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Abstract: SRM has become an attractive alternative in adjustable speed drive due to its simplicity in both motor
construction and power converter, and vibration that causes acoustic noise in SRM have generated intense interest
from the time it became commercially competitive with dc and ac drives. Basically, there are two conventional ways
to reduce the noise: optimize the physical structure of the motor, or, choose appropriate control strategies. In this paper,
a new method is proposed to combine these two optimization ways together: harmony optimization of SRM. Physical
design is mainly aiming at the back iron thickness and the air gap length of the motor. Control optimization is about
the control mode, turn-on and the turn-off angle which affects the power factor strongly. Based on the same cooper
losses, the mathematics analysis and finite element simulation are carried out. The results show that the harmony
optimization will reduce the vibration and torque ripple in a large extent without extra power losses.
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1. Introduction

The switched reluctance motor (SRM) drives for in-
dustrial applications are of recent origin. Because of
its simple structure and easy operation, the SRM can
be an ideal alternative for other motors if its problems
can be solved [1]. Serious acoustic noise caused by
the torque ripple is still a primary reason for the SRM
to be unacceptable in variable speed drive market [2].
Moreover, the construction of the SRM presents op-
portune circumstances to generate acoustic noise due
to its specific magnetic configurations and manufac-
turing tolerances. The smallest air gap is designed to
maximize torque and power output. Fewer poles, to-
gether with uneven machining or punching of diamet-
rically opposite poles create uneven magnetic pull in
the radial direction. Meanwhile acoustic noise prob-
lem is exacerbated. In addition to these manufacturing

tolerances and magnetic shapes, converter and controller-

related events, such as the drastic variation in rate of

fall current in the machine phases by applying dc source
voltage of negative polarity, results in immense ra-
dial vibrations. Negative voltage is applied to turn the
faster current off to avoid generating torque of oppo-
site polarity that is undesirable for the quadrant of op-
eration of the SRM as it reduces the average torque.
An understanding of many of these factors developed
in the last few years led to many ameliorative mea-
sures in the design of the SRM and in its control [3-
6]. Generally, there exist two ways to reduce the mo-
tor vibration and to eliminate the torque ripple: opti-
mize the physical structure of the motor when design-
ing the SRM; choose the appropriate control strategy.
And, the conventional ways are always treated sepa-
rately. The relationship between the motor’s physical
dimensions and excitation conditions is implicitly or
not explicitly established [7,8]. In this paper, a new
method is proposed to combine the two conventional
optimization ways together, that is, a harmony opti-
mization of SRM. The physical optimization is pri-
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marily aiming at the back iron thickness b, and the
air gap length /,. The relationships between back iron
thickness and the motor’s natural frequency, air gap
length and the radial force are analyzed; the motor’s
output torque and the radial forces with variation di-
mension are simulated by using finite element soft-
ware. And on the basis of these physical design analy-
ses, control modes of the SRM including single phase
excited, and the double phase excited and appropri-
ate control strategy including the turn-on and turn-off
angle are discussed under either the PWM operations
or current limited control. The best switching point is
selected with reference to a suitable motor dimension;
it is approved that harmony optimization will reduce
the vibration and torque ripple in a large extent with-
out extra power losses. This work lays the foundation
of designing higher performance of the SRM drive.

2. SRM physical dimension parametric anal-
ysis

The construction of the SRM presents opportune cir-
cumstances to generate acoustic noise due to its spe-
cific magnetic configurations and manufacturing tol-
erances. A qualitative design measures can be im-
plemented at the design stage of SRM to reduce the
noise effectively. The general optimization process
adopted for SRM has been illustrated well by Tang
[9] and is shown in Fig.1. And, the physical opti-
mization design of switched reluctance machine has
been attempted under the following categories: shape
modification through choice of geometrical parame-
ters; deterministic methods; soft computing methods.

Performance analysis of the SRM requires the di-
mensions for stator and rotor laminations, winding de-
tails, pole numbers, and pole arcs. An approximate
sizing of the SRM is obtained using a power out put
equation and the resulting machine dimensions form
the starting point in optimization design analysis. Here,
the dimension parametric analysis is employed and
the performance of the prototype motor in finite el-
ement software Maxwell 2D package is calculated.

As the Static characteristics form the foundation of
motor design, in order to obtain static magnetization
characteristics, it is assumed that an ideal square cur-
rent pulse applied, the motor’s speed is sufficiently
low and the SRM with one phase excited at any ro-
tor position.

The entire excitation cycle is 60" and the phase cur-
rent conduction period is 30°. The excitation sequence
in the four-phase motor is shown in Fig. 2. Phase cur-
rent pulse is used as abscissa; rotor position is used as
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Figure 1. General design optimization process for SRM
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Figure 2. Excitation sequences in motor

coordinates [10].

