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Abstract 

 

This paper presents a wide-range speed control scheme of brushless DC (BLDC) motors based on a hall sensor with separated 
low- and normal-speed controllers. However, the use of the hall sensor signal is insufficient to detect motor speed in the 
low-speed region because of low sensor resolution and time delay. In the proposed method, a micro-stepping current control 
method according to the torque angle variation is presented. In this mode, the motor current frequency and rotating angle are 
determined by the reference speed without the actual speed fed by the hall sensor. The detected torque angle is used to adjust the 
current value in a limited band to control the current value in accordance with the load. The torque angle is detected exactly at 
the changing point of the hall sensor signal. The rotor can follow the rotating flux with the variable torque angle. In a normal 
speed range, the conventional vector control scheme is used to control the motor current with a PI speed controller using the hall 
sensor. The torque characteristics are analyzed on the basis of the back EMF and current shape. To adopt the vector control 
scheme, the continuous rotor position is estimated by the measured speed and hall sensor position. At the mode changing point 
between low and normal speed range, the proper initial current command and reference rotor position are calculated. The 
calculated current command can reduce the torque ripple during transient mode. The proposed method is simple but effective in 
extending the speed control range of a conventional BLDC motor with hall sensor without the need for a high-resolution encoder. 
The effectiveness of the proposed method is verified by various experiments on a practical BLDC motor. 
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I. INTRODUCTION 

Brushless DC (BLDC) motors are widely used in home 
appliances, such as blenders, crude liquid machines, and 
industrial applications, due to their high power and torque 
characteristics and excellent control performance while being 
low cost [1]-[5]. 

The speed and torque control of BLDC motors can be 
implemented by using hall sensor signals and a phase current 
in a conventional application. Unlike an encoder, the hall 
sensor signal can only determine the electric rotor position in 
60° intervals. Thus, accurate speed detection during the 
controllable sampling period in the low speed is difficult. 
Depending on the application, the general current control 
period is 50–200 μs and the speed detecting and control 

period is 200 μs–10 ms [6], [7]. In the low-speed region of 
BLDC motors, the measurable period of the hall sensor signal 
is more than 100 ms, and the load can suddenly change 
during this period. A slight voltage change by PWM control 
can also result in a high-speed ripple in the low speed range. 
Given these problems, the speed control of BLDC motors has 
been mainly used in the medium speed to high speed range 
only [8], [9]. For high-performance control systems, the 
permanent magnet synchronous motor (PMSM) with an 
encoder is suitable due to its torque characteristics and speed 
sensor resolution. However, the cost of PMSM with an 
encoder is unsuitable for adoption in conventional applications. 
The proposed method can extend the speed control range of a 
conventional BLDC motor with a low-cost hall sensor without 
any additional cost or high-resolution encoder. 

In previous studies, an observer is used to estimate the 
practical speed [8], [9]. This method is very useful in 
low-speed regions with an encoder. However, the actual 
detected signal of the hall sensor is nearly 1 Hz in the low- 
speed region. Thus, the observer estimation is not useful in 
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the hall-sensor-based BLDC motor. To implement the proper 
observer and the online learning model of BLDC motor, a 
precise rotor position is essential [10], [11]. However, the use 
of hall sensor signal is insufficient for the conventional 
observer in the low speed range because of its low resolution 
and time delay. 

In the low speed range, micro-stepping method for the 
stepping motor is widely used in industrial applications [12]. 
However, the conventional micro-stepping method is based 
on the open-loop current control without any position 
feedback. Thus, the speed ripple and vibration during the 
phase change are higher than in other motors. When an 
encoder with high resolution is adopted in the motor, 
observer technologies can be a useful choice for speed 
calculation in the low speed range [7]-[9]. Given that 
observers can be updated in the encoder pulse input, the 
estimated speed by the observers is very accurate. However, 
the resolution of the hall sensor is very low. The error of the 
position is only detected six times per electrical frequency of 
the BLDC motor. Observers are unsuitable for the low-speed 
control of hall-sensor-based BLDC motors. 

The micro-stepping method with variable current in the 
low-speed region is proposed in this paper. The vector control 
with PI speed control scheme is used in the normal speed 
range. The proposed variable torque angle method can be 
implemented by the open-loop speed control with a rotating 
current vector according to the reference speed. The 
magnitude of the current vector is changed to keep the proper 
torque angle at any hall sensor changing point in accordance 
with the load variation. The torque angle between the rotating 
current vector with the reference speed and the magnitude of 
the current can produce a suitable torque to keep a constant 
rotor speed in the low-speed region without speed feedback 
in the sampling period. 

