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Recently, interior permanent magnet motors (IPMs) or motors with field winding have been investigated from a
viewpoint of magnetic field control. IPMs have an advantage of field weakening; however, their overall flux passing
the stator core is not sufficiently suppressed. On the other hand, motors with field winding can control a wide range;
however, they need the field windings and are the complicated shape and heavy. In this paper, a new structure of hybrid
field motor without a field winding is proposed, whose rotor has regular salient poles arranged with interpolar gap and
permanent magnet. In addition, this interpolar gap and permanent magnet motor (IGPM) is investigated along with its
characteristics. By means of some basic equations related to flux, torque, and FEA, it is clarified that IGPM is more
appropriate for field weakening control than IPM. In addition, we found that the proposed IGPM has yielded successful

FEA and experimental results by preliminary prototype.

Keywords: hybrid field motor, variable field, bypass yoke core

1. Introduction

The surface permanent magnet motor (SPM) has advanta-
geous features of a simple structure and high performance.
However, it is not easy to adjust the magnetic field flux. Re-
cently, IPM spreading remarkably has the feature which can
weak the main magnetic flux by using the magnetic field by
the magneto motive force (MMF) of armature current, even
though the rotor has similar configuration to the SPM.

Nowadays the IPM becomes a popular motor, especially
for wider variable-speed applications, such as hybrid vehi-
cles, which need a high torque even at high speeds .

However, in fact, even in the IPM, it is known that high
order components of magnetic flux still remain much in the
armature core in the high-speed/low-torque region when the
field weakening control is applied to the IPM®. Many re-
searchers have reported about variable magnetic field sys-
tems (4)*(7).

For example, in (7), although it is investigated and verified
that varying the magnetic field widely can realize by using
a mechanical actuator, the mechanism is too complicated for
the severe endurance requirement in actual applications.

In addition, although the motor proposed in(8) has field
and another windings which generate exciting power to sup-
ply to the field winding, many parts used in the motor com-
plicate the manufacturing of the motor.

In(9) (10), Variable Leakage Flux (VLF) motor is pro-
posed. The VLF has an additional leakage path which is nar-
row path linked two tops of adjacent poles, then it varies the
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main flux by changing its own magnetic saturation state, the
range of variability of magnetic pole flux is not so wide, it
remains in the range 100-150(%). If VLF’s additional leak-
age path is enlarged, then variability of flux cannot be derived
since high saturation of leakage path requires huge Iq.

This study aims to suppress the residual magnetic flux to
near zero in the field weakening region, aiming at iron loss
reduction, in the type of hybrid variable field motor without a
magnetic field winding. Although superior performance than
IPM’s should be pursued, this first stage for now, clarifica-
tion the basic principle of enlarging the variability of the field
magnetic flux is focused.

In this paper, principle and characteristics of this motor are
clarified by FEA and experiment. First, theoretical equations
for torque and the variability of the field flux are described.
Second, FEA is carried out to validate the equations. Last,
the experimental results using preliminary prototype are pre-
sented for comparison with the torque characteristic simu-
lated by FEA.

2. Basic Theory of Torque and Variability of
Magnetic Field Flux

2.1 Structure of Proposed Motor Figure 1 shows a
cross section of the motor proposed in this paper. The rotor
structure is characterized by gear-like poles, with embedded

Armature (stator)
Magnetic flux of PM

- Magnetic flux by armature
winding current via BYC

% —Regular salient poles
Permanent magnet (PM)
Bypass yoke core (BYC)
Gap configured at BYC

Fig.1. Proposed topology of magnetic circuit of the
IGPM motor
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PMs and a bypass yoke core (BYC). Two magnetic flux paths
are arranged in the rotor core. One is a flux path by one PM
that passes from pole to pole, emerging via the PM, and the
other is a flux path by armature current that passes via the
BYC and the gap, emerging by the armature current. We call
this motor an interpolar gap permanent magnet (IGPM) mo-
tor.

The PM is magnetized in the circumferential direction.
About the air gap in the bypass core, the length is less than the
width of the PM. In both IPM and VLF, the PM is buried shal-
lowly beneath a pole center, but in IGPM, the PM is buried
between the adjacent two poles. Although the basic concept
which has variable MMF (5), (6) to obtain variability for the
main magnetic flux is the same as for a conventional hybrid
field, it is different way of adding a changeable electromag-
net MMF to the fixed MMF of the PM. Therefore, the way
has a new alternative feature of the IGPM, using the MMF
by armature current as an excited power source of main mag-
netic flux. That is, the field MMF generated by the armature
current achieves variability in the main magnetic flux.

