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Performance Analysis of Brushless DC Motors
Including Features of the Control Loop in the Finite
Element Modeling

S. L. Ho, W. N. Fu, H. L. Li, H. C. Wong, and H. Tan

Abstract—A time stepping finite element model for analyzing assumption is suitable when one studies the cross-sectional
the performance of brushless d.c. motors is presented. The con- magnetic field distribution of the motor, but it will introduce
trol loop is coupled into the system equations. The eddy-currents additional errors when computing the eddy-current loss, since

in the permanent magnets (PM) are also taken into account in the it is difficult t the edd t d f let
proposed circuit-field coupled method. By representing the PM as ILIS CITCUIL IO ENSUTe the eddy-CUrrent collid Iorm a compiete

a “squirrel cage” then the eddy-current loss in the PM can be esti- 100p within the PM material being considered.
mated. The model can directly take care of the nonsinusoidal quan-  In this paper a time stepping FEM model is introduced to

tities of the supplied voltages, the phase currents and the magnetic simulate the operation of brushless d.c. motors. The control loop
fields. is coupled to the voltage driven FEM of the motor and hence
Index Terms—Brushless d.c. motor, control, eddy-current, finite  the stator windings could be fed with the actual output volt-
element. ages from the converter. In order to include the eddy-current
in the 2-D FEM, the circuit-field coupled multi-slice method
|. INTRODUCTION for modeling the squirrel rotor cage of induction motor [7] is

d h inal | extended to cover PM motors as well. Since the eddy-currents
N BRUSHLESS d.c. motors, the terminal stator vo tages_ﬁé)w mainly in the axial direction, a PM is divided into several

1 each p:jhas? are controlled by fpowerglect;onl? SW'thheS' “Wnductor bars” and they are inter-connected together by re-
Impressed voltages comprise of a series of pulses o Varyli8tances. The circuit equations of these conductors are coupled

widths and the stator phase currents are essentially nonsifly, the multi-slice FEM and the current densities in the PM

soidal. High order harmonics in the currents and in the magnefig 1o computed directly

fields will have significant effects upon the motor output torque The simulation programs consist of two model blocks: the

andhcorrespondlng performances. More"over, tlhe ezdy'cg"Em:uit—field—torque coupled FEM model and the control loop
in the permanent magnet (PM) is usually neglected, and t'ﬁ'ﬁ)deL Inthe FEM model the inputs are the stator phase voltages
is acceptable for ferrite magnets because their COﬂdUCtIVItydﬁd the load torque, whereas the outputs are the stator phase cur-

very Sm‘?‘l!' H_owever, fqr motors With rare-earth magnets Who?é"‘nts, rotor position and rotor speed. In the control loop model
conductivity is much higher (typically between 0.7 and .1 qtlg

10/ hen the edd | ) hPM i e voltage applied to the terminals of the stator windings of
m), then the eddy-current loss in suc IS comparalyfge motor is determined according to the control strategy and

to the normal iron losses of conventional motors [1}-[3]. SinGge bo\wer electronic switching circuits. A three-phase winding

the temperature-rise will greatly affect the performance of PMy, . spjess d.c. motor system is used as a typical example to
materials, it is desirable to evaluate the eddy current loss inthe - <o | sefulness of the proposed algorithm
PM. Although many researchers have studied the performances '

of brushless d.c. motors using finite element methods (FEM),
most methods still cannot take into account the features of
the control loop into the computation [4], [5]. On the otheA. Dealing With Eddy-Current in PM
hand, in the normal 2-D FEM method, the eddy-current in the Here the PM is divided intav bars and the motor is divided
PM can be included simply by adding th@A/9t term into into As slices (Fig. 1). With the magnetization vector method,
the curl—curl diffusion equation [6]. This means the motor ihe excitation from the PM can be described by its remanent flux
assumed to have an infinite axial length. Consequently, thignsity B, and equivalent reluctivity. The Maxwell’s equa-
tions applied to the domain in theth bar of themth slice will

