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A Novel Design of Disturbance Compensator in Active Disturbance Rejection Control
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Abstract: This article aims to describe a novel design method of disturbance compensator in ADRC (Active
Disturbance Rejection Control) based on Lyapunov stability theory. Error-based state equation is used to simplify
the ADRC structure. The state feedback controller is designed using LQ (Linear Quadratic) method based on a
linearized model. The generalized ESO (Extended State Observer) estimates the nonlinear part, model uncertainty,
and external disturbance regarded as "total disturbance." Based on the estimate of the disturbance, disturbance
compensator is designed using Lyapunov stability theory. In conventional ADRC, after estimating the disturbance
compensator rejects the disturbance. But in this paper, it was not simply rejected. Instead the estimate of the
disturbance is used in compensator design to make the Lyapunov candidate decrease more quickly. Our method
allowed improved the convergence rate of ADRC. A numerical example and IWP (Inertia Wheel Pendulum)
stabilization simulation confirmed the new method for effectiveness evaluation.

Keywords: active disturbance rejection control, generalized extended state observer, Lyapunov stability
theory, inertia wheel pendulum.
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1. Introduction independence of accurate mathematical models [3, 4].

In recent years, ADRC, which can estimate and  For example, ADRC was used for hypersonic vehicle
reject external disturbances and parameter uncertainty,  control [5], motion control [6], UAV control [7], power
is attracting several researchers and engineers. ADRC ~ System control [8], turbine system [9], and process
was proposed by Jing-Qing Han in the 1990s, and its  control [10].

main idea is to regard external disturbance and internal One of the important issues in ADRC is to tune its
uncertainty as ‘total disturbance’ and estimate and parameters. NA tuning methods have been proposed.

reject them in real time by observer-based feedback ~ One of the major methods is the optimal method. NA
compensator [1, 2]. methods such as PSO algorithm, reinforcement

ADRC is widely used due to its strong robustness leaming, multi-object optimization [11] have been
against non-linearity and disturbance and its  Proposed. But these are rarely used in process control
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because of large computational effort. [12] proposed
bandwidth-based tuning method for linear ADRC,
which is widely used by engineers and researchers. NA
varieties based on bandwidth method can be found in
[13]. [14] suggested error-based ADRC to make its
structure simpler.

In conventional ADRC, after estimating the
disturbance compensator rejects the disturbance. But
not all disturbances are harmful, and some of them may
have a good effect on system dynamics [15]. From this
viewpoint, [15] suggested a conditional disturbance
negation method that does not cancel all disturbances
but selectively rejects only harmful disturbances by
analyzing their effectiveness. In [15], disturbance
compensator was designed to reject harmful
disturbances by making the disturbance term in the
derivative of the Lyapunov function be zero.

The magnitude of the derivative of the Lyapunov
function determines the decreasing rate of the
Lyapunov function. In other words, the greater the
derivative of the Lyapunov function, the quicker the
Lyapunov function decreases. Thus, in this paper, the
disturbance term in the derivative of the Lyapunov
function is made to be negative definite one to decrease
the Lyapunov function more quickly.

In this paper, error-based ADRC is adopted to make
ADRC structure simple. GESO (Generalized Extended
State observer) is used to estimate the disturbance. The
LQ method made it possible to design a state feedback
controller and, using the Lyapunov stability theory,
allowed for the design of a disturbance compensator to
make the derivative of the Lyapunov function smaller
to accelerate the decreasing rate of the error that is
considered the main contribution of this paper.

The rest of this paper is organized as follows.

In section 2, a novel design method of disturbance
compensator is presented and tested by a case study.

In section 3, simulation and experimental validation
for the IWP (Inertia Wheel pendulum) stabilization is
presented to show the effectiveness of the proposed
method.

2. Novel Disturbance Compensator
Design in ADRC

2.1. Design Method

In ADRC, TD (Tracking Differentiator) is used to
smooth the change of reference signal to prevent rapid
increment in the control effort due to the rapid change
in the reference signal. In other words, TD plays its
role only when the reference signal changes and has no
effect in the other cases. So if the reference signal can
be made to be constant, TD will not be needed in
ADRC. Transforming the state equation of the system
into error-based form enables the reference signal to be
constant, because in error-based form, the control
object is to make the state zero. So the reference signal
could be set to zero to eliminate TD in ADRC.

Assume that the state equation of the system is
given as the following:

{x = Ax + Byu + By f(x,d(0)) )

y=Cx
where x € R™,u € R™,d € RP,y € R" are the system
state, control input, external disturbance, and system
output, respectively. f(x, d(t)) is uncertain function in
terms of x and d . A€ R™", B, € R™™, Br€
R™P,C € R™™ are system matrices.

Let r(t) is the reference signal.

