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Model, Analysis and Application of Tubular
Linear Switched Reluctance Actuator for
Linear Compressors

Abstract— The tubular linear switched reluctance
actuator (TLSRA) is presented in this paper, to propel
linear compressors with oscillatory motion. The proposed
TLSRA possess the advantages of higher force density and
shorter magnetic flux paths in comparison with
conventional LSRAs, and are much suitable for
applications to reciprocating oscillation due to absence of
any coils and magnets on mover in comparison with linear
actuators with moveable permanent magnets. The
analytical expression of gap permeance is proposed for
fast machine design and optimization. The designed thrust
force characteristics are verified by FEA and the
experiment. The dynamic model of the linear compressor
propelled by the proposed TLSRA is presented. The
simulated and experimental results demonstrate that the
developed TLSRA can be applied to linear oscillatory
motion and that the developed linear compressor propelled
by the proposed TLSRA is effective and feasible.

Index Terms— Linear actuators, linear compressors,
oscillatory motion, switched reluctance drives.

I. INTRODUCTION

INEAR reciprocating motion is required in some

applications, such as pumps and compressors in
refrigeration. As known well, a piston in conventional
reciprocating pumps or compressors is usually driven by a
rotary motor via a crank. This linear motion mechanism from
rotary motor to crank-shaft results in more mechanical loss.
Consequently, the system efficiency of linear compressors is
low. The reciprocating piston is able to be directly driven by a
linear actuator coupled with the resonant spring. The
direct-drive solutions to the problem of the cylinder-wall
wearing caused by the crank side force in conventional
reciprocating compressors were reported and the whole system
efficiency can be considerably improved. In previous studies,

linear permanent magnet actuators are used to directly to drive
linear compressors [1]-[8]. In [1], the numerical techniques to
calculate coil inductance and magnet/coil coupling for arbitrary
turn placement are presented for the design of air-core tubular
linear electric drives, in which a permanent magnet (PM)
moves relative to an air-core coil. The transverse-flux
moving-magnet linear oscillatory actuator for a compressor is
proposed in [2]. The reference [3] presents a new hybrid model
and a testing sequence to characterize a small PM oscillatory
motor for compressor-like applications, in which the radially
magnetized tubular-shaped PM is on the axially moving parts.
The overview of linear electric actuator and generator
topologies,  applications  performance and  design
methodologies are presented in [4], including linear induction
actuators, linear synchronous PM actuators, DC brush linear
actuators, moving coil PM linear actuators, Sawyer linear
motors, linear solenoid actuators, and linear-oscillatory
actuators. In [5], the single-phase, tubular moving-magnet
motor with homopolar radially magnetized magnets and
stationary back-iron is proposed for applications of linear
compressors. The reference [6] presents the computation of the
thrust forces for permanent magnet transverse flux linear
oscillating actuators with moving magnet. In [7], the
permanent-magnet linear actuator for static and reciprocating
short-stroke electromechanical systems is proposed, in which
PMs are on the stator. However, the efficiency is low due to
absence of a laminated magnetic circuit and the structure of the
actuator is complicated. The moving-magnetic linear actuator is
also proposed in [8]. A common feature of typical linear PM
actuators discussed in those studies is that permanent magnets
on movers/translators have to be moveable. Thus, those
actuators result in complicated construction and high cost due
to moveable permanent magnets, potential unreliability and
possibly reduced lifetime due to frequently reciprocating shock
to the mover/translator with permanent magnets. In this paper,
the tubular linear switched reluctance actuator (TLSRA) is
proposed to directly drive pumps or compressors. Without any
coils or permanent magnets on the movers/translators, the
proposed actuator is much suitable for applications of
reciprocating oscillation. The simulated and experimental
results in this paper will demonstrate that the TLSRA can be
applied to linear compressors.

The organization of this paper is described as follows. In the
section |1, the model of linear compressors and the requirement
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on the actuator force will be presented. Next, the proposed
linear switched reluctance actuator with the tubular topology
will be described, the analytical expression of gap permeance
will be proposed, and the designed and experimental results
will be shown in the section Ill. In the section 1V, then, the
model and experimental set-up of the linear compressor
propelled by the proposed TLSRA will be presented.
Furthermore, the simulated and experimental results will testify
the proposed TLSRA. Finally, the paper will be concluded in
the section V.

