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Abstract- When BLDC drive mode is used to drive PM-AC
motors, the influence of the transient current cannot be neglected,
especially during high speed operation. In this paper, this influence
to the BLDC drive mode is analyzed, and an analytic model for
describing the transient current to the commutation angle and
copper loss is presented. A method to determine the optimal
commutation angle of the BLDC mode is introduced. Both the
simulation and testing results prove the effectiveness of the model
and the method.

L. INTRODUCTION

Reducing the power losses of the permanent magnet (PM) AC
motor is a very concerned issue in many applications. In PM-AC
motor operation, copper loss contributes to one of the major
power losses. This loss is not only related with the motor
specifications, but also linked with the drive mode of the motor
controller. Brushless DC (BLDC) drive mode is an effective
drive mode for the PM-AC motors, and has been widely used in
the products like hard disk drive (HDD). Many BLDC drive
modes have been developed and reported, e.g., constant drive
current BLDC mode and constant drive voltage mode [1]. In this
paper, for the PM-AC motor driven by BLDC mode, we will call
it as PM-BLDC motor for short.

For a given PM-BLDC motor, its performance is related with
the commutation angle of the drive mode, and it is expected that,
we can find a special angle which can generate the required
drive torque, and meantime the copper loss of the motor be
minimum [2]-[5]. This angle will be defined as the Optimal
Commutation Angle (OCA).
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Fig. 1 A spindle motor used in hard disk drive

Many PM-BLDC motors are using surface mounted PM rings
rotor. For realization of the compact structure, frictional
concentric armature windings are used in the motor. A typical
application of this structure is found in HDD spindle motors; see
Fig. 1. For this kind of motor, its equivalent airgap is big, and
armature reaction is weak. It is clear, such a motor can thus be
analyzed accurately with a linear model, i.e., its winding
inductances are independent to the rotor position. As frictional
concentric windings are used and slot shape is optimized, the
back-emfs generated in the windings are quite sinusoidal, i.e.,
the waveform of back-emf contains very weak harmonics. In the
paper, this class of PM-BLDC motor will be used in the
analysis. That is, the back-emf of the motor is sinusoidal,
inductances of the winding are constant, and voltage constant is
independent to the motor speed. As this kind of motor is
normally operates at high speed, e.g., 10,000 rpm, or even
higher, the influence of transient current caused by the winding
inductance is not negligible.

II. THE DRIVE CURRENT IN THE BLDC MODE OPERATION

Using BLDC mode to drive the 3-phase PM AC motors, the
current is commutated with six steps in one electric cycle, i.e.,
A.C,C.B,,B;A, AC,, C,B, and B_A.. In each step, only two
phase windings have current. Fig. 2 shows the power bridge
circuit of sensorless BLDC drive system, where, the drive
circuit is in the step of A.C., and only QAy and QC. are
switched on.

* M
QA QBjt} ch
'_
T B c
QEH':}
l_

Fig. 2 Bridge circuit for sensorless BLDC drive

The constant voltage BLDC drive mode is popularly used in
HDD spindle system. Using this drive mode, the operation of the
motor winding can be described with Fig. 3, where a is the
commutation angle, which is the distance between the zero
crossing point of back-emf, and the point where QAy and QCp
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are commutated; see Fig. 2. From Fig. 3, it can be known that the
line winding operation is formed by two states: silent and
energized states. In the sensorless BLDC drive, the former state
is used to detect the rotor position, and latter is used to generate
the drive torque.
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Fig. 3 The relationship in the line voltage, back-emf, and current of BLDC motor

When this drive mode is used, in the energized state, the drive
current in the windings is determined by

(1

where R; and L, are the resistance and inductance of the related
motor winding respectively. U is the DC-link voltage, @ and E,,
are the angular frequency and amplitude of the back-emf
induced in the winding, respectively.