The dimensions parameters discussed here are mainly
about the back iron thickness by, air gap [y, and other
relevant dimensions including the stator outer diame-
ter Dy, stator pole height Hy, rotor outer diameter 7,
stator pole width @,. The relevant dimensions of the
SRM are shown in Fig. 3.

2.1 Back iron thickness parametric analysis

It is critical to know the frequencies at which vari-
ous components of the radial force frequencies coin-
cide with the natural frequency of the machine to gen-
erate resonance, leading to an increase in the acous-
tic noise. The stator of the machine has its own nat-
ural frequency. And similar to other machines, the
SRM has radial forces producing vibrations that re-
sult in acoustic noise. This is mostly at the fundamen-
tal mode frequency of the SRM structure. If the phase
frequency or its odd harmonics coincide with that of
the SRM, then a resonance occurs, resulting in peak-
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Figure 3. Relevant dimensions of the SRM

ing of stator vibration. The phase frequency is:

o
2n

fo=(G)P )
Where @, is the speed in rads/sec and P, is the num-
ber of rotor poles. Vibration is maximum if any of the

frequencies,
fu=nfpn=1357,.. o)

are coincident with the natural frequency f of the sta-
tor. Vibrations seem to diminish for even harmonics
of phase frequency coinciding with natural frequency
f of the SRM structure. Then, to control the acoustic
noise, the natural mode frequency of the motor has to
be evaluated [11,12].

Assuming the stator lamination stack as a uniform
cylindrical shell, whose thickness is by, that is the back
iron thickness, and the stack length is L. When a verti-
cal load w is applied on this ring structure, a deflection
result makes the ring distort into an ellipse. Due to the
load application, the potential energy must be equal
to the kinetic energy arising out of the deflection for
energy conservation of the structure. From this, the
angular natural frequency can be obtained as:

2 E D’
o= 12%(1—72)(%—%)(5)(5) )

where 7 is the poisson ratio, p is the mass density
of the material, 7, is the geometric mean radius of the
stator shell, E is the modulus of elasticity [13,14].

From Egs.(1) and (3), it can be seen that the fun-
damental mode frequency is primarily influenced by
back iron thickness and to a lesser extent by the outer
diameter of the stator lamination. For that, when we

design a SRM, the outer diameter of the motor is al-
ways a constant for a given power and speed in indus-
trial production. This leaves the back iron thickness
as an important design parameter.

From Eq.(3), it is obvious that a higher thickness is
favorable as it increases the first mode frequency, thus
the resonance which results in peaking of stator vi-
bration can be avoid effectively. Also, a higher thick-
ness gives higher mechanical strength which restrains
the stator’s distortion caused by the radial force. The
penalty of a higher thickness then is a large back iron
thickness that increases the weight, current density
and copper losses but reduces the available area for
windings. In the design process a tradeoff has to be
achieved. The stator back iron thickness by is based on
the maximum flux density in it and by the additional
factor of vibration minimization to reduce acoustic
noise. Always, b has a value in the range of:

sp > by > 0.50,p 4)

To dig the relationship between the back iron thick-
ness and output performance of a SRM, a finite ele-
ment model of the prototype motor is created in Maxwell
2D package. The motor’s specifications are given in
Table 1.

Table 1. Specifications of SRM prototype

Item Prototype

No. of phase 4

No. of stator/rotor poles 8/6

Stator outer diameter[mm)] 145

Rotor outer diameter[mm)] 79.5
Back iron thickness[mm] 14
Stator pole arc[degree] 21
Rotor pole are[degree] 24

Air-gap length[mm] 0.25
Winding (turns per pole) 72
Rated torque (N.m) 7

The motor is excited in one phase current conduc-
tion period 30° with an ideal square current pulse as
seen in Fig.2. The back iron thickness of the motor
is varied from @;, to 0.5@,, with an equal interval of
2mm. This variation of back iron thickness results in
a corresponding change in the stator pole height while
there are enough space for the winding arrangement.
Other parameters of the motor are held constant.

Fig.4. is the parametric analysis setup in the soft-
ware, where the initial dimension of the b is 14mm.
And with an equal interval of 2mm, b, changes from
14mm to 7mm. Fig.5. is the family curves of output
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Figure 4. Parametric analysis setup
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Figure 5. Static torque versus rotor position curves

torque with different back iron thickness, where the
simulation result illustrates that a bigger b, tends to
increase the motor’s output and that the b; not only
affects the torque output but also controls the shape
of the static torque profile. A curve colors red has a
departure when the stator back iron thickness by is too
small thus the stator yoke is heavily saturated. In this
case a flatter torque versus angle characteristic may be
achieved by compromising the back iron thickness.

