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Abstract—General power system supply only provides a fixed
voltage and frequency, and its the inverter is mostly used to
control AC motor speed with different frequencies. However, it
normally requires a rectified DC into AC for the frequency
variation. In this study, a digital signal processing technology is
developed to generate a Sine Wave Pulse Width Modulation
(SPWM) signal to replace the traditional inverter design.
Accordingly, the proposed inverter switching signals generated
from SPWM can control brushless AC servo motor more easily
and accurately. Both simulation and experimental results are
proved to verify the effectiveness of the proposed scheme.

Index Terms—Brushless-AC-servo-motor, SPWM, encoder,
feedback-position-signal, inverter

I. INTRODUCTION

ITH the rapid development of power electronics

technology in microelectronics, new motor control
theory and permanent magnet materials, now AC servo motor
control in industry has become a major discipline. As a result,
the precision positioning, speed control or current control in
AC servo motor are required for a high performance quality
following up the current industrial trend. In this paper, the
permanent AC servo motor is studied.

It is well known that the brushless AC motor is very popular
due to simple structure, no carbon brushes and commutation
segment. Also, it does not generate friction, dust and sparks,
also having an advantage like DC motor performance.
Brushless AC motor using electronic commutation circuit can
replace the traditional brush motor using brush commutation
mechanism, but requiring a motor driver to operate [1]-[5].
The Hall element can be used to detect the position of rotator
so that the mechanical noise and maintenance cost can be
reduced, thus extending its working life. Another advantage is
that its phase commutation time can be accurately calculated
using a position feedback control circuit.

In addition, a linear relation between the output torque and
motor current can be made using a suitable power electronic
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driver, i.e. the output torque equals to the constant multiplying
input current [6][7]. It provides a high torque at low speed.
Consequently, it has been widely applied in electric vehicles
[8]-[12].

This paper is organized as follows, Section Il depicts the
system architecture of brushless AC three-phase motor.
Section 1l describes the control model of sine wave width
modulation drive. The analysis and discussion of
experimental results are shown in section IV. Section V
makes some conclusions and gives recommendations for
future work.

Il. SYSTEM ARCHITECTURE

A. Brushless AC motor structure

Typically, the motor can be classified into carbon brush
and brushless motors. The motor with carbon brush is the DC
motor, and the permanent magnet is fixed on the stator. The
rotor (armature) that can rotate consists of winding and the
core, where torque is produced by flowing current. For
brushless AC motor, the rotor is a permanent magnet and its
windings (armature) is assembled on the stator. In Figure 1, it
can be seen that the brushless motor excitation is constituted
by the permanent magnet on the rotor, and the armature is
located in the stator. Therefore, it does not need brush to
conduct current. Generally, according to stator winding
classification, brushless AC motor has two-phase, three-phase,
and five-phase. The three-phase brushless AC motor is most
common in industry.

Permanent Magnet Rotor
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C Phase

B armature
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O

Figure 1. BLDC structure.

B. Three-phase Brushless AC motor driver

The driver circuit is required to drive the three-phase
brushless AC motor. This can be done using three wired line,
where sine wave signal input from three coils is the synthesis
of a rotating magnetic field to rotate the rotor. The Hall IC
can be used to sense the rotor pole, and the position angle of
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the permanent magnet can be thus obtained. Then, the order of
the excitation signal can be determined.

The primary drive line is shown in Figure 2. We know that
the power electronics inverter normally consists of six IGBT
(gate bipolar transistor, Insulated Gate Bipolar Transistor)
switch for switching the operation to control Q1 to Q6.

The controller software uses Microchip's 16-bit
dsPIC30F4011 digital signal controller, where it has a 10-bit,
500 KSPS analog-to-digital converters, motor control pulse
width modulation module, positioning encoders and other

modules interface.
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Figure 2. BLDC motor drive circuit.

