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Abstract: This paper proposes a novel consequent-pole-type PM motor having a structure different
from that of conventional consequent-pole-type PM motors. The proposed rotor structure is composed
of a magnetic pole pair using a permanent magnet and an image-pole pair using a high permeability
core. The windings facing the magnetic pole pair and the image-pole pair are connected in series in
the rotor structure, the three-phase synchronous impedance is balanced, and the d-axis inductance is
increased. Therefore, compared with the conventional consequent-pole type, the field weakening
operation can be performed efficiently with a lower d-axis current. These advantages make it possible
to expand the operating range during field weakening. Furthermore, to fix the driving control
method of the proposed consequent-pole PM motor, the voltage equation of the proposed motor
is derived and verified by analysis and experiment. In addition, the essential characteristics of the
proposed motor were compared with that of a standard surface permanent magnet (SPM) motor and
a conventional consequent-pole PM motor.

Keywords: consequent-pole; adjustable speed; permanent magnet motor; synchronous motor; field
weakening; voltage equation

1. Introduction

Recently, hybrid electric vehicles (HEV) and battery electric vehicles (BEV) have be-
come popular. As a result, adjustable speed drive technology for the traction motor is
being actively developed to improve the electric power consumption of HEV and BEVs.
In addition, progress in the electrification of various devices in automotive and small
motors is occurring. Therefore, the technological development of motors with adjustable
speed characteristics, having both high speed and high torque, was studied to achieve high
responsiveness and an expansive driving range [1-11]. As an example of automotive and
small motors, electric power steering (EPS) motors are required to have high torque for
turning the steering wheel when the car is stopped, and high rotation to cope with the reac-
tion force of the steering wheel when avoiding an emergency or when climbing up a step.
Therefore, as shown in Figure 1, an adjustable speed motor with a relationship between the
rotating speed N and torque T characteristics (N-T characteristics) is required [12].

To achieve high torque, PM motors using permanent magnets are applied in many
cases, and research and development aimed at expanding the operating range of permanent
magnet (PM) motors are actively proceeding [13-16]. The PM motor can be designed to
generate higher torque at low speed by increasing the electromotive force (e.m.f.). However,
in a PM motor using high energy density PMs, such as NdFeB or SmCo, it is theoretically
impossible to simultaneously realize high-speed operation at low torque and high torque
generation at low speed. For this reason, interior permanent magnet (IPM) motors that uses
reluctance torque, in addition to magnet torque generated by magnet flux and technology
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motor
for EPS

for weakening the magnetic field, are widely introduced to suppress the back e.m.f. within
the high-speed operating range [17-24]. However, in automotive and small motors, the
outer diameter of the motor is small, and the reluctance torque cannot be effectively used.
Therefore, surface permanent magnet (SPM) motors that can make the most of magnet
torque have become mainstream. Field weakening control generally suppresses the back
e.m.f. by reducing the PM flux using a negative d-axis current. However, in the high-speed
region, copper loss due to the d-axis current cannot be avoided, and the efficiency of the PM
motor decreases. In addition, in automotive and small motors that require high torque, since
a high energy density PM is used, the magnetic flux cannot be weakened by field weakening,
and high rotation cannot be achieved. Therefore, there is a strong need to develop a new
configuration for PM motors that can achieve efficient field weakening with less d-axis current.
Furthermore, to generate more cancellation flux efficiently to the PM flux with less d-axis
current, a new PM motor that can increase d-axis inductance is essential.

turning the steering wheel | for
with the carstopped EPS motor

avoiding an emergency or
climbing up a step

Torque [Nm]

0 1000 2000 3000 4000 5000 6000 7000
Speed [r/min]

(b)

Figure 1. Motor operation of EPS system: (a) steering system diagram; (b) N-T characteristics.

The authors have investigated a novel consequent-pole-type PM motor with a high-
speed operation capability with less field weakening current [25,26]. The proposed PM
motor has a pair of image poles of a core using high permeability material for a pair of N
and S magnet poles on the rotor. Figure 2 shows the motor cross-section of a conventional
consequent-pole PM motor and a novel consequent-pole-type PM motor and the reluctance
on the rotor surface viewed from each phase. However, the winding connection method is a
three-phase star configuration in which the Ul-phase coil and U2-phase coil are connected
in series, and the reluctance that changes for the rotation of the rotor is represented by
approximating a sinusoidal waveform. From Figure 2, it can be seen that the reluctance of
each phase of the conventional consequent-pole PM motor is unbalanced. This unbalance
increases the harmonic content in the air gap, causing motor vibration and noise. As a
countermeasure, it is possible to improve the impedance imbalance by making the rotor a
tandem structure or reducing the outer diameter of the core of the image pole. However, the
performance of the motor is degraded due to a decrease in the effective magnetic flux. In
addition, by high-frequency component injection on the input power, the harmonics in the
air gap can be canceled. However, since the harmonics are even-numbered, it is necessary
to devise the neutral point, and advanced motor drive technology is required [27-30].

On the other hand, the reluctance of each phase of the proposed motor is balanced,
as shown in Figure 2b. Therefore, there is no need to take countermeasures against the
harmful effects of unbalance, which were necessary for the conventional type. Furthermore,
since a pair of image poles of a core using high permeability material for a pair of N and S
magnet poles on the rotor is arranged, the proposed motor increased the d-axis inductance.
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Figure 2. Motor cross-section and the reluctance on the rotor surface viewed from each phase:
(a) conventional consequent-pole-type PM motors; (b) novel consequent-pole-type PM motor.

