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Abstract: Due to the increasing energy crisis and environmental pollution, the development of drive
motors for new energy vehicles (NEVs) has become the focus of popular attention. To improve the
sine of the air-gap flux density and flux regulation capacity of drive motors, a new hybrid excitation
synchronous motor (HESM) has been proposed. The HESM adopts a salient pole rotor with built-in
dual-V permanent magnets (PMs), non-arc pole shoes and excitation windings. The fundamental
topology, operating principle and analytical model for a magnetic field are presented. In the
analytical model, the rotor magnetomotive force (MMEF) is derived based on the minimum reluctance
principle, and the permeance function considering a non-uniform air-gap is calculated using the
magnetic equivalent circuit (MEC) method. Besides, the electromagnetic performance including
the air-gap magnetic field and flux regulation capacity is analyzed by the finite element method
(FEM). The simulation results of the air-gap magnetic field are consistent with the analytical
results. The experiment and simulation results of the performance show that the flux waveform is
sinusoidal-shaped and the air-gap flux can be adjusted effectively by changing the excitation current.
This study provides design methods and theoretical analysis references for this type of HESM.

Keywords: HESM; analytical model; MMF; permeance function; air-gap flux density; flux
regulation capacity

1. Introduction

With the rapid development of society, the exhaustion of fossil fuels and environmental pollution
have become urgent problems. The development of new energy vehicles (NEVs) is one of the key
approaches to solving these problems. Motor design is the key to the development of NEVs. Given
this, various topologies of motors have been proposed. The permanent magnet synchronous motor
(PMSM) has the advantage of high torque density, high power density, and high efficiency [1-3], but
it is difficult to control the magnetic field [4]. The magnetic field of the electrical excitation motor
(EEM) can be controlled easily, but the presence of the excitation winding increases the excitation loss,
which leads to decreased efficiency. Based on the PMSM with added excitation windings, the hybrid
excitation synchronous motor (HESM) with a controllable magnetic field has been proposed, and it has
become the focus of increasing attention for scholars around the world [5-7].

In the past decades, many kinds of new HESM topologies have proposed and studied, which are
mainly focused on the claw-pole type [8-10], the parallel type [11-13], rotor magnetic shunt type [14,15],
and the combined rotor type [16], and most of them are used in generator systems. However, there
are two main problems in these types of HSEMs. On the one hand, there is axial flux, which limits
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the axial length of the motor. On the other hand, there is an additional air-gap between the magnetic
bridge and the rotor core, which reduces the efficiency of the motor, and the structure of the motor is
more complex.

In the relatively few research works into HESMs without axial flux and additional air-gaps,
a hybrid excitation double salient pole motor in which permanent magnets (PMs) and excitation
windings are located on the stator is proposed [17,18]. The structure is simple and easily dissipates
heat. However, when running as a motor, it causes a large torque ripple. In [19,20], PMs and excitation
windings are integrated into one salient pole rotor, and the flux generated by excitation windings
passes through PMs, which leads to the high reluctance of the magnetic path and low flux regulation
capacity [21]. Based on the salient pole topology, a kind of HESM is researched in which PMs are fixed
on the surface of the salient pole and do not cover the salient pole completely, in which the PM and
electrical excitation flux are in parallel [22,23]. Since the PMs are “flat-type”, the capacity of magnetic
gathering is weakened. An HESM with “spoke-type” PMs is presented in [24,25], in which the PMs
are located between two adjacent rotor teeth with excitation coils. Since PMs are of the “spoke-type”,
the HESM has high flux regulation capacity, but the top of the air-gap flux density waveform is too flat.

Aiming at solving the above-mentioned problems of the poor flux waveform quality and weak
flux regulation ability of the existing motors, a new motor topology that considers both the magnetic
flux distribution and flux regulation ability can be provided and studied. Furthermore, due to the
complexity of the new motor structure, the existing analytical model cannot be used to calculate the
magnetic field of the studied motor, so it is necessary to provide an analytical model for the new
structure to calculate the magnetic field quickly and accurately.