Il. CIRCUIT-FIELD-TORQUE CouPLE FEM MODEL
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Bar 1 R Bar 2 & Bar 3 Bar N wWherei,,i, im2, - -, im(n—1), (m =1, ..., M) are the mesh
) C * - * currents. Whenn = 1, K = 0. Form > 1, K = 1. Substi-
Slice /\ _ . v tuting (3) into (2) one obtains the branch equations as:
il lib” I llblz/;z\uw l”’” U l
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. . 0 0 0 =11 Lipv_n
Re ¥ Re ¥
— - part of the FEM model wherem =1, 2, ..., Mandn =1, 2, ... N. There are totally
— = resistance external to the FEM model M x N branch equations. The total numberMf x (N — 1)
Fig. 1. Equivalent circuit for a PM. mesh—current equatl.ons can be further established. For the loop
211, 12, -- -, ILl(N—l)-
Urnm is the voltage between the two terminals
of thenth bar on thenth slice, and 1 -1 0 --- 0
l I/M andl s the axial length of the iron core v (0 1=l 0 Zml
= . m2
" S0 0 1 0p T (2RI
The total current in theth bar of themth slice is: m=1 | : : : . : '
0 0 0 ... —1]4mN
OA mn ) .
Thmn = O // <—— + v ) da | . (2) 111 1Af1
Q ot It i12 e
A network for representing the PM is shown in Fig. 1. Two i1 ,L~M(]'\_l)

adjacent bars are connected by the end resBjoat the two
ends as well as by the inter-bar resisiralong the axial length
of the motor. For a network of the PM having slices and where I is a unit diagonal matrix. For the loop

N bars, one could trace the loops for the mesh-currents in ther, ém2, -« tm(n—1) (m =2, ..., M — 1)
clockwise direction and use the x (N — 1) mesh currents
(labeledi,,1, im2; - - - tm(v—1), m = 1, ..., M) to describe
the circuits as shown in Fig. 1. The branch currents of the bars L= 0 -0 U1
can be expressed as: =10 Umo
0 0 1 0 "
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Whenm = 2, K = 0. If m > 2, thenK = 1. For the loop C. Global System Equations

EM1, M2y oy EM(N=1) The FEM equations together with the stator circuit equations

and the torque balance equation will give rise to the large
1 Ut nonlinear equations of the system. The unknowns are, respec-
o 1 -1 - 0 vrro tively, the magnetic vector potentials, the currents in the stator
0 ) 0 windings, the voltage of the bars (PM domain) on each slice,
: : : ) : the mesh-current in the PM network, the rotor speed and the
0O 0 0 -.. —1] ““MN-y rotor position. The input excitations are the stator voltages and
) ) the remanent flux densit§,. in the PM domain. The Backward

11 LM-1)1 Euler's method is used to discretize the time variable. The set
(R 12 VORI tm—-1)2 of system equations is solved by the sub-block method [8].

: : When the magnetic field distribution and current as well as

their changing against time are known, the eddy-current loss
and iron loss can be computed directly [9].

(N -1) {(M—1)(N—-1)

(Y3
tpr2
4 (=Ry — R)I : -0 @) [ll. SIMULATION OF THE CONTROL LOOP
) The impressed terminal voltages are determined by the con-
tM(N-1) troller. In the control loop simulation, the inputs are either the

speed reference or the current reference. The feedback signals

Thg magnetic field equation (1) together with the b,ran?g‘re the stator phase currents, the rotor position and the rotor
equation (4) and the mesh-current equations (5)—(7), will 9\&eed. The outputs are the stator phase voltages.
rise to the basic governing formulas in the PM domain.

