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ABSTRACT: Aiming at the problem of slow response speed and poor anti-interference ability using the traditional PI control in the direct
torque control strategy of brushless DC motor (BLDCM), the direct torque control (DTC) of the BLDCM based on the sliding mode
change (SMC) structure is proposed. In the BLDCM DTC system under the new flux linkage set mode, the traditional PI control is
replaced by the improved SMC control to realize the new torque set mode and realize the DTC of the BLDCM. Firstly, the integral
sliding mode surface is used instead of the traditional linear sliding mode surface to optimize the continuity of the SMC structure and
reduce the high-frequency perturbation caused by the differential phase, thus reducing the smooth torque and system steady-state error.
Secondly, the system is simulated by MATLAB/SIMULINK; the set torque of the improved SMC is the most stable; and the speed
response curve is smoother. Finally, the construction of the BLDCM test platform is completed. The experimental results show that in
the BLDCM DTC control system of the new flux linkage set mode, based on the improved SMC, the system has faster response speed
and stronger anti-interference, and shows stronger dynamic and static performance.

1. INTRODUCTION

n general, when analyzing the permanent magnet brushless

DC motor, the counter electromotive forcewaveform is trape-
zoidal wave, and the flat top width is 120°. Due to the pro-
cess problems such as insufficient rotor magnetic charging and
winding asymmetry in the manufacturing process, it is difficult
to realize the ideal trapezoidal wave of the counter electromo-
tive force waveform of the actual permanent magnet brushless
DC motor. Therefore, if the current and rotational speed dou-
ble closed-loop control is adopted, a large low-frequency torque
pulsation and a poor dynamic performance are produced [1-3].
The direct torque control, as a high-performance brushless DC
motor control strategy, can effectively suppress the low-fre-
quency torque pulsation. Meanwhile, because the direct torque
is a direct torque control, it can obtain faster torque response
speed than the double closed-loop control composed of current
and rotation speed.

The key technology of the direct torque control strategy is
how to obtain the stator flux linkage and motor torque accu-
rately and in real time. According to the motor theory, the elec-
tromagnetic torque of the brushless DC motor can be obtained
by the calculation of the counter electromotive force, phase cur-
rent, and angular velocity. The phase current and angular ve-
locity can be measured by the corresponding sensor, but it is
difficult to obtain the counter electromotive force. The direct
torque control scheme for a brushless DC motor is proposed
in [4], and the low-frequency torque pulse and torque dynam-
ics are improved. Refs. [5-7] introduce the voltage space vec-
tor into the direct torque control of the brushless DC motor,
the combination of flux linkage control and torque control of
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brushless DC motor is realized, and Refs. [8, 9] analyze the in-
fluence of the conventional reverse potential sliding mode ob-
server and the stator inductor/resistance parameters. An adap-
tive sliding-mode state observer is proposed, which further im-
proves the robustness of the system. Ref. [10] uses a sliding
mode change structure state observer to estimate the inversion
momentum waveform and uses an extended Kalman filter to
estimate the rotational speed, which realize the direct torque
control of the brushless DC motor, and the stability and robust-
ness of the direct torque control of the brushless DC motor are
improved. Refs. [11-14] propose good control methods for di-
rect torque control, but there are problems such as complicated
control methods.

The above studies have difficulties in the counter electromo-
tive force extraction or do not consider the adverse effects of
the sliding mode input error in a small range. Because the SMC
structure has a flexibly designed sliding mode, and more impor-
tantly, it has nothing to do with complex parameters and exter-
nal perturbations, the control idea has many advantages [15],
such as fast response speed, strong robustness, and relatively
simple physical realization mode.

According to the theory of state observer and change struc-
ture control theory, the DTC method of BLDCM based on SMC
structure is proposed. In the BLDCM DTC system of new
flux linkage, the improved SMC structure control is used in-
stead of the traditional proportional integral (PI) control. MAT-
LAB/SIMULINK simulate the system, and the construction of
the BLDCM test platform is completed. The experimental re-
sults show that under the set torque mode based on the im-
proved SMC, the system has not only faster response speed
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FIGURE 1. The new type of BLDCM DTC system based on sliding mode change structure.

but also stronger anti-interference, and shows stronger dynamic
and static performance.

