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Abstract -- This paper presents a study on motor material
cost reduction by emphasizing rotor structural advantage in
machine performance promotion of a single-phase line-start
permanent magnet motor (LSPMM). The cost reduction of
LSPMM is focused on saving high-price PM material in the
LSPMM design. In the paper, a double-layer interior-PM (IPM)
rotor structure is finally adopted to create higher rotor saliency
ratio for improving reluctance torque generation to compensate
decreased magnet torque due to PM usage reduction. That is,
the hybrid torque with higher balance ratio of reluctance toque
to magnet torque helps to lower the dependency o PM materials
usage. With given torque and efficiency constrains, a series of
double-layer rotor structures are built and optimized with
gradually reduced amount of PM material. The torque and
efficiency performances of LSPMM are predicted by using
equivalent circuit method coupled with finite element analysis
(FEA). The computed motor torque and efficiency performances
are confirmed by comparing with test results.

Index Terms—Cost reduction, double-layer IPM design, FEA,
hybrid torque, LSPMM, torque and efficiency constrains.

I. INTRODUCTION

The single-phase induction motors (IM) are well known as
their simplicity, rugged construction and relative lower
manufacturing cost, especially the line-start capability that
being fed directly from the commercial single-phase voltage
source without any type of control device [1]. However, their
relative low efficiency performance can not satisfy the
increasing demand of high-efficiency and energy-saving in
an industrial point of view recently. On the other hand, the
interior permanent magnet synchronous motors (IPMSM) are
attractive for their high efficiency and high torque density,
but the IPMSM requiring an expensive inverter for operation
[2]. Therefore, line-start PM motor (LSPMM) is being
developed as a high-efficiency alternative to the induction
motor [1].

The LSPMM has PM segments and inner air-gap regions
buried into the caged rotor of IM, thus it can generate
asynchronous starting torque by means of induction caged
rotor, and utilizing hybrid torque at synchronously running,
which guarantees high efficiency at steady state operation [2].
In general, the LSPMM has beneficial attributes of both IM
and IPMSM, are excellent candidate for household
applications, such as compressors of air-condition and
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refrigerator, which has the largest portion of power used [3].

However, these performance advantages are always
negated by high cost of PM material. Although the price of
PM is gradually decreasing, the reduction of magnet usage in
PM machine design is always an important objective.
Therefore, an efficient approach for guiding PM usage
reduction in IPM machine design is very expected, but few
papers focused on it. This paper presents a study on PM cost
reduction by decreasing PM material usage in a double-layer
design LSPMM. It is developed from an IM for improving
torque and efficiency performance. Similar to the IPM rotor
design, the characteristics of LSPMM are quite sensitive to
the rotor inner structure. For generally concluding the PM
reduction approach, the rotor structure is optimized with few
design variables and in a certain design process.

From machine performance standpoint, the buried PM in
LSPMM helps to improve steady state performance, but also
prevents the self-starting operation since the magnet braking
torque weaken the induced starting torque due to cage bars
[4]. This study adopts reducing PM and emphasizing the
advantages of multi-layer IPM rotor structure in motor torque
and efficiency improvement, the deteriorated machine
performances caused by reducing PM usage is compensated
by employing higher saliency rotor structure. The higher
rotor saliency, the lesser magnet material is necessary in IPM
motor for maintaining the same machine performance [2].
Since the higher-saliency usually relates to more complex
rotor structure design, the tradeoff of PM material cost
reduction and manufacture difficulties must be considered.

The LSPMM torque and efficiency performance are
predicted by using equivalent circuit method (ECM) coupled
with finite element analysis (FEA) for machine parameter
calculation. In final, the LSPMM is test, and a general good
agreement confirmed the present performance analysis.
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(a) IM_a @Power 1000W (b) IM_b @Power 2000W
Fig. 1. Configuration of base IM analysis models

II. MODEL AND ANALYSIS METHOD

In this study, two existing single-phase capacitor-run
1000W/2000W induction motors used as air-condition
compressors are firstly introduced as basic models. Fig. 1
shows their cross sections. TABLE I compares their tested
performances, that stating torque, maximum output torque
capability and efficiency at rated operation are emphasized.

