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Abstract: The traditional brushless DC motor uses three position sensors to realise six-step reversing control of the motor. The application of three
position sensors increases the cost, whereas the sensorless control method represented by the back electromotive force method has
the problem of low control accuracy. Therefore, the present research proposes the method of six-step motor reversing control by using
single sensor, corrects the motor running state by using the peak—peak difference of phase current in the control process, and resultantly
achieves a good control effect. The experimental results prove the control and correction method.
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1. Introduction

With the development of manufacturing industry, the electric motor, as an electric energy conversion device,
has become an indispensable part of industrial production and daily life. The brushless DC motor, which was
developed in modern times, refers to a motor without brush and commutator, but with DC motor characteristics.
Brushless DC motors are widely used in robotics and automation, aerospace, electric vehicles, manufacturing,
and military drive systems (Aghili, 2011; Xu et al., 2023; Chen et al., 2023; Shi et al., 2023; Jin et al., 2023; Zhang
et al., 2022).

Brushless motors have the advantages of low cost, simple structure, and good reliability compared with brushed
motors (Joon et al., 2019), although brushed DC motors are a tolerable choice in a few applications (Vitols et al.,
2010; Kroics and Brazis, 2016; H6imoja et al., 2010). Brushless DC motors are divided into two categories: one
is sine wave driven brushless DC motor, also known as permanent magnet synchronous motor (PMSM), whose
Electromotive Force(EMF) waveform is sine wave; the other is square-wave driven brushless DC motor, whose
EMF is square wave (Pindoriya et al., 2016).

There are two main control methods of brushless DC motor: the first is to use the position sensor to obtain rotor
position signal, so as to realise commutation, but the use of multiple position sensors, as well as the structural
requirements of motor installation, are relatively high, which increases the cost of motor. The second method is a
sensorless control method for sensorless brushless DC motors, which processes the collected voltage or current
signals to obtain the position signal of the rotor. At present, the common control methods include the back EMF
method, but zero-crossing of EMF cannot be accurately detected when motor is in zero or low speed since EMF is
proportional to speed (Ma et al., 2013).

In order to improve the problems associated with the two abovementioned control methods, a method of using
a single position sensor to control the operation of brushless DC motor is proposed in the present research, which
reduces the requirements and costs of the motor structure, and modifies the control by using the difference of the
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peak value of the phase current in the operation process of the motor, thereby enabling an improvement in the
control effect.

2. The Basic Structure and Control Principles of Brushless DC Motors

2.1. Basic structure of brushless DC motor

The brushless DC motor controlled by square wave is mainly composed of four parts: power supply, a motor body,
rotor position detection device, and a control circuit and inverter. Figure 1 shows the basic structure of a square-
wave controlled brushless DC motor.

The rotor position detection device is composed of a position sensor, which feeds back the rotor position
information to the control circuits; after the control circuit performs sector discrimination against the rotor position, it
generates a drive signal for the inverter, which controls the turning off of the six switch tubes of the inverter, causing
the inverter to output voltage to the motor body, and the stator winding generates a magnetic field to control the
rotation of the motor rotor.

2.2. Control principle of brushless DC motor

For the brushless DC motor driven by square wave, the control is relatively simple, and the six-step commutation
control method is usually used. The name of this technique is derived from the control principle where only two
phases are energised at any time to create a rotational vector. The third phase is always disconnected. This forms
a six-flux vector, and hence the name six-step control. The physical principle of six-step commutation control is
based on the electrification of the electrified conductor to produce magnetic field and magnetic pole heterosexual
absorption and same-sex exclusion. Based on these two principles, the two coils in the motor will produce their
own magnetic field, through the synthesis of vectors, to obtain the synthetic magnetic field; in turn, the synthetic
magnetic field will produce torque to the rotor, and make the rotor rotate. When the synthetic magnetic field is
orthogonal to the torque, the torque is the largest. Therefore, in order to keep the rotor rotating, the magnetic field
generated by the stator winding needs to constantly change in position, and the rotor will rotate in a direction parallel
to the synthetic magnetic field.

