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Abstract: A simple tuning method for second-order active disturbance rejection control (ADRC) that achieves high performance
and good robustness for a wide range of processes is presented. ADRC is a novel control strategy whose exciting performance
has been shown by literatures. The proposed method makes ADRC become easy to tune and more practical. Once the desired
settling time is given, only one parameter need to be tuned during the design procedure, which can be found by monotonously
increasing. Examples are given to show the effectiveness and flexibility of the method. Simulations demonstrate that
second-order ADRC can handles processes with various characteristics, including low- and high-order, large dead time,
non-minimum phase, unstable and distributed parameter systems.
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Proportional-integral-derivative (PID) controllers are
widely used in the process control industry [1]. The main
reason is its relatively simple structure, which can be easily
understood and implemented in practice. Another reason is
that users do not have to change the structure of PID, only
re-tuning of its parameters is necessary, while handling
different kinds of problem. However, many PID controllers
are poorly tuned and limited in performance, especially
while dealing with dynamic uncertainties.

Besides the difficulty in tuning, there is another obstacle in
the implementation of ADRC. That is, the order of ADRC is
generally varied with the controlled plant. Much work has
been done in the cases of n-order ADRC applying to n-order
plants. However, the order of practical plants exists from
one to infinite, even unknown or time-varying. Therefore,
it’s necessary to study how a fixed-order ADRC can deal
with the real processes, and how to tune its parameters. To
the best of our knowledge, however, little has been done
about this. Yao[12] discussed the case of second-order ADRC,
but the controlled objects were limits to third-order, and that
no specific tuning rule was provided therein.

To overcome the limitations of PID, the active disturbance
rejection controller (ADRC), a novel controller, was
developed by Han [2, 3]. The basic idea of ADRC is to use an
extended state observer (ESO) to estimate the internal and
external disturbances in real time. Then, through disturbance
rejection, the originally complex and uncertain plant
dynamics is reduced to a simple cascade integral plant,
which can be easily controlled. Due to its strong robustness
and disturbance rejection, ADRC has been successfully
applied in many fields [4-6].

In this paper, we present a simple tuning method for
second-order ADRC that demonstrates promising results in
controlling an extensive class of linear processes, including
low- and high-order, large dead time, non-minimum phase,
unstable and distributed parameter systems. Only one
parameter needs to be tuned in this method under the
condition that the desired settling time is given. To verify
the inherent robustness of ADRC, the Monte-Carlo
method[13] is used. Simulations show that both high
performance and good robustness are achieved.

However, the tuning procedure of ADRC is very
complicated due to its large number of parameters. The
tuning is usually relied on the human experiences. Some
artificial intelligence approaches were adopted to regularize
the ADRC parameters (see, for example, Tong[7] and Shi[8]),
but the algorithm was complex and the computational cost
was large. To simplify the problem, Gao[9] used linear gains
in place of the original nonlinear gain in ADRC. Thus, the
number of parameters was reduced obviously. This made
the tuning more realistic. Researches showed that the linear
ADRC still achieved high performance and good robustness
(see, for example, Sun[10] and Miklosovic[11]). The
discussions in this paper are limited to the linear case.

The remainder of this paper is organized as follows. Section
2 formulates the design problem, in which the second-order
ADRC is presented. A result about stability of ADRC
system is discussed in section 3, which is an important hint
for the tuning. Then, the specific tuning method is given in
section 4. In section 5, the method is applied to several
examples in simulation. Finally, section 6 offers concluding
remarks.
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Problem Formulation

2.1 Process Description
The active disturbance rejection concept has been applied to
problems of different kinds, including single-inputsingle-output (SISO), as well as multi-input-multi-output.
(MIMO), plants that are nonlinear, time-varying, and most
of all, uncertain. In this paper, however, the process is
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y

assumed to be linear, time invariant, and specified by a
transfer function:
y (s)
u (s)

(1)

G p ( s, p )

f  u0  z3 | u0

Then, substituting (4) into (6) yields the closed-loop
dynamic characteristic:

y  kd y  k p y

where p denotes the parameters of system. The description
covers finite dimensional systems with time delays and
infinite dimensional systems described by linear partial
differential equations. To verify the robustness of ADRC,
we assume that p may have a 10% change, that is,
p  [0.9p 0 ,1.1p 0 ] , where p 0 is the nominal value of p .