From Fig. 3, it can be known that, in the energized state, for a
given motor operating at required speed with the same drive
voltage, the waveform of current i() is certainly related with the
commutation angle ¢. If the influence of winding inductance is
negligible, it can be proven that [1], the optimal commutation
angle (OCA) a,,is

Us=e(t)+R,-i+L,(di/dt)=E, -Sin(w)+R, -i+L(di/dt)-

)

a,=r/3

Static current
without

inductance\"‘_‘ A

Transient
current affected
by Inductance

Current (A)
s A

Time (mS)

Fig. 4 The drive current of the PM AC motor in using the constant voltage
BLDC drive mode

But, in many applications, the influence of the inductances
cannot be neglected, especially for the motors operating at high
speeds. Fig. 4 shows the current waveforms of a spindle motor
driven by the constant voltage BLDC mode. Two currents are

provided, one of which is a simulated waveform (dotted) for the
motor with inductance set to zero, and the other is the captured
experimental current containing the transient component. It can
be found that, in such a case, the current is obviously deformed
by the winding inductance. Now the question is, in the case
where the influence of inductance cannot be neglected, what is
the optimal commutation angle of the BLDC drive?

III. THE OPTIMAL COMMUTATION ANGLE OF

PM-BLDC MOTOR

As was explained in above section, the operation of BLDC is
formed by six drive steps. In each step, the drive circuit sends
only current into one line winding. Therefore, in the steady
motor operation, the study and analysis of the performance in its
one step would exemplify the same insights for the motor
performance in whole time domain.

For the motor operates at steady speed €, its average EM
torque in one step can be calculated with

I(@=—= [ ita) e G)

When constant voltage drive mode is used and the motor
back-emf is sinusoidal, in the drive period, the drive current is
determined by (1).

It is clear, the average copper loss of the motor can be
calculated by

Pul(@)= =L Im i (t,c)dt - (4)
T Yo

When the EM torque generated by the motor is set at a
requested value T,,,, its OCA means the angle which can
minimize p,, of (4). Therefore, the copper loss defined by (4)
can be used as the objective function for the determination of
OCA at speed Q and load T,.. Consequently, the following
objective function is defined,

/3
O@) =i (t,eydt » (5)
and the calculation of OCA, a,,, can be described as solving the
following constrained optimization problem

O(at,,) = Min[O(e)) = Min{ | (1. t)t]

3 [ittey et =T,
P i R .e R = e
Qb

(6)

In order to illustrate the validity of the constrained
optimization problem defined in (6), we consider a simple case
where the influence of the inductances is neglected. In this case,
from (1), the drive current in the energized state is

(7

From (3) and (7), we can know that the relationship between
the drive voltage and EM torque through the constrained
condition related with 7,

i(ty=[U—-E, Sin(wt+a)]/R -
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2B m+47QT, +3E2[Sin(2a) - Sin(a+ 270 13)]

v 6E, [Cos(cr)—~3Sin(e0)] : (8)

Therefore, the OCA can be obtained by solving the following
optimization equation with constrained condition linked to the
drive voltage U,

min[O()] = min{ _[:KM) [—U — 5, Sinlex + )

Rl
U 2E27+47QT, +3E.[Sin(2a) — Sin(2a+ 27/ 3)]
[6E, [Cos(er)—/3Sin(a)]]

T dr}
©)

and the final expression of O(a) is,

O(a) = [E: (87 — 543 —45m) + 32mE> (° —9)QT, +3272° QT > —6E>

m m

[E2(2\37* =93 —67) + 47 (\3m—6)QT, 1Cos(2e0) + 27E (3 -7/ 2)

m

Cos(40r)—18E2[E2 (9+ 233 —27°) + 423 — 1) QT |wSin(20)

—27E* (B /2-3)Sin(4a)]/ [216 E2afCos(a) +3Sin(a) ']
(10)
The optimal commutation angle a,, can be obtained by
solving the following equation,

O()=0, (11)
and the solution is
o =7m/3. (12)

op

which is the same as the one obtained in [1]. This proves, at a
certain level, the effectiveness in using the constrained
optimization problem defined by (6) to find the OCA.

From the analysis shown from (5) to (12), it can be known
that, if the inductance of the motor is neglected, its OCA is
constant, i.e., OCA is independent to the motor load and speed.
However, in the high speed operation of the PM-AC motor, the
influence of the inductance must be considered. In this case,
how can the OCA be obtained? Is the OCA still independent to
the load and speed of the motor?

