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Abstract. In this paper, a novel discrete full-order terminal sliding mode
(FTSM) control approach is proposed for a permanent magnet synchronous
motor (PMSM) working in network transmission environment. By utilizing the
vector control technology, the decoupled model of PMSM with the structure of
double closed loop can be deduced. The discretization influence of network
transmission is specially investigated by comparing the control performances in
continuous domain and discrete domain, following the guaranteed stability
condition when working in network transmission environment. In order to
simulate the network transmission environment, a test platform based on OPC
technology is established. Simulations validate the proposed approach.
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1 Introduction

In recent years, the computer technology, network communication technology and
control technology have been developed rapidly. Specially with the emergence and
wide application of distributed control system, field bus control system and industrial
Ethernet control system, which indicates that the network is becoming a new charac-
teristic of control systems, including the permanent magnet synchronous motor
(PMSM) [1]. The introduction of network transmission into the traditional control
systems with peer to peer communication will bring benefits of structure networking
and the intelligence of the controlled nodes [2]. Therefore, the research topic con-
cerning the networked control systems (NCS) has become a hotspot. According to the
2010 market research report of Cisco Systems, the number of industrial Ethernet nodes
throughout the world is about 300,000,000 [3].

Compared with the traditional PID and other conventional control approaches,
sliding mode (SM) control has become a new control type due to its strong robustness,
excellent dynamic and static control characteristics [4]. At present, there are two kinds
approaches often used in the control of PMSM, i.e., linear sliding mode (LSM) and
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terminal sliding mode (TSM) which eliminate some undesired drawbacks such as high-
frequency chattering and control singularity. Recently, a novel full-order TSM control
approach is proposed due to its global control continuity [5]. Its idea is on the basis of
high-order sliding mode (HOSM) to solve the chattering problem, while the control
singularity can be avoided due to the introduction of special fractional power term [6].

At the same time, with the rapid development of digital technology and the
increasing emergence of programmed microprocessor hardware applied in PMSM
control systems, the discretization of SM controller has been given increasing amount
of attention [7, 8]. In general, the discretization of SM controller includes two steps:
designing an appropriate algorithm for the controlled systems in continuous-time
domain on the basis of the expected dynamic and static performances; and further
making an analog-to-digital (AD) transformation for the corresponding digital con-
troller approximating to the original continuous-time counterpart [9, 10]. Although it is
known that the smaller the sampling time is, the better the control performance of the
discrete system will be, while it should be noted that although the sampling time is
sufficiently small, the control performance of the digital controller is lower than the
analog controller’s. Therefore, how to select the sampling time and SM parameter is an
important issue to be addressed for the control of PMSM systems.

In this paper, a novel full-order terminal SM approach is proposed for the network
controlled PMSM system with consideration of the time-delay of communication
characteristics. The structure of the paper is organized as follows. In Sect. 2, the
modelling and controller design based on the full-order sliding mode control is given
for PMSM control system in continuous domain, following its discretization and
guaranteed stability in Sect. 3. And finally the simulation and conclusion are given in
Sect. 4 and Sect. 5, respectively.

2 System Description in Continuous Domain

For the PMSM system in dg-axes, we assume the magnetic circuit is unsaturated, the
space magnetic field is sine wave, eddy current and magnetic hysteresis loss can be
excluded. Therefore, the equations of PMSM can be got as [11]
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where, iy, i, are dg-axes stator currents; ug, u, are dg-axes stator voltages; L is the
equivalent inductance of winding; R, is the stator resistance; p is number of motor pole
pairs; i/, is magnetic potential generated by permanent magnet; w is motor’s
mechanical angular velocity; 7} is load torque; J is total inertia of rotor and load; B is
friction coefficient.

