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A New Load Adaptive Identification Method

Based on an Improved Sliding Mode Observer for
PMSM Position Servo System

Wengqi Lu™, Bo Tang ', Kehui Ji"?, Kaiyuan Lu

Abstract—The effective identification of the load torque is one of
the key methods to improve the positioning accuracy of the position
servo system, and the sliding mode observer (SMO) is a common
identification method in the speed control system because of its
advantages of insensitive parameters and easy physical realisation.
However, the existing SMO cannot achieve high precision and high
response identification of load torque in the full speed range when
the motor is running at variable-speed or variable-load, which
limits its application in the position servo system. Based on the
analysis of the stability and the adaptive law of feedback gain
coefficient, an improved SMO for adaptive identification based on
adaptive control and improvement of cut-off frequency is proposed.
To verify the proposed method, the dedicated simulation model and
test platform are built. The results show that the proposed observer
can realize the adaptive identification of the load torque under the
condition of variable-speed or variable-load, and the estimation ac-
curacy is high. The position servo system designed by the proposed
observer can improve the response against load change, which is
an effective method for high-precision positioning control of the
position servo system with a variable-speed or variable-load.

Index Terms—Adaptive  identification,  high-precision
positioning, improved sliding mode observer (SMO), position
servo system.

1. INTRODUCTION

HE high-speed and high-precision position servo system is
T one of the key technologies for the research and develop-
ment of the mechanical arm such as welding robot, double arm
cooperation robot, etc. For this, in recent years, some methods
have been put forward to suppress the changes of internal elec-
tric parameter or external mechanical disturbance. This article

Manuscript received March 18, 2020; revised July 5, 2020; accepted August
5, 2020. Date of publication August 14, 2020; date of current version October
30, 2020. This work was supported in part by the Zhejiang Provincial Natural
Science Foundation of China under Grants LY 18E070006 and LY 19E070006, in
part by the National Natural Science Foundation of China under Grant 51677172,
and in part by the Fundamental Research Funds of Zhejiang Sci-Tech University
under Grant 2019Q031. Recommended for publication by Associate Editor T.
Shi. (Corresponding authors: Wengi Lu; Kaiyuan Lu.)

Wengi Lu, Bo Tang, and Kehui Ji are with the Faculty of Mechanical
Engineering and Automation, Zhejiang Sci-Tech University, Hangzhou 310018,
China (e-mail: luwenqi @zstu.edu.cn; tangbok @ 163.com; jkh@zstu.edu.cn).

Kaiyuan Lu and Dong Wang are with the Department of Energy Tech-
nology, Aalborg University, 9220 Aalborg, Denmark (e-mail: klu@et.aau.dk;
dwa@et.aau.dk).

Zhijun Yu is with Jiangsu Yuandong Electric Manufacturing Company, Ltd.,
Taizhou 225500, China (e-mail: zhhbyyzj@126.com).

Color versions of one or more of the figures in this article are available online
at https://ieeexplore.ieee.org.

Digital Object Identifier 10.1109/TPEL.2020.3016713

, Member, IEEE, Dong Wang

, Member, IEEE, and Zhijun Yu

summarizes and classifies these methods, which can be divided
into the following two categories: one is the method of chang-
ing the original three-loop proportion integration differentiation
(PID) control structure, such as autodisturbance rejection ob-
server [1], [2], internal model control [3], [4], two degrees of
freedom PID control [5], [6], etc. The characteristic of this kind
of method is that the controller is not specially designed to sup-
press a certain parameter change or disturbance, but it is effective
to suppress a variety of parameter changes or disturbances.
Generally, it does not involve the self-tuning of the controller
parameters, which can improve the response speed, robustness
and positioning accuracy of the servo system to a certain extent.
However, this method not only needs to adjust more parameters
of the controller but also has the problem of difficult parameter
setting. Moreover, the time delay characteristic of the controller
will produce overshoot and deviation for the positioning of
the large inertia load system such as the manipulator, which
is more suitable for the application of the small inertia load
object. For example, in [1] and [2], it adopted active disturbance
rejection control (ADRC) to realize the control of robustness and
immunity of motor parameters. However, the ADRC controller
has many settings, and it adopted multiple ADRC controllers,
which cause parameters tuning is more complicated.