IV. THE INFLUENCE OF WINDING INDUCTANCE TO
OPTIMAL COMMUTATION ANGLE

From (1), it can be known that, in the energized state, the
transient current in the related winding is determined by the
following differential equation with the initial current iy,

{L,(di/dt)+R1~i=U—Em-Sin(a)t) (13)
i ‘t:Oz ly
Solving above equation, we have
Bt e
i) :Kle_ . +g+ LwCos(at + o) — R Sin(wt + cx) £ - (14)

R, z? "

In the equation, Z is the impedance of the winding, and K; is a
constant related with the initial current value of the energized
state. The expressions of these two values are

UZ* +E, LR.wCos(e)— E, R, Sin(cx)
R 7’ :

(15)
Z=\R’+(wL)

In high speed BLDC operation, within each step, the current
from the beginning of the energized state to the end of the state
is transient. At the end of the energized state, the current is
stepped down to zero, which in turn is followed by another line
winding entering into energized state. Many simulation and
testing results have shown that, in comparison to the energized
period, the time used in current step-down is comparatively very
short. This phenomenon can also be found in Fig. 5 , where a
testing result is provided. Setting the voltage U in (14) and (15)
to zero, these equations can also be used to describe the
step-down current. Considering the influence of the transient
step-down current will make the analysis be very difficult. As
the step-down time is very short, its influences to the average
EM torque and copper loss are very limited. In order to make the
analysis effective yet manageable, in this paper, the influence of
the step-down current will be neglected, i.e., in the BLDC motor
operation, the torque and copper loss are induced only in the
energized state.

For the initial current of the energized state, setting it to zero is
reasonable; see Fig. 5.
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Fig. 5 Transient line current in the BLDC operation

From (3) and (14), it can be known that the relationship
between the drive voltage and the requested drive torque 7, is
linear, and the following result can be obtained from these
equations,

U,,o)=[T,-H,()]/ H (), (16)

where,

H, ()= 3E’”w{[Cos(a)+ V3Sin(@))/ 2w) - LT LaCos(@)+ | (17)
ﬂ'RIQ s

R/Sin(ax)— B[R, Cos(a— 7/ 6) + LwSin(z | 6 — )]/ Z*}

and

Ry

J-n/(3w)l[[R1Sl'n(a) _LlaﬂOS(a)]e -

0

3wE,
n7’Q
+ L,wCos(ax + o) — R, Sin(wx + o) dt

Hz(a):
, (18)

The constrained optimization problem is thus changed to
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min[O(a)]=min{-[;/3{[R1Si”(0!) —ZLZIWCOS(“) E - U(;,(Z)] L
La)Cos(a)t+a) RSln(a)t+0() u(,, )}Zdt
zZ? E, ;
—H,(2)
u(,, Zre T
(T..0)= Hl( )

(19)

From (3) to (19), it can be known that, the final expression of
the objective function, O(«a), is very complicated when the
inductance is considered,. For such an O(e), it is not easy to find
its OCA to make O(@) be minimum. The special method must be
developed to solve the equation effectively.

V. AN EFFECTIVE ALGORITHM FOR CALCULATING OCA

From the analysis in Section-II, it was shown that if the
inductance of the winding is neglected, «,, =n/3. We know that
the influence of the inductance makes the waveform of the drive
current be changed, and the value of @,, should also be changed.
Such change makes &, be deviated from n/3, but should not be
far away from n/3.

From (5), it can be derived that,

0(e)=2[""i(t.e.T,) {(t..T, ). (20)

>Tre >Tre

The final expression of (20) is still quite complicated, and this
makes the further analysis of OCA be difficult.

O’(a) in (20) can be expressed approximately by using Taylor
series with degree two at /3,

6’(0{)=2[C0+C1(0(—fr/3)+C2(0(—fr/3)2], 21)
where, Cy, C; and C, are the constants related with L, R, E,,,
motor speed Q and load torque T,.., and they are not difficult to
be derived by using the following equations,

¢, =2 ety twarya . @
a=r/3
1 d[0'(@)]
Cl *7‘0::;:/3
2 da
= [T e TP +i @ T )i T )t > )
and
ld O ”
C2 4 [ ( )]‘ a=r/3 — 7.[ {2 (t aT@)la(t’aﬁT;e)

+ia(t,a, ,g)z (t,o.T,)+i(t, o, T)in(t, e, T )|, - (%)