2. BRUSHLESS DC MOTOR DIRECTX TORQUE CON-
TROL

2.1. Brushless DC Motor Torque Calculation

The electromagnetic torque of BLDCM in the stationary coor-
dinate system of « and S is:

3
L= 52 (%o + Zis)

22 \w 1)

where T is the electromagnetic torque of motor; p is the rotor
pole number, w is the mechanical angular velocity of the rotor;
iq, 18, €q, €g are the stator current and the winding counter
electromotive force in the stationary coordinates of « and 3,
respectively. As can be seen from the BLDCM electromag-
netic torque expression, the torque calculation is related to the
number of rotor poles, stator current, rotor angular velocity,
and counter electromotive force, where the rotor pole number
is constant, and the stator current and rotor angular velocity can
be measured directly by the corresponding sensor.

2.2. Improved Design of Sliding Mode Change Structure

The design body of sliding mode controller can be summarized
as two basic links: the selection of switching surface and the
design of control rate. The switching function has an important

22

impact on the dynamic quality and stability of the whole system
movement. For a one-input sliding mode control system, the
switching function can be expressed as follows:

T1

T T2
c'x=ler, ey

Tp
(2

where z; = 20~ (i = 0,1,2...n) represent the system state
and its various derivatives, respectively. When s = 0, the cor-
responding sliding mode surface can be expressed as:

= 121 + C2T2 + - CpTp

(3)
In the above equation, if the coefficient ¢y ¢, is a linear corre-

lation, the order ¢,, value is taken as 1, then the corresponding
switching function can be expressed as:

1Ty + coxo + - cpxy =0

“
The selected sliding mode switching function of the BLDCM
sliding mode control adopted in this design is s(z) = cz, and
the control system will be stable as soon as it enters the synovial
area. e is defined as the difference between the set speed w™* and
the actual speed w, namely:

§=1c121+C2Ta+ - Cp_1Tn—1+ Ty

e=w"—w 5)
When ¢ = 1, the existing sliding mode surface function is:
s=w' —w (6)
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FIGURE 2. Torque set module based on improved sliding mode change structure.
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FIGURE 3. The vector locus of the set stator flux. FIGURE 4. The vector locus of the actual stator flux.
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FIGURE 5. Flux linkage vector trajectory based on improved SMC. (a) Stable runtime vector trajectory. (b) Vector trajectories at load mutation.

On the sliding mode surface s = 0, when the time ¢ continu-
ously increases to infinity, w tends to w*, namely, the system
speed can reach the desired value and run stably. The motion

equation of the motor is:

Te-TL=J

dw

B
dt+w

)

Combining Equations (6) and (7), the expression is

B

1 1
$=—w=—w——=-Te+=TL=ax+bu+c

J

J J

®)

where  and u are the inputs and outputs of the slide-mode
controller, respectively. The functional control form adopted
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TABLE 1. Main motor parameters of BLDCM.

Parameters Values Parameters Values
Rated voltage U 36V Rotor flux linkage U ¢ 0.0765 Wb
Rated speed n 400 rpm Motor pole number N p 5
Rotary inertia J 0.002 N s m/s? Stator resistance R 0.35Q2
Counter electromotive force coefficient k. 0.09528 Equivalent inductance L 4.64 mH
0.015 1 0.015} 1
0.01} . 0.01} 8
0.005 1 %0.005 E
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< Of . of 1
5 >
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FIGURE 6. Flux linkage vector trajectory based on traditional SMC. (a) Stable runtime vector trajectory. (b) Vector trajectories at load mutation.
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FIGURE 7. Vector track of the rotor flux.

in this design can be briefly expressed as the synthesis of the
equivalent control u., and the switching control u,,:

©

where the main role of the u., is to ensure the realization of
the sliding-mode motion, and the main role of ug,, is to keep
the controlled system moving closer to the sliding mode sur-
face and reduce the impact of external uncertainty interference.
Combining with formula (8) and making $ = 0, the equivalent
control partial control rate can be obtained:

U = Ueqg + Usw

a c
2y =
b

; (10)

