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Abstract

This paper proposes a new torque control algorithm for BLDC motors to get the maximum torque in the high speed region.
The delay of the phase currents is severe due to the stator reactance. The torque fluctuations of BLDC motors increase and the
average torque is decreases due to a slow rise in the phase current when compared to the back EMFE. In this paper, the phase
current of BLDC motors under the high speed condition is analyzed and a torque maximization control is developed on the basis
of using numerical analysis. Computer simulations and experimental results show the usefulness of the proposed control algorithm.
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I. INTRODUCTION

BLDC motors have been widely used in the industry be-
cause of their many advantages. They have a high torque
density when compared with other motors. Also they can be
utilized with a simple drive circuit and a cheaper position
sensor. High-speed operation is essential to satisfy the compact
size and high power density per weight[1]. The high-speed
operation of BLDC motors has been studied as follows. There
are papers on the subject of wide range speed control in
[2] and [3]. Other topics include the torque ripple reduction
of BLDCMs using instantaneous voltage control[4], speed
control based on software PLL[5], and the phase advance angle
of high-speed operation[6]. When BLDC motors are driven at
high speeds, there is a problem which is the influence of the
reactance of the phase winding according to the increase of
the speed. The reactance effect at high speeds is a delay of the
phase current when compared to the phase back EMF. It causes
the phase current to rise slowly. Therefore, the performance
of BLDC motors deteriorates seriously[6].

This paper analyzes the advance angle to maximize the
producing torque of 3-phase BLDC motors at high speeds
and determines the optimal advance angle. It can be obtained
by changing the speed command and the current reference
based on the result of analyzed equations. To get the value in
real time, it is simplified into a 2nd order function of the
frequency and current by using curve fitting. The validity
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of the proposed method is verified through the computer
simulations and experiment results.

II. CHARACTERISTIC OF HIGH FREQUENCY OPERATION
OF BLDC MOTOR

When a BLDC motor is driven in the high speed region, the
amplitude of the stator reactance is very high. It causes a delay
of the phase current. Fig. 1 shows the waveforms of the phase
currents at low frequency and high frequency, respectively. In
low frequency operation, the rate of the current rising time
is slow during the total conducting period. However, in high
frequency operation, the rate of rising time is high during the
conducting period so that the current of the high frequency
is delayed when compared to the back EMF as shown in
Fig. 1. Moreover, the available voltage decreases due to an
increase of the back EMF proportional to the motor speed.
Accordingly the slope of the current rise becomes lower in
high frequency operation than in low frequency operation. As a
result, the average torque is reduced and the torque fluctuation
is increased. Therefore the entire performance is decreased [6].

In 3-phase BLDC motors, the delay of the phase current
due to the reactance component can be analyzed as follows.
As shown in Fig. 2, the current flows through the c-phase and
the b-phase. And the a-phase is off. After that, if the a-phase
is conducting and the c-phase is off, it enters a three phase
conducting period. At this time, the voltage equations[7] are
given as follows:
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Fig. 1. Characteristic of phase current waveform for low frequency and

high frequency operation.
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where V}, is the average input voltage, R is the phase resistance,
L is the phase inductance, e,,ep, e, are the phase back EMFs,
iq,ip,ic are the phase currents and Vyg is the voltage between
the neutral point of the Y-connection and the zero voltage of
the dc-link. The sum of the phase currents is zero due to the
Y-connection. So the expression is given by:

Vg — Ve _ eatertec

6 3 (2 pole voltage are negative).

2)
Therefore, the voltage equations for each phase can be
rewritten as (3).
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As shown in Fig. 2, assuming the back EMF is an ideal
trapezoidal shape, it can be represented as (4) within a three
phase conducting period.