Another is parameter self-tuning method based on traditional
PID control structure, which can also be divided into two main
categories: the PID self-tuning method based on intelligent con-
trol [7]-[9], and the PID parameter self-tuning method based on
modern control theory [10]-[21]. Among them, the PID param-
eter self-tuning method based on intelligent control generally
uses fuzzy control or neural network to solve the uncertainty
problem [7]-[9], the deviation between the actual output and
the expected output is used as the basis for parameter change.
When the deviation is eliminated, the parameter tuning ends.
However, it ignores the periodicity of the setting process and
the self-learning ability, which results in low efficiency and long
positioning time. The PID parameter self-tuning method based
on modern control theory mostly adopts the targeted method of
first identifying disturbance and then compensating or adjusting
controller parameters. The time of parameter tuning is only
limited by the response time of parameter identification. As long
as time is short, the tuning efficiency of the system will be very
high. Its implementation process can be summarized as “(pa-
rameter) identification-adjustment (compensation)-adaptation”.
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At present, it is the main method to restrain parameter change
or disturbance, and the effective identification of the load torque
is the key foundation of this method.

For the identification of the load torque, many methods have
been proposed. In [10] and [11], a full/reduced-order observer
is proposed, and it is applied to the case of heavy load driving,
such as servo broaching machine, servo press, etc. But, the
calculation accuracy depends on the motor parameters, which
are not suitable for the complex system. In [12] and [13], an
adaptive control strategy based on a disturbance observer is
proposed. The disturbance observer is used to estimate the load
change, and the adaptive controller is used to compensate for
the norm bounded disturbance, which effectively improves the
anti-interference ability. But, these methods are still dependent
on the mathematical model of the motor and have low robustness
to parameter changes. In [14] and [15], the load torque observer
based on a Kalman filter is proposed, and the simulation and
experimental verification are carried out. The results show that
the method can achieve excellent results, but these observers
are more complex, which are difficult to be applied in the large
inertia load system such as the mechanical arm. In [16]-[18], the
model reference adaptive control method is used to identify the
load torque, and the experimental results verify the validity of
the method. However, these methods also depend on the motor
parameters and have low robustness.

The sliding mode variable structure control has been in-
troduced to the identification algorithm of load torque by re-
searchers due to its insensitivity to parameter change and dis-
turbance, fast response, and easy physical realization. For ex-
ample, in [20], a sliding mode observer is introduced into the
identification of load torque for the first time. The load torque
and speed are taken as the state variables, and the deviation
between the actual value and the observed value of speed is
considered as the sliding mode switching surface. The switching
signal is designed by the sign function. Theoretical analysis and
experiments show that the observer can accurately observe the
load torque. However, the two variables of load torque and speed
are used as state variables in the observer, and the calculation
process is complex; the switch function is used as switching
function, which has the problems of chattering, low accuracy of
load torque identification, slow response and so on. In order to
solve this problem, a new load torque identification sliding mode
observer is proposed in [21]. The switching function is replaced
by saturation function, and the estimated load torque feedback
is introduced into the speed observation mathematical model of
the traditional sliding mode observer. The results show that the
new sliding mode observer for load moment identification has
higher accuracy and faster response than the traditional observer.
It is an effective method for load moment identification and
disturbance suppression. However, at present, this method is
researched based on a servo system with constant speed and
constant load using the method of adjusting compensation and
optimizing control parameters manually. When the system is
running at variable-speed or variable-load, such as the position
servo drive system of robot joints, it is necessary to make an
offline table for the control parameter and compensation quantity
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according to the test results and use the offline table to adjust the
observer parameters, but the offline table data often depends
on the system parameters and the resource allocation of the
control core, which limits the application of this method in the
high-speed and high-precision position servo system.

Therefore, in order to realize the adaptive identification of load
torque under the condition of variable-speed or variable-load
for the high-precision positioning of the position servo system,
an improved sliding mode observer for adaptive identification
based on adaptive control and improvement of cut-off frequency
is proposed. The theoretical analysis and experimental test are
carried out, which are described below.

II. PROPOSED IMPROVED SLIDING MODE OBSERVER FOR THE
LOAD TORQUE IDENTIFICATION

In order to solve the problem of load disturbance com-
pensation in the high-speed and high-precision position servo
system, an improved load torque identification sliding mode
observer is proposed based on the design idea of “(parameter)
identification-adjustment (compensation)-adaptation” as men-
tioned earlier, which can adaptively estimate the load torque
during the variable-speed and variable-load operation. Its prin-
ciple is described later.

A. Design of the Traditional Load Torque Identification
Sliding Mode Observer

The voltage equation of the permanent magnet synchronous
motor (PMSM) in the d—¢g two-phase coordinates is

{ ug = Rig + Ladig/dt — weLyi, 0
Ug = Rig+ Lydig/dt + we(Laiq + ¥y).
The torque equation of PMSM is

T. = 1.5P, [to7ig — (Lq — La)iaiy) 2
The motion equation of PMSM is

(J/Py)dw,/dt = T, — Bw./P, — Ty 3)

where R is stator resistance; uq, Ug, t4, tq, Lq, and L, are
the stator d-axis and g-axis voltages, currents, inductances,
respectively; ¢ is the rotor permanent magnet flux-linkage; .J
is the moment of inertia; B is the viscous friction coefficient; P,
is the number of pole-pairs; w, is the electrical actual angular
velocity of the motor; 7, and 77, are the electromagnetic torque
and load torque, respectively.