In the normal speed range, the continuous rotor position is 
estimated by the hall sensor signal and the measured speed by 
the hall sensor period. The torque of the BLDC motor is 
controlled by the torque current control in the vector control 
scheme. This method can guarantee excellent performance in 
the normal speed range. The initial reference angle for the 
rotating current vector and the initial torque current reference 
during the change in mode in the proposed control scheme 
are presented in detail. 

In Section II, the practical problem in the BLDC motor 
with hall sensor and its torque characteristics are explained. 
The detailed proposed control scheme is presented in Section 
III. 

 

II. SPEED CONTROL OF BLDC MOTORS 

A. Speed Measuring Frequency of BLDC Motors 

BLDC motors are generally driven by the two-phase 
conduction mode according to hall sensor signals. In the  

 

Fig. 1. Back EMF and hall sensor signals of BLDC motor. 
 

 
Fig. 2. Measurable frequency of sensor in accordance with speed. 

 
two-phase conduction mode, the DC current flows into both 
phase windings at every sequence. The actual speed of the 
BLDC motor is calculated by the hall sensor signal frequency 
and period [6]. 

Fig. 1 shows the hall sensor signals and back EMF of a 
BLDC motor with an ideal phase current. As shown in the 
figure, the electrical speed of the motor can be derived by the 
time duration of the combinational signal of the hall sensor as 
follows: = ∙ ,                  (1) 

From Equation (1), the measurable signal frequency can be 
determined as follows: = ∙ ,                  (2) 

This measurable frequency must be faster than the motor 
dynamics to control the motor speed. However, in a four-pole 
BLDC motor, the measurable signal frequency is 12 Hz at 
120 rpm. The mechanical dynamic frequency of BLDC 
motors is higher than 10 Hz. Therefore, the normal speed 
control by the hall sensor signal is difficult to perform under 
100–200 rpm owing to the measuring frequency and motor 
dynamics. 

Fig. 2 shows the measurable hall sensor signal according to 
the actual motor speed in a two-pole BLDC motor. As shown  
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(a) 

 
(b) 

Fig. 3. Torque output of BLDC motor with sinusoidal back EMF. 
(a) Ideal sine wave current (three-phase conduction mode). (b) 
Ideal DC current (two-phase conduction mode). 

 
in the figure, the practical controllable region by the hall 
sensor feedback is limited by the motor and load dynamic 
frequency. When the motor and load dynamic frequency are 
faster than the operating speed and hall sensor signal 
frequency, the speed cannot be controlled by the sensor signal. 
In a precise encoder, the feedback frequency in accordance 
with the speed is very fast and the feedback controllable 
speed is very low at approximately 1 rpm. Thus, the speed 
control of the BLDC motor with hall sensor is conventionally 
adopted to be higher than 100–200 rpm. 

B. The Output Torque of BLDC Motor 

The output torque of BLDC motors is determined by the 
back EMF and phase current. Some BLDC motors have 
sinusoidal back EMF while others have trapezoidal back 
EMF. 

The output torque of BLDC motors can be derived by the 
back EMF and phase currents as follows: = ,            (3) 

where , , and  are the back EMF of each phase; , 
, and  are the phase currents; and  is the motor speed. 
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Fig. 4. Torque output of BLDC motor with trapezoidal back 
EMF. (a) Ideal sine wave current (three-phase conduction mode). 
(b) Ideal DC current (two-phase conduction mode). (c) Ideal DC 
current (two-phase conduction mode). 

 
Figs. 3 and 4 show the output torque characteristics of 

BLDC motor with the sinusoidal and trapezoidal back EMF. 
As shown in Fig. 3, the constant output torque can be 

derived by the ideal sine wave current in accordance with the 
sinusoidal back EMF model. The torque can be controlled by 
the vector control method. In the simple two-phase conduction 
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mode shown in Fig. 3(b), the output torque exhibits ripple 
due to the back EMF. 