6
¢4 = —ey —E, eC:E<—Ea)t+1> (ong<§). @)

If (4) is applied to (3) to show the delay of the current i,
it can be represented as follows:

Vie 1 6 . di,
—E+-X4+_E(—= 1) =Ri,+L-2.
VimE+ -+ ( — 0t + ) it L 6)

The initial value is zero (i,(0) = 0). Solving (5) about the
current, the solution is given by (6).

ia(t)zA(l—e*%’) +Bt (0<1<1g) ©6)
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where #; is the end time of the three phase conducting period.
If a 3-phase BLDC motor operates at a high-speed, following
expression is satisfied:

6
Vie <4E—EZ o1 (0§wt<§). %

The time of the three phase conducting period is determined
by the decaying current i.. The three phase conducting period
shift to a two-phase conducting period. The current value of
the changing point is:

ia(zo):A<1—e*§’0) + By = Io. ®)

In the two-phase conducting period, the voltage equation is
given in (9).
di
Vi —E=Ri,+ L%
dip,
dt’
Solving i, in (9), the reactance equation is given like (10).

—Vi+E =Ri,+L

. R Vik—E\ _r, WV—E T
—ell0 ([ — Lt < —). (1
iW(t)=e (0 R )e + F: (to_t<3w) (10)
Due to t = %, (6) and (10) can be converted into (11) and
(12).

RO
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(12)
As the motor speed increases, the delay of the current
increase is more extended as can be seen from (11) and (12).

0 Vi— E Vi —
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Fig. 3. Concept of torque maximum control. (a) torque reduction without
the advance angle. (b) torque increase with the advance angle.
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Fig. 4. Partition of conduction period. (a) Advance angle part. (b) Current
rising part up to current reference. (c) Flat back EMF and current part. (d)
Current falling part.

III. MAXIMUM TORQUE CONTROL

A. Maximum Torque Control

Fig. 3 shows the concept of the proposed maximum torque
control. Torque is multiplication between the phase current
and the phase back EMF. If the shape of the phase current is
equal to Fig. 3(a), there is a torque reduction by the delay of
the current. However, if a suitable advance angle is applied,
the waveform of the current becomes the same as the one in
Fig 3(b). Because the current rapidly reaches the reference,
the torque reduction is also reduced so that the average torque
increases.

B. Torque Area

In this section, the voltage equation of a 3-phase BLDC
motor is analyzed in the high speed region. As shown in Fig.
4, when the advance angle is applied, a conducting period can
be divided into four parts according to the back EMF and
the commutation states. Then the current expressions of each
part are obtained by solving the voltages equations so that the
torque of each area can be calculated.

1) Advance Angle Part: In the advance angle part, each
back EMF can be represented as:

ot —
eq(0t) = %76

0
E+E, ecz—eb:E(0<t<w>. (13)

If the advance angle is 6 and equation (3) is used, the
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voltage equation is:
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where 7 is the end time of a three phase conducting period.
If only the a-phase current is considered and solved for the
simplicity of the calculation:

ialt)=Ar (1= ) + B (0 < <1o) (15)
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After time ty passes, the two-phase conducting period equa-
tions can be applied.
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If (13) is applied to (16), it can be represented as (17).
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If i,(fy) is I;, the a-phase current is:
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With the above current equations, the first torque area is
calculated as follows:

t 10 s

/ Ty(t)dt = / (1) Ea()di + / iW(OE(Ddt. (19)
0 0 10

2) Flat Back EMF and Two-phase Conduction Part: With

equation (18), ia(%) =1, is given. Equation (16) and E = ¢, =
—ey, are used for solving the phase current.

