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Abstract

The sliding mode control (SMC) strategy is applied to a permanent magnet synchronous machine vector control system in this
study to improve system robustness amid parameter changes and disturbances. In view of the intrinsic chattering of SMC, a
current sliding mode control method with a load sliding mode observer is proposed. In this method, a current sliding mode
control law based on variable exponent reaching law is deduced to overcome the disadvantage of the regular exponent reaching
law being incapable of approaching the origin. A load torque-sliding mode observer with an adaptive switching gain is
introduced to observe load disturbance and increase the minimum switching gain with the increase in the range of load
disturbance, which intensifies system chattering. The load disturbance observed value is then applied to the output side of the

current sliding mode controller as feed-forward compensation. Simulation and experimental results show that the designed
method enhances system robustness amid load disturbance and effectively alleviates system chattering.

Keywords: Permanent magnet synchronous machine, Sliding mode control, Sliding mode observer

I. INTRODUCTION

The permanent magnet synchronous motor (PMSM) is a
multivariable, nonlinear, and strong-coupled system that is
extremely sensitive to parameters and disturbances; thus, its
static and dynamic processes cannot be accurately described
by traditional linear control methods, and its high operation
performance is difficult to guarantee in a wide speed range [1],
[2].

Sliding mode control (SMC) is a special nonlinear control
method with advantages such as quick response, strong
robustness, and simple implementation. However, this control
method inevitably increases frequency chattering, thus
making current research on the application of SMC to actual
motor drive systems focus on how to alleviate chattering
[3]-[6]. Current methods that effectively weaken system
chattering applied to PMSM include boundary layer [7], [8],
integral sliding surface [9],[10], reaching law [11]-[14],
sliding mode observer [15]-[19], and intelligent control
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methods [20]-[22].

Exponent reaching law can obtain a quick response and
weaken chattering, but its sliding motion area does not decay
with time; that is, system states cannot reach the origin,
whereas chattering does. The high-frequency components in
the system model are excited, and the burden on the controller
is consequently increased [11]. In [12], an SMC method based
on the exponent reaching law was applied to the speed
regulator of a PMSM vector control system; the method
enhanced system robustness and the dynamic characteristics
effectively. A variable-rate reaching law was proposed in [13],
[14]; switching gain was designed as the product of a constant
item and the state variable. The design solves the problem of
the regular exponent reaching law being incapable of
approaching the origin. However, when the system state
arrives at the sliding band, system chattering remains high. To
solve this problem, an improved exponent reaching law with
time-varying switching gain is proposed in this study; that is,
a modified factor with a small value and convergence to zero
is introduced to switching gain to obtain minimal chattering
on the arrival of the sliding band and to approach the origin
finally.

In the SMC system, only the minimum switching gain that
increases with the increase in the range of load disturbances can
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meet the sliding mode existence and accessibility condition and
thus resist the load disturbance effectively. However, an
increase in switching gain intensifies system chattering. If the
load observer method is introduced to compensate for the load
disturbance, the value of switching gain will decrease
significantly and system chattering will be greatly reduced. The
regular open-loop load observer has a simple structure but does
not use the output observation error for feedback correction of
the load observed value; thus, the observer cannot guarantee its
convergence and speed [15]. The regular closed-loop load
observer can ensure the asymptotic stability of observation but
depends on the cumbersome on-line identification of uncertain
or time-varying parameters [16], [17]. A load observer based on
sliding mode method can effectively inhibit the influence of
parameter perturbations and load disturbances on system
characteristics; however, reports on how to alleviate the
chattering of the observed value are rare [18], [19]. To solve
this problem, an improved extended load sliding mode observer
is proposed in this study with load torque and speed as
observed objects. An integral sliding surface with integral
separation with respect to the speed observation error is adopted
to avoid saturation. Switching gain is adjusted by the load
disturbance observation error and is thus made convergent to
zero. The designed observer can effectively weaken the
chattering of the observed objects on the premise of the
assurance of system robustness.