In this paper, a new HESM with salient pole built-in dual-V PMs and non-arc pole shoes is
proposed, in which the PMs are entirely devoted to enhancing the air-gap flux and avoiding dips of the
middle field, and the role of the pole shoe is to improve the quality of field distribution, simplifying
the manufacturing process. In this study, the operating principle, analytical model for magnetic
field distribution, electromagnetic performance including the air-gap flux, back electromotive force
(back-EMF) and the flux regulation of the motor is analyzed. According to the complicated rotor
topology, the magnetomotive force (MMF) model with dual-layer combined PMs is built based on
the principle of minimum reluctance, and the permeance function considering non-arc pole shoes
and stator slots is derived by the magnetic equivalent circuit (MEC) method. To verify the validity of
the analytical model, the calculation results of the magnetic field in the air-gap are compared with
those of the finite element method (FEM). Finally, a prototype is manufactured and tested to verify the
effectiveness of the topology design and theoretical analysis.

2. Machine Topology and Operating Principle

2.1. Topology Structure

Figure 1 shows the two-dimensional structure of the motor. V1 PMs are embedded in the middle of
the outer side of the salient pole core in such a way that the N poles and S poles are alternately arranged
on each salient pole. V2 PMs are sequentially embedded in the outer side of V1 PMs. The outside
polarities of V1 PMs and V2 PMs in a single salient pole are the same. The rotor core consists of an
even number of non-arc pole shoes. The excitation winding is wound on the salient poles in series.
The stator is similar to that of a traditional PMSM and is built in a three-phase distributed armature
winding. The permanent magnetic pole on the rotor is regarded as the structure of the embedded
double radial magnetic pole. Two V1 PMs together provide air-gap magnetic flux for each pole, which
brings about a clear magnetism effect. The V2 PM is designed in the outer middle of the V1 PMs, which
can increase the main air-gap magnetic flux and avoid the problem of sinking at the output voltage
peaks. R; and R, are the radius of the stator core and rotor core, and /1 and I, are the lengths of the
magnetic bridges at the corresponding positions.
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Figure 1. Topology structure of hybrid excitation synchronous motor (HESM). PM: permanent magnet.

2.2. Characteristics of Magnetic Circuit and Operating Principle

There are two MMF sources in the HSEM: PM and electric excitation MME. The MMF of PMs is
used as the main excitation source of the HSEM. For the V-type combined magnetic pole, only its radial
flux is considered. Therefore, it is approximately regarded as two “flat-type” combined magnetic poles,
which forms the dual radial flux. When the winding is energized, the polarity of the salient poles can
be changed. According to the operating conditions of the HESM, there are two magnetic paths, in
which a situation is formed that is mainly in parallel and auxiliary in series.

Figure 2 describes the operating principle of the HESM. When starting and driving at low speed,
the flux is provided only by the PMs for the output torque; that is, only PM flux exists in the magnetic
path. It can be seen that the PM flux combined with non-arc pole shoes is beneficial to adjusting
the distribution of the air-gap flux density flexibly, so that the sine degree of the air-gap flux density
waveform can be improved greatly. When operating under high torque conditions, the electrical flux
created by excitation winding passes through the magnetic bridges on the left and right sides of the
PMs and enters the air-gap; that is, electrical and PM flux are in parallel. With the increasing of the
excitation current, when the magnetic bridges are saturated, part of the electrical flux can pass through
the PMs directly into the air-gap; that is, electrical and PM flux are in series. It can be seen that the
flux of the air-gap can be adjusted by changing the excitation current to achieve the adjustment of the
speed and output torque.

—

-

Figure 2. The magnetic flux path of HESM under different conditions.
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In addition, since the PMs are embedded in the middle of the outside of the salient pole, the
MMEF generated by the shock current of the armature winding can form a loop through the magnetic
bridges. The shock current does not pass through the PMs, which avoids the danger of the irreversible
demagnetization of the PMs.

3. Analytical Calculation of Magnetic Field

3.1. Descriptions of Model and Assumptions

Since the relative permeability of the pole shoes and the iron core are large, the magnetic potential
drop of the stator and rotor core are much smaller than that of the air.
The following assumptions are made for the analytical calculation of air-gap flux density:

1.  The effects of the end of windings and magnetic saturation are ignored [26-28];
The permeability of the core is infinite;

3. PMs are magnetized in parallel, the demagnetization curve of PMs is linear, and the conductivity
of the PMs is zero.

3.2. The Formula of Air-Gap Flux Density

In the polar coordinate, the magnetic vector potential ¢ is governed by Laplace’s equation
as follows:
Pp 1dp 1P
o2 rar 2oa?

