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Comprehensive Analysis of a Novel Hybrid Excited Permanent
Magnet Vernier Motor

Kai Zhang® ™, Li Quan!, and Xu Zhong?

Abstract—This paper proposes a hybrid excited permanent magnet vernier motor for low-speed and
high-torque applications in electrical drive. Traditional PM vernier motors are with PM excitation field,
and the air-gap magnetic field density is hard to adjust, which limit the wide speed range of PM motor.
The hybrid excitation method is proposed in the PM vernier with excitation windings set in the region
between modulation pole pieces. With the finite analysis method, the basic structure and working
principle of the proposed motor are introduced, and the low-speed and high-torque characteristics with
wide speed range are revealed. Then, the drive control system of the motor is designed and applied
with the prototype motor. Finally, the experimental results verify the reliability and effectiveness of
the design theory and simulation results.

1. INTRODUCTION

As the core power component in the electric drive, motor system has a direct influence on the entire
performance. Due to the merits of high torque density, high power density, and high efficiency,
permanent magnet (PM) motors have attracted much attention and have been widely applied in electric
direct drive fields [1-3]. However, the excitation magnetic field of PM motors is produced with PMs, and
the field is relatively static. The adjustment range of excitation magnetic field is limitedly controlled
by flux weakening control based on vector control strategy, and the difficulty of wide range and efficient
operation is increased. The hybrid excited motor adds a set of extra excitation winding to produce
adjustable electric excitation magnetic field. The total excitation magnetic field can be flexibly adjusted
after the superposition with PM field. Hence, high efficiency, high power density, and wide speed range
can be simultaneously achieved [4-6].

At present, the common hybrid excited motor usually injects DC current in the excitation winding
to produce electric excited magnetic field which is relatively static to excitation windings. Hence, the
most direct hybrid excitation method is to employ the excitation winding in the rotor of the rotor-PM
motor. This can lead to the same rotating speed of both the rotor and PMs. However, this method
inevitably brings extra equipment including collector rings and electric brush. Hence, the hybrid excited
motor with separate rotor magnetic flux was proposed. This method extended rotor iron core to provide
the magnetic circuit for the axial excitation magnetic field and realized the brushless rotor type hybrid
excitation motor with tangential magnetization [7]. A hybrid excitation motor with consequent-poles
rotor was proposed for improvements, and further a hybrid excitation motor with segmented rotor
structure was proposed [8]. The two sets of excitation winding were located in the stator iron core,
and good voltage regulation capacity was achieved without collector rings and electric brush with the
analyses from equivalent 2D magnetic circuit model. Contrarily, the stator-PM motor employs PMs in
the stator to enhance the rotor robustness. The unique structure with both PMs and windings in stator
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side provides convenience for adding excitation winding and realizing brushless hybrid excitation [9, 10].
However, this structure causes serious lack of space and suffers from concentrated heat sources.

On the other hand, it is one of the effective means to improve the operation efficiency of electric
vehicles and reduce the complexity of the power system to realize the direct drive of electric vehicles by
using hub motors. Due to the relatively low speed of the wheel, the field modulated PM motor based on
the principle of field modulation and with the characteristics of low speed and high torque has become
a research hotspot in this field [11-14]. Its potential applications mainly include electric vehicles, wind
power generation, and other fields. However, similar to the ordinary PM motor, the field modulated
PM motor still has the problems of difficult adjustment of excitation field and limited efficient operation
range.

Combined with hybrid excitation and field modulated PM motor, a new hybrid excited PM vernier
motor was proposed in [15], and its topology and basic electromagnetic characteristics were discussed and
analyzed. By employing a set of three-phase secondary windings on the small teeth, a special dual AC
winding structure was formed. In [16], a set of AC excitation winding was added to the alternating pole
PM motor to achieve good magnetic field regulation performance, which further proves the feasibility
of AC excitation scheme. The hybrid excited PM vernier motor not only inherits the characteristics
of low speed and high torque of magnetic field modulation motor, which is suitable for direct drive
occasions such as hub motor, but also can easily realize multi-mode operation such as field weakening
speed expansion and double winding high torque by controlling the secondary winding current, which
provides a beneficial idea for the wide speed range and efficient operation of electric vehicles [17-20].
However, in [15] and [16], the brushless double-fed machine and the hybrid excited machine were both
theoretically analyzed without experimental results. Further, the flux-weakening performance analyses
with mechanical characteristic curves were not discussed in [15]. And the modulation effect was not
adapted in [16].

