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Design Optimization of Short-Stroke Single-Phase
Tubular Permanent-Magnet Motor for
Refrigeration Applications

Jiabin Wang, Senior Member, IEEE, David Howe, and Zhengyu Lin, Member, IEEE

Abstract—This paper describes a design methodology to achieve
optimal performance for a short-stroke single-phase tubular
permanent-magnet motor which drives a reciprocating vapor
compressor. The steady-state characteristic of the direct-drive
linear-motor compressor system is analyzed, an analytical formula
for predicting iron loss is presented, and a motor-design procedure
which takes into account the effect of compressor loads under
nominal operating condition is formulated. It is shown that the
motor efficiency can be optimized with respect to two leading
dimensional ratios. Experimental results validate the proposed
design methodology.

Index Terms—Linear machines,
machines, reciprocating compressors.

permanent-magnet (PM)

NOMENCLATURE

A Effective coil area in square meters.

B Viscous-damping coefficient in newton-seconds per
meter.

B, Peak flux density in tesla.

B, Remanence of permanent magnets (PMs) in tesla.

bo Width of slot opening in meters.

f Electrical frequency in hertz.

fo Resonant frequency in hertz.

G Air-gap length in meters.

Neq Equivalent hysteretic ~damping coefficient of
compressed-gas force in newtons per meter.

R, Radial thickness of magnets in meters.

hy Tooth-tip height in meters.

hym Radial thickness of supporting tube in meters.

hys Yoke thickness of stator core in meters.

I Current phasor in amperes.

Jrms ~ Rms current density in amperes per square meter.

K Total stiffness of tuned suspension spring in newtons
per meter.

Krpr Average motor force coefficient per turn in newtons
per ampere.

K1,  Average motor force coefficient in newtons per
ampere.
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Equivalent stiffness of compressed-gas force in new-
tons per meter.

Hysteresis iron-loss-density coefficient.

Motor inductance in henry.

Equivalent inductance of compressor system in henry.
Equivalent inductance of mechanical and gas-
compression cycle in henry.

Motor inductance per turn in henry.

Average radius of coil per turn in meters.

Total moving mass in kilograms.

Number of turns of coil.

Motor copper loss in watts.

Excess iron-loss component in watts.

Hysteresis iron-loss component in watts.

Motor input power in watts.

Coil packing factor.

Motor iron loss in watts.

Motor output power in watts.

Excess iron-loss density in watts per kilogram.
Hysteresis iron-loss density in watts per kilogram.
Motor resistance in ohms

Outer radius of stator in meters.
Equivalent resistance of mechanical
compression cycle in ohms.

Equivalent resistance of gas-compression cycle in
ohms.

Equivalent resistance of viscous damping in ohms.
Equivalent resistance of compressor system in ohms.
Inner radius of supporting tube in meters.

Outer radius of magnets in meters.

Axial length of radially magnetized magnet at the
center in meters.

Axial length of radially magnetized magnets at two
ends in meters.

Axial length of axially magnetized magnets in meters.
Pole pitch in meters.

Extended tooth-tip length in meters.

Tooth-pitch width in meters.

Tooth width in meters.

Piston-amplitude phasor in meters.

Supply-voltage phasor in volts.

Rms supply voltage in volts.

Equivalent impedance of compressor system in ohms.
Stator under cut angle in radians.

Hysteresis iron-loss-density coefficient.

and gas-
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Fig. 1. Schematic of short-stroke single-phase tubular PM motor.

%) Power factor angle in radians.

p Resistivity of copper wire in ohms per meter.

0. Electrical angle in radians.

w Electrical angular frequency in radians per second.