However, the detailed magnetic flux weakening mechanism of the novel consequent-
pole-type motor with unique rotor structure has not yet been clarified by analysis and
experiment. In addition, it is not theoretically clear whether the proposed motor can be
driven by the same theory as before because the magnet arrangement in the proposed rotor
is unique. The purpose of this study is to construct a control theory of the motor drive
for a novel consequent-pole-type PM motor with a unique rotor structure and to clarify
the potential of the new proposed motor by analysis and experiment. In this paper, after
explaining the detailed flux-weakening mechanism caused by a novel consequent-pole-
type PM motor with an unusual rotor structure, a mathematical model (voltage and torque
equation) of the proposed motor with a unique magnetic circuit structure is derived for the
construction of a control theory for the motor drive. Then, the results are verified through
analysis and experiment. In addition, the essential operating characteristics are compared
with those of a standard SPM motor and a conventional consequent-pole PM motor.

2. Overview of Novel Consequent-Pole PM Motor
2.1. Motor Structure and Driving Principle

Figure 3a shows the proposed consequent-pole motor structure having the minimum
number of poles and slots. Figure 3b shows the winding connection diagram of the
proposed motor. The novel consequence-pole motor employs a four-pole (two real magnetic
poles and two image poles) and six-slot concentrated winding structure. The magnet
arrangement of the rotor is SPM type. The winding connection method is a three-phase
star configuration in which a coil facing a magnetic pole and a winding facing an image
pole in the same phase are connected in series. Figure 4 shows the flux linkage waveforms
of the Ul-phase winding facing the magnet pole and the U2-phase winding facing the
image pole at no load and field weakening. At field weakening, the linkage magnetic flux
between the Ul-phase coil facing the magnetic pole and the U2-phase coil facing the image
pole has an antiphase relationship and the e.m.f. in each winding is canceled because
the Ul-phase coil and U2-phase coil are connected in series. This feature is the same in
the V-phase and the W-phase. This cancellation of the e.m.f. would not be expected in
conventional consequent-pole-type PM motors. Therefore, the field weakening effect is
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increased by the e.m.f. cancellation in addition to the cancellation of the magnetic flux
by the d-axis armature flux, so that high-speed drive is possible. The motor’s slots per
pole per phase (SPP) in Figure 3 are 0.5. Even if SPP are one (four-pole and twelve-slot)
or two (four-pole and twenty-four-slot), the principle of this proposed motor holds. As a
configurable condition, the stator configuration is such that the windings facing the magnet
poles and the windings facing the image poles in each phase can be connected in series,
and the ratio of these windings is 1:1.

[Voltage]
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L
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Figure 3. Proposed consequent-pole motor model: (a) Motor cross section; (b) Winding connection.
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Figure 4. Outline of flux cancellation at field weakening: (a) Motor cross-section; (b) Flux linkage at
no load; (c) Flux linkage at field weakening.

Furthermore, although the magnetic circuit of the rotor is necessarily unbalanced,
the impedance of the stator winding can be balanced if the windings facing the magnet
pole pair and the windings facing the image pole pair are connected in series. Therefore,
the three-phase balanced winding does not affect the motor current control despite the
unbalanced rotor magnetic circuit, and the magnetic circuit of the image pole part on the
rotor can be designed freely.

2.2. Effect of Adjustable Speed

Figure 5 shows the U-phase flux linkage waveform at no load and field weakening
(I = =30 A) and the FFT analysis results. From Figure 5, it can be seen that the U-phase
flux linkage can be varied by field weakening (I; = —30 A) because the primary component
of the flux linkage at field weakening is 12% of the primary component of the flux linkage at
no load. Figure 6 shows the N-T characteristics of the proposed motor at I; = 0 control and
I; = —30 A. It can be seen from Figure 6 that the rotational speed at low load is increased
by lowering the back e.m.f. due to field weakening.
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Figure 5. Outline of adjustable flux linkage at field weakening: (a) flux linkage waveform; (b) FFT
analysis result.
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Figure 6. N-T characteristics at I; = 0 A and field weakening.

2.3. Mathematical Model Derivation
2.3.1. Magnetic Circuit of the Novel Consequent-Pole PM Motor

The basic structure of a conventional SPM motor is two poles and three slots. The
mathematical expression is carried out by solving the three-phase magnetic circuit and
deriving the voltage equation. However, the rotor structure of the novel consequence-
pole motor has magnetic poles and image poles for each NS pole pair. Therefore, in the
configuration of the proposed motor, the minimum number of poles is four poles (magnetic
pole: two poles, image pole: two poles). Furthermore, the minimum number of windings is
six since the stator must have two windings that can be connected in series for each phase.
Therefore, in this study, the basic design of the proposed motor has six slots. However,
since the winding coefficient is not considered in deriving the mathematical model, it
can be applied to any SPP, winding method, and pole-slot number combination, as long
as the motor configuration is valid in principle. The mathematical model of the novel
consequence-pole motor is derived by solving the six-phase magnetic circuit and deriving
the voltage equation [31,32].

Figures 7 and 8 show the magnetic circuit structure diagram and the six-phase mag-
netic equivalent circuit of the novel consequence-pole motor. In Figure 7, R, is the reluctance
of the stator back yoke, R; is the reluctance of the stator teeth, R, is the reluctance of the air
gap between stator and rotor, R, is the reluctance of the rotor, and Ry, Rpy, Ryw, R’ pus R’ pos
and R’ pw are the reluctances of the rotor core surface. N is the number of coil turns in each
phase. Ryu, Rpy, Ryw, R'pu, R’ v, and R, are variable depending on the rotation position
because the reluctance of the magnetic pole part and the image pole part have a different
value. Since the reluctance of the rotor core surface in each phase is a square wave with
respect to rotor rotation, it is expressed by Equations (1)-(6) using the Fourier series. When
the U-phase axis coincides with the d-axis, 8 = 0 (electric angle) and R, is the square wave
amplitude. The reason why Equations (4)—(6) have the opposite sign of Equations (1)—(3) is
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that Equations (4)—(6) have the opposite phase of Equations (1)—(3). However, the model
is expressed using the Fourier series to make the model similar to the real reluctance. In
this way, the validity of the mathematical model can be judged by comparing it with the
analysis results for each detailed part.
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Figure 7. Magnetic circuit structure diagram of the novel consequent-pole PM motor.
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Figure 8. Six-phase magnetic equivalent circuit of the novel consequent-pole PM motor.
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2.3.2. Six-Phase Hexagon-Star Transformation