II. MATHEMATICAL MODEL OF PMSM

The stator voltage of PMSM in the d—q synchronous
rotating reference frame can be expressed as

u; =Ri, + L, % - an)eiq
. , 1)

di
Cp q .
u, =Ri +L, m + Lo, + oy,

where Uy and U, are the d—q axis stator voltages, i; and
i, are the d—q axis stator currents, L; and L, are the d—q

axis inductances, R

. is the stator phase resistance, W, is
the rotor permanent magnet flux linkage, and @, is the rotor
electrical angular speed.
The corresponding electromagnetic torque is
T, =15 p(pi, + (L = L)id,) - @)
The associated electromechanical equation is as follows:

+ B o, 3)

m~“m 2

where 7 isthe load torque, p is the number of pole pairs,
J is the moment of inertia, B 1is the friction coefficient,

and @, 1is the rotor mechanical angular speed.

III. DESIGN OF CURRENT SMC

A.  State Space Equation

In a current control system, the state variables are d—q axis

current errors ¢; and e, and the control inputs are d—q axis

voltages u, and u, . Thus,

T . . . . T
X = [ed eJ = [zdr —ly I —ZJ
" ; Q)
w=lu, ]
where i, and i are the reference commands of the d—q

axis currents.
The state space equation of the d—q axis current control
system can be described from Egs. (1) and (4) as

& 4, 4, B 0 E
= X+ u+ R (®)]
el |4 4 0 B E,

R L L R
where 4,=—-—", 4,=—0,, 4,=—"0,, 4,=-7",
L, L, L, L,
1 1 L
B=-— , B=—F+ |, =i, -—wi, , and
L, L, LI,
L 1
EZ = fdwgldr + iqr + wc‘//f
q q q

B.  Sliding Surface

The integral sliding surface can eliminate static system
errors and enhance control precision. Thus, the integral
sliding surfaces with respect to the d—q axis current errors are
utilized as follows:

; (6)
Sq

t
s QLQM+Q

s = = ,
QLQ&+%
where ¢, and c, are the integral coefficients of the d—q

axis sliding surfaces.

C.  Reaching Law

Given the disadvantage of the regular exponent reaching
law, an improved exponent reaching law is proposed in this

study, where a time-varying modified factor p(|x|) is
introduced to switching gain. The modified switching gain is

then designed as the product of a constant item and p(|x|) .
Modified factor p(|x|) is designed as follows:

[

p(x) = , (7

‘x‘+o-d.q
where o, is the corresponding coefficient of either the

d-axis or the g-axis modified factor. The reaching law with
respect to the d—q axis current errors can then be expressed as
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where ¢, and &, are the switching gains of the d—q axis

sliding surfaces and 7, and 7, are the exponent

coefficients of the d—q axis sliding surfaces.
modified

Therefore, switching  gain 81,0(|eCl |) or

82,0(|eq |) is always smaller than the original & or ¢,

and thus makes system chattering smaller upon arrival of the
sliding band than the variable rate reaching law; it decays to
zero with the system state to overcome the disadvantage of
the regular exponent reaching law.

D.  Control Law (Switching Function)
With E, and E, as disturbance terms, the current SMC

law based on the improved exponent reaching law can be
derived from Egs. (4) to (8) as follows:

1

1
|:u i| 7;[(61 +4)e, + Alzeq + 81p(‘ed‘)5gn(sd) + 77|Sd:|
d
u= =

Uy

| .
_E[(CZ + Az)eq +A4,e,+ gzp(‘eq‘)sgn(sq) + nzqu
2

©

E.  Continuous Switching Function

The sign functions in the control law in Eq. (9) can be
replaced by a continuous smoothing function to alleviate the
high-frequency chattering caused by sliding mode switching.
Sq

sgn(s, )~ —2t—o 10
g(d,q) ‘Sd,q"f'é‘dwq (10)

where &,, is the smoothing coefficient of either the d-axis

or the g-axis smoothing function. Chattering cannot be
alleviated effectively if J,, is too small; otherwise, the
dynamic responses of the sliding motion will worsen. Thus,
these two conditions should be weighed to select an
appropriate value of 5d’q .

F.  Stability Analysis

According to Lyapunov’s stability theory, the sliding mode
existence and accessibility condition is expressed as

V(x)=s"'§<0. (11)
Substituting Egs. (4) to (8) into Eq. (11) yields
& >|E| and ¢, >|E,|. (12)

The minimum switching gain that increases only with the
increase in the range of load disturbance can meet Eq. (12).
However, the increase in switching gain intensifies system
chattering. If the load observer method is introduced to

compensate for the load disturbance, a small switching gain
can meet the sliding mode existence and accessibility
condition and thus weaken system chattering.