For improving machine efficiency, the two IMs are
developed to be LSPMMs by implanting PM segments into
caged rotor. In Fig. 2, a basic LSPMM model adopting
popular double-layer IPM rotor structure design is illustrates.
The prospective improvements, as well as constrains of
machine performance in LSPMM designs are given as
TABLE I lists.

The IM stator structure is maintained and the main and
auxiliary windings connection is illustrated as the electric
circuit shows in Fig. 3. The starting capacitances (Cy),
running capacitances (C,) and positive temperature
coefficient (PTC) are connected to auxiliary winding in
parallel for increasing starting torque and power factor [4].

Auxiliary
windings

¢ windings

Items Unit | BaseIM_a Base IM_b LSPMM
Output Power | [W] 1000 2000 Keep
Efficiency [%)] 86.11 86.9 +3.0 [%]
Power factor [%] 67.2 68.8 Improve

Fig. 2. Single-phase LSPMM model with double-layer IPM rotor design
IIS l‘mam
Vs @ %‘Vmam
Cs t
Cr=\v.
PTC% T ¢
Fig. 3. Single-phase line-start LSPMM stator windings circuit
TABLEI
PERFORMANCES OF BASE INDUCTION MOTORS BY TEST
Items Unit | BaseIM_a Base IM_b LSPMM
Output Power | [W] 1000 2000 Keep
Start Torque [Nm] 1.10 2.10 Improve
Max. Torque [Nm] 6.4 13.3 Keep
Ave. Torque [Nm] 3.1 6.65 Keep

A.  LSPMM Performance Analysis

In this study, the single-phase LSPMM design is examined
focusing on the asynchronous start-up performance and
synchronous running operation at steady state. For efficiently
analyzing the motor characteristics, a well recognized
efficient equivalent circuit method established by T.J.E.
Miller is used in the study.

1. Starting Torque Characteristic

During asynchronous start-up operation, the starting torque
of LSPMM is mainly considered by the average cage torque
(T _cage) and the magnet braking torque (T _mag) [5], as Fig.
4(a) illustrates. The T cage is inducted by rotor cage-bars as
“IM action”, and the T _mag is produced due to the reaction
of currents induced from the magnet flux in stator windings
[4]. Fig. 4(b) separately shows the variation of feeding
currents in main and auxiliary windings corresponding to the
asynchronous starting variation.

By utilizing the equivalent circuit proposed by T.J.E.
Miller [4], the starting torque is analyzed with the variation
of main/auxiliary windings ratio, cross section of cage bars,
and assistant capacitors Cy; and C,, as Fig. 5 illustrate. The
proper values for generating required starting torque in the
LSPMM design can be easily chosen. Compare with the base
IM, the developed LSPMM usually need larger starting
capacitor C; or/and running capacitor C, for generates
enough starting torque in asynchronous start-up operation.

o[~ T_mag T_st=T_mag + T_cage . —e—1_main
—o—T_cage —o—|_aux.
—o—T_st 2o, =
6
'g 304
E 44 £
= 4 <
=
2 3
0 104
2
0
4
1.0 0.8 0.6 0.4 0.2 0.0 1.0 0?8 016 014 0j2 OZC

Slip slip
(a) Starting torque generation  (b) Currents in main/auxiliary windings
Fig. 4. LSPMM start-up performance analysis using ECM
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Fig. 5. LSPMM asynchronous starting torque examined by ECM

2. Steady-State Performance Analysis

The steady state performances of LSPMM at synchronous
running operation are analyzed by equivalent circuit method
coupled with finite element analysis based on coordinate
transformation.

In theory, the single-phase LSPMM can be converted into
a two-phase frame of d-q plane, and then the unbalanced field
is dealt with symmetrical coordinate method [3]. Fig. 6
shows the vector diagram in d-g plane. The LSPMM
performances are calculated by carrying out following
equivalent circuits, that composed of d-axis/g-axis positive
sequence circuits and negative sequence circuit respectively,
as Fig. 7 gives. The appearing circuit parameters are
precisely calculated by FEA, such as the fundamental
component of phase back-EMF, d-¢ axis inductances varying
with currents and phase angles, and iron losses.

