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Abstract-A novel high-power-density permanent-magnet 
(PM) motor drive for electric vehicles (EV's) is proposed. The 
motor is a polyphase multipole square-wave PM motor, which 
can be classified as  a kind of PM brushless dc motor. The 
distinct features of the proposed motor as  compared to those of 
the conventional PM brushless dc motor are as  follows. First, 
the multipole magnetic circuit arrangement enables the mini- 
mization of the magnetic yoke, resulting in the reduction of 
motor volume and weight. Second, the coil span is purposely 
designed to be equal to one slot pitch, thus saving in the amount 
of copper used. Third, by using a fractional number of slots per 
pole per phase, the arrangement of the numbers of poles and 
slots is so unique that the magnetic force between the stator and 
the rotor a t  any rotating position is uniform, hence eliminating 
the cogging torque that usually occurs in PM motors. Finally, 
the motor can be controlled to operate a t  a constant torque 
region and a constant power region with field weakening, thus 
both high starting torque and high cruising speed can be 
achieved. Therefore, as  the proposed motor drive possesses the 
distinct advantages of high power density, high efficiency, and 
superior dynamic performance, it is very suitable for EV appli- 
cations. A prototype of a five-phase 22-pole 5-kW motor drive 
has been designed for a n  experimental EV. 

I. INTRODUCTION 
T HAS been a long-lived objective to develop an I advanced motor drive that possesses the dc motor 

drive advantage of a quality speed control feature, but 
that eliminates the mechanical commutator and brushes, 
and possessing the ac motor drive advantages of high 
reliability, robustness, and being almost free of mainte- 
nance for electric vehicle (EV) applications. With the 
rapid development of power electronics and microelec- 
tronics technologies, advancement of control and compu- 
tational theories, and the advent of new materials, many 
advanced motor drives have recently been developed 
[1]-[5]. In recent years, a substantial research program on 
the development of advanced ac propulsion systems for 
EV's has been launched and it has been reported that a 
PM synchronous motor drive, an induction motor drive 
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incorporating adaptive decoupling control and a switched 
reluctance motor drive were successfully implemented in 
a variety of EV's [61. 

The multipole structure of a motor leads to reduce the 
length of end windings so that the utilization factor of 
copper wires increases and the copper loss decreases. This 
structure also leads to the shortening of the length of the 
magnetic circuit, thus reducing both the height of yoke 
and the volume of the motor. Moreover, the interaction 
between the square-wave current and the square-wave 
magnetic field may produce a larger torque than that 
produced by the interaction between sinusoidal current 
and the sinusoidal magnetic field [7], [8]. Based on the 
aforementioned concepts, the idea of a novel polyphase 
multipole square-wave motor with high power density and 
high efficiency was introduced. The motor is basically a 
type of brushless dc motor; therefore, it inherently per- 
mits superior dynamic performance. The control strate- 
gies used for dc motors can be easily implemented for this 
motor, such as the dual closed-loop of speed and current 
feedback. 

In this paper, a novel polyphase multipole square-wave 
PM motor drive is presented. The motor configuration, 
principle of operation, equivalent model, and design 
topology are described. By employing the finite element 
method (FEM), an electromagnetic field analysis is car- 
ried out for the design and optimization of the proposed 
motor. The motor controller adopts a dual closed-loop 
control with a hysteresis current scheme. Simulation and 
experimental results of the motor drive verify its suitabil- 
ity for EV applications. 

