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Abstract—This paper introduces the general linear magnetic
circuit model of a novel 5-phase segment type switched
reluctance motor (ST-SRM) of which rotor cores are embedded
in an aluminum block as well as to improve the performance
characteristics under simultaneous two-phase (bipolar)
excitation of windings. The developed model implements the
magneto motor force (mmf) that is necessary to produce short
and exclusive magnetic flux paths minimizing the commutation
switching and eddy current losses in the laminations. For this
purpose, an equivalent magnetic circuit for newly developed
ST-SRM and the underlying assumptions are given. The
concept of apparent inductance and torque equations of two-
phase simultaneously excited ST-SRM is introduced and the
effectiveness and deficiencies of the linear model are given.

Index Terms—Magnetic circuit model, switched reluctance,
segmental rotor, two phase excitation.

I. INTRODUCTION

Due to rapid developments in semi-conductor technology,
thereby producing semi-conductor packages such like
IGBTs and MOSFETS, switched reluctance motors attracted
much more considerable attention throughout the industrial
environment. Whilst the SRM has a simple operating
principle, it is really difficult to design and develop
performance predictions for these kinds of motor. This is
due to the nonlinear magnetic characteristics of the machine
under normally saturated operation. Due to the winding
arrangement in the conventional SRM as seen Fig. 1, mutual
coupling between phases is generally neglected [1]. Phase
flux linkage depends only on the rotor position and the
current in the phase of interest; the phases are taken to be
magnetically independent [2]. But in contrast, the mutually
coupled SRM phases under simultaneous two-phase
(bipolar) excitation of windings, especially for SRMs
consisting of segmental rotors, are magnetically coupled and
the flux linkage functions are resulted from rotor position
and the currents in adjacent phases which are simultaneously
excited.

In this study, the magnetic circuit model for designed 5-
phase segment type SRM (ST-SRM) with short-pitched
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windings are presented [3] in order to determine the flux
linkage of each phase for rotor position and combination of
phase currents. The linear model of ST-SRM is formed by
considering the machine dimensions. The linear model of
ST-SRM makes the prediction of torque, inductance and
instantaneous phase fluxes despite the fact that the magnetic
nonlinearity is neglected. Besides, by taking into account
concept of apparent inductance [4]; simulation of
conventional 5-phase SRM and newly designed 5-phase
segment type SRM having the same main motor dimensions
such as stator outer diameter, rotor outer diameter, stack
length, air gap length, etc. are performed. Consequently, the
torque variations of each machine are compared to verify
that the ST-SRM can produce higher torque than the
conventional one.

Il. MACHINE MODELS

In order to carry out necessary analytical calculations and
simulations, two different machine models are considered.

Fig. 1. 5-phase conventional SRM with concentrated windings

The conventional 5-phase SRM having 10 stator and 8
rotor poles are shown in Fig. 1. This model has been
developed in order to compare it with the designed 5-phase
ST-SRM illustrated in Fig. 2. The main dimensions are
similar to that designed machine of which dimensions are
given in Table I.

The novel five-phase SRM design purposed includes a
stator having evenly spaced salient poles and a rotor having
segment type U-type cores which are embedded in aluminum
block in order to increase robustness. In operation, two
adjacent phases must be excited every time to create short
flux loops and to provide restrained rotor rotation.
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Fig. 3. Constructed machine parts: (a) Stator (b) Rotor (c) Prototype ST-
SRM assembly.

TABLE I. ST-SRM’S CALCULATED AND OPTIMIZED DESIGN

PARAMETERS.
No Design Parameter Design Value
1 Number of phases 5
2 Stator/rotor configuration 10/8
3 Stator outer diameter 150 mm
4 Rotor outer diameter 79.4 mm
5 Stack length 120 mm
6 Air gap length 0.3 mm
7 Stator pole arc 0.314 rad
8 Rotor pole arc 0.331 rad
9 Number of turns per phase 100
10 Stator/rotor construction M530-50A silicon steel (0.5 mm
material thickness)
11 Copper wire diameter 1.25 mm

As compared to designed classical SRM samples, the
following merits have been aimed via this design:

— The simultaneous excitation of two phases at all times
results in pairs of adjacent stator poles being magnetized
with opposite polarity, thereby forming a magnetic circuit
of which path includes only the portion of the yoke
bridging the two adjacent stator poles of a pair.

