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Estimation of Magnetic Co-Energy in Salient Pole Rotor Type
Single Phase SRM

Jun-Ho Kim*, Eun-Woong Lee*, Hyun-Kil Cho*, Jong-Han Lee* and Chung-Won Lee*

Abstract - The salient pole rotor type single phase SRM (switched reluctance motor) uses radial and
axial direction magnetic flux simultaneously. Therefore, the output power per unit volume is very high
and the shaft length is shorter than other types of SRMs with the same output. Furthermore, it can be
manufactured with low cost owing to its simple structure and driving circuit. The prototype was
designed using the theory of the traditional rotating machine and 3D FEM analysis. On this paper, the
experiment apparatus, which includes the fabricated prototype in previous researches, was fabricated to
measure the current and voltage of the prototype. Then the flux linkage, inductance and magnetic co-
energy were calculated using the experimental results. Finally, the measured magnetic co-energy was

compared with the simulated magnetic co-energy.
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1. Introduction

The energy density per unit volume of a salient-pole
rotor type single phase SRM, which uses the axial and
radial direction magnetic flux simultaneously, is higher
than that of single phase SRM only using radial direction
magnetic flux. Therefore, the axial length and exciting
mmf are smaller than other types of single phase SRM with
wdentical output. Also, it is suitable for operation under
poor driving conditions and in narrow places that are
difficult to perform maintenance [1, 2].

In the previous studies, the prototype model was
designed by using the design parameters of three phase
SRM and the dynamic equations of a conventional rotating
machine [3, 4]. The characteristic of the prototype - flux
density distribution, air gap flux density, approximate
torque, and so on - were simulated by 3D FEM and the
design parameter was corrected using 3D FEM results.
After repeating that process, the final design parameters
were determined and the prototype was fabricated with
these parameters. Also the driving device, which is suitable
for the structure and functions of the prototype, was
fabricated for experiments dealing with speed/torque
characteristics {5, 6].

On this paper, the magnetic flux density and magnetic
co-energy according to the rotor position were simulated
by 3D FEM. The experiment apparatus was fabricated with
the prototype, the driving device, and measurement devices

in order to measure the voltage and current of the prototype.
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The flux linkage waveform was calculated by the
experimental results. As well, the inductance and magnetic
co-energy waveform were obtained from the flux linkage
waveform. Finally, the measured magnetic co-energy was
compared with the simulated co-energy in order to confirm
the difference between the experimental results and the 3D
FEM simulation.

2. Structural Features

The prototype is composed of six rotor and six stator
poles. The stator poles are excited by the single phase
winding simultaneously. Fig. 1(a) shows the stator and
single phase winding. Fig. 1(b) shows the outer rotor with
the salient pole.

(a) stator and winding (b) outer rotor

Fig. 1 Stator and rotor of the prototype

As shown in Fig. 2(a), the rotor structure with the salient
pole uses the axial and radial direction magnetic flux
simultaneously. However, the rotor structure without the
salient pole such as in Fig. 2(b) only uses the radial
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direction magnetic flux. The rotor structure in Fig. 2(a) has
a higher flux linkage than the model in Fig. 2(b). Therefore,
the prototype, which uses the salient pole in the rotor, has
higher energy density per unit volume and can be made
shorten the axial length or exciting mmf than other types of
SRMs.
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Fig. 2 Rotor structure of prototype

3. Relationship Between Length of Pole Arc And
Inductance

3.1 Relationship between length of pole arc and
inductance

The conditions of pole arc, which influence the
characteristics of the SRM such as the inductance and
torque, are shown as equations (1) ~(3)[7].

B. < — (1)
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where, p, is the rotor pole arc, g, is the stator pole arc,

0, 1is the periodic angle of inductance variation, N, is the

number of poles.

Equation (1) expresses an inductance variation
according to the rotor and stator pole arcs. It is also the
condition used to minimize inductance at the unaligned
position and can be shown diagrammatically as in Fig. 3(b).

(a) pole arc and period of inductance variation
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(b) relationship of pole arc
Fig. 3 Relationship between rotor and stator pole arc

There is no maximum inductance zone in the inductance
variation at point X because the rotor and stator pole arcs
are equal. The stator pole pitch (277/ N, ) is larger than the

length of the rotor and stator pole arcs ( B, + f, ),

signifying that the inductance variation has a minimum
inductance zone. Therefore, the inductance variation at
point X is shown in Fig. 4(a).