Il. LINEAR COMPRESSORS PROPELLED BY LINEAR
ACTUATOR

In applications of linear compressors, a linear actuator
couples generally with a spring mechanically in parallel and the
spring should work under resonance to provide the maximum
propelling force and the maximum operating efficiency, as
shown in Fig. 1a, where the spring is connected mechanically to
the piston in parallel. The model of the system is illustrated in
Fig. 1b.

Referring to Fig 1b, the motion equation can be given as

mX = Fg — (¢; + ¢5)X — (ks + ky )X )
Consequently, the thrust force provided by the linear actuator
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(a) Schematic structure of a linear compressor driven by a linear
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.

ks'
AN

Fi~ m

(b) Model of a linear compressor driven by a linear actuator

P

A 2Discharge3
Py

|

. ) |

Compress Expansionf i

|

]

|

1 Suction 4 !

7 - |

T Py L
! - ; X

‘Xamp O Xnmp

(c) Schematic diagram of a compression stroke
Fig. 1. Typical linear compressors driven by linear actuators

is expressed as
Fio =mX + (c; + ¢5)X + (kg + kg )X %)

where Fia is the thrust force provided by the linear actuator, m
the mass of all the motion parts, ks the spring stiffness, cr the
friction damping coefficient, X the displacement of the piston,
X the velocity of the piston, X'the acceleration of the piston, kg
the equivalent stiffness of the compressed gas, and c4 the
equivalent viscous damping coefficient of the piston. kg, Cr, Cq
and the part of m in Fig. 1b arise from the linear compressor.

If the system runs under resonance, the resonant frequency is
computed as [18]-[21]

kstkg

fr =" @)

21

The displacement of the piston should be the sinusoidal
function with respect to the time if the spring operates under
resonance, expressed as

X = X,, sin(2rf,.t) @)

where X is the amplitude of the sinusoidal displacement , and t
is the time.

Applying (4) to (2), the thrust force of the linear actuator is
computed as

F,= Zﬂ]Cer(Cf + cg) cos(2nf,t) (5)

In order that the linear actuator outputs the thrust shown in
(5), the coil current can be given as

ic = f(Fq) (6)

where the function (f) depends on the current-force
characteristics of the linear actuator.

It can be observed from (5) that the thrust force provided by
the linear actuator is required to be the cosine function of the
time if the displacement is sinusoidal and the mechanical spring
works under resonance. Furthermore, the frequency of the coil
current should be equal to the resonant frequency as the
frequency of the actuator force depends on the one of the coil
current. In addition, it can be seen from (4) and (5) that the
actuator force is equal to the force amplitude at the balance
position of the piston (X=0) and thus the actuator force at the
balance position must meet the requirement of the force
amplitude in the electromagnetic design of the linear actuator.
The schematic diagram is shown in Fig. 1c, where Py is the
discharge pressure, Ps the suction pressure, and p the pressure.

I1l. PROPOSED TUBULAR LINEAR SWITCHED RELUCTANCE
ACTUATOR

A. Structure of Proposed TLSRA

Conventional linear switched reluctance actuators (LSRAS)
have the longitudinal magnetic structures [9]-[14]. In [15], the
authors present the single-phase linear tubular switched
reluctance motor and their study shows that the tubular linear
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switched reluctance motor has the higher electromagnetic
thrust force, the higher average thrust force per unit volume and
the higher average thrust force per unit mass than conventional
linear switched reluctance motors.

The TLSRA proposed in this paper possesses not only the
longitudinal magnetic structure but also the transverse
magnetic structure. For the proposed TLSRA, the transverse
magnetic paths mainly exist in the stator cores and the mover
cores and consist of four parts (¢:-¢s) as shown in Fig. 2a. The
longitudinal magnetic paths exist mainly in the air gap if the
stator poles are unaligned with the mover poles, as shown in
Fig. 2b. It can be seen that there are two independent magnetic
circuits. One of which consists of the stator core SA, the mover
core MA, the stator winding WA and the air gap, and the other
consists of the stator core SB, the mover core MB, the stator
winding WB and the air gap, as shown in Fig. 2b. Thus, there
are two stator windings and two stator cores, each stator core
has four poles, and there is a coil on a pole. A stator winding
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(b) Schematic diagram of longitudinal magnetic paths
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(c) Schematic diagram of converter circuit
Fig. 2. Proposed tubular linear switched reluctance actuators

consists of four coils connected in series or parallel. The
converter circuit connected to two stator windings is shown in
Fig. 2c, where lac is the current path if the winding WA is
charged and laq¢ is the current path if the winding WA
discharges.