Firstly, the space area is divided into six sectors. Three Hall sensors are used to obtain the current position, and
after obtaining the sector information of the rotor at this time, the corresponding switch tube is switched on and the
corresponding magnetic field is generated. For example, when Hall signal is 101 (i.e. H, = 1, H, = 0, H_. = 1; when
Hall sensor A detects the rotor, H, = 1 is defined, whereas if no rotor is detected, H, = 0 is defined; H, and H_ are
defined in the same way), switching tubes VT3 and VT4 are switched on, current flows in from B-phase and out from
A-phase, and the magnetic field generated is shown in Figure 2 (wherein is indicated the direction of the resultant
magnetic field in this case and the position of the rotor at this time). When the rotor is rotated to the next sector, the
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Fig. 1. Basic structure of brushless DC motor.
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Hall signal changes to 100, at which point VT4 and VT5 are switched on and current flows in from C-phase and out
from A-phase. Thereafter, VT5-VT6, VT6-VT1, VT1-VT2, VT2-VT3, VT3-VT4, and VT4-VT5 are switched on in
sequence.

3. Basic Control Principle of Brushless DC Motor with Single Position Sensor

Similar to the case with the control of the three Hall sensors, the core problem faced in achieving single Hall
sensor control is the requirement for a means for the detection of the rotor position so as to generate the control
signal of the inverter circuit. Single Hall sensor control can be divided into the following steps: (1) position
positioning; (2) speed and angle calculation, with sector division; and (3) generation of control signal of inverter
circuit.

The positioning method mainly uses the change of Hall sensor value to reflect the two key positions in the rotor
rotation process. In this case, the sensor value of the previous interrupt period is defined as H, . When the sensor
value changes from H,; = 0 at the previous time to H, = 1 at this time, the electrical angle at this time is defined as
0 = 0. When the sensor value changes from H,, = 1 at the previous moment to H, = 1 at this moment, the electrical
angle at this moment is defined as 6 = pi. Figure 3 shows two key positions for position positioning and their sensor
values. A Hall sensor is used to realise two critical positions of the rotor.

A

Fig. 2. Synthetic magnetic field.

Hall sensor
]

Hao=1 Ha=1
Ha=0 Hao=0

Fig. 3. Location positioning.
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The rotor speed can be calculated by using the positioning of Hall sensor. Assuming that the time interval
between the last occurrence of H,, = 0 and H, = 1 and the next occurrence of H,, = 1 and H, = 0 is T (the time
interval T can be obtained by entering the interrupt times and the interrupt period), the expression of the angular
speed and speed of the rotor can be calculated as follows:

w=Z (M)
ne @

where p is the extreme logarithm of the motor. After calculating the speed and angular speed of the motor, the angle
can be calculated according to the following formula:

60 =06, +wAT 3)

where AT represents the time of an interrupt cycle and 6, represents the electrical angle calculated by the previous
interrupt cycle. According to the calculated angle, the space of 0-2 pi is divided into six sectors, and each sector
corresponds to the control signals of different inverter circuits. For example, 0—1/3 corresponds to H, =1, H, = 0,
and H, =1 (where H, and H_ represent signals obtained through the 6; they are equivalent to the signal values of
two other sensors when adopting the three Hall sensors control approach). According to this law, the relation among
electric angle, the conduction tube, current direction, and H,. is obtained, as shown in Table 1 (the state H,, is
defined as the calculated value of H,, H,, and H,,)

H,=4*H, +2%H, +H,. ()

ABC

4. Angle Compensation Controlled by a Single Position Sensor of a Brushless
DC Motor

When using a Hall sensor for brushless DC motor six-step reversing control, the mechanical installation error of
Hall sensor must be considered (Yao et al., 2017; Fang et al., 2014). The actual location of the ideal position, in
conjunction with an ahead or lag angle, is considered in the installation of the Hall sensor, as shown in Figure 4,
wherein is provided a schematic diagram of the Hall sensor leading and lagging in the ideal position. This error will
lead to the advance or lag of the commutation process, resulting in the increase of commutation ripple, operation
noise, and steady-state loss and other adverse effects (Xiao et al., 2017; Li et al., 2016).