From (15), it can be known that the derivatives in equations
(22) to (24) can be expressed as

Rt

E,e “[RCos(a)+LSin(e)]

i'(o)=

ZZ
R (25)
R Cos(a+ ax)+ L,Sin(a + ax) U'l@)(l-e )’
2 Em
VA R
_Re
") = L[-R, Sln(gx) +L,Cos(a)]
zZ
_Re (26)
L, Cos(ax+ at)— R Sin(a+ ax) U'a)(1-e )’
2 Em
VA R
and
_Re
1 .
i) =— E e [R,Cos(g() + L,Sin(r)] +
VA
@)
RCos(ax+ ax)+ L, Sin(a+ ax) Ua)(1-e b))~
5 E +
VA R
Let O’(a) defined by (21) be zero, i.e.,
C0+Cl(a—7r/3)+C2(0(—ﬂ'/3)2=0, (28)
OCA can be obtained by solving (28),
_ 3G +27C, % 3,/C?-4C,C, . 29)

[04
” 6C,

From (19) to (24), it can be known that the coefficients of Cj,
C; and C; in (29) are the functions of the motor parameters L;, R;,
E,,, motor speed Q and load torque T,,. Based on simulation
results of many motor’s parameters, it was found that,
comparing the values of Cy and C; against C,, the value of C; is
normally quite small. Therefore, for the two solutions shown in
(29), only the following one is effective,

0 - —3C, +27C, +3,/C? —4C,C,

” 6C,

(30)

Using (30), the OCA can be obtained conveniently. As the
coefficients Cy, C; and C, contain the parameters L;, R;, E,,, Q

and T,,, the influence of these parameters to the OCA can also
be known through (30).

VI. CALCULATING OCA OF THE SPINDLE MOTOR DRIVE

The method for determination of OCA derived in above
section have been applied it in the analysis of several spindle
motor drive systems used in HDDs. In this section, its
application in one of the motor drives will be introduced, and the
motor used is named as Motor-A.

TABLE 1
THE PARAMETERS OF MOTOR-A
R (Q) L (mH) Pole-pair Voltage constant
(V/krpm)
2.56 0.6 4 1.049
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The parameters of the Motor-A are listed in TABLE 1. This is
a spindle motor used in a 3.5” enterprise drive.

In the HDD operation, the HDD is predominantly in the idle
state. In this state, the speed of the motor is constant, and the
motor load is formed by the windage loss and the bearing
friction loss of the motor. Therefore, in the idle state, the
relationship between the load and speed is monotonic. Such a
relationship can be known accurately through a set of motor test,
and Fig. 6 shows the one of Motor-A through testing. When the
curve shown in Fig. 6 has been obtained, knowing motor speed
is equivalent to knowing the load of the motor.

It is clear, the reduction of the power consumption in idle state
is critical to HDDs as this operation consumes the most of
energy in its application.

35

Load (mNm)

0 2000 4000 6000 8000 10000 12000
Speed (rpm)

Fig. 6 The relationship between the load and speed of the spindle motor

When the relationship between the load and speed of the
spindle motor is clear, we can determine the relationship
between the OCA and the spindle motor speed by using (30),
and the result of Motor-A is shown in Fig. 7. From this curve, it
can be known that, when the speed is increased to higher than
10,000 rpm, the optimal angle approaches a constant.

Optimal commutation angle
without inductance

Optimal

commutation

Optimal commutation angle (degree)

0 2000 4000 6000 8000 10000 12000
Speed (rpm)

Fig. 7 The relationship between the optimal commutation angle
and the spindle motor speed

When the relationships between OCA and speed, and between
load and speed, are clear, we can also know the relationship
between drive voltage and motor speed by using (16), and the
result of Motor-A is shown in Fig. 8. From the figure, it can be
known that, the relationship between the drive voltage and the

speed is almost linear when the OCA is used. This phenomenon
can simplify the motor control procedure.