11. NOVEL POLYPHASE MULTLPOLE PM MOTOR 

A. Motor Configuration 
The schematic configuration of the proposed motor is 

shown in Fig. 1, which is a five-phase 22-pole square-wave 
PM motor. The motor has 20 slots, where two sides of a 
coil are located in two adjacent slots, namely slot 1 and 
slot 2, while another coil of the same phase is located in 
slot 11 and slot 12. These two coils are connected in 
series. The other phase windings can be arranged in the 
same way. The winding connection diagram is shown in 
Fig. 2. The rotor consists of 22 pieces of PM to form 22 
poles. Two adjacent poles make up a pole pair. Total 
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Fig. 2. Winding connection diagram. 

number of pole pairs is 11. This indicates that the slot 
pitch of two adjacent slots is 11/10 pole pitch, and the 
phase pitch of two adjacent phases is 11/5 pole pitch. By 
using this arrangement of a fractional number of slots per 
pole per phase, the magnetic force between the stator and 
the rotor at any rotating position is uniform, hence elimi- 
nating the cogging torque that usually occurs in PM 
motors. 

B. Principle of Operation 
When all currents in slots under S-poles flow toward 

the reader and all currents in slots under N-poles flow 

ref 
I 

ref - 

away from the reader, as illustrated in Fig. 1, the direction 
of torque produced on the rotor will be counterclockwise, 
and vice versa. According to this coordination between 
stator slots and rotor poles, at any moment, there are four 
phase windings in the conducting state and one phase 
winding in the nonconducting state. For example, at the 
moment when the rotor position is as shown in Fig. 1, 
phase A is in a nonconducting state. Subsequently, the 
rotor rotates 18" phase B will become nonconducting, and 
so on. As shown in Fig. 3, each phase winding will conduct 
144" over a half-cycle, and the phase shift between adja- 
cent phases is 36". 

The conducting state depends on the feedback signal 
PV from a rotor position sensor, as shown in Fig. 4, which 
consists of optodevices mounted on the motor frame (end 
bracket) and a toothed disk mounted on the rotor shaft. 
The signal PV possesses two functions: first, it senses the 
rotor position to determine the conducting state of each 
winding; second, it provides a speed feedback signal to the 
controller. As previously mentioned, this motor belongs to 
a type of brushless dc motor; the commutation process is 
executed by the rotor position sensor and electronic 
switches. The direction of rotation is determined by the 
commutating logic, and the commutating frequency adapts 
to the motor speed. Like a dc motor, the speed control of 
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Fig. 3 .  Voltage waveforms of five-phase windings. 
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Fig. 4. Rotor-position sensor. 

this motor can be easily implemented by regulating the 
applied voltage. 

C. Equivalent Model 
Consider that a polyphase multipole square-wave motor 

has m-phase windings on the stator, p pairs of PM poles 
on the rotor, and no damper windings on the pole faces. 
Due to the high resistivity of the magnet, induced current 
in the rotor can be neglected. Assuming that the resis- 
tance of each phase winding is the same, the voltage 
equation set for m phases is 

where U ,  i and e are the per-phase voltage, current, and 
back EMF. Assuming further that the rotor inductances 
associated with different rotor angular positions are iden- 
tical, thus 

L,, = L 22 - - ... =Lmm = L 

L12 = L21 = M12 

(2) 

L,, = L,, = MIm. 

Due to the coil span being designed to be equal to the 
slot pitch, the phase flux paths are independent, hence the 
mutual inductances M of phase windings are negligible: 

(4) M12 = ... = M,, 7 0 

so that (1) can be written as 

R l b l  

Since the electromagnetic torque equations of motion 

(6) 

(7) 

the state-space equations with state-space variables of 
i,, i2,**-, i,, and w can be rewritten as 

are given by 

T, = (e l i l  + e2i2 + 0 . .  +emim)/w 

T, - TL - BW = JPW 

e1 
e2 

em 
TL 

The back EMF and current waveforms of a five-phase 
square-wave motor are shown in Fig. 5. For producing a 
rippleless steady-state torque, the currents i,, i2,..*, i, are 
rectangular in shape. This means that the conventional 
coordinate transformation method can no longer be di- 
rectly applicable. Therefore, these phase currents are 
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Fig. 5.  Back EMF and current waveforms 

Fig. 6. Typical inner rotor construction of the motor. 

treated as state-space variables and the state-space equa- 
tions are adopted. 

The equivalent model presented in this section will be 
used for the simulation calculation described in Section 
V. 