IV. DESIGN OF THE LOAD SLIDING MODE
OBSERVER

A.  Extended State Space Equation

With electrical angular speed @, and load torque 7; as
the state variables, electromechanical torque as the system
input, and @, as the system output, the extended state space

equation can be described from Eq. (3) as

MY T
7] o N 0 R U (13)

B. Observer Model

With speed @, and load torque 7; as the observed

objects, the model of the load sliding mode observer is
established from Eq. (13) as follows:

A B Pl p
we ——a I a)e - 1 A
{;}: J J {} J Te{l}f(m;we), (14)
T 0o o |thd o

where / is the feedback gain of the observer and f(@, —@,)

represents the sliding mode control function with respect to
observation error @, —@,, which depends on its sliding
surface and reaching law.

Subtracting Eq. (14) from Eq. (13) yields the error equation
of the observer.

. B, p
e =———e, ——€; — e
® J ® J T f( m)’

& =-If(e,)

where e, =@, - @, and e, =T, - T, .

(15)

C. Sliding Surface

The integral sliding surface can reduce static system errors
but may result in saturation and even system oscillation. An
integral separation-based integral sliding surface is designed
in this study to solve this problem. The integral function is

canceled to avoid saturation when system error e, is greater
than preset threshold e, -

The integral sliding surface with integral separation with
respect to the speed observation error can then be expressed
as
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Fig. 1. Structural diagram of the load sliding mode observer.

t
_ c(o .[0 emdt + e(o ‘em‘ < em(lh) (16)

® s

e(u ‘em‘ > em{lh)

where ¢, and e, are the integral coefficient and the

separation threshold of the observer integral sliding surfaces,
respectively.

D. Reaching Law

The exponent reaching law with respect to the speed
observation error can be expressed as

‘S:w = C(neu) + éw: - Eo) Sgl’l(Sm) - 770)5(0 > (17)

where &, and 77, are the switching gain and the exponent

coefficient of the observer reaching law, respectively.

E.  Control Law
By substituting Eq. (15) into Eq. (17) and with —geT as

the disturbance term, the sliding mode control law of the load
sliding mode observer can be deduced as follows:

fle)=(c, = B,J e, +&,58n(s,) +11,5, - (18)
Thus, the structure diagram of the load sliding mode

observer can be generated according to Egs. (13) to (18) as
shown in Fig. 1.

F.  Stability Analysis

According to Lyapunov’s stability theory in Eq. (11), the
sliding mode existence and accessibility condition of the load
observer can be derived from Egs. (14) to (18) as

e, >§\eT\. (19)

When load torque observation error e, is large, necessary
switching gain &, and the resulting chattering of the

observed objects are also large.

G. Switching Gain
To solve the problem above, a method that involves the
on-line adjustment of switching gain is proposed in this study.

Switching gain &, is adaptively tuned by load torque

observation error e, . The designed observer can weaken the

observed chattering on the premise of the assurance of system
stability.

The adaptive adjustment law with respect to switching gain
&, 1s then designed as follows:

(o]

ek Bl @

where k. is a constant greater than 1. Thus, when load
observation error e; is large, switching gain &, should

also be large to ensure observer robustness; otherwise, when
e, converges to zero, &, approaches zero and observation

chattering decreases.

H. Load Compensation

Load disturbance observed value 71 is equivalently
compensated to the output side of the current SMC to reduce
switching gain in the control law in Eq. (9); thus, we can
obtain the current SMC law with load torque feed-forward
compensation as follows:

Uy

» (21)

'

1 -

|: /:| 7;[(01 +4)e, + Alzeq + glp(‘ed‘)sgn(sd) +1,84 +kchL:|
1

u = =

u
q

1 .
_E[(c2 + Az)eq +A,e, + gzp(‘eq ‘)sgn(sd) +17,5, +quTL]

2
where k, and k, are the load compensation coefficients

of the d—q axis SMC law. In the motor mode (i, >0 and

i, <0), items —B'k,T, and —B;kcqf’L are compensated

for items —L @i, and Lo, +o,y, of stator voltages
u, and u, in Eq. (1) separately. Therefore, -B'k, <0
and -B;'k_ >0.

2 "eq
Similarly, according to Lyapunov’s stability theory in Eq.
(11), the stability condition of the current SMC can be
deduced from Egs. (4) to (8) as

& > ‘El —k,T;| and &, > ‘Ez —kcqu

. (22)

Adopting the load torque compensation method significantly
reduces switching gain and thus effectively alleviates system
chattering.