)

where a is the angular position in the air-gap, and r is the radius of the calculated air-gap.
The general solution for the above equation can be obtained as

p(r,a) = i [A(RL) T B(RL” cos(va) + i [C(RL) 4 D(RL)] sin(va) )
v=1

v=1

wherev=1,2,3,..., are the harmonic orders of field distribution in the air-gap.
The magnetic flux density satisfies
~1d¢
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Based on Kirchhoff’s law, the magnetic flux density at any point in the air-gap is derived as follows:
By(r,a) = Ap(r, ) - Ypm(a, t) / Agiy )

As shown in Equation (4), the key to calculating the magnetic flux density is to get the MMF
Yppm(a, t) created by dual-V PMs embedded in the rotor and the non-uniform air-gap permeance
function A,(r, a) caused by non-arc pole shoes and stator slots, where A, is the magnetic flux size at
the radius of the calculated air-gap.

3.3. MMF Model of Rotor with Dual-Layer Combined PMs

The rotor MMF created by PMs in the stator coordinate system is generally expressed as

Upm(a,t) = X ypym - cosfv(a — ay)]
v ©)

= Y. Yypm cos(vay) cos(va) + X ypy sin(vay ) sin(va)

where 1),,pps is the amplitude of the rotor MMEF, and a; is the rotor position at time ¢.
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Due to the different distribution of the rotor MMEF, the MMF created by PMs can be expressed in
the following three expressions as follows:
When the distribution of the rotor MMF is sinusoidal-shaped:

. Op
i sinf(v+1)=
Op - Ypm ( 92)+1 for v=1
ol venF
Yvpm = 0 0 (6)
] sin((v+1)=)  sin[(v-1)2
Op - ¥pm ( 62)+ ( 92) for vl
T (v—|—1)7p (v—l)?P

When the distribution of the rotor MMF is trapezoid-shaped:

- Spyrm . (v(Op +Poi)| . [ Poi )
vPM V21 Bg; 2 2
When the distribution waveform of the rotor MMF is rectangular-shaped:
e [ Gy
Yypp = py sm(v7 8)

where Op is the pole arc of the calculation rotor, and fy; is the pole arc of the calculation magnetic bridges.

In the proposed HESM, there are two pairs of built-in V-shaped PMs with the same polarity and
different volumes in each pole, and the number of pole pairs of is four; the MMF created by PMs in the
HESM is shown in Figure 3.

Stator

IR

g =
ﬁ 5;,_—&/—_/ _ ____ ' T

Figure 3. Magnetomotive force (MMF) created by PMs.

Since the corresponding mechanical angle of each magnetic pole is 71/4, the period of the MMF is
m/2. According to the principle of the minimum reluctance, the two peaks of the MMF are separately
provided by V1 and V2 PMs, respectively. Thus, for the the proposed new topology, when the number
of pole pairsispand v/p =1, 3,5, ... , the amplitude of the rotor MMF is

Yvpm = va1®v(P, Op1, 9k1) + (Y2 - ll}vl)@v(}ﬂ, Op2, 9kz) ©)
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and whenv/p =2,4,6, ..., the amplitude of the rotor MMF is

Yopm =0 (10)
where 6. +0
8 . i ki\ . [ Ok
@V(p, Qpl-, Gki) = VZHPQk- sm(v 7 5 l)sm(v%) (11)
1

where ¢,; is the MMEF created by the ith layer PMs, Op; is the pole arc of the ith layer PMs, and 0; is
the pole arc of the magnetic bridges of the ith layer PMs.

When H¢ is the remanent magnetic field strength, combining Equations (9)—(11), the expression of
the MMF of the new topology can be obtained as

- 16kmagp2HC[ by 9p1+6k1)sin( ekl) L (bmz2 bin1*
vPM ( Op2  (Op1—06p2)

sin|v —
v2r2Rs | (Op1 — Op2) Okt ( 2 Ok2

2
02 + O2 0
. p . k2
SIII(V 2 )Sln(V 2 )]

where b; is the equivalent radial thickness of ith layer PMs, kg = 221,,,/Op;, hy,; is the width of ith
layer PMs.