Ueq -

In order to solve the contradiction between constant approach
speed and shaking vibration, the exponential approach rate is
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selected:

$= —eisgns —e9s (g1 > 0,69 > 0) (11)
where §; = —eysgn(s) is the constant approach part, and
$9 = —e&gs is the index part. In order to reduce the constant

velocity approach rate, when approaching the sliding mode sur-
face, the system reduces the approach speed and increases the
exponential approach term. From the part of $o = —e3s, as
the system approaches the sliding mode surface, its approach
speed gradually decreases. When s is approximately zero, its
approach velocity is also approximately zero, so it is difficult to
reach the sliding mode surface in a finite time, so that the equiv-
alent approach term is added to ensure the basic requirement of

accessibility.
When s > 0,
$=—w= —E&1 — €28 (12)
It can be drawn from the above formula:
s(t) = Sy (30 + €1> e =2t (13)
35} 35

In order to reduce the jitter, it is necessary to reduce the velocity
value of €; reaching s = 0 in the isovelocity approach term
and improve the value of the exponential approach term 5 to
ensure the approach speed, thus realizing the effective control
of the shaking and approach speed in the traditional isovelocity
rate.

Combining formula (8) and formula (11), the expression is:

(81 > 0,69 > 0) (14)

$ =ax +bu+c= —e15gns — €95
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FIGURE 8. Waveform of three-phase current. (a) Based on the improved SMC. (b) Based on the PI.
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FIGURE 9. Waveform of speedbased on improved SMC. FIGURE 10. Waveform of torquebased on improved SMC.
The output of the SMC section is: In the design of the BLDCM DTC system, the set mode of
the torque is usually obtained by the PI adjustment of the ro-
1 tation speed error. This control mode is relatively simple, but
u= g(—ax —c—eisgns —e38) (1> 0,62 >0) (15) the response speed is slow, and the robustness of the control
system also needs to be improved. Synovial variable structure
According to the arrival conditions of the SMC, combining with idea can effectively reduce the above defects, but. also brings
formula (11): the problem of the system. In order to reduce the influence of
) ) vibration and improve the control accuracy, this design adopts
5§ = —sleas +e15gn(s)] = —eas” —e1 5] (16) integral sliding surface instead of the traditional linear sliding
Because ¢; > 0,e5 > 0, then 55 < 0, the Lyapunov function surface, which can optimize the continuity of the sliding mode
is: variable structure and reduce the high frequency disturbance,
thus reduce the sliding mode vibration, achieve smooth torque,
Vie) = 132 (17) and reduce the system steady-state error at the same time.

e is defined as the difference between the set speed w* and
the actual speed w. Take the state variable x; as the speed error

Combining formula (16) and formula (17), the expression is: value and the state variable x5 as the corresponding integral:

2 _¢els] <0 (18)

According to the above formula, V(m) < 0 is established for

any €1 > 0, g5 > 0, which can prove that the exponential SMC

approach rate used in the set design torque link is gradually T =w"—w

stable under the Lyapunov function. { f(f (W* — w)dt = f(f x1dt (19

V(z) = 55 = —£35

T2
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FIGURE 11. Torque waveform comparison at stable operation. (a) Based on the improved SMC torque waveform. (b) Based on the traditional SMC

torque waveform. (c) Based on the PI torque waveform.
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FIGURE 12. Reference current waveform comparison at stable operation. (a) Based on the improved SMC reference current. (b) Based on the
traditional SMC reference current. (c) Based on the PI reference current.
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FIGURE 13. Experimental test bed.

Combining with formula (7), the derivative of the state variable
Xq:

. e . B 1 1
T, = w —w:jw—jTe+7TL
B 1 1 B

where u is the sliding mode output torque 7, and define M =
—%, N = —%, K = %TL + gw*; therefore, Equation (20)

26

can be written as Equation (21). Combining with formula (19):

2, =Mz, + Nu+ K @1
T, =2, =w' —w
The integral sliding mode surface is designed as:
t
s=x1+k/ r1dt = 21 + ko (22)
0

