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ABSTRACT

This paper is to study the effects of voltage variation, advancing the switching ON angle, Early
switching OFF angle, and Freewheeling resistance on the average characteristics of switched
reluctance motor over a wide range of speeds from starting to high speed. The mathematical
equations necessary to calculate the average motor performance are developed. The experimental
machine in this paper is composed of stator, which is 36 slots, divided into six cylindrical poles.
The rotor has two salient poles without any winding.
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1. INTRODUCTION

Nowadays, switched reluctance motors (SRM)
attract more and more attention. The switched
reluctance motor is simple to construct. The stator is
a salient pole with concentrated coils, or cylindrical
pole with distributed coils. The rotor is a salient pole
without coils or permanent magnet. SRM has series
motor characteristics; this means that the motor
operating point has a wide range of speed variation
from low till high values. SRM is used for traction
applications as low cost implementation is possible
and where the torque / speed characteristics can be
tailored to suit both accelerating, steady running and
braking operation [1, 2]. SRM is also used for
propulsion in marine without the need of mechanical
connection [3].

Calculation model of the SRM, which is a general
purpose, is achieved by [4], where the electric circuit
and magnetic circuit of SRM are separated and are
coupled by proper controlled source. An approach to

automatic control of the turn-on angle is used [5] to
excite the switched reluctance motor. The methods
for indirect sensing of the rotor position in SRM are
described [6, 7]. A detection method uses the change
of the derivative of the phase current to detect the
position where the rotor pole and stator pole start to
overlap.

The current control requires each individual phase
current to be sensed, where voltage control normally
only to be senses a current sensor in the DC link for
over current protection [8-10].

The advancing switching ON angle improves the
transient performance characteristics of SRM [11].

This paper presents mathematical equations, which
are required to calculate the average performance of
SRM and introduces the method to connect motor
terminal with DC supply in case of advancing the
switching ON angle or early switching OFF angle.
The effects of applied voltage variation, switching
ON angle, early switching OFF and freewheeling
circuit resistance are introduced in the paper.

Engineering Research Journal, Vol. 34, No. 1, January 2011, PP: 1-9
© Faculty of Engineering, Minoufiya University, Egypt


mailto:melkholy71@yahoo.com

M. M. Elkholy, H. M. Elshwey and A. F. Abdel-kader, "Effects of Different Control Parameters ..."

2. EXPERIMENTAL Machine

The motor has been built to execute the practical
experiments. The stator is chosen to be cylindrical
sheet poles. The stator consists of six poles. Each
two poles construct one phase. So the stator consists
of three phases. The rotor has two salient poles
without any winding. More data are given in the
Appendix. The stator windings are wound as shown
in Fig. 1.

A B c A B c
Fig. 1 Stator windings drawing

2.1 Inductance Measurements

In order to measure the phase self inductance of
the constructed motor, the connected diagram of Fig.
2 is used.

Variable CV)
AC Supply

Fig. 2 Connection Diagram for inductance
measurements

When the phase current is passed in the motor,
the rotor is rotated until reach aligned position with
the supplied phase.

Z,, =V !, @
Where, z,, is phase impedance, vy, is supplied phase

. .
voltage and P" is the supplied phase current.
The phase inductance xph can be determined as:

Xph :\/(Zgz)h _Rz) (2)

Where; R is phase resistance
The phase inductance Ly, at this position and at this
current is determined as:

Lon = Xpn/ 2nf 3)
Where, f is the supply frequency, which is equal to
50 Hz in this work.

The experiment is repeated at different values of
constant phases current of 1, 2, 3, 4 and 5 A as
shown in Fig. 3
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Fig. 3 Variation of phase self inductance with rotor

angle at different currents

It will be noticed from Fig. 3 that the phase
inductance curve is increased by decreasing the
current due to saturation effect in the magnetic
circuit.

