances because of
large magnetic gap [8]. The stator resistances are low because of short end-winding

length. Fig. 2.3 and Fig. 2.4 show the basic layout of a torus motor.



air cutlet

rotor disc

- magnet
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Fig. 2.3 Layout of torus motor [8]

slator core

sl@lor winding

Fig. 2.4 Scheme of the torus- type permanent magnet motor: 1-stator core, 2- stator
winding, 3-rotor, 4- magnets (a) cross- sectional view (b) PM distribution (c) multi-
stack motor [10]
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The stator core is wound with a number of coils as shown in Fig. 2.5 below. The
stator coils can be connected either in single-phase or in polyphase winding. To detect the
rotor position, optical sensors or hall position sensors are used. They are displaced by
120° (electrical) as shown in Fig. 2.5 or by 60° (electrical). The hall sensors detect the
rotor position and trigger the corresponding transistors to switch on corresponding stator
winding. For a machine with two rotor discs, permanent magnets are arranged
circumferentially around each rotor disc with N-S-N-S arrangement. The schematic
diagram in Fig. 2.6 shows the distribution of the magnets on the rotor discs. If the
curvature of the machine is ignored, a simplified model of the machine can be visualized
as shown in the Fig. 2.7, where the x-coordinate represents the circumferential direction

and the y-coordinate represents axial direction [11].

Hall sensors

Fig. 2.5 Distribution of coils and hall sensors on the torus core
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Fig. 2.6 Distribution of permanent magnet on the rotor disc

Fig. 2.7 Simplified machine model [11]

The north magnet on one disc is placed directly opposite to a north magnet on the other
disc. When the N magnet produces the flux, it is directed axially across the two air gaps
into the stator core. Then the flux travels circumferentially along the strip-wound core
(stator core) and enters the opposite pole (S pole) of the permanent magnets of the rotor

core [6] [11]. An interaction of magnetic flux and currents flowing in the coils, which

12



contributes to the electromagnetic force F.y, that acts in one direction, is shown in Fig.
2.7. The 2D and 3D flux directions of the non-slotted torus machine are shown in Fig.

2.8.

(2) () Stator coils
\ Magnetic flux

1 B 1 1
L TR T T T L1

Fig. 2.8 (a) 2D [6] and (b) 3D flux directions of the non-slotted torus machine

2.3 Design Data of the Motor Under Study

The motor considered in this project comprises of a stator placed in between two
rotor discs. The scheme of the motor with the main design data is shown in Fig. 2.9. The
construction of the motor is described in the previous section where schematic diagrams
are presented. A series of permanent magnets are placed circumferentially on the rotor
disc. The stator coils are connected either in three-phase winding or two-phase winding
with hall sensors placed at 120° and 90° (electrical angle) respectively. The power supply
wires, which are connected to the stator winding are lead through the hollow shaft. The

scheme of the stator is shown in Fig. 2.10.

13
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The torus motors have typically slotless winding which ensures zero cogging
torque. To strengthen the magnetic field and to increase the torque, the ferromagnetic
teeth are added between the coils. This however contributes to the increase of torque
ripple. This can be reduced by applying square shaped magnets instead of trapezoidal
shape. A part of the stator core with teeth is shown in Fig. 2.11. The main design data of

the motor under study is shown Table 2.1.
2.3.1 Motor with Three-Phase Winding Connection

As mentioned in the previous sections, the motor comprises a slotless toroidal
core wound with three-phase winding. The rotor is of disc shape and embraces the stator.
The permanent magnets are placed on the rotor circumferentially. Fig. 2.12 shows the
basic scheme of the rotor permanent magnet distribution with respect to the in three-
phase winding system. Fig. 2.13 shows the scheme of the winding connection of stator.
The hall sensors are distributed along the stator at 120° (electrical) to sense the position
of the rotor [14]. This is shown in Fig. 2.13. The three-phase motor is driven through a
DC/AC converter (inverter) which uses six transistors arranged in a three-phase bridge
configuration as shown in Fig. 2.14. Each transistor conducts for 120° electrical which
implies each armature phase conducts with either positive or negative polarity for 120°
electrical in a sequential manner to cause the motor to rotate [15]. The transistors

switching On/Off time is neglected and assumed to be zero.

15
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Fig. 2.11 Part of the stator core with teeth [12]

Table 2.1 Main design data of the motor under study

Stator:

Laminated core:
Outer diameter of the stator core
Inner diameter of the stator core
Thickness

Number of coils

Number of turns in the coil

Air-gap length

Rotor:

Soft iron discs:
Outer diameter
Inner diameter
Thickness

Permanent magnets of rectangular shape:

Length
Width
Thickness

B,=1.18T, H.=900 KA/m

D,=230mm
D;,=180mm
t, = 12mm
N=60
N&~13
g=lmm

d, = 250mm
d;, = 160mm
t, = 7mm

[=25mm
b =20mm
t, = 4mm
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Fig. 2.14 Converter circuit for three-phase winding (electronic commutator)

Since the transistors switching time (On/Off) is assumed to be zero at any time, there are
always two phases connected across the d.c. terminals through two transistors leaving the
third phase disconnected. Fig. 2.15 shows the back EMF induced in the winding and
current waveforms for a three-phase winding. For a three-phase system, each phase
current is displaced in time at an angle of 120° electrical from one another. Fig. 2.16
shows the distribution of the resultant magnetomotive force F along the angle 6 for the
time instant ¢ =¢,(0 = 60°) (see Fig. 2.15) when the phases A & B are switched by the
transistors 1 & 5. The third phase C is disconnected from the circuit. At time

t=t,(0=120°), transistors 1 & 6 are switched and the phases A & C are connected and

the phase B is disconnected.
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Fig. 2.15 EMFs induced and current waveforms for a three-phase winding
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Fig. 2.16 Magnetomotive force distribution for t =¢, and ¢ =1,
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2.3.2 Motor With Two-Phase Winding Connection

The rotor magnet distribution for a two-phase winding system considered in this
section is shown in Fig. 2.17 and two-phase stator winding connection is shown in Fig.
2.18. The two-phase system is also supplied with an electronic commutator (inverter),
which uses 8 transistors arranged in H-shaped configuration in two stages, shown in Fig.
2.19. Each stage operates for 90° electrical angle, which implies that each armature phase

conducts for 90° electrical angle either with positive or negative polarity.

Fig. 2.17 Scheme of rotor magnet distribution in two-phase winding motor
The back EMFs induced in the two phases are displaced by 90° in time. The currents

should be supplied accordingly. In general, the duty cycle for each current can be

20



different. Fig. 2.20 shows when each phase conducts current over the 90°. Thus, only one

phase is connected to the supply at any instant of time.