Two stator windings are excited alternately in order that the
mover moves to and fro. Changing the frequency of two
winding currents, the resonant frequency can be traced.
Regulating the magnitude of the exciting current, the travelled
range of the mover can be changed [16]. In this study, the linear
compressor requires the short travel range and consequently
two phase windings are selected. For the applications of long
travel range, multi-phase windings may be selected. Taking
into account that the 4-pole structure has the more symmetrical
distribution of radial force than the 2-pole structure, the 4-pole
structure is used in this study.

Compared with linear PM actuators [1]-[8][18]-[21], it can be
seen that the proposed TLSRA possesses the simple and robust
configuration. Furthermore, there are no any both coils and
magnets on the mover. Therefore, it has the lower cost and
should be more suitable for applications of reciprocating
motion. In comparison with conventional LSRAs [9]-[14], in
addition, the proposed TLSRA has higher thrust force density
and shorter magnetic flux paths. Clearly, for the same force
output and the same dimensions, it can be predicted that the loss
of the proposed TLSRA should be less than that of
conventional LSRAs and the efficiency of the proposed
TLSRA should be more than that of conventional LSRAS, due
to the higher force density [15].

B. Key Design Equations

The magnetic gap resistance changes only with the mover
displacement and has the great effect on the thrust force. Thus,
parameter in the

the gap resistance is the crucial

(a) Equivalent magnetic circuit
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(b) Flowchart of TLSRA design
Fig. 3. Design schematic of TLSRA

electromagnetic design of the TLSRA. In general, the gap
permeance at the special positions can be calculated
analytically, such as the maximum gap permeance and the
minimum gap permeance [10]. Consequently, it is difficult to
compute the full force characteristics and the average force has
to be computed rough to evaluate the force output in the
conventional electromagnetic design. An analytical model of
the gap permeance is presented in [17]. However, it results in
the large error in the force computation.

Assuming that the displacement of the mover is zero if the
stator pole is aligned with the mover pole in the longitudinal
direction, the analytical expression of the magnetic gap
reluctance is proposed as

2
Ry(x) = — (7
a= Pgmax + Pgmin (8)
b= # (Pgmax - Pgmin) 9)

¢ = cos [:—d (x+ xo)] + 0.05cos [i—: (x+ xo)] (10)

where x represents the displacement of the mover, Pgnax the
maximum gap permeance, Pgyi» the minimum gap permeance,
x4 the distance between the position with the maximum gap
permeance and the position with the minimum gap permeance,
a, b, ¢ and x the intermediate variables, xo=(x4-Wyp)/2, and W,
the width of the mover pole.

The equivalent magnetic circuit and the design flowchart are
illustrated in Fig. 3, respectively. Referring to Fig. 3a, the flux
excited by the coil current can be expressed as

_ 2(2—ky1)AstNci

¢ - (11)

d= let/ﬂst + ZlmtAst/.umtAmt + lsyAst/ZMsyAsy +
lmyAst/ZﬂmyAmy + ZASth (X)
(12)

where ku represents the magnetic leakage factor, Ay the
equivalent area of the stator tooth path, N, the number of the
coil turns, i the coil current, [, the equivalent length of the stator
tooth path, s the magnetic permeability of the stator tooth path,
In the equivalent length of the mover tooth path, g, the
magnetic permeability of the mover tooth path, A, the
equivalent area of the mover tooth path, /;, the equivalent length
of the stator yoke path, i, the magnetic permeability of the
stator yoke path, 4, the equivalent area of the stator yoke path,
Iny the equivalent length of the mover yoke path, g, the
magnetic permeability of the mover yoke path, and 4, the
equivalent area of the mover yoke path.
The co-energy of the actuator is computed as

W'(i,x) = f,(NyNep)di (13)

where Ny, represents the number of the stator teeth.
Thus, the thrust force of the actuator can be expressed as
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(a) Computed and measured thrust force characteristics (solid:
experiment; dotted: FEA)
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(b) Flux linkage characteristics computed by FEA
Fig. 5. Computed and measured characteristics of developed TLSRA
prototype

AW (izx)

fia(i,x) = (14)

ox i=constant

where f;,=0 if x=0.

C. Experimental Verification

The main parameters of the developed TLSRA prototype are
described in Table 1. The photo of the developed TLSRA
prototype TLSRA is shown in Fig. 4.