I. INTRODUCTION

N conventional refrigerator compressors, a rotary electri-

cal motor (usually induction motor) drives a reciprocating
pump through a crank. The overall efficiency of the system is
relatively low, due to the inherent low efficiency of induction
motors and the mechanical friction which is associated with
the crank-driven piston. A reciprocating compressor driven by
a linear motor [1]-[4] eliminates the side force on the cylinder
wall caused by the crank shaft and therefore not only signif-
icantly reduces the frictional loss but also provides a simple
means for modulating the refrigerator load according to the
demand and results in additional energy saving.

There are various linear-machine technologies and numerous
topologies which might be employed in reciprocating linear-
compressor applications [5], [6]. The main technologies are
induction machines, PM machines [7]-[12], and switched-
reluctance machines [13], [14]. Of the possible topologies,
tubular configurations are compatible with the packaging/
integration requirements of vapor compressors—since they
have zero net radial force between the armature and stator, no
end windings, and are volumetrically efficient [6], [7], [15].
However, due to their significantly higher efficiency, only PM-
excited machines are deemed to be appropriate for the proposed
compressor applications [6].

A novel short stroke single-phase tubular PM motor, as
shown in Fig. 1, for linear compressor applications has been
reported and its performance analyzed [16], [17]. It employs a
two-pole quasi-Halbach magnetized armature, having radially
magnetized ring magnets placed at the center and both ends,
and a soft magnetic composite (SMC) stator core which carries
a single-phase coil. Such a coil is easy to manufacture and
results in a very high packing factor, which is conducive to
high efficiency [18]. The quasi-Halbach magnetized armature
generates a magnetic field which is linked with the single-phase
stator coil. Reciprocating thrust force is produced as a result
of the interaction between the permanent magnetic field and
the stator current when it is synchronized with the armature
movement. Since the linear motor is directly coupled to the

Fig. 2. Electrical equivalent circuit of linear compressor.

compressor load, it is essential that the design optimization
takes into account the steady-state characteristics of the com-
pressor operation.

II. STEADY-STATE PERFORMANCE OF LINEAR-MOTOR
COMPRESSOR SYSTEM

It has been shown [19], [20] that due to the low-pass-filter
effect of the mechanical mass-spring-damper subsystem, the
piston velocity and the displacement of the compressor vary
essentially sinusoidally with time, and higher order harmonics
can be neglected. Thus, the steady-state behavior of the linear
compressor system is governed by

[(K + keq — w?m) + j(wB + heq)| U = K1a1
jKrawlU 4 (jwL + R)I =V 1)

where w is the angular frequency of the supply, U, 1I,and V
represent the piston-amplitude phasor and the motor-current
and voltage phasors, respectively, K, is the average value of
the force or back-EMF coefficient [6] of the linear motor over
the piston stroke, and keq and heq are the equivalent stiffness
and hysteretic damping coefficient of the gas force, respectively
[19]. K is the total stiffness of the tuned suspension springs, B
is the viscous-damping coefficient that represents the frictional
effect between the cylinder and piston, and m is the total mov-
ing mass. L and R are the inductance and resistance of the linear
motor, respectively. Using the analogy between mechanical and
electrical quantities, (1) can be represented by the electrical
equivalent circuit shown in Fig. 2, in which the displacement
phasor U is analogous to the electric-charge phasor and jwU
is the equivalent current phasor. Thus, the mass is equivalent to
an inductor, whereas the spring is analogous to a capacitor. The
power dissipated in the equivalent resistance h.,/w represents
the effective work which is done on the gas compression. The
interaction between the electrical and mechanical systems is
represented by the two current-controlled voltage sources.
Solving for I yields

1% 1% Vv

j = — = = Z
Zes  Res+t jwles  |Zes| ¥

@)

where Z.s, Res, and Log are the equivalent impedance, re-
sistance, and inductance of the linear compressor system,
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Fig. 3. Schematic of stator core.
respectively, and are given by
Res = R+ Rec Les =L+ Lec
Ree =wK7, (wB + heq) /A
Lec = K3y (K + keq — w?m)/A
A = (K + keq — w?m)? + (wB + heg)?. A3)

The equivalent resistance R.. representing the mechanical
system and gas-compression cycle can be separated into the
viscous-damping component R., and compressor-work com-
ponent Ry, i.e.,

Rec - Rev + Rep

Rey =w?K3,B/A

Rep =wK?2 heq/A. 4)
The input and output powers Py, and P, the efficiency

71, and the power factor cos ¢ of the system can therefore be
calculated from

Res
RZ + (whes)?
P, =VIcosp+ P
Pout = Repl?