Al Bl A2 B2

Fig. 2.18 Scheme of stator winding connection in two-phase winding motor

+

T1 g{} T5 '@%%
C — Al ,' ,' A2 B1 ,' ,' B2
T3 ﬁ% T7 T?%‘}

Fig. 2.19 Converter circuit for two-phase winding (electronic commutator)

For phase A, at time ¢ =¢, transistors 1 & 4 are switched on and the phase A
winding conducts in positive direction. When it conducts in the negative direction,
transistors 2 & 3 are switched on. Similarly, for phase B, at time ¢ =¢, transistors 5 & 8
are switched on and the phase B winding conducts in positive direction and for the
negative current transistors 6 and 7 are conducted. Fig. 2.21 shows the diagram of
switched transistors for particular time instants t; and t, and the relevant distribution of

magnetomotive forces produced by switched phases.
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Fig. 2.20 Waveforms of electromotive forces induced and current waveforms for a
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Fig. 2.21 Magnetomotive force distribution for two-phase winding at two time
instants t; and t; and the relevant paths of the currents in phases A and B

23



Chapter 3 : Performance of Torus Motor with the
Winding Connected In Three - Phase
System

3.1  Analysis in Dynamic Conditions

3.1.1 Dynamic Model of the Motor

The BLDC motor is supplied from battery through the inverter. The dynamic
model of this system is shown in Fig. 3.1. It is derived under the following assumptions:
e All the elements of the motor are linear and core losses are neglected [13]
[16].
e Induced currents in the rotor due to stator harmonic fields are neglected [9].
e The electromotive force e, varies sinusoidally with the rotational electric
angle 0.
o The cogging torque of the motor is negligible.
e Due to the surface mounted permanent magnets, winding inductance is
constant (doesn’t change with the electric angle 6.).
e Voltage drop across the diodes, transistors and the connecting wires are
ignored.
All above mentioned assumptions are practically satisfied. The magnetic and electric
circuit is linear within the range of operation. Power losses in the inverter are practically
negligible since the switching frequency of this low speed motor is low. Also the cogging

torque doesn’t exist since there is coreless winding.
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Fig. 3.1 Circuit diagram of supply-inverter-motor system

The equations that describe the model are as follows:
Voltage equations:

- voltage equation at the source side:

E,—i -R,—i -R =0 (3.1)
v, =v, +i ‘R, (3.2)
Iy =iy +1, (3.3)
where:

Ej and R, — voltage and resistance of the source (battery)

R, —resistance in the capacitor circuit

iy — source circuit current

isx— converter input current

v. — voltage across capacitor
v, = % (3.4)
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Q. — charge in capacitor,
C — capacitance,

i. — current flowing through the capacitor:

. _d0.
== (3.5)

- Voltage equations at the motor side (Fig. 3.2) are:

VA :VN +VsA
Vp =Vy Vg (3.6)

Ve =Vy t Ve
where:
Vsd, VsB, Vsc are the inverter output voltages that supply the 3 — phase winding.
V4, v, vc are the voltages across the motor armature winding.

vy — voltage at the neutral point.

Via iA Vi

) ©
Vsp iy Vi

S, (O
Ve i Ve

:
\@

Fig. 3.2 Scheme to equation 3.6
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The equation of the voltages across the motor winding

Vi R, 0 0| J Ly Ly Lyc|iy €4
vp =l 0 Ry, 0 || +E Ly, Ly Ly |ip|+]eg (3.7)
Ve 0 0 R:|ic Loy Loy Le |ic €c

or in shorter version:

Va:Ra-Ia+iLa-la+Ea (3.8)
dt
Since the resistances R, of all phases are the same:
R, 00
R,=/0 R, O (3.9)
0 0 R,

Since the self- and mutual inductances are constant for surface mounted permanent
magnets and the winding is symmetrical:
Ly=Ly=L.=Liand L,y =Ly =Ly =Ly, =L, c=Lyz=M
the inductance matrix takes the form:

L M M
L,=|M L M (3.10)
M M L

For Y connected stator winding:
i, +i,+i,=0

Thus the voltage equation takes the form:

v, R, 0 0]i, J L, 0 0], e,
ve|=| 0 Ry O Jlig|+—|0 L, 0 |i,|+]|eg (3.11)
Ve 0 0 R-|i. 0 0 L |i. ec
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where L, = L—M synchronous inductance.

Since L=L; + L,, and M = -(1/2) L,,, the synchronous inductance

Ly=L+(3/2) L, (3.12)
where:
L;— leakage inductance

L,, — magnetizing inductance

Fig. 3.3 Position of the rotor with respect to the phase A

The electromotive force induced in the phase 4 winding (see Fig. 3.3):
e, =K,mw, sin(6,) (3.13)
where:

K — constant,
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,, — rotor angular speed:

1do

6, — electrical angle (Fig.3.3),
p — number of pole pairs.

For three-phase winding the electromotive forces written in a form of matrix E,

sin @,
E, =—%]sin(6, —gﬂ') 49,
p 3 dt

. 4
sin(@, ——r
I @ =3 )_
Equation that links the supply and motor sides:

. 1. . :
lsk - V_(ZAVSA + ZBVSB + lCVSC)

N

which is derived from the equality of the powers at input and output of the inverter.

(3.14)

(3.15)

(3.16)

Supply voltages for the phases (v,4, Vs and vyc) results from the operation of converter.

Motion equation:
T, +T,+T,+T, =T,,

where:

- Inertia torque:

T, =J—2=
’ dt

J — moment of inertia,

- Viscous friction torque

29
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T,=Dw,
D — friction coefficient,
- Coulomb friction torque
T, = sign(w, )T,

T} - load torque

- Electromagnetic torque for 3-phase motor

T o e i, +eBiB e
“ a)m a)m a)m
e, e,l el . . .
Tem = 44 + £ + < =KE(fa(¢e)'lA+fb(¢e)'lB+fc(¢e)'lC)
a)m a)m m

where

£.($,) =sin(0,)
£, =sin0, -7

£ =sin0, -7

Combining all the above equations, the system in state-space form [9] is

.

x=Ax+ Bu
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(3.20)

(3.21)

(3.22)

(3.23)
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B RS 0 0 _M 0
L L,
0 R, 0 _K:(L6))
L, L,
P 0 . IL% _ w 0 (3.25)
KL K@) K@) D
J J J J
0 0 0 > 0
L 2 -
L0 0 o
LS
o L o o
LS
I (3.26)
LS
0 0 0 -1
J
(0 0 0 0
L=L-M (3.27)
Y= [VA vy Ve TL ]t (328)

3.1.2 Parameters of Electrical Circuit and Mechanical System

The power to the inverter-motor system is supplied from a 24V battery with a
capacitor connected in parallel as shown in Fig. 3.1. The parameters of electrical and

mechanical system are given below in Table 3.1.
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Table 3.1 Parameters of the electrical and mechanical system

Parameters of the supply system:

EMF of the battery E,=24V
Source resistance R;,=0.0005 2
Resistance in series with capacitor R.=10Q
Capacitance C=0.00001 F

Parameters of the motor circuit:
Phase resistance of the brushless DC motor R,=0.250Q

Leakage inductance
L[ =0.ImH
Magnetizing inductance
L,=11mH
Synchronous inductance
Ly=1L;+3/2(L,) =0.00175 H
EMF constant
K.=E /ow,=0.628V/(rad/s)
Parameters of the mechanical system:

Moment of inertia J=0.021 Kg/m’
Friction coefficient D = 0.004 N-m/ (rad/s)
Rated torque Tioad = 10 N'm

3.1.3 Simulation of Motor Dynamics

The block diagram of the motor is built using MATLAB/SIMULINK in
accordance with the mathematical model derived in section 3.1. The block diagram of the

model is shown in Fig. 3.4.
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Fig. 3.4 SIMULINK model of brushless DC motor

Integrator

id

Scope

The main block diagram of the motor comprises of 3 units: supply source, inverter

+ motor winding and mechanical system of the drive. The subsystem related to the

inverter - motor circuit is shown in Fig. 3.5.

