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Abstract: The Active Disturbance Rejection Control (ADRC) method, which is not dependent upon the
accurate system model and has strong robustness for adjusting to disturbances, is widely used in many
fields. As the core of the ADRC method, the performance of the Extended State Observer (ESO) is of
great importance to the controller. In practical applications, the observer will inevitably receive the
influence of measurement noise, but the research on the extent of impact is less. This article takes into
account observing errors caused by measurement noise, deriving and analyzing their impact on Linear
Extended State Observer (LESO) performance firstly. According to the theoretical derivation and
simulation analysis, an improved controller is designed, which can effectively suppress the effect of noise

on the actuator and system output.
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1. INTRODUCTION

In recent years, the theoretical research and engineering
application of the Active Disturbance Rejection Control
(ADRC) have been developed rapidly. Compared with
modern control theory, ADRC inherits the advantages of
non-system-based model of PID control (Han, J.Q., 2002).
The ADRC is now considered to be an effective control
strategy in solving the problems with uncertainty and time-
delay (Guo, B.Z., Wu, Z.H., & Zhou, H.C., 2016; Wang, L.,
Li, Q., & Tong, C., 2013). The control structure of ADRC is
very general, so it is widely used in many fields such as
power system, precision instrument, aerospace, energy and
chemical industry (Chang, K., Xia, Y., & Huang, K., 2016;
Gao, K., Song, J., Wang, X., & Li, H.F., 2019; Huang, Y., &
Xue, W., 2014; Jia, S., Ke, G., & Lun, W, 2016; Liu, F., Li,
Y., & Cao, Y., 2016; Song, J., Gao, K., Wang, L., et al., 2016;
Song, J., Lin, J., & Wang, L., 2017; Song, J., Wang, L., Cai,
G., et al., 2015). However, it is difficult to tune the ADRC
parameters perfectly, Gao therefore proposed a simplified
control structure LADRC and the parameter tuning process
(Gao, Z.,2003).

The Extended State Observer (ESO) is the basis of ADRC
and it plays a role of estimating the total disturbance which
includes unknown parts of the system and external
disturbances. In addition, the ESO also works with sliding
mode, projected gradient algorithm and other methods as an
important component (Jiang, T., Huang, C., & Guo, L., 2015;
Wang, L., Jian-Bo, S.U., & Automation, D.O., 2013; Xia, Y.,
Zhu, Z., & Fu, M., 2011). The Linear Extended State
Observer (LESO) is constructed by linear functions, which is
the constituent of LADRC and has the advantage of easy
parameter tuning. The performance of the ESO directly
determines the performance of the above control method.
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Hence some papers conducted in-depth analyses of it. The
observing error of the second-order ESO was firstly analyzed
and a principle of parameter setting was given to improve the
accuracy of the observation (Han, J.Q., & Zhang, R., 1999).
For several typical perturbations, the capability of ESO was
further analyzed (Yang, X., & Huang, Y., 2009). The most
commonly used parameter tuning method is the Bandwidth-
Parameterization method (Gao, Z., 2003). On this basis, a
method based on settling time was proposed (Chen, X., Li, D.,
& Gao, Z., 2011). Some practical methods of configuring
LESO parameters in engineering applications were further
analyzed (Chao, Z., Zhu, J.H., & Gao, Y .K., 2014; Dong, Y.,
Xiao-Jun, M.A., & Zeng, Q.H., 2013). The stability analysis
of ESO has been demonstrated by a variety of methods such
as Popov criterion (Erazo, C., Angulo, F., & Olivar, G., 2012)
and Lyapunov method (Zheng, Q., Gaol, L.Q., & Gao, Z.,
2008). More general results about the effect of the all
disturbance on the observing error were derived through time
domain and frequency domain analysis (Shao, X.L., & Wang,
H.L., 2015; Wang, H.Q., & Huang, H., 2013).

