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Abstract

In view of the shortcomings of the traditional proportional, integral,
and derivative controller, the active disturbance rejection control
method is put forward, which extracts the differential and arranges
the transition process reasonably through the “tracking differentia-
tor” (TD) and the nonlinear state error feedback (NLSEF) con-
troller. However, the current design of the NLSEF controller is only
based on the experience to select the appropriate nonlinear function
as there is no general theoretical guidance, so here we propose the
active disturbance rejection sliding mode variable structure control
method with extended state observer, in which a TD is used to
process the reference input, a state observer to estimate the system
state and the total disturbance, and the state error to formulate the
switching function. This nonlinear variable structure control method
realizes the excellent control for the robot joint and enhances the

system anti-disturbance ability as well as the tracking accuracy.
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1. Introduction

The velocity closed-loop control is very important in preci-
sion servo robot system. High-performance velocity closed
loop not only eliminates the system disturbances but also
provides good object characteristics for a position loop [1].
Most of these control systems at present uses the classi-
cal proportional, integral, and derivative (PID) controller,
because its structure is relatively simple and easy to be
understood and does not depend on the object model.
However, in the systems with strong interference or uncer-
tainty, the PID controller often fails to achieve satisfactory
results, so it is required to develop a control technique
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with better performance than the PID controller [2]. The
active disturbance rejection control (ADRC) method was
proposed by Han Jingging. It uses a tracking differentiator
(TD) to process reference input and nonlinear state error
feedback (NLSEF) to achieve a better performance of the
controlled object. The extended state observer (ESO) is
used to estimate the system state and total disturbance,
which is independent of the object model and has good
anti-interference ability. This method has been applied in
the servo system successfully [3].

The ESO is a disturbance estimation technique [4],
which expands the total disturbances (including the uncer-
tain part of the model and the external disturbance) into
the state quantity of the system and can estimate the total
disturbances of the system when little model information
is known. Due to its advantages of practicality and robust-
ness, this control method based on ESO has been widely
applied in the motor control [5], the missile guidance [6],
the power conversion [7], and other areas.

The NLSEF controller is generally used empirically.
According to the given signal obtained by the TD, the dif-
ferential of the given signal and the error of the system out-
put, as well as the derivative of the output observed by the
state observer, the control, and disturbance compensation
are carried out.

However, the conventional nonlinear ADRC is difficult
to be further popularized in practical applications due to its
complex design, numerous parameters, and difficult setting
[8]. To solve these problems, Gao Zhigiang proposed a
linear state observer, which greatly reduced the number of
setting parameters and achieved better performances.

It is well known that the PID control is based on the
error to generate control strategy: eliminating the errors
with the past, present, and variation trend of the weighted
sum. Its advantages are [9]-[13]: depending on the er-
ror between the control goal and the actual behaviour to
determine and eliminate the error of the control object,
rather than relying on “input-output” relationship of the
controlled object, that is, not on the input and output
model of controlled object to determine the control strat-
egy. It is simple and practicable to have the object to meet
the static index as long as choosing the PID gain to make
the closed loop stable. PID controller has disadvantages



as follows [14]-[17]: (a) when conventional PID system is
used for correcting the closed-loop dynamic performance,
it is too sensitive to the change of PID gain. When the
controlled object is in a changing environment, PID gain
is often required to be changed according to the change of
environment. (b) “Eliminating error based on error feed-
back” is the essence of the PID control, but in the actual
cases, directly taking the error between the target and
the actual behaviour often might make the initial control
too big to force the system response overshoot. That is
what led to the main cause of irreconcilable contradiction
between “quickness” and “overshoot” for the PID control
closed-loop system. (c¢) PID uses the proportional, in-
tegral, and differential weights to maintain the feedback
control quantity. In many cases, however, PI control law is
adopted as there is no suitable differentiator, and it limits
the performances of the PID control. (d) PID integral of
the error feedback is effective to control constant distur-
bance, but in the absence of disturbance error, the integral
feedback often makes worse the closed-loop dynamic char-
acteristics. While for the disturbance changes at time, the
inhibitory effect of integral feedback is not very significant.
(e) PID is used to obtain the control quantity with the ap-
propriate combination of past, present, and future errors.
The classical PID generally adopts linear sum method, but
the actual system is mostly nonlinear system, so nonlinear
controller is more suitable.