2.2 Torque Equation and Contribution of the BYC

For a synchronous PM motor, in general, the torque 7 can
be expressed as follows:

T 1
7 = Valacosp+ 5 (L, - LI, >sin2f-voeenve (1
Where,
Vo= Yo+ Voo = Vo — Lecly Sinﬁ """"""" 2
e S 3)
From (1) and (2),
T 1
7= @1, cos B — ELeclaz sin 28
1
+ E(Lq —L)DL2SIN2B cvvveeeee 4)
Where,

P,  Number of pole pairs

1, Armature current (A)

¥, Main flux linkage of armature (Wb)

Wem Flux linkage by PM (Wb)

Ve Flux linkage by MMF of armature current (Wb)

L; Inductance of the rotor direct-axis (H)

L, Inductance of the rotor quadrature-axis (H)

L. Inductance of bypass path (H)

B Phase angle (°) defined as zero when I, is just on

g-axis.

In Eq. (4), the first term is the PM torque. The second term
is the torque arising from the armature MMF via the BYC.
The third term is a reluctance torque, which is due to the
saliency.

The Eq. (4) results in the following:

First, when 0 < 8 < 90(°), the second term is negative. The
third term is positive when L, > L, (reverse saliency pole), or
it is negative when L, < L, (regular saliency pole).

Second, when —90(°) > 8 > 0, the second term is positive.
The third term is negative when the L, > L, (reverse saliency
pole), or it is positive when the L, < L, (conventional regular
saliency pole).

} Stator

Rotor

Fig.2. Field fluxes and MMFs of the IGPM’s magnetic
circuit

From this case study, the design specifications to be con-
sidered in the IGPM are as follows:

The pole should have regular saliency. Next, the phase an-
gle B of armature current I, should be in negative range.

Under these conditions, adding the three torque compo-
nents give high torque in the IGPM.

2.3 Magnetic Circuit Equation for Flux Variability
Contributed by the BYC Circuit  Figure 2 shows a sim-
plified model of the IGPM magnetic circuit. Focusing on the
flux flows into the rotor pole cores, the fluxes by two mag-
netic flux sources are flowing through the cores. One is mag-
netic flux ¢,,, flowing through the PM, and the other is mag-
netic flux ¢, flowing through the bypass core BYC.

The magnetic flux ¢,,, arises from the MMF AT ,, by the
PM, and ¢, arises from the d-axis MMF shown as AT,
and the main magnetic flux ¢, is interlinked in the armature.
These three magnetic fluxes flowing in the magnetic circuit
of IGPM are shown in Fig. 1.

Although ¢,,, is kept constant, ¢, can be changed so that
¢ec has variability, which is those sum totals.

Where,

AT, Direct-axis MMF in the armature

AT,, PM’s MMF in the rotor

da Main magnetic flux

¢,  Magnetic flux flowing through BYC

dem  Magnetic flux flowing through PM

R,.  Reluctance of the stator core

Ry Reluctance of the rotor-stator airgap

R, Reluctance of the stator side, total (R + Ryy)

R,  Reluctance of the air space in the PM’s slot

R, Reluctance of the gap in the BYC

The equation for the main flux ¢, derived from the circuit
model in Fig. 2 is as follows,

R,AT ,, + (R, + RyAT 4

a0 = Dec + e = e 5
fa = fec + ¢ RuR; + R;R, + RyR,, ©®)
where, from a practical design point of view;
Ry, R; < Ry,
ba = ! RgAT N-I,sinB (6)
“ RAR\R, " ¢
AszN‘IdZ_N'IaSinﬁ ..................... (7)

N Turns of the armature winding/pole/phase.

In Eq.(6), the magnetic flux is formed from two differ-
ent terms, one is the constant part of the permanent magnet
shown by the first term, and the other is the MMF by the
armature current as a function expressed by the variable cur-
rent and the phase angle 8 shown in the second term. Here,
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R, manages first term. If R, is nearly zero, the MMF ATm
caused by the permanent magnets gives small ¢,. This is the
reason why a certain length of gap must be maintained for the
gap at the BYC.

Main object in this paper is to enlargement of variability
and to realize nearly zero state magnetic flux in the stator
core without a field winding. As an answer, since IGPM has
a unique structure different from other things, it can actually
be designed based on Eq. (6). Unlike others, IGPM has wide
bypass with gap near the rotor center. The inductance Lec of
that portion acts on the field weakening like Ld of the IPM,
then IGPM has some merits in variability of flux.