The motor operation is simulated by supplying the winding with a constant

voltage source of 24 V throughout the inverter. At a load of Ty, = 10 N-m, the following

results were obtained: the rotary speed ‘n’ and source current ‘i’ and phase current ‘i,’,

which are shown in Fig. 3.6 and Fig. 3.7 respectively. The ripples in the speed waveform

are due to the electronic commutation of the transistors. The waveforms of electromotive

force (e,) and armature voltage (V,) and waveforms of armature current and armature

voltage (V,) are shown in Fig. 3.8 and Fig. 3.9.
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Fig. 3.5 SIMULINK Model of the inverter-motor circuit subsystem
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Fig. 3.6 Waveforms of rotary speed and source current
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Fig. 3.7 Waveforms of rotary speed and phase current
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Fig. 3.8 Waveforms of EMF (e;) and the armature voltage (Va)
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0.14

0.1

0.08
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Fig. 3.9 Waveforms of armature current (i;) and armature voltage (Va)

The waveforms of electromagnetic torque of the motor (T.y) and phase ‘a’ torque (T,) are

shown in Fig. 3.10. The ripples in the torque are due to the commutation of current in

three-phase winding.

0.14

0.1

0.02

time (sec)
Fig. 3.10 Waveforms of total torque (Tem) and phase torque (T»)
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The EMFs induced in the three phases and the armature voltage V, is shown in Fig. 3.11.

15

10

-5

time (sec)

Fig. 3.11 Waveforms of EMFs in the 3phases and the armature voltage (V,)

3.2 Performance of the Motor in Steady-State Condition

3.2.1 Motor Model for Steady-State Operation

The BLDC motors differ from the conventional brush DC motors by the type of
commutator. The latter ones have the mechanical commutator. The winding of BLDC
motors are commutated electronically. It means, the analysis of BLDC motor in steady-
state conditions can be done by using the brush DC motor model that is shown in Fig.
3.12.

The equations, which describe the motor model, are as follows:

T, =K-I (3.29)

E =K ‘@ (3.30)

m
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V=E +I -R, (3.31)

where,

T .m— electromagnetic torque,

E — line-to-line electromotive force,

., — rotor angular speed,

K — constant,

R, =2 R, - armature resistance,

I— average armature current

V' — source voltage.

B e

E(%) \

Fig. 3.12 Equivalent circuit of the motor in the steady state conditions

3.2.2 Performance Characteristics of the Motor

The equations of steady-state brush DC motor model written in this section were
derived if the inductance of the commutated phase winding doesn’t influence the motor
operation. This may not be true since 1/3" of the whole winding (winding of one phase)
is commutated at any time, unlikely in brush DC motor where only small portion of the

winding is commutated.
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For the considered motor, number of magnetic poles, p = 20. The phase inductance
of the motor is L, = 1.75 mH and the phase resistance is R, = 0.25 Q. Therefore, at rated

speed n = 140 rpm the frequency of the stator current is

f= % =23.3Hz (3.32)

The phase reactance X, = 24fL, = 0.257€), it means it is equal to the phase resistance.

The influence of the inductance of the commutated winding may increase at high speeds.
Therefore this influence must be taken into account. It can be done by reducing the flux
that induces the voltage E, in the winding. Thus, the equation for E may be modified in
the following way.

E=K, ®-I o, (3.33)
E=(C,-K+C,-1)w, (3.34)

where C; and C, are constants.

It means, the flux is affected by the current I,. The constants in the equation (3.34) may

be calculated from the electromagnetic characteristics determined from the dynamic

simulation in steady-state. The characteristics determined this way are shown in Fig.

3.13. The constants determined on the basis of trial and error method are as follows:
K=121,C;=0.87,C,=0.052.

Thus, the electromotive force is equal to

E=(0.87-K+0.057-1 ),
T=K-1I
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The electromechanical characteristics of the motor determined on the basis of the above
motor model are shown in Fig. 3.14.

The mechanical power is calculated as follows

P,=T, o, (3.35)
250 ———— T T T T L I I
| | | | | from steady-state
|, Speed [r.p.m.] ! ! 4 from dynamic-state
200 - et N [ B [ N [ I
: : : : : : Output dower [W]:
l l l l l l ‘ l
| | | | | | | |
150} - - - — — [ - - - — - — [ [ P — — — —=__ — L - - — - — —
l l l 1 l l
| | | | | |
| | | | I =
100,,,,,,,: ,,,,,, L,,,,,i ,,,,,,,,,,,,,,,,,,,,,,,,, O\,[;A,l::,,: ,,,,, |
| 1 |
| _ | |
| |
l l l l
| | | |
1O e R 5ol Ei i T T T TT T T (it —
| K | | | | |
K | | | | |
—F | | | | | |
| | | | | |
| | | | | |
OF-————%*-—————"————— - == —————- == —————- - == j—— === —
| | | | | | | |
| | | | | | | |
| | | | | | | |
| | | | | | | |
| | | | | | | |
_50 | | | | | | | |
-2 (0] 2 4 6 8 10 12 14 16
Torque [N.m]

Fig. 3.13 Electromagnetic characteristics determined from the dynamic simulation
in steady-state

The efficiency of the motor is

P
Eff,, = PL“’-IOO% (3.36)
where,
o =P, — AP, - output power (3.37)
P =V-I - input power (3.38)
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In calculations, the mechanical power losses were expressed by the equation (3.39)

AP, =w,’-D (3.39)
where D is the friction coefficient of 0.004 N-m/(rad/s)
From equations (3.31) and (3.34):

V-R, -1

@ = (3.40)
C -K +C,-1
or
T
o, = r -R, o 5 (3.41)
(C,-K+C,-1) (C,-K +C,-I)
where,
o =K1 (3.42)

250

200

150

100

50

| | |
| | |
| | |
1 1 1
- 1 | L
-2 0 2 4 6 8 10 12 14 16
Torque [N.m]

Fig. 3.14 Electromechanical characteristics obtained from steady state model
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The motor electromechanical parameters determined from dynamic model and
DC brush model for rated supply voltage V = 24 V and rated load torque T;. = 10 N'm are
listed in Table 3.2.