The studies mentioned above have mainly focused on the
structure and the parameter tuning of ESO. There are also
some works on the study of system with noisy measurement.
Due to the large gain characteristic of ESO, the noise can be
amplified significantly. The impact of noise in high-gain
observer was studied by (Vasiljevic L. K., Khalil H. K.,
2008). The upper-bound of estimation error related to the cut-
off frequency and the order of observer were given. However,
the characteristics in frequency domain are not analysed. In
order to solve this problem, filters are added to remove the
high frequency noise (Huang, C., & Wang, J., 2013; Wang,
Y., Yao, Y., & Ma, K., 2008). But these methods have the
disadvantage that the amplitude and phase of the control
system will be affected. The filtered signal will make a large
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observing error when used in the state observer. Taking the
filtered signal as another extended state is an improvement of
the previous methods (Lin, F., Sun, H., & Zheng, Q., 2005),
but it has a poor effect on high order systems and the
increasing order makes it difficult to tune parameters.
Switching between gain values seems to be a practical
method to significantly supress estimation error under
measurement noise (Prasov, A. A., & Khalil, H. K., 2013;
Cheng, Y., Chen, Z., Sun, M., et al., 2018), but the
characteristics of high-gain observer in frequency domain is
not analysed. Therefore, error analysis in frequency domain
and improvement for LESO with consideration of the
measurement noise become an urgent problem to be solved.
For this purpose, the effect of measurement noise on
observation error of LESO is deduced in frequency domain
theoretically for the first time. And an improved controller is
proposed, which can effectively reduce the oscillations of the
actuator and output caused by the measurement noise.

The paper is structured as follows. Section 2 deduces the
transfer function of the total disturbance and measurement
noise to observing error of LESO, and the influence of the
measurement noise on the observing error is analyzed from
the frequency domain and time domain. In section 3, an
improved controller is presented and verified by simulation.
Finally, the conclusion is given in section 4.

2. The influence of the measurement noise on LESO

A brief review of ESO will be presented below. An nth
order nonlinear system can be expressed as follows:

xl_ 2
X, =X,
(1)
X, =f+bu
y=x

x; is the state of system; f'is the total disturbances; u(?) is the
control signal and y(?) is the system measurement output.
Suppose the first-order derivative of fexists and is bounded.
Define x,+;=f. Then, (1) can be rewritten as (2).

).C = xn+l +b7/l (2)

xn+1 = f
y=x
The LESO for system (2) is (3).
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where z,, i=1, 2,

i=1, 2, ... ntl are adjustable parameters which influences the
performance of LESO.

. n+1 are the observations of states, 5,

Remark 1: Measurement noise is considered in this paper,
denote that y, =y+J=x+J6 , where ), represents the

system outputs with measurement noise, and J is the noise
which is reasonable assumed as a white noise here.

Denote ¢, =z, —x,, i=1, 2, ... n+l, representing the error
of ith order observer.
=z,-y,7Z,—(y+5)=¢ -0 4)

Substituting (4) into (3), the observer estimation error of
LESO is defined as
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Let e=[e,e,,...,¢,,,]", and then (4) can be expressed as

follows:
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The above equation is converted into a transfer function
form. The inputs are J and f . The output is e.

< n+i—k 1
; Pis |s[ — A|
|s1 — 4|

k=i—1

: k-1
n+1 Z’Bkl

o nti—k o "
E(s)= ;ﬂk‘g ) |SI—A| SO
|s1 — 4| :
: k=i—1 e
n ﬂ S17 B
ﬂnJrlS ; *
s — 4| s — 4|

1329



Preprints of the 21st IFAC World Congress (Virtual)
Berlin, Germany, July 12-17, 2020

The Bandwidth-Parameterization method (Gao, Z., 2003)
is introduced for further analysis without loss of generality.

|S]*A|:ﬂosn+l +ﬂ1sﬂ +"'+ﬂns+ﬂn+1 )
=(s+a,)""
where 3, = C. @, , ®, denotes the bandwidth, which is

the only parameter to tune. Substituting (8) into (7), the
transfer function is deduced ultimately. In this paper, we take
third-order LESO as an example. The error transfer function
of third-order LESO is expressed as follows:

3 3
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The effect of disturbance f has been analyzed in many
papers, but the part of measurement noise J has not been
deduced. Here we analyze the latter separately.

Bode Diagram of E2
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There is only one parameter @, determines the character
of the transfer function. @, is usually selected as 3 to 5 times
the desired closed loop natural frequency @, , which is
selected according to the required time domain characteristics.
We can set @, to be 60 rad/sec and 100 rad/sec to explore the

features of transfer function (10). First, we analyze the
frequency domain characteristics according to the Bode plot.

The observing errors of the third-order ESO are shown in
Fig.1. From left to right are the observing errors of the first,
second and third order states respectively. From Fig.1, we

can see that with the increase of @, , the frequency
characteristic is shifted right. @, also has a positive

correlation with the gain in the middle frequency range.