d

Fig. 6. Vector diagram of single-phase LSPMM in d-g plane

1 R 1
o 1d ed — queq +
ch
Vld Rc Vcd
O *

O

(c) Negative sequence
Fig. 7. Steady state equivalent circuits of single-phase LSPMM

The steady state performances of LSPMM are similar to
IPMSM, that hybrid synchronous torque is generated at
synchronous operation. According to the presented vector
diagram and d-g axis equivalent circuits, as well as the stator
electric circuit, the voltage and current equations, and output
power, torque production, motor efficiency performance
calculation are given as following equations [6], [7]:

{jld ijed_{—]cd ]
lg — Ted +Icq
I/ld :Rlld _Xq[eq [2]
I/lq :Rllq +Xd1ed +Eo
1 cote cote
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ﬁ{ ( B ) ( B
. 3]
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where, /, is effective current in the positive sequence circuit,
1. is current consumed in iron loss, R, is equivalent phase
winding resistance, R, is equivalent iron loss resistance, f is
effective turn ratio between the main/auxiliary windings, ¢ is
electrical angle between d-g axis, E, is no-load back-EMF.

III. MAGNET REDUCTION AND ROTOR STRUCTURE DESIGN

The LSPMM utilizes hybrid torque at synchronous
operation, as the above torque equation presented. In this
paper, the magnet reduction is realized by improving the
hybrid torque characteristic, that increasing reluctance torque
to compensate magnet torque, which helps to lower the
dependency on magnet usage in LSPMM [8].

A.  Balance of Hybrid Torque Components

The hybrid torque production is considered as reluctance
torque adding to magnet torque spatially [2]. Therefore the
same maximum hybrid torque (74,) is possible to be
generated with different balance ratio (y) of reluctance torque
(Tr) to magnet torque (Ty), for example y,=(3:10) and
vu=(6:7), as Fig. 8 (a), (b) show. The higher balance ratio
usually relates to high rotor saliency characteristic, which is
defined in term of d-g axis inductance, as (L,/L ).

12+ —o—THy a
11——TM_a
94|-~—TR a t
J |
= 6 !
S |
=) :
o 31 !
=] |
E‘ .
o 0 I
= | |
3 i
1 THy_a(peak): 11.4(Unit)
64 TR:T M=3:10
-90 -60 -30 0 30 60 90

Electrical angle [°]
(a) Identical hybrid torque 7" peqr With low ratio of (Tr/T )

129 |—=—THy b
1|-=-TR_b !
94 |——TM_b !
4 |
= 6 !
SR :
3 .
o 37 :
= 1
E .
o0 !
= |
.34 1
1 THy_b(peak): 11.4(Unit)
-6 TR:TM=67
T T T T T T T T T T T
-90 -60 -30 0 30 60 90

Electrical angle [°]

(b) Identical hybrid torque T .. with high ratio of (Tr/Tn)

Fig. 8. Hybrid torque characteristics according to different balance ratio

B.  Multi-Layer IPM Design and Rotor Saliency Effect

For satisfying the torque and efficiency constrains in
magnet reduction design, the geometry of IPM rotor structure
is optimized to create higher rotor saliency. The higher rotor
saliency benefits to reluctance torque 7 generation, which
can be used to compensate the decreased magnet torque T,
production since less permanent magnet employed in IPM
rotor design for generating specific torque.

The rotor saliency is created since the high reluctance
exists along d-axis due to the low permeability of buried PM
and air-gap regions, while along g-axis between magnet poles,
exists no magnetic barriers, the reluctivity to magnetic flux is
very low [2]. As the rotor saliency definition in term of d-g
axis inductances, the rotor saliency improvement is desired
by enlarging the difference of d-axis and g-axis inductances.
However, the decrease of d-axis inductance is different
without increasing magnet usage, even though the buried air-
gap regions can be utilized at a certain extend. On the other
hand, the increase of g-axis inductance is also limited due to
the enlarged flux-barriers regions and magnetic saturation [2].

In this part, based on the single-phase 1000W IM a, a
series LSPMM models are designed with splitting constant
PM material to create multi-layer IPM structure for
enhancing rotor saliency effect. The torque and efficiency
performances of LSPMMs are compared with IM a for
analysis of rotor structure advantage in machine performance.