D. Design Topology 
Another special feature of the proposed motor is that 

the design topology can be varied. The conventional inner 
rotor motor shown in Fig. 6 can be used for general-pur- 
pose applications, while the outer rotor motor shown in 
Fig. 7 can be used as a wheel or drum motor. Since the 
motor may be designed as a low-speed high-torque motor, 
it can be used as a direct drive without gear reduction for 
EV's. 

111. ELECTROMAGNETIC-FIELD ANALYSIS 
The design and optimization process of the motor can 

0 initial design the motor configuration and geome- 

0 analyze the motor parameters and performances 

0 modify the motor geometry iteratively. 

be summarized as follows: 

try; 

using an FEM; and 

.a tor wind i ngs 

shaft 

- s t a t o r  core 

Fig. 7. Typical outer rotor construction of the motor. 

T I  

NI I N2 
magnet 

Fig. 8. Region of interest for finite element analysis. 

T I  

Fig. 9. Generated mesh for finite element analysis. 

A. Finite Element Model 

Due to the semiperiodic motor configuration, the re- 
gion of interest for finite element analysis is shown in Fig. 
8. In order to obtain accurate results, the numbers of 
nodes and elements should be sufficient while the distri- 
bution and shape of the triangular elements should be 
appropriate. Fig. 9 shows the finite element mesh of this 
motor. 
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Fig. 10. Normal component of airgap flux density. 

The Maxwell’s equation of the model can be written as 

d A  dA dMY dMx 
v 2  + v 2  = - J * +  v- - v-. 
dx d y  dX d Y  

(9) 

The flux density distribution B can be deduced from the 
vector potential A 

B = rot A (10) 
or simply by using 

dA dA 
d y  dX 

B = -  B = --. (11) 

The boundary conditions of the model are 

AlTl = & z  = 0 AlNl = -Ah2. (12) 

Moreover, the electromagnetic force can be calculated by 
using the Maxwell stress-tensor method. The components 
of force on a line parallel to the x axis are expressed as 

1 
fy = -(BY” - B:) 

BXB, 
f x  = - (13) 

2PO PO 

and the components of force on a line parallel to the y 
axis are expressed as 

Fig. 11. Tangential component of airgap flux density. 

Fig. 12. Normal component of airgap force density. 

-I0 t 

30 

0 

-20 

B. Results of Analysis 
Having obtained the magnetic flux density distributions, 

it can be found that the flux distribution under no-load 
conditions is symmetrical, while it is unsymmetrical under 
full-load conditions due to the effect of armature reac- 
tion. It is well known that the airgap flux distribution is 
essential because the energy conversion is processed 
through the airgap. Thus, the normal and tangential com- 
ponents of the flux density and force density along the 
airgap periphery under full-load conditions are illustrated, 
respectively, in Figs. 10-13. 

Based on these results, the motor geometry can be 
adjusted as desired to achieve optimization. Moreover, as 
shown in Fie. 14. it can be found that the commutation 

Fig. 13. Tangential component of airgap force density. 

causes the torque pulsation. In fact, besides the commuta- 
tion, another kind of torque pulsation is caused by the 
current pulsation associated with the hysteresis current 
control scheme, which will be discussed later. As shown in 
Fig. 15, it can also be found that the total tangential force 
under no-load conditions is very small; hence, the cogging 
torque that usually occurs in PM motors is eliminated for 
the proposed motor. 