Introducing state error, e(t) = x(t) —r(t) (1) is
transformed into error-based form as the following:

é(t) = Ae(t) + B,u(t) + Bef(e +1,d(1))
+Ar(t) — 7(t) (2
y(t) = Ce(t) + Cr(t)

Equation (2) is rewritten by introducing é&,,1(t) =
Bef(x,d(®)) + Ar(t) —7(t) as a new state (let
en+1(t) = h(t)), as the following:

{é(t) = Aé(t) + Byu(t) + Byh

y(t) = Cé(t) + Cr(t)
with

~ A I ~ B
Ll drlaclt)
Onxn OTlXTl v Onxm

C= [C Orxn].gh = [Onxn]

ITLXTL

&(t) = [e1 (), €2 (), .., €0 (6), &1 (O]

Generalized ESO for (3) is designed as [17]:

é(t) =Ae(t) + Byu+ L(y—Cé(t) —Cr(t)) (4)
where L € R?>™ 7 is the observer gain matrix which is
selected such that A — LC is Hurwitz.

Then, ‘total disturbance’ e, IS approximated as
ent1 ~ én+1-

Assumption 1: (4, B,) is controllable and (4, C) is
observable.

The design process of the control effort u is
summarized in the following theorem.

Assumption 2: BT B,, is invertible.

Theorem: Under the following feedback control, the
system (2) is stable.

@)

U=1uy+up )
uLg = —Kpge(t) (6)
up = (B;B,) "B, (-Te — é,,4) (7

where K;o =R™'BjP is LQ gain for a linearized
model of system (2) and ' € R™™ is a design
parameter (non-negative definite matrix).

P is a positive definite matrix, which is the solution
of the following Riccati equation:

ATP + PA—PB,R™'BTP+Q =0 (8)
where Q,R are positive definite matrices for LQ
controller design.

Proof: Define Lyapunov candidate as the following:

V =eTPe 9)
where P is the solution of Riccati equation (8).

Then, the derivative of Lyapunov candidate is
calculated as the following:

V =2¢éTPe+eTpé (10)
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Substituting (2), (5), (6), (7) into (10) gives
V=2eTPe+eTPé
= (eTAT +u"BY + el )Pe

+eTP(Ae + Byu + €,41)
= (eTAT — eTK[\BY +upBl + é},,)Pe

+e"P(Ae — B, K pe + Byup + ,41)
=e"(A"P — K[,BLP + PA—PB,K,4)e

+(upBy + éq)Pe+eTP(Byup + &,y)  (11)

The first term in (11) can be rewritten as the
following:

e"(A"P — K[yBLP + PA— PB,K;)e

=eT(ATP — PB,R™BIP + PA— PB,R™'BIP)e

=eT(—Q — PB,R™'BIP)e (12)

(12) is negative definite because Q is positive
definite matrix and PB,R™'BTP is also a positive
definite one. So the first term in (11) is negative
definite.

Multiplying both sides of (7) by,BI B, one can get:

Byup +é,,1 = —Te (13)

Then, the second and third terms in (11) become
—eTPI'e and (11) can be rewritten as the following:

V =—eTQe—e"PB,R™*BTPe — 2eTTPe0 (14)

This means that the closed-loop system was stable.

Remark 1: In case of I' = 0,4, the disturbance
compensator is the same as that one in the conventional
ADRC.

Remark 2: The bigger I' is, the smaller V and the
faster the convergence rate becomes, but the greater the
control effort becomes. So I' should be chosen as the
trade-off between the magnitude of the control effort
and the convergence rate.

2.2. Case Study
Consider the second-order system given by [16]:
%1 (t) = x,(t)

552 (t) — x1+x2+si;10x1+sinx2
y() =x
where d(t) is the disturbance and control gain is 10.5
and its nominal value is 10.
Let v(t) is the reference signal, then the state error
and its derivative are given as e, (t) = x;(t) — v(t),

ex(t) = é1(t) = x, () — v(D).

Transforming (15) into error-based form gives

é1(t) = ey(t)

ez(t) = Eel +Eez

1 L : . (16)
| [E (v + v + sin(eq + v) + sin(e, + 1))
—v(t) + d(t) + 0.5u(t)] + 10u(t)
The LQ gain for (16) with,Q = [200 ‘1)] R =100 is
givenas K, = [0.449 0.318].

In (16), the term in the bracket can be defined as a

new state ez (t) (let é5(t) = h(t)). Then, the extended
state equation is described as the following:

+d(®) +105u(®)  (15)

1

é1(t) = e,(t)
{ é(t) = 6’1 ®) +
éa(t) = h(t)

y(t) = ey (t) + v(t)
The generalized ESO for (17) can be designed as (4)
with the following:

52 (t) + 10u(t) +e3(t) (17)

0 1 0 0
~ 1 1
A=|s = 1 , B, 10]
0 0 0 0
1200
C=[1 0 0],L=[480030]
64 000 000

Observer gain matrix L is designed to place the
eigenvalue of A — LC at P = [-400 —400 —400].