After getting the data of the curves shown in Fig. 7 and Fig. 8,
the data can be saved first in the memory of the drive system,
and then used in driving the motor. However, in the idle
operation of HDD, due to a change in the environment factors,
e.g., atmospheric pressure, temperature and humidity, even in
the same speed, the motor load could vary a little. This creates
problem in the HDD operation. For example, in the motor
starting, when the motor is started from zero to rated speed, we
can use the use the voltage and the OCA at the rated speed,
which are predetermined through the curves of Fig. 8 and Fig. 7,
respectively. But, when these drive voltage and commutation
angle are used, it could be found that the speed of the motor is
not the intended value. As the relationship between the EM
torque T, and drive voltage U is linear when « is fixed (see (16)
), one recommendation for working around this problem is that,
we can keep the same commutation angle, and change the drive
voltage to adjust the motor speed into the rated one. This can
make the commutation angle be quite close to the optimal one,
and meantime let the motor operate at the required speed. This
solution can simplify the speed control. We can use this method
to process the motor operation in the idle and sleeping states.

Voltage (V)

0 2000 4000 6000 8000 10000 12000
Speed (rpm)

Fig. 8 The relationship between the drive voltage
and the speed with optimal commutation angle

Testing result

P ——

Simulatio OCA calculated
n result /

Ratio of copper loss
°

48 49 50 51 52 53 54 55 56 57 58 59 60
Commutation angle (degree)

Fig. 9 Motor-A The relationship between the copper loss and commutation angle
(Speed: 7,300 rpm)

Fig. 9 shows the simulation and testing results of Motor-A
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operating at 7,300 rpm. Based on the parameters listed in
TABLE 1 and the load shown in Fig. 6 , we can know that the
optimal commutation angle at this speed is 49.5°. The copper
loss at the OCA is used as the reference to compare the losses on
other commutation angles, and the curves shown in Fig. 9 is thus
obtained. In the motor testing, the motor speed is kept at 7,300
rpm, and the commutation angle of the BLDC drive system is
adjusted from 48° to 60°, and this is a range which was
estimated that it can cover OCA.

12
‘M_ —_—— — -

Simulation result

°
©

°
®

™~

OCA calculated

Ratio of copper loss
s o
> 2

05

48 49 50 51 52 53 54 55 56 57 58 59 60
Commutation angle

Fig. 10 Motor-A The relationship between the copper loss and commutation
angle (Speed: 2,450 rpm)

Fig. 10 shows the results of Motor-A operating at 2,450 rpm.
This speed is much lower that the one of Fig. 9, and we want to
use these two sets of results to investigate the effectiveness of
the OCA model in a wide speed range. At this speed, the optimal
commutation angle calculated is 52.7°.

From results shown in Fig. 9 and Fig. 10, it can be found that

(1) when the inductance is considered, the algorithms presented
in the paper are good in accuracy to determine the optimal
commutation angle over a wide speed range;

(2) when the inductance is neglected, the OCA is a constant, /3.
This commutation angle has been used in many applications.
However, analysis shows, when the winding inductance is
considered, OCA is smaller than 7t/3, and higher motor speed
can make OCA angle be further away from n/3;

(3) Comparing with the normal BLDC drive mode with n/3
commutation angle, using the optimal commutation angle
can reduced copper loss, which is the major objective in
using the OCA.

VIL

When the influence of inductance is considered, the optimal
commutation angle of BLDC drive system is not a constant.
From the analysis presented in the paper, if the motor load has
been given, the copper loss of the motor can be used directly as
the objective function for getting the optimal commutation
angle. The paper presents an analytic model for describing the
affects of motor parameters and operation state to the optimal
commutation angle. As the model is non-linear, a special
method based on Taylor series analysis has to be used to solve
the equation. The spindle motor in hard disk drive is used to

CONCLUSION

explain the application of the method presented. Analysis
shows, when the inductance of the motor is neglected, the
optimal commutation angle is consistent at /3. But, when the
inductance is included, the optimal commutation angle is
reduced, and the reduction becomes obvious in high speed
operation. In this case, the value of the optimal commutation
angle is related with motor parameters and operation state. Both
the testing and simulation results show that, using the optimal
commutation angle in the BLDC drive, the copper loss of the
motor can be reduced. The analysis shows also, when the speed
is increased to a certain level, the optimal commutation angle
trends to a value smaller than n/3. This will allow us to use a
constant commutation angle in some applications to simplify the
control and reduce the copper loss, though the reduction is not
maximum. The testing results have proven the effectiveness of
the analysis models presented in the paper.
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