In the six-phase magnetic circuit of Figure 9, the load side connection is a six-phase
hexagon configuration. Therefore, a six-phase hexagon-star transformation is performed
to solve the magnetic circuit. Figure 9 shows the magnetic circuit diagram of the six-
phase hexagon and star configurations. However, the value of each of the six reluctances
(R1—R¢, r1-7¢) are equivalent (R, ), and the magnetomotive force is a symmetric six-phase
alternating current with an amplitude value of E. In each magnetic circuit, the currents (i, i’)
flowing in one phase are calculated using the superposition theorem. Then, the equivalent
conversion of the reluctance is considered from its current value. Figure 10 shows each
magnetic circuit when only E; is supplied and E; to E4 are shorted.

@) (b)

Figure 9. Six-phase magnetic circuit: (a) the load side connection is a hexagon configuration; (b) the

load side connection is a star configuration.

l g1 l i'p1
n
R¢ R
(

b)

Figure 10. Load side magnetic circuit when only E; is supplied: (a) hexagon configuration; (b) star
configuration.

The current ig; in Figure 10a can be calculated as follows:
2E
iEl = ? sin (7)
When only E; is supplied, and E; and E3 to Eg4 are shorted, the current ip; is as follows:
. 2E .
iy = & sin(6 — 60) (8)

Therefore, the current ig; flowing in R; is expressed by:

1 1 E E
iRl = EiEl - EiEz = ﬁ{sme - sin(G — 60)} = E sin(G + 60) (9)
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Similarly, the calculation for the current igg flowing in R is as follows:

. E .

iRe = 7 sin(6 + 120) (10)
Therefore, the current i flowing in one phase is as follows:

E
i= R sin 6 (11)

On the other hand, the current i/ in the star configuration in Figure 9b can be calculated
using the principle of the superposition theorem. The current i/g; in Figure 10b can be
calculated as follows:

5E
ilp = asin@ (12)

When only E, is supplied, and E; and Ej to E¢ are shorted, the current i/g; is as follows:
E
i/EZ = 27 sin(9 — 60) (13)

Similarly, the currents i/g3 ~ i/gg can be calculated. Therefore, the current i/ flowing
in one phase is as follows:
i =i — (e + e+ i'pa+i'E5 + i'E6)
= 2L sing — E {sin(6 — 60) + sin(6 — 120) + sin(6 — 180)
+ sin(f — 240) + sin(6 — 300)}
E

= 751119

(14)

Therefore, when r is equal to R, the magnetic circuits of the hexagonal and star-
connected configuration in Figure 9a,b can be treated as equivalent.

In the six-phase hexagon-star conversion, the resistance value on the load side in
hexagon configuration is unchanged, and the connection can be converted from hexagon to
star of the six-phase. Figure 11 shows a six-phase magnetic circuit in which the load side
connection is a star configuration.

R, R, R, R

Figure 11. Six-phase star configuration magnetic equivalent circuit of the novel consequent-pole
PM motor.
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2.3.3. Derivation of the Theoretical Equation for the Armature Flux

The armature flux of the Ul-phase coil is derived from the six-phase magnetic circuit
shown in Figure 11. The reluctance of each phase is expressed by:

ay 1
R, =R R ———sin((2n —1)6/) = R/ R,.x 15
u de + acn;ln(zn_l)ﬁn((n )67) de T Raczuy (15)
> 4 1 T
R :R/d + R ————sin (2n—1) 0r— — = R/j. + Ry 2 (16)
? ¢ ‘””;n(zn—n ( ( 3)) ¢
> 4 1 27
Ry =R R ———sin({ (2n—1)( 0/ — == ) ) = R/g. + Ry Z 17
w de + aCnX_:ln(Zn—l)sm(( n )< 3 )) de + Raczw 17)
/ / - 4 1 . ,
Ru =R dc — Rac Z Em Sln((zn — 1)(9/)) =R de — RaCZu (18)
n=1
> 4 1 T
R/ :Rld —R ————sin (211—1) 0r— — :R/d — RycX (19)
v ¢ ﬂcﬂ;lr((Zn—l) ( ( 3)) ¢ e
> 4 1 27
=Ry, — ————si 2n—1)( 60/ — — =R ;. —RyX 20
Ry =Ry Rucngln(zn_l) Sln(( n )( 3 )) dc ac&w (20)
where,
0 T
9/25“’5“’2/R/dc:Rt+Rg+Rr+Rs

This reluctance is used to solve the six-phase magnetic circuit. R, is the DC component
term, and R, is the amplitude of the AC component. The Fourier series is simply expressed
as X, Xy, and Xy, for each phase.

When the superposition theorem is used for a six-phase magnetic circuit, the armature
flux (Pyu1) flowing from the Ul-phase is generated by the magnetomotive force of the U1-
phase, and the armature fluxes (Pyv1, Puov1, Puuz, Puv2, Puw2) flowing into the Ul-phase
are generated by the magnetomotive force of the V1, W1, U2, V2, and W2-phases. Therefore,
the armature magnetic flux (@y71) flowing in the Ul-phase can be expressed by:

dur = Puut — (Puu2 + Puot + Puwt + Puwz + Puc2)
= N (R, R R (R) + Ry) + RyRyRL (R, + Ry))
— 22 (R R\ R, (R, + Ro)) — M (Ro R}, R} (R, + Re))
= Mo (4R (R~ ) — M%&&R ~ RZ)%.) (21)
~ N (2R (R — RE) -2 dmm@%—w>
e (ZR/dc (R/dc - R%c) — 2R/ 4 Rac (R/dc )
= Lty + Myp1iv + Mywiiw

u

)
)

p¥
X

where,
A = RyRyR,R,R, + RyRuR, R, R, + RyRoR, R R.,
2
2
+RuRoR R R + RuRoRaRORl, + RuRoRaRIRly= 6R/ge (R'G — R )