Bode Diagram of E3
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Fig. 1. Frequency responses of error transfer function

Ej can be seen as a low-pass filter, which means that the
low-frequency noise will make the observer produce the
same error and high-frequency noise is suppressed. E>and E3
can filter the low frequency and high frequency noise but

have a large gain in the middle frequency range. For example,
the magnitude curve of E3 has a peak value of 71.7 dB when

@, =100 rad/sec. In this case, the observer will have an error
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of nearly 4000 times the measurement noise. Comparing the
frequency responses of error transfer function with we=60
and wo=100, the low frequency responses are similar. And
with the increase of wo, the amplitude of high frequency
signal is raising. The rate of magnifications of high frequency
signal with different wy is fixed with different frequency and
related to the value of wo. More clearly results can be seen in

the time domain map as shown in Fig. 2, where @, is set as

Time-domain plot
T T

100 rad/sec. A chirp signal with a frequency of 0.1 Hz to 300
Hz is chosen to test the error transfer functions. The noise
signal is magnified 110 times by E», while 4000 times by Es.
Since the noise is distributed at full frequency, we can get the
conclusion that observer of the higher rank state has the
poorer performance, when measurement
comparatively large.

noise is
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Fig. 2. Noise amplification effect in time domain

3. An improved controller design

Problem statement: The accuracy of LESO is affected
when measurement noise is comparatively large. A novel
controller design method is proposed to suppress the impact
of measurement noise on system performance.

Consider a motion control test bed (Gao, Z., 2003) as the
research object. Its mathematical model is a second-order
dynamic system.

y=(ay+b,T,)+bu (11)

where u is control voltage, 7, =—1 is torque disturbance
introduced at =8s. a=—141, b, =232 are unknown

system parameters when we design the controller. b is the
estimation of by which is used in LESO.

Choose states x, =y and x, =y, according to system
(1), the dynamic system (11) can be rewritten as

X =x,

X, =x; +bu

X, =f=ay+bT, +(b—byu
y=x+T,

(12)
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The measurement noise 7, is 1% system output peak
value white noise. And the total disturbance f is

ay+bT, +(b—b,)u . Then LESO is designed as system (3)

with wo=60 and z; is the observation of x3. The control law
is designed as follows

u, u, =k,(r—z,)—k,z,
by (13)
kd :256()6, , =10, 5:1, r=1and kp :0):

Substituting (13) into (12),

xlzxz
X, =Xy —Zy U,

y=x+T,

(14)

The total disturbance x3 is compensated in ADRC controller.
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Fig. 3. Contrast of fand z,

As shown in the Fig. 3, the blue line represents f, and the
red line represents z3. Before Ty is introduced, f'is close to 0,
while z3 contains relatively large noise. The actuator violently
shocks caused by useless noise and the system output will
follow the shock. In this case, when z;3 is used as a part of the
control signal, a poor control effect is obtained.

Remark 2: When abs(b-b,) is large, the signal-to-noise

ratio of the feedback signal will be great due to the increase

of f, but the observing error will increase. This phenomenon
is very clear in the Fig. 4.

observing error of z3
60 T T T

50

40 |

Fig. 4. Observing error of z,

In order to reduce the oscillations of the actuator and
system output caused by the measurement noise, we made the
following improvements for the controller.

Definition: A noise filter threshold a. is defined, which
is based on the system’s noise model and the observer
parameters @, . Less than the threshold, z; will be adjusted

when used in controller.

&€=z,

X =X,

X, =x, +bu

x3 =f
L=2-P¢ (15)
2, =2, — e+ bu

Zy =—pe
_uy— fal(zy,a,0)
=

y=x+T,

where fal function is defined as (16), a is a number greater
than 1 to reduce the gain due to large disturbances.

|e| tan(4i )

| ————| =i 1)
Jal(e.ar) = 5 sign(e) |e|<

(16)
e |e| 20
With the improved controller, the simulation results were

got as follows. The parameters @, and @, are 60 rad/sec and
10 rad/sec.
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Fig. 5. Actuator instructions

Fig. 5 and Fig. 6 show the actuator output and system
output respectively. The blue line represents the results of
original controller, and the red line is the improved one. It
can be seen from the simulation results that without affecting
the other characteristics of the system, the improved
controller can effectively reduce the output of the actuator

and the fluctuations amplitude of system output caused by the
measurement noise.
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Fig. 6. System output

4. CONCLUSIONS

Measurement noise inevitably exists in actual system,
which leads to the observing error. This paper analyzes the
impact of measurement noise on LESO theoretically. On this
basis, an improved controller is proposed. When the
measurement noise is relatively large, the total disturbance
will be seriously polluted by the high-gain amplified noise.
The impact of measurement noise is suppressed by reducing
the feedback gain using the fa/ function. The simulation
results show that the improved controller can restrain the
oscillation caused by the measurement noise. Therefore, the
theoretical analysis and improvement of the controller have
practical value in actual system.
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