On the deep understanding of traditional PID control
technique, Han Jingqing et al. proposed an ADRC tech-
nique to avoid the shortcomings and to inherit the advan-
tages of the PID control [18]. In view of the disadvantages
of traditional PID, the ADRC was put forward, in which
the “T'D” is used to extract the differential quantity reason-
ably, the transition process is arranged appropriately, and
the NLSEF controller is adopted properly. However, the
NLSEF controller design is based on experience to choose
the appropriate nonlinear function. There is no general
theoretical instruction, so here we propose an immunity
variable structure control method, where a TD is used as
the reference input, an ESO to estimate the system state
and total disturbance, and the state error to design the
switch function. The nonlinear variable structure control
method can realize the excellent control of the controlled
object and enhance the disturbance rejection ability of the
system as well as the tracking accuracy.

2. Arrange the Transition Process

Due to the limitation of cognitive level and technical condi-
tions, if the PID controller extracts the error unreasonably,
the direct determination of the reference input, the dy-
namic indicators (such as overshoot and transition process
time), and the error of the system (as in most of the current
control systems) will lead to a large overshoot. Therefore,
here the idea of the arrangement of the transition process
is put forward, in which the input increases slowly, mak-
ing its difference with the output small, so as to reduce
the overshoot as small as possible, and the steady state is
reached, as shown in Fig. 1. The idea of “the arrangement
of the transition process” is mainly to arrange dynamic
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Figure 1. Comparison of overshoot and rapidity between
traditional PID control and transition process arrange-
ment.

process indicators to achieve optimal outputs, that is, the
overshoot, and the adjustment time, instead of the static
indicator: the reference input.

It can be seen that the contradiction between over-
shoot and rapidity can be solved by arranging the process.
Moreover, the prior arrangement of transition process can
enlarge the selection range of the error feedback gain and
the error differential feedback gain, thus making their tun-
ing easier [19]. In addition, the pre-set transition process
can enlarge the range of object parameters that the given
feedback gain can adapt to, that is, the controller is more
robust.

3. Extracts Differentiation Reasonably by Tracking
Differentiator

The traditional differential PID controller element to ex-
tract the differential error is unreasonable because the tra-
ditional differentiator is easy to cause severe noise amplifi-



v(t) +

v(?)

N

1
Ts+1

Figure 2. Equivalent block diagram of the classical differ-
entiator.

cation effect if the input signal contains noise. Therefore,
the TD [20], [21] is put forward to solve the problem of the
noise amplification and the differential signal delay in the
error signal. In the classical control theory, the differen-
tial of a given signal is obtained by the following transfer
function of the differential element:

S 1 1
y:w(s)v:Ts+1v:T(1_Ts+1)
1 1
v:T<U_Ts+IU)

where w(s) is the classical differentiator; v is the input
signal; and T is a relatively small differential time constant.
It can be seen that the second term in the parentheses on
the right of the above formula is the inertia link with time
constant T, while the first term directly outputs the input
signal, and its equivalent block diagram is shown in Fig. 2.

If the output of the second inertia link is recorded as
7, (1) satisfies the following equation:

(1)

y(t) = 5 (v(t) (1) (2)

When the input signal v(t) changes slowly and the
time constant T is small, it can be regarded as a delay
element, which can be obtained as:

v(t) > vt —-T) (3)
Therefore, (1) can be transformed into:

y(t) = Z(0(t) — 0(0) = H(o(t) — vl ~T)) = (1) (4)

This is a differential element, where the smaller the
time constant T, the closer the real differential. If the
input signal is very pure and noise free, a better effect will
be obtained. When the input signal v(t) is polluted by
some random noise n(t), it can be obtained from (1) and

(2):

1 -

y(t) = 7 () +n(t) — v(t) +n(t)) ()

If the signal v(t) 4+ n(t) passes through the inertia

element ﬁ and gets the signal y(t) = v(t) + n(t), it
satisfies the differential equation:
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Figure 3. General form of tracking differentiator.