By substituting (2) into (3), the state equation of PMSM can
be obtained as

dwe/dt = 1.5P2[sig + (La — Lg)iaig)/J
— P, T1/J — Bw,/J. )

In [21], a traditional sliding mode observer is proposed, in
which the saturation function replaces the sign function, and
the estimated load torque is introduced into the mathematical
model of the speed observer. Based on this, the speed estimation
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Fig. 1. Schematic diagram of the traditional load torque identification SMO.

formula of the traditional sliding mode observer is obtained as
follows:

die/dt = 1L.5P2[tyig + (La — Lg)iaig)/J
—1Zy — B ) J — Zs (5)

where Z; = k x sat(®. — w,) is the saturation function, [ is the
feedback gain coefficient of Z 5, Z. is the equivalent control
function, as shown in (6), which is obtained by filtering the
control function Z with a low-pass filter

Zes = Zs X we /(s + we). (6)

In (6), w, is the cut-off frequency of the low-pass filter.
Defining the speed estimation error as w, = W, — w, it can
be obtained by subtracting (4) from (5) that

dise/dt = P, Ty, )J —1Zes — B J — Zs. 7)

According to the sliding mode control theory, the sliding
surface is defined as

S(z) = @e = @e — we = 0. (8)

It satisfies SS:Ss:O when the system enters the steady-state
and sliding around the sliding mode surface. Thus, the load
torque can be estimated as

Ts1=J (1 Zes+Zs)/ Pr. 9)
It can be seen from (9) that the load torque identification TS L
is composed of two parts: J(IZ.s)/P,, and J(Zs)/P,, respec-
tively. Among them, the .J(Z)/ P, retains the harmonic compo-
nent caused by the switching function Z;, and the J({Z.s)/ P,
contains the effective components after the harmonic content
is filtered. The calculation of J(IZ.s)/P, will inevitably in-
troduce response delay and estimation error. When running at
variable-speed or variable-load, it must be compensated, and the
compensation quantity is directly related to the phase response
of the low-pass filter, which can be obtained according to

ATy, = tan™ (wr, Jw.) (10)

where wr, is the frequency of estimated load torque.

Based on the above analysis, the schematic diagram of the
traditional load torque identification SMO (old_SMO) can be
obtained, as shown in Fig. 1.

To estimate the load torque accurately, [21] has carried out
experiments on the constant speed and constant load system
with manual adjustment of the compensation quantity AT},
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and the optimization of the [ parameter, as shown in Fig. 1,
which realizes the accurate identification of load torque under
the condition of constant speed and constant load. However,
when the system is running at periodically variable-speed or
variable-load condition, it is necessary to make an offline table
for the [ parameter and compensation quantity according to (10)
and use the offline table to adjust the observer parameters. But,
the offline table data often depends on the system parameters
and the resource allocation of the computer control core, which
limits its practical engineering application.

B. Design of the Improved Load Torque Identification
Sliding Mode Observer

In order to solve the problems of the traditional sliding mode
observer mentioned above in the case of variable-speed or
variable-load, first, a low pass filter with the cut-off frequency
changing with the wr, is proposed as

H(ijL) = wc/(ijL + WC)

_ Wty /M wry, > Wry,

w
.=

O‘)TLI/M Wty < Wy -

In (11), M is a constant coefficient (general 0.2~0.5).wr, ,
is the lowest cut-off frequency, corresponding to the minimum
frequency threshold of the load torque, to prevent zero denom-
inators when the load torque and speed are constant. Since the
value wr, , is small, the compensation quantity can be calculated
by

(11

ATy, = tan (wr, /w.) = tan ' M. (12)

Then, the final estimation formula of load moment can be
obtained as follows, according to (6), (9), and (12):

Ty, = T 4+ ATy, = J(I4-14-5/we) Zes ) P + tan M

= J(I4+14jM)Zss/ Py, + tan ' M (13)

where s = jwr, .

