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ABSTRACT - in this paper, a commutation torque
minimization method using parameter observer for a
brushless DC motor fed by a voltage source inverter is
described. In order to investigate the nature of the
comnutation torque ripple in trapezoidal brushless DC
motor. a new model of the motor is proposed. The optimal
drive voltage to minimize the ripple torque is represented

as a lunction of the motor parameters. Therefore, the

important parameter is estimated by least-square algorithm.

LLINTRODUCTION

In this paper, a commutation torque minimization
mcthod for a brushless DC motor fed by a voliage source
inverter is described. The clectromotive force of the motor
has trapezoidal waveforms. Thus, the current in each
phase of the brushless DC motor must be constant for ON
period to achieve a constant torque. And, only one current
sensor is used in this method.

I'he commutation torque in trapezoidal brushless DC
motor takes the form of torque spikes or dips which are
cenerated at each discrete time instant when any of the
sguare-wave current excitation waveforms change levels.
This ripple torque is caused by the combination of nonzero
phase inductance and finite inverter bus voltage which
prevents the phase current excitation waveforms from
changing levels instantaneously [1].

Since the use of a single current sensor is one of the
attractive features of the brushless DC motor with
trapezoidal back EMF drives from the standpoints of

Author to whom all correspondences should be addressed

Proceedings ICPE *98, Seoul

simplicity and cost reduction, several investigators have
attacked the problem of attenuating commutation torque
ripple without adding any new current sensors [6]-[8].
However, it is required the customized turning for each set
of machine parameter. And, the criterion for minimizing
torque pulsation in [6] and [7] (/' =4E) should be
modified.

Therefore, a new commutation torque minimization
method 1s proposed to overcome the above problems.
Moreover, in order to investigate the nature ol the
commutation torque ripple in trapezoidal brushless DC
motor, a new model of the motor is introduced. The torque
characteristic is analyzed by the new maodel. By 1his
analysis, the optimal drive condition to minimize the
commutation ripple torque can be represented as @
function of the inlernal parameters. However, the
parameters have some uncertainy and can be changed with
the temperature and the other operating conditions.
Therefore. the motor parameters will be estimated by
parameter observer. To show the effectiveness of the
proposed algorithm, the phase current and generated
torque are shown in various operating conditions through
the computer simulation results. It is well demonstrated
from these results that the proposed algorithm provided

desirable torque performance of the brushless DC motor.

2. MODEL OF BRUSHLESS DC MOTOR

A developed Cartesian axial view of the motor

construction adopted  for this analysis  is shown in Fig,
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Fig. 1 Axial view of the brushless DC motor including
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I. Detailed torque calculations for such machines typically

require  extended finite element analyses. But,
considerable insight into the torque production mechanism
and a dependence of the supplied voltage can be gained by
employing a simplified lincar model. The simplified
model assumes that the surface permanent magnets
contribute a purely radial magnetic flux density
distribution which can be modeled as shown in Fig. 1.
There, o is the rotor magnet pole arc, B reflects the
influence of rotor flux fringing, and a rotating speed of the

rotoris w, [3].

Back EMF Calculation

In this paper, a new conceptual variable, average cross
flux of each phase winding, is introduced. Using the
average cross flux of each phase winding, the back EMF
and the generation torque can be simply presented. As
shown in Fig. I. average cross flux of phase-A winding
can be defined by

=2 I:’ B(B.1)d6 = B, Fx(1) (N
/T 1

Assuming three phascs balanced winding, average cross

flux of each phasc can be presented as follows:

Fx (0= F(n, /?x,,(r):/-:x[z--;i], I*Ix,(r):Fx(l+_2”J. (2)

3w,

-

Consider a full-pitch stator winding with its magnetic axis
displaced from that of the air-gap flux by the angle &, .
The back EMF can be given by

e(@, w1y rl w, B(8,.w,t) . 3)

m

Then, the back EMF in the phase-A is
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Fig. 2 Schematic diagram of

brushless DC motor drive system

3
o (0) = 2N, = 1% B8, 0,0006), = EFx, (1 )
b 1

where £ =2, Nrl, B

Then, using average cross flux Fx(r}, the back EMF of
gach phases can be presented as follows:
e (D= IFx (1), e (t)=EFx, (), e (t)=FKFx, (1) (5