The main purpose of this paper is to propose a hybrid excited PM vernier motor for low-speed and
high torque applications, and two sets of winding containing armature winding and excitation winding
are adopted. With appropriate d-q axis current, different functions of improving torque and increasing
speed with flux weakening can be realized separately. In Section 2, the structure and working principle
of the proposed hybrid excited PM vernier motor are illustrated to indicate characteristics of both
low-speed and high-torque and wide speed ranges. In Section 3, the corresponding electromagnetic
performance is discussed and analyzed. At last, the experimental results verify the reliability and
effectiveness of the design theory and simulation results.

2. STRUCTURE AND PRINCIPLE OF MOTOR

2.1. Motor Structure

Figure 1(a) shows the proposed hybrid excited PM vernier motor, and Figure 1(b) shows the BH curve
of magnetic material. In the FEA model, the calculation period is 360 electric degrees, which means that
the single step is calculated in static magnetic field with one certain rotor position. And the transient
simulation is achieved by multi-steps of magnetic field calculation. It can be observed that the PMs are
employed in the outer rotor, which owns a simple and robust structure. The PMs are magnetized radially
with the opposite magnetization direction. For the inner stator, the stator structure is adopted with
6 main stator teeth, and the armature windings are set in the stator slots. Each stator tooth contains
three modulation pole pieces, and the excitation windings are set in the region between modulation
pole pieces. This operation makes full use of the space and effectively solves the conflict between the
two sets of winding on the inner stator. The detailed key design parameters of the proposed motor are
listed in the Table 1.

2.2. Basic Working Principle

Based on the air-gap magnetic field modulation theory [11], the relationship between pair of poles of
winding, PMs, and number of modulation pole pieces of the PM motor with field modulation satisfies:

Ng = pr £pa = pr £py (1)
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Figure 1. Structure. (a) Fractional-slot concentrated-winding PM machine. (b) B-H curve of iron

material.

Table 1. Main motor specifications.

Items

Values

Rated power (kW)

Number of armature slots
Number of excitation slots

Pair of poles

Rotor outer diameter (mm)
Rotor inner diameter (mm)
Stator outer diameter (mm)
Stator inner diameter (mm)
Air-gap length (mm)

Length of modulation pole (mm)
Width of stator tooth (mm)
Length of stator tooth (mm)
Coil turns of armature winding
Coil turns of excitation winding
PM material

Iron core material

Thickness of PM (mm)

18
16
208
182
176
48
0.5
22
23
22

52

12

NdFe35
DW470.50

2.5

where N is the number of modulation pole pieces; p, is the pair of poles of PMs; and p, and p; are
the pair of poles of armature winding and excitation winding, respectively.

Ignoring the slot-opening, the equivalent air-gap MMF under PMs can be represented as Figure 2.
By using Fourier decomposition method, the air-gap MMF Fj, can be expressed as:

—+00

Fog(0,t) = Z Fog; cosljpr(6 —
j=1,3,...

0o — wyt)]

(2)

where w, is the mechanical rotating speed; ¢ is the time; # and 6y are the current and initial position of
rotor, respectivelyly; and air-gap MMF harmonic component F,; can be expressed as:

4F,
Y sin(np,ly)
Jm

Fagj =
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Figure 2. Equivalent air-gap MMF.

where [y is the half of the width of PM shown in Figure 2, and p, is the number of pair of poles.

The arrangements of inner stator modulation pole pieces result in the change of the air-gap
permeance. Figure 3 shows the air-gap permeance calculation model and the related parameters. Similar
to the Fourier decomposition in (2), the air-gap permeance can be expressed as:

+oo
M) = Ao+ Z Am cos(mNg0) (3)
m=1
with 9
Mo = =2 91\ — M)
o (W
200 — Al) . 2\ .
A, = (ﬂsttl) sin(mNg0) = m]\l;ft sin(mNg0)

where \g is the DC component of the air-gap equivalent permeance; A, is the mth harmonic component;
Arp, and Ay are the peak and valley of the air-gap equivalent permeance respectively; A,, is the peak-
to-peak value; [ is half of the width of one tooth shown in Figure 3.
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Figure 3. Equivalent air-gap permeance.