First, field weakening is easier because of linear perme-
ability of wide bypass with gap, so enormous flux can leak
flux, or also can add flux by field intensifying MMF without
magnetic saturation. Second, since bypass has gap, MMF
of permanent magnet can be kept adequate level not be low.
Third, Lg can be made small, since short pole arc, that is
brought from absence of bypass near the magnetic pole sides.
So, basically Eq. (6) is peculiar and useful in designing of the
IGPM.

3. Comparison of IGPM and IPM for Torque and
Field Flux Weakening Characteristics by FEA

3.1 Analysis Models and Conditions Since the fun-
damental principles of the IGPM were clarified as T — 8
torque Eq.(4), and varying flux Eq.(6), here those ex-
pressions are ascertained analytically by 2-D FEA (JMAG-
Design ver. 14.0).

Here, the newly designed rotor based on the above prin-
ciples has regular magnetic saliency that originates from the
gear-like projecting poles and wide and deep interpolar cavi-
ties on the rotor outer surface.

Plate-like PMs are buried radially at the interpolar gap, and
bypass yoke cores (BYC) which divert the magnetic field flux
to the PM’s slot are arranged radially inside the PMs. The
BYC has a gap much less than the PM’s slot width.

Figure 3(a) shows one fundamental IGPM model for FEA,
considering these design factors. On the other hand, Fig. 3(b)
is an IPM model for comparison.

The IGPM and IPM have the same design for the stator;
the rotors have the same outer diameter, number of poles and
PM material. The width of the PM for the IGPM is thinner
than one for the IPM, although they have the same design
restrictions, which are in keeping with the width without per-
manent demagnetization. Detailed specifications are given in
Table 1.

3.2 Torque Characteristics of the IGPM and IPM

Under these conditions for analysis, we verified by compar-
ing with the IPM whether the relationship between the torque
T and B are related by Eq. (4). According to Eq. (4), the PM
torque originating from ., is affected by the function, cos .
Also, the field flux torque component originating from ¢,
through the bypass circuit, and the reluctance torque compo-
nent originating from (L, — L,;)I? are affected by sin 2.

The results analyzed by FEA are shown in Fig.4. The
IGPM discloses the periodicity of 180(°), and has a certain
vertical shift from zero point. Those are the same tendencies
of the Eq. (4) including the functions: — sin 283 and cos S.

The maximum motor torque of the IPM is around 8 =

383

Pole with

regular saliency Pole with

reverse saliency

Permanent
Magnet

BYC

Gap

(a) IGPM
Fig.3.

(b) IPM
Models for comparison

Table 1. Specification of analytical models

IGPM |
Phase current 150 (A) (RMS)
D 120 x L66 (mm) / 48 slots.

IPM

Current

Stator / Slots

Windings Full pitch, Distributed Y, 6-turns/slot
Poles 8P
2.4 x 14.6 x 66 (mm) 4.8x 14.6 x 66 (mm)
PMs N36Z (Shin-Etsu Chemical Co.)
In the BYC; 1.2 (mm) 1
Gaps '

Between the Stator and Rotor; 0.35 (mm)

Torque (Nm)
80

IGPM IPM

Fig.4. T-B characteristics of the IGPM and IPM

+50(°). For the IGPM, it is nearer 8 = —30(°). As repre-
sented by Eq. (4), it is confirmed for the IGPM to operate as
a motor in the negative region of 8. In this case, the IGPM’s
maximum torque is somewhat small. As one of reason of
lower torque of IGPM, amount of IGPM’s permanent magnet
is about half of IPM. Since we think the final output target of
IGPM is greater than IPM, continuous investigation will be
held from now on.

3.3 Characteristics in Weakening the Magnetic Flux
Passing Through the Stator Core In this section the
magnetic flux passing through the armature stator core of the
IGPM is compared with one of the IPM.

Figure 5 shows the characteristics at the weakening field
with respect to the d-axis of the magneto motive force ATy
(= N - 1) for the IGPM and IPM. Since the IGPM has a by-
pass circuit, BYC, it should be able to significantly reduce
the magnetic flux when poles are given contrary MMF of the
armature. On that basis, analysis was used to find the best
conditions where the magnetization direction of the armature
MMF is set opposite to the rotor pole, i.e. the armature cur-
rent angle is 8 = 90(°).