Table 3.2 Electromechanical parameters at rated supply and rated load

Dynamic Model DC brush model
Supply voltage [V] 24 24
Load torque, Ty, [N'm] 10 10
DC current, I, [A] 8.25 8.3
Rated speed, n [r.p.m] 140.85 141.1
Mechanical power, Pem [W] 147.5 147.5
Input power, Pi, [W] 230 234.3
Efficiency [%] 64.13 64.93

From above results, the two models (dynamic and steady-state models) produce nearly

the same values.

3.3 Influence of Switching Angle of Inverter Transistors on Motor
Performance

One of the main factors which influence the performance of the motor is the
switching angle ‘f’. Fig. 3.15 shows the illustration of the switching angle operation. By
changing the switching angle, the efficiency could be varied greatly. The simulation of

the motor in section 3.3 was carried out at switching angle f = 0°.
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(b)

Fig. 3.15 Illustration of the switching angle g (a) zero switching angle (b) switching
angle g

To examine the influence on motor performance the simulation was carried out
for the following switching angles = +20°, +10°, 0°, -10°, -20°. The simulation results
were plotted in the form of performance characteristics of mean values of input current
(i), output power (P,,) and efficiency (£ff) and are shown in Figs. 3.16, 3.17, 3.18.

The efficiency was calculated as

P
Eff,, = I;”’ .100% (3.43)
where
T
B, =[O, iydi (3.44)
in TO s ak
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(3.45)
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Fig. 3.16 Supply current (i) vs load torque (77)
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0]

—— Beta=+10 deg
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Fig. 3.17 Output power (P,,) vs load torque (77)
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The characteristics are similar to that of a shunt DC motor or a separately excited
DC motor with no armature reaction on the magnetic field of magnets even at high
currents which is indicated by the straight line characteristic of current vs torque plot
[10]. The magnetic flux is constant, predominated by the magnetic field of the permanent
magnets. The current-torque characteristic is shown in Fig 3.16. The speed decreases as
the current increases showing that the speed is directly proportional to the induced EMF.
The electromechanical power is directly proportional to the input current, since the
magnetic flux is constant. The electromagnetic power depends only on the armature
current since the magnetic flux is constant. The motor efficiency is maximum when the
switching angle f = -10°, which means transistors are switched earlier and the motor

efficiency is minimum when 3 =+20°. This is shown in Fig. 3.18.

20

Efficiency [

,,,,,,

—— Beta=+10 deg

—A— Beta=-10 M
—O— Beta=0

fffffffffffffffff Beta=+20 M
—O— Beta=-20
| |
6 8 10 12

TL [N.m]

Fig. 3.18 Efficiency (Eff) vs load torque (7})
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The performance characteristics for the switching angle f = -10°, where the efficiency is
maximum is shown in Fig. 3.19.

When the motor is loaded heavily, the speed-torque characteristics are almost a
straight line and the winding inductance, at heavy loads, can be neglected. The
mechanical power output depends on the electromagnetic torque and speed. The

electromagnetic torque is directly proportional to the armature current.
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Fig. 3.19 Electromechanical characteristics of the motor for g =-10°

The efficiency of the motor is maximum when the firing angle f = -10° which implies
that the transistors were switched on earlier. The efficiency of the motor is minimum

when f = +20°, which implies that the switching time of the transistors are delayed.
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Chapter 4 : Performance of Torus Motor with the
Winding Connected In Two - Phase System

4.1  Analysis in Dynamic Conditions

4.1.1 Dynamic Model of the Motor

The BLDC motor is supplied from a battery through the inverter. The dynamic
model of this system is shown in Fig. 4.1. It is derived under the similar assumptions
which were considered to derive the dynamic model of the three phase motor in section

3.1.

Fig. 4.1 Circuit diagram of supply-inverter-motor system

The equations that describe the model are as follows:
Voltage equations:
- Voltage equations at the source side are the same as for motor with three-

phase winding.
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- Voltage equations at the motor side (Fig 4.2) are:

Vg = Vg 4.1)
where:

Vs4, Vs, are the inverter output voltages that supply the two — phase winding
v4, vp, are the voltages across the motor armature winding.

vy — voltage at the neutral point.

v c W
1% Ip A

"o

Via . Vg

o3

Fig. 4.2 Scheme to equation 4.1

The equation of the voltages across the motor winding

sl e lilat L
= = S+ (4.2)
Vg 0 R, |ig| dt| Ly, Ly |ipg e,

or in shorter version:

V. =R _-I +EL -1_+E 4.3)
a a a gt a a a
Since the resistances R, of all phases are the same:
R R0 (4.4)
“ 10 R, '
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Since, the phases A and B are displaced by 90° in space, there is no mutual inductance
between the phases A and B. Therefore,

Lyp=Lps=0 (4.5)
Due to the symmetrical winding the inductances

Ly=Lpg=L (4.6)

The inductance matrix takes the form:

P 4.7
«=lo (4.7)

With respect to equations 4.4 and 4.7, the voltage equation takes the form:

RSP 1 RN

Fig. 4.3 Position of the rotor with respect to the phase ‘A’
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The electromotive force induced in the phase ‘4’ winding (see Fig 4.3):
e,=K,m, sind, (4.9)
The electromotive force induced in the phase B winding is given by
e, =K, w, sin(@, —90°) (4.10)
where:

Ky — constant
wy, — rotor angular speed:

w, =——= (4.11)

0, — electrical angle (Fig 4.3)
p —number of pole pairs

For three-phase winding, the electromotive forces written in a form of matrix E,

sin @,
E, = L9 ) T 49, (4.12)
p | sin(@, - 5) dt

Equation that links the supply and motor sides:
: 1. :
Iy =— ([ vy +igvyp) (4.13)
V\'
which is derived from the equality of the powers at input and output of the inverter.
Supply voltages for the phases (v,4, vsp) results from the operation of converter.
Motion equations:

Electromagnetic torque for two-phase is given by following equations:

T = %fwl (4.14)

m m
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Ty = S0 S0 = (1,000 1,0+ 06 1))

e
m m

where
£.(6,)=sin(8,)
£,0) =sin(6, =)

Combining all the above equations, the system in steady-space form is

x=Ax+ Bu

[_R 0 K(A0) ]
L L
0 —ﬁ _M 0
4 L L
K (/.(6)) K;(£,(6)) D 0
J J J
P
_0 0 By OJ
L
L
0 L 0
B=|" L
0 0 1L
J
0 0 0
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4.1.2 Parameters of Electrical Circuit and Mechanical System

The two-phase inverter is supplied from the same power source as it was for
three-phase motor. Since the same coils of motor were connected in two-phase system
(see Fig. 2.18) the resistance and inductance of two-phase relate to the resistance and
inductance of three-phase winding in the following way:

Number of magnetic poles, p = 30

Phase resistance

N3P 30
R =—<""R -=2"025=0.375Q (4.21)
2 N:/p;lh i 20

Leakage inductance per phase
N2 2 30
L = [ﬂj L= (%j 0.1=0.225 mH (4.22)

Single phase magnetizing inductance

2 2
N2ph Nth 2
[P = (M—/}jﬁ] L e = [N3—;f;,’1 %Lffh = @—gj %-1.1 =1.32mH (4.23)
c/ ph c/ ph
Self inductance
D7 =D+ L =0.225+1.32=1.545 mH (4.24)

EMF coefficient (per phase for AC representation)

2ph

N’
KM =SB K = 39 628=0.942 " (4.25)
"N 20 rad /s
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The parameters of electrical and mechanical system are given below in Table 4.1.
A two-phase motor doesn’t have any mutual inductance. It has only leakage and

magnetizing inductance.