The self-inductance of the Ul-phase coil is L1, the mutual inductance between the U-
phase and V-phase is M,;51, and the mutual inductance between the U-phase and W-phase
is Muw1~

The armature flux (Pv1, Pwi, Puz, Pv2, Pwo) flowing in the V1, W1, U2, V2, and
W2-phases can be derived in a similar way to the derivation of the armature magnetic flux
(®111) flowing in the Ul-phase. The winding connection of the novel consequence-pole
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motor is a three-phase configuration connecting in-phase windings in series. Therefore, the
theoretical value of the armature flux flowing in the U-phase is the sum of the armature
flux flowing in the U1 and U2 phases. Here, only the theoretical equation of the armature
flux linkage ®y; flowing in the U-phase is shown as:

¢u = N(¢u1 + du2)
SR’ZC R’chRﬁc 4R,2c szciRgc 4R,2c RIZC*Rgc
_ (W)N% . (W)Nziv - <"<§>> Niy (@)

- Luiu + Muviv + Muwiw

The coefficient of the U-phase current is the self-inductance L, of the U-phase, the
coefficient of the V-phase current is the mutual inductance M,, between the U-phase and
the V-phase, and the coefficient of the W-phase current is the mutual inductance M,
between the U-phase and the W-phase.

When the theoretical equation of the armature flux linkage of the V and W phases are
calculated as well as the U-phase, the armature flux linkage flowing in each phase is as follows:

L

4)H LM MMU Muw iu
(Pv = Muv Lv Mvw iv
w MMZU Mvw Lu) lw
8R'3 (R'5—RZ,) 4R (R~ RZ) 4R'% (R~ RZ)

A

4R,§'c (thzic 7R%c>

A

SR%C (R%c 7R¢%c)

) .

A

4R,§c (ngc 7R§c)

Ly

- | . (5 W@
lw
2 2 2 2 2 2
4R,dc (R,dc_Rgc) 4R,dc (R,dc_Rgc) 8R/dc (Rldc_Rgc)
N\ A N\ A A
- L L . -

Lgc -5 - LTdC Iy
=[5 L -H||k
-3 =% L | Ll

It is found that the self-inductance and the mutual inductance of each phase are only
the DC component.

2.3.4. Derivation of the Voltage Equation of the Novel Consequent-Pole PM Motor

The three-phase voltage equation is derived from the armature flux linkage and the
magnetic flux linkage. The coil connection of the novel consequence-pole motor is a three-
phase configuration connecting in-phase coils in series. Therefore, the e.m.f. of the in-phase
winding can be calculated by addition. To add the e.m.f. of the winding facing the magnet
pole and that of the winding facing the image-pole together, the theoretical equations of
the magnetic flux linkage of each phase (Y, —ag, ¥v—mag, Yw—mag) and the flux linkage of
the three-phases (Y, ¥v, Yw) can be expressed by:

II’uﬂm{g = lpul—mag + 1Pu27mag: l/)f cos 6 (24)
2
Yo—mag = Yol-mag + Yo2—mag = P cos (9 - 37T) (25)

2
Yw—mag = Ywl—mag + Pw2—mag = l/Jf cos (9 + 3777) (26)
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lp” (Pu I,L’u—mug
¢v ¢o + ¢v—mug
Py Pw lpwfmag 27)

L, My, Myl |iy Py cos 0
= |Myw Ly M| |i|+ |t cos (0 — %7‘[)
Myw Myw Ly iw #’f COSs (9 + %7'[)

Yris the amplitude value of the magnetic flux linkage to each phase, L,, Ly, and Ly, are
the self-inductance of each phase coil, and My, My, and M, are the mutual inductances.

The voltage of each phase can be obtained as the sum of the voltage drops due to the
winding resistance and the e.m.f. obtained by differentiating the armature flux linkage of
each phase with time, and is expressed by the following equation:

Vi d Ly My Muyw| |1y ¢ufmag
Vo =Ri+ E My Ly Moy Iy | + lpvfmag (28)
Vi Myw Mow Ly I Ebw—mlzg
— d - =
?:Rz‘+dt(u+lp> (29)

The voltage equation of the three-phase coordinate system is transformed into that
of a two-phase static coordinate system (a3 coordinate system) using the transformation
matrix C. However, CT is a transposed matrix of C, and CTC is a unit matrix, and absolute
transformation in which the instantaneous power is invariant before and after the coordi-
nate transformation was used. The transformation equation and transformation matrix are
shown as:

G=Ri+ 4L +Ld(i) iy
Co = CRi +ClLi+CLe( i) +wCsy (30)
C% = RCi +CLCT4C <7) - wc@
S = d (- —
Oup = Riap + Lap 7, i,xﬂ) + g (31)
1 1
C= % Ll) _%37 __a (32)

The voltage equation of the two-phase static coordinate system (¢ coordinate system)
is transformed into that of the dq coordinate system using the transformation matrix
D. However, DT is the transposed matrix of D, and DTD is the unit matrix. However,
the transformation equation, transformation matrix, and the voltage equation of the dq
coordinate system can be shown as:

N — il —
Dvaﬁ = DRl,x/g + DL“lgﬁ (ltxﬁ) + Dwt/J,Xﬁ

N — gt —
thxﬁ = DRlzxﬁ + DL(X/_U,%D D (Z"‘,B> + lepﬂéﬁ

(33
— = dpT: o pTd:. . !
DZ),X‘B = DRI,X[; + DL(X[S ED ldg +D aildg + (UDllJaﬁ
— - = = -
049 = Rigg + DLyg % DTigy + DLygDT Ly + wipy,
cosf sind
b= [— sinf cos 9} (34

Ogq| _ R, 01]]iy 0 —%de ig %de 0 i ig 0
[UQ] B [O Rﬂ] [ili} +w{ngc 0 iq + 0 %de dt iq Wi 1 (35)
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Equation (35) shows that both the d-axis inductance and the g-axis inductance are
3 L4./2, which is a DC component only. Therefore, the voltage equation of the novel
consequent-pole PM motor is the same as that of the general SPM motor.