In the BLDC motor with trapezoidal back EMF shown in 
Fig. 4, the output torque presents a ripple for the sine wave 
current and two-phase DC current mode. However, the sine 
wave current can reduce the total torque ripple better than the 
conventional two-phase conduction mode. When the phase 
current is selected as DC according to the hall sensor, the 
torque ripple is higher than the ideal case shown in Fig. 4(c). 
As shown in Figs. 3 and 4, the sine wave current is better 
than the DC wave current in reducing torque ripple. The 
three-phase conduction mode is suitable for the low-speed 
control of the BLDC motor in any case. 

In this study, sine wave current control method by the d–q 
axis is used to reduce the torque ripple. 

 

III. PROPOSED CONTROL SCHEME 

A micro-stepping current control method is proposed for 
the low-speed control of BLDC motor. As previously stated, 
the use of the feedback control of hall sensor signal is 
insufficient in the low speed range. Given that motor torque 
is determined by torque current and torque angle as in (4), the 
motor speed can be controlled by the torque angle with the 
torque current of the motor. In field-oriented control, the 
torque angle is fixed as maximum, and the torque current 
(q-axis current) is controlled to adjust the motor speed. =	 ∙ ∙ sin	 ,           (4) 

where  is the torque constant according to the back EMF, 
 is the phase current, and  is the torque angle between 

the phase current and rotor position. 
In the proposed control scheme, the rotating angle of the 

phase current is determined by motor reference speed, and the 
motor torque is automatically changed by the torque angle of 
the motor in accordance with load variation. To improve the 
efficiency, phase current is controlled by torque angle in 
every changing point of the hall sensor signal. The phase 
current is rotated by the reference speed with variable 
amplitude to produce the proper torque according to the load 
condition within the safety margin. 

Fig. 5 shows the torque control vector in normal and low 
speed ranges in the proposed control scheme. As shown in 
the figure, the torque of the BLDC motor is controlled by 
torque current , which exhibits an advanced 90° torque 

angle similar to the vector control in the αβ rotating 
coordinate. The reference current angle is determined by the 

actual rotor position , which is calculated using the hall 

sensor signal and measured rotor speed as follows: =	 ∙ ∙ 	 ,         (5) 

where  denotes an actual rotor position at the signal 
changing points of hall sensors, and  is the number of 
pole pairs of BLDC motor. In the BLDC motor, the actual  

 
Fig. 5. Torque control of a normal speed range. 

 

 
Fig. 6. Torque angle control in the low speed range. 

 
rotor position can be detected by the changing point of the 
hall sensor signal. Therefore, the estimated continuous 
position can be derived by the integral of the measured speed. 
To estimate the continuous rotor position, the frequency of 
the hall sensor signal must be measurable. In the low-speed 
region, the frequency of the hall sensor signal is very low and 
the measured speed is insufficient to accurately control a 
current vector. 

In the normal speed range, the magnitude of the current is 
determined by the speed error in the speed controller. The 
speed can be controlled by the conventional speed control 
scheme, which is designed as PI with anti-windup controller. 

Fig. 6 shows the proposed torque angle control scheme in 
the low speed range. As shown in the figure, the torque 
current angle is changed by the reference angle ∗  with the 
fixed reference speed in αβ rotating surface. The rotating 
angle of the current can be derived as follows: ∗ = 	 ∙ ∗ ∙ ,               (6) 

where ∗  is the reference speed. In (6), the actual speed is 
not used to control the motor speed, and only the current 
vector is rotating according to the reference speed with 
micro-step. 
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In Fig. 6, the actual torque of the motor is determined by 
the magnitude of the current and torque angle  

between the rotating current vector and the actual rotor vector Φ , as stated in (4). When the actual current is rotated 

from ∗  to ∗ , the actual rotor position can be 

changed by the load torque. If the load torque is lower than 
the previous step, then the actual rotor position is moved to 

 to decrease the torque angle. Otherwise, torque angle 

 is made higher than the previous torque angle 

 to increase the output torque. 

In the proposed method, the torque angle is automatically 
changed in accordance with the load condition to balance the 
load variation. The average speed is nearly the same as the 
reference speed. However, the maximum output torque is 
limited by the magnitude of the current vector. 

