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Abstract

This paper presents a method to determine the torque constant and the torque–speed–current characteristics of a brushless DC

(BLDC) motor by utilizing back-EMF variation of nonenergized phase. It also develops a BLDC motor controller with a digital signal

processor (DSP) to monitor its current, voltage and speed in real time. Torque–speed–current characteristics of a BLDC motor are

determined by using the proposed method and the developed controller. They are compared with the torque–speed–current

characteristics measured by dynamometer experimentally. This research shows that the proposed method is an effective method to

determine the torque constant and the torque–speed–current characteristics of the BLDC motor without using dynamometer.

r 2006 Elsevier B.V. All rights reserved.
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1. Introduction

A brushless DC (BLDC) motor has been widely used in
various electro-mechanical systems because it is easily
controlled over the wide range of speed with high precision
due to the linearity between torque, speed and current.
Performance of a BLDC motor is usually evaluated by the
torque–speed–current characteristics, and they are experi-
mentally determined by using dynamometer. However, this
experimental equipment is expensive and it usually requires
the test jig to connect the motor to the dynamometer.
Several researchers have proposed the methods to

measure the torque–speed–current characteristics of the
various motors without using dynamometer. Castelli
detected the torque constant and the characteristic curve
of torque–speed–current theoretically by measuring voltage
and current after ramp voltage is applied to DC motor [1].
Cavalho et al. [2] detected the torque by measuring voltage
and current, applied to induction motor after the stator
flux is synthesized by using the programmable cascaded
low-pass filter and digital signal processor (DSP).
- see front matter r 2006 Elsevier B.V. All rights reserved.
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However, this method predicts the torque only at the
specific speed range.
This research presents a method to determine the torque

constant and the torque–speed–current characteristics of a
BLDC motor by utilizing back-EMF variation of non-
energized phase without using dynamometer. It also
verifies the effectiveness of the proposed method by
comparing the torque–speed–current characteristics with
the measured ones by dynamometer.
2. Torque constant and torque–speed–current

Back-EMF is generated due to the change of the
magnetic flux and it can be expressed by the product of
back-EMF constant and rotor speed [3]:

e ¼
dl
dt

¼
dl
dy
dy
dt

¼ KEom, (1)

where e, l, KE and om are back-EMF, flux linkage, back-
EMF constant and rotor speed. The voltage equation of
one phase of a BLDC motor can be expressed as follows:

S ¼ Ri þ L
di

dt
þ e þ VN, (2)
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where VS, R, L, and VN are terminal voltage, resistance,
inductance and neutral voltage. Back-EMF is the differ-
ence between the terminal voltage and the neutral voltage
of the nonenergized phase because there is no current flow
in the nonenergized phase.
Fig. 1 shows the ideal terminal voltage and the ideal

neutral voltage, and EReal is the back-EMF. However,
PWM signal is superposed in the terminal and neutral
voltage, and there is free-wheeling current in every
commutation instance. Fig. 2 shows the measured terminal
and neutral voltage with the superposed PWM signal, and
the peak value at A is due to the free-wheeling current. This
research proposes a method to avoid the effect of free-
wheeling current and PWM signal by measuring the
minimum and the maximum value of back-EMF as
Fig. 1. Ideal terminal and neutral voltage.

Fig. 2. Measured terminal and neutral voltage of non-energized phase.

Fig. 3. Determination of back-EMF.
follows:

EReal ¼
EMax � EMin

TD
�

1

2
TC

� �
, (3)

where EMax, EMin, TD, and TC are the measured maximum
and minimum back-EMF, the time difference between
them, and commutation period as shown in Fig. 3. Once
the back-EMF and its speed are measured, the back-EMF
constant is determined by Eq. (1), and the torque constant,
KT, is identically the same as the back-EMF constant in
SI unit.
Once the torque constant is determined with the

proposed method, the no-load current, ino–load, is measured
under the condition that the BLDC motor is operated at
the maximum speed with no load. Then the relationship
between torque and current can be determined as follows:

T ¼ KTði � ino�loadÞ. (4)

The BLDC motor also operates at the several different
speeds and the corresponding currents are measured, and
the torque values are determined with the previously
determined relationship between torque and current. Then
the relationship between torque and speed can be inter-
polated with the linearity condition of torque–speed
characteristics of a BLDC motor.

3. Result and discussion

This research develops a BLDC motor controller with
DSP not only to control the speed but also to monitor the
current and the speed in real time. The proposed method is
implemented in DSP and the torque–current–speed char-
acteristics are determined under normal operating condi-
tion. The proposed method is applied to the BLDC motor
in computer hard disk drive. It has nine poles and nine
slots, and the supplied voltage is 12V. To verify the
effectiveness of the proposed method, the torque–current–
speed characteristics are measured by using dynamometer.
Torque constant of the proposed method and the measured
one with dynamometer are 10.37 and 10.66mN �m/A,
respectively, with the error of 2.7%. Fig. 4 shows the
characteristic curve of torque–speed–current by the
proposed method and by the dynamometer, respectively.
Fig. 4. Torque–speed–current characteristics of a BLDC motor.
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They show that the proposed method predicts the
torque–current–speed characteristics as accurately as the
dynamometer.

4. Conclusion

This research develops a method to determine the
torque–speed–current characteristics of a BLDC motor
by utilizing back-EMF variation of non-energized phase.
The effectiveness of the proposed method is verified
by comparing with the torque–speed–current characteris-
tics measured by dynamometer. It shows that the proposed
method is an efficient method to determine the torque–
speed–current characteristics of the BLDC motor without
using dynamometer under nominal operating condition.
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