As Fig. 9 illustrates, the base IM_a model is developed to
three optimized LSPMM models, including two double-layer
design models (2-segment PM per pole design and 4-segment
PM per pole design) and a triple-layer design model.
Obviously, the difficulty and manufacture cost is gradually
increased even justifying from the rotor structure.

The comparison of machine performances are generally
well confirmed by tested, as TABLE II lists. It reveals that
multi-layer IPM rotor design benefit to torque and efficiency
improvement due to the enhanced rotor saliency. But also, it



will unavoidably cause mechanical robustness and high
manufacture difficulty problem in practice, even running a
risk of irreversible demagnetization in the thin PM segments.
For a tradeoff of performance improvement and low-cost
simplicity manufacture, the double-layer IPM rotor design of
4-segment PM per pole structure, marked as model “M2b”, is
chosen for the magnet reduction analysis depending on rotor
geometry optimization in next section.

(b) 2-segment PM per pole

(c) 4-segment PM per pole (d) 6-segment PM per pole
Fig. 9. Multi-layer LSPMM design based on IM_a with same PM material:
(a) Basic IM_a model; (b) Double-layer IPM design, M2A;
(c) Double-layer IPM design, M2B; (d) Triple-layer LSPMM design M3

TABLE II
PERFORMANCE COMPARSION IN MULTI-LAYER ROTOR DESIGN

PM usage 0 120 120 120
[g]
Saliency - 2.3 2.8 3.0
TLL.
g | 500 | 556) | 611 | 508 | (565 | 575
T_Max.

Ny | 642 | (59 | 692 | 676 | (46) | 7.69
T_Ave.

o] 31 | @ 307 | 300 | 3.09 | 3.09
Efﬁ[ﬁf]ncy 89.38 | (86.11) | 9061 | 9220 | 89.71) | 9227
Total Cost 100 152 155 160

Robust Good Safe Safe Weak

ProtoM

T_max. \*~
Constrai

40 45 50 55 60 65 70
Ld [ mH ]
Fig. 10. Torque-Efficiency map analysis based on prototype LSPMM “P,”
C. Torque-Efficiency Map Analysis

In this paper, the reduction of PM material in a double-
layer LSPMM design is studied with given torque and
efficiency constrains, which is determined as comparing with
its original IM, that maintaining maximum output torque
capability and improving efficiency 3%, as TABLE I lists.

Based on the single-phase 2000W IM_b model, a double-
layer LSPMM design, adopted “M2B” model structure, is
introduced as a prototype “P,” model, which basically
satisfied above torque and efficiency constrains that proved
by test. By using presented equivalent circuit method, the
LSPMM “P,” generates maximum output torque (7 _max.)
close to 13.0Nm and efficiency at steady state () almost
90%, which are used as predetermined constrains in the
simulation of magnet reduction design.

In this study, for giving guidance in the high saliency rotor
structure design with given torque and efficiency constrains,
an efficient method, “torque-efficiency map” by performing
steady state equivalent circuit simulation is proposed. Fig. 10
illustrates the map based on the prototype LSPMM “P,”
model. The torque and efficiency characteristics are mapped
as the functions of significant machine characteristics, such
as back-EMF (E,) reacted in main windings at 3000rpm
synchronous operation and d-axis inductance L,, with rotor
saliency ratio y=2.5 defined as (y=L,/L,).

It is found that the improvement of torque and efficiency
along different designs directions, that the larger £, helps to
increase 7 max., but against to efficiency improvement. On
the other hand, the lower d-axis inductance generally benefits
to both torque and efficiency performance.

In the (y=2.5) map, the torque curves crossing with the
efficiency curves, and the superposition region enclosed
region, is obviously satisfies the desired torque and efficiency
constrains, such as the marked point “P,” insider the torque
curve of 13.0Nm and efficiency curve of 90% region, that
suggests the prototype LSPMM works at rated operation, and



corresponds to back-EMF and L, [160V 1, 61.5mH].

This torque-efficiency map method is connected with
magnet usage estimation based on the judgment of E,
generally proportional to the magnet usage. In inverse, the
decreased of E, is used to estimate the reduction of magnet
usage in high rotor saliency LSPMM design [9].