A. Current Hysteresis Control

The magnitude of the current referente can be input or
In the stator conductor domain, the field equation is: determined by the proportional and integral (PI) controller of
the speed loop from:

B. Basic Equations in Other Domains

Vx ¥V xA)—(1,/5) =0 €) KW' —w) + Iy —Tmax S I7 < Lnax
wherei, is the stator phase current asdis the total cross- 13 = q Imax 13> Imax 11)
sectional area of one turn on one coil side (parallel branches —Inax I7 < —Inax-
are considered as one turn). The stator circuit equation of onﬁ .
- wherels, | is
phase is: I(k)
I}k(o) =0
M
0A 0A . . w* —w (12)
IMNe1 » / o 12— / 5 92 Ly = ey + = AT,
m=1
Qi Q7

7 = In (11) and (12)w* is the reference value of the input rotor
Z // dQ speedw is the rotor speed feedback from the motai,; and
T, are, respectively, the proportionality factor and the integral

m=1

QL+05 factor; AT is the step size anfl,,. is the maximum allowable
) di value of the stator current. The current reference is:
+ Ryis + L”d—t' = Uy )
=TI (13)
where s . .

R is the total stator resistance of one phas\é(here’* is the expected cyrrent waveform but W|th_un|t mag-

winding, nitude. T.he stator vobltage is controlled by the following current
L, is the leakage inductance of the end windings, hysteresis loop whetf # 0:
Ng1 is the total number of serial connected conduc- +Up 1y < 1F — Ai

tors per phase, ) L .
s is the applied voltage on the stator phase, and i = "YU L,s ~ ,+ A,L , , (14)
QF andQ~ are, respectively, the cross-sectional areas of the Us(k—1) G5 — A <4y i+ N

“go” and “return” side of the phase conductorsyherel/;, is the magnitude of the voltage output from the con-

. OT th? COHS; . . _ ~ verter (Fig. 2) an®Ai is the width of the control band. When
The field equation in the iron domains and in the air-gap is  ;* = 0, the associated circuit will be open-circuited. When one

of the stator windings is open-circuited, e, = 0, then this
Vx(¥VxA=0. (10) additional constraint should be included in the system equations
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Fig. 2. Representation of the switching elements.

TABLE |
REPRESENTATION OF THEFREE WHEELING DIODES Fig. 3. Computed flux distribution at steady-state operation.

Before switching off After switching off
When i =0 After |i | reaches zero

If i>0 us=-Up Open circuit 60 3
If i4<0 u=+Up Open circuit 30F,
o \/\/ ) \/\/ )

90

Current (A)

-3 0E
in a manner which is similar to that commonly used in dealin :

with homogeneous boundary conditions in FEM analysis. P |
When the motor currents are controlled with 0 20 40 60 80 100

hysteresis-regulator, usually the switching period is small_. Time (ms)

than the step size of the time stepping method. If the currents _

change quickly, the computed currents will not fall within thé'd + Profile of the computed stator current.

hysteresis band and a large error will appear. In such case the

step size will be automatically reduced to half of its origine

value.

-6 0F

B. PWM Voltage Control

Current (A)

The stator phase current can also be controlled by chang
the values of the voltages applied to the terminals of the sta
windings by the Pl method. The changes in the voltages are i
plemented by using pulse-width modulation (PWM). The tim , : : : T . : . : A
period of the PWM carrier is usually smaller than the time ste| e T e P
ping size. The average stator voltage during the stepping per
is used as the input voltage in the FEM. Thus if the effect of the
very high-order harmonics can be ignored, it is not necessaryg s. Measured stator current.
use very small step size and the computing time can be reduced
significantly.

Time (ms)

IV. APPLICATION

C. Effect of Diodes in Parallel With the Switch Elements A three phase-winding brushless dc motor (300 W/ 24 .V’
11 poles, 24 stator slots, 136 rpm, using Nd—Fe—B as excita-