Table 4.1 Parameters of the electrical and mechanical system

Parameters of the supply system:

EMF of the battery E,=24V
Source resistance R,=0.0005 Q
Resistance in series with capacitor R.=10Q
Capacitance C=10.00001 F

Parameters of the motor circuit:

Phase resistance of the brushless DC motor R,=0.375Q

Leakage inductance per phase Ly =0225mH

Magnetizing inductance L, =132mH

Self inductance of the DC brushless motor L,=L+L,=1545mH

EMF constant K.=E, /o,=0942V/(rad/s)

Parameters of the mechanical system:

Moment of inertia J = 0.021 Kg/m’
Friction coefficient D = 0.004 N-m/ (rad/s)
Load torque Tious = 10N'm
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4.1.3 Simulation of Motor Dynamics

The block diagram of the motor is built using MATLAB/SIMULINK in
accordance with the mathematical model derived in section 4.1. The block diagram of the

model is shown in Fig. 4.4.

|

Scope3

Product

Product3

Vs Productl

Vs
Fcn2 | 1/(0.0001+u) Tem

0.00001 S Subsystem

y Derivative
.0005

Scope5

Trgnsfer Fen

0.0001s+1
Vs

= 1 1
Eb @ > > 5 P
0.021s+0.004
Transfer Fcn Integrator  Scope
(with initial outputs)

Step

Fig. 4.4 SIMULINK model of two-phase brushless DC motor

The main block diagram of the motor comprises of 3 units: supply source, inverter
+ motor winding and mechanical system of the drive. The subsystem related to the
inverter motor circuit is shown in Fig. 4.5.

The motor operation is simulated by supplying the winding with a constant
voltage source of 24 V throughout the inverter. The results of simulation in which the
motor was starting being loaded by the torque T = 10 N'm are shown in Fig. 4.6 through

Fig. 4.11.
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Fig. 4.5 SIMULINK model of the inverter-motor circuit subsystem
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Fig. 4.6 and Fig. 4.7 show the waveforms of the rotary speed 'n’, source current ‘i’ and
phase ‘a’ current ‘i,”. The ripples in the speed waveform are due to the electronic
commutation of the transistors. The waveforms of electromotive force (e,) and supply
voltage (vs,) and armature current (i,) are shown in Fig. 4.8 and Fig. 4.9. The waveforms
of electromagnetic torque of the motor (T.y,) and phase torque (Tema) are in shown in Fig.
4.10. The ripples in the torque are due to the winding commutation. The EMFs induced in
the three phases and the supply voltage v, are shown in Fig. 4.11.

With the similar discussion, carried out in section 3.4.2, the equations which
describe the two-phase motor model are as follows:

T=K-I-B-w, (4.26)

where K and B are constants.

55



wd) u ‘() s

time (sec)

Fig. 4.6 Waveform of rotary speed and source current
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Fig. 4.7 Waveform of rotary speed and phase current
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Fig. 4.8 Waveform of EMF (e,) and the armature voltage (Vsa)
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Fig. 4.9 Waveforms of armature current (iy) and supply voltage (Vsa)
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Fig. 4.10 Waveforms of total torque (Tem) and phase torque (T,)

time (sec)

Fig. 4.11 Waveforms of EMFs in the two phases and the supply voltage (Vsa)

(4.27)

(C K, +C,-1,)-o,

a

E

where C; and C, are constants.
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It means the flux is affected by the current ‘I’. The constants in the equation (4.27) may
be calculated from the electromagnetic characteristics determined from the dynamic

simulation in steady-state. The characteristics determined this way are shown in Fig.

4.12.
300 \ \ \ \ I I
! ! ! ! from steady-state
{, Speed |[r.p.m.] | | - .
‘ ‘ ‘ ‘ om dynamic-state
280 - SR s T T T \ \ 7
| t | | | | |
| | | | | | |
! ! | ! ! Output power [W]
200F------fF-----—"f - —f - —mm—q - — === —
1 : 1 1
1 1 : 1
150~~~ T T = T2 Tome ]
| | | |
} | current/10 [,/AJ]//,
| | | A
100 ------F-—————t -~ — o mm - B R R
; I S
A |
o) R S o S s S L I
—F 1 1 1 1
| | | | |
| | | | |
oF------ — J IR J IR U [ [T (T —
1 1 1 1 1 1 1
| | | | | | |
| | | | | | |
_50 1 1 1 1 1 1 1
-2 (o] 2 4 6 8 10 12 14

Torque [N.m]

Fig. 4.12 Electromagnetic characteristics determined from the dynamic simulation
in steady-state

The constants determined on the basis of trial and error method are as follows:
K=1.12,C;=0.77, C;=0.045.
Thus, the electromotive force is equal to
E=(0.77-K+0.045- ) o,
T'=K-1I
The electromechanical characteristics of the motor determined on the basis of the above
motor model are shown in Fig. 4.13.

The mechanical power is calculated as follows
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P =T o (4.28)

The efficiency of the motor is

P
Eff,, = PLM -100% (4.29)
where,
w =P, —AP, - output power (4.30)
P,=V-I, - input power (4.31)

In calculations, the mechanical power losses were expressed by the equation (4.32)
AP, =w,’-D (4.32)

where D is the friction coefficient of 0.004 N-m/(rad/s)

Therefore,

o=t Rl (4.33)

C -K +C,-1
or
T
o = v R, m___ (4.34)
(C,-K+C,-1) (C,-K +C,-1)

where,

T,=K-1I (4.35)

The motor electromechanical parameters determined from dynamic model and
DC brush model for rated supply voltage V = 24 V and rated load torque T, = 10 N'm are
listed in Table 4.2. From the results listed in Table 4.2, the two models (dynamic and

steady-state models) produce nearly the same values.
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Fig. 4.13 Electromechanical characteristics obtained from steady-state model

4.2 Influence of Switching Angle of Inverter Transistors on Motor
Performance

Similarly as for the three-phase BLDC motor, it was examined the influence of
switching angle on motor performance. The triggering angles (switching angles) of the
transistors are varied and the performance characteristics were plotted.

The calculations were carried out for the following switching angles f = +20°,
+10°, 0°, -10°, -20° (see Fig. 4.14). The simulation results were plotted in the form of
performance characteristics of mean values of input current (i), output power (P,,) and
efficiency (Eff) and are shown in Figs. 4.15, 4.16, 4.17.