. OR Vi—E\ _r, Vi—E (0O T
t)=eoL [ |, — L' — | — << — ).
fa(t) = (2 R )e R (a)_ ~ 3w

(20)

The second torque area is calculated as follows:
L) =i,(t)E/o (21)
/Tz(t)dt - E/em ia(t)dr. 22)

]
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3) Flat Back EMF and Including the Commutation Part:
Since the above part passes, the b-phase current is turned off.
Therefore the three phase conducting period is given.

t—0 0
eq=—e,=E, ec(a)t):—L i +
(23)

Vae esteptec
=g Ty
If (23) and (24) are applied to (1), it is given by:

(2 pole voltage are positive). (24)
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If I3 is iy(55; ), the a-phase current is obtained as:
R T T
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After time #( passes, the two-phase conducting period equa-
tions can be applied.
If Iy = i, (55 +10)is inserted, the a-phase current is:
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From equation (27), Is =i, (& + £) is obtained. Also the

back EMF of the next area is given by:

¢ 2
(@)= 2LE 3E ey=—e.=E (;t <ot < ”) . (28)

/6 3

Thus the a-phase current of following interval is:

Vi—E 67§Z+Vk—E
R R

2] 21
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Therefore the third torque area can be calculated as follows:

T3(t)dr=E " ig(t)dt + t)dt +
[rwae( [ a5 oas [ 2,

iAg:eﬂaw@<k_

(30)

2
E+E ( <t < — >
n/6 Q) 30 o If Iy = i,(3£) is inserted, the a-phase current can be
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4) Current Fall Part: In this part the a-phase opens. There-

fore its current falls to zero.
Using (1) and (2):
Vdc Vdc 4

He _ZE
e T3t dt

20t 20 di,

“SE-—E=Rig+L—_' (D)

30
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From equation (32), iy (2 +1y) is zero.

2L E>) Hence, the forth torque area can be calculated as follows:

(33)

t %-Ho
/T4(t)alt:E/2 i (2)dt
0 5o

C. Maximum Torque Advance Angle

With the equations for the calculated torque in front of this
section, the advance angle 6 can be obtained to maximize the
torque.

antal
00

m@:/nmm+/nmm+/nmm+/nmm

Solving the above equations directly is too complicated
and not easy. Therefore, a numerical analysis is used rather
than solving the equations. If the various advance angles and
frequencies are inserted into the equations, the tendency of the
torque can be obtained.

Fig. 5 shows the torque outputs at the rated current of
6[A] when the advance angle changes from 0 to 60° and the
frequency changes from 100 to 600[Hz]. As shown in Fig. 5,
a low advance angle has a higher torque in the low frequency
region. However, a high advance angle has a higher torque
in the high frequency region. Therefore, the advance angle
should be increased together with the frequency.

Fig. 6 shows the advance angle to maximize the torque when
the current reference changes from 2 to 6[A] and the frequency
changes from 100 to 300[Hz]. As shown in Fig 6, the advance
angle for maximizing the torque is proportional to the current
reference and the frequency.

=0 (34)

. (35)

D. Simplification of the Maximum Torque Expression by Curve
Fitting

The curves of the advance angle for the maximum torque
are shown in front of this section. In this section, it can be

" represented as a simple function by using curve fitting to apply

in real time.



Torgue Maximization Control of 3-Phase BLDC Motors in the High Speed Region

Torque outputs
Keje ol 05

04
07- 03

06 025

05 0.1
0
04~

Z
= 03
02-
0.1~
0
100
60
300 50
400 S
; (Hz) 500 W D
requency(Hz 600
2 Advance angle(Degree)
Fig. 5. Torque outputs for variation of angular velocity and advance angle.

Advance angle for maximizing torque

Advance angle(Degree)

250

Tred A) Frequency{HZ]
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current command and angular velocity.

Fig. 7 shows curve fitting according to the frequency at a
rated current of 6[A].

Based on Fig. 7, the advance angle can be represented as a
function of the angular frequency square as in (36).

0 = a(le) 0 (36)

where the coefficient « is a function of the current reference.
If the current reference is 6[A], the coefficient ¢ is about
0.0000263.