— The produced ST-SRM significantly reduces the
hysteresis and eddy current losses experienced in back
iron because of the fact that the motor phases are using
short flux loops all the time.

— Another specific object of the motor is to provide high
torque having small torque ripple characteristics and no
dead torque position for the rotor. Eventually, efficiency
of the motor is increased.

— There is a gap lying along the stack length of the motor.
This gap helps the motor to be cooled better.

— With this novel design, the secondary magnetic circuits
causing flux switching frequency are eliminated because
of the fact that only simultaneous polarized pairs are used
each time.

I1l. MAGNETIC CIRCUIT MODEL

A. Assumptions and Circuit Analysis
The magnetic equivalent circuit method, as another

approach, has been used previously to model the saturated
magnetic field of SRM [5]-[7]. Some important points based
upon previous work and experience gained from the FEM
[8] results must be considered in order to develop an
accurate and appropriate magnetic equivalent circuit model
for the SRM [9]. The linear ST-SRM model is developed to
show that the ST-SRM s able to produce more torque than
linear conventional SRM model under the same
circumstances.

During the analytical calculation and finite element
method simulations, the following assumptions are taken
into consideration:

— The magnetic material and current sources are ideal;

— All of the phase fluxes passing through the air gap or
phase to phase leakage are assumed as “non-existing”;

— The stator back iron is infinitely permeable or m=0;

— If any of the stator poles is at unaligned position, the
permeance of those phases is equal to the minimum
permeance value; conversely overlapping permeance (at
aligned position) gets the higher value in accordance
with rotation and overlap angles.

Besides these assumptions, only two phases of the motor
(e.g. Phase B and C) are deemed as being “ON” while the
motor operates on simultaneous excitation of two phases at
all times and thereby forming a magnetic circuit of which
path includes only the portion of the yoke bridging the two
adjacent stator poles of a pair. In order to express the
operation difference between the conventional SRM and
designed ST-SRM, the following flux distribution results
derived from finite element analysis are given.

Fig. 4. Flux distributions on stator and rotor steels for 5-phase ST-SRM at
semi-aligned position (a rotation of 9° over when two phases are excited
simultaneously).

Fig. 5. Flux distributions on stator and rotor steels for 5-phase
conventional SRM at semi-aligned position.

During the analyses, only one fifth of the ST-SRM s
considered because of the fact that the structural geometry is
repeating itself five times in polar coordinate. The flattened
geometry and equivalent magnetic circuit of the ST-SRM are
seen in Fig. 6 and Fig. 7 respectively.

If ST-SRM’s magnetic equivalent circuit is considered,
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the following equation can be written according to
Kirchhoff’s Laws

fa+fp+fc+fq+fe=0, (1)

where f,(x=a,b,c,d,e)is the phase flux. If the flux is
expressed in terms of permeance

f X = Gx(q)ux (2)

is obtained. While Gyis
permeability (permeance), u, expresses the MMF drop. The

value of MMF sources is expressed by

expressing the magnetic

Jx = Niy. @)

STATOR BACK IRON ...

ROTOR ALURAINUR BLOCK

Fig. 6. Flattened stator and rotor structure of ST-SRM.

Fig. 7. Magnetic equivalent circuit for ST-SRM.

Herein, 3, gives the value of MMF source, N is the
number of coils for one phase, iy is the current value of each

phase. According to the equivalent circuit, MMF drop across
each reluctance path is given by

Uy = Iy — U, (4)

where ug is the only MMF node potential. If the expression

given for phase fluxes is expanded by using the equation
above

fx:Gx(Q)(Sx_UO) (5)

is obtained. As the flux linkage is expressed withl = Nf ,

the flux linkage of each phase of ST-SRM can be calculated
by using the expression above. Besides, the flux linkages can
be also expressed via the equation below

lag+lp+lc+lg+lg=0. (6)