The controller hardware (YBL9D-130L) of brushless AC
three-phase motor we used is produced by Wild
Electromechanical Industry Co., Ltd. In Figure 3 (a), the
required power supply is 110 ~ 220V, and its rated speed is
about 2000rpm with instant maximum torque 119Kg-cm. The
driver control panel is shown in Figure 3 (b), containing
AC-DC converter circuit, current sensing circuit,
over-voltage and over-current protections detection circuit,
low electric-current low-voltage protection detection circuit,
brake circuit isolation circuit, inverter circuit and other
circuits.

Figure 3. Entity ve control panel.

C. Feedback system of three-phase brushless AC motor

In this study, we used three-phase brushless AC motor with
incremental encoder and 2500 pulses / revolution. A and B
signals phase which has 90 degree difference between each
signal can be used to determine the motor turning direction,
the position of the motor rotor, speed and other information.
The Z signal (index) is generated by rotating one cycle of
motor. Figure 4 indicates the starting point for every cycle.
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Sequentially, the angle value can be defined and used for
resetting the position (angle).

Figure 5 shows the electrical current-isolated feedback
circuit. This paper used an optical coupling IC (6N136) which
has a light-emitting two-pole body with a sense of
photoelectric crystal. The light-emitting diode can control the
sense of output photoelectric crystal. In this circuit, the output
current is isolated via the Hall sensor and converted into a
voltage signal. Then, the signal is amplified by the inverting
amplifier, where the gain can be adjusted to achieve the level
available at a reasonable range.
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Figure 4. Incremental encoder A, B and Z output signal.
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Figure 5. Current-isolated feedback circuit.

I1l. CONTROL MODEL OF SINE WAVE WIDTH MODULATION
DRIVE

Basically, brushless motor drive may be divided into four
categories: (1) Six Step Trapezoidal Control, (2) Sinusoidal
Pulse-Width Modulation, (3) Space Vector Pulse-Width
Modulation [13] [14], (4) Field Oriented Control [15]-[19].
The third and forth control methods require a magnetic flux
sensor (current type and the voltage type) to be installed on
the motor so that the magnetic flux can be accurately
estimated from stator voltage and stator. However, complex
mathematical model must be developed in this case. This
paper used dsp30F4011 control chip to design a DSP-based
SPWM control system from the rotor position signal. The
SPWM waveform can be very close to a sine wave so that it
can drive brushless DC motor smoothly with low noise, small
torque ripple, high efficiency, and good control
characteristics, etc. Particularly, the low-speed operation in
the feature is obviously superior to traditional six-step square
wave driving method.

A. Sinusoidal pulse width modulation

Sinusoidal pulse width modulation in the inverter is most
used technology in industry [20]-[24]. Its principle is that the
sinusoidal wave voltage command is generated by the
controller and then compared with the triangular carrier wave.
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Therefore, the pulse width modulation signal is thus produced.

In Figure 6, the SPWM signal is generated from
dsPIC30F4011 output, and the triangular wave is obtained by
the PTPER and PTMR register. The pulse width modulation
signal is determined by PDC1, PDC2, PDC3 registers.
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Figure 6. The SPWM wave generation schematic diagram.

In this study, the brushless servo motor has 8 poles, i.e.,
four pairs of poles, as shown in Figure 7. There are six
different groups of the Hall signals for each electrical cycle,
and for every motor rotation, Hall sensor signal will change
24 times. The Hall position signal is to determine the phase of
the motor in order to drive it with the sine wave. The sensors
in the motor are Hall A, Hall B and Hall C, and connected to
the dsPIC30F4011 the RBO, RB1, RB2, respectively. With
built-in input capture input (Change Notification CN), the
Hall location signal can be obtained. Once these changes are
detected, the CN interrupt is generated immediately. During
one cycle, only one Hall sensor phase changes its input state
for every 60 degrees. Consequently, the initial rotation
amount will be provided in the beginning, and corresponding
phases of Hall sensors will be also given. For this mechanism
of phase adjustment, the sine wave can be sent into the motor
to achieve the desired positioning.