The solution of this equation is

oRy T O ((Q) + n(0))dC

o o (7)
= [ Oudc+ [ e
0 0

Here, because n(¢) is a high-frequency noise with a
mean value of zero, the integral term [ eT(=)n(¢)ds is
almost equal to zero, and [;° et t=)y(q)ds ~ v(t — T),
and the formula (5) can be modified into:

y(t) ~ 4 (0(t) +n(t) — vl = T)) = (1) + n(t)  (8)

That is, the output signal y(t) is the differential signal
of the input signal v(t), superimposed with the amplified
% noise signal, so the smaller the T is, the more serious
the noise amplification is, which is the principle of “noise
amplification” effect of classical differentiator.

To eliminate or weaken the “noise amplification” effect,
the differential approximation formula (4) is replaced by
the following form:

@(t):v(ti’rl)iv(ti’w) y 0<7’1<7’2 (9)
T2 —T1

The delay elements v(t — 71) and v(t — 72) are obtained
respectively by the inertia elements P and a7 1o
reduce the “noise amplification” effect. The block diagram
of its equivalent transfer function is shown in Fig. 3.

Then we can get

1 1 1
y_Tngl 7'18+]. T2$+1
S
v
T17'252 —+ (7'1 +T2)S+].

(10)

It can be seen that the “noise amplification” effect and
the steady-state error can be reduced by introducing the
TD. If the time constants 7y and 72 in (10) are very close
to the constant 7, and let 7 = %, then the equation can be
simplified to

7"28

2+ 2rs + 12

w(s) = (11)

We can see that the differential function in (10) is to use
the inertial element to track the dynamic characteristics
of the input value as soon as possible (taking the small
time constant) and to obtain the approximate differential
signal by solving the differential equation. It is advisable



to divide w(s) into two elements according to its function:
wy(s) = % and wa(s) = s. The step response
of w(s) can ensure that the setting value can be reached
without overshoot and can be changed with the parameter
r. Moreover, the bigger the r, the faster it reaches the
set value. So, the TD has the function of arranging the
transition process, which can be achieved only by adjusting
r value. Obviously, the ws(s) produces the differential
while wq(s) is used to track the reproduced signal, and
the combination of the two elements can quickly obtain
the differential. Therefore, the TD can be written in the
following form:

’l.)l = V2
TD: (12)
7'}2 = kQ(’U — 7}1) — 2]{/‘"[}2

where v is the input signal; v; is the output of wy (s), while
vg is the obtained differential; k is the adjustment param-
eter, and the larger its value is, the faster the response is.

4. Basic Structure of Second-Order Active
Disturbance Rejection Control

The ADRC system does not depend on the mathematical
model and can maintain good dynamic and steady-state
performances under the noises, the load disturbances, the
mathematical model deviation, and the process parameter
changes [22]. Its components include the TD, the ESO,
the nonlinear anti-interference element (NLSEF), etc. In
practice, the second-order ADRC is often used, as shown in
Fig. 4, where the y and the v are the output and the given
input; the u is the control; and the w is the interference
signal.

ESO can also be called the extended state observer
with disturbance effect, which is the core of ADRC. The
“model” of the controlled object and the “external dis-
turbance” of the system are in the same position. The
TD is used to arrange the appropriate “transition process”
to solve the contradiction between “rapidity” and “over-
shoot” in PID control and improve the “robustness” of the
system, where the nonlinear feedback is used to replace the
calculation method of linear weighted summation in PID,
so as to improve the performance of the controller [23].
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Figure 4. Basic structure of second-order ADRC.

Considering the unmodelled characteristics of the sys-
tem and the effect of external disturbances, the second-
order controlled object is approximately defined as

§(t) = f(t,y, 9, w) + bu (13)

The second-order linear forms of ESO in ADRC are
2 =2+ Py — 21) (14)
22223+62(y—21)+3’u (15)
23 = B3y — 21) (16)

where 31, B2, B3 are adjustable parameters; f represents
the total error of the system; y, y, § are the observed
estimates of the state, the differential signal, and the
second-order differential of the object, respectively; z1, 2o,
z3 are the observed estimates of y, 9, f; w is the unknown
disturbance of the system, and bis the controller coefficient.