And the phase permeance can be written as a function of
phase inductance

L
Gx = _); (7)
N

If the equation is expanded by using | = Nf expression

Ix=Lx(q)(3X,;“°j. 8)

is obtained. If an arbitrary current iy is defined by

.. u . . .
usingip = WO , the following flux linkage can be written

| x:Lx(q)(ix_ip)- ©)

If this equation is substituted in (6), this expression is
obtained

La(@) (ia —io) + Lo (@) (ip —io) + Lc(@) (ic —ig) +

+L4(@) (ig ~io) + Le(@) (ie —i0) =0. (10)
If the iy value is taken out from the equation above
i = La@lat L@y + Le@ic + La@la +Le@le (1,
0=

La@)+Lp @)+ Lc@) + La @) + Le(@)

is obtained. If the equation is arranged in accordance with
(9) and (11), the flux linkage value for phase B can be
obtained as

Ly’ @) -
La@)+ L@+ L@ + La @+ Le(@) J°
[ Ly (@) La@)ia + Lp(@) Le @)ic + Ly @) Lg @)ia + Lb(q)Le(q)ieJ (12)
- La@)+Lp(@) + Le(@) + L (@) + Le(@)

|b—[Lb(Q)_

is obtained. From this equation, the self-inductances of the
phases can be easily figured out. For instance; the self-
inductance value, Ly, for phase B is given

Ly’ @) |
La@)+ L @) +L.@)+Lg(@)+ Le(@)

Lob = Lp(@) - (13)

In the assumption, only two phases of the motor (herein;
Phase B and Phase C) are assumed to be turned-on, so the
mutual inductances between these two phases should be
calculated as well. From the (12), it can also be obtained

Mo = L@Le@) )
" L@+ L@+ L@+ L @)+ L@

Although the other mutual inductances between other
phases can be expressed mathematically in the same way,
there cannot be any mutual inductance between the phases A
and D and the phases B and E due to the fact that only the
adjacent phases will be taken into consideration in practical
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operation. In order to express these differences, the apparent
inductance profiles of the motor should be examined.

For all phases, the following generalized matrices form
can be used:

la Laa Mgy Mg Mgy Mge)(la
I'b| [Mba Lob Mpc Mpg Mpe || b
le |=|Mca Mgy L Mg Mg |ic |- (15)
la| |Mga Mg Mge Lig Mge || ig
Ie Mea Meb Mec Med Lee le

B. Apparent Inductance Profiles
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Fig. 8. (a) The equivalent circuit of ST-SRM when ideal current sources
are used (b); The equivalent circuit of ST-SRM when phase B and C are
excited.

Within this analytical calculation, the ST-SRM is
designed with ideal current sources as seen Fig. 8(a). If only
two phases of the ST-SRM are turned-on, the ST-SRM
circuit becomes equivalent to the one in Fig. 8(b).

The equivalent circuit can also be expressed as in Fig. 9.

() o™
|© Loe

b

Fig. 9. Ideal equivalent circuit of ST-SRM when phase B and C are
excited.

When only B and C phases are excited, the following
expression can be written:

iy, = —ic, (16)
i, =0, (17)
iy =0, (18)
ig = 0. (19)

If the flux linkage expressions are written for these phases
again:

Lp(@) - @) +
= La@)+Lp@)+Lc@)+Lg @)+ Le(@) iy, (20)
N Ly (@)Lc(@)
La@)+ L@ +Lc@) +Lg @)+ Le(@)

L’ @)
La@)+ (@) + Lc@) + Lg @) + Le(@)
N Lb@)Lc@)
La@)+Lp@)+Lc@)+Lg @)+ Le(@)

.
. (21)

L.@)-

lc=

As the value of flux linkage between these two phases
islpe =l n—1, the difference between (20) and (21)

becomes

Ly @)+ L* @)
La@)+ Lp(@) + Le@) + Ly @) + Le(@)
N 2L,(@)L:@)
La(@)+Lp@) + L@ + Lg @) + Le@)

L@)+Lc@)-

lbe = ip- (22)

The apparent inductance value expressed as Lpc can be
calculated using the expression L =1 /i