In the above equation, the coefficient k is a normal number, and
its size value determines the speed of the system approaching a
stable state. The larger the k is, the faster the speed is, and the
smaller the time is required to adjust the speed. However, ex-
cessive k value will lead to an integral saturation phenomenon,
which will increase the time required for the system to finally
stabilize.
Combining with formula (22):

é:i'1+ki'2:$1+k$1:Hl‘1+Nu+K (23)

where H = M + K, make s = s = 0, combining with formula
(22):

T =w* —w = koe M (24)
When the time tends to infinity, the state variable x; tends to
0, and the moving point slides towards the coordinate origin at
the rate of e =%, Making § = 0, the available equivalent control
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amplification waveform based on the improved SMC. (b) The torque mutation amplification waveform based on the PI control. (c) The torque
mutation amplification waveform based on the traditional SMC control.
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FIGURE 15. Speed response waveform in improved SMC control mode and the traditional SMC control. (a) the rotational speed response waveform
of the improved SMC control mode. (b) the rotational speed response waveform of the traditional SMC control mode. (c) the rotational speed
response waveform of the PI control.

rate is: of 400 rpm, with a simulation time of 0.5s and a step length
H K of 0.01 ms. Under the integrated sliding mode control mode
teq =~ N1 7 (25) of the improved approach rate, the corresponding trajectories
of the rotor flux linkage and integrated stator flux linkage vec-
tor are shown in Figures 3—7, respectively. Figure 5 shows the
3. SIMULATION ANALYSIS trajectory of the armature reaction flux linkage under a con-
Based on the above analysis of the set sliding mode scheme stant torque and during the torque mutation under the improved
of the torque, and the modeling analysis of the BLDCM DTC SMC control mode. Figure 6 shows the trajectory of the arma-
system in MATIAB/SIMULINK, the basic parameters of the ture reaction flux linkage under a constant torque and during
BLDCM are shown in Table 1. Figure 1 shows the SIMULINK the torque mutation under the traditional SMC control mode.
model of the DTC control system established by the BLDCM. Figure 8 shows a three-phase waveform diagram of the current
Figure 1 is the overall simulation model established for the while in stable operation. Figures 9 and 10 show the corre-
BLDCM DTC system, which mainly includes the inverter mod- sponding rotational speed and torque response curves, respec-
ule, BLDCM module, flux linkage calculation module, flux tively. Figure 11 shows the torque contrast curve under control
linkage set module, torque set module, and direct torque control in the three modes.
module. In a BLDCM DTC system with the new flux linkage The magnetic vector trajectory shown in Figures 3—7 above
set mode, the improved sliding mode variable structure control verifies the effectiveness of the new flux linkage set method in
is used to replace the traditional PI control and to realize the the SMC-based control system. Since the set torque is based
new torque set mode. The corresponding sliding mode control on the improved SMC, the maximum starting torque is 7N - m,
module is shown in Figure 2, in which the values of the param- so the actual value is large at the beginning. When the torque
eters k, a, 3, and ¢ of the sliding mode controller are 80, 0.35, stabilizes to 1.2 N - m, the flux linkage trajectory also converges
1, and 0.05, respectively. to the stable zigzag trajectory, and the corresponding armature
Figures 3-9 are the simulation waveform diagrams of the reaction flux linkage also converges to the closed hexagonal
BLDCM when the load torque is 1.2N - m at a rated speed trajectory. By comparing Figures 5 and 6, it can be found that

27 WWwWw.jpier.org
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rotational speed response waveform based on the traditional SMC. (c) The rotational speed response waveform based on the PI.
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under the improved SMC control mode, the armature flux link-
age trajectory distortion is greatly reduced at the six top an-
gles of the hexagon, and the armature flux linkage distortion is
the largest under the PI control mode. Therefore, it is shown
that under the improved torque set mode, the torque pulsation
is greatly reduced. The pulsation situation of the electromag-
netic torque waveform in the three control modes shown in
Figure 11 verifies the correctness of the actual torque pulsa-
tion inference mentioned above [10]. As can be seen from the
smooth top of the reference current waveform in the three con-
trol modes shown in Figure 12, the set reference current rect-
angular wave is smoother under the set torque of the improved
SMC. Combined with the ratio relationship with the set refer-
ence current, the set torque of the improved SMC is the most
stable, and the set torque pulsation under the PI control is the
largest. The three-phase current waveform compared with Fig-
ure § also shows that the current flat tip is smoother under the
improved SMC control mode. From the speed torque response
curve shown in Figures 9 and 10, compared with the PI con-
trol mode, the rotational speed response curve of the improved
SMC control mode is smoother, and the response time is re-
duced to 0.08 s, showing a better static response performance.