It follows from (7) that disturbance-compensating
term is calculated as

up = ([0 10] [10]) 110 10] ( [81] [ ])(18)

The performance of the disturbance attenuation
performance was tested. For this purpose, d(t) =

2sint and d(t) = {1 0.1 ZIZ; 0.5 are imposed on

the input side, respectively, while the control input is
bounded as |u(t)| < 10 and the reference signal is
givenas v(t) = 0.

Fig. 1 shows the simulation result for the case of
d(t) = 1,t € (0.1,0.5) and Fig. 2 shows the result for
the case of d(t) = 2sint. It can be concluded from
Fig. 1 and Fig. 2 that the proposed methods have better
performance than conventional ADRC in disturbance
rejection. Especially, it has the best performance of the
biggestT.

The IAE index was calculated to assess the
performance of the control system.

IAE = [{ly(®) - v(®)lde (19)

71 = diag[1,100]
7T = diagf1.10]
T = diag[1.1]

J~———Conventional ADRC

Fig. 1 Simulation result, d(¢) = 1,¢ € (0.1,0.5)

o/ N o

Fig. 2 Simulation result, d(t) = 2sint

Table 1 shows the IAE indices. It can be concluded
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from Table 1 that IAE indices for the proposed method
are smaller than those for conventional ADRC and the
bigger the T is, the smaller the IAE index is.

Table 1 IAE indices

d(t) =2sint d(t) =1

t€(0.1,0.5)
Conventional ADRC 1.845e-02 1.567e-03
Proposed T = diag[1,1] 1.592e-02 1.285e-03
Method I' = diag [1,10]  6.447¢-03 4.342e-04
I' = diag[1,100] 9.459%-04 4.468e-05

3. Stabilizing Inertia Wheel Pendulum
Using a Newly Designed ADRC

In this section, the proposed control law is adopted
to the typical benchmark equipment, IWP (inertia
wheel pendulum) to verify its effectiveness.

3.1. Design ADRC for IWP
A sketch of the IWP is shown in Fig. 3

Fig. 3 Sketch diagram of IWP

0,, is the tilt angle of the body, 6, is the wheel angle
with respect to the body, [ is the distance between the
motor axis and rotary axis, [, is the disturbance
between the CoM (center of mass) of the body and the
rotary axis.

The state space model of IWP is given according to
[17]:

{J'C(t) = Ax(t) + Byu(t) + B¢ f(t) (20)
y(t) = Cx(t)
where

0 1
A= |(mpl, + myDg Cp

Ib+1w+mwl2 Ib+1w+mwl2
0
B,=|_ Ly B = Irxz
Ib + Iw + mwlz
0

C=11 0, fO=|,0)

where w(t) is an extended disturbance containing
nonlinear-part  of  (20), model uncertainties,
measurement noise, and external disturbance.

The state space model of IWP (20) can be rewritten
with the use of an extended state ¥ = [xq,x,,x3]7 by
introducing a new state variable x;(t) = w(t) (let
Xx3(t) = h(t)), as the following:

+ Byu + Byh(t) 21)

ql D>z

fc
y x(t)
wher

Iy +1,+myl? Ip+1,+myl?

0
O]
1
C=[1 0 0]
Then generalized ESO for (21) is given as the
following:
£(6) = A2(t) + Byu + L (y — C2(0)) (22)
where L € R?™ " is an observer gain vector and is
selected such that A — LC is Hurwitz.

A disturbance compensator for IWP is designed by

(7) as the following:
up = = [Tx + 23] (23)
where b= ——1fe
Ip+Igy+me,l2

to be designed.

e
1 0
|:(mblb +mylg Cp

J

(J)

—,g -
u I+ 1, +myl2|"""
0

and ' € R¥*? is a parameter

3.2. Simulation and Experimental Validation
The block diagram of the IWP control system is
given in Fig. 4.

Speed Control Loop

Stabllization Loop

Fig. 4 Block diagram of IWP control system

Pl12-type controller is used as a speed controller,
which is given as the following:

1 1
GC =kp+ki;+kiis_2 (24)

3.2.1. Simulation Result
The parameters of the speed controller are chosen as
ky, =1.797,k; = 31.399,k;; = 0.5 such that the
bandwidth of the controller should be 30 rad/s.
Let, Q =diag(1,1),R =30 then
[—1620,181] is obtained.
Observer matrix is chosen as L =[60, 1100,
6 000 000]” such that A — LC is Hurwitz.
The design matrix T" is set as I' =
= [1,50].
Table 2 shows the physical parameters of IWP.