It is known from (10)—(12) that the cut-off frequency of the
low pass filter varies with the frequency of estimated load torque,
and the offset of estimated load torque is a constant associated
with the constant M. In this way, the cut-off frequency and
compensation quantity of the low-pass filter can be calculated
based on the estimated load torque and constant M. Thus, the
accurate load torque can be estimate conveniently. It is known
from (13) that the response delay of the load torque identification
value is caused by the introduction of the low-pass filter and
parameters [. If [ = 0, it is the sliding mode observer with the
saturation function. The delay of the load torque identification
value is determined only by the introduction of the low-pass
filter. If [ # 0, the introduction of [ increases the phase lag effect
of the original low-pass filter when —1 < [ < 0; the introduction
of [ weakens the phase lag effect of the original low-pass filter
when [ > 0, and the larger the [ is, the smaller response delay
is. In this way, the disturbance and harmonic of the load torque
estimation can be effectively balanced by adding the feedback
coefficient [ to the compensation of the original low-pass filter,
thus improving the estimation accuracy.
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Second, according to the sliding mode variable struc-
ture control principle and the proposed low-pass filter, an
adaptive control method of the feedback gain coefficient is
proposed.

The condition for the existence of the sliding mode is

V=Sx8<0. (14)

By substituting (4), (7), and (8) into (14), it can be obtained
that

S xS
(P, Tr/J — (14 lwe/(jwr,, ; +we)) k] S — BS?/J
S>A
[P TL/J — (1 +lw./(jwr, +we)) kS/A] S — BS?/J
- —A<S<A
[P Tr/J + (1 +1w./(jwr, +we)) k]S — BS?/J
S < —A.
15)

Because —BS?/J < 0, —(1 + lw./(jwr, +we))kS?/A <
0, it can be seen from the analysis that if (16) is established and
substituted into (15), then (15) satisfies the condition of (14).
Therefore, (16) is the necessary condition for the stability of the
sliding mode observer

(1 +lwe/(jwr, +we)) k> P,TrL/J. (16)
By substituting (11) into (16), it can be obtained that
1> (P Tp/(kxJ)—1)(jM+1). a7

In order to satisfy the relationship of formula in (17) and
simplify the calculation, M in (17) is removed, and (17) can be
simplified as

1> (P Ty)(kxJ)—1). (18)

The selection of feedback gain coefficient [ must satisfy the
stability requirement of (18); otherwise, the observer cannot
perform sliding mode motion. According to (18), the value of
the feedback gain coefficient [ is proposed as

I=2P,Trn/kJ —1 (19)
where 177, is the maximum load torque of the motor.
By substituting [ into (13), it can be obtained that
Ty = J{jM + 2P, T1n/kJ} X Zes/ Py + tan™ ' M
~ 2Ty X Zes/k + tan™* M. (20)

According to (19) and (20), the schematic diagram of the
proposed improved load torque identification SMO (new_SMO)
can be obtained, as shown in Fig. 2.

C. Stability Analysis

The proposed improved load torque identification SMO de-
scribed in (7) is used for stability analysis.

When S > A, the output signal of the saturation function is
constant k (i.e., Zs = k), so as the output of the low pass filter
(LPF) (i.e., Z.s = k). Similarly, for condition S < —A, it has
Zs = Ze.s = —k. When the SMO is operating around the sliding
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Formula
(6)and (11)
J-
V%
J X

< J/,
b, P

T, =2T,,Z, [k+tan' M l =222 T

Speed observer
based on PMSM
i mathematical
model

A

Fig.2.
SMO.

Schematic diagram of the proposed improved load torque identification

surface (i.e., —A < § < A), supposing the cut-off frequency of
the LPF is high, and the effective signal of S (i.e., not including
the noise) is not affected, it has Z; = Z.s = S - k/A. Then, (7)
can be rewritten as where the sliding surface S is the speed error
as defined in (8)

—k(1+1) S>A
s B, P - ;
E+7S_7TL: —£S(1+1), —A<S<A
k(1+1), S<-A.

ey

According to the Routh—Hurwitz stability criterion, when .S >
A or S < —A, the system is stable if B/J> 0, which is
always true; when —A < S < A, the system is stable if
BlJ+(1+1)-k/A > 0, which is always held as well since all
the parameters have positive values. The larger the coefficient
B/J+(1+1)-k/A value is, the larger the system damping factor
becomes, and the shorter the system transient is.

If taking the influence of the LPF into consideration when the
speed error varies around the sliding surface, i.e., —A < S < A,
the system equation in the frequency domain can be expressed
as

B P, k We
~E i’ie_iT :——~e 1 l 22
sWe + —0e — =T Aw(+s+wc) (22)
where s is the complex variable of Laplace transform, and @, is
used to replace s to avoid possible confusion. By rewriting (21),
it can be obtained that

200 + [ w —i—E—i—E L)
e C J A €

+we (lj + g(l + z>> e = % (70 +wcT) @3)
where Tpis the time derivative of T7. According to
Routh—-Hurwitz stability criterion, the system is stable if
(wet+Z+%)>0and w(Z + £(1+1)) > 0, which is al-
ways true for the proposed SMO. It can be seen from the above
analysis that the proposed SMO is always stable, which is a big
advantage.