According to (2) and (3), the air-gap density of the hybrid excited PM vernier motor can be
expressed as:
Bag(0,t) = Fug(6,t)A(0)

—+00
= E /\OFagj COS[jpr(e — 6o — Wrt)]
j=1,3,...
“+00 “+o00 .
Fagidm . ]pr(90 + Wrt)
T Fogifm s+ mN,) |6 — ot et
3 X e (im0 - BT
7=13,...m=1
+oo 400 .
FagjAm . Jor(0o + wrt)
Y et ,—mNy) |o— 2ot
+ 5 cos {(JP mNg) [0 R (5)

j=1,3,...m=1
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Table 2. Air-gap harmonic components.

Order of Amplitude of Rotating speed of Initial position of
Group harmonic harmonic harmonic harmonic
components components components components
1 Pr AOFlzgj Wr 90
2 Jpr+mN A Fags /2 jorwe/GprAmNe)  gpibo/ (ip+mN )
3 Jpr-mN s AmFagj/2 jprwr/(jpr'mNst) jpTHO/(jpr“‘mNst)

From (5), it can be concluded that three different harmonic components exist. The order,
amplitude, rotating speed, and the initial position of the harmonic components are listed in Table 2. The
first group harmonic component is generated by the interaction between the fundamental component of
PMs and the DC component of air-gap permeance without modulation process. The second and third
group harmonic components are modulated by the fundamental component of PMs through the first
harmonic component of air-gap permeance. The second group harmonic owns more poles and lower
rotating speed, while the third group harmonics owns fewer poles and higher rotating speed. Due to
the low-speed and high-torque feature, the third group harmonics are utilized for application in direct
drive system. The pair of poles p.; and the rotating angle speed w,s of the effective harmonic magnetic
field can be expressed as:

Pef = ’pr_Nst‘ (6)

Wef = pirwr P wyr = Grw, (7)

Ny — pr DPef

2.3. Flux-Weakening Working Principle

To effectively reduce the air-gap magnetic field, the PM magnetic flux paths are required to be in
the opposite direction from the electric exciting direction when the magnetic flux paths are the same.
Figure 4 shows the flux paths with different excitation working modes. The electric exciting magnetic
field can be strengthened by increasing the current of excitation winding, while the MMF amplitude of
armature winding can be reduced by reversing electric excitation. The pair of poles of the excitation
winding can be expressed with the harmonic order from effective components:

Pf = Pa = Pef (8)
The current frequency of excitation winding is required to keep pace with the PM magnetic field,
which can be expressed as:

f o pfwf o pewaf - pT’w’I‘ (9)
f 2 2 2
PM magnetic flux Electric excited magnetic flux
Outer rotor iron core PMs Excitation winding

Inner stator iron core Armature winding

Figure 4. Flux path with different excitation working mode.
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Figure 5. Relative position of PMs and windings.

Assuming that the initial position of PM is g, the mechanical angle between the central axis of
excitation winding and PM is 81, which is shown in Figure 5. When the rotor is rotating, the magnetic
flux phase 0, of the armature winding can be expressed as:

0o = pfbo (10)
Of =0, —psbr+m (11)

2.4. Flux-Strengthening Working Principle
The electromagnetic torque of the PM motor can be expressed as the summary of three parts:

Te = Tpy + T + Tcog

3 . ..
= 5297« [wPMZq +(Lg — Lq)ldzq] + Teog (12)

where ¢ pyr is the PM flux; ¢, and ig are the g-axis and d-axis components of winding current,
respectively; L, and L4 are the g-axis and d-axis components of inductance respectively.

In the proposed motor, L, and Lg are basically the same, which means that the reluctance torque
can be treated as 0. Then (12) can be transformed as:

3 . .
T, =Tpy = iprq;z)PM(an + qu) (13)

where i4, and i,y are the g-axis component of armature winding current and excitation winding current,
respectively.