The efficiency was calculated as

P
Eff,, =~ 100% (4.36)

in
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Table 4.2 Electromechanical parameters at rated supply and rated load

Dynamic Model DC brush model
Supply voltage [V] 24 24
Load torque, Ty, [N'm] 10 10
DC current, I, [A] 9.1 9.0
Rated speed, n [r.p.m] 164.44 141.1
Mechanical power, Pem [W] 172.5 171.8
Input power, P;, [W] 281 288
Efficiency [%] 61.39 59.65

where

1 T
Pin = ?Z')' (Vs ' lak )dt

1 T
P, = ! (T, - w)dt

(4.37)

(4.38)

The characteristics are similar to that of a shunt DC motor or a separately excited DC

motor with no armature reaction. The magnetic flux is constant, predominated by the

magnetic field of the permanent magnets. The current-torque characteristic is shown in

Fig 4.15. The speed decreases as the current increases showing that the speed is directly

proportional to the induced EMF. The electromechanical power is directly proportional to

the input current, since the magnetic flux is constant. The electromagnetic power depends

only on the armature current since the magnetic flux is constant. The motor efficiency is
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Fig. 4.16 Output power (P,,) vs load torque (77)
maximum when the switching angle B = -10°, which means transistors are switched

earlier and the motor efficiency is minimum when = +20°. This is shown in Fig. 4.17.
The performance characteristics for the switching angle f = -10°, where the efficiency is
maximum is shown in Fig. 4.17. When the motor is loaded heavily, the speed-torque
characteristics are almost a straight line and the winding inductance, at heavy loads, can
be neglected. The mechanical power output depends on the electromagnetic torque and
speed. The electromagnetic torque is directly proportional to the armature current. The
efficiency of the motor is maximum when the firing angle f = -10° which implies that the
transistors were switched on earlier. The efficiency of the motor is minimum when S =

+20°, which implies that the switching time of the transistors are delayed.
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Fig. 4.18 Electromechanical characteristics of the motor for g =-10°
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Chapter 5 : Conclusions

The performance of brushless DC motors connected in three-phase and two-phase
winding systems were analyzed in this thesis. The analysis of the motors was carried by
building the models of source-inverter-motor circuit based upon the electromechanical
equations which describes the motor. For simulation of the model block diagrams, the
software package MATLAB/SIMULINK was used. Performance of the models in both
steady — state and dynamic — state conditions were taken into consideration.

The following conclusions are drawn from the comparative study of the motor
connected in three-phase and two-phase systems:

e By having a look at the electromagnetic torque vs. load torque
characteristics, the quantity of torque ripples in three-phase system is less
when compared to that of in two-phase system. So, the three-phase motor
could be used where a smooth ride is the pivotal concern such as in
wheelchairs, elevators, etc. By increasing the number of phases in the
winding connection of motor, the ripples in the torque could be reduced
greatly. But by the increasing the number of phases, the inverter circuit
becomes complex to design and also it increases the manufacturing costs.

e Observing the electromechanical characteristics, the two motors have similar
kind of characteristics. But the performance parameters like the maximum
speed, maximum torque, mechanical output power, rated current, efficiency

etc. are different.
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Comparing the electromechanical characteristics, we could see that the
maximum efficiency in three-phase system is 85.17 % at 2 N-m and that of
83.3 % in two-phase system. The value of maximum efficiency attained by
the three-phase system is higher than that of two-phase system.

Also from the electromechanical characteristics, the speed — torque
characteristics are linear which implies that the performance of the motors is
hardly influenced by the winding inductance.

The current — torque characteristics of the motors are linear which implies
that the electromagnetic flux of the machine is hardly influenced by the
armature reaction. This is due to the arrangement of strong rectangular
shaped permanent magnets on the rotor discs which reduces the armature
reaction.

At rated torque 7; = 10 N-m, the current drawn by the three-phase motor is
9.55 A and that of 11.7 A in case of two-phase motor which results in copper
losses and heating effects. Hence, the overall efficiency is reduced.

The maximum speed attained at 7; = /0 N-m by the three-phase motor is
140.85 rpm and that of 164.44 rpm in case of two-phase motor which implies
that by increasing the number of phases in the winding connection, the
maximum speed attained by the motor gets reduced. In three-phase motor,
the maximum steady — state speed is attained in 0.03 seconds and whereas in

two-phase system, it is attained in 0.07 seconds. Hence, the three-phase
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system comes into stead — state in relatively shorter time than that of two-
phase system.

Based on the simulation results of the two motors, by varying the
commutation angle of the transistors in the inverter circuit, the efficiency of
the motors could be greatly varied. Both the motors, from the simulation of
the models, attain maximum efficiency at switching angle f = -10°. The
maximum efficiency for three-phase system is 88.36 % and for two-phase it
is 87.8 %. So by advancing the commutation angle, the efficiencies could be
greatly improved. Also, it prevents the electromagnetic torque 7., from

going into negative values.
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Appendix A: Matlab Programs for Three Phase Motor

Program 1:

%Electromechanical characteristics of the motor (Dynamic State)
% TL - T load

% pin - Input power

% Pem - Mechanical Power

% 1s - Source Current

% 1a - Armature Current

% w - Speed

% eff - efficiency

% Tem - Electromagnetic Torque

% Switching angle Beta=+20

TL=[00511522534581011];

pind=[17.5 31 44.2 58 71 84.8 98 124 150 229 280.8 306.2];

pem4=[0 10.3 20.1 29.4 38.3 46.7 54.72 69.57 82.95 115.5 131.7 138.39];
1s4=[0.74 1.3 1.852.4 2.96 3.52 4.06 5.17 6.25 9.53 11.7 12.76];

1a4=(2 2.252.573 3.43.854.255.15 6 8.81 10.65 11.54];

w4=[21.1120.6 20.1 19.6 19.14 18.7 18.25 17.4 16.59 14.43 13.16 12.58];
eff4=[0 33.23 45.48 50.69 53.94 55.07 55.84 56.1 55.3 50.44 46.9 45.2];
Tem4=[0.08 0.58 1.08 1.58 2.08 2.57 3.06 4.07 5.07 8.05 10.05 11.05];

% Switching angle Beta=-20

TL=[00511522534581011];

pinS =[1525.636.4 47 58 69 79.5 101.5 123.3 189 232.6 255];

pem5 =[0 12.9 25.2 36.9 48.05 58.66 68.7 87.5 104.5 146 166.9 175.6];
1s5=10.61 1.07 1.51 1.95 2.41 2.88 3.33 4.23 5.14 7.87 9.7 10.62];
1a5=1[2.822.772.76 2.8 2.95 3.153.37 3.9 4.53 6.65 8.2 8.98];

w5 =1[26.4525.825.224.6 24.02 23.46 22.9 21.87 20.9 18.24 16.7 15.95];
eff5 = [0 50.39 69.23 78.51 82.84 85.01 86.42 86.21 84.75 77.25 71.75 68.86];
Tem5 =[0.08 0.58 1.08 1.58 2.08 2.57 3.06 4.07 5.07 8.05 10.05 11.05];

