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Design and Analysis of a New Multiphase
Polygonal-Winding Permanent-Magnet
Brushless DC Machine

Yong Wang, K. T. ChauMember, IEEEJinyun Gan, C. C. Charfrellow, IEEE and J. Z. Jiang

Abstract—In this paper, a new multiphase polygonal-winding
permanent-magnet brushless dc (PMBDC) machine is proposed
and analyzed. The originality of the proposed machine lies on the
multiphase polygonal-winding stator and the surface-inset perma-
nent-magnet rotor. Because of its unique structure and operating Stator
principle, a circuit-field-torque coupled time stepping finite-ele-
ment method is also employed for analysis. The designed machine
is prototyped and the analysis is verified by experimentation.

Index Terms—Brushless dc machine, permanent-magnet ma-
chine, time-stepping finite-element method.
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LECTRIC machines are one of the key technologies of
electric vehicles (EVs), and aim to offer high efficiency,
high power density, wide speed range, high controllability, and
maintenance-free operation. The permanent-magnet brushless
dc (PMBDC) machine inherently offers the advantages of hidig- 1. Five-phase polygonal-winding PMBDC machine.
efficiency, high power density and maintenance-free operation.
HOWEVGF, because of the uncontrollable permanent—magnet . 123456 78910111213141516171819 2021222324 252627282930
(PM) flux, it suffers from a short constant-power operating ™ ~ = -
range. To solve this problem, the field-oriented flux-weakening I } E I } I } f {
control and the advanced conduction angle control were devel- I } ‘i { ; } } { {
oped [1], [2]. Instead of using complicated control strategies, a ~ “
machine topology with its flux specially regulated by two-phase
stator currents was also proposed [3]. JA'“A A ~
The purpose of this paper is to propose and analyze a .
new multiphase polygonal-winding PMBDC machine which
incorporates a novel multiphase polygonal-winding stator and o _
a unique surface-inset PM rotor. By electronically controf-9- 2~ Winding connection of phase A.
ling the magnitude of the stator current flowing through the ) ) ) )
polygonal winding, the air-gap flux can be easily adjusted f0m 1/2 pole-pitch of a conventional one [4]) and its eccentric
achieve high-speed constant-power operation. Meanwhile, e surface, thus offering lower PM material cost and lower
surface-inset PM rotor can generate both the PM torque whi@fnature reaction, respectively [3].
is approximately proportional to the phase current (offering
the characteristics of a conventional PMBDC machine), and Il. MACHINE DESIGN
the reluctance torque which is approximately proportiqnal 10 The proposed five-phase polygonal-winding PMBDC ma-
the square of p_hase current (offerlng_ the Chal’aCteI’I.StICS OEﬁﬁne is shown in Fig. 1. This machine inherits the surface-inset
_brushed dc series mag:hm_e). The uniqueness of th|§ rotorpi§l rotor from our previous PMBDC machine [3], hence
its PM pole width, which is about 2/5 pole-pitch (differenthe merits of high power density and high starting torque;
whereas its stator winding arrangement and connection are
Manuscript received February 10, 2002; revised April 28, 2002. This wofsindamentally different. With the use of a ten-leg inverter, the
\évoag;lg;l);éorted by the Hong Kong Research Grants Council under Project HEHIygonal—winding connection becomes flexibly controllable,
Y. Wang, K. T. Chau, J. Gan, and C. C. Chan are with the Department 81@King this machine alike a brushed dc machine. Inevitably,
Electrical and Electronic Engineering, The University of Hong Kong, Honghe required number of power devices is doubled, which is ac-
Kong (e-mail: ywang@eee.hku.hk; kichau@eee.hku.hk; jygan@eee.hku.flsptable for EV application because the machine performance
chhgn?eee:hk‘?-hk)' . o is of much higher interest than the inverter cost for EVs.
. Z. Jiang is with the School of Automation, Shanghai University, Shanghai, _. L .
China (e-mail: jzhjiang@yc.shu.edu.cn). Fig. 2 shows the winding connection of phase A, where the
Digital Object Identifier 10.1109/TMAG.2002.802128. upper layer of slot 1 is connected to the lower layer of slot 6
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Fig. 5. Special polygonal-winding excitations. (a) 3/5-mode. (b) 2/5-mode.

Dovetailed shape Eccentric surface Rotor
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Fig. 6. Full-load flux distribution.
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1O @i@ @1@10) IR R actsasa large airgap to suppress this excitation field. After 36
, — : rotation, as shown in Fig. 3(b), phqses B-E beco_me conducting
i ' Lo , | Clodowise while phase A becomes commutating. The resulting PM and re-
- ~/ Sy o direction luctance torques continue the rotation as visualized in Fig. 4(b).
Dovetalled shape _ Becentric surface Rotor During high-speed constant-power operation, the proposed

®) machine can easily offer the desired flux weakening by simply

decreasing the magnitude of stator current (which is different

Fig. 4. lllustration of torque generation. (a) At.Qb) At 36°. from the phase control for conventional flux weakening).