2.2 Second-order ADRC
The structure of second-order ADRC is illustrated in Fig. 1.

(6)

k p ysp

(7)

Taking the Laplace transform yields the close-loop transfer
function:
y( s)
ysp ( s )

Gd ( s )

kp
s  kd s  k p
2

(8)

Remarks:
a. There are six tuning parameters in second-order ADRC,
namely control parameters B, k p and kd , and observer
parameters E1 , E 2 and E 3 .
b. In the frame of ADRC, the external disturbances and
internal uncertainty can be estimated and canceled in real
time. This is the reason that ADRC is model-independent
and inherent robust.

2.3 Design Objective

Fig.1 Structure of second-order ADRC

Gp is the process to be controlled. Two external signals act

on the control loop, namely set point

ysp and load

The design objective of this paper is to determine the six
parameters in ADRC so that the system behaves well with
respect to changes in the two signals ysp and d , as well as in

disturbances d . An extended state observer (ESO) is used to
estimate the external disturbances d and internal uncertainty
(such as parameters perturbation in Gp ) in real time. The

requirements on

inputs of ESO are control signal u and process output y .

< Set point response. The system asymptotically tracks

The outputs of ESO are z1 , z2 and z3 . Then, a simple control
law is applied, in which k p , kd and B are the control

stepwise set point changes, and the settling time and
overshoot V% are smaller than desired value.

the process model Gp .Hence, the specification will express

< Load disturbance response. The process output y comes

parameters.

back to set point ysp quickly and the impact of

The ESO in second-order ADRC is

disturbance is low.

z2  E1 ( y  z1 ) 

 z1
°
® z2
° z
¯ 3

z3  E 2 ( y  z1 )  Bu
E 3 ( y  z1 ) 

where E1 , E 2 and E 3 are observer parameters to be
determined. If Gp , somehow, can be approximated by a
second order system model structure:

y

f (t , y, y , Z )  Bu

< Robustness with respect to model uncertainties. That is,

(2)

(3)

and the observer (2) is well tuned, z1 , z2 , z3 will track y , y
and f respectively. The term f represents the combined
effect of the internal dynamics and external disturbances Z .
Note that, there is no need to know the accurate mathematic
description of f in model (3).

for a 10% change in parameter p of the process, the
system is still stable and the control performance is still
good.

3

Converting the ADRC equations to frequency domain, the
closed-loop transfer function Gcl ( s ) of the control system is
readily available:
Gcl ( s )

k p ( ysp  z1 )  kd z2
u

(u0  z3 ) / B

(4)
(5)

With z3 | f obtained from the ESO, (5) reduces (3) to an
approximate double integral plant:

G p ( s )k p ( s 3  E1 s 2  E 2 s  E 3 )
BA1 ( s )  G p ( s ) A2 ( s )

(9)

where

The control law in second-order ADRC is
u0

Stability and the Parameter B

A1 ( s )

s 3  ( E1  kd ) s 2  ( E1kd  E 2  k p ) s 

A2 ( s )

( E 3  E 2 kd  E1k p ) s 2  ( E3 kd  E 2 k p ) s  E3 k p

From this transfer function, the stability analysis will
proceed.
We learned from experiments that, in the case of a
second-order ADRC dealing with a plant whose order is
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higher than two, the parameter B is important concerning to
the stability of system. To study how the parameter B
influence the stability of system, we simplify the problem by
making E1 , E 2 , E3 a function of Zo and k p , kd a function
of Zc , as proposed in Gao[9]:
s  E1 s  E 2 s  E 3
3

2

s  kd s  k p
2

( s  Zo )

Zc2
( s  Zc ) 2

(12)

As the settling time t s and the overshoot V % is the main
dynamic performance index, and the overshoot of (12) is
constantly zero, t s becomes the only factor taken into

3

( s  Zc ) 2

Gd ( s )

(10)

such that there are only three parameters left in (9),that is,
B, Zc and Zo .Then, a search program is used to determine
the region in Zo  Zc plane where the closed-loop system is
stable. And this is repeated for different B . The results for
an example of G p ( s ) 1/( s  1)3 are shown in Fig. 2, where

account while choosing Zc . Therefore, the relation between

ts and Z c is derived subsequently.
Under a unit step change in input signal, the output of (12)
with Laplace transform is

Y (s)

the area to the lower-left side of the curve is the stable region.
(See appendix 1 for more examples).