% Switching angle Beta=0

TL=[00511522534581011];
pinl =[11.0521.6 31.7 41.35 50.6 59.4 75.88 90.9 128.25 147.5 155.7];
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peml =[011.0521.6 31.7 41.35 50.6 59.4 75.88 90.9 128.25 147.5 155.7];
1s1=[0.20.751.35192.53.13.654.769.411.7 12.9];

ial =[1.18 1.2 1.3 1.54 1.85 2.2 2.56 3.35 4.15 6.6 8.25 9.05];
wl=1[22.622.121.621.120.720.319.8 18.97 18.2 16.03 14.75 14.2];

effl = [0 73.67 83.08 84.53 85.17 84.33 83.08 80.55 77.96 69.51 64.13 61.79];
Teml =[0.08 0.58 1.08 1.58 2.08 2.57 3.06 4.07 5.07 8.05 10.05 11.05];

% Switching angle Beta=+10

TL=[00511522534581011];

pin2 =[7 1931 43.255.1 67.1 79.4103.5 127.6 199.5 247 270.6];

pem2 = [0 10.57 20.68 30.33 39.52 48.33 56.7 72.4 86.6 121.8 139.7 147.24];
1s2=1[0.270.73 1.17 1.63 2.09 2.54 2.99 3.91 4.83 7.56 9.4 10.32];
1a2=[1.11281.5519232.73.13.954.87.49.11 9.97];

w2 =[21.6521.16 20.7 20.22 19.78 19.33 18.9 18.08 17.31 15.21 14 13.39];
eff2 =0 55.63 66.71 70.21 71.72 72.03 71.41 69.95 67.87 61.05 56.56 54.41];
Tem2 =[0.08 0.58 1.08 1.58 2.08 2.57 3.06 4.07 5.07 8.05 10.05 11.05];

% Switching angle Beta=-10

TL=[00511522534581011];

pin3 =[6.417.1 2839 50 61 71.9 94 116 181.5 225.4 247.3];

pem3 =[0 11.77 23.4 33.79 44.08 53.9 63.25 80.7 96.63 136.1 156.4 164.9];
183 =10.270.73 1.17 1.63 2.09 2.54 2.99 3.91 4.83 7.56 9.4 10.32];
1a3=1.951.871.92.022.22.442.73 3.35 4.1 6.38 7.95 8.74];

w3 =[24.123.5823.422.5222.04 21.55 21.1 20.19 19.32 17.01 15.6 14.9];
eff3 =0 68.83 83.57 86.64 88.16 88.36 87.97 85.85 83.3 74.99 69.39 66.68];
Tem3 =[0.08 0.58 1.08 1.58 2.08 2.57 3.06 4.07 5.07 8.05 10.05 11.05];

figure(1)

plot(TL,eff2,'-r*", TL,eff3,'-b"', TL,eff1,"-ko', TL eft4,'-go', TL,eff5,'-md"), grid
xlabel("TL[N.m]');

ylabel('%Efficiency");
legend('Beta=+10",'Beta=-10",'Beta=0",'Beta=+20'",'Beta=-20',4)

figure(2)

plot(TL,is2,"-r*', TL,is3,'-b"',TL,is1,-ko', TL,is4,'-go', TL,is5,'-md"), grid
xlabel("TL[N.m]');

ylabel('supply current');
legend('Beta=+10",'Beta=-10",'Beta=0",'Beta=+20'",'Beta=-20",4)

72



figure(3)

plot(TL,pem2,'-r*', TL,pem3,'-b"', TL,pem1,"-ko', TL,pem4,'-go', TL,pem5,'-md"), grid
xlabel('TL[N.m]");

ylabel("‘mechanical power output');
legend('Beta=+10",'Beta=-10",'Beta=0",'Beta=+20'",'Beta=-20",4)

%electromechanical characteristics of the motor for Beta =-10

figure(4)

plot(TL,eff3,'-r*', TL,is3*10,"-b"', TL,pem3,"-ko',TL,w3*5,'-g0"), grid
title('Electromechanical characteristics of the motor for Beta = -10")
xlabel('TL[N.m]");

legend('%efficiency','source current/10','electromechanical power','speed/5',1,4)

Program 2:
% Emfs and phase voltage plot

load voltage phase Va; load emfa Ea; load emfb Eb; load emfc Ec;
Va=Va',Ea=Ea';Eb=Eb';Ec=Ec';
t=Va(:,1); va=Va(:,2); e=Ea(:,2);e1=Eb(:,2);e2=Ec(:,2);

figure(1);
plot(t,va,te.t.el,t,e2,'g"),xlabel(‘time (sec)'),ylabel('Va, ea , eb, ec (V)'),grid,gtext('Va'),
gtext('ea’),gtext('eb'),gtext('ec')

Program 3:

% Simulation results-steady state model

1s=0:0.1:12; Kms=1.21;

Us=24;Ra=0.25;

Ps=Us*Is;

Ts=Is*Kms;
omgas=(Us-Ra*Is)./(0.87*Kms+0.052*Is);
ns=omgas*30/pi;
Pms=(Ts-omgas*0.004).*omgas;
Tsh=Ts-omgas*0.004;
Effs=0.85*Pms./Ps*100;
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% simulation results from dynamic model
Td=[00511522534581011];

Effd=[0 73.67 83.08 84.53 85.17 84.33 83.08 80.55 77.96 69.51 64.13 61.79];
Pmd=[0 11.05 21.6 31.7 41.35 50.6 59.4 75.88 90.9 128.25 147.5 155.7];
Id=[1.18 1.2 1.3 1.54 1.85 2.2 2.56 3.35 4.15 6.6 8.25 9.05];

omgad=[22.6 22.1 21.6 21.1 20.7 20.3 19.8 18.97 18.2 16.03 14.75 14.2];
nd=omgad*30/pi;

Tem=Td+0.5;

figure(1)

plot(Tsh,10*Is,'r',Td,10*1d,'r*', Tsh,ns,'g', Tsh,Pms,'k',Td,nd,'go',Td,Pmd,'kx"),grid,
xlabel('Torque [N.m]'),

gtext('speed [r.p.m.]'),gtext('Output power [W]'),gtext('current/10 [A]")
legend('from steady-state','from dynamic-state')

figure(2)
plot(Tsh,Effs,'r', Tsh,10*Is,'g', Ts,ns,'b', Tsh,Pms/1,'k"),grid,
xlabel('torque [N.m]'"),

gtext(‘efficiency [%]'),gtext('Speed [r.p.m.]'"), gtext('Mechanical power
[W]"),gtext('Current*10 [A]'")
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Appendix B: Matlab Programs for Two Phase Motor

Program 1:

%Electromechanical characteristics of the two phase motor (Dynamic State)
% TL - T load