For this machine, the airgap flux and hence the back elec-
while the lower layer of slot 1 is connected to the upper lay#tomotive force (EMF) can be considered to be from two
of slot 26, and so on. Hence, there are two groups of phaselifferent sources—namely, the PM field and the excitation
windings, namely IA—-IAand lIA-1IA’. Similar connections are field. Although the PM field is uncontrollable, the excitation
applied to other phases. Consequently, the windings of the safietd (which is approximately proportional to the phase current)
group are connected in series, and then the two groups are deneasily controllable. By simply decreasing the magnitude

nected together to form a polygon as shown in Fig. 3. of phase current, the excitation field is weakened and hence
the corresponding back EMF component is proportionally
[1l. PRINCIPLE OF OPERATION reduced. Thus, another back EMF component due to the PM

field can take up a larger portion which allows for a higher
rating speed under the same PM flux. Therefore, the
h-speed constant-power operating range of this machine can
significantly extended.

Under normal operation, at any instant, there are four pha
in the conducting state and one phase in the commutating st
so-called the 4/5-mode of operation. Each phase conducts@
144 and commutates for 36within a half-cycle. When the : P :

o g . Increasingly, the proposed polygonal winding potentially al-
rotor position is as shown in Fig. 1, the switches S1U, S5 ; ; ; )
S10U, and S6L are on whereas all other switches are off, tr{rows the machine operating at other special modes of opera

phases A-D are conducting while phase E is commutating , namely the 3/5-mode (three phases conducting and two
shown in Fig. 3(a). At this moment, phases A and B are un%gases commutating) as shown in Fig. 5(a) or the 2/5-mode as

the PM pole, whereas phases C—E are under the rotor core. gwn in Fig. 5(b). This possible mode-changing operation can

PM pole provides PM field for phases A and B, hence gegbplri(\:/:trif#_s torque-speed capabilities, and is promising to EV

erating a PM torque ,J;. Meanwhile, the currents in phases
A and B provide excitation field to interact with the currents

flowing in phases C and D, hence generating an additional re-
luctance torque ;I. Both torques are added up to cause rotation Because of the unique structure and operating principle of
as visualized in Fig. 4(a). Notice that the currents in phasestii® proposed machine, a two-dimensional (2-D) circuit-field-

and D also provide excitation field to interact with the current®rque coupled time stepping FEM is adopted for analysis. Both
flowing in phases A and B, hence creating an opposite relute flux distribution and performance characteristics of the pro-
tance torque; however, it is negligible because the PM matenmdsed machine are presented. Fig. 6 shows the full-load flux dis-

IV. TIME-STEPPINGFEM ANALYSIS
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1000 TABLE |
MOTOR DATA
50.0
2 m /./_ Rated power 1kW
2 oo Rated voltage 96V
§ /60 120 180 2 300 360 420 480 Rated Speed 1 Ooorpm
2 0 . Rated phase current 13.6A
Stator
1000 Outer diameter 180mm
Rotor angle (Elect. degree) Inner diameter 110mm
Stack length 60mm
@ Number of slots 30
400 Winding type Double layer
Turns per coil 8
200 Resistance per phase (75°C) 0.072Q
z Rotor
E o0 —~ Outer diameter 109mm
3 60 120 180 240 300 360 420 430 Inner diameter 63mm
D o Number of poles 6
Magnet height (maximum) 4.5mm
Magnet length 64mm
0 Rotor angle (Elect. degree) Magnet remaqence 1.10T
Magnet material Nd-Fe-B

(b)

Fig. 7. Calculated back EMF waveforms. (a) Per group. (b) Per phase.
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Speed (rpm) Fig. 9. Measured back EMF waveforms (50 V/div, 20 V/div, 2.5 ms/div).

Fig. 8. Comparison of torque-speed capabilities. VI. CONCLUSION

A new multiphase polygonal-winding PMBDC machine

tribution of the proposed machine. Then, as shown in Fig. 7, i8S Peen proposed and analyzed. The keys are to use the
corresponding no-load back EMF waveforms with respect to tR@!Y90nal-winding stator for flux weakening or possible
rotor position are calculated under the base speed of 1000 r/ de-changing operation, and to__employ the surface-inset
In order to illustrate the advantageous torque-speed capabi @A rotor for producing an additional reluctance torque,

of the proposed machine, it is compared with that of a conve cnee offering a better tprque-spe_ed capability. Also, a cir-
tional PMBDC machine, which has the same PM poles as w wt—fleld—torque coupled time stepping FEM has been adopted

as current and voltage ratings. As shown in Fig. 8, the propos@§ 2nalysis. The machine has been prototyped and tested for

machine exhibits a better torque-speed capability in terms ¥ification.
both maximum torque and speed range.
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