When the current reference changes from 2 to 6[A], the
maximum torque coefficient is shown in Fig. 8. Therefore, the
coefficient o can be simplified into a 2nd order function of
the current reference. Therefore, the final function is given by:

0 = (—0.3.461, s+ 64.8L,.; — 5.25)0”> x 107", (37)

Fig. 9 shows the advance angle errors between the com-
plicated equation and the simplified function. The maximum
error is about 4 degrees, or about 13%. However, most errors
appear at a low current reference of less than 2[A]. Fortunately,
applications at high speeds and high power do not have many
erTors.

IV. COMPUTER SIMULATION

A computer simulation using the maximum torque function
is performed for a 3-phase BLDC motor in high speed
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Fig. 8. Curve fitting for torque maximizing function under current
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operation. The motor parameters for the simulation are listed
in Table I.

Fig. 10 shows the phase current and the maximum torque
when the operating speed is 2,400r/min (200Hz) and the
advance angle is not applied. Without the advance angle, it
is impossible to operate at a higher torque due to the lack of
effective voltage. As shown Fig. 10(b), the average torque is
approximately 0.18[Nm].

Fig. 11 shows the waveforms when an advance angle of 40°
at 200[Hz] is applied. Due to the advance angle, an effective
voltage can be guaranteed. Therefore, a bigger current can be
generated, and the average torque is increased.

V. EXPERIMENTATION

The hardware implementation for an experiment on the
proposed algorithm is as follows. The overall control is imple-
mented on a TMS320F2812. The switching module used in
the three-phase inverter is an IPM (Intelligent Power Module)
manufactured by MITSUBISHI Co. The phase currents are
measured by a current transducer by 25NP-LEM Co. The tech-
nical data of the experimental motor have the same parameters
as the simulation.
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Fig. 9. Errors between experiment data and torque maximizing function.

TABLE I
SIMULATION MOTOR PARAMETERS
Parameter Value
DC Link Voltage 24(V)
Equivalent Resistance 0.5(Q)
Equivalent Inductance 1.13(mH)
Pole Pair 10

Fig. 12 shows the waveforms of conventional and the pro-
posed control at 150[Hz](1800r/min). The red color waveform
is the real phase current. The blue color waveform is an ideal
back EMF which was made artificially from the speed and
position information. The green color waveform represents the
torque. The maximum practicable torque under the conven-
tional control is 0.42[Nm]. After an advance angle of 24°
is applied, the current becomes flat during the conduction
period and the peak current is lower because of the generated
voltage margin. Also, it is possible to raise the load torque by
0.44[Nm].

The waveforms of 200[Hz] in Fig. 13 match the ones
from the simulation results. The maximum torque under the
conventional control is 0.2[Nm]. Because the current reference
is 2.8[A] and the speed is 200[Hz], the result of the maxi-
mization torque function is 15°. After the value is applied, an
improvement in performance can be confirmed as shown in
Fig. 13(b). Also, when an advance angle of 40° is applied, a
maximum torque of 0.38[Nm] at 200[Hz] can be obtained as
shown in Fig. 14. This result is the like the one obtained in
the simulation.

—— Phase Current
— — Back-emf

139 1398 14 1402 1404 1406
time.

1.3951.396 1.397 1.396 1.399 1.4 1.4011.402 1.403 1.404 1.405
time.

(@) (b)

Simulation results without phase advance angle. (a) Phase current
and back EMF. (b) Output torque.

Fig. 10.
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Fig. 11. Simulation result with 40 degree phase advance angle. (a) Phase
current and back EMF. (b) Output torque.
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Fig. 12. Driving test at 150[Hz] (1800r/min).

VI. CONCLUSIONS

This paper analyzed the maximum torque of a 3-phase
BLDC motor according to the advance angle. The optimal
advance angle for maximum torque can be calculated in real
time from a 2nd order equation which was simplified by
using curve fitting. This method can be utilized in special
applications where high speed and high torque operation is
needed under the condition of a limited input voltage like
a battery. Through computer simulation and experimentation,
the improvement of the performance and the validity of the
analysis were verified.
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Fig. 14. Driving test at 200[Hz] with advance angle of 40°.
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