III. DESIGN OF THE POSITION SERVO SYSTEM

The schematic diagram of the position servo system is shown
in Fig. 3, which is composed of position control loop based
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Fig. 3. Schematic diagram of the position servo system.
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Fig. 4.  Schematic diagram of the special motor driving test platform.

on a P regulator, speed control loop based on a proportion
integration (PI) regulator, current control loop based on a PI
regulator, Park transform, Ipark transform, Clark transform,
rectifier/inverter, encoder, PMSM, space vector pulsewidth mod-
ulation (SVPWM), traditional and improved load torque identi-
fication SMO, etc. Among them, the load torque identification
SMO (as shown in Figs. 1 and 2) is used for estimating the
load torque. The identification value of the load torque is feed-
forward compensated to the given end of the quadrature current,
where b is the feed-forward coefficient. And, b is set according
to the torque coefficient of the motor.

IV. EXPERIMENTAL TEST

In order to verify the correctness and superiority of the pro-
posed scheme, a simulation model of position servo system and
a special motor driving test platform are designed, whose special
feature is that the load is a function of speed. The schematic dia-
gram of the motor driving test platform is shown in Fig. 4, which
is composed of a prime motor (PMSM), encoder, torque-speed
sensor, load generator (PMSM), three-phase voltage regulator,
manual switch, three-phase resistor, driver, current and voltage
acquisition board, DSpace control system based on PC, etc. The

Electric
= motor(P

-

Torque and
speed sensor

Dspace

platform Manual

switch

\ Three phase
voltage
regulator

Fig. 5.

Motor dragging test platform based on DSpace.

actual platform based on Fig. 4 is shown in Fig. 5, and the main
parameters are given in Table L.

A. Test of the Estimated Performance of the Old_ SMO

The performance of the Old_SMO is carried out at a given
constant speed of 500 and 2000r/min, respectively, with a given
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TABLE I
KEY PARAMETERS OF THE SPECIAL MOTOR DRIVING TEST PLATFORM

Electric motor (PMSM) Other key parameters

Rated speed 2000 Load generator SIEMENS
(rpm) (PMSM) 1FK7080
Rated torque 6 Torque and speed DR-3000
(N.m) sensor
Polar logarithm 4 DSpace platform DS1103
Resistance(Q) 0.68 M 0.2
Q-axis and d-axis
inductor (mH) 0.0055
Total moment of 0.01482

inertia (kg.m?)

Rated voltage (V) 380

constant load torque of half and full load, respectively, as shown
in Fig. 6. It can be seen from Fig. 6(a) that compared with the
average load torque of 2.98 N.m at 500 r/min, the maximum
ripple of the actual load torque, estimated load torque obtained
by old_SMO is 0.27% and 0.97%, respectively, when | =5, A =
20, and k = 500. It can be seen from Fig. 6(b) that compared with
the average load torque of 6.05 N.m at 500 r/min, the maximum
ripple of the actual load torque, estimated load torque obtained
by old_SMO are 0.20% and 0.46%, respectively, when [ = 8§,
A =20, and k& = 800. It can be seen from Fig. 6(c) that compared
with the average load torque of 2.98 N.m at 2000 r/min, the
maximum ripple of the actual load torque estimated load torque
obtained by old_SMO is 1.88% and 2.01%, respectively, when
[ =10, A = 20, and k£ = 800. It can be seen from Fig. 6(d)
that compared with the average load torque of 6.05 N.m at
2000 r/min, the maximum ripple of the actual load torque,
estimated load torque obtained by old_SMO are 0.86% and
1.74%, respectively, when [ = 15, A = 20, and k& = 1000.

Therefore, it can be concluded from the experimental results
that the estimated load torque value can be obtained from the
old_SMO under different values of {,A,k, which is not suitable
for the operating conditions of varying speed and load.

B. Comparative Test of the Estimated Performance

In order to verify the correctness of the proposed method
and its superiority in the case of variable-speed and variable-
load, a comparative test is carried out under the condition that
the given speed is a square wave curve which changes between
0-2000 r/min, when [ = 15, A = 20, and &£ = 1000 is used
in old_SMO. The actual load is a function of speed which is
realized based on the three-phase voltage regulator and three-
phase resistor. The full load is set through adjusting the voltage
value of the three-phase voltage regulator and the resistance
value of the three-phase resistance when the motor is running at
the maximum speed in steady state.