Zc2
s ( s  Zc ) 2

Zc
1
1


(13)
s ( s  Zc ) 2 s  Zc

Thus, the unit step response of system is
y (t ) 1  Zc teZc t  e Zc t

1  (1  Zc t )e Zc t (14)

According to the definition of setting time
y (t s )  y ( f )

'

(15)

where y (f) 1 and '  2% ,we have
(1  Zc ts )e Zc ts

(16)

0.02

which yields to
ts

5.85 / Zc

(17)

Once the setting time is given, the parameter
Fig.2 Stability in

Zo  Zc

plane of G p ( s )

1/( s  1)3

Results show that as B increases within certain bound, the
stable area in Zo  Zc plane is expanded. This is an
important hint for the tuning method discussing
subsequently.

following

Zc | 10 / ts

c. In the tuning procedure, B is chosen to make sure the
closed-loop system is stable. It must be large enough so
the right control parameters, which are determined to
achieve the desired performance, lie in the stable region.
On the other hand, B can’t be too large, otherwise the
control signal u is weak and the system becomes slow.
Therefore, a trade-off has to be made between stability
(robustness) and response speed.

Tuning Method

4.1 Tuning of Control Parameters k p and kd
Note from (8) that

k p and kd decide the closed-loop

transfer function. By setting
kp

Zc2 , kd

2Zc

(11)

where Zc is denoted as control bandwidth by Gao[9].Thus,
the desired transfer function becomes:

be

determined by (17). Thus, the desired dynamic characteristic
of systems is decided. However, the actual output, somehow,
can’t act the desired dynamic characteristic exactly.
Therefore, some margins are considered to make sure the
design is dependable. In this paper, Z c is determined as

Remark:

4

Z c can

Then,

(18)

k p and kd can be computed from Eq. (11).

4.2 Tuning of Observer Parameters E1 , E 2 and E 3
For tuning simplicity, Gao[9] suggested the observer gains,
E1 , E 2 and E 3 ,can be chosen as following

E1

3Zo , E 2

3Zo2 , E 3

Zo3

(19)

where Zo is denoted as observer bandwidth. This make all
three of the observer poles be placed at Zo . The larger the
Zo , the sooner the disturbance is observed by ESO and
cancelled by the controller. But, according to the analysis in
section 3, Zo cannot be too large or it will lie out of the
stable region, especially when the order of the controlled
plan is higher than two. Therefore, to make the ESO work
well in the case of small Zo , it is necessary to find a new
way to tune the observer parameters.
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To this end, the transfer function between

known in a practical problem)

z3 ( s) and f ( s)

(2) Let Zc | 10 / ts* , compute k p and kd from Eq. (11) .

is derived (See appendix 2 for details):

E3
E3  E 2 s  E1 s 2  s 3

z3 ( s )
f ( s)

(20)

Due to the following reasons:
(1) in the actual control situation, low and middle
frequencies are much more important than high
frequencies;

(3) Let Zo 4Zc , and k
from Eq. (23).

(4) Monotonously increase the value of parameter B from
a small value, until the dynamic performance is
satisfactory.
(5) Verify the robustness of controller by Monte-Carlo

(2) in general, the coefficients of low and middle
frequencies ( E 3 and E 2 ) are much more larger than
the coefficients of high frequencies ( E1 and 1);

simulation. (As all the control parameters were decided
from the former steps, we let the plant coefficients p
have a r 10% stochastic change, simulate the close-loop
system and record the result. By repeating it, 200 times
in this paper, we believe the results cover most of the
case under parameters perturbation. Then, we can see
whether the controller is robust or not).

only the first two terms in the denominator of Eq. (20) are
often sufficient to describe the character that z3 tracks f .
Thus, we have
z3 ( s )
k
|
f (s) s  k

(21)

Note that, since the desired setting time is given, only one
parameter B , need to be tuned.
Remark

where k { E 3 / E 2 .
With the knowledge of first-order systems, we can get from
Eq. (21) that the larger the k { E 3 / E 2 , the sooner the ESO.
Furthermore, in accordance with the definition of 2% setting
time, we can get
Tt | 4 / k