Figure 5(a) shows the comparison of IGPM and IPM with
each interlinkage flux which passes the iron core and links

IEEJ Journal IA, Vol.6, No.6, 2017
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Fig.5. Comparison of the flux under the condition of a
weakening field in the IGPM and IPM at 8 = 90(°)

(a) Interlinkage flux ®a

(@) IGPM B = 90(°), current amplitude
45 (A) PM Size; 14.5 x 2.4 (mm)

(b) IPM B = 90(°), current amplitude 92 (A)
PM size; 14.5 x 4.4 (mm)

Fig.6. Comparison of weakening field in IGPM and
IPM (flux flowing into the teeth)

to coils. There are valleys about both curves, but especially
IGPM has lower flux and lower Id. Figure 5(b) shows the
average of the magnetic flux which passes the iron core tooth
of the armature. There is a valley where the minimum flux is
given by the minimum AT ,. For an example, there is about
—95(%) drops. On the other hand, regarding this decreas-
ing characteristics, the magnetic flux in the IPM drop only
—23(%).

Moreover, as shown in Figs. 6(a) and (b), the contour of the
magnetic flux density shows a big difference.

4. Verification of the Effect of BYC and the Gap
from the FEA Models

As mentioned in the previous sections, one of the features
of the IGPM is to have a BYC with a gap in the inner rotor
portion. A simulation (FEA, IMAG-Design ver. 14.0) was
done, focusing on this regional bypass circuit.

384

Bridge

Permanent With no Bridge
SR Permanent
Magnet

=

BYC: Bypass circuit with gap

[——
No BYC: space of air

(b) Extra model with no BYC
Fig.7. FEA models to confirm the effect of the BYC

(a) Prototype model

Magnetic Flux
per pole (Wb)

With no BYC
141(A)

/

With noc BYC
\ 282(A)

\ -
B (@] 50\ 100

FEA results for the presence or absence of a

0.0002

0.0001—

-100 -50

0-0001

Fig. 8.
BYC

In Figs. 7(a) and (b), 2-D FEA models are prepared to in-
vestigate the difference between the presence or absence of a
BYC and a gap. Here, Fig.7(a) has the same specifications
as the prototype described later; details are given in TABLE
II. The other analysis model shown in Fig. 7(b) is also a 2-D
FEA model with the same dimensions and same design spec-
ifications. In other words, the model in Fig. 7(b) having no
BYC is one of a conventional PM motor.

In this simulation, It should be mentioned that the shapes
of FEA models of Figs.7(a) and 7(b) are designed in the
same. However, in calculation conditions, the BYC’s mate-
rial is changed from steel to air, so Fig. 7(b)’s BYC region is
calculated with the absence of an iron BYC. Figure 8 shows
calculated results. The BYC effect that the magnetic pole flux
is suppressed to zero easily using BYC can be seen. Here, the
magnetic pole flux is whole flux at the entrance and exit path
of extreme surface of rotor covering one pole pitch range,
which was derived by FEA. It can be plotted as DC magnetic
flux without alternating, so we can grasp of the direction of
the magnetic pole flux totally.

Three cases are calculated for the variable characteristics
of the magnetic field flux by changing current phase angle .

As shown in Fig. 8, the upward curve in the three is for a
BYC with a current of amplitude 141 (A) injected into the
armature coil.

The second is without a BYC and with a current of am-
plitude 141 (A). And downward curve is without a BYC and
with a current of amplitude 282 (A).

With no bypass circuit and an armature current of 141 (A),
for example, even if g is set to plus 90(°), with a magnetic
field of the opposite orientation, the motor cannot suppress
the magnetic pole flux to zero.

IEEJ Journal IA, Vol.6, No.6, 2017
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In increasing the armature current to around 282 (A), the
pole flux can be suppressed to zero at around 8 = 55(°). How-
ever, if it has a bypass circuit, it is easy to suppress the flux
to zero with smaller current 141 (A) at the same angle.

5. Experimental Verification—torque Character-
istic Versus the Phase Angle by Preliminary
Prototype

5.1 Specifications of Prototype For verification the
IGPM’s basic characteristics, the IGPM’s torque was calcu-
lated by FEA and tested with the prototype. It was designed
according to the theory given previously.

The detailed specifications are shown in Table 2.

The trial product was manufactured using alternator parts
for vehicles currently being mass-produced where the hous-
ing and the armature stator were reused Figs. 9 and 11 shows
the manufactured rotor of the IGPM.

5.2 Verification of the 7-8 Characteristics by Experi-
ment  As described above, the basic principle of Eq. (4) is
confirmed from the 7-8 characteristics by FEA.

Here, the simulated characteristics are verified experimen-
tally.