P,y R, I?
n=—_m = b )
P, VIcosp+ P

cosp =

where P is the iron loss of the motor and can be predicted
analytically or by finite element (FE) analysis [20]. It can be
shown [19] that the system operates most efficiently at the
resonant frequency fo = +/(keq + K)/m/(27). It is evident
that operating conditions of the compressor will affect the input
impedance of the electrical system.

III. TRON-L0OSS CALCULATION

An analytical method for predicting iron loss P in the short-
stroke single-phase tubular PM motor has been established. The
stator core is divided into three regions, namely, tooth, tooth tip,
and yoke, as shown in Fig. 3.

The prediction is based on the flux-density waveforms for
each region being analytically determined [16]. The total iron
loss is given by

P =Y (Phi + Pei + Pai). 6)

i=m

P, P, and P,; are the hysteresis loss, the classical eddy-
current loss and excess eddy-current loss in the ith region,
respectively. For SMC materials, the classical eddy-current
loss component P, is negligible due to the conductivity of
the material that is virtually zero. However, the excess eddy-
current loss component which is associated with domain-wall
effects may still exist. Using analytically predicted flux-density
waveforms [16], the hysteresis and excess loss densities in each
region can be evaluated by

pn =knfBS, (7)
. [|dB.|?
pe =orf} / <" a0, ®)
do,
2

where f, B,,, and 6. are the frequency, the peak flux density,
and electrical angle, respectively. B, is the flux density of the
region. The coefficients § and kj, associated with the hysteresis
loss component are determined from the manufacturer’s data
sheet.

IV. NUMBER OF COIL TURNS

Equation (2) can be used to determine the number of coil
turns for a given rms supply voltage Vi,s under nominal
operating conditions. The rms value of the motor current [
can be expressed in terms of the rms current density J;,s, the
packing factor Py, the number of coil turns IV, and the effective
coil area A,

I = JimsAcPs/N,. ©)]
The resistance of the coil is given by

R = (2nl.p/P;A.)N? (10)

where [, is the average radius of the coil per turn and p is
the resistivity of the copper wire. Thus, the voltage across the
equivalent resistance can be expressed as

I(R + Rec) = (Kre + Krec)Nc
Kre = 27Tlep<]rms

Kree =wmsAe P Kipp(WB + heg) /A (11)

where Kppr = K1,/N, is the average motor-force coefficient
per turn. Similarly, the inductance of the motor is proportional
to the square of the coil turn NV,

L= LyoN? (12)

where L is the inductance per turn. The voltage across the
equivalent inductance is written as

Tw(L 4 Lec) = (Kie + Kiee) Ne

ch :‘ULSOerSAePf
Klec ZWersAePfKPQ‘PT(K + keq - mw2)/A. (13)
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Fig. 4. Schematic and design parameters of linear motor.

For a given value of permissible rms current density Jys
which is dependent on the operating condition of the motor, the
number of coil turns can be obtained from (2) and is given by

Nc S ‘/rms/\/(Krc + Krcc)2 + (ch + chc)z- (14)

As is evident, the number of coil turns N, is strongly
influenced by the compressor operating conditions as well
as the motor-design parameters. Thus, it is essential that the
steady-state operational behavior of the compressor is taken
into account in the motor design optimization.