(12)

3.4. Relative Permeance Function Using MEC Method

3.4.1. Equivalent Air Length Model in Magnetic Path

Figure 4 shows typical magnetic field lines at different locations in the HESM. It can be seen that
the air lengths of different regions in the magnetic circuit are different. In the A1 and A2 regions, the
air lengths can change with the position angle . In the B region, the air length does not change with
the position angle a. 6; and 9 are the air lengths of the pole shoe and air-gap, respectively, and 641 and
042 are the air lengths of the stator slot.

Stator yoke

Stator tooth

B region

Rotor pole
PM

Figure 4. Air length in different positions of the magnetic path.



Energies 2020, 13, 1501 7 of 19

1. Air length in the A1 region

To calculate the air length in the Al region, the shape and main geometric parameters of the outer
edge of the pole are shown Figure 5. R; is the radius of the rotor’s outside edge, R, is the radius of the
rotor’s inside edge, and 6, is the pole arc of the proposed rotor. The radius of the outside edge of the
pole shoe is equal to the radius of the rotor core.

Pole shoe

Figure 5. The shape and main geometric parameters of the pole shoe.

If the outside edge of the pole shoe is regarded as a parabola opening downward, the horizontal
line passing through the middle point of the outside edge is regarded as the X axis, and the vertical
line passing through the left endpoint of the pole shoe is regarded as Y axis. Applying the three-point
analytical method, the air length in the A1 region can be derived and simplified as

(B-1)[ 16(40® + (8(6pc ~ 6p1) + DRsa + (Ope = 6p1)°) . (16(6p: = 61) + mOpo R,

5]'((1) =

ﬁ HZRSQPEZ Ttepg
(0pe — Op1) \* (13)
la+ —F——
_le(p-1) 1 ( 2 ) Ri(p-1)
= B0 —(a+ E(Gpe_epl)) + <R.Op + 8

where § is the salient pole ratio, f = Ry/Ry.
2. Air length in the A2 region

The air lengths in A2 region are regarded as two quarter circles in parallel: the radius of quarter
circle 641 () is equal to the length between the calculated point and the endpoint of the adjacent stator
tooth, and the radius of quarter circle 0,(«) is equal to the length between the calculated point and
the endpoint of the adjacent stator tooth on the other side. If the pole-arc coefficient of the stator is s,
the number of stator slots is Z;, and the lengths of two quarter circles can be calculated:

R 1-1s)2 -
oq (@) = 7'(2s sin((x— ( ZT[s) z + Ore 5 9P1)
S

14
niRs . (R(Z—Us) Ope — Op1 ) (9
Sin - -
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Thus, the equivalent air length in the A2 region can be arranged:

04(a)
. Op.—Op ]
0, Vae |o, 7 .
. ( (1-n)2n epg—em) . ((z—mn Op. — Op1 ) (15)
= TR sinfa — + sin — -
Zs 2 Zs 2 s Ope — Op1 27‘[]
, Yae|=—- —
2 sin(—m]S )cos a+ Ore =01, (30— 4)m % 2 %
27, 2 27,

3. Air length for the 48-slot/eight-pole motor

According to the calculation results in Equations (13) and (15), the air length under a single
magnetic pole is calculated as shown in Figure 6, in which the reluctance is constantly changing.
Moreover, the variance of air length near the ends of the magnetic pole is greater than that of the air
length in the middle of the magnetic pole, which indicates the air-gap flux density can be adjusted
rapidly by changing the salient pole ratio of the pole shoe in theory.

o
-39 2
RG] m m
el | T et
Rotor core _(Sg A\ | | | : : }'\ : :

PM —»

Pole shoe —= |

Stator core —»-
Figure 6. Air length of the magnetic path under one magnetic pole.
3.4.2. Fourier Series Expansions of Magnetic Path Permeance Function

According to [29], the Fourier series expansions of the magnetic path permeance function are
as follows:

Ao unso(@) = Ao+ Y Aycos(ka) (16)
k=1
where oA 0A
AO _ A max+(:_ /\) min (17)
2(A — Apin) sin(k6
Ak _ ( max krr;tln) Sll’l( )\) (18)

where 0, is the pole arc between two adjacent magnetic poles, and A,y and A, are the maximum
and minimum values of permeance, respectively.
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Based on the principle of reluctance minimization, the magnetic flux path generally goes directly
through the permanent magnets. Without considering the stator open-slotting, and considering the
effect of the non-arc pole shoes, the permeance function of the HESM is calculated:

rAi
Aé_unso(a) = Z H(;)‘!v(la) (19)

where 1 is the permeability of the vacuum, p, is the relative permeability, and A; and 0; are the size
and air lengths of different parts in the magnetic path, respectively.
The Fourier series expansions of permeance function in stator slots are as follows:

A(S_so (a) = A(S_so,O + Z Aé_so,m COS(kZSa) (20)
k=1
where o
.UOAsoT[ s R
_ 5 21
A6750,0 6ZS ( )
AsoR 2 .

As som = — H;Zs;cz : {(cos(anns)) - — sin(27mkns) + 1} (22)

S

The total relative permeance function considering the effects of the non-arc pole shoes and the
stator open-slotting can be obtained as

Aé(a) = Amin + A6750,0 + Z Aéfso,m COS(kZSOZ) (23)
k=1

Combining Equations (4), (5), (19) and (23), the air-gap flux density of the proposed HESM as a
result of the non-arc pole shoes and stator open-slotting is derived as

Bs(a) = A(r,a)-¢pm(a,t)/Agir
_ ( Ho ( Ap Aj NrAPM ) i 7'fRsns )
Agir\0o(a) ~ 6j(a)  opm(a)]  6AmrZs

1
A Y Y UvpmAsom cos|(v £ kZs)a + (v F kZs)a]
air V k=1

2 Yypm - COS(Va) (24)

v

_|_

where Ay, Aj, and Apy; are the corresponding flux size of the air-gap, the pole shoe and PMs, respectively,
and Opy is the equivalent air length of PM in the magnetic path.

4. Finite Element Analysis

According to the proposed motor parameters listed in Table 1, an electromagnetic performance
simulation is performed to verify the rationality of the motor design and the correctness of the
theoretical model. Firstly, the finite element models of five motors with different rotor structures are
established and solved. Secondly, for the air-gap flux density, the simulation results are compared
with the analytical calculation results. Finally, the magnetic linkage curve is obtained by changing the
excitation current.
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Table 1. Parameters of the proposed motor.

Items Unit Value
Stator outer diameter mm 160
Stator outer diameter mm 107
Number of rotor pole / 8
Number of stator slot / 48
Air gap length mm 0.5
Phase number / 3
Rotor outer diameter mm 106
Rate speed r/min 3000
Rate torque Nm 16
Rate power Kw 5

4.1. FEM Model of Five Motors with Different Rotor Structures

The eight-pole, 48-slot salient HESMs with flat-type PMs, spoke-type PMs, V-type PMs, dual-V-type
PMs and dual-V-type PMs with non-arc pole shoes, respectively, are chosen as the simulation objects.
The FEM models of the simulation objects are simulated by the commercial software Ansoft Maxwell
16. The material of PMs is set to NdFeB magnets. To eliminate the effect of iron core saturation on the
field distribution, the material of the stator and rotor iron core in the FEM model is laminated linear
steel. The analysis radius of the air-gap flux density is close to the rotor surface to decrease the effect
of the non-smooth stator surface. The stator structure and PM properties of the five models are the
same. Considering that the number of PMs in the V-type motor is twice that of the PMs in flat-type
and spoke-type motors, the width of the PMs in the V-type motor is half that of PMs in flat-type and
spoke-type motor. The magnetic flux strength distributions are shown in Figure 7.

(d) (e)

Figure 7. Magnetic flux strength distributions of the five motors: (a) Flat-type PMs; (b) spoke-type
PMs; (c) V-type PMs; (d) dual-V-type PMs; (e) dual-V-type PMs with non-arc pole shoes.
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4.2. Comparisons of Air-Gap Flux Density

The waveforms and harmonic orders of the air-gap flux density are shown in Figure 8, which is
obtained by FEM. Since the PMs in the motors studied in this paper are magnetized in parallel, the
result of the air-gap flux density obtained by the FEM is the radial magnetic density. Considering
the cogging effect, the magnetic flux amplitude at the corresponding stator slot is decreased to a
certain extent.