BLDC Moaotor Drive System and Model Equation

A drive system for the brushless DC motor is shown in
Fig. 2. The firing and speed controller performs two
functions: (1) it developed a coordinated set of signal,
based on the rotor position data, to commutate, i.e., turn
on and off, the transistor in the bridge in such a way as
to maintain an optimum relationship of magnet position
with stator winding in the motor; and (2) it converts a user
generated signal from the system control to a high
frequency pulse width modulation one to control the
actual voltage and current delivered to the motor. [2]

The simple circuit equations in phase variables are
(‘»‘,,(/) 1,(0) 07 e 0] v, @)
|fh<l) =R} 1,(1) +l.% Y+ ea(ry |+ v, () Z:_ M (6)
v (7) 1.(1) 0] Le ] v,
where R, L, and M are resistance, self and mutual
inductance.[4][5] Since the winding of machine is Y-
connection and the neutral of winding is opéned, the

neutral voltage is given by
v(0= Yl 0= e O+ i) e b - 0F] (D

Therefore, the model equation of brushless DC motor can
be summarized as follows;



Generated Torque

The generation torque can be calculated by integrating
the Lorentz force densitv ( ./ x B ) along each of lhe
individual coil side.J3] As shown in Fig. 1, consider a full-
pitch phase-A winding with its magnetic axis displaced
from that of the air-gap flux bv the angle &,. the
generation torque is
140, N=1,1,0)8,.1). (9)
And. the generation torque by phase A can be presented as
follows:

7 (=2 %L

7

10, w0, W8, =2N1, B, ()F () (10)

1 arSnrto

Considering three phases, the total generation torque is

100 = 220 0, 0+, 0, )+ 0)F, ()] (1

where K, =d4qgNl, B,
And the load dynamics is given by

deo,

()= + Bo, + T, (12)

dt

3. THE CURRENT COMPENSATOR for
MINIMIMIZING COMMUTATION TORQUE

A new method without extra current sensor for
nminimizing commutation torque is introduced. In this
method. a new criterion for minimizing torque pulsation is
proposed and the motor parameters are observed
continuously. The schematic diagram of the commutation

torque minimizing algorithm is shown in Fig. 3.

A criterion for minimizing torque palsation

In this analysis, the commutation of the current from
phase C to phase A is considered. As shown in Fig. 2, this
current transfer is dome by switching off +T, and by
switching on +T,. Nevertheless, this transfer is not done

directly and puts into action the free wheeling diode -D, .
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Fig. 3 Schematic diagram of current compensator

for minimizing commutation torque

The free wheeling diode -1 conduct until 7, vanishes.
For the immediately after switching, the input terminal

voltages are given by
[Vrr(f) "‘h([) Ve (’)]l = [%" - y’zl’ _%’-]j . ([‘)

Assuming that the system has ideally trapezoidal bech
EMF waveform, the waveform of the average cross flux
can be given by

Fe, )=, x(r)=—1,

Fx (()=1~kew,t  for (=0 (14}

where k15 a slope of trapezoid, typically, 4= % :

And the mutial condition of the phase current is
(0 (o1 ] =fo 1, 1] (15)
where 1, is target value of phase current.

Taking the beginning of the commutation as the (ime

origin, the phase currents are presented as follows:

1.(0- ]—J(Zl' /,-l-/rEru,r)(l ¢ ’I/’} /\'/f(u,f‘

3R |

%(l -4k —kLew, r{l—e %)--Al:'ru,.f} {16)

)= -he 7 S

3

fe (’): fye %

! I(1'+2/;+2/\/;w, r)(l—(' %]—Z/cﬁm,.r}

3R |

where =1 e

Using above (11) and (16), the generation torque is

1) =S 0= 001 0= ko1, 0)
- :\-,k_ - (,).m,,}

(17

The commutation time, ¢ can be achieved by

crm 9
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i {tu )= 0. Assuming that 1, /r<<1, commutation time

cinnt

can be simply presented as (ollows;

/", 1428 "
I ([(ulll ) = I(l - *H( l“ + o J (l 8)
r 3R
Then, 1w % 3Ly (19)

(BRI, +1"+2E)

And, the phase current at (=¢ can be presented as

c

follows;

l-N (I“ iz ) = —f/, (t( o1 ) = Il o (20)

By assuming that 7, /7 << !