V. SIMULATION RESULTS AND ANALYSIS

A simulation model of the PMSM drive and control system
(Fig. 2) is built and examined in MATLAB.

The PI control method is applied to the speed outer loop in
the system model. The speed controller provides current
command iy, which is distributed in d—q axis current
commands ig and i, according to the maximum torque per
ampere vector control rule. The improved exponent reaching



Current Sliding Mode Control with a Load Sliding Mode Observer for ... 109

i, | Sliding u
: Lar Us + 4 Uy
Omr| Pl speed |is MTPA.—D mode N Park Space |—¥ Three
controller lookup i, current |4+ + oM Jinverse |48, VECtOr phase
table [ > PWM ¥ VSI
controller | k,7;| 4
o k.7,
iq iq eqL
I .
Sliding  [¢ 4 la ia
mode load | j, [ | park [ 4] Crarke [,
observer N
o, ¢
" Rotor position and

Fig. 2. Structural diagram of the system simulation model.

TABLE1
PARAMETERS OF THE CURRENT SMC
AND LOAD SLIDING MODE OBSERVER

speed detection

Parameters Values
-1 -1
-B's,, -B's, 185.0, 175.0
Oy, Oy 6.0,3.0
-B'c,, -Bj'c, 0.03, 0.05
k, 1.5
Cos Coth) 0.12, 50
-B'ky. —Bj'k, -1.5, 1.4

law based on the SMC method is employed in the current
inner loop combined with the sliding mode observer based on
the load disturbance compensation method to alleviate the
system chattering of the SMC.

The main parameters of the designed current SMC in the
simulation and experiments are shown in Table 1. The
sampling time of the controller is 100 ps in the simulation,
similar to the switching time, and 2 ms (20 times the length of
the switching time) in the experiments.

Figs. 3 and 4 show the simulation curves of the loading and
unloading responses of the observed load torque under a
speed command of 3000 r/min. The load torque abruptly
changes from 36 N'-m to 72 N-m at =10.0 s and from 72 N-m
to 36 N-m at /=20.0 s. Constant switching gain is employed in
the regular method, whereas adaptive switching gain is
applied in the improved load observation method as shown in
Eq. (20). For the improved method, the observed load torque
responds more quickly and has a smaller overshoot; thus, the
improved load sliding mode observer has better tracking
characteristics.

Figs. 5 and 6 provide comparisons of the simulation curves
of the current tracking responses of step load in the regular,
improved exponent reaching law, and improved load
observation and compensation methods under a speed
command of 3000 r/min. The load torque changes abruptly
from 36 N'm to 72 N-m at /=10.0 s and from 72 N'm to 36
N-m at =20.0 s. Constant switching gain is employed in the
regular method without the load observer. The modified
switching gain with the time-varying factor shown in Eq. (7)
is applied to the improved exponent reaching law method
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Fig. 3. Simulation curves of the loading responses of observed
load torque.
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Fig. 4. Simulation curves of the unloading responses of observed
load torque.

without the load observer, whereas the improved exponent
reaching law with time-varying switching gain and the
improved observer with the adaptive switching gain are both
adopted in the improved load observation and compensation
method. In the dynamic processes, the d—q axis currents for
the improved reaching law method respond more quickly and
have a smaller overshoot than the regular one, whereas those
for the improved compensation method respond the quickest
and have the smallest overshoot; thus, the designed SMC has
superior current tracking characteristics with load disturbance.
In the steady states, the d—q axis current ripples for the
improved reaching law method are smaller than the regular
one, whereas those for the improved compensation method
are the smallest. This result is consistent with the theoretical
analysis on the reaching law and observer in Sections III and
Iv.

VI. EXPERIMENTAL RESULTS AND ANALYSIS

Loading and unloading experiments are performed for the
proposed reaching law and observer methods to validate the
system characteristics of the anti-disturbance and chattering
inhibition of the current SMC. The hardware configuration of
the PMSM drive and control system is shown in Fig. 7. The
related parameters of PMSM are shown in Table II.