The computed and measured characteristics of the developed
TLSRA prototype are illustrated in Fig. 5. Referring to Fig.5a,
the motion range of the mover can be selected from the position
of 0.005 m to the one of 0.025 m in order to have the
approximately constant force for a specified current.

| | |
0 0.005 0.015 0.25
I I
I |
I |

> X (m)

! -
-0.01 7] oo~ X (m)

(a) o: aligned position of mover and O: balance position of piston
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(b) Comparison between design objective, design computation and
experiment at rated current
Fig. 6. Schematic diagram to select travelled range of piston

Furthermore, it can be seen that the force curves computed by
using FEA (the dotted curves) are considerably consistent with
the measured ones (the solid curves) in the selected motion
range. Thus, the balance position of the piston (X=0, seeing (4))
is the one, at which the mover displacement is equal to 0.015m
and the thrust force amplitude is more than 80 N. Hence the
mover is able to move by £0.01 m, as shown in Fig. 6a. Fig. 6b
shows the force distribution at the rated current and the design
objective of the thrust force, which is the quasi-cosine function
of the piston position and calculated from (4)-(5). It is obvious
that the design meets the force requirement. It can be seen from
Fig. 6b that the designed and measured values of the thrust
force are more than the required objective of the thrust force.
Consequently, the real thrust force can meet the required
objective of the thrust force via the current control. Therefore,
the results shown in Figs. 5-6 verify that the developed TLSRA
prototype is effective and feasible, and matches the design
requirement.

IV. SIMULATION AND EXPERIMENT OF LINEAR
COMPRESSOR PROPELLED BY DEVELOPED TLSRA

A.Dynamic Model

The proposed linear compressor system includes the TLSRA,
the resonant spring, the piston and the cylinder. The control
scheme of the linear compressor is illustrated in Fig. 7. The
temperature controller is used to generate the required force
amplitude based on the temperature reference and the actual
temperature for keeping the actual temperature to trace the
temperature reference. The temperature reference indicates the
temperature instruction entered by a person and the actual
temperature indicates the one measured by the device, such an
air-conditioner. In this study, the temperature step is neglected
and the force reference is given directly. The estimator of the
input power is used to estimate the DC input power based on

Actual temperature —— Ab%dr —— Temperature reference

| Temperature controller :

Estimator of force reference |<—

Force-current converter

Current controller

PWM control signal

Controller of
resonant frequency

Estimator of input power

TLSRA converter

Acquired current

Fig. 7. Control scheme of linear compressor system
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the acquired DC current. The controller of resonant frequency
is used to find the resonant frequency of the spring based on the
estimation of the input power. From the required force
amplitude and the resonant frequency, the estimator of the force
reference is used to generate the instantaneous force reference.
The estimator of the force-current converter is used to compute
the current reference from the force reference. The current
controller is used to generate the PWM control signals for
regulating the actual current via the TLSRA converter to trace
the current reference. For the simulation, the required force
amplitude will be given.

Except for (1) and (3), thus, the remaining equations of the
dynamic system model are given as

Frer = Fy cos(2mf,t) (15)
. 2
lref:CO+C1(Fref_F0)+C2(Fref_F0) +C3(Fref_

3 4
Fo) + c4(Frep — Fy) (16)
do _ ,
Fr Vw — Twlw 17)
@ = fo(iw, %) (18)
Fiq = fr(iw,x) (19)
. 100 T T T
=
o _100 1 1 L
0 0.05 0.1 0.15 02
1 T T T
< osf g
— 0 1 L
10 0.05 0.1 0.15 02
= g5l ———Winding1
> WYYYAVYYYYYYYY Y —— vinon
0 0.05 0.1 0.15 02
_1m : : :
M VAYAVAYAVAVAVAVAVA
w _100 1 1 L
0 0.05 0.1 0.15 02
_Doisp : : : .
£ OW
Pt o ]
-0.015 . ! L
0 0.05 0.1 0.15 02
Time (s}

(a) During start

=
=]

3
L _100 1 1 L
1‘1 8 1.85 19 195 Z
— 0 1 L
1‘1 8 18 19 195 z
= 05F — Winding1 |4
—F 0 / ) — Winding2
1.8 1.85 19 195 z
. 1oo T T T
I AVAVAVAVAVAVAVAVAYA
w 7100 1 1 L
1.8 1.85 19 1.95 2
;s T T T .
00158 L 1 ! J
1.8 1.85 19 195 2

(b) During steady-state

Fig. 8. Simulated waveforms of force reference, current reference, real
winding current, thrust force produced by TLSRA, and piston
displacement

where Fet is the force reference, Fn is the amplitude of the force
reference, t is the time, ir is the winding current reference, co,
C1, C2, C3, Cs and Fo are the constants that are computed by using
the least square algorithm, ¢ is the winding flux linkage that is
computed by using FEA, vy, is the voltage across the winding,
rw is the winding resistance, iw is the winding current, and x is
the position of the actuator mover.