28

4. EXPERIMENTAL RESULTS

As shown in Figure 13, the direct torque control system exper-
iment platform of BLDCM with DSP controller as the core is
built in this paper. The experimental platform is composed of
BLDCM, DSP controller, power drive plate, DC power, load
motor, etc. The PWM modulation mode is used during the ex-
periment. The PWM modulation carrier frequency is 20 kHz,
and the pulse period is set to 0.02s. When the incoming mag-
netic current is 0.1 A, the set load torque is 1 N - m.

When the system runs to 0.3 s, the load torque decreases from
1.2N-m to 0.8 N-m, and the corresponding electromagnetic
torque and rotational speed waveform under the improved SMC
control mode are shown in Figures 14 and 15, respectively. The
system is able to respond quickly with a adjustment time of
0.0005 s and almost no change in speed. Combining with the
traditional SMC control mode and the PI control mode shown
in Figures 14 and 15, it can be seen that the improved SMC
control mode responds more quickly and fluctuates less torque.
Compared with the torque response waveform under the PI con-
trol mode, it can be seen that the improved SMC control mode
system responds more quickly and smoothly.

When the system runs to 0.3 s, the set rotation speed is re-
duced from 400 rpm to 300 rpm, and the corresponding elec-
tromagnetic torque and rotational speed waveform comparison
under the three control modes are shown in Figure 16 and Fig-
ure 17, respectively. It can be seen that the speed of the im-

WWwWw.jpier.org
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TABLE 2. Comparison of dynamic and static response of different kinds of torque set.

The way of torque set | ¢ (s) | ts(s) | 61 (%) | tr(ms) | Ani(rpm) | tn(s)
PI 0.112 | 0.112 0 1 1 0.077

The traditional SMC | 0.112 | 0.112 0 1 0 0.060
The improved SMC | 0.080 | 0.080 0 0.5 0 0.040

proved SMC control mode can land smoothly to 300 rpm in
only 0.4 s, while the recovery time under the traditional SMC
and PI control are 0.6 s and 0.77 s, respectively, and the torque
jitter is large.

Based on the above analysis, in the BLDCM DTC control
system under the set mode of the new flux linkage, the sys-
tem not only has faster response speed, but also has stronger
interference-resistance, and shows stronger dynamic and static
performance. The dynamic and static response indicators un-
der the control mode are summarized in Table 2, where ¢,., ts,
and ¢&; respectively indicate the rise time, stability time, and
overshoot when the motor is started under the same parame-
ter setting conditions. When the load torque is reduced from
1.2N-m to 0.8 N-m, the system stability time and the maxi-
mum rotational speed increase are indicated by ¢ and Ang,
respectively. The stabilization time of the system when the ro-
tational speed is mutated from 400 rpm to 300 rpm is indicated
by tp,.

5. CONCLUSION

Aiming at the problem of slow response speed and poor anti-
interference ability using the traditional PI control, this paper
presents the brushless DC motor direct torque control based on
sliding mode change structure. Using the integral sliding mode
surface instead of the traditional linear sliding mode surface, the
continuity of the sliding mode change structure is optimized,
and the high frequency perturbation caused by the differen-
tial phase is reduced, thus reducing the sliding mode shaking
while achieving the smooth torque, and the steady-state error
of the system is reduced. The system is simulated by MAT-
LAB/SIMULINK, and the set torque of the improved SMC is
the most stable, while under the improved SMC control mode,
the speed response curve is smoother, and the response time is
reduced to 0.08 s, showing better static response performance.
Through the construction of BLDCM test platform, the exper-
imental results show that in the BLDCM DTC control system
of the new flux linkage based on the improved SMC, the sys-
tem not only has faster response speed, but also has stronger
interference-resistance, and shows stronger dynamic and static
performance.
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