3RI, - (b - 4k)
fooml, - =L 21
Coun 0 3/6[“ L (V . 2E) ¢l ( )

The geperation torque at /=1, can be given by

o

2

K, /“(31310 —(V—4E)J

3R, + (17 +2E)

/4 (l( o ): /\'l l’_ //; (i( o )_ /_( IL (rum: ) (Ur’l.um—[ = /<I Icum
) ' (22)

Conscquently, the condition for minimizing commutation
lorgue is given by
I, = 3R, + 4L (23)

In case that 1=V the phase-B current can be

o

maintained /, in 0<t<1t ,, and, the torque pulsation can

cam

be minimized.

Incase 1" =1,

When the drive system has low speed or light load, the
terminal voltage for minimizing commutation torque may
be less then the DC link voltage. The terminal voltages
can be controlled to satisfy the condition for minimizing
torque pulsation. For the immediately after switching, the
terminal voltages for minimizing torque pulsation are
given by

Vo ([): I vu/) s Yy ([) = _,"np -V (l): —l/ul) O<r= Leom (24)

3L,

where Lo ™ ~ .
GRrI,+F,,+2E)

And, for the after commutation, the each terminal voltage
of the phase-A and phase-B for minimizing torque

pulsation are given by

v:l(f) =1 'l) L) (t) = _”’fl 1 I(run - %{Ur (25)

where I, =2R/+2L and v, (1) is open.

Incase 1" <l

When the drive system has high speed or heavy load,
the terminal voltage for minimizing commutation torque is
larger then the DC link voltage. In this case, the DC link
voltage should be directly supplied to the input terminal
until input current is reached the target value, /,. As
shown in (22), the phase current is not reached to target

currentat /=1, . Then, the pulsation torque is

3RL, - (V' - 4E)
3R, + (VW +2E))

e

Tpu/ = I{/ I() b l\'/ Icmn = I\/l IU[ (26)

For the after commutation, the phase current is given by

i) L0 1. |
i ¥ (v —2E - 27
d[ + T 2[4 ( ) I([(Ilf”) oo ( )
o m r_2F U=t )
Then! ly (I): /mmU | % * %(l - - /) ‘ (28)

Then, the reaching time, 1, , can be achieved by /(,(r, )= Iy
Assuming that (s, -7, )/t <<1, the reaching time can be
obtained as follows;

[.u(/r )z qun "‘(V —2E

2R

’I' - [ o
- /mm ) ‘ (29)

T

Ty
t, :Tl() *-(Lq'+R]mm) +1(,,m . (30)
I"'=2(E+RI

[0 )

And, in 7, <t<7/3w,, the each terminal voltages for

minimizing commutation torque may be given by (25).

Motor parameter estimation

As shown above section, the compensation method for
minimizing commutation torque has motor parameter
sensitivities. Therefore, the motor parameters should be
estimated from input current from DC link, supplied
voltage, rotating speed and, back EMF. A least square
algorithm is employed to estimate the motor parameters.
The input current is equal to the phase-A current in this
switching period. Then the current equation is given by

d’_(i)+ﬂ=lv‘

dt T Lo

() (31)

where v, (¢) is the equivalent voltage for current excitation.
The current equation may be refined to avoid the

measurement of «i(z)/dt. Consider the current equation
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and the equation can be written by
z'(f)=%v/,(l)-r(ft—%)l//z(t) (32)
The signals (/) and w,(¢) are obtained by stable

filtering of the input and of the output of the plant.[9]

dyn (1)
ot

{yz-
=—ﬂ.u/l(r)+\"q(1)ﬁ (—W/‘/—Q=~ly/2(t)+i(f) (33)
£

Define the vector of nominal identifier parameters

b [% ,1_%]’ (34

Knowledge of @ is clearly equivalent to the knowledge
of the unknown parameters 1/, and 1/r. Similarly,

define d@r) to be a vector of identical dimension, called

the adaptive identifier parameter. ) is the estimate of

@ based on input-output data up to time ¢, Letting

Wiy = v () w0 (33)
the current equation may be written
()0 (36)