The actual speed and estimated speed waveforms obtained
by the encoder, traditional sliding mode observer, and proposed
sliding mode observer are shown in Fig. 7(a), respectively. It
can be seen from the waveform that the estimated speed can
well follow the change of the actual speed when the actual speed
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Fig. 6. Load torque estimation performance comparison. (a) 500 r/min with
half load torque (3 N.m). (b) 500 r/min with full load torque (6 N.m). (c)
2000 r/min with half load torque. (d) 2000 r/min with full load torque.

changes. The tracking performance of the new_SMO is slightly
better than that of old_SMO when the actual speed is 2000 r/min.
The estimated speed of the new_SMO is 2001 r/min, which is
1996 r/min from the old_SMO; when the actual speed is O rpm,
the estimated speed of the new_SMO is 6 r/min and, which is
14 r/min from the old_SMO. Therefore, the estimated speed
performance of the new_SMO is better than that of Old_SMO.

The actual load torque and the estimated load torque obtained
by the torque-speed sensor, traditional sliding mode observer
and proposed sliding mode observer are shown in Fig. 7(b),
respectively. It can be seen from the waveforms that the actual
load torque varies with the actual speed of the motor in the
process of acceleration and deceleration.
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and estimated load torque.

The estimated load torque obtained by the traditional sliding
mode observer can vary with the change of the actual load
torque. However, the optimal compensation of chattering and
delay is realized by manually adjusting the parameter ! and
the compensation amount at different speeds. According to
the waveform in Fig. 7(b), a group of optimized combination
parameters are set at the speed of 600 r/min, and the chattering
and delay are both small. But, when the system is running at
variable speed, the chattering of estimated load torque increases
with the increase of actual speed, and the delay also occurs with
the change of actual speed. Especially in 2000 r/min steady-state
operation, the maximum steady-state error of the estimated value
is 28.2%.

The estimated value of the load torque obtained by the new
sliding mode observer can also change with the actual load
torque. But because of the adaptive control and improvement
of the cut-off frequency proposed in this article, the chattering
and dynamic response performance of the estimated load torque
is significantly better than that of the traditional sliding mode
observer, and the maximum steady-state error of the motor at
2000 r/min is also small (8.6%).
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Second, in order to further verify the superiority of the
proposed method in the positioning process. In this article,
two kinds of the sliding observer are tested again under the
condition that the given position is between 0-50000 pulses
and the load changes with speed. The obtained waveforms are
shown in Fig. 8. Fig. 8(a) and (b) shows the waveforms of
the given position, actual position, actual speed and estimated
speed, respectively. It can be seen from the waveform that when
the given position changes between 50000 pulses and O pulses,
the actual position and actual speed of the motor change with
the change of the given position, the estimated speed can all
vary with the change of the actual speed and the estimation
performance is good.
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The actual load torque and the estimated load torque obtained
by the torque-speed sensor, traditional sliding mode observer,
and proposed sliding mode observer are shown in Fig. 8(c). From
the waveform, it can be seen that the estimated load torque varies
with the change of the actual load torque, but the chattering and
delay of the estimated load torque obtained by the traditional
sliding mode observer are large because it does not include
adaptive control. There is a significant error and delay with the
actual load torque. After adding the proposed adaptive control
and improvement of the cut-off frequency, the chattering and
delay of the estimated load torque obtained by the proposed
sliding mode observer are improved.

Therefore, comparing the above test results, it can be seen that
the estimated speed of the two sliding mode observers can all
follow the change of the actual speed for the speed estimation,
but for the identification of load moment, the estimated load
torque of the improved sliding mode observer not only has
smaller error and chattering but also has better dynamic response
performance, which has better estimation performance than that
of the traditional sliding mode observer.

C. Test of Parameter Changes and External Disturbances

The main parameters that affect the performance of the pro-
posed method are the resistance, direct axis inductance, quadra-
ture axis inductance, and mechanical inertia of the motor. The
influence of four parameters changes is analyzed based on the
modeling and simulation methods.

Firstly, the influence of the stator resistance changes is an-
alyzed. The rated value of resistance is 0.68{2 (Rs = 0.68
). When the resistance changes to 2, 5, 0.5, and 0.2Rs, the
simulation results of position, speed and load torque are, as
shown in Fig. 9(a)—(c), respectively. Observing the waveforms of
Fig.9(a) and (b), we can see that when 500 pulses (as the position
command) are given, the motor reaches the given position after
0.49 s, and the maximum speed of the corresponding motor
is 93.34 r/min. When the position reference is changed to 0
pulses, the motor reaches the given position after 0.43 s, and the
maximum speed of the corresponding motor is —93.32r/min.
The actual position is slightly affected by the change in the
resistance, and the maximum change of the position is 0.1 pulses
due to resistance variation. The speed estimated by the sliding
mode observer can well follow the actual speed change. When
the resistance changes between (0.2-5)Rs, the estimated speed
is less affected, and the maximum deviation is 0.03 r/min. It
can be seen from the waveform of Fig. 9(c) that the given load
torque is proportional to the motor speed. When the resistance
changes between (0.2-5)Rs, the estimated load torque is also less
affected by the change of resistance, and the maximum deviation
is 0.002 N.m. According to the above analysis, the change of
the resistance has little influence on the proposed sliding mode
observer for load identification.