3. PERFORMANCE ANALYSIS OF
SWITCHED RELUCTANCE MOTOR

3.1 Calculation of the Motor Inductance

The self inductance of phases A, B and C can be
given as:
LA=Lg+[(Ld-Lqg)/2]+
[(Ld—Lg)/2]cos(28) 4)
LB=Lg+[(Ld—Lq)/2]+
[(Ld—Lqg)/2]cos (2(0 +265s) (5)
LC=Lg+[(Ld-Lqg)/2]+
[(Ld—Lg)/2]cos(2(6 + 8s)) (6)
Where,
Lp: Stator phase inductance at aligned position
L,: Stator phase inductance at unaligned position
0: Rotor position angle with respect to the axis of
phase A
0s: Angle between two sequential stator phases and
can be given as 6;=21/Ns
Where,
NS: Number of stator poles which equal six of the
motor under studying
Figure 4 shows the variation of self inductances of
phase A, B and C with rotor angle.
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Fig. 4 Variation of phases inductances with rotor

position

3.2 Calculation of the Motor Performance
Characteristics

The motor is supplied from a dc supply. The
phases are supplied according to Table (1) without
advancing switching angle y .

Tablel, Connection table without advancing
switching angle
Rotor angle Phase Phase Phase
(0) A B C
Shorted by | connected | Shorted
0<6<60 R; tosupply | by Ry
60° < 0 <120°| Shorted by | Shorted by Cce’gr;ga
Rf Rf supply
120° <0 <180 Connected Shorted by | Shorted
to supply R; by R;

Where;

Ry: Freewheeling circuit resistance

The phase current is increased during conduction
period (when the phase connected to supply) and the
phase current is decreased during disconnection
period and connected to freewheeling circuit.

It's shown that from the above table the conduction
period is 60° and disconnection period is 120°.

When the rotor angle in the range of
(0 <6 =60

The current of phase B in increased and currents of
phases A and C are decreased.

The phases current can be given as:

e = (1 — 1 fd)[]-_eitBi/TBi 1+14
ICd = Ifie_tm/roj

_ ~ta I 7ag
Iy =148

U]

Where,
Imax= VIR

V: Voltage of dc supply

R: Resistance of phase winding

1g;: Electrical time constant of phase B and equals
Lg/R

t,; : Time starting from moment of connection and

equals t,, = @/ 6n

Where, N Rotational speed rpm.

to, - Time of decreased current and equals
(& —120)/6n

Tcq - Time constant of decreased current and equals:
Teqg = L /((R+R;)

tAd: Time of decreased current and equals
(& —180)/6n

T g - Time constant of decreased current and equals:
Tog = LA /(R+Ry)

lg . is the higher value of the phase current at the
end of conduction period. All phases have the same
value of higher current, due to symmetrical operation
of all phases.

1, Is the value of the phase current at the end of

decreasing period when the phase is connected to
freewheeling circuit

When the rotor angle in the range of
(60° < @ <120°):

The current of phase C in increased and currents of
phases A and B are decreased.

The phases current can be given as:

loi = (o — Tl ]+ 1y (8)

__ —thaa /T Ad
IAd - I fie

__ —tga / Tea
I Bd — I fie

Where,
z, - Electrical time constant of phase C and equals

L. /R

t, - Time starting from moment of connection and
equals t., = (& —60)/6n

to, - Time of decreased current and equals
(@ —60)/6n

Tgq - Time constant of decreased current and can be
given as:

Ty = Lg /((R+Ry)

When the rotor angle in the range of
(120° <@ <180°):

The current of phase A in increased and currents of
phases B and C are decreased.

Engineering Research Journal, Minoufiya University, Vol. 34, No. 1, January 2011 3



M. M. Elkholy, H. M. Elshwey and A. F. Abdel-kader, "Effects of Different Control Parameters ..."

The phase's currents are:
I = (L — T )™ ]4 1 9)

_ —tgg /7Bg
IBd - I fie

_ —teg I 7eg
ICd - I fie

Where,

7T ,; - Electrical time constant of phase A and equals
L./R

t, : Time starting from moment of connection and
equals t,, = (@ —120)/6n

The supply current is equal to the current of any
phases during increasing period.