In the normal-speed control mode, rotor position can be 
derived by the hall sensor signal and the measured rotor 
speed. However, in the low-speed region, torque current is 
controlled by the torque angle between the reference current 
angle and the practically measured rotor position at the 
changing point of the hall sensor signal. =	 ∗ 	 	,              (7) 

Then, the reference current can be derived as follows in the 
low-speed control mode: ∗ = 	 ∙ sin ,         (8) 

where  is the gain of the proposed micro-stepping angle 

controller. When the gain  is set as the rated current of 

the motor, the maximum possible load is the rated output 
torque of the motor. Furthermore, a high gain can increase 
robustness to sudden load with a high speed ripple in the 
proposed mode. The reference current ∗  is limited by the 
maximum value to protect motor and drive and the minimum 
value to improve sudden load characteristics. When the 
sudden load is injected, the torque angle may be higher than 
90°. Thus, the reference torque current is changed to keep the 
maximum torque angle in the low-speed control region with a 
fixed micro-stepping angle variation. 

In the normal-speed region, the torque current is controlled 
by a conventional PI control scheme as follows: ∗ = 	 ∆ ∆ ∗ 	,  (9) 

where  and  are the PI controller gains.  is the gain 

of the anti-windup controller to limit the integral error by the 
limit value of the reference current. 

Fig. 7 shows the proposed speed control scheme of BLDC 
motor. As shown in the figure, the proposed control scheme 
consists of two control modes: low- and normal-speed control 
modes. In the low-speed control mode, the torque current 
amplitude is controlled by the torque angle with the reference 
speed and reference rotating angle. In the normal-speed control  

 
Fig. 7. Proposed speed control scheme of BLDC motor. 

 

 
(a) 

 
(b) 

Fig. 8. Proposed current block according to the control mode. (a) 
Mode selectable current control block. (b) d–q axis current 
controller with mode selectable back EMF. 

 
mode, the torque current is controlled by the speed error with 
the estimated angle of the hall sensor. 

Fig. 8 shows the block diagram of the current control 
scheme in the proposed method. As shown in the figure, the 
reference micro-step angle ∗  uses d–q transformation in 

low-speed control mode. The estimated angle  is used in 
the normal-speed control mode. The rotating torque current 
speed can be determined by the angle selection to transfer 
current and voltage. The current controller is designed by the 
anti-windup PI controller with back EMF compensation and  
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TABLE I 
SPECIFICATIONS OF THE MOTOR 

Parameters Values Parameters Values 
Rated Power 100 W Voltage 24 V 

Rated Speed 2000 rpm Rated Torque 0.5 N·m 

Resistance 0.35 Ω Rated Current 6.0 A 

 

d–q axis decoupling term. Specifically, the back EMF 
compensation can be done using the reference value in the 
low-speed control mode. The practically measured speed in 
the normal-speed control mode is shown in Fig. 8(b). 

In the mode change, the initial reference current from low- 
to normal-speed mode and the initial reference angle from 
normal- to low-speed mode are important. To reduce the 
torque variation during the change in mode, the initial 
reference angle and current reference are calculated as 
follows: ∗ = 	 ∗

,      (10) 

∗ = 	 ∙ sin	 ,        (11) 

 

IV. EXPERIMENTAL RESULTS 

Experimental tests are implemented in various conditions 
to verify the proposed method. Table I shows the detailed 
specifications of the experimented BLDC motor at 24 V, 
100 W rated power. Fig. 9 shows the designed BLDC motor 
drive based on the TMS320F28035 digital signal processor 
(DSP) by Texas Instruments. The phase current is measured 
by a chip-type current sensor and a DSP-embedded 12 bit 
analog-to-digital converter. The hall sensor signal of the 
motor is changed by the EXOR gate IC and is used to detect 
the actual motor speed. The current controller is designed as 
64 μs with 15.625 kHz switching frequency. The rotor 
position of the motor is estimated by the hall sensor signals 
and the detected speed. Fig. 9 shows the additional load 
controller with torque sensor and optical encoder used to 
measure the practical speed and verify the speed control 
performance. 

Fig. 10 shows the compared experimental results of the 
two-phase conduction method and the proposed control 
scheme at 20–200 rpm. 

In the experiments, the current control using a micro- 
stepping angle is adopted at 20 rpm and the closed speed 
controller is adopted at 200 rpm. 

As shown in Fig. 10, the control performance at the closed 
speed controller is nearly the same at 200 rpm. However, the 
practical speed of the motor cannot be controlled at 20 rpm 
with the conventional two-phase conduction method. The 
variation in the hall sensor signal frequency is serious at the 
20 rpm region. Additionally, the average speed cannot follow 
the reference speed in Fig. 10(a). In the proposed method, the  

 
Fig. 9. Experimental configurations. 