Based on measurement ol v, () and is) up to time /.
Wy may be calculated. and an estimate &) derived.
And. the identification error is

Lrtry= 0 By — iy = {@‘(/)—Cﬁ"}@(r'} (37)

The updating rule of the least square algorithm is given by

l/

—@;-Pm%)m-m @) = @, (38)
ot

JPY o . -
== PUOBNP (OP() P(0)=F, >0 (39)
off

[n this algorithm, the parameter error is given by

|
Biy-@ = (P,, +j111<g)zz:r“‘(;>m;) PD -0 {(40)

A n

It follows that @) converges asymptotically to @ il

JBOW ()¢ is unbounded as 7 — 5 .[9]

t

4. SIMMULATION RESULTS

The system parameters used in this simulation are as
follows:

Ay =O312(Nmi A, Fy = 083I"sec/ rad |, £ =4|pole|,

0 60 120 180 240 300 300
(o)

Fig 4 Generation torque and phase current

(v, (=10 0=/=7/30 )

P , roen
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u no 120 8o Jan an a0
R

Fig 5. Current compensating result

(v, (y=1"0=r= oo v (=T, s 3 )
L= 270mil ], =240/ .

The simulation results of the phase current and
generation forque in casc that the constant voltage is
supplied 1o input lerminal are shown in Fig. 4, where the
system has heavy load and high spced. As shown in Fig, 4.
the phase current can not be arrived the target value, Then.
it has quite large torque pulsation,

Fig. 5 shows a result of the current compensator for
minimizing commutation torque. Since the optimum
voltage for minimizing commutation torque 1s lareer then
the optimum voltage, the gencration torque has a little
pulsation torque. Nevertheless, the phase-A current at
1 =1, can not reached the target value of the phase current
because s, 1s calculated from approximated equation.

A paramcler SCl]siﬁVity of the commutation current
compensation method is shown in Fig. 6. The generation
torque and the phase current in case that %, - 088
and /,,,.,=124,.,. The crror of parameter can make
large torque pulsation and current distortion.

A parameler cstimation results using lcast squarc
algorithm is shown in Fig. 7. Initial state of the parameter
is that #(0)=0.8R and L(0)=12.. And, A=0.01/7 and
P =10"7 It shows that the estimation parameter is

quickly approaches the real value.
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Fig. 7 Parameter estimation results
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Fig. 8 shows final results of the current compensator
using parameter estimator when the motor parameters are
changed. 1t is shown in this figure that proposed current
compensator well minimizes the commutation torque, and

it has robustness of the motor parameter.

5. CONCLUSIONS

In this paper, a new commutation torque minimization
method has been proposed. And, in order to investigate the
nature of the commutation torque ripple in brushless DC
motor with trapezoidal back EMF, a new model of the
motor has been introduced. An optimal drive condition to
iminimize the commutation torque ripple can be obtained
through the torque analysis. However, even if the optimal
drive condition is obtained, it has sensitivity of the motor
parameters. Then, the parameter estimator using least
square algorithm is added to overcome the parameter
sensitivity.

The simulations are carrled out for the current
compensator. When motor parameter is varied, the result
of the current compensator without parameter estimation
has large torque pulsation. But, the result of the current

K, I rn

_. \ /

n 6o izn 180 R ERE Tt
[uea)

Fig. 8 Generation torque and phase current

( the current compensator using parameter estimator )

compensator using parameter estimation algorithm show a
good performance. Therefore, proposed commutation

torque minimizing method can really solve the

commutation torque problem of the brushless DC motor
with trapezoidal back EMF. Also, it may be easily applied

to a real plant because of its simple structure.
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