Figure 8a shows that the air-gap flux density amplitude of the spoke-type motor is the lowest.
The reason for this is that part of the magnetic flux directly passes through the rotor core to form a
closed magnetic leakage circuit. The air-gap flux density waveforms of the flat-type motor and the
spoke-type motor are wider at the top, presenting rectangular or square waves, and those of the V-type
motor and the flat-type motor are almost the same; however, the amplitude in the V-type motor is
slightly increased. In the dual-V-type motor and dual-V-type motor with non-arc pole shoes, the width
of the waveform at the top is reduced significantly, and the sinusoidal degree is obviously better than
that of the first three motors. As shown in Figure 8b, in the dual-V-type motor with non-arc pole
shoes, except for the third harmonic, the remaining harmonics decrease obviously. These results are
consistent with the theoretical analysis in Section 3. Since the dual-V-type motor with non-arc pole
shoes combines the dual effects of magnetization and drag reduction, the effective value of the air-gap
flux density reaches 0.7 T.

1Radial-style ITangential-style 3V-style 0.8
15 S ] i :
4DoubleV-style SDoubleV+NA style I aodialstyle
e 07 -2Tangential-style
2 1.0 e -y
S /
2 | & 0.6 -4Duuble\rfbtyle
B o SDoubleV+NA-style
5 05 3
e = 05
% L 3
< f 0.4
N = .
o, 00 =
% 5
5 & 03
< -05 E
A )?D 02
1.0 B
<01
15 ; - 0.0
0 /4 /2 3n/4 1 3 5 7 9 11 13 15
Air gap position (rad) Harmonic order
(a) (b)

Figure 8. Comparison of the simulation results for air-gap flux density: (a) waveform of the air-gap
flux density; (b) harmonic content of the air-gap flux density.

4.3. Verification of Analytical Method

Establishing a coordinate system as shown in Figure 7, the flux density of typical points in the
air-gap that have obvious periodic characteristics can be calculated by combing Equations (5) and (23).
By the method of curve fitting, the flux density curve of the dual-V-type motor can be obtained as
shown in Figure 9a; that is, the curve is shown in the analytical method in Figure 9a. In a similar way,
the flux density curve of the dual-V-type with non-arc pole shoes can also be obtained as shown in
Figure 9b.

As shown in Figure 9, whether dual-V-type or dual-V-type with non-arc pole shoes, there is a
small error between the results of the analytical method and FEM, but the trend is almost the same.
A small error is caused by ignoring the magnetic potential drop of the core, which indicates that the
analytical model can be used to calculate and analyze the static characteristics of dual-V-type and
dual-V-type with non-arc pole shoe HESMs proposed in this paper.
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-1.5 1 1 I I
0 /4 /2 37/4 T
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1.5
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0 /4 /2 3m/4 ¢
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(b)

Figure 9. The analysis and simulation results for the air-gap flux density: (a) dual-V-type motor; (b)
dual-V-type motor with non-arc pole shoes.

4.4. Capacity of Magnetic Field Regulation

When the HESM is working in the magnetized or weakened state, the magnetic field in the air-gap
can be expressed as
Q5 = Dspm + Lok
= BoAuir 2 i( Ao + Asso + Aj+ Ag + Ag) (25)
= I,DPM(AO + Ns_so T Nj+ Ag + APM) + N1f<Ao + Ns_so T Nj+ Ag + Aa)

where L
A Hou 1
As = [JO[Jr(S—(j = —g of fOT L<l
o o
A;  HoprLesh (26)
e
As = yoyyé—o == for 1>
o o

In Equation (25), ; is the MMEF created by excitation windings, which reveals that, when excitation
current is applied, there is one more item A, in the permeance function than that of the conventional
salient machine, where N is the number of field winding turns and If is the field current. According
to Equation (26), A, can be changed with the length I, ;. Further, by designing the length I3, I; in
Figure 1 reasonably, the expected electric excitation flux can be obtained, meeting the requirement of
magnetic flux regulation and obtaining a good magnetization capacity. It is proved that the flux can be
adjusted efficiently.
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Figure 10 shows the magnetic flux linkage of the HESM under different excitation currents. It can
be seen that, when the excitation current is changed, the flux linkage changes significantly, which
indicates that the effect of flux regulation is good. With the increase of the excitation current, the
saturation of the magnetic circuit increases and the change rate of the magnetic flux becomes small,
and the effect of the magnetizing is weakened.