 

 
(a) 

 
(b) 

Fig. 10. Comparison of experimental results on the change in 
control mode. (a) Experimental result of the two-phase method 
(20–200 rpm). (b) Experimental result of the proposed method 
(20–200 rpm). 

 

actual speed at 20 rpm can keep up with the reference speed 
with the sinusoidal current of micro-stepping. As shown in 

Fig. 10(b), the continuous rotor position  can be precisely 
estimated in the proposed method. 
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(a) 

 
(b) 

Fig. 11. Comparison of experimental results on load variation. 
(a) Experimental result of the constant current control (at 
25 rpm). (b) Experimental result of the proposed method (25 rpm, 
0.1–0.5 N·m). 

 
Fig. 11 shows the compared experimental results at 25 rpm. 

In Fig. 11(a), the constant current is controlled in the 
micro-stepping region, and the torque angle is automatically 
changed in accordance with the disturbance load  
variation. The actual torque current is changed by the torque 
angle. In the proposed method shown in Fig. 11(b), the phase 
current is controlled by the estimated torque angle. At 
no-load condition, the phase current is decreased to the limit 
value, and the torque angle variation is lower than that of the 
constant current method. The phase current is increased 
according to the load variation to keep a proper torque angle 
in the micro-stepping mode. 

Figs. 12 and 13 show the experimental results of the 
proposed control scheme in micro-stepping mode. In Fig. 12, 
the speed reference is changed from 10 rpm to 50 rpm. As 
shown in Fig. 12, the actual speed can keep up with the  

 
Fig. 12. Experimental result of speed variations (10–50 rpm). 

 

 
Fig. 13. Experimental result of direction changes (from 10 rpm to 
−10 rpm, 0.1 Nm). 

 
reference value in the speed reference change. The phase 
current is determined by the load condition. In Fig. 13, the 
speed reference is changed from 10 rpm to −10 rpm. The 
actual speed of the torque sensor is measured by an optical 
encoder with 1024 pulses per revolution. The rotating 
direction can be observed from the estimated rotor position 

 of the hall sensor signal of the motor. In Fig. 13, the 
actual torque current  is calculated by the phase current 

and the torque angle. In negative speed, the actual torque 
current is negative. 

As shown in Figs. 12 and 13, the motor speed can keep up 
well with the reference value at the speed variation in the 
proposed micro-stepping method. 

Fig. 14 shows the experimental result of the mode changes 
in the proposed method. In Fig. 14, the torque angle  is 
varied in the micro-stepping mode, but it is 90° at the normal 
speed region due to the vector control. As shown in the figure, 
the speed is well controlled under the mode change. 
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Fig. 14. Experimental result of mode changes (20–200 rpm, 
0.1 N·m). 

 

Fig. 15. Experimental result of load variations at normal mode 
(0.1–0.5 N·m). 

 

Fig. 16. Experimental result of speed variations (from −1000 rpm 
to 1000 rpm, 0.3 N·m). 

Figs. 15 and 16 show the experimental results of the normal 
speed region, which is controlled by the vector control scheme. 
When the load is changing, the torque current is changed to 
keep the constant speed in the vector control mode. In Fig. 16, 
the reference speed is changed from −1000 rpm to 1000 rpm. 
As shown in the figure, the actual speed of the BLDC motor 
is well controlled in the vector control scheme under load 
variations and speed changes. 

 

V. CONCLUSIONS 

This paper presents a separated speed control scheme of 
BLDC motors for a wide speed range. The proposed speed 
control scheme exhibits a micro-step torque angle in low 
speed range and the vector torque control with the continuous 
estimated rotor position in normal speed range. The vector 
control of the BLDC motor is the same as the conventional 
control method of PMSM, except for the estimated rotor 
position with the hall sensor signal and detected speed. 

The proposed torque angle control for the low-speed region 
uses the micro-step rotating current vector with the reference 
speed and the control of current magnitude to keep a suitable 
torque angle without speed feedback. The torque angle is 
controlled by the reference current vector and the actual 
detected angle from the hall sensor. 

Experimental results indicate that the proposed method 
shows advanced performance in the low-speed region. The 
proposed method can keep up with the reference speed at 
various load conditions. 
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