The torque equation is also derived from the voltage equation in Equation (35). From
Equation (35), the power equation is as follows:

=15 21T L el H ]
oL 2] (o ]
= Ra(ig? +ig%) + {w(—Lgiaiq + Laiaiq) + wipaiq}

The first term in Equation (36) is the copper loss, and the second is the motor’s output.
Therefore, the torque T is obtained from the second term in Equation (36) as follows:

w(—Lqidiq + Ldidiq) + wipaiy
w

T = = Paig+ (Lg — Lg)iqiq (37)
From the above, the voltage and torque equation of the novel consequent-pole PM motor
could be derived, and the control theory for the proposed motor drive could be constructed.

2.3.5. Mathematical Model Validation by Analysis

Figure 12 shows a cross-section of the verification motor structure of the novel
consequence-pole PM motor, and Table 1 shows the specification of the proposed motor.
In the mathematical model, leakage flux and magnetic saturation are not considered. In
order to minimize the leakage flux, the structure of the novel consequence-pole motor is
straight teeth in the analysis model. To avoid being affected by magnetic saturation, the
relative permeability of the stator core and the rotor core is made constant in the analysis
model. The motor is operated at 1000 r/min. 6 is zero when the center of the Ul-phase
coil coincides with the d-axis of the N-pole magnet. The number of coil turns in each
phase is 32.

w1\

u2

V2 W2\

Figure 12. Cross-section of the verification motor structure of the novel consequence-pole PM motor.

First, the inductance in the derivation process of the equation is compared with the
analytical value. In order to analyze the inductance, the magnet parts in the analysis model
were replaced with air, DC of 1 A was applied, and the inductance was calculated from the
armature flux linkage when the motor was operated at 1000 r/min and compared with the
inductance of the mathematical model equation. Figure 13 compares the inductance (L;1,
M.v1, Mow1) of the analytical results and that of Equation (21) and their FFT results. How-
ever, the reluctance of the mathematical model has been calculated from the dimensions of
the verification motor model. The relative permeability of the stator and rotor core of the
analytical and mathematical model is 5000 to exclude the effect of magnetic saturation.
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Table 1. Specifications of a novel consequent-pole PM motor.
Items Value
number of poles and slots 4 poles, 6 slots
stack length 37 mm
stator outer diameter 90 mm
stator inner diameter 45 mm
width of tooth 9 mm
stator width of backyoke 9 mm
relative permeability of core 5000
winding method Concentrated windings
winding connection method Star configuration
rotor outer diameter 42.85 mm
thickness of magnets 3.425 mm
rotor coercive force of PM 985 kA /m
remanent flux density of PM 1.29T
maximum energy product of PM 322 kJ/m3
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Figure 13. Comparison of inductance between analytical and theoretical value in Ul-phase: (a) L, 1;
(b) Miv1; (€) M1

From Figure 13, it can be confirmed that the inductance waveform and each order compo-
nent of the analytical value and the mathematical value in the Ul-phase are fairly consistent.

Figure 14 compares the inductance (L;, My», Myw) of the analytical results and that of
Equation (22) and their FFT results. Figure 15 shows the armature flux linkage waveform
(DPy, Py1, and Pyyp) when a DC 1 A is applied in the analysis and FFT results. @y; is the
sum of @;; and @yj,. From Figure 14, it can be confirmed that the DC component of the
mathematical inductance in the U-phase was in good agreement with that of the analytical
inductance. Moreover, it can be confirmed in Figure 14 that the inductance of the analytical
results has only a few even-order harmonic components. This is because in the analysis,
as shown in Figure 15, the change of the armature flux linkage when the reluctance of the
rotor surface increases with rotor rotation, that is, when the rotor rotation position changes
from the image-pole to the magnet pole, and the change of the armature flux linkage when
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the reluctance of the rotor surface decreases with rotor rotation, that is, when the rotor
rotation position changes from the magnet pole to the image-pole, are not symmetrical. In
Figure 15, it can be confirmed that the waveform of @;, which is the sum of @1 and @5,
has not only a DC component but also an even-order harmonic component.
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Figure 14. Comparison of inductance between analytical and theoretical value in U-phase: (a) Ly;
(b) Myy; (€) Myg.
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Figure 15. Analytical armature flux linkage waveform (@, @111, and @) at 1 A (DC) and FFT results.

On the other hand, in the mathematical model, since the reluctance changes into an
ideal rectangular wave shape with rotor rotation, there is no difference between the change
in armature flux linkage when the rotor rotation position changes from the image-pole to
the magnet pole and the change in armature flux linkage when the rotor rotation position
changes from the image-pole to the magnet pole. Therefore, the mathematical model does
not generate an even order component in the U-phase inductance. From the above, it was
confirmed that, although there was a slight difference in some harmonic components, the
inductance in the equation was in good agreement with the analytical value.
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In the theoretical formula, the waveform of the number of flux linkages at no-load is
defined as a sinusoidal wave. However, it is possible to calculate the amplitude value of the
flux linkage using the permeance method. Furthermore, since the proposed PM motor has
a pair of image poles of a core for a pair of N and S magnet poles on the rotor, the magnetic
flux flows almost between the N and S poles in the rotor core. Therefore, it is possible to
calculate the amplitude value of the flux linkage at no-load using a simple design method
similar to the conventional motor [32,33].