B.Simulated Results

Based on the proposed control scheme and the dynamic
model, the linear compressor propelled by the proposed
TLSRA can be simulated and studied. The simulated results are
illustrated in Fig. 8, where F represents the force reference for
generating the current reference, I the current reference for
controlling the actual winding current, Iy, the actual winding
current, Fia the actual thrust force produced by the TLSRA, and
X the displacement of the piston. In the simulation, it is
assumed that the spring operates under resonance. Thus, the
given force reference is computed from (15), as shown in the
first diagram of Fig. 8a. Next, the current reference is computed
from (16), as shown in the second diagram of Fig.8a. Then, the
current controller is used to compute the PWM control output
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Fig. 9. Simulated waveforms of voltage, flux linkage, real winding
current, and DC link current
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to the converter. After that, the TLSRA is simulated based on
(1), (17)-(19) and the winding current, the TLSRA force and
the displacement are simulated, as shown in the diagrams from
the third to fifth ones of Fig. 8a. Fig. 8a illustrates the operation
during the start, when the amplitude of the mover motion is
increasing from 0 to large. Fig. 8b depicts the operation during
the steady state, when the amplitude of the mover motion is the
constant. The required force reference is the cosine function to
the time as shown in (5) and thus the required current reference
is the quasi-cosine function to the time due to the nonlinear
relationship between the force and the current as shown in (16).
Thereby, the PWM control is required to regulate the current
via the converter for implementing the quasi-cosine current
distribution to the time. Referring Fig. 8a, during the start, the
amplitude of the mover motion changes from 0 to large and
hence the operation is under dynamic state. Consequently, the
actual force waveforms and the actual current waveforms are
non-cosine shapes although the force reference is the cosine
waveform and the current reference is the quasi-cosine
waveform. In Fig. 8b, the amplitude of the mover motion does
not change and the operation is under steady state. It can be
seen from Fig. 8 that (a) the force reference changes in the form
of cosine, (b) the current reference varies in the form of
quasi-cosine since there is the nonlinear relationship between
the force reference and the current reference, (c) both the actual
current and the actual thrust force change in the form of
quasi-cosine, and (d) the displacement of the piston varies in
the form of sine and the amplitude of the piston increases from
0to0 0.01 m.

Fig. 9 depicts the simulated waveforms of the voltage across
the windings, the flux linkage, the winding current, and the DC
link current. It can be seen from Fig. 9 that (a) the voltage
across two windings is controlled by the PWM control signal of
the current controller such that the winding current is able to
trace the current reference, and (b) there are the positive and
negative DC link currents, which indicate that the electric
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(b) Schematic diagram to test discharge pressure
Fig. 10. Schematic diagrams of experimental set-up for linear
compressor propelled by TLSRA

energy arising from the TLSRA generation can be absorbed by
the DC link and the system efficiency is improved. Furthermore,
the displacement of the piston changes with the force reference.
Consequently, the discharge pressure of the linear compressor
can be regulated.

C.Experiment

The set-up of the linear compressor propelled by the
proposed TLSRA is constructed, as shown in Fig 10a. The
schematic structure of the linear compressor system includes
the compressor controller, the TLSRA, the mechanical springs,
the piston, the cylinder, the suction and discharge valves. The
compressor controller consists of the DSP circuit, DC supply
circuit, driver circuit, sampling-current circuit, AC-DC rectifier
circuit, and TLSRA converter circuit. The DSP circuit is used
to receive the acquired current and the input instruction, to
execute the computation, and to generate PWM control signals.
The DC supply circuit is used to convert AC power to
multi-output DC sources to supply the DSP circuit, driver
circuit, and sampling-current circuit. The driver circuit is used
to amplify the PWM control signals for driving MOSFETS in
the TLSRA converter. The sampling-current circuit is used to
acquire the actual winding currents. The AC-DC rectifier
circuit is used to convert AC voltage to DC voltage. The
TLSRA converter circuit is used to energize the windings in the
TLSRA, to control and regulate the electric power input to the
TLSRA. Fig. 10b illustrates schematic diagram for examining
the discharge pressure of the set-up of the linear compressor.
The air enters the cylinder via the suction valve (V1), in which
the piston is propelled by the developed TLSRA via the springs.
Via the discharge valve (V2), the pressed air enters the
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(b) Test rig of linear compresso} propelled by proposed TLSRA
Fig. 11. Photos of prototypes
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high-pressure receiver, on which the safe valve (V3) is used to
decompress for safe protection, the pressure meter is used to
display the pressure in the receiver, and the valve (V4) is used
to regulate the pressure in the receiver. The pressure value
displayed on the pressure meter is the discharge pressure of the
prototype of the developed linear compressor system.