2.2 Air gap length parametric analysis

Air gap length is an important design parameter of
SRM. The magnetic flux in the machine passes across
the air gap in an approximate radial direction produc-
ing radial forces on the stator and rotor, resulting in
magnetic noise and vibrations. The radial forces in
the SRM are directly proportional to the square of the
flux density in the air gap, assuming that the iron is
infinitely permeable and has zero reluctance which
leaves only the air gap to provide reluctance in the
circuit.

The air gap flux density at a given stator and rotor
pole overlap angle 6, air gap /g, and current i is given
as

be(0,1,,1)

. Let r be the outer radius of the rotor, L be the stack
length or iron length in the z direction, T ph be the
number of turns in one phase of the machine, i be
the current in the winding, Hg be the magnetic field
strength, ® be the flux, and Ly be the permeability of
air, then the variables are derived as:

. o Tyni
Bg(evlgvl):m:HOH :”0;;: )
l, ®
Tppi = —4——
pht uoLr 6 ©)

The incremental electrical input energy dWe is given
by:

. , , l, ®
dw, = id) = id(Typ®) = Tpid® = ﬁgdCD (7)

The stored energy in the magnetic field dWs is

B l,LrO

l, @2
W, =
2Ho

- Z;LorL?

B3(0,1,.0)

®)

where the term [,Lr@ gives the volume of the air
gap contained by the stator and rotor pole overlap.
Note that 0 gives the arc of the overlapping region
between the stator and rotor poles. The energy bal-
ance equation neglecting losses is:

dW, = dW; +dWw,, 9

where dWm is the incremental mechanical energy
and dWs is the incremental field energy. To find the
tangential, radial, and lateral forces, note that the in-
cremental field energy for that directional variable has
to be taken and substituted in Eq.(9). As the electrical
input energy is given in Eq.(7), the mechanical energy
is computed by subtracting the incremental field en-
ergy from the incremental input energy [15-17].

The incremental field energy is obtained from Eq.(8)
as:

W l, @ ly

P
L —dd (10)

HoLr 0

The second term on the right side of Eq.(10) is based
on the fact that ® is the air gap flux density and that it
is a function of rotor position, [, and i.

Substitute Egs.(7) and (10) in Eq.(9), the incremen-
tal mechanical energy is obtained as:

L PP
N 2uoLr 02

AWy, (11)
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Then the tangential torque is obtained as:

AW, Ly D L

T de T 2uoLr 62 2u

B3(0,1,i) (12)

Therefore, the tangential force is obtained by divid-
ing the tangential torque by the radius of the rotor
pole, yielding:

T L, . .

F = P %Bg(ealg’l) (13)

The radial force in the direction of the air gap is ob-

tained from considering the incremental field energy

with respect to the air gap and the incremental me-
chanical energy as:

dw,, = —2“1qu;2dlg (14)
and the radial force is :
g W 1@ THIOTE
dl, 2uy 6 212
Similarly, the lateral force can be derived as:
F,= lzg;fBg(e,zg,i) (16)

From the equations above, it can be stated that lat-
eral force and tangential force are of similar magni-
tude but the radial force is not. From Egs.(13) and
(15), the ratio between the radial force and tangential
force is:

F,
B __r8 (17)
E

The rotor angle can be assumed to be equal to the
one-phase conduction angle which in terms of the ro-
tor and stator poles is given as:

- 47
- BP,

0 (18)
where Pg and P, are the number of stator and rotor
poles.

From the analytical expression, an obvious way to
reduce noise would be to reduce the flux density by
enlarging the air gap. Also a larger air gap is pre-
ferred from the manufacturing points of view. It is
clear that a large air gap length is preferred in a rea-
sonable range.
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Figure 6. Radial forces versus rotor position curves
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Figure 7. Static torque versus rotor position curves

Again, a finite element model of the prototype mo-
tor is created in Maxwell 2D package. The specifica-
tion of the motor is given in Table 1. In one conduc-
tion period 30°, the ideal square current pulse is ap-
plied to one phase winding. The motor’s radial force
and the output torque with a series air gap value are
calculated with the same current.

Considering the mechanical robustness and the min-
imization of vibration, the air gap could have a value
in the range of 0.25 to 0.5. Fig.6 and Fig.7 are the
family curves of radial forces and the output torque
with variation of air gaps.