In order to remove the couplings in (1), the vector control method [12] is introduced
in this paper. The double closed-loop controller of PMSM is designed on the basics of
full-order TSM approach, and the system diagram is given in Fig. 1, where the outer
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loop is a speed loop, and the inner current loop is decoupled into two independent
controllers based on i; = 0.
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Fig. 1. System control scheme with double closed-loop structure

2.1 Design of Speed Controller

Here we define the speed tracking error e, = " — w, where " is the desired speed.
And from (1), the first derivatives of e, can be obtained as

by =0 —— S+ o+ — )

3pyy .. B T
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The control objective is to make the speed error e, converge to zero. And the
design process of full-order TSM controller is described as follows.
Step 1: A TSM sliding surface is designed as

Sg = éw—|—cleﬁ)‘/"' (3)

where the design parameter ¢; > 0, p; and g, are integers with 0 < p,/q; < 1.
Step 2: Based on the equivalent control of SM [13], here we design the control low iq*
as

it =2 (i, + ifln)

a = 3py; \lgeq
izn =k f sgn(se) 4)
g = 07+ B+ B

Where iqeq* is the equivalent control term to drive the system to reach and stay on the
sliding surface; iqn* is the switching control term to overcome the influence of external
disturbance and internal parameter disturbance; k; > 0.
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Step 3: Ignoring the influence of system parameters disturbance and external distur-
bance temporarily, and substituting (2) into (3), it yields

3 B T,
Sw:@*_p—lpfi;—i—ja)—l—f—i—cleﬁ}/ql (5)

Then we continuously substitute the first and third term in (4) into (5), it has
So = —ign (6)

Based on the existence condition of SM, i.e., s,,$,, <0, here we choose a Lyapunov
function V = O.SS,,,z, and its derivative can be got as

= SwSw = sw(_izn)
V= _klswsgn(sw) (7)
= —k|s,| <0

Which means the Lyapunov stability condition is satisfied and the system states e, and
é, will converge to zero in a finite time. And after that, the dynamic characteristics of
the PMSM system can be described as

S = &+ 1N =0 (8)

Here we assume ¢,,(0) # 0 is the initial value of the variable e,,. Therefore from
(8), the convergence time from e,,(0) to e(#;) = 0 can be calculated as

. 1 0 de, _ lew, (0)] ©)
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2.2 Design of Current Controller

For the current loop in Fig. 1, it includes two independent controllers. As the full-order
TSM controller design of the speed loop, we define current error variable e, = i; — iy.
From (1), the corresponding error system of the d-axis current can be described as

. . Ry g
eq = —pwiy + fld -7 (10)
And the controller can be designed as
Sq — éd + CzeZz/qz
Uy = L(udeq + ud,,) (11)
S R, : epz/t/z
Udeqg = —PWig + T la+ C2ey

Uan = ky ['sgn(sq)
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where s, is the designed sliding surface; ¢, > 0, p, and g, are integers with 0 < po/
q> < 1; ugeq and ug, are the equivalent control and switching control of u, respectively,
k, > 0.

For the g-axis current, we define its current error variable e, = iq* — ig. From (1),
the direct axis current error system can be deduced as

R; . Plpf U

e, = i';—i—pwid—&- 2

And based on the full-order TSM approach, the corresponding controller can be
designed as

Sq = eqg+ C3e’q’3/q3
g = L(ttgeq + ttgn) ’
: S R P .
Ugeq = T, + pOig + g+ o+ c3e1;3/‘13
tgn = ks [ sgn(sy)

(13)

where, c3 > 0; p3 and g3 are integers, and 0 < p3/q3 < 1; u,., and u,, are the equivalent
control and switching control of u, respectively, k3 > 0.