According to (13), when the armature winding and excitation winding are working with the ¢-
axis currents simultaneously, the produced output torque of the motor is the summary of the two-part
torque. This feature can improve the electromagnetic torque. For illustration, the air-gap density of
the proposed motor is analyzed. First, the PMs from the motor are removed in the simulation, and
Figure 6 compares three working modes with the armature winding alone, the excitation winding alone,
and the dual windings. It can be seen from Figure 6(a) that three waveforms basically achieve a good
agreement with each other with some minor discrepancy on the amplitude. The harmonic analyses from
Figure 6(b) show that the amplitude of armature winding working alone is 0.2 T for the 2nd harmonic.
The amplitude of excitation winding working alone is 0.13 T while the dual windings is 0.32'T. These
results show that the amplitude of dual winding working mode is approximate to the superposition of
the amplitudes of harmonic components produced by the two sets of solo working windings.

3. RESULTS AND VERIFICATIONS

Generally speaking, the torque is generated by applying g-axis current to the armature winding, and the
field weakening is realized by applying d-axis current to the excitation winding of the auxiliary winding.
The rotation control of DQ axis is realized by controlling the positive and negative directions of DQ axis.
The back-EMF, inductance, and torque of Figures 7-9 are calculated by finite element analysis software
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Figure 6. Air-gap magnetic flux density under different winding function. (a) Density waveform. (b)
Harmonic analysis.
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Figure 8. Inductance waveforms in d-q axis.

to guarantee the high analyzing accuracy instead of mathematic equations. The analytical equations
in Section 2 are used to guide the direction of motor design. For instance, the modulation theory
in (8) expresses the basis of motor operation, which is important to guarantee the stable application.
Meanwhile, due to the saturation of proposed motor, analytical results are not acceptable because they
ignore the permeability of iron core. FE simulation is not only the verification of analytical theory,
but also a guarantee of high accuracy. Figure 7 shows the no-load back-EMF of the armature winding
when the PMs are excited, and the d-axis and g-axis currents of different amplitudes are applied to the
excitation winding. Because the motor is operated based on the principle of magnetic field modulation,
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Figure 9. Torque waveforms in different working mode. (a) Flux weakening. (b) Dual winding.

the induced EMF is very sinusoidal. Figure 7(a) compares the back EMF of the motor when different
d-axis currents are injected to the excitation winding. The induced EMF increment of the main winding
is almost linear with the current of the excitation winding, and the magnetic weakening coefficient is
defined as:
_tpm—E (14)
epM
where epys and e” are the peak values of no-load back-EMF under PM excitation and minimum flux
weakening, respectively. When d-axis flux weakening current is applied to the excitation winding, the
flux weakening rate can reach 48.16%. Figure 7(b) compares the motor back EMF when different g-axis
currents are applied, and the excitation winding is used as the armature winding. The induced EMF of
the main winding has no obvious change, which further verifies that the proposed motor can effectively
work in the flux weakening mode with high speed and double winding mode with large torque when the
excitation winding is used as the armature winding.

The inductances of d-axis and ¢-axis are shown in Figure 8. It can be noticed that the inductances
of d-axis and g-axis of two sets of windings do not change with the rotor position with Lg = Ly,
Lgo = Lg. It should be noted that there is a strong mutual inductance between the two windings
because the two sets of windings are used in the motor. However, the mutual inductance will not affect
the output torque. The torque waveforms under different modes are shown in Figure 9. Figure 9(a)
shows the torque waveform changing with 7, in armature winding when different flux weakening currents
are applied to the excitation winding. It can be seen that the torque increases linearly with the amplitude
of the 44 in armature winding, but not affected by the 74 in excitation winding. Namely, the torque of
the motor will not be reduced due to the field weakening operation based on the excitation winding,
but the voltage at both ends of the armature winding can be effectively controlled with the help of the
excitation magnetic field of the excitation winding, as shown in Figure 7(a). This feature is superior to
the ordinary PM motor and the existing hybrid excited motor. In addition, for the same reason, the
proposed motor does not use the magnetization operation based on the excitation winding, but adopts
dual winding operation mode in which the armature winding and excitation winding are both armature
windings, so as to meet the requirements of high torque condition of electric vehicles. Figure 9(b) shows
the electromagnetic torque waveform when the rated i, is applied to two sets of windings, respectively.
Figure 8 shows the DQ axis inductance of the motor, in which Ly; and Lgo are the main and auxiliary
winding d-axis inductance, Lg; and L, are the main and auxiliary winding g-axis inductances. As can
be seen from Figure 9(a), when the field weakening stage is in, that is, the Id current of the excitation
winding is =12 A~12 A, the increase of the armature winding current 7, will increase the average torque
of the motor, and the torque is basically not affected by the iy. At the same time, it can be seen
from Figure 9(b) that when the output is in the maximum torque state, and the double windings are
connected with the same phase i, current at the same time, the total torque is basically the sum of
the torques generated by the two sets of windings respectively. The average torques are 63.65 Nm and
44.01 Nm with only the armature winding or the excitation winding. The average torque with two
windings is 97.18 Nm which is the sum of the electromagnetic torque generated in the double winding
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Figure 10. Electromagnetic cloud map of motor under different full-load operation conditions. (a)
Mode I. (b) Mode II. (b) Mode III.