As the rotor and stator pole arcs are moved from point X to
point Y or Z, the maximum inductance zone is increased and
the minimum inductance zone is decreased. At point Y or Z,
the maximum and minimum inductance zones do not exist.
Fig. 4(b) shows the inductance variation at point Y or Z.
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Fig. 4 Inductance variation according to a combination of
stator and pole arcs

At point W, the rotor and stator pole arcs are equal. Also,
the stator pole pitch is equal to the sum of the rotor and
stator pole arcs. Therefore, the maximum inductance zone
and minimum inductance zone do not exist at point W as
shown in Fig. 4(c). If the lengths of the rotor and stator
poles aren’t satisfied with equation (1), the minimum
inductance becomes very high at the unaligned position as
indicated in Fig. 4(d).

If the minimum and maximum inductance zones, which
don’t generate torque, become larger, the torque zone will
be smaller and the output power of the SRM will be also
decreased. Therefore, the inductance variation of the
general single phase SRM has small minimum and
maximum inductance zones similar to that shown in Fig.
4(c).

The increasing or decreasing inductance zones are
determined by equation (2). If the rotor and stator pole arcs
are increased, the maximum inductance is increased at the
aligned position and the increasing inductance area is also
increased. But if the rotor and stator pole arcs exceed the
condition of equation (2), the stator and rotor poles are
overlapped at the unaligned position. Then, the minimum
inductance is increased and the torque is decreased. The
stator and rotor pole arcs are as large as possible under the

satisfying condition of equation (2).
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Fig. 5 Rotor and stator pole arcs
3.2 Ideal inductance waveform

The prototype is composed of six stator and six rotor
poles. The rotor pole arc is 24 degrees and the stator pole
arc is 26 degrees. These poles are placed at intervals of 60
degrees as shown in Fig. 5. Assuming that the position in
which the rotor and stator poles begin to overlap is 0
degrees, the inductance variation of the prototype can be
represented as in Fig. 6.
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Fig. 6 Ideal inductance waveform of prototype

4. 3D FEM Analysis
4.1 Distribution of magnetic flux density

The distribution of the magnetic flux density at the
aligned and unaligned positions was analyzed by the
Magnet 6.4 3D FEM program. Each of the following
MMFs such as 200[AT], 250{AT] and 300[AT] were
applied to the simulation model and each of the magnetic
flux densities according to MMF were obtained. Fig. 7 and
Fig. 8 show the distribution of the flux density with
300[AT].
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Fig. 8 Distribution of flux density according to rotor
position II

4.2 Simulated magnetic co-energy

The magnetic co-energy W, (@) at the aligned and

unaligned positions was also obtained by 3D FEM as
indicated in Table 1.

Table 1 Magnetic co-energy according to rotor position

4
W, [AT] § = 0°(aligned) | 8 = 30°(unaligned)
Wi{8) | 200[AT] | W, = 0162181 W, = 0.075935
W& | 250[AT] | W, = 0.243153 W, = 0109036
Wi(&) | 300[AT] | W: = 0.337761 Ws = 0.14769
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Fig. 9 Calculative co-energy with 3D-FEM

Assuming that the distribution of the magnetic co-energy
W.(6) is a sinusoidal waveform from the aligned position

to the unaligned position, the distribution of the magnetic
co-energy can be approximate as shown in Fig. 9 with
equation (4)[9].

we) = w,, + W,cos (pb) €))
where, W, = W, + W,
Wp — Wmax - Wmm
2

5. Measurement of Magnetic Co-Energy
5.1 Constitution of measurement device
The experiment apparatus is composed of the prototype,

two DC power supplies, a DC motor and measuring
equipments as shown in Fig. 10. One of the DC power
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supplies excites the prototype, and the other operates the
DC motor, which rotates the prototype.

(a) prototype and DC motor

(b) measurement apparatus
Fig. 10 Experiment setup

5.2 Measurement of voltage and current

The prototype was excited by the DC power supply 6[A].