3 System Discretization Based on Zero-Order Holder

In order to test the influence of network transmission, the zero-order holder is adopted
to simulate the system discretization. Here we take the speed loop as an example to
illustrate the process. In order to simplify the explanation, we define variables

—3py
o= - 57 f
b=1% (14)
p=o"+ 1
By substituting (14) into (2), the speed error system can be changed as
ey = oci;—i—bw—i—p (15)

By adopting zero-order holder, the discretization of the system (15) can be
expressed as

h
eo(k+1) = ®a(k) + iy (k) —l—p/ e*'dr (16)
0
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where h is the sampling period, and the variables

O =T
{ [=b[) e de

with

{ e =T+ ah+ 9 +O(h) 17

¥ e dt = hi + hza +0(n)

Correspondingly, the sliding surface in (3) and the full-order TSM controller in (4)
can be discretized respectively as

ew(k) —eu(k—1) P

so(k) = h + Cre,(k)n (18)
iy (k) = 3,2,—$(izgq(k) + i, (k)
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In order to guarantee the system stability after discretization, the discrete SMC
stability condition s2 (k + 1) <s? (k) should be satisfied. Therefore, it has
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Similarly, for the d-axis current controller in (11) and g-axis current controller in
(13), their discretization can be deduced respectively as

sq(k) = cab=eak=l) - (=D 4 cheq (k)P
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4 Simulation and Experiment

In order to validate the proposed the double closed-loop full-order TSM control
approach and the discretization influence of of network transmission on the system, the
PMSM parameters are chosen as: the rated speed n, = 3000 r/min, phase resistance
R, = 2.26 Q, polar logarithm p, = 4, permanent magnet flux i/, = 0.0103 Wb, winding
equivalent inductance L = 1.31 mH, moment of inertia J = 0.00009 kg m?, friction
coefficient B = 0.00005 N m s, load torque is 0, given the rotating speed @ = 100
rad/s, the current limit is 6 A. In the following, the simulation and experiment are given
respectively.

4.1 Simulation Results

In order to validate the proposed full-order TSM approach applied in PMSM with
double closed-loop structure in Fig. 1, the parameters of speed controller in (3) and (4)
are chosen as: p; = 3, q; = 5, ¢; = 100, k; = 200000; the parameters of d-axis current
controller in (11) are chosen as p, = 3, g, = 5, ¢; = 10, k, = 10; and the parameters of
d-axis current controller in (13) are chosen as p3; =3, g3 =5, ¢3 = 10, k3 = 10. In
continuous domain, we compare the proposed full-order TSM control approach with
the traditional PID control, and the comparative simulations are given in Fig. 2(a)—(e).
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Fig. 2. Simulation comparisons of full-order TSM and PID

From the comparative simulations in Fig. 2, we can see that, the control perfor-
mance of PMSM under the control of full-order TSM approach is better than the
traditional PID control at fast speed and high accuracy. Furthermore, we test the
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discretization influence of network transmission. And the sampling period & are chosen
as 0.001 s, 0.003 s and 0.005 s for comparison. The simulations are given in Fig. 3(a)—

(e) and Table 1.

Table 1. Output results of speed with different sampling period &
Sampling period Rise time Maximum speed @ Relative steady state
h (s) (ms) (rad/s) error
0.001 54 100.56 0.04%
0.003 51 101.06 0.41%
0.005 50 101.64 1.33%
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Fig. 3. Influence of sampling time on PMSM control system

4.2 Experimental Results

In the following, we continue to validate the proposed full-order TSM approach in
PMSM control system by dSPACE platform. And the step size is set as 0.0001 s,
PWM wave frequency as 2500 Hz and the given speed n" = 2000 r/min. In order to
test the influence of sampling time 4, we choose 0.001 s and 0.002 s for comparisons.
And the experimental results are shown in Fig. 4(a)—(b) and Table 2.
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Fig. 4. Comparisons of motor speed with different sampling times

Table 2. Comparison of motor speed with different sampling periods

Sampling period Rise time Maximum speed Relative steady state
h (s) (ms) (rad/s) error

0.001 0.46 46 2.32%

0.002 0.47 88 4.39%

5 Conclusion

In this paper, a novel full-order TSM approach is proposed for the control of PMSM
working in network transmission environment. In order to remove the model coupling,
the vector control approach is utilized and correspondingly, the system is decomposed
into two closed loops. Specially, the discretization influence of network transmission is
investigated by comparing the control performances in continuous domain and discrete
domain. And the guaranteed stability condition after the system discretization is
deduced. The comparative simulations and experiment results validate the proposed
approach.
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