Fig. 6 is the family curves of radial forces versus
rotor position. It can be seen that radial force is a
large magnitude value of thousands Newton. As the
air gap increases from 0.25mm to 0.5mm, the radial
force reduces from 23.3kN.m to 19.2KN.m. The drop
of radial force gradually grows as the rotor pole ro-
tates to the aligned position. At the aligned position
particularly, the motor with a 0.5mm air gap could
reduce 400N.m (almost 20%) radial force compared
with a 0.25mm air gap length. In this way, the sta-
tor’s distortion can be mitigated effectively. But no-
tice that the smallest air gap can maximize the torque
and the power output of the motor. Fig.7 compares
the static torque produced by the motor with different
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air gap length. The static torque rises from 8.2N.m
to 10.8N.m when air gap decreases from 0.5mm to
0.25mm. In this case, it is necessary to make a trade-
off according to the practical needs.

3. Harmony optimization of physical design
and control strategy of SRM

Conventional control category of the SRM is either
the single phase excited mode or the double phase ex-
cited mode under either the PWM operations or cur-
rent limited control [18]. The double phase excited
mode is always used in the odd phase circuit. Com-
paring with the single phase excited mode, the ad-
vantage of the double phase excited mode can make
a significant improvement in torque production and a
reduction in torque ripple to the motor. But consid-
ering the commutation freewheeling of current in the
windings, part of the electrifying windings produce
a negative torque, thus the complexity of controlling
loops increases [19][20]. Besides, as the rotor poles
rotate to the aligned position, the high flux density in
the iron will bring a significant impact on the motor:
increase the motor losses and reduce the efficiency.
Here, an improved double excited mode is presented
which can be applied to any type of the SRM, that is,
a mix-excited mode.

It is known that vibration is much nearer to the aligned

position comparing with the unaligned position. Turn-
ing off before full alignment reduces vibrations. And

by commutating the current before alignment, the deeply

saturated stator yoke is relieved magnetically. It’s bet-
ter to make a turn-off before full alignment under dou-
ble phase excited working mode.

Based on the analysis in the previous section, the
choice of appropriate back iron thickness and air gap
with a good switching point under double phase ex-
cited working mode can extend the flat torque period
and reduce the core loss. A four-phased 8/6 SRM with
optimized structure working under different control
mode is simulated for harmony optimization. The re-
sults of the motor’s output performance are compared
in Fig. 8, Fig. 9 and Fig. 10.

As shown in Fig. 8, Fig. 9, Fig. 10, the red line is
the performance of one phase excited working mode
with the initial motor structure, the green line is the
performance of two phases excited working mode with
the initial motor structure, and the blue line is the
mix-excited working mode with an optimization mo-
tor structure.

The harmony optimization process is: optimize the
physical structure of the motor, especially aiming at
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the air gap and back iron thickness; calculate the flux
density of the aligned position with double excited
mode and choose an advanced switching point based
on the iron material properties point which can avoid
the saturation in the iron of the yoke.

It can be seen that by enlarging the air gap length
to 0.35mm and the back iron thickness to 15mm, op-
erating the machine at an optimum switching point of
22° with the same excitation current under mix-excite
mode, both the output torque and the output power
have greatly increased. And when the motor is op-
erated below 8000rpm, the optimized motor has the
highest efficiency. In a practical motor, if a photoelec-
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Figure 10. Efficiency versus speed
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tric encoder position feedback arrangement is used, a
precise tiny angle resolution could be available to have
the accurate switching point.

4. Conclusion

This paper presents a new method to optimize the
SRM: a harmony optimization method which com-
bines the physical dimension design and control strat-
egy together. Detailed investigations and simulations
have been carried out to analyze the relationships be-
tween dimensions and the motor’s output performance.
Especially, discussions are focused on the air gap and
the back iron thickness. It is approved that a smooth
torque characteristic can be achieved by careful selec-
tion of the motor’s back iron thickness, and that the
radial force of the motor can be greatly reduced if the
air gap is perfect. By analyzing the different control
mode, the best switching point is selected with ref-
erence to the suitable motor dimension. The simula-
tion shows that the choice of appropriate stator back
iron thickness and air gap length coupled with perfect
switching point will not only reduce the vibration and
torque ripple to a large extent but also improve the mo-
tor’s output performance without extra power losses.
Comparing mix-excited mode with the single phase
excited mode, the starting torque has increased 70%,
the rated torque has increased 100%, and the output
power has increased 60% at the rated speed. When
the speed is less than 3800rpm, both efficiencies are
equal; when the speed goes up to 3800rpm, the mix-
excited mode exceeds. Comparing mix-excited mode
with double excited mode, the starting torque has in-
creased 36%, the rated torque has increased 10%, and
the output power has increased 20% at the rated speed.
And below 7000rpm, the efficiency of the motor un-
der mix-excited working mode is much higher. Note
that all the simulations above are based on the same
winding current.

It is verified that the SRM performance can be im-
proved efficiently. This method discussed in this pa-
per lays the foundation of designing higher perfor-
mance of SRM and its significant value symbolizes
the real meaning of innovation.
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