0.04

0.03 L —=—[=0A

-0.04 | | I 1 1 1
0 60 120 180 240 300 360

Flux position Angle (°)

Figure 10. Magnetic flux linkage under different excitation currents.
5. Experiments and Verification

We design a 48-slot, eight-pole prototype as the target machine to verify the correctness of the
analytical model and the electromagnetic performance of the studied HESM in this paper. The rotor
core and the assembly of the prototype HESM are shown in Figure 11. The parameters of the prototype
used in the experiment are introduced in Section 4. The set-up of the experimental platform is shown
in Figure 12.

(a) (b)
Figure 11. The proposed HESM: (a) the rotor; (b) the prototype.
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Figure 12. The test platform.

Figure 13 shows the experimental result of the no-load back-EMF at 3000 r/min. The measured
amplitude of the back-EMF is 30.1 V, in contrast to the 31.4 V obtained by FEM. The difference is
small, which is mainly caused by manufacturing tolerances and various losses, especially core loss.
The measured voltage does not present the rectangular waveform presented by the traditional flat-type
or spoke-type motor. It shows a quasi-sinusoidal waveform and solves the problem of high flux
distortion, which means that the new topology proposed in this paper feasibly improves the sine of the
air-gap flux density waveform.

Tek AL Trig’d M Pos: —31.20ms

+
10V/div
2
/ +

CH2 500mY M 10.0ms CH2 / -20.8mV
2-Dec-19 1318 12.2741Hz

Figure 13. No-load back-EMF waveform without excitation current.

The comparisons of back-EMF obtained by the test and FEM are shown in Table 2. The relative
error ¢, is calculated by

Viest — VFEM

% 100% 27
VEEM @7)

Ep =

where Vry represents the back-EMF results calculated by the FEM method, and Vi represents the
back-EMEF results measured by prototype dragged by prime mover.
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Table 2. Comparison of back-EMF by the finite element method (FEM) and test results.

Ir (A) -4 -3 -2 -1 0 1 2 3 4
Veem (V) 1113 14.72 20.03 26.25 31.35 3496 3860 4179  43.14
Viest (V) 10.2 13.5 18.4 24.2 30.1 33.7 374 408 411

ey (%) 8.36 8.29 8.14 7.81 3.99 3.6 3.11 2.37 4.7

In Figure 14a and Table 2, the simulation and experimental results of the no-load flux regulation
capacity are compared, showing that the experimental results are consistent with simulation results.
Along with the increasing of the excitation current in the enhanced magnetic field mode, the back-EMF
is increased from 30.1 V to 41.1 V, which means that the magnetic flux regulation rate is 36.54%. In
addition, without excitation current, the entire magnetic field is provided by PMs. In order to increase
the power density, PM components need to be increased to increase the initial magnetic flux. However,
the width of the magnetic bridge can be reduced correspondingly, which will weaken the magnetic flux
regulation rate and the efficiency of field excitation. Meanwhile, since the pole body space is limited,
the increase of the PMs will cause the pole body to saturate prematurely, and the efficiency of field
excitation will still be weakened. Therefore, when designing the HESM, we should comprehensively
consider the power density and magnetic regulation capacity.

451 ®  Experiment 45 -

40 Simulation = " il
g 35 & a5
g 30} o
EP 230
s 25} S L
= % 25 -
@ 20+ £
E 20
r~ 15

10}

-6 -4 ‘-2 0 2 4 6 ZUIDO : 24‘00 ‘ ZSIDO : 32‘00
Field current (A) Speed (r/min)
(a) (b)

Figure 14. No-load characteristics: (a) flux regulation capacity; (b) back-EMF at different speeds.

15-— /
51 10}
5

Figure 14b shows the amplitudes of back-EMF at different speeds. We keep the excitation current
at 3 A and adjust the speed to 2000, 2500, 3000 and 3200 r/min to obtain the back-EMF. Similarly, when
the excitation current is 0 A and —3 A, the back-EMF at different speeds can also be obtained. When the
exciting current is +3 A, the average field weakening and magnetizing amplitudes are 56.1% and 33.2%,
respectively. The magnetic regulation effect is obvious. Only a relatively small excitation current can
be used to obtain a good air-gap flux regulation capacity to meet the needs of wide speed motors.