The electronic switch is simply taken as an ideal switchion) is used as a typical example to demonstrate the proposed
When it is turned on it is short-circuited, while if it is turnedmethod. The motor is driven by a converter with two-phase-on
off it is open circuited. The effect of the free wheeling diodesxcitation. In the multi-slice FEM the motor is divided into six
connected in parallel with the switch elements is includeslices and at each slice the mesh has 6654 nodes with 8912 el-
in the modeling of the switch elements. For example, befoegnents. The time step size is 5. The computed steady-state
the switch7; is turned off, the phase current is positive flux distribution is shown in Fig. 3. The computed and measured
(Fig. 2). By the time when the switch; is turned off,i s will  stator currents when the motor is fed with PWM voltages are
not suddenly fall to zero due to the inductance in the circughown in Figs. 4 and 5, respectively. The profile of the computed
Actually it will continue to flow through the diode connectededdy-current loss in the PM is shown in Fig. 6. The averages of
in parallel with7,. Thereforeu 4 is equal to—Up during this the eddy-current loss in the PM and the iron loss are 11.94 W
time period. When 4 decreases to zero, then phagewill and 20.95 W, respectively. The computed results show that the
be open-circuited. The effect of the free wheeling diode up@&udy-current loss in the PM is mainly caused by the commuta-
phaseA is summarized as in Table I. tion of the currents in stator windings.
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Eddy-current loss in PM (W)

40 60
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Fig. 6. Profile of the computed eddy-current loss in PM.

V. CONCLUSION

For studying the performance of brushless d.c. motors,
the multi-slice FEM representing the PM in a network can
include the effect of eddy-currents in the PM. The contro
loop is involved by coupling the stator circuit equations in the

(1]

(2]

(3]

[4

fla.r

(5]

(6]

U

FEM whereas the impressed terminal voltages are governed

by the controller. The solution can also include the effects o

(8l

saturation, the relative movement of teeth and slots, the free
wheeling diodes as well as the other nonsinusoidal quantities[®]

The computed results show that the eddy-current loss in

rare-earth PM should not be ignored in the loss estimation.

IEEE TRANSACTIONS ON MAGNETICS, VOL. 37, NO. 5, SEPTEMBER 2001

REFERENCES

F. Deng, “Commutation-caused eddy-current losses in perma-
nent-magnet brushless dc motordEgEE Trans. Magn.vol. 33, no. 5,

pp. 4310-4318, Sept. 1997.

H. Polinder and M. J. Hoeijmakers, “Eddy-current losses in the seg-
mented surface-mounted magnets of a PM machiik"Proc.-Electr.
Power Appl, vol. 146, no. 3, pp. 261-266, May 1999.

M. S. N. Al-Din, A. F. Kader, and J. Al-Samarai, “A new method to
compute eddy current losses by the finite elements method BBt
Industry Applications Society Annual Meetiri@97, pp. 3-9.

A. Boglietti, M. Chiampi, D. Chiarabaglio, and M. Tartaglia, “Finite
element analysis of permanent magnet motdEEE Trans. Magn.vol.

25, no. 5, pp. 3584-3586, Sept. 1989.

Y. P. Liu, D. Howe, T. S. Birch, and D. M. H. Matthews, “Dynamic
modeling and performance prediction of brushless permanent magnetic
drive systems,” irFourth International Conference on Electrical Ma-
chines and Drives1989, pp. 95-99.

F. Deng and N. A. Demerdash, “Comprehensive salient-pole syn-
chronous machine parametric design analysis using time-step finite
element-state space modeling techniquéSEE Trans. Energy Con-
version vol. 13, no. 3, pp. 221-229, Sept. 1998.

S.L.Ho, H. L. Li,and W. N. Fu, “Inclusion of inter-bar currents in a net-
work-field coupled time stepping finite element model of skewed rotor
induction motors,""EEE Trans. Magn.vol. 35, no. 5, pp. 4218-4225,
Sept. 1999.

S. L. Ho, H. L. Li, W. N. Fu, and H. C. Wong, “A novel approach to cir-
cuit-field-torque coupled time stepping finite element modeling of elec-
tric machines,1EEE Trans. Magn.vol. 36, pp. 1886-1889, 2000.

S. L. Ho, W. N. Fu, and H. C. Wong, “Estimation of stray losses of
skewed induction motors using coupled 2-D and 3-D time stepping finite
element methodsJEEE Trans. Magn.vol. 34, no. 5, pp. 3102-3105,
1998.

Authorized licensed use limited to: Hong Kong Polytechnic University. Downloaded on March 14, 2009 at 10:53 from IEEE Xplore. Restrictions apply.