Figs. 8 and 9 provide comparisons of the tracking responses
with load change between the regular observer and the
improved one under a speed command of 3000 r/min. The
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Fig. 5. Simulation curves of the loading current tracking Fig. 6. Simulation curves of the unloading current tracking

responses. (a) Speed responses. (b) D-axis current responses. (c) responses. (a) Speed responses. (b) D-axis current responses. (c)
Q-axis current responses. (d) Phase current responses. Q-axis current responses. (d) Phase current responses.
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Fig. 7. Hardware configuration of the PMSM drive and control
system.

TABLEII
PARAMETERS OF PMSM
Parameters Values
Output power (kW) 30
Rated speed (r/min) 4500
Rated torque (N-m) 72
D-axis and Q-axis inductances (mH) 0.13 and 0.33
Flux linkage (Wb) 0.062
Number of pole pairs 4

load torque increases from 36 N-m to 72 N-m suddenly at
t=10.0 s and decreases from 72 N'm to 36 N'm abruptly at
t=10.4 s. The improved load torque observer responds more
quickly and has no obvious overshoot; thus, the improved
observation method has better tracking characteristics with
load disturbance.

Figs. 10 and 11 provide comparisons of the current
dynamic index with different step load changes, where AT
represents a step change from a different load to the full load

with a maximum value of 72—18254(N-m) in actual

operating conditions. When the load torque provides a step
change within the rated range, the overshoot for the regular
method is approximately 30%; that for the improved reaching
law method decreases to approximately 15% and that for the
improved observer one decreases further to approximately
10%. The adjustment time for the regular method is
approximately 490 ms, that for the improved reaching law one
decreases to 360 ms, and that for the improved observer one
decreases further to 220 ms.

9.9 10.0 10.1 10.2 10.3 10.4 10.5
tls

Fig. 8. Experimental curves of the tracking response with load
change for the regular observer.
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9.9 10.0 10.1 10.2 10.3 10.4 10.5
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Fig. 9. Experimental curves of tracking response with load
change for the improved observer.
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Fig. 10. Comparisons of current dynamic index—overshoot with
step load.
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Fig. 11. Comparison of the current dynamic index—adjustment
time with step load.
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Figs. 12 to 14 provide comparisons of the loading responses
of the regular method, improved exponent reaching law
method, and improved load observation and compensation
method under a speed command of 3000 r/min, where the
load torque abruptly increases from 36 N'm to 72 N'm at
t=10.0 s. Figs. 15 to 17 provide comparisons of the unloading
responses of the three abovementioned methods under the
same speed command, where the load torque abruptly
decreases from 72 N'm to 36 N-m at t=20.0 s. The currents

and speed for the improved reaching law method respond
more quickly and exhibit less chattering in both the dynamic
and static states than the regular one, whereas those for the
improved compensation method respond the quickest and
exhibit the least chattering. Therefore, the designed controller
with a load observer enhances the system characteristics
under load disturbance and alleviates system chattering
significantly.
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Fig. 12. Experimental curves of the loading responses for the regular method. (a) Speed response. (b) D—q axis current responses. (c)

Phase current response.
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Fig. 13. Experimental curves of the loading responses for the improved reaching law method. (a) Speed response. (b) D—q axis current

responses. (¢) Phase current response.
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Fig. 14. Experimental curves of the loading responses for the improved load observer method. (a) Speed response. (b) D—q axis current

responses. (c) Phase current response.
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Fig. 15. Experimental curves of the unloading responses for the regular method. (a) Speed response. (b) D—q axis current responses. (c)

Phase current response.
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Fig. 16. Experimental curves of the unloading responses for the improved reaching law method. (a) Speed response. (b) D—q axis

current responses. (¢) Phase current response.
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VII. CONCLUSION

SMC has the advantages of quick response, strong
robustness, and simple implementation. To improve system
robustness amid parameter changes and disturbances, the
SMC strategy was applied to the PMSM vector control
system. However, this control strategy inevitably results in
high-frequency chattering. In view of the problem of intrinsic
chattering in the SMC system, a current SMC method with a
load sliding mode observer was developed. In this method, an
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Fig. 17. Experimental curves of the unloading responses for the improved load observer method. (a) Speed response. (b) D—q axis
current responses. (c) Phase current response.
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improved exponent reaching law based on the current SMC
law was deduced. A load torque sliding mode observer model
with adaptive switching gain was built, and the load
disturbance observed value was compensated to the output
side of the current SMC. Simulation and experimental results
show that the designed SMC enhances system robustness
amid load disturbance, alleviates system chattering
effectively, and thus improves system static and dynamic

characteristics under load disturbance.
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