I, =1y at 0<6<60
I, =1 at 60<6<120 (10)
I, =1y, at 120<6 <180
The average value of any current is given as:
l 2
Iav ZZJ‘IinSdG (ll)
0

The instantaneous value of torque resulting from
phase is determined as:

T,=05 12(dL,/d6) (12)
T,=05 12(dL,/d6) (13)
T. =05 12(dL./d@) (14)

The instantaneous value of total torque (Tt) of the
motor is:

T, =T, +Tg +T, (15)
The average motor torque is determined as:

127z
T =—|Td& 16
w zﬁgt (16)

The instantaneous motor input power ( P, ) is given
as:

P =VxI, 17)
The instantaneous motor output power (Pout) is
given as:

P.=T, x27n/60 (18)
The instantaneous motor efficiency is given as:
n=Py/P, (19)

During the advancing switching ON angle, the
phases are connected to supply or to freewheeling
circuit according to Table (2).

The phase conduction period to the supply is
increased over than 60°by the advance angley and

the disconnection angle will be reduced than 120° by
the same advancing angle. During the advance
angle vy, the supplied phase will be in parallel with

the last supplied phase as shown in Table (2). The
motor currents can be calculated by the same above
equations during increasing and decreasing period.
When the early switching OFF technique is used,
the phase is switched off before the aligned position
by the angle o to decrease the negative torque.
Therefore, the conduction period is decreased than
60° by the switching angle o and the disconnection
period is increased over 120°. During the early
switching off method, the phases are connected to
supply or to freewheeling circuit according to Table

©F

Table 2, Connection table with advancing on
switching angle

Rotor angle Phase Phase Phase
(9 ) A B C
—y< 0<0 Connected to |Connected to Shorted by Ry

supply supply

Connected to

0<0<(60—7y) | Shorted by Ry supply

Shorted by R¢

(60 _ Y) <0<60/| shorted by Ry Connected to|Connected to
supply supply

Connected to

< _
60 <0< (120-7) | Shorted by R; |Shorted by Ry supply

(120-7) < <120 Connected to Shorted by R Connected to
supply supply

120<0<(180-7) Cogﬂgﬁ? 410 \sported by Ry|Shorted by Ry

(180-7y < 0 <180) Connected to |Connected to

Shorted by R¢
supply supply

Table 3, Connection table with early switching off

angle
Rotor angle Phase Phase Phase
( 0 ) A B C
Shorted by Shorted Shorted by
-a<0<0 Ry by Ry Ry
0 <0 =<(60—w)| Shortedby | Connected | Shorted by
R¢ to supply R¢
Shorted by Shorted Shorted by
60 — 0<60
(60~a)< Rt by R¢ R¢
60 <0< (120 — o) | Shorted by Shorted Connected
R¢ by R¢ to supply
Shorted by Shorted Shorted by
120 — 0<120
¢ ) <0< Rf by Rf Rf
Connected Shorted Shorted by
120<6< (180 -
<0<( ) to supply by R¢ R¢
(180—-0) <06<180 | Shorted by Shorted Shorted by
Rt by R¢ Rt
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4. AVERAGE MOTOR CHARACTERISTICS

From the previous equations and with MATLAB
computer program, the average motor performance
characteristics are determined neglecting the
saturation effect. The effects of applied voltage
variation, switching ON angle, early switching OFF
and freewheeling circuit resistance are given below.

4.1 Effect of Applied Voltage Variation on
Average Motor Characteristics

By calculating average values of performance
characteristics at different speeds and at several
values of applied voltages, the average motor
characteristics are obtained on Figs. (5-10).

The variation of the motor applied voltage will be
change the motor supply current as shown in Fig. 5.
Also, the motor phase current is varied through the
speed variation as shown in Fig. 6. Where the current
is increased at any speed by increasing the motor
voltage. The behavior of average motor torque by
voltage variation is in Fig. 7. It is found that the
motor torque is stilled at zero at the same speed with
different values of motor voltage. This is occurred
because voltage increasing increases both positive
and negative instantaneous torque.