Figure 16 shows an analysis and theoretical value of the magnetic flux linkage of the
Ul-phase coil and the U2-phase coil and the magnetic flux linkage of the U-phase, which is
the sum of the Ul-phase and U2-phase at no load. Figure 16 shows a discrepancy between
the analytical and theoretical magnet flux linkage at the pole switching section. The factor
is considered to be magnetic leakage flux at the end of the magnet. Furthermore, it can
be seen that the magnetic flux linkage of the U-phase has a sinusoidal waveform by the
sum of the Ul-phase and the U2-phase magnetic flux linkages. It was confirmed that the
mathematical magnetic flux approximated a sinusoidal form in each phase was valid. From
the above, it is considered that the mathematical model is correctly derived.
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§ é 0.008 B U1+U2 (analysis)
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(@) (b)

Figure 16. Theoretical and analytical magnetic flux linkage at no load: (a) flux linkage waveform of
the U-phase, Ul-phase, and the U2-phase; (b) FFT analysis result of the U-phase.

2.3.6. Induced Voltage Cancellation Verification by Analysis

The induced voltage cancellation relation is verified by the flux linkage of the winding
facing the image pole and the winding facing the magnet pole. The winding facing the
image pole and the winding facing the magnet pole are in series. Figure 17 shows the
analytical and theoretical flux linkage of the U1 and U2-phases when only the d-axis current
(I; = —36.74 A) is supplied. However, the theoretical value is the sum of the d-axis magnetic
flux calculated from Equation (21) and the magnetic flux linkage at no-load derived in the
previous section. Figure 17 shows a discrepancy between the analytical and theoretical flux
linkage at the pole switching section. It is considered that the factor is magnetic leakage
flux at the end of the magnet. Therefore, it was confirmed that the analytical and theoretical
values were almost identical. Furthermore, it was confirmed that the flux linkage of the
winding facing the magnet pole and that facing the image pole were in opposite phases,
and thus the induced voltage was canceled.
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Figure 17. Analytical and theoretical flux linkage of the U1 and U2-phases at I; = —36.74 A.

3. Mathematical Model Validation by Prototype Motor Drive
3.1. Prototype Motor

Figure 18 shows the prototype structure of the novel consequence-pole PM motor, and
Table 2 shows the specifications of the prototype motor. The number of poles and slots is
eight poles and twelve slots. The outer motor diameter is 81 mm, the motor stack length
is 37 mm, and the winding method is a three-phase concentrated winding. The magnet
arrangement of the rotor is SPM type, a neodymium sintered magnet is adopted in magnet
material, and the stator winding has a connection structure of two series and two parallel
lines. In series winding, the winding facing the magnet and the winding facing the image
pole are connected in series. A resolver is arranged on the upper part of the motor to detect
the rotor rotation position. Figure 19 shows the configuration of the prototype motor of the
novel consequence-pole PM motor. The SUS tube covering the magnets and the rotor core
are used to prevent scattering of the magnets. Figure 20 shows the measurement system
configuration of the prototype motor.

(@)

37mm Coil 76.2mm
Coil 42.85mm U-phase
x U3 Ul
g (V1
£l € \ U4 u2
ElE - vi W3
2 0 Ul V2 ‘W 4
<
y V3
W4 V
Rot: : v
ot W3 YA \ V-phase W-phase

Stator core

_— core
|\ Rotor core Ui4
Magnets

(b) (©)

Figure 18. Configuration of prototype motor: (a) Cross-section of the prototype motor from the axial
direction; (b) Cross-section of the prototype motor from the radial direction; (c) Winding diagram.
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Table 2. Specifications of novel consequent-pole prototype motor.

Items Value
number of poles and slots 8 poles, 12 slots
stack length 37 mm
stator outer diameter 81 mm
stator inner diameter 76.2 mm
stator material of core 50 JNE300
winding method Concentrated windings
winding connection method Star configuration
rotor outer diameter 42.8 mm
rotor material of magnets NMX-43SH
magnet arrangement SPM type
thickness of magnets 5.7 mm

(b)

Figure 19. Configuration of prototype motor: (a) Photograph of the motor; (b) Photograph of the rotor.

I I.1 Oscilloscope
PC oW (DL850)
I
per— S Data conversion BOX
ontroller /T Sin,Cos, R+ (MWACS-PSIF-01)
(TS7700) Resolver
7 AB,7Z
| Torque Motor INV >] Controller
detector Y (Expert4)
(MT6415) 7
Current| | Voltage _
IV
Voe DC rc
I power
NT Power pe supply
Analyzer €
(WT1800)

Figure 20. Measurement system configuration.

3.2. Validation of Effect of Adjustable Speed by Prototype Motor
From the voltage equation, it is possible to calculate the amount of magnetic flux
linkage of the prototype motor backward from the rotational speed, the voltage, the current,
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winding resistance, and the inductance measured when the current is applied. Figure 21
shows the adjustable flux by d-axis current in the prototype motor and analysis model.
Figure 21a shows the relationship between the rotating speed with respect to the d-axis
current in the prototype motor, and Figure 21b shows the estimated U-phase flux linkage
(fundamental wave component) in the prototype motor when no d-axis current is supplied
(I =0 A) and when the d-axis current is supplied (I; = —30 A). Although the g-axis current is
applied to drive the motor, it is the minimum value to counter the windage loss, mechanical
loss of the bearing, and core iron loss at each current condition. From Figure 21, it can
be seen that the fundamental wave component of the estimated U-phase flux linkage at
I; = =30 A is about 3% of the fundamental wave component of the flux linkage at I; =0

A. Similar to the analysis results shown in Section 2.2, it was found that a wide range of
magnetic flux variation was possible in the prototype motor. If the flux linkage is infinitely
close to zero, the rotating speed should theoretically approach infinity. However, the reason

why the rotating speed does not reach infinity when the flux linkage is close to zero is that

only the fundamental wave component is used for the back-calculation and that the harmonic

component is included in the magnetic flux and the inductance in the prototype motor.
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Figure 21. Adjustable flux by d-axis current: (a) Relationship between the rotating speed with respect to
the d-axis current; (b) Estimated U-phase flux linkage in the prototype motor at no load and I; = —30 A.