mode. The torque value is almost the same as the summary when the two windings act respectively.
The slight difference is caused by the local saturation of the core. Figure 10 shows the flux density cloud
map of the motor at full load under different working conditions. It can be seen that the flux density of
mode I and mode III is more saturated than that of mode II, but both are within a reasonable range.
Mode I is Amature mode; mode 1T is Excitation mode; and mode III is dual mode. According to the
torque shown in Figure 9(b), the capacities of three different modes are indicated, which means that
the excitation mode has the lowest saturation while the dual mode has the highest saturation.

Figure 11 shows the mechanical characteristic curve of the motor. The flux weakening curve shown
in Figure 11 meets the limits of voltage limit circle and current limit circle, which are analyzed and
calculated by finite element software.
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Figure 11. Mechanical characteristic curves of the proposed motor.

Therefore, under full load working condition, the maximum speed is limited by the voltage limit
circle, which is the maximum speed that can be obtained by adjusting the current angle under this
torque. In Figure 11, it can be clearly seen that when the speed is 5000 rpm, the torque of the double
winding motor is twice that of the single winding. Similarly, the double windings will obtain a higher
maximum speed under the same torque. For ordinary permanent magnet motor, its weak magnetic
performance is similar to that of single winding, and the difference is that there is no auxiliary excitation

winding. The criteria of voltage limit circle and current limit circle for the flux weakening operation are
expressed as:

(id + ¢f/L0)2 + Zg < [Ulim/(weLO)]2 (15)

Among them, Point 1 and Point 2 correspond to the full load point of single winding motor and
dual winding motor, respectively. It can be found that the maximum output torque is about 60 Nm, and
the base speed is 600 rpm under the single winding operation condition. The performance of the motor
shown in Figure 7(a) is basically close to that of ordinary SPM motor, but its advantage lies in the field
weakening performance of multiple windings. As shown in Figure 11, when the motor adopts double
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winding operation condition, the field weakening performance of the proposed motor can be greatly
improved. When the excitation winding is added, the basic speed of the motor increases to 1100 rpm,
and the torque between Point 1 and Point 2 remains unchanged, which effectively expands the speed
range of the motor.

4. EXPERIMENTS

In order to verify the reliability of theoretical analysis and simulation, the prototype is built as shown
in Figure 12, and a series of experimental tests are carried out on the prototype. The driving system
consists of control and driving part, which are DSP, CPLD and MOSFET driving, respectively. The DQ
axis current is decomposed by the mathematical model written in advance in DSP, and the three-phase
current is separated by Parker Clark transform to extract the DQ axis current. Figure 12(a) shows the
cross section of the stator. Figure 12(b) shows the stator assembly. Figure 12(c) shows the experimental
platform, and Figure 12(d) shows the experimental system. The manufacturing factory uses wire-
electrode cutting to process silicon steel sheets and stack out the stator and rotor. Further, they
magnetize and cut the rare earth materials, process the stator casing and end cover at the same time,
and finally assemble the motor. In a word, compared with the general permanent magnet synchronous
motor processing, it is basically the same without additional special treatments. Figure 13 shows the
general block diagram of motor system control. The system includes an outer speed loop, four inner
current loops, a control algorithm module, and an interval judgment module. The control algorithm
module includes the motion control strategy of each area of the motor, and the area judgment module,
according to the torque T, and speed fed back by the motor w, to judge the motor movement section,
gives the AC-DC axis current of main winding and auxiliary winding to control the motor in different
areas. The speed loop forces the motor speed to follow the given speed well, and the current loop forces
the AC-DC axis current to follow the given speed, which enhances the dynamic performance of the
motor.