During that time, the prototype was rotated with 180[rpm]
by the DC motor installed in the upper side of the
experiment apparatus and the voltage Vv and the current
i were measured using measurement systems such as the
oscilloscope and GPIB. The exciting winding resistance
R was varied by the heat generated in the winding, but the
variation of the winding resistance was ignored in this
experiment. Therefore, it was measured under the
condition in which the prototype was not excited.

(a) voltage waveform
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(b) current waveform
Fig. 11 Voltage and current waveform

The current oscillated with * 1[A] amplitude on the level
of 6[A] and the voltage varied more heavily than the
current from 5[V] to -0.7[V1].

5.3 Measured magnetic co-energy
Equation (5) is the voltage equation of SRM. Equation

(6) is derived from integrating equation (5) and rearranging
the flux linkage @.

d®
vV = R —‘; (5)
o = j (v - Rddt + @, (6)

®, is the initial value of the flux linkage at the start

position of the integral. Assuming that the integral in
equation (6) is initiated at the unaligned position, @, is

the flux linkage at the unaligned position.

The prototype was applied to the exciting current after
the prototype was fixed at the unaligned position. The
voltage and current were measured. With these experiment
results, the flux linkage waveform according to exciting
current was calculated using equation (6). Fig. 12 shows
the flux linkage at the unaligned position according to the
exciting current and @ is 0.014048[wb].
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Fig. 12 Flux linkage waveform at unaligned position
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Fig. 13 Flux linkage waveform (300AT)

All of the required parameters for calculating the flux
linkage were obtained. Inserting all parameters to equation
(6), the flux linkage waveform was calculated as indicated
in Fig. 13. As well, the inductance and magnetic co-energy
waveform were calculated by inserting the flux linkage to
equations (7) and (8). Fig. 14 shows the inductance
waveform and Fig. 15 shows the magnetic co-energy
waveform of the prototype.
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Fig. 14 Inductance waveform (300AT)
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Fig. 15 Co-energy waveform (300AT)

The maximum and minimum inductance zones are
2[degrees] and 10{degrees| respectively in the ideal
inductance waveform of the prototype as presented in Fig.
6. In the calculated inductance waveform, the maximum
inductance zone is very short and the minimum inductance
zone is just as long as in Fig. 6. The flux linkage was
increased at the unaligned position because the stator is
overlapped with the salient pole.

The exciting winding of the prototype was wound 50
turns and 6[A] current was applied in the experiments.
Then, the magneto motive force becomes equal to 300[AT].
This means that the calculated magnetic co-energy
waveform corresponds with the 300[AT] waveform in Fig.
9, which is obtained by 3D FEM if there are any losses.

As shown in Table 2, there are significant differences
between the calculated magnetic co-energy and the
simulated magnetic co-energy. The maximum measured
magnetic co-energy is smaller than the simulated magnetic
co-energy on 300[AT] and it is similar to 230[AT]. Also,
the minimum measured magnetic co-energy is much
smaller than the simulated magnetic co-energy. However,
the difference of the magnetic co-energy between the
aligned and unaligned positions, which affects the torque
of the prototype, is in good agreement with the simulated
one.

Table 2 Comparison of measured magnetic co-energy and
simulated co-energy

[AT] 3D FEM experiment
é 200[AT] [250[AT] |300[AT]| 300[AT]
aligned position | 15 | o4 | 34 0213

(max)
unaligned position | 547 | 554 0.15 0.035
(min)
max - min 0.09 013 0.19 0.178

5. Conclusions

The experiment apparatus, which is composed of the
prototype, two DC power supplies, a DC motor, and
measurement devices, was fabricated to measure the
voltage and current of the prototype. The flux linkage,
inductance and magnetic co-energy were calculated with
the experiment results. The calculated inductance
waveform was compared with the ideal inductance
waveform. Therefore, it is confirmed that the minimum
inductance zone is increased because of the salient pole
installed in the rotor.

Furthermore, the magnetic co-energy obtained from the
experiments was compared with the simulated magnetic
co-energy obtained by 3D FEM. The measured magnetic
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co-energy is smaller than the simulated magnetic co-energy.

But, the difference of the magnetic co-energy between the
aligned and unaligned positions has a good agreement with
simulated one.
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