Electncal cycle 36!] Electrical cycle 360° Electrical cycle 360 Electncal cycle 360° \yy; q (L&/
————— i = m———— ——————— m

Mechanical cycle 360°
Figure 7. Eight motor electrical cycle diagram.

B. Sine wave driving method

The principle of Sine wave driving method is based on the
difference between charge and discharge time in the
inductance of the brushless motor. The inverter is to converter
DC into a three-phase AC voltage, and switching frequency
then is in accordance with the rotational speed of the motor,
where the changeover timing is according to the position of
the motor rotor.

As shown in Figures 8 to 10, when it is at the intersection of
two waves, the switch timing occurs. The yellow solid line is
the U-phase sinusoidal modulation wave; green solid line is
the V-phase sinusoidal modulation wave; blue solid line is the
W-phase sinusoidal modulation wave; brown solid line is a
triangular cross-sectional wave; red solid line the generated
voltage waveform from each phase.

PTPER |

Figure 8. U-phase SPWM wave generation method diagram.
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Figure 9. V-phase SPWM wave generation method diagram.
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Figure 10. W-phase SPWM wave generation method diagram.

C. The establishment of a sine wave table

In this study, the brushless servo motor 8 poles with 4 pole
pairs. When the motor rotates one circle, the position detector
encoder generates 2500Pulse, 2500/4 = 625, 625 points. As a
result, every scale has 360/625 = 0.576, i.e., a grid is set to
0.576 degrees and with the motor encoder scale. With the
ROM of dsPIC30F4011, the sine wave table is stored in the
program in advance. It can be called out corresponding to the
correct position of the motor.

. 2n+2x*N
=sin(————)

625
where Sintable,, is the N-point value sine wave.

Substitute N = 0 ~ 624 into equation (1), and sine-point value
can be thus obtained under different angles.

A three-phase signal brushless servo motor has U, V, W
phase. Accordingly, dsPIC30F4011 chip meter reading must
be 120 degrees out of phase in the sine wave signal, divided
into three intervals sine wave value to produce a rotating
magnetic field alternately. As shown in Figures 11 to 13, the
U phase of the conduction order is (1) (2) (3); V phase
conduction sequence is (2) (3) (1); W phase of the conduction
order is (3) (1) (2). This procedure continues until the stop
command is issued.

Sintable (0<N<624) (1)
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Figure 11. (1) 0 to 120 degrees sine wave access point diagram.
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Figure 12. (2) 120 to 240 degrees sine wave access point diagram.
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Figure 13. (3) 240 to 360 degrees sine wave access point diagram.

Unlike a six-step square wave drive that requires six of Hall
sensor commutation signals to control appliances in a cycle,
Sine wave inverter drive must have more detailed rotor
position information to operate. In this study, the built-in
encoder of position detector from AC brushless motor is used
as output, providing continuous position information.
Therefore, dsPIC30F4011 digital signal controller chip is
used to design the interface (QEI module) to receive the
position of the motor, shown in Figure 14.
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Figure 14. QEI module

D. The conduction state of the power transistor IGBT

switch

There are six power transistors IGBT in the inverter circuit,
forming eight states from three-pair combination. Among
them, six states belong to a non-zero voltage state, and two
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states is a zero voltage state. The six non-zero voltage state
has 60 degree adjacent plane between each other, as shown in
Figure 15.

In this study, six voltage combinations are generated from
eight voltage states, as shown in Figures 16 to 23, and black
arrow means a current direction. Table I is the switching state
of the inverter. The voltage state of "1" indicates the upper
arm switching is turned on, where the lower arm is switched

off. On the other hand, the "0" indicates the upper arm is
switched off, and the lower arm switch is conducted.