Rotor Winding

i Stator
(a)

Prototype | Torque sensor

(©)

Figure 12. Prototype and text platform of the hybrid excited PM vernier motor. (a) Stator. (b)
Stator assembly. (c¢) Experimental platform. (d) Control system.

The measured no-load back-EMF waveforms under PM excitation are shown in Figure 14.
Figure 14(a) and Figure 14(b) show the no-load back-EMF of the armature winding and the excitation
winding of when the speed is 300 rpm. It can be seen that the measured waveforms are sinusoidal and
symmetrical. The peak values of the no-load back-EMF of the armature winding and excitation windings
are about 94V and 73V, which are 97.7% and 97.3% of the finite element simulation in Figure 14(c),
respectively.
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Figure 14. Measured no-load back-EMF. (a) Armature winding. (b) Excitation winding. (c) Simulated
results.

Actually, even though the experiments are carried out with voltage fed, the simulation is based on
the sinusoidal current fed. The reason is that the rated-current is the fundamental part of motor-driving
and using current injection which is the most common way to estimate the magnetic performance. Hence,
the simulation is ideal without the coupling calculation. But the experiment is operated with the same
sinusoidal winding current, which is very appropriate to the simulation. When the excitation winding is
excited, the measured no-load back-EMF of the armature winding is shown in Figure 15. Figure 15(a)
and Figure 15(b) show the no-load back-EMF of the armature winding when the motor speed is 100 rpm,
and ig9 = 12 A is applied to the excitation winding. It can be seen that before the current is applied to
the excitation winding, the no-load back-EMF of the armature winding is 31 V, which is consistent with
the finite element simulation results. When igo = 12 A is applied to the excitation winding, the motor is
in the magnetization increasing state, which makes the no-load back-EMF of the main winding increase
to 42V. When iz = —12 A is applied to the excitation winding, the motor is in the flux weakening
state, and the no-load back-EMF of the main winding decreases to 17V, which are 92.9% and 102.3%
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Figure 15. Measured no-load back-EMF waveforms of armature winding with different excitations.
(a) iq of excitation winding turn to 12 A from 0 A. (b) i4 of excitation winding turn to —12 A from 0 A.
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Figure 16. Current of armature winding and torque waveforms with and without excitation winding
current. (a) iq of excitation winding is injected. (b) id of excitation winding is injected.

of the finite element simulation results, respectively.

Figure 16 shows the waveform of current and torque of armature winding when the sudden current
is applied to excitation winding. Figure 16(a) and Figure 16(b) show the torque of the motor and
the current waveforms of the armature winding and excitation winding respectively when the armature
winding is driven respectively, and the speed is set to 100 rpm under the condition of constant load
torque. It can be seen that the three-phase current peak value of the armature winding is 7 A when
the armature winding is driven alone. When i, = 3 A is suddenly added to the excitation winding,
the three-phase current peak value of the armature winding drops to 5 A, which indicates that i4, of
the excitation winding provides a certain output torque. At this time, the total output torque of the
motor is the sum of the output torque of the armature winding and excitation winding. However, when
ig2 = D A is suddenly added to the excitation winding, there is no obvious change in the peak current
of the armature winding after the injection, which indicates that the i4o component of the excitation
winding cannot provide torque and has no effect on the torque, which is consistent with the theoretical
analysis and finite element simulation results.

5. CONCLUSION

In this paper, a novel hybrid excited PM vernier motor for low-speed and high torque applications in
electrical drive is proposed. The hybrid excitation method is proposed in the PM vernier with two sets
of winding containing armature winding and excitation winding adopted. The excitation windings are
set in the region between modulation pole pieces. With appropriate d-q axis current, different functions
of improving torque and increasing speed with flux weakening can be realized respectively. Based on the
finite analysis method, the basic structure and working principle of the proposed motor are introduced,
and the low-speed and high-torque characteristics with wide speed range are revealed. Then, the drive
control system of the motor is designed and applied with the prototype motor. Finally, the experimental
results verify the reliability and effectiveness of the design theory and simulation results.
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