Therefore, the point “P,” posited in the enclosed region
indicates that the prototype LSPMM is not the fittest design
from minimum magnet standpoint. Since “P,” corresponding
to a higher E, value about [160V ] in the design region, a
developed design point “A” at crossing point that critically
satisfying torque and efficiency constrains, corresponding to
lower E, value about [142V ;,s]. It is thought to be the fittest
design point. Due to the approximate 10% decreasing of E,,
the improve design from “P,” to “A” is estimated to save
about 10% amount of PM in prototype LSPMM.

Further, with considering the higher rotor saliency ratio y
{3.0; 3.5; 4.0}, the torque-efficiency map is made under the
same simulation ranges of £, and L,, as Fig. 11 shows. It is
found that the enclosed superposition region of the torque
and efficiency constrains are enlarged gradually.

As the design point “A” determination, the minimum
magnet design points are determined in each enclosed design
region, and the further reduction of magnet is estimated. The
design point “B”, corresponding to about [120V s, 55.0mH]
in region of (y=3.0), by which 25% magnet reduction is
estimated. And the design point “C”, corresponding to nearly
[105V s, 52.0mH] in region of (y=3.5), and 35% magnet
reduction is estimated. The higher rotor saliency benefits to
magnet reduction in LSPMM with given performance
constrains is confirmed.

Then, according to the above torque-efficiency map
analysis, the prototype LSPMM “P,” model is rebuilt using
the estimated reduced amount of PM material. The
corresponding predicted back-EMF and d-g axis inductance
characteristics are achieved by optimizing the double-layer
IPM rotor geometry.

160 +
140
%)
S
> 120
o
L
100
80 13.(? le <.
40 45
Ld [mH]
Fig. 11. Developed Torque-Efficiency map for magnet reduction analysis

IV. HIGH ROTOR SALIENCY DOUBLE-LAYER ROTOR DESIGN

The higher rotor saliency design for realizing magnet
reduction in LSPMM is presented in this section. Base on the
prototype LSPMM “P,” model, the double-layer IPM rotor
structure is rebuilt by optimizing the buried PM segments,
and air-gap fields. The design variables of double-layer [IPM
rotor structure, and the margining limits for mechanical
strength consideration, are given in Fig. 12.

The prototype LSPMM “P,” model is standard as 100%
amount of PM, and design “A” model with 90% amount,
design “B” model with 75% amount, and design “C” model
with 65% amount, respectively. The dimensions of gradually
reduced magnet as estimated are visualized in Fig. 13.

Similar to the prototype LSPMM “P,” model, the
thickness of PM segments is fixed at 2.6mm, and the slope
angle of side PM segment « is still 20°. The buried air-gap
regions are enlarged for decreasing the d-axis inductance,
and the gap between PM layers are increased for increasing
the g-axis inductance, both of which benefits to improve
rotor saliency, further to increase reluctance torque
generation. In the model design, the objectives of phase back-
EMF and d-q axis inductance with rotor saliency predicted by
the torque-efficiency map analysis are achieved.

The shape of redesigned LSPMM models “A” and “B”
comparing with model “P,”, are illustrates in Fig. 14. In
conclude, both of the LSPMM “A” and “B” achieved the
torque and efficiency constrains of “P,” model standard
according to equivalent circuit analysis. But, the model “C”,
since too much PM reduced, can not achieve the rotor
saliency 3.5 by optimizing double-layer IPM rotor structure
to satisfy the constrains. TABLE III lists the characteristics
comparison of each model in magnet reduction design.
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Fig. 13. Dimensions of reduced PM segments in double-layer IPM design

(c) Optimized LSPMM “B” [75% PM]: (G,_PM=5.4mm)
Fig. 14. Magnet reduction design of double-layer IPM LSPMM models
TABLE III
PERFORMANCE COMPARSION IN MAGNET REDUCTION DESIGN

PM use [%] 0 100 90 75 65
Back-EMF[V ;] 0 160 141.3 123.1 101.5
Rotor Saliency - 2.5 2.5 3.0 32
T Ave[Nm] 6.5 6.5 6.5 6.5 6.5
T_Max.[Nm] 132 13.2 13.0 13.0 12.5
Efficiency[%] 88.0 90.8 91.0 91.0 90.0
Cost of Material 100 188 179 166 157
PM : Cost [%] 0 47 44 40 36

Model | IM | M_“P,” | M_“A” | M_“B”

M_“C”

V. RESULTS AND DISCUSSES

The wvalidity of presented torque and efficiency
performance analysis in LSPMM design is confirmed by
experiment method. The redesigned LSPMM model “B” with
saving 25% amount of PM reduction is manufactured, and
the starting torque, maximum output torque capability and
efficiency performance at rated operation are tested. Fig. 15
shows the fabricated LSPMM “B” and experiment setup.