V. DESIGN OPTIMIZATION

An analytical framework for predicting the open-loop
magnetic-field distribution, back EMF, and thrust force of the
short-stroke single-phase tubular PM motor has been estab-
lished and validated in [16], [17]. This, together with the
performance and iron-loss predictions described in Sections II
and III, has been used to study the influence of leading design
parameters on the motor and compressor-system efficiency. For
a given set of design and operating conditions, the number of
coil turns is determined using (14).

Fig. 4 shows the schematic and design parameters of the
linear motor. The relevant variables and symbols are defined
in the nomenclature. In the 16 design parameters, h;, by, and
« have insignificant influence on the machine performance,
and, therefore, their values are fixed to 0.001 m, 0.008 m, and
20°, respectively. Although the force capability of the motor
increases as the air-gap length GG decreases, its minimum value
is limited by the manufacturing and assembly tolerances. In this
design, the air-gap length G is fixed to 0.0008 m. The motor
efficiency improves as the outer stator radius IR, increases.
However, an initial design scan shows that for the given design
specification, the efficiency improvement diminishes when R,

@
-Q;‘

TABLE 1
DESIGN SPECIFICATION
Supply voltage (Vrms) 230
Electrical supply frequency (Hz) 50
Rated stroke (mm) 10.5
Rated output power (W) 87

is greater than 0.050 m. Hence, this value is chosen for the outer
stator radius R,.

The leading design parameters which have significant influ-
ences on the machine performance are the dimension ratios
R, /R and T}, /T, and they are optimized in the subsequent
design processes. In addition, the influence of the magnet thick-
ness hyy,, tooth-pitch width 7}, and the properties of soft and
PM materials on the motor performance are also investigated.
The tooth width T, the stator yoke thickness hys, and the
radial thickness of the mover back iron hy,, are dependent on
given flux-density levels in these regions, and their values are
determined during a design process. The effect of magnetic
saturation in the stator core and mover back iron is accounted
for by introducing a fictitious airgap [15] which incurs an MMF
drop equivalent to that in the stator and mover irons. This
value is iteratively adjusted against the nonlinear B-H curve
of the materials until converging to an equilibrium point. It
should be noted that in this particular application, the power
and thrust-force capability of the machine is essentially limited
by the efficiency requirement rather than by thermal con-
straints. Thus, a nominal motor operating temperature of 80 °C
based on existing compressor products was used in the design
process.

A. Influence of Ry, /Re and Tp, /T,

The influence of R,,/R. and Ty, /T, on the motor and
compressor-system performance is investigated against the de-
sign specification given in Table I and with fixed values of
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Fig.5. Influence of Ry, /Re and Ty /T on efficiency. (a) Motor efficiency.

(b) System efficiency.

Iy = 0.005 m and T}, = 0.04 m and using sintered NdFeB
magnets with B,, = 1.04 T and Somaloy 500 SMC [22] for the
stator core.

Fig. 5 shows the variations of the motor efficiency and
compressor-system efficiency with the 2-D ratios when the
motor drives a typical compressor for household refrigerators.
The compressor-system efficiency is calculated by dividing the
power consumption on compressing R600a refrigerant by the
electrical input power. As will be seen, there are optimal ratios
of Ty /T, = 0.64, R,/ R. = 0.40, which yields the maximum
motor efficiency of 0.938. It is evident that the optimal ratios of
Tr/T)p and R, /R, for the maximum system efficiency virtu-
ally coincide with the values for the maximum motor efficiency,
albeit the Ty, /T, ratio is slightly lower. The R,,/R. ratio
represents an optimal balance between electrical and magnetic
loadings under the given volumetric and thermal constraints,
whereas the T, /T, » ratio results in a maximum coil flux
linkage produced by the two-pole quasi-Halbach magnetized
magnets.
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Fig. 7. Influence of tooth-pitch width on motor efficiency.