(22)

where Tt is defined as the time for z3 tracks f . In general,
the tracking time Tt of ESO should be smaller than the
desired setting time t s of system.
Now, we go back to the Eq. (19), find that it results in
k Zo / 3 , thus the value of k is limited by Zo (note that,
in many cases, Zo must be in a small value to make the
system stable). To free k from Zo , we improve Gao’s
method as following:

E1

3Zo , E 2

3Zo2 , E 3

k E2

(23)

where k is a constant which can be conveniently determined
by the characteristic of the controlled process. For example,
if the desired setting time t s is larger than 1 second, we can
choose k

4 , compute E1 , E 2 and E 3

4 , which make Tt

d. For a wild range of process with the desired setting time is
larger than 1 second, we make k { 4 in step (3). If the
desired setting time is smaller than 1 second, we can
adjust the value of k in step (3) from Eq. (22) to enhance
the speed that z3 tracks f . There is an example in section
5 for illustration.
e. It is no doubt that there are always a conflict between
performance and robustness. The conflict in ADRC is not
as strong as in many other controllers, which make ADRC
advanced. Therefore, the result in step (5) is generally
satisfactory. However, if a better robustness is expected,
we can go on increasing B in step (4), making a trade-off
between robustness and performance.

5

We shall now look at some examples and demonstrate the
use of the method. Comparisons of both performance and
robustness will be made with Panagopoulos and Åström’s
two degrees of freedom PID (2DOF-PID)[14, 15]. The
following transfer functions have been considered
G1 ( s )

1s according to Eq. (22).

G3 ( s )

Once k , the key parameter of ESO, is determined, we
choose Zo using a rule of thumb:

Zo

4Zc

Simulation Examples

G4 ( s )

(24)

p1

1, p2

Then E1 , E 2 and E 3 can be computed from Eq. (23).

G5 ( s )

4.3 Tuning Procedure

G7 ( s )

The above development can be summarized into the
following procedure:
*
s

*
s

(1) Get the desired setting time t . (we assume that t is

e  ps
1  ps
, p 5G2 ( s )
,p
3
( s  1)
( s  1)3
1
, p 1
s ( s  1)3
1
,
( s  p1 )(1  p2 s )(1  p3 s)(1  p4 s )
0.2, p3

0.04, p4

2

0.008

1
1
, p 1G6 ( s )
,p 1
5
(s  p)
( s  1) 6
p
, p 4 G8 ( s ) e  p s , p 1
( s  p)( s  1)

The first two models describe process of 3-order. G1 models
a process with long dead time and G2 is a non-minimum
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phase process. Model G3 and G4 are 4-order process, in
which G3 is an integrating process and G4 is a process with
four different poles. Model G5 and G6 represent processes
of 5-order and 6-order respectively. Model G7 is considered
to show that the proposed method can also be used for
unstable systems. G8 is a distributed parameter system,
whose dynamic is described by partial differential equations
in nature. Models G1  G8 which represent processes with
large variations in process dynamic, are included to
demonstrate the wide applicability of the design procedure.

times and with right half-plane zeros, unstable and of
distributed parameters. It was shown that both satisfactory
performance and robustness can be obtained.

Firstly, we make model G1 as an example to illustrate the
design procedure specifically. As the desired setting time
ts* | 30 s ! 1s ,we have Zc 10 / ts* 0.33 | 0.4 .Then
Zo 4Zc 1.6 , k 4 . Thus, E1 , E 2 , E 3 and k p , kd can be

Fig.3 Comparison between ADRC (solid line) and 2DOF-PID
(dashed line), showing step response followed by load disturbance
of lose loop system

obtained from Eq. (11) and Eq. (23). The last tuning
parameter B is monotonously increased by a step of 1 from
B 1 . We can find that the dynamic performance is
satisfactory at B 3 . The tuning parameters we get can be
summarized as [ B, Zc , Zo , k ] [3, 0.4,1.6, 4] . The tuning
procedures of the other processes are similar. Note that,
model G8 is different from others for it’s desired setting
time is smaller that 1s. Therefore, according to Eq. (22), we
increase the value of k to 20.