Increasing the motor voltages as shown in Fig. 8
increases the average motor output power at low
speeds. At high speeds, increasing the voltages,
negatively increase the output power. The negative
power is not a generating power returned to the
supply, or decreased the input power, but it is a
consumed power in a motor braking.

By increasing the motor voltage, the motor input
power is increased at low speeds and also at high
speeds, as shown in Fig. 9. The motor efficiency is
varied by varying the speed, as shown in Fig. 10. The
variation in supply voltage is not resulted any
variation in the efficiency as shown in the figure.
Because, increasing rate in the output power is
equaled to the increasing rate in the input power. At
high speeds, the efficiency is equaled to zero,
because all of power is a consumed in the motor.
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o

—

600 200 1000 1200 1400 1600
Speed (r.p.m)

Fig. 5 Variation of supply current with speed at
different values of supply voltages
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Fig. 6 Variation of motor phase current with speed at
different values of supply voltages

=]
T

T

o

Average Torque (N.m)

Iy

(1] 200 400 800 aoo 1000 1200 1400 1600
Speed (r.p.m)

Fig. 7 Variation of total torque with speed at
different values of supply voltages
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Fig. 8 Variation of output power with speed at
different values of supply voltages
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Fig. 9 Variation of input power with speed at
different values of supply voltages
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Fig. 10 Variation of motor efficiency with speed at
different values of supply voltages

i P i i i
200 400 60D

4.2 Effect of Advancing Switching ON angle On
Average Motor Characteristics (Current
Advance)

The average performance characteristics of SRM
at different speeds and at several values of advance
angley, are obtained on Figs. (11-16).

Figure 11 shows the variation of average supply
current with motor speed. When the speed is
increased, for any advance angle, the current is
decreased. When the advance angle is increased, the
current is increased at all speeds with illustrated rates
in Fig. 11. The motor phase current is varied with
speed variation as shown in Fig. 12. Where, the
phase current is decreased with speed increasing. At
any speed, the phase current is increased by
increasing the advance angley. The SRM average

torque variation with speed is similar to that of series
motor as shown in Fig. 13. Increasing the advance
angle, at the same voltage leads to torque increasing.
Therefore, the motor availability to rotate with load
at high speed will be achieved by increasing the
advance angle, as shown in Fig. 13.

Increasing the advance angle, leads increase the
output power and input power by rates as shown in
Fig. 14 and Fig. 15 respectively.

When the advance angle is equaled to zero, the
efficiency is reached to zero at high speeds as shown
in Fig. 16 because the output power is negative. With
increasing the advance angle, the efficiency is
increased with suitable values through all speeds as
shown in Fig. 16.

Average Supply Cument (A)

o H H H i H : H 1 H
o 200 400 @00 800 1000 1200 1400 1800 1200 2000

Speed (r.p.m)

Fig. 11 Variation of supply current with speed at
different values of advancing switching ON angle
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Average Phase Current (A)
) @ &

— —

;
/
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|
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Fig. 12 Variation of motor phase current with speed
at different values of advancing switching ON angle
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1300 2000
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Fig. 13 Variation of motor torque current with speed
at different values of advancing switching ON angle

1200 2000

Average Qutput Power (W)

H
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Fig. 14 Variation of motor output power with speed
at different values of advancing switching ON angle

1200 2000
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Fig. 15 Variation of motor input power with speed at
different values of advancing switching ON angle
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Fig. 16 Variation of motor efficiency with speed at
different values of advancing switching ON angle
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4.3 Effect of Early Switching OFF angle On
Average Motor Characteristics

The average performance characteristics of SRM
are determined when the motor speed is varied from
0 to 3000 rpm, at several values of early switching
off angle o in figures from Fig. 17 to Fig. 22.

Figure 17 shows the average supply current
variation at different values of angle o. Increasing
the angle o decreases the supply current. The motor
phase current is also decreased by increasing angle
o as shown in Fig. 18.

Figure 19 shows the average torque variation with
motor speed. The torque is high with small value of
the angle o.. Reversely, increasing the angle o at
high speeds increases the torque.

