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Transient Analysis of a New Outer-Rotor
Permanent-Magnet Brushless DC Drive
Using Circuit-Field-Torque Coupled
Time-Stepping Finite-Element Method

Yong Wang, K. T. ChauMember, IEEEC. C. ChanFellow, IEEE and J. Z. Jiang

Abstract—in this paper, a new outer-rotor permanent magnet
(PM) brushless dc drive is designed and analyzed. To enable this

drive applicable to electric vehicles, its transient performances at Rotor steel

. . . sheel
both normal and flux-weakening operations are particularly fo-
cused. The distinct feature in design is due to the new motor config-
uration including the outer-rotor topology, the multipole magnetic o 38 Poles
circuit and the full slot-pitch coil span arrangement. The distinct Permanent
feature in analysis is due to the development of the circuit-field- N + oy| magnets
torque coupled time-stepping finite-element method. The proposed & 36 Slots
PM brushless dc drive is prototyped. The analysis results are veri-
fied by experimental measurement.
Stator
Index Terms—Brushless dc machines, permanent magnet ma- teeth

chines, time-stepping finite-element method.

. INTRODUCTION Fig. 1. Proposed PM brushless dc machine.

ITH EVER increasing concerns of energy conservation

and environmental protection, the development of E\&low-speed, high-torque outer-rotor type machine, suitable for
is being accelerated. One of the key EV technologies is tgigect drive of electric bikes and no gear reduction is needed.
electric drive, which aims to offer high efficiency, high power he machine has 38 poles and 36 slots.
density, wide speed range and good dynamic performance [1]ON the inner surface of the proposed machine, 38 pieces of
Among advanced electric drives, the PM brushless dc driveR) are mounted alternately to form 38 poles and two adjacent
most promising [2], [3]. In recent years, the application of theoles make up a pair of poles so that the flux paths of different
FEM to the steady-state analysis of the PM brushless dc driR@le pairs are independent. This multipole magnetic circuit ar-
has been a success [4]. rangement enables to reduce the magnetic iron yoke, resulting

The purpose of this paper is to design and ana|yze a n&.ﬂ/\ﬁhe reduction of volume and W8|ght The coil span of stator

outer-rotor PM brushless dc drive specially for EVs. Becau¥¥éndings is designed to be equal to the slot pitch, the over-
of the aforementioned stringent requirements of the EV drivdanging part of the coil can be significantly reduced, thus re-

both the motor configuration and the analysis approach neecstdting in the saving of copper as well as the further reduction of
be innovative. volume and weight. By using the fractional number of slots per

pole per phase, the magnetic force between the stator and rotor
at any rotating position is uniform, thus minimizing the cogging
torque that usually occurred in PM brushless dc machines.

Il. OUTER-ROTOR PM BRUSHLESSDC DRIVE
A. Machine Design

The schematic configuration of the proposed PM brushleBs Principle of Operation
dc machine is shown in Fig. 1. The machine was designed a#\s shown in Fig. 1, the slots 34-3 and 16-21 belong to phase
A, the slots 10-15 and 28-33 to phase B, and the slots 22-27
and 4-9 to phase C. The polarity of the shaded PM is S while
Manuscript received July 2, 2001. This work was supported by a grant frdifie nonshade PM is N.

the Research Grants Council of Hong Kong, Hong Kong, China, under Projectat the position as shown in Fig. 1 phase A is in noncon-
HKU 7035/01E. !
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At any moment, there are two phase windings in conducting
state and one-phase winding in nonconducting state. Each phase
winding conducts 120 and nonconducts 6Qboth in positive
and negative directions, whereas the phase shift between adja-
cent phases is 60

There are two operation mode for the proposed machine,
namely the constant torque (normal mode) and the constant
power (flux-weakening mode). At the normal mode, the
conducting state solely depends on the position signal. At the
flux-weakening mode, the phase advance method is applied.
The key of this method is to employ the transformer EMF which
is proportional to the derivative of phase current to counteract
the rotational EMF that is even larger than the applied voltage
at high speeds [5]. At this mode, the conducting state depends
on the combined signal of position and advanced angle. Fig. 2. FEM mesh.

I1l. ANALYSIS APPROACH

The two-dimensional (2-D) circuit-field-torque coupled time
stepping finite-element method is employed to analyze the
proposed machine. The governing equation for electromagnetic
field is given by

VxuoVxA=J 1)

wherewv stands for reluctivityA for magnetic vector potential
which is assumed to have axial component only &rfdr cur-
rent density. In the area of iron and air gap, the field equation
can be written as

V x vV x A = 9A/ot. @)
At the rotor PM area, the field equation can be expressed asFig- 3. Flux distribution at rated operation.