120" (010)

60° (110)

Zero Vector

(000)
(111)
180° (011)|e 0" (100)
240° (001) 300° (101)

Figure 15. The eight voltage states.
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Figure 16. Power transistor conduction status at voltage state 000.
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Figure 17. Power transistor conduction status at voltage state 001.
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Figure 18. Power transistor conduction status at voltage state 010.
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Fiaure 19. Power transistor conduction status at voltage state 011.
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Figure 20. Power transistor conduction status at voltage state 100.
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Figure 21. Power transistor conduction status at voltage state 101.
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Figure 22. Power transistor conduction status at voltage state 110.
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Figure 23. Power transistor conduction status at voltage state 111.

TABLE |
INVERTER SWITCHING STATE
Switch Q1 Q2 Qs Van Ven Ven

Voltage 0 0 0 0 0 0

state 0 0 1 2VDC/3 'VDC/3 'VDC/3
0 1 0 Vpc/3 Vpc/3 -2Vpc/3
0 1 1 ‘VDC/3 ZVDc/3 'VDC/3
1 0 0 -2Vpel3  Vpcl3 Vpc/3
1 0 1 ‘VDC/3 'VDC/3 2VDC/3
1 1 0 VDC/3 -ZVDc/3 VDC/3
1 1 1 0 0 0

E. Switch conduction change of power transistor IGBT

The forward and reversing operation in brushless servo
motor is related with six voltage combinations. The change
order with 1-2-3-4-5-6-1 is to rotate motor forward. To
reverse the motor, just simply change the order, as shown in
Figures 24 to 29. The six voltage combinations are generated
by dsPIC30F4011 chip that reads the sine wave change.

PWMIH

PWM2H [t -

PWM3H

(000) (100) (110) (111) (110) (100) (000)

Figure 24. First changes in voltage combination.
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Figure 25. Second changes in voltage combination.

PWMIH

PWM2H

PWM3H N

: ;
(000) (001) (101) (111) (101) (001) (000)

Figure 26. Third changes in voltage combination.
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Figure 27. Fourth changes in voltage combination.
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Figure 28. Fifth changes in voltage combination.
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Figure 29. Sixth changes diagram in voltage combinations.

IV. EXPERIMENTAL RESULTS AND ANALYSIS

Sine wave generated by sine width modulation from
dsPIC30F4011 is used to drive the motor. Therefore, the
transistor can send respective order switching signal, shown
in Table I11. The voltage state of "1" indicates the upper arm
switch turned off and the lower arm switched off; "0"indicates
the switch off at the upper arm and lower arm switch is turned
on. This produces six combinations.
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TABLE T
VOLTAGE COMBINATIONS

Voltage state
000 100 110 111 110 100 000
000 100 101 111 101 100 000
000 001 101 111 101 001 000
000 001 011 111 011 001 000
000 010 011 111 011 010 000
6 000 010 110 111 110 010 000

a b~ W N

In actual test results from Figures 30 to 35, we see that the
start and end of the voltage states are 000 (all upper arm
switches are turned off), and each combination must have 111
(upper arm switch is turned on) in all the voltage states. It
means that each time has only one change so that switching
times are reduced significantly.

=15 TWESS

Figure 35. Sixth voltage combination in the actual test results.

The QEI interrupt dsPIC30F4011 chip is specifically used
as an incremental encoder interface, and POSCNT is used as a
count register for motor positive and reverse rotation.

V. CONCLUSION

Based on the characteristics of AC motor, the speed of
rotating magnetic field is controlled by the stator voltage
frequency, and thus the motor speed is changed by the
rotational speed of rotator. In this study, we used digital signal
processor dsPIC30F4011 as the system controller core with C
language programming. The proposed controller can provide
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appropriate SPWM signals for the inverter switching, motion
commands and position feedback signal using IGBT. At a
time, only one switch is activated and the power loss due to
switching frequency is reduced. Both simulation and
experimental results have verified the effectiveness of the
proposed system in term of robustness and stability.
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