The output power is increased by decreasing the
angle o at low speeds. But, increasing the angle o
at high speeds increases the output power as shown
in Fig. 20.

The input power is decreased by increasing the
angle o at low speeds or at high speeds, as shown in
Fig. 21.

The variation of motor efficiency with speed at
different values of angle o is shown in Fig. 22.

urent (A)
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=
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LC 500 1000 2000 2500 aooo

SDeeE{EE.p.m]
Fig. 17 Variation of supply current with speed at
different values of early switching OFF angle
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Fig. 18 Variation of motor phase current with speed
at different values of early switching OFF angle
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Fig. 19 Variation of motor torque with speed at
different values of early switching OFF angle
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Fig. 20 Variation of output power with speed at
different values of early switching OFF angle
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4.4 Effect of Freewheeling Circuit Resistance on

Average Motor Characteristics

The freewheeling circuit is used to protect the
electronic switch during disconnecting the phase
current from the high voltage resulting from the fast
decay of the phase flux. It found that [11], the
circulating current through the freewheeling circuit
produces a negative torque. This negative torque
gives a braking torque, decrease the motor torque,
avoiding motor rotation at high speed. The variation
of resistance R¢ has no effect on the supply current,
because phase windings are disconnected from the
supply when the current is passed through the
freewheeling circuit. Also, varying the resistance Ry
doesn't vary the motor input power.

Increasing the resistance Ry leads to decrease the
average value of the phase current at any speed as
shown in Fig. 23. The average value of motor torque
is increased by increasing the resistance Rf as shown
in Fig. 24. At high speeds, the negative braking
torque is converted into positive motoring torque.
Then, the motor can be rotated with higher speed by
increasing the resistance R;. Increasing the resistance
R over than 100 Q gives a small effect for the motor
under studying. The output power is increased by
increasing the resistance R¢ as shown in Fig. 25. At
high speed the negative power is decreased, so the
positive power becomes high. The motor efficiency
is improved by increasing the resistance Ry as shown
in Fig. 26.
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Fig. 23 Variation of phase current with speed at
different values of R;
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Fig. 24 Variation of total torque with speed at
different values of R¢
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Fig. 25 Variation of output power with speed at
different values of R¢
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Fig. 26 Variation of motor efficiency with speed at
different values of R¢

1200 2000

Engineering Research Journal, Minoufiya University, Vol. 34, No. 1, January 2011



M. M. Elkholy, H. M. Elshwey and A. F. Abdel-kader, "Effects of Different Control Parameters ..."

5. CONCLUSIONS
From this paper, it can be concluded that:

1. Applied voltage increasing leads to increase motor
currents and motor torque. But the negative torque
is not converted into positive torque. So, applied
voltage increasing can not increase maximum no-
load speed.

2. At any constant speed, varying the voltage is not
led to vary the motor efficiency.

3. At any constant speed, increasing the advance
angle 7y leads to increase the motor efficiency

4. Increasing the advance angle y can increase
maximum no-load speed.

5. Increasing the early switching off angle o is led
to decrease the phase current and negative torque

6. At low speeds, it is not preferred to early switch
off phases, in order to produce high motor torque.

7. Increasing the freewheeling circuit resistance is
led to decrease average value of phase current and
motor losses and is led to increase motor torque,
efficiency and maximum no- load speed.
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APPENDIX

Experimental Motor Data:

The stator of single phase induction motor, 1/3 HP,
split phase type is rewound to suite the SRM.

The stator data:

Outer diameter =157 mm.

Inner diameter =100 mm.

Lamination length =35 mm.
Number of slots = 36 slot.
Number of coils =18 coil.
Number of turns/coil =150 turn.
conductor diameter =0.45mm
Number of poles =6 poles
Number of phases = 3 phases
Phase resistance =4 Q.

The Rotor Data:
Mild steel material.
Skewed by one stator slot pitch.

Number of poles =2 pole
Outer diameter =99 mm.

Axial length =35 mm

Pole arc =40 mm.
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