Secondly, the influence of the direct axis inductance change
is analyzed. The rated value of direct axis inductance is 0.0055
mH (Ld = 0.0055 mH). When the direct axis inductance value
changes to 2, 5, 0.5, and 0.2 Ld, the simulation results of
position, speed and load torque are as shown in Fig. 10(a)—(c),
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respectively. Observing the waveforms of Fig. 10(a) and (b),
we can see that when 500 pulses are given as the position
reference, the motor reaches the given position after 0.49s, and
the maximum speed of the corresponding motor is 93.33 r/min.
When the position reference is changed to 0 pulses, the motor
reaches the given position after 0.43 s, and the maximum speed
of the corresponding motor is —93.32 r/min. The actual position
is slightly affected by the change of the inductance of the direct
axis, and the maximum deviation is 0.1 pulses. The speed
estimated by the sliding mode observer can well follow the
actual speed change. When the direct axis inductance changes
between (0.2-5)Ld, the estimated speed is less affected, and the
maximum deviation is 0.16 r/min. Observing the waveforms of
Fig. 10(c), we can see that the given load torque is a proportional
function of the motor speed. When the direct axis inductance
value changes, the estimated load torque is also less affected,
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and the maximum deviation is 0.01 N.m. According to the earlier
analysis, the change of direct axis inductance has little influence
on the proposed sliding mode observer for load identification.
Third, the influence of the change of the quadrature axis
inductance is analyzed. The rated value of quadrature axis in-
ductance is 0.0055 mH (Lq = 0.0055 mH). When the quadrature
axis inductance value changes to 2, 5, 0.5, and 0.2 Lq, the
simulation results of position, speed and load torque are as
shown in Fig. 11(a)—(c), respectively. Observing the waveforms
of Fig. 11(a) and (b), we can see that when 500 pulses are given
as the position reference, the motor reaches the given position
after 0.49 s, and the maximum speed of the corresponding motor
is 93.37 r/min. When the position reference is changed to 0
pulses, the motor reaches the given position after 0.43 s, and the
maximum speed of the corresponding motor is —93.32 r/min.
The actual position is slightly affected by the change of the
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quadrature axis inductance value, and the maximum deviation
is 0.1 pulses. The speed estimated by the sliding mode observer
can well follow the actual speed change. When the quadrature
axis inductance value changes between (0.2-5)Lq, the estimated
speed is less affected, and the maximum deviation is 0.26 r/min.
It can be seen from the waveform of Fig. 11(c) that the given load
torque is proportional to the motor speed. When the quadrature
axis inductance changes, the estimated load torque is also less
affected, and the maximum deviation is 0.015 N.m. According
to the earlier analysis, the change of quadrature axis inductance
has little influence on the proposed sliding mode observer for
load identification.

Finally, the influence of the change of the moment of inertia
is analyzed. The rated moment of inertia of the motor is 0.01482
kg.m? (J =0.01482 kg.m?). When the moment of inertia changes
to 2,5, 0.5, and 0.2 J, the simulation results of position, speed,
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and load torque are as shown in Fig. 12(a)—(c), respectively. Ob-
serving the waveforms of Fig. 12(a) and (b), we can see that when
500 pulses are given as the position reference, the motor reaches
the given position after 0.49 s, and the maximum speed of the
corresponding motor is 93.38r/min. When the position reference
is changed to 0 pulses, the motor reaches the given position after
0.43 s, and the maximum speed of the corresponding motor is
—93.32 r/min. The actual position is slightly affected by the
change of the moment of inertia, and the maximum deviation is
0.1 pulses. The speed estimated by the sliding mode observer
can well follow the actual speed change. When the moment of
inertia changes between (0.2-5)J, the estimated speed is less
affected, and the maximum deviation is 0.78 r/min. It can be
seen from the waveform of Fig. 12(c) that the given load torque
is proportional to the motor speed. When the moment of inertia
changes between (0-2-5) J, the estimated load torque is less
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affected by the change of moment of inertia and the maximum
deviation is 0.064 N.m. According to the earlier analysis, the
change of moment of inertia has little influence on the proposed
sliding mode observer for load identification.

According to the earlier analysis, it may be concluded that
the changes of resistance, direct axis inductance, quadrature axis
inductance, and moment of inertia have little influence on the
proposed sliding mode observer for load identification, which
indicates the method has good robustness.