VxoVxA=vVxM (3) Hence, the circuit equation can be coupled with the magnetic
o field equation by the use of (1) and (7).
where M stands for magnetization of the permanent magnets.gy sing finite-element discretization of the circuit-field
In the area of each phase conductbgan be calculated by equations, we obtain

J=0o(Vy/l+ 0A/0t) 4) te) m D) {2;1//53 _ (7] ®
where s stands for electrical conductivity, for the effective
length of conductors connected in series per phasevaridr where[C] and[D)] are coefficient matrice$A] and[/] are un-
conductor voltage drop on the effective length. Thus, in thigiown and P] is the vector associated with applied voltage and
area, the field equation can be rewritten as magnetization of PM. For simplicity, this system equation can
be expressed as
V x vV x A=o(W/l+ 8A/t). (5)
[ClIX] + [D][oX/0t] = [P]. 9)
Since the proposed machine is controlled by a six step in-
verter, the applied voltage of each phase stator winding is knokRe backward Euler difference method is applied for time step-

while the stator current is unknown. The circuit equation of tHaing discretization as follows:
proposed machine can be expressed as ([Ch] + [Dal/AD)[Xe] = [Fe] + ((Du]/AD[Xka]  (20)

[Vs] = [Ll[dl /dt] + [R]L] + [Vi] ®) where the subscript stands for thé:th time step At = ¢, —
ti_1 is thekth time step size.

where[Vs] stands for applied voltageld,] for end inductance, ) L
[Vs] PP ges] The torque equation of the proposed machine is given by

[1] for phase current ang?] for end resistance. Combining (4)
and (6), it yields (] dt) + Mo = T — T (11)

J = o{=Q/D([L][dI/dt] + [R][I]) + [Vs]/1} + 0(0A/0t).  \where.],, stands for the moment of inertia, for rotor speed,
(7) A for coefficient of friction, 7. for the electromagnetic torque
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Fig. 4. Calculated back EMF waveform.
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Fig. 5. Calculated cogging torque.

and7’ for load torque. The circuit-field equation is coupled to
the torque equation through the electromagnetic toffjueit

each time step, the electromagnetic torque is calculated using
Maxwell stress tensor method. Then, the rotor velocity and the
rotor position can be determined. The rotor mesh moves ac-
cording to rotor movement. During the rotation of the rotor
mesh, the slide surface technique is employed to avoid the re-
shape of the rotor mesh.

In order to combine flux-weakening control strategy, at each
time step the applied voltage will be determined not only by the
rotor position but also by the reference of advanced conduction
angle. By the use of (10) and (11), the performance of the pro-
posed machine can be determined.

IV. ANALYSIS RESULT
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Fig. 6. Calculated phase current waveform.

250

8

g

g

g

L

-0.1

L
[

L L L L L
0.1 0.2 03 0.4 05 06 0.7 0.8
Time(s)

Fig. 7. Calculated speed transient waveform.
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Fig. 8. Calculated phase current transient waveform.

The finite-element mesh of the proposed machine is shown in
Fig. 2 and the flux distribution is shown in Fig. 3. Fig. 4 shows
the calculated back EMF waveform of the proposed machi?e
when it is running at rated operation. Fig. 5 shows the calcu-
lated cogging torque of the proposed machine. Fig. 6 shows

of speed, phase current and torque, respectively. Increasingly,

maximum allowable starting torque, constant acceleration and
ast response can be achieved. Also, Fig. 10 shows the phase
urrent waveform when the proposed machine is running at 2.5

e : .
steady state phase current waveform when the machine is e the base speed with58dvanced conduction angle.

ning at rated operation Figs. 7-9 show the transient responses
9 P 9 P V. EXPERIMENTAL RESULTS

Fig. 8 shows that during starting period the current is regulatedFigs. 11-13 show the measured back EMF and phase
to maintain its maximum allowable value in such a way that treirrent waveforms and transient speed response, respectively.
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Fig. 10. Calculated phase current waveform at flux-weakening mode.
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Fig. 11. Measured back EMF waveform (2.5 ms/div, 5 v/div).
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Fig. 12. Measured phase current waveform (2.5 ms/div, 6.4 A/div).
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Fig. 13. Measured speed transient waveform (100 ms/div, 50 rpm/div).

VI. CONCLUSION

A new outer-rotor PM brushless dc machine has been de-
signed for EV application. The proposed machine is analyzed
with the circuit-field-torque coupled time-stepping FEM. Anal-

ysis results of the steady state and transient state performance

are presented and well supported by experimentation.

(1]
[2]

(3]

(4]

Compared with the analysis results, it can be seen that thés]

theoretical and experimental results agree closely.
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