The second-order linear ADRC control law is expressed
as:

ug = k1(vo — 21) — kozo (17)
u = (up — 23)/b (18)

When ESO is implemented, the expected closed-loop trans-
fer function can be obtained

y(s) _ k1
1}0(8) 52 + k‘gs + ]61

(19)

Aiming at the problem of multi-parameter debugging of the
linear ADRC, the literatures [24], [25] list six parameters:
b, k1, ko, 51, B2, B3, that are required to be adjusted by the
above formula, which can be reduced to four parameters:
b, k1, kg, wo.

5. Disturbance Rejection Differential Tracking
Variable Structure Controller

PID controller only makes a simple weighted sum of the
proportional, integral, and differential of the error, and its
control efficiency is low. The efficiency of feedback con-
trol can be significantly improved by using the disturbance
rejection differential tracking variable structure controller.
Figure 5 shows a nonlinear disturbance rejection differen-
tial tracking variable structure controller composed of the
TD, the ESO, and the variable structure controller. It
can reasonably arrange the transition process, overcome
the interferences, and achieve the perfect comprehensive
results of the overshoot and the rapidity.

The proposed control algorithm is as follows:

Define e;(t) = vy — 21 and ea(t) = vo — 29, then we can
get the correlation expression of the ESO:

egso(t) =z1—y (20)
21 = 22 — Bi1egso (21)
29 = 23 — [f2egso + bou (22)
Z3 = —Pserso(t) (23)

where by is the compensation factor. In ESO, it must be
ensured that 87 > 0, B2 > 0, B3 > 0, and B1 B2 > Os3.
Moreover, the larger the 31, the faster the tracking signal
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Figure 5. Variable structure control block diagram using
tracking differentiator.

of the ESO; the larger the o, the faster the differential
speed of the tracking signal of the ESO; and (3 mainly
affects the accuracy of the system. The smaller the s,
the higher the system accuracy, but the estimation lag of
the disturbances will increase, which may cause system
oscillation and reduce the accuracy. Therefore, these three
parameters of ESO should be configured reasonably.

Variable structure control design is as follows:

First, design the switching function:

s =cie1 + caeg = ¢1(v1 — 21) + c2(v2 — 22) (24)
Then, we have
s=c1(tn — 2) + calbs — 2) (25)
and
5 =c1(v1 — 21) + c2(02 — 22)

= c1(v2 — 22 + Bregso) + c2
X [k?(v = v1) = 2e2k - v2 — 23 + Paemso — bou]  (26)
Switch the approach rate according to the index:
$ = —esgn(s) — As e>=0, A>0, (27)
Then, the sliding mode variable structure control with ESO

of the disturbance rejection TD is

1
u(t) = %[esgn(s) + As+ c1(va — 22 + PBregso) (28)

+ co(k*(v — v1) — 2¢2k - V2 — 23 + B2eEs0))]

The optimal controller can be obtained by properly select-
ing the coefficients ¢, cs.

6. Algorithm Simulation Results

The general robot joints are shown in Fig. 6 and the PD
controller is usually used [24]-[27].

As the robot is generally a nonlinear system and its
modelling is inaccurate, the control law for all joints in
Fig. 6 could be:

T=K,(qa — q) — Kuvq (29)

Joint 1 servo 1—»| Primary shaft
Target N Joint i servo The axis i
Trajectory
Generation

Nth joint servo The nth axis

Figure 6. Robot servo system.

The proportional gain is K, = diag(kpi), and the velocity
feedback gain is K, = diag(ky;). This joint servo system
treats each joint as a simple single input and single output
system, so its structure is simple.

However, there is a coupling effect among the joints,
and each joint has to bear the disturbances caused by the
motion of the other joints. In addition, the dynamics is
nonlinear, and the parameters change with the motion of
the joints [29], [30].