D. Comparative Test of the Positioning Performance

In order to verify the effectiveness of the position servo system
designed by the proposed improved sliding mode observer and
feed-forward compensation, as shown in Fig. 3, a comparative
test is carried out in this article, under the condition that the
given position is a square wave curve which changes between 0
and 1000 pulses, and the experimental waveforms of the given
position, the actual position and the estimated load torque are
obtained as shown in Fig. 13, respectively.

It can be seen from the waveforms that, in the first stage the
designed position servo system running without load does not
introduce the feed-forward compensation, the actual position
of the motor rises from O pulses to 1000 pulses after about
0.25 s, and the positioning error is about —2 pulses. The actual
position drops from 1000 pulses to O pulses after 0.26 s, and the
positioning error is about 1.2 pulses. The load torque estimated
by the proposed sliding mode observer change between —0.65
to 0.66 N.m.

In the second stage, the feed-forward compensation algorithm
is not introduced, but the load is suddenly added at time r =
2.8 s and the load torque estimated by the proposed sliding mode
observer change between —0.74 to 0.79 N.m. There is a big error
(45 pulses) occurred between the actual position and the given
position, and the actual position cannot reach the given position
in the same square waveform period when the given position
rises from O pulses to the 1000 pulses. The error of 13.2 pulses
and the failure to reach the given position also occur, when the
given position drops from 1000 pulses to O pulses. Therefore,
the variation of the load reduces the positioning accuracy of the
motor.

In the third stage, when the system is running with load, the
feed-forward compensation algorithm is introduced. According
to the observation of the waveform, the actual position of the
motor rises from O pulses to 1000 pulses after 0.34 s, and
the positioning error decreases to 2 pulses. The actual position
decreases from 1000 pulses to O pulses after 0.31 s, and the
positioning error decreases to 1 pulse.

Second, another comparative test is carried out in this paper,
under the condition that the given position is a square wave curve
which changes between 0 and 60 000 pulses. The experimental
waveforms of the given position, the actual position and the esti-
mated load torque are obtained, as shown in Fig. 14, respectively.

It can be seen from the waveforms that, in the first stage, the
designed position servo system running without load does not
introduce the feed-forward compensation. The actual position
of the motor rises from O pulses to 60000 pulses after about
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Fig. 13.  Test under the condition that the given pulse is 0—1000 and the actual
load is a function of speed. (a) Given and actual position. (b) Estimated load
torque.

0.67 s, and the positioning error is about 2 pulses. The actual
position drops from 60 000 to O pulses after 0.69 s, and the
positioning error is about —2 pulses. The load torque estimated
by the proposed sliding mode observer change between —3.97
to 3.54 N.m.

In the second stage, the feed-forward compensation algorithm
is not introduced, but the load is suddenly added at time # = 4.8
s and the load torque estimated by the proposed sliding mode
observer change between —6.31 to 6.48 N.m. There is a big error
(232 pulses) occurred between the actual and given position, and
the actual position cannot reach the given position in the same
square wave period when the given position rises from 0 pulses
to the 60000 pulses. The error of 141 pulses and the failure
to reach the given position also occur, when the given position
drops from 60 000 to O pulses. Therefore, the variation of the
load reduces the positioning accuracy of the motor.

In the third stage, when the system is running with load, the
feed-forward compensation algorithm is introduced. According
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to the observation of the waveform, the actual position rises
from O pulses to 60 000 pulses after 0.73 s, and the positioning
error decreases to —2 pulses. The actual position decreases from
60 000 pulses to O pulses after 0.74s, and the positioning error
decreases to —2 pulses.

Therefore, according to the earlier experimental results, the
introduction of the proposed sliding mode observer and the feed-
forward compensation algorithm can improve the positioning
accuracy of the position servo system.

V. CONCLUSION

1) Load disturbance rejection is one of the key technolo-
gies in the research and development of high-speed
and high-precision position servo system. According to
the design idea of “(parameter) identification-adjustment
(compensation)-adaptation,” a load torque self-adaptive
identification sliding mode observer is proposed based
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on the adaptive control and improvement of the cut-off
frequency.

2) Inorder to verify the correctness of the scheme, the corre-

sponding test platform is built and compared. The exper-
imental results show that, compared with the traditional
observer, the proposed improved sliding mode observer
can realize the compensation of the estimation error with
variable-speed or load through the adaptive adjustment of
the cut-off frequency of the low-pass filter and the adaptive
control of the feedback gain coefficient. Whether the load
is constant or variable, the estimation accuracy of load
torque is high.

3) The position servo system designed based on the proposed

(1]

(2]

[3]
[4]

[3]

(6]

(71
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—_

(9]

[10]

[11]

[12]

[13]

sliding mode observer can improve the response against
load change on the system during the positioning process.
Itis an effective method for the high-precision positioning
control of the position servo system with a variable-speed
or variable-load, which provides a solution for the hybrid
control of the force and position of the cooperative robot.
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