Lye =L, @) +
Lp(@) + L2 (@)
La(@) +Lp@) + Le (@) + Lg @) + Le(@)

N 2L, @)@ .
La(@)+Lp@) +Lc@)+La @) + Le(@)

+Le@) -

(23)

C. Torque Productionin ST-SRM

The co-energy which is the complementary function of
magnetic field energy is expressed as the function of rotor
position and excitation current as well. So, the co-energy of
the motor is calculated as follow

wcziﬂ (,q) di. (24)
0

If the matrices form in (15) is used, the expression above
can be expanded as follows

1. 2 2 2 2 2
We =E(Laa'a + Lol + Lecle + Laald + Leele) +
+iaibMab +iaicM ac +iaidMad +iaieM ae +ibiCM bc +

+ibid M bd + ibieM be + iCid MCd + icieM ce + idieM de: (25)

The torque of the machine is calculated as the partial
derivative of co-energy in accordance with angular position
of the motor:

_W@.i)
oq
Aleg i2 4 Ao i2 + Oec i2 +

T@.i)= (26)

a
Tz% d(;]L dgL “
p—ddj2 | ez,
dq dq
gy — 2 4 M oc +igig Mag
dq dq dq
[ Mae i dec i ded
+ii +ini +ini +
a b'c d b'd dq
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I \Y/ o [\Y/ .. dMm .
+Hple g be +iglg cd +igle g L +igie
q

Mg (27)
dq

But, in the case that the motor is only driven under
simultaneous excitation of the phases B and C and the
current equation i, =—i. is considered, the torque equation

becomes:

7oL i§+—dLC° i2 +ibic—de°, (28)
2\ dg dq dq
1(diy .o dlg.2) .. dMp.
T==| —=I§ +—==If |—lpl , 29
Z(dq b+dqb b =44 (29)
T (1 die) dMp 2 30)
2\ dq dg dg

IV. RESULTS AND DISCUSSION

Under ideal excitation, the ratio of average torque of ST-
SRM to the conventional SRM is derived from simulation
results. As the motor operates on simultaneous excitation of
two phases at all times and thereby forming a magnetic
circuit of which path includes only the portion of the yoke
connecting the two adjacent stator poles of a pair, ST-SRM
is able to give a higher torque output. The plot comparison is
shown in Fig. 10.

Besides, the derivatives of the phase inductances with the
respect to angular position are required to evaluate the
torque expressions for each type of switched reluctance
motor. The corresponding inductance plots are shown in
Fig. 11.
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Fig. 10. Torque plots of ST-SRM and classical SRM.
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Fig. 11. Inductance plots of ST-SRM and classical SRM.

Because the models are ideal and the fringing and leakage
are ignored (all of the phase fluxes passing through the air
gap or phase to phase leakage are assumed as “non-

existing”) and also the unaligned permeance is constant (the
stator back iron is infinitely permeable or m=0), a more

complex magnetic circuit and analytical model are required
for both conventional and ST-SRM. Then, the losses and
torque ripples can be calculated more accurately.

V. CONCLUSIONS

In this study, models for a conventional 5-phase SRM and
5-phase high performance segment type SRM with U-type
segment rotor cores are developed. For the similar geometry,
the calculations are performed by using an equivalent
magnetic circuit and underlying assumptions. The concept of
apparent inductance profiles and torque equations of ST-
SRM are introduced.

It is proved analytically and through finite element based
studies that novel ST-SRM gives two times more torque than
conventional SRM for the same input and design parameters.
The summarized results which are both obtained from
analytical calculations and design parameters are shown in
Table I1.

TABLE Il. COMPARISON VARIABLES.

Novel Conventional
Parameter ST- SRM
SRM
Maximum torque at 5 A (Nm) 2.34 1.15
Active M530-50A silicon steel weight (kg) 9.90 11.47
Aluminum block weight (kg) 0.71 -
Maximum inductance (mH) 67.91 33.39
Resistance per phase (ohm) 0.56 0.56
Magnetic field energy at 5 A (Joule) 0.848 0.417
Torque/weight ratio (Nm/kg) 0.22 0.1
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