Iv. CONTROL SYSTEM 
The proposed motor is basically a brushless dc motor, 

therefore the control technique used for dc motors can be 
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Fig. 14. Steady-state torque versus rotor position. 
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Fig. 15. No-load tangential force density. 

easily implemented for this motor, such as the dual 
closed-loop of the speed feedback and current feedback 
control system. As compared with the vector control of 
induction motors, the control is much simpler because 
there is no vector transformation. Fig. 16 shows the block 
diagram of the control system for the proposed motor, 
and the control process can be explained by Fig. 17. When 
the speed reference signal wref is set from 0 to 1, the 
motor begins starting and the speed feedback is increasing 
gradually. The difference between wref and speed feed- 
back from SF is inputted into the speed regulator SR. The 
amplified output Zref serves as a reference for the inner 
current loop. The phase current feedback from CF is 
compared with Iref, and their difference is inputted into 
the current regulator CR. The output of CR and the 
signal from the rotor position sensor are combined through 
a logic circuit to form the firing signal of power switching 
devices. The current control in each phase can be imple- 
mented by using the hysteresis loop (current band-band) 
method. A proportional-integral (PI) regulator is used as 
the speed control of the proposed motor. 

V. SIMULATION AND EXPERIMENTAL RESULTS 
Based on the equivalent model given by (1)-(8), as well 

as the block diagram illustrated in Fig. 16, the simulation 
calculation can be performed. Fig. 18 shows the current 
and torque waveforms at high switching frequency. It can 
be found that the current ripple is very small and the 

u 

Fig. 16. Block diagram of control system. 

Fig. 17. Dual closed-loop control process. 

Fig. 18. Current ripple and torque pulsation at high switching fre- 
quency. 

torque pulsation is mainly due to the commutating cur- 
rent. On the contrary, as shown in Fig. 19, the current 
ripple is relatively high at low switching frequency and the 
torque pulsation is due to the commutating current and 
hysteresis current ripple. However, it can be seen that the 
torque pulsation of this motor is small. 

Fig. 20 shows the steady-state torque-speed characteris- 
tics obtained from laboratory experiments, while Fig. 21 
shows the torque, speed and current transients under a 
suddefl load change obtained from simulation calcula- 
tions. ' 
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TABLE I 
TECHNICAL DATA FOR THE MOTOR 

Stator 
Outer diameter: 
Inner diameter: 
Length of core: 
Number of slots: 
Number of poles: 
Slot width: 
Slot height: 
Winding type: 
Number of coils: 
Turns per coil: 
Conductor size: 
Slot pitch: 
Resistance (75"): 
Rotor 
Outer diameter: 
Inner diameter: 
Magnet height: 
Magnet material: 
Copper weight: 
Magnet weight: 
Active iron weight: 
Magnet remanence: 
Magnet coercive force: 

175 mm 
86 mm 
100 mm 
20 
22 
7.4 mm 
36 mm 
Single layer 
10 
26 
7 x 1.06 mm 
1 - 2  
0.054 R 

84 mm 
48" . 
5 mm 
Nd-Fe-B 
4.10 kg 
0.93 kg 
8.05 kg 
1.1 T 
676.4 kA/m 

Fig. 19. Current ripple and torque pulsation at low switching frequency. 

VII. EV APPLICATIONS 

A prototype of a five-phase 22-pole 5-kW motor drive 
has been designed for an experimental EV, shown in Fig. 
22. The technical data of the motor and the specifications 
of the experimental EV are listed in Tables I and 11, 
respectively. 

VIII. CONCLUSION 
A novel PM brushless variable-speed motor has been 

designed, built, tested, and implemented for an EV. The 
motor possesses the advantages of both dc and ac motors: 
it has superior control performance like a dc motor; but it 
has superior robust construction and is almost mainte- 

250 

0 T ("1 
15 30 

Fig. 20. 

nance free, like an ac motor. Moreover, by the unique 
arrangement of the rotor magnets, stator slots, and stator 
winding, the motor is able to achieve a high power den- 
sity, high efficiency, and no cogging torque. The electro- 
magnetic-field analysis of the motor is carried out by using 
an FEM. By using the state-space model of the motor as 
well as the real-time models of the speed controller, 
current controller, and inverter switches, the current rip- 
ple and torque pulsation can be clearly investigated. The 
steady-state and dynamic performances of the motor are 
used to verify the theoretical predictions. The motor pos- 
sesses a high potentiality for EV applications. 
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