% pin - Input power

% Pem - Mechanical Power

% 1s - Source Current

% 1a - Armature Current

% w - Speed

% eff - efficiency

% Tem - Electromagnetic Torque

% Switching angle Beta=+20

TL=[00511522534581011];

pind =[12.428.6 48 61 76 93 109 140 173 268 330 362];

pem4 = [0 13.01 25.28 36.85 47.8 58.1 67.9 85.75 101.7 139.6 158.4 165.9];
1s4=10.531.191.852.533.23.884.5597.211.213.8 15.1];
1a4=131.62.125293483.95598.810.811.95];

w4 =1[26.79 26.01 25.28 24.58 23.9 23.25 22.6 21.44 20.33 17.45 15.83 15.09];
eff4 = [0 45.49 52.67 60.41 62.89 62.47 62.29 61.25 58.79 52.09 48 45.83];
Tem4=[0.10.61.11.62.12.63.14.15.181011.1];

% Switching angle Beta=-20

TL=[00511522534581011];

pinS =[122539 52 66 79 93 119.5 148 229.5 284.5 312.4];

pem5 = [0 15.48 30.1 43.85 57 69.3 81 102.5 121.6 167.5 193 199.6];
1s5=[0.451.11.62.152.753.33.8356.159.58 11.86 13.2];
1a5=[1.51571.61.92.1251293.74.527.19 8.879.75];

w5 =[31.930.9 3.1 29.3 28.527.72 27 25.61 24.31 20.94 19.02 18.15];

eff5 =[061.92 77.18 84.33 86.36 87.72 87.1 85.77 82.16 72.98 67.84 63.89];
Tem5=[0.10.61.11.62.12.63.14.15.181011.1];

% Switching angle Beta=0
TL=[00511522534581011];
pinl =[5 18 32.546 60 74 87 116 143.5 226 281 310];

peml =[0 13.526.4 38.550 61 71.5 90.8 108 150.7 172.5 181];
1s1=[0.20.751.35192.53.13.654.769.411.7 12.9];
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1al =[0.50.6511.451.9232.73.64.57.39.19.8];
wl=1[27.72726.3425.625.124.4323.822.721.64 18.8 17.22 16.5];
effl = [0 75 81.23 83.7 83.3 82.43 82.18 78.28 75.26 66.68 61.39 58.39];
Teml1 =[0.10.61.11.62.12.63.14.15.181011.1];

% Switching angle Beta=+10

TL=[00511522534581011];

pin2 =[7 21.535.8 51 65 80 95 123 153 241 300 327];

pem2 = [0 13.1 25.537.3 48.5 59.1 69.1 87.7 104.5 145 165 174];
1s2=[0.2909152.12.73.33.95.26.41012.5 13.6];
1a2=[0.620.951.31.82.252.63.24.25.17.99.710.7];

w2 =1[26.9526.225.624.9 24.25 23.6 23.05 21.9 20.9 18.1 16.5 15.8];
eff2 =0 60.93 71.23 73.14 74.62 73.88 72.74 71.3 68.3 60.17 55 53.21];
Tem2=[0.1061.11.62.12.63.14.15.181011.1];

% Switching angle Beta=-10

TL=[00511522534581011];

pin3 =[6 20 33.33 46.9 60 74 87.5 115 142 223 277 305];

pem3 = [0 14.26 27.8 40.6 52.7 64.3 75.3 95.5 113.7 158 180.4 190];

183 =103 0.851.388 1.952.53.13.654.85.99.311.512.7];
1a3=[0.950.981.1851.51.82.22.73.54.47 8.8 9.6];

w3 =1[29.328.527.827.0826.425.525.123.922.819.75 18.05 17.25];
eff3 =[071.3 83.41 86.57 87.8 86.89 86.06 83.04 80.07 70.85 65.13 62.3];
Tem3=[0.10.61.1162.12.63.14.15.181011.1];

figure(1)

plot(TL,n2,'-r*' TL,n3,'-b"', TL,n1,-ko',TL,n4,'-go', TL,n5,'-md"), grid
xlabel("TL[N.m]');

ylabel("%efficiency");
legend('Beta=+10",'Beta=-10",'Beta=0",'Beta=+20'",'Beta=-20",4)

figure(2)

plot(TL,is2,"-r*',TL,is3,'-b"", TL,is1,'-ko', TL,is4,'-go', TL,is5,'-md"), grid
xlabel("TL[N.m]');

ylabel('supply current');
legend('Beta=+10",'Beta=-10",'Beta=0",'Beta=+20','Beta=-20",4)

figure(3)

plot(TL,pem2,"-r*',TL,pem3,'-b"', TL,pem1,'-ko', TL,pem4,'-go',TL,pem5,'-md"), grid
xlabel('TL[N.m]");
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ylabel('mechanical power output');
legend('‘Beta=+10','Beta=-10','Beta=0','Beta=+20",'Beta=-20",4)

%electromechanical characteristics of the motor for Beta =-10

figure(4)

plot(TL,n3,'-r*', TL,is3*10,"-b"', TL,pem3,'-ko',TL,w3*5,'-go"), grid
title('Electromechanical characteristics of the motor for Beta = -10")
xlabel('TL[N.m]");

legend('%efficiency','source current*10','electromechanical power','speed*5',1,4)

Program 2:

load voltage phase Va; load emf Ea; load emfb Eb;
Va=Va',Ea=Ea';Eb=Eb';
t=Va(:,1); va=Va(:,2); e=Ea(:,2);e1=Eb(:,2);

figure(1);

plot(t,va,t,e,t,el,'g'),xlabel('time (sec)'),ylabel('Va, Ea , Eb(V)"),grid,gtext('Va'),
gtext('Ea"),gtext('Eb'")

Program 3:

%simulation results-steady state model

%Is=1:1:12; Kms=1.143;

%Us=24:Rs= 0.0005;

%Ps=Us*Is;

%Ts=Is.*Kms;

%omgas=(Us-Rs*Is)./(Kms);
%ns=omgas*30/pi;
%Pms=(Ts-omgas*.004).*omgas; %D=0.004
%Effs=Pms./Ps*100;

1s=0:0.1:12; Kms=1.12;

Us=24;Ra=0.25;

Ps=Us*Is;

Ts=Is*Kms;
omgas=(Us-Ra*Is)./(0.77*Kms+0.045*Is);
ns=omgas*30/pi;
Pms=(Ts-omgas*0.004).*omgas;
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Tsh=Ts-omgas*0.004;
Effs=0.75*Pms./Ps*100;

% simulation results from dynamic model

Td=[00511522534581011];

effd =[0 75 81.23 83.7 83.3 82.43 82.18 78.28 75.26 66.68 61.39 58.39];
Pmd=[013.526.438.550 61 71.590.8 108 150.7 172.5 181];
Id=10.50.6511.451923273.64.57.39.19.8];

omgad = [27.7 27 26.34 25.6 25.1 24.43 23.8 22.7 21.64 18.8 17.22 16.5];
nd = omgad*30/pi;

xlabel('Torque [N.m]"),

gtext('speed [r.p.m.]'),gtext('Output power [W]"),gtext('current/10 [A]")
legend ('from steady-state','from dynamic-state')
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Appendix C: SIMULINK Block Diagrams for Three
Phase

Subsystem For Logic Block:
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Appendix D: SIMULINK Block Diagrams for Two Phase

Subsystem For Logic Block:
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