By detecting the change of phase voltage and DC current before and after commutation, the commutation error
of brushless DC motor can be compensated in real time (Chen et al., 2017; Zhou et al., 2017; Fang et al., 2012;
Fang et al., 2014; Hdimoja et al., 2010; Lee et al., 2008).

The present researchers have observed that the adverse effects of commutation error on control are intuitively
reflected in the peak—peak values of the current. Therefore, to construct a method to correct the angle in the running

Hoge ] Conduction tube Conduction tube
5 0-60 VT3 and VT4 B+A-
4 60-120 VT4 and VT5 C+A-
6 120-180 VT5 and VT6 C+B-
2 180-240 VT6 and VT1 A+B-
3 240-300 VT1 and VT2 A+C-
1 300-360 VT2 and VT3 B+C-

Table 1. Six-step reversing table.
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Fig. 4. Hall sensor installation position error diagram.
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Fig. 5. A-phase current waveform during normal operation.

process, the present research employs the difference between the peak value of phase current in normal operation
and the peak value of phase current in leading (lagging) running time.

From the mathematical model of a brushless DC motor, the mathematical expressions for each phase voltage
and current can be obtained (Chen et al., 2018). For the current, the amplitude of the current waveform should be
the same if the motor parameters and the voltage at both ends of the winding are unchanged, as shown in Figure 5
(taking the A-phase current as an example).

Figures 6 and 7 show the A-phase current waveform of the Hall position sensor installed 10° ahead of the ideal
installation position and 10° behind the installation position. As can be seen from the Figures 6 and 7, when there
is a deviation in the installation position of Hall sensor, there is a difference in the peak-to-peak value of current.
Assuming VT1 is conducting, we define the first current wave peak as /__ , and the second current wave peak as
| ...» @nd also define the difference between the two as Al.

Figure 6 shows the current waveform when the Hall sensor installation position is 10° ahead of the ideal position.
We can notice that /. is less than /__ .. Figure 7 shows the current waveform when the Hall sensor installation
position lags behind the ideal position by 10°. We can notice that / _,is lessthan/__ ..

The reason for the difference between the two peaks is that the position installation error of the Hall sensor leads
to the lead and lag of the commutation, so that the current in the inductor enters the next on-state without decaying
to 0 A. Taking the advance installation of the position sensor as an example, Figure 8 is the waveform diagram of

the EMF (A-phase) and the A-phase current and angle when the Hall sensor installation position has no error, and
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Fig. 6. A-phase current waveform at an angle ahead of 10°.
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Fig. 7. A-phase current waveform at an angle lag of 10°.
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Fig. 8. Waveform of A-phase current, EMF (A-phase), and 8 without installation error.

Figure 9 is the waveform diagram of the EMF (A-phase) and the A-phase current and angle when the Hall sensor
installation position is 10° ahead of the ideal installation position. It can be seen from Figure 8 that when the Hall
sensor installation has no error, when A-phase is positive, the current of A-phase decreases to 0 A (as shown by
the black dashed line in Figure 8). As can be seen from Figure 9, when the Hall sensor is installed 10° ahead of
time, when the A-phase positive pilot is on, the current of A-phase does not decay to 0 A, and the current is -5 A
(as shown by the black dashed line in Figure 9). Therefore, in the case of this installation error, it is necessary to
overcome the reverse current formed by the energy stored by the inductor in the previous cycle when the A-phase
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positive guide is passed, and so there willbe / </ .
same as the above process.

In Code Composer Studio(CCS), we use bubble sort to compute / , , and /., and then we can calculate the
peak difference Al. If Al is greater than 0 A, then the delay compensation is entered. Alternatively, if Al is less than
0 A, then the lead compensation can be entered. We may take the lead compensation as an example. After the
program enters the lead compensation, 0.01 radian is corrected in each interrupt cycle. When the conditions are
not met, the compensation ends.