Fig.4 Comparison between ADRC (upside) and 2DOF-PID
(downside), showing the distribution of t s  V % under
parameters perturbation

Fig. 3 shows the responses to changes in set point and load.
The details of the design calculations and simulations are
summarized in Table 1. We can see that the proposed
method yields a faster and smoother respond when
compared to Panagopoulos and Åström’s 2DOF-PID (There
were two sets of controller given in Panagopoulos and
Åström’s paper, and we choose the one which yields a faster
respond to compare). Especially, the overshoot of ADRC is
quite smaller. Furthermore, the control signal of ADRC is
smaller. Note that, the control problem of model G7 and G8
were not presented in Panagopoulos[14]. Therefore, the
ADRC controller obtained of them is compared to the
corresponding 2DOF-PI controller in Åström [15]. Then, the
resulting performance of ADRC is great superior.
The Monte-Carlo method was adopted to verify the
robustness of system. For a r10% stochastic change in
p of models G1  G8 , we do simulations applying the same
controller designed for nominal system, and record the
values of ts  V % . This is repeated 200 times, and the
results are shown in Fig. 4. The more concentrated the
distribution of ts  V % , the better the robustness. The
bounds of the distribution, [ts , ts ] and [V  %, V  %] , are
listed in Table 1. We can see from Fig. 4 and Table 1 that,
the robustness of ADRC is superior.

6

Conclusions

A simple tuning method for second-order ADRC is
presented. Once the desired settling time is given, only one
parameter need to be tuned. The method has been applied to
a variety of systems, low- and high-order, with long dead

Table1 Properties of ADRC and 2DOF-PID for system G1  G8

*The design parameters of ADRC and 2DOF-PID are
[ B, Zc , Zo , k ] and [b, k p , ki , kd ] respectively.
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Appendices
A.1 Examples for Stable Region
(a ) Ga ( s )

2 s  1

( s  1)3

1
( s  1)(1  0.2 s )(1  0.04s )(1  0.008s )
1
(c ) Gc ( s )
( s  1)5
100
1
0.5
(d ) Gd ( s )
(
)

2
( s  1) s  1 s  0.05
All these results show that, as B increases within certain
bound, the stable area in Zo  Zc !plane is expanded. In fact,
for some special processes, there exists a constant value B0,
and the above law is just correct when B increases within the
range of [0, B0]. For example, in the case of Gd , the stable
area is no longer expanded, but contracted, while B>5.
However, in our tuning procedure, B shall not be too large,
and we consider that the law is always correct.
(b) Gb ( s )

Fig.A1 Stable region of models Ga  Gd
A.2 Transfer Function Between z3 ( s ) and f ( s ) !

Rewrite the Eq. (2) and Eq. (3) as following
z1 z2  E1 ( y  z1 )
z2

z3  E 2 ( y  z1 )  Bu
z3

E 3 ( y  z1 )

(A1.1)
(A1.2)
(A1.3)


y f  Bu
(A2)
Combine Eq. (A1.2) and Eq.(A2),and cancel the term
Bu yielding
f z3  E 2 ( y  z1 )  ( 
y  z2 )
(A3)
Taking the Laplace transform of Eq.(A1.1) and Eq.(A3),we
have
sz1 ( s ) z2 ( s )  E1[ y ( s )  z1 ( s )]
(A4)

f ( s)

z3 ( s )  E 2 [ y ( s)  z1 ( s)]  [ s 2 y ( s)  sz2 ( s)]

(A5)

Combine Eq.(A4) and Eq.(A5), and cancel the term z2 ( s ) ,
yielding
f ( s)

z3 ( s )  E 2 [ y ( s)  z1 ( s)]  E1 s[ y ( s)  z1 ( s)] 

(A6)
s 2 [ y ( s)  z1 ( s)]
Taking the Laplace transform of Eq.(A1.3),we have
z3 ( s ) s E 3 [ y ( s )  z1 ( s )]
(A7)
Times s to both sides of Eq. (A6), then substitute Eq. (A7)
into it, yielding
f ( s ) s ( E 3  E 2 s  E1 s 2  s 3 )[ y ( s )  z1 ( s )] (A8)
Divide Eq. (A7) by Eq. (A8), yielding
E3
z1 ( s )
(A9)
f ( s ) E 3  E 2 s  E1 s 2  s 3
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