The prototype of the compressor controller is shown in Fig.
11a and all the aforementioned circuits in the controller are
integrated. The test rig of the linear compressor is depicted in
Fig. 11b. It can be observed that the TLSRA, the springs, the
cylinder, the piston and the valves are integrated.

Fig. 12 illustrates the measured current waveforms at various
force references and frequencies. It can be seen from Fig. 12
that the developed compressor controller can output the various
winding current waveforms depending on the current reference
and frequency reference, and meet the requirement of the linear
compressor, as the current and the frequency should be
regulated at real-time to match the required force and resonant
frequency.

The maximum displacement of the mover is measured by
using the following approach. Firstly two boundary positions of
the mover motion are marked during the prototype operation
and then the distance between these two boundary positions is
measured by the vernier caliper. The measured maximum
displacement of the mover is 19.8 mm. It indicates that the

measured amplitude of the mover is 9.9 mm, which is
approximately equal to the simulated amplitude (10 mm).
Consequently, it verifies the simulated result indirectly.

The measured discharge pressure of the linear compressor is
over 8 bar if the refrigerant is selected as air. Therefore, the
experiment has demonstrated that the proposed TLSRA can be
used to propel the linear compressor and that the linear
compressor driven by the proposed TLSRA is feasible.

V. CONCLUSION

The linear switched reluctance actuator with the tubular
topology has been proposed for application to linear
compressors. The actuator topology with hybrid magnetic
structure and the main design equations have been presented.
The prototype of the proposed TLSRA has been designed and
fabricated. The computed and measured thrust force
characteristics of the TLSRA prototype have verified the
design and development of the TLSRA. Different from design
of other types of machines, the force output of the TLSRA
applied to linear compressors should be the quasi-cosine
distribution to the mover displacement. Hence, the designed
force values must be more than the required objective, which is
distributed in the form of quasi-cosine.

The dynamic model of the linear compressor driven by the
TLSRA has been proposed. The simulated results have
demonstrated that the travelled range of the piston changes with
the force reference and that the travelled range can reach to the
design value. The test rig consisting of the TLSRA, the
compressor controller, the resonant springs, the cylinder with
the piston and the valves, and the pressure measurement
components has been constructed. The simulated and
experimantal results have verified that the proposed TLSRA
can be applied to linear compressors and that the developed
linear compressor propelled by the proposed TLSRA is feasible.
In the experiment, the performance of the linear compressor
system degraded due to the friction between the mechanical
springs and the frame as well as the leakage of the mechanical
connection between the piston, cylinder and valves. Otherwise,
the developed linear compressor system should demonstrate the
better performance. Due to simple and robust configuration,
therefore, the proposed TLSRA is a promising candidate for
applications to linear compressors and other reciprocating
motion.

APPENDIX

The calculation of the maximum gap permeance and the
minimum gap permeance is given as follows [10].

Pymax1 = KoWst M;_;p (A1)

Pymax2 = 0.264u,wy; (A2)
Pymaxs = 0.318uywy In (1 +2 ";—;12) (A3)
Pymaxs = 0.268u,w, (Ad)
Pymaxs = 0.318uowg, In (1 + ’;—;) (A5)
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Pymaxe = 0.076,l, (AB)
Pymax7 = 0.2510 7% (A7)
Brnax = Pymazs + 2(Pymaxz + Pymaxs) +
4(Pymaxa + Pymaxs + Pymaxe + Pymax7)  (A8)
d, = x, - Z2me (A9)
dy=d, -, (A10)
Pymint = HoWst 3o (A11)
PgminZ = 0.134uywg; (A12)
Pgmin3 = 0.134pu,ts (A13)
i i R g in PR s (A14)

where g represents the vacuum permeability, ws the width of
the stator tooth, ws, the width of the stator pole, Iy the length of
the air gap, and hy the height of the stator tooth.
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