3.3. Back e.m.f. Characteristics

Figure 22 shows the waveform and FFT results of the U-phase back e.m.f. when the
motor is operated at 1000 r/min. It can be seen from Figure 22 that the U-phase back e.m.f.
waveform of both the analytical and experimental values is close to sinusoidal because the
winding facing the magnet and the winding facing the image pole are connected in series.

In addition, the first-order component of the analytical value and the experimental value is
almost the same.
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3 = = = Analysis B Analysis
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5 2 525
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(a) (b)
Figure 22. U-phase back e.m.f. at 1000 r/min: (a) waveforms; (b) FFT results.
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3.4. N-T Characteristics

Figure 23 shows the relationships between the rotating speed N and torque T charac-
teristic (N-T characteristic) at I; = 0 A and I; = 30 A. However, the results were measured by
driving an ordinary three-phase inverter using the voltage equation derived in Section 2 as
the motor control theory. It can be seen from Figure 23 that the rotating speed is increased in
the low load region by applying field weakening. When no d-axis current is supplied (0 A),
the experimental value is almost the same as the analysis value, but when a d-axis current
of —30 A is provided, the rotating speed of the experimental value is smaller than that
of the analysis value at low load. It is considered that the required supply voltage of the
prototype motor was higher than that of the analysis motor due to the magnet sticking error
and assembling error at the time of manufacturing and due to the harmonic component
included in the magnetic flux and the inductance in the prototype motor. However, since
the N-T characteristics of the analytical and experimental value were almost the same, it
was confirmed that the driving control principle based on the derived voltage equation
was established in the prototype motor.

3
B Prototypeld=-30A
25 |in Analysis [d=-30A
H A Prototype Id=0A
5 I Analysis [d=0A
- = Ay
g
£,
v L5
g
3
=1
0.5
0
0 2,000 4,000 6,000 8,000 10,000 12,000

Speed [r/min]
Figure 23. N-T characteristics of analysis model and prototype motor atI; =0 A, —30 A.

3.5. Demagnetizing Characteristics

Irreversible demagnetization may occur even in an automotive and small motor [34].
Figure 24 shows a contour diagram of the demagnetizing factor of the PM after demagnetiza-
tion analysis. Under analytical conditions, only the d-axis current is supplied in forward and
reverse rotation for an electrical angle of 360°. The d-axis current value was set to 1.5 times the
maximum d-axis current during the experiment, considering the safety factor and the surge
voltage that may occur unexpectedly. The maximum temperature of the magnet was set at
180 °C. From the analysis result, the volume of the magnet that is demagnetized even slightly
is 20.1% of the total magnet volume. Therefore, the maximum demagnetizing factor is 57.8%.
The demagnetized area of the magnet was the corner on the outer diameter side. However,
Figure 24a shows that the area where the demagnetizing factor is high is small.

. Demagnetizing Dmnagnetuizing
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Figure 24. Contour diagram of the demagnetizing factor: (a) maximum range is 40%; (b) maximum
range is 1%.
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Figure 25 shows the analytical waveforms and FFT results of the U-phase back e.m.f.
before and after demagnetization analysis. The fundamental component of the U-phase
back e.m.f. after demagnetization analysis was —0.3% compared to that before. Therefore,

even under the worst-case conditions, there should be little degradation of properties due
to irreversible demagnetization.
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Figure 25. Analytical U-phase back e.m.f. before and after irreversible demagnetization at 1000 r/min:
(a) waveforms; (b) FFT results.

The prototype motor determines whether the magnet is demagnetized or not by
comparing the back e.m.f. before and after the characteristic measurement. Figure 26 shows
the experimental waveforms and FFT results of the U-phase back e.m.f. before and after
measurement. Figure 26 shows that the fundamental wave components are almost identical
before and after the experiment. Therefore, it was confirmed that there was virtually no
significant degradation of motor characteristics due to irreversible demagnetization.
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Figure 26. U-phase back e.m.f. of the prototype motor before and after the experiment at 1000 r/min:
(a) waveforms; (b) FFT results.

4. Comparison of Characteristics of Novel Consequent-Pole PM Motor
4.1. Motor Specifications

The characteristics of the proposed novel consequence-pole motor, the conventional
consequence-pole PM motor, and the standard surface permanent magnet (SPM) motor
were compared in the analysis. Figure 27 shows a cross-section of the proposed novel
consequence-pole motor, the conventional consequence-pole motor, and the SPM motor.
The magnets in the SPM motor are arranged at all poles. Table 3 shows the specifications
of these three models. Although the motor volumes of all three motors are the same, only
the rotor structures of the three motors are different from each other. The proposed motor
and the conventional consequence-pole motor employ equivalent eight poles (four real PM
poles and four image poles), whereas the SPM motor has eight real PM poles. Hence the
PM volume is double that of the consequent pole PM motors.
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Figure 27. Cross-section of motor model: (a) proposed motor; (b) consequent pole motor; (c) SPM motor.
Table 3. Motor specifications of a novel consequent-pole prototype.
Items Proposed PM Motor Consequent Pole PM Motor SPM Motor
Stator diameter 80 mm 80mm 80mm
Rotor diameter 42.85 mm 42.85 mm 42.85 mm
Stack length 37 mm 37 mm 37 mm
Air gap length 1.045 mm 1.045 mm 1.045 mm
Number of poles ) 8 ) ) 8 . 8
(PM:4, Image pole:4) (PM:4, Image pole:4)
Number of slots 12 12 12
Number of turns 16 16 16
PM volume 7.672 cc 7.672 cc 15.344 cc
Armature winding connection 4-series star connection 4-series star connection 4-series star connection
PM type NMX-43SH NMX-43SH NMX-43SH

4.2. Comparison of No-Load Electromotive Force

Figure 28 shows the no-load e.m.f. waveforms of the U-phase and their FFT analysis
results when the three motors are operated at 600 r/min. The e.m.f. of the motor is
expressed as:

. \2 . \2
V, = w\/(lpﬂ + Lgig)” + (Lgiq) (38)
8 7
6 6 B Proposed motor
Consequent pole motor
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Figure 28. Comparison of back e.m.f. and FFT results: (a) back e.m.f. waveform; (b) FFT results.
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The no-load e.m.f. is generated by only the magnetic flux (). At field weakening
control, the negative d-axis current is supplied. Therefore, it can be seen using Equation
(38) that a motor with a larger d-axis inductance can reduce the back e.m.f. with a smaller
negative d-axis current. In other words, efficient high-speed operation can be expected.