B. Influence of h,,

Fig. 6 shows the variations of the motor efficiency with
the magnet thickness h,, and R,,/R., at the optimal ratio
of Ti:/T, » = 0.62, and with the other parameters being the
same as previously stated. Similar variations of the compressor-
system efficiency to that of the motor efficiency is observed but
not plotted. It is evident that the motor efficiency increases as
h,, increases. However, the improvement in efficiency dimin-
ishes when h,, is increased to greater than 0.005 m, while the
weight and cost of the moving-magnet armature and the spring
stiffness required for resonant operation become greater, which
results in a less cost-effective solution. Hence, h,,, = 0.005 m
is appropriate for the radial thickness of the magnets.

C. Influence of Tooth-Pitch Width T,

Fig. 7 shows the variations of the motor efficiency with
the tooth-pitch width T}, and R,,/R., for a fixed value of
hm = 0.005 m, and with the other parameters being the same
as stated in Section V-B. As will be seen, as T}, increases,
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the system performance continues to improve, although the
rate of improvement is relatively small. The increase in T},
however, gives rise to a large motor size and, hence, great cost.
Considering the overall system dimensions and cost, a tooth-
pitch width T}, = 0.04 m is selected. It is also evident that
the optimal ratios R,, /R, for the maximum motor and system
efficiency with different values of 7T}, are virtually the same,
which implies that this optimal ratio is independent of the tooth-
pitch width.

D. Influence of Remanence B, of PMs

Fig. 8 shows the variations of the motor efficiency with
R,./R. for two values of B, at T},,, = 0.04 m with the other
parameters being the same as stated in Section V-C. In this case,
however, Somaloy 700 is used instead of Somaloy 500. It can
be seen that the system efficiency improves by ~0.45% when
B, is increased from 1.04 to 1.14 T. It is also evident that the
optimal ratio R,,, /R, for maximum motor efficiency decreases
with the increase in B,.. This is due to that fact that a larger B,
produces stronger magnetic field, which makes it possible to
increase the electrical load by decreasing the magnet radius to
achieve a higher efficiency. The optimal ratio of R,,/R. with
B, =1.14 T and Somaloy 700 is again 0.4, which yields the
maximum motor efficiency of 0.95.

It should be noted that the foregoing optimization does not
take into account the eddy-current loss in the moving-magnet
armature. This eddy-current loss, however, can be effectively
reduced by circumferential segmentation of both the magnets
and the back iron [23] and, therefore, has insignificant influ-
ence on the optimization. Nevertheless, it slightly reduces the
achievable efficiency.

VI. EXPERIMENTAL RESULTS

Based on the outcome of the design optimization, a prototype
motor, whose design parameters are given in Table II, has been
constructed. The sintered NdFeB magnets with B, = 1.04 T
are mounted on a mild-steel tube, whereas the SMC stator

TABLE 1I
DESIGN PARAMETERS OF SHORT-STROKE SINGLE-PHASE
TUBULAR PM MOTOR (M)

R, 0.05 7 0.025 Tpw 0.04
Ry 0.02 T 0.016 T, 0.0095
G 0.0008 | Ty 0.009 by 0.008

By 0.004 Iy 0.005 Ty 0.0036

Fig. 9. Prototype tubular motor and static test rig.

core is manufactured from Somaloy 700. It should be noted
that a lower value, 0.004 m, for the magnet thickness h,,
was chosen to reduce the moving mass and to improve the
dynamic capability of the compressor system [19]. This leads
to a reduction in efficiency by ~0.3%.

Fig. 9 shows the prototype motor mounted on a test rig with
the excitation coils, the two identical SMC parts which form
the stator core, and the moving-magnet armature with quasi-
Halbach magnetized sintered NdFeB magnets. The variation
of the thrust force of the prototype motor as a function of
the armature displacement was measured by a force transducer
mounted between a micrometer barrel, shown on the left of
the test rig, and the motor shaft. The armature displacement
was adjusted by the micrometer barrel and measured by a
linear variable differential transformer, mounted on the right
of the rig. To obtain the net thrust force, the variation of the
cogging force with the armature position was first measured
with the motor on an open circuit. The measurements were
then repeated for different values of excitation current. The net
thrust for a given current and armature displacement was then
obtained by subtracting the measured cogging force from the
total force. Fig. 10 compares the variation of the FE-predicted
and measured thrust force for an excitation current of 1.0 A.