First, regarding the experimental method, as shown in
Fig. 10, two phases of the armature winding are excited by
currents, then the rotor is rotated very slowly, and the torque

Table 2. Specifications of prototype

Specifications
Stator core OD:128, ID: 100, Stack length: 32 (mm),
Core: 35H250
Rotor core OD: 99.3 (mm), Pole: 16 poles, regular saliency,
arc ratio: 0.4  Core:35H250
Armature Full pitch, distributed Y, 4-turns /slot,
windings total number of slots: 96
PM Equivalent to N36Z  (Shin-Etsu Chemical Co.)
Size: 3.0 x 16 x 32 (mm),
At the BYC: 1.2 (mm),
Gaps
between the stator and rotor:  0.35 (mm)

-«\.71-

!.rn',.:‘i

Fig.9. Preliminary prototype rotor

A

DC Power
Supply

3‘®’ C B

Fig. 10. Wiring diagram for test
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and angle are measured as shown in Fig. 11. Then the 7-8
plot data was derived.

Other test conditions are shown in Table 3.

The test results are shown in Fig. 12, which are the torque
characteristic versus current phase angle 8. The simulation
and measured values agree well. And the plotted curve and
values show the same tendencies with the Eq. (4) including
the functions: — sin 283 and cos S.

There was a little play in the clutch of the testing tool for
the IGPM motor, and it is considered that the errors arose
in measuring the peak magnitude portion, especially in the
negative torque region. The authors suppose that a kind of
follow-up in the motoring device is delayed by some play, as
a result, the torque is counted lower during that time.

5.3 Verification of Variability of Field Flux  To sup-
port experimentally wide variability of IGPM’s magnetic flux
of field pole is investigated using prototype as follows.

The specification and conditions are shown in Tables 2 and
3, and results are shown in Fig. 13. FEAs and testing were
done about line voltage, torque. About magnetic flux of pole,
only FEA is done because of its difficulty of measurement.
As a result, better agreement was seen about FEA and the
testing about line voltage and torque, at least qualitatively.

Table 3. Testing condition and measuring instrument
Testing Conditions Remarks
Speed 500 (rpm) Restricted by equipment
Coil current | DC 100 (A)
Torque meter | Sensor HTM-30NM Provided by Takachiho
Converter TM200 Seiki Co.
Clutch

Fig. 11.

30 N
¢ Torque by experiment A’Torque( m)
0

-#-Torque by FEA ¢
(JMAG-Design ver. 14.0)

Installation of the prototype on test bench

° <,
-300 -200 “2do 100 o
“",\ . f 5C)
10
e 20

20
caly

Fig.12. Comparison of simulation and measured results
for torque versus 8

IEEJ Journal IA, Vol.6, No.6, 2017



A Proposal of New VLF Motor IGPM (Shin Kusase et al.)

Flux of field pole (X10° Wh)
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3.00E+01

*;
2.00E+01 4]
-
100601 - ¥

0.00E+00

# Torgue Meas. (Nm)

< -#-Torque FEA (Nm)
7 @ Voltage Meas. (V)

// -m-Voltage FEA (V)

1006401

-2.00E+01

Fig. 13. Fluctuation of the flux of field pole, torque and
line voltage (DC current 90A, rotating speed 500 rpm)

Therefore, the authors think that it has verified indirectly that
the magnetic flux of field pole is also wavy for the beta shown
Fig. 13, and the minimum value of this magnetic field pole
correspond to the weakening field corresponding 8 = 90 deg,
then the magnetic flux of the field magnetic pole is almost
zero. Thus, the magnetic flux variable rate is 100%.

6. Conclusion

This paper proposes a new structure motor which is one of
Variable Leakage Flux (VLF) motor without a field winding,
whose rotor has a structure of interpolar gap and permanent
magnet (IGPM), and has regular salient poles.

For the rotor of the new magnetic circuit, a basic theory in-
cluding some equations related to flux and torque is derived,
and design key factors focusing field flux weakening are also
clarified.

According to the theory, FEA models are designed. And
it is clarified that main linkage flux of the stator core can be
controlled significantly by changing the flux of the bypass
core and interpolar gap, as we expected. It concludes that
the IGPM is more appropriate on a field weakening control
than the IPM. And we have found that the proposed IGPM
has yielded successful FEA simulation and experimental re-
sults. In this paper, although the comparison of some char-
acteristics have been done using preliminary prototype of
IGPM, next time, the comparisons using optimized prototype
of IGPM will be done.
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