Table 3 and Figure 15 show the experimental external characteristics of the prototype with
excitation currents of 0A, 1A, 2A and —2A, respectively. It can be seen that, for a given excitation
current, the output torque increases linearly with the increasing of armature current. For a given
armature current, the output torque increases obviously with the increasing of excitation current. With
a rated armature current of 87 A (rated value), the excitation current is 2 A and -2 A, and the output
torque is increased by 42.3% and decreased by 59.8%, respectively, compared to the torque tested
without the excitation current. It can be found that the prototype has good load capacity.
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Table 3. The output torque with different excitation currents.

I; (A)
I; (A) “ 10 20 30 40 50 60 70 80
0 1.12 2.18 3.37 4.35 5.34 6.53 7.78 8.69
1 1.42 293 4.35 5.66 7.16 8.25 9.87 11.01
2 1.58 3.27 4.77 6.54 7.92 9.48 11.25 12.51
-2 0.37 0.83 1.09 1.55 1.82 2.29 2.57 2.95
16
14 +
12 +

—_
o
T

Torque (Nm)
[0e]

(o)}
T

0 1 1 1 1 1 1 1 1
0 10 20 30 40 50 60 70 8 90 100

Armature current (A)

Figure 15. Output torque with different armature currents and field currents.
6. Conclusions

In this paper, the topology, operation principle, analytical model of magnetic field distribution and
the flux regulation capacity of a new HESM with non-arc pole shoes and built-in dual-V PMs are studied.
The simulation results of the magnetic field are consistent with the analytical results. The tested
back-EMF waveform reveals that the proposed topology is a feasible design method to improve the
sine of the air-gap flux density. The experiment and simulation results of motor performance further
validate that the air-gap flux can be adjusted effectively by changing the excitation current.

(1) The HESM adopts a salient pole rotor with built-in dual-V PMs and non-arc pole shoes, and
the topology can improve the sine of the air-gap flux density waveform, which solves the problem of
the high waveform distortion rate of the traditional salient pole HESM.

(2) In the proposed analytical model, the MMF with dual-V combined PMs is derived on the
principle of minimum magnetic resistance; the permeance at any point can be equivalent to the
superposition of the corresponding permeance in the air-gap, stator slot and pole shoe. The analytical
method can be used to calculate the static characteristics of the new type of HESM, whether or not
there are non-arc pole shoes.

(3) When the excitation current is +3 A, the amplitudes of the magnetization and weakening field
are greater than 30% under no-load and load conditions, which reveals that the HESM has good flux
regulation and carrying load capacities.

In summary, this paper provides a good theoretical reference for an HESM with interior PMs,
including the work of structure design and analytical models for the magnetic field of this type of
HESM. However, in order to further explore the performance and control of the novel motor, in future
research, the control strategy, noise, etc. will be studied in depth to provide theoretical support for the
design and optimization of higher-performance motors.
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Nomenclature

NEV New energy vehicles

HESM Hybrid excitation synchronous motor

PM Permanent magnet

MMEF Magnetomotive force

MEC Magnetic equivalent circuit

Rs Radius of the stator core

R, Radius of the rotor core

a Angular position

r Radius of the calculated air-gap

Ypp Rotor MMF

Agir Magnetic flux size at the radius of the calculated air-gap

Op Pole arc of the calculation rotor

Boi Pole arc of the calculation magnetic bridges

p Number of pole pairs

Op; Pole arc of the ith layer PMs

Ok Pole arc of magnetic bridges of the ith layer PMs

by Equivalent radial thickness of ith layer PMs

Ny Width of ith layer PMs

Ogi Air length of stator slot

0 Air length of pole shoe

Op Air length of air-gap

R; Radius of the rotor outside edge

R, Radius of the rotor inside edge

Ope Pole arc of the proposed rotor

B Salient pole ratio

to Permeability of the vacuum

Ur Relative permeability

Ms Pole-arc coefficient of the stator

Zs Number of stator slots

Ag Flux size of air-gap

Aj Flux size of the pole shoe

Apm Flux size of the PM

Opm Equivalent air length of PM in the magnetic path
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