The analysis of the Hall sensor installation lag of 10° is the

9. Experimental Verification

Figure 10 shows the brushless DC motor experimental platform used in this experiment. On this experimental
platform, the control method of single Hall sensor and the correct method of current peak difference are verified.

The experimental platform uses a seven-pole motor. During the experiment, the motor speed was 400 rpm/min.
Figure 11 shows the A-phase current waveform and Hall A value. It can be seen from the figure that the waveform
of A-phase current is symmetrical, and the corresponding relationship between waveforms of Hall sensor A and
A-phase current is consistent with the commutation sequence in Table 1. As shown in the figure, when the value of
Hall sensor value is 1, the corresponding current turn-on sequence is B+A—, C+A—, and C+B—, which is consistent
with the result of A-phase current waveform.

Figure 12 shows the calculated values of 0, H,., and H,. It shows that the waveform of the 0 is a straight line.
Meanwhile, it is noted that the value of the electrical angle defined in the position positioning mentioned above does
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Fig. 9. Waveform of A-phase current, EMF (A-phase), and 6 with installation error (10° ahead).
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Fig. 10. Experimental platform.
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Fig. 11. A-phase current and H,’s value waveforms.
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Fig. 12. 0, Hall waveforms.
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Fig. 13. A-phase current waveform, sensor signal HA before compensation, and sensor signal H, after compensation waveform; no compensation

is added at this time.

not cause a sudden change in the angle waveform, indicating that the calculation method of speed and angle is

correct. Using the obtained 6, we can obtain the waveform of H

ABC’

Figure 13 shows the waveforms of the sensor signal H, before compensation and the sensor signal H', after
compensation, with an angle lag of 10°. Due to the absence of compensation at this time, the waveform of the two
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Fig. 14. A-phase current waveform, sensor signal H, before compensation, and sensor signal H, after compensation waveform, with subsequent
addition of compensation.
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Fig. 15. Waveforms of A-phase current, rotational speed, and 6 during stable operation.

signal values should be consistent. It can also be seen from the peak-to-peak value of the current waveform that the
position of Hall sensor in the motor used in this experiment is lagging behind the ideal installation position.

In the present research, the fact of whether the absolute value of current amplitude difference before and after
compensation is reduced or not is used to reflect whether the compensation is effective. The current waveform
in Figure 14 is the current waveform after adding angle compensation. As can be seen from the figure, after
adding compensation, the difference between the two peaks decreases significantly. H, is the signal waveform
of Hall sensor without adding compensation, and H, is the modified waveform of Hall sensor signal after adding
compensation. According to the previous analysis, delay compensation should be added here. Subsequent to
adding compensation, the signal waveforms of H, and H', are seen to be characterised by the appearance of phase
difference, which represents the compensation angle.

Figure 15 shows the waveforms of current, speed, and electrical angle when the motor is running. The current
waveform is consistent with the angle waveform. As can be seen from the figure, by using two critical positioning
of the rotor and calculating the times associated with these two positioning, the speed can be updated once every
half cycle, and thus the speed will not be the same in the adjacent half cycles. The operating condition set in
this experiment is 400 rpm/min. From the speed waveform, the experimental speed can be maintained at about
400 rpm/min, indicating that the control effect and angle correction effect of the single sensor are good.

Through the above analysis of the waveform of the experimental results, it can be seen that the control method
and the correction method have a good effect. In order to obtain the advantages of this control method, the proposed
control method of unit sensor with angle compensation is compared with the control method of six-step commutation
with three-position sensor, and the following advantages are obtained. The first advantage is that the reduction of
the number of position sensors used in the control method proposed in the present research will reduce the number
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of interfaces of the motor, and the installation requirements of the hardware circuit in the motor will be reduced.
The second advantage is that the control method in the present research considers the influence of the installation
error of Hall sensor on the operation of the motor, and corrects the error during the control process to improve the
accuracy of the control. The six-step commutation control method of the three-position sensor does not consider

the installation error of the position sensor.

The main purpose of the present research is to verify the proposed control method and correction method. The
above experimental results can prove the correctness of the control method and correction method. Therefore, the
dynamic performance of this control method is not evaluated in the present research.
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