For verifying the presented IPM rotor structure advantage
in torque and efficiency improvement benefits to magnet
reduction, the concerned performance of LSPMM “B” are
compare with the prototype LSPMM “P,” and base IM_b.

h——_'

(a) Stator and rotor configuration of LSPMM

Sy _BE [i=_>

(b) Testing apparatus for motor performance measurement
Fig. 15. Fabricated LSPMM and experiment setup

A. Torque Characteristic at Start-up Operation

The asynchronous starting torque of IM_b during start-up
operation is tested with connecting starting capacitor 25uF
and running capacitor 30puF. As Fig. 16(a) shows, the starting
torque increases from 1.8Nm at beginning to 6.0Nm at peak.

On the other hand, based on the stator electric circuit
simulation analysis, the larger starting capacitor 35uF and
running capacitor 60pF are employed in the LSPMM “B”
start-up operation, which helps to overcome magnet braking
torque and improve starting torque. The validity of equivalent
circuit method for starting torque characteristic analysis is
confirmed by LSPMM “B” test result, as Fig. 16(b) shows,




that both 3.0Nm at starting moment and 6.5Nm at peak point
shows a good agreement.

B.  Machine Performances at Steady State

From the steady state equivalent circuit analysis, the
LSPMM “B” with 25% reduction of PM usage, realized 3%
improvement of efficiency at rated 3000rpm operation while
maintaining maximum output torque capability comparing
with the base IM_b.

The maximum output torque of LSPMM “B” is confirmed
by 2D FEA, that the average value 13.2Nm is a little higher
contract to the 13.0Nm calculated by equivalent circuit
method. It is similar to the asynchronous induction torque
13.3Nm of IM b by test. And, the LSPMM “B”
performances is tested and compared with IM b (test
temperature 25°C by fan-cooling), as Fig. 17 illustrates. It is
observed from Fig. 18 that the calculated efficiency results
are higher than their corresponding tested results, which is
thought caused by only fundamental component of back-
EMF is considered in equivalent circuit analysis. Since
similar proportional enlarged between the calculated result
and test data, the predicted 3% improvement of efficiency by
developing IM_b to be LSPMM is well proved.
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(a) Starting torque of IM_b by test
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(b) Starting torque of LSPMM “B” by test and ECM

Fig. 16. Asynchronous starting torque results comparison

In final, the tested main performances of the base IM b,
prototype LSPMM “P,” and redesigned LSPMM “B”, are
compared, as Fig. 19 shows. The almost same machine
performances are achieved in the presented magnet reduction
design is verified.
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Fig. 17. Maximum output torque of LSPMM “B” at synchronous operation
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Fig. 18. Efficiency comparison between IM_b and LSPMM “B”
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CONCLUSION

This paper presented a theoretical and experimental study
of cost reduction in a single-phase LSPMM by emphasizing
structure advantage of IPM rotor to lower the dependency on
PM usage in IPM machine. By creating high rotor saliency,
the hybrid balance of reluctance torque to magnet torque is
enhanced, which helps to promote the decreased machine
performances since PM reduction.

The proposed torque-efficiency maps are well applied for
guiding double-layer IPM rotor designs with satisfying given
torque and efficiency constrains. And the estimated PM
reduction is realized with predicted machine characteristics
as well as higher rotor saliency. The LSPMM performance
prediction by using presented equivalent circuit method
coupled with 2D FEA are validated by acceptable test results.

In practice, the rotor structure design for cost reduction
should satisfy the mechanical strength requirement. And the
tradeoff of PM material cost and manufacture difficulties are
usually to be considered.
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