The efficiency of the motor is evaluated by the experimental
setup shown in Fig. 11, where the two identical motors are
connected back-to-back, one operating as a motor and the
other as a generator whose output is connected to a variable
resistor. Mechanical springs to facilitate resonant operation are
incorporated in both machines.

The motor is supplied by a variable frequency/amplitude
sinusoidal power source, and the input and output powers of
the motor and generator are measured by the power analyzer.
The losses of the machine under testing include the mechanical
loss P and the electromagnetic loss P,;. The mechanical loss
is due to the bearing friction and vibration of the test rig, and
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Fig. 11. Schematic of load-test setup for prototype motor.

the electromagnetic loss consists of the copper loss P, the
iron loss P4y, and the eddy-current loss Pqqy of the moving-
magnet armature. The sum of P, and P.qqy is denoted by
P,. To separate these loss components, three no-load tests were
performed at a given supply frequency and armature stroke. The
first no-load test was carried out with one motor only, and the
total loss measured as the input power Pr is given by

PLIZPm1+Pie+PCu1- (15)

The second no-load test was performed with two back-to-
back connected machines, but the magnetic armature of the
second machine was replaced by a dummy one with the same
weight. Thus, the loss in the second machine is purely mechani-
cal. Assume that the mechanical losses of the two machines are
identical, the total no-load loss is given by

PL2 = 2Pm1+Pie+Pc112~ (16)

In the third no-load test, the second machine is equipped
with the magnetic armature which results in iron and eddy-
current losses. Again, assume that these two loss components
are identical in the two machines, the total no-load loss is
given by

PLS = 2Pm1+2Re+Pcu3- (17)

The copper loss in each test can be quantified by measuring
the input current and the coil resistance. Hence, the mechanical
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Fig. 12. Measured motor and generator efficiencies as functions of frequency
at 10.0-mm stroke.

loss and the sum of the iron and eddy-current losses can be
evaluated by

P = (Pr2 — Pey2) — (Pr1 — Peu)

P)ie :(PL3 *PcuS) - (PLQ *PcuZ)- (18)
The variations of these two loss components as functions

of supply frequency and armature stroke can be obtained by

performing tests at different frequencies and strokes.

Load tests were performed on the back-to-back connected
motor—generator system. The mechanical loss of the system
can be separated from the measured input and output powers
using the data obtained in the no-load tests. The copper loss
of each machine is calculated from the measured current and
coil resistance, and the efficiencies of the motor and generator
are evaluated by the measured input and output powers and
the iron-loss components obtained in the no-load tests. Fig. 12
shows the variation of the machine efficiencies with supply
frequency for a fixed stroke of 10.0 mm when the generator
was connected to a 440-( resistive load, and its output power
varies from 72 to 80 W.

The resonant frequency of the system is 44.5 Hz when the
equivalent stiffness of compressed gas is not present. As will be
seen, the efficiency of the generator is above 93%, which is very
close to the predicted value of 94%. The motor efficiency varies,
however, from 89% to 93% since the system is not operating in
resonance, and the stator current is much greater and the copper
loss is higher, resulting in a lower efficiency.

VII. CONCLUSION

A design methodology to achieve optimal performance of
the direct-drive linear compressor system employing a single-
phase tubular PM motor has been described, and the influence
of the leading design parameters on the system efficiency has
been studied. It has been shown that in such a direct-drive
system, the compressed gas has a significant effect on the
input impedance of the electrical system, and it is essential
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that the gas-load effect is taken into account in the design
optimization. Experimental results have validated the proposed
design methodology.
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