7= M(q)i + h(q,q) + bj + G(q) (30)

where the inertia matrix is M(q) € R™ ™; the vector
of centrifugal force and Coriolis force is h(q,q) € R™;
b € R™*" represents the viscous friction coefficient matrix;
the G(q) € R™ represents the vector of gravity term; and
the joint drive vectoris 7 = [ 7 - 7, 7.
Then the control rule is

7= Kp(qa — q) — Koo (31)

These couplings are treated as external interferences. To
compensate the influence of gravity term, we use

T = Kp(q(j — Q) - qu.’u + G(q) (32)

But the control effect is not very good. In view of the
above situation, an anti-disturbance differential tracking
variable structure controller is applied and the robot joint
is simulated. Taking the robot joint as the controlled
object, the robot module includes a position loop and a
velocity loop, which is equivalent to a second-order system,
and the transfer function is expressed as:

G(s) = 133/s(s + 25) (33)

The command reference takes the sinusoidal signal r(t) =
0.5sin(67t), in which the frequency is f = 3Hz; the con-
troller parameters are reasonably selected and the initial
interference takes —0.5. The simulation control results are
shown in Fig. 7. It can be seen that the output y-out (the
joint angle q radian) basically keeps up with the input r
after 0.5 s. The switching function s (cm) is shown in
Fig. 8, which finally reaches to 0 from the initial value 3.
The controller output (N/cm) is shown in Fig. 9, and it
can be seen that the controller output jitters in the sliding
mode state.
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7. Conclusion

The core idea of ADRC is a kind of the effective data-
driven mechanism, which estimates unknown unmodelled
uncertainties and disturbances through the ESO. In the
design of ADRC, the NLSEF controller only selects the
appropriate nonlinear function according to the experience
without general theoretical guidance. Therefore, we pro-
pose the ADRC variable structure control method, where
the TD is used to process the reference input and the ESO
of the system state and total disturbance are estimated.
Then the state error is used to design the switching func-
tion, so the nonlinear variable structure control method is
realized to obtain the satisfactory control of the controlled
object, which can systematically reduce the influence of
unmodelled uncertainty and disturbance.

As ADRC is essentially a model guided data-driven
method, the application potential of ADRC in industry has
been gradually found and has been successfully applied in
the manufacturing process, the process control, the robot
system, the energy system, and other fields. ADRC has
been recognized as an effective alternative to PID control
method. Therefore, the research on data-driven control and
its application based on ESO and ADRC variable structure
is of the fundamental significance for the development in
various control fields.

Appendix

MATLAB Code:

clear all;

close all; global abc A F M ep k
ts=0.001;

T=5;

TimeSet=[0:ts:T];

c=5.0;
para=[[;

[t,x]=0de45('DynamicModel’, TimeSet,[-0.5,0],[],para);
x1=x(:,1);
x2=x(:,2);

r=A*sin(2*pi*F*t);
dr=A*F*2*pi*cos(F*2*pi*t);
ddr=-A*(2*pi*F)" 2*sin (2*pi*F*t);

s=c*(r-x(:,1)+dr-x(:,2));

if M==1
slaw=-ep*sign(s)-k*s;
u=1/b*(c*(dr-x(2))+ddr-slaw+a*x(2));
end

*

figure(1);

plot(t,r,’r’,t,x(:,1),’b’);
xlabel("time(s)’);ylabel(’r,yout’);
figure(2);

plot(t,r-x(:,1),’1");
xlabel("time(s)’);ylabel (Cerror’);



figure(3);

plot(r-x(:,1),dr-x(:,2),r",r-x(:,1) ,-¢*(r-x(:,1)),’b’);
xlabel("time(s)’);ylabel(’s’);

figure(5);

plot(t,u,’r’);

xlabel("time(s)’);ylabel("u’);

function dx = DynamicModel(t,x,flag,para)
globalabc AF Mepk

a=25;b=133;

A=0.50;F=1.0;
r=A*sin(2*pi*F*t);
dr=A*F*2*pi*cos(F*2*pi*t);
ddr=-A*(2*pi*F) " 2*sin(2*pi*F*t);

s=c*(r-x(1))+dr-x(2);

k=30;
ep=15;

M=1;

if M==1
slaw=-ep*sign(s)-k

end

*S;

u=1/b*(c*(dr-x(2))+ddr-slaw+a*x(2));
dx=zeros(2,1);

dx(1)=x(2);

dx(2)=-a*x(2)+b*y;
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