From Figure 28, the waveforms of the SPM motor and proposed motor are close to
sinusoidal. On the other hand, the conventional consequent pole PM motor’s waveform is
distorted due to the deviation of the real magnet arrangement in the rotor. The harmonic
component, especially the second component, of the proposed motor in the e.m.f. waveform
is lower than the conventional consequent pole PM motor; thus, the proposed motor is
suitable for high-speed operation with field weakening control.

4.3. Comparison of Inductance

Figure 29 shows variations of the d-axis and the g-axis inductances of the three models,
where the current phase angle {3 is changed under the constant stator current amplitude.
However, the inductance is calculated by the voltage equation. The magnet flux linkage at
no-load, the number of the flux linkage at each current, the phase current, and the current
phase angle are used in the voltage equation. As the 3 value increases, the d-axis inductance,
as well as the g-axis inductance, is increased because the amounts of the magnetic fluxes to
both axes are reduced.
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Figure 29. Comparison of inductance: (a) d-axis inductance; (b) g-axis inductance.

The d-axis inductance of the proposed motor is the highest among the three motors. It
is larger by approximately 45% than the SPM motor, which means that the reluctance of
the magnetic circuit in the proposed motor is the least. The SPM motor has the minimum
inductance values on both the d-axis and the g-axis. However, the conventional consequent
pole PM motor has the highest g-axis inductance. As described above, any types of the
consequent pole PM motors have more iron in the rotor cores and higher inductance values
compared with the standard SPM motor in which the rotor is entirely surrounded by the
PMs. As can be expected, the proposed motor is capable of realizing the field weakening
with less d-axis current owing to the higher d-axis inductance.

4.4. Comparison of N-T Characteristics

Figure 30 shows the N-T characteristics of the three motors, where the maximum
output power is delivered to the loads. The test conditions are 12-V DC bus voltage, with a
maximum current amplitude of 20 A.
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Figure 30. Comparison of N-T characteristics.

The SPM motor can deliver the higher torque in the low-speed range owing to the
high e.m.f., compared with the other motors. On the other hand, the proposed motor can
expand the higher-speed range because the motor has a low coefficient of the e.m.f. and the
counter e.m.f. is high enough to cancel the PMs’ e.m.f. Therefore, the higher-speed range
can effectively be expanded using the field weakening. On the other hand, the conventional
consequent pole PM motor has almost the same N-T characteristic as the SPM motor, and it
is hard to expand the high-speed operation range. This is due to the even-order harmonic
components in the e.m.f. when the field weakening is applied to the motor.

As described above, it has been found that the proposed motor has the most extensive
high-speed operation range with the least negative d-axis current; thus, the field weakening
operation can efficiently be achieved among the three motors.

5. Conclusions

The proposed motor has a unique rotor configuration where the real PM pole pairs
and the image pole pairs are placed in every other pole pair. The image pole pairs are on the
iron core parts next to the real PMs on the rotor. Since the windings facing the PM pole pair
and the windings facing the image pole pair are connected in series, the proposed motor
has a mechanism for canceling the induced voltages to increase the field weakening effect,
in addition to a conventional field weakening mechanism for canceling the magnetic flux
by the armature d-axis flux. In addition, because the three-phase impedance is balanced, the
proposed motor does not require the conventional countermeasures due to the unbalanced
impedance of a traditional consequent-pole PM motor. Furthermore, since a pair of image
poles of a core using high permeability material for a pair of N and S magnet poles on the
rotor is arranged, the proposed motor increases d-axis inductance.

This paper sought to construct a control theory of the motor drive for a novel consequent-
pole-type PM motor with an unusual rotor structure and to clarify the proposed motor’s
potential. A three-phase voltage equation was derived using the equivalent magnetic
circuit of six phases in the basic structure employing four poles and six slots, and the
torque equation was derived. The validity of the derived mathematical model was con-
firmed by analysis. The validity of the control theory for the motor drive using the derived
mathematical model was verified on the prototype motor. Furthermore, the amount of
the adjustable flux linkage and the demagnetization characteristics of the proposed motor
during field weakening were confirmed by analysis and measurement. In addition, the
essential operating characteristics were compared with those of a standard SPM motor and
a conventional consequent-pole PM motor.

The results demonstrated the following:
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The derived voltage equation is equivalent to that of the general SPM type.
The derived voltage equation was shown to be valid, with the same trend as the
analytical results.

e  The control theory for the motor drive based on the derived mathematical model
worked on the prototype motor and was shown to be valid by measurement.

e  The proposed motor can vary the fundamental component of the number of the flux
linkage in the range of 3-100% by field weakening in the experiment.

e  The demagnetization resistance of the proposed motor was high. There was virtually
no significant degradation of motor characteristics due to irreversible demagnetization
in analysis and measurement.

e  Analysis clarified that the harmonic component of the proposed motor was less than
that of the conventional consequent-pole type.

e  The proposed motor has the most extensive high-speed operation range with the least
negative d-axis current; thus, the field weakening operation can be achieved efficiently
through the three motors.

Based on these results, we have developed a novel consequent-pole PM motor with

a wide operating range with less d-axis current during field weakening, using the same

control theory for the motor drive as before, without the conventional countermeasures

associated with the unbalanced impedance of a traditional consequent-pole PM motor.
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