KLQ =

[1,20] and

Table 2 Physical parameters of IWP

Parameter Description Value Unit
my, Mass of the pendulum 0.19 kg
me, Mass of the wheel 0.04 kg
Iy Distance between the 0.080 m

CoM (center of mass) of
the body and the rotary
axes
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l Distance between motor 0.081 m
axis and rotary axis

Cp Friction coefficient of the ~ 1.02e-3 kg m2/s
body

Ce Friction coefficient of the ~ 4.92e-3 kg m2/s
wheels

I Inertia moment of the 1.89e-3 kg m2/s
body

I, Inertia moment of the 2.23e-4 kg m2/s
wheel

Fig. 5 shows the simulation result from which it is
seen that the peak value caused by pulse disturbance is
about 0.055 for conventional ADRC but 0.03 and 0.015
for the proposed method. It can also be concluded that
in the case of largerT’, the peak value is smaller.

IAE indices are given in Table 3.

Table 3 IAE indices

IAE index
Conventional ADRC 0.027 55
Proposed method (I' = [1,20]) 0.012 44
Proposed method (T = [1,50]) 0.007 699

From Table 3, it can be concluded that the IAE
index for the proposed method is about one-third or
one-fourth of the conventional ADRC.

I
| ——
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~f‘

Fig. 5 Tilt angie of IWP

3.2.2. Experimental Result

The experimental device is shown in Fig. 6. An
Arduino Uno was used as the processor. The main body
and the wheel are made using a 3D printer. Fig. 7
shows the experimental result of IWP stabilization.
From Fig. 7, it can be concluded that the proposed
method has strong disturbance rejection ability than
that of conventional ADRC.

Fig. 6 Experimental device (inertia wheel pendulum)

|

| | "
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Fig. 7 Experimen}gll result of IWP

4. Conclusion

In this paper, novel design of disturbance
compensator in ADRC was presented. Error-based
ADRC is adopted to simplify its structure. The LQ
method was used to design the state feedback controller
of ADRC. A disturbance compensator was designed to
make the derivative of the Lyapunov function smaller
than that of a conventional disturbance compensator.
Simulations and field experiments were conducted to
verify the effectiveness of the proposed method.
Simulation and experimental results showed that the
proposed method had better performance in disturbance
attenuation than conventional ADRC. IAE indices also
showed the effectiveness of the proposed method. In
this paper, control effort is not considered. As remark 2
says I should be chosen as the trade-off between the
magnitude of control effort and the convergence rate.
How to select I" should be considered in future work.

References

[1] HAN J. From PID to active disturbance rejection control.
IEEE Transactions on Industrial Electronics, 2009, 56: 900-
906.

[2] GAO Z.-Q. Active disturbance rejection control: From an
enduring idea to an emerging technology. In: Proceedings of
the 2015 10th International Workshop on Robot Motion and
Control, Poznan, Poland, 2015: 269-282.

[3] FENG H., and GUO B.-Z. Active disturbance rejection
control: old and new results. Annual Reviews in Control,
2017, 44; 238-248.
http://dx.doi.org/10.1016/j.arcontrol.2017.05.003

[4]WU Z.,HE T., LI D., XUEAY., SUNB L., and SUNC L.
Superheated steam temperature control based on modified
active disturbance rejection control. Control Engineering
Practice, 2019, 83: 83-97.
https://doi.org/10.1016/j.conengprac.2018.09.027

[5] TIAN J.,, ZHANG S., ZHANG Y., and LI T. Active
disturbance rejection control based robust output feedback
autopilot design for airbreathing hypersonic vehicles.
Instrumentation,  Systems, and Automation  Society
Transactions, 2018, 74: 45-59.
https://doi.org/10.1016/j.isatra.2018.01.002

[6] CHU Z., SUN Y., WU C., and SEPEHRI N. Active
disturbance rejection control applied to automated steering

for lane keeping in autonomous vehicles. Control
Engineering Practice, 2018, 74: 13-21.
https://doi.org/10.1016/j.conengprac.2018.02.002

[7] LOTUFO M.A., COLANGELO L. PEREZ-

MONTENEGRO C., CANUTO E., and NOVARA C. UAV


https://doi.org/10.1016/j.conengprac.2018.09.027

Kang et al. A Novel Design of Disturbance Compensator in Active Disturbance Rejection Control, Vol. 49 No. 8 August 2022

74

quadrotor attitude control: An ADRC-EMC combined
approach. Control Engineering Practice, 2019, 84: 13-22.
https://doi.org/10.1016/j.conengprac.2018.11.002

[8] PRASAD S., PURWAR S., and KISHOR N. Load
frequency regulation using observer based non-linear sliding
mode control. Electrical Power and Energy Systems, 2019,
104: 178-193. https://doi.org/10.1016/j.ijepes.2018.06.035
[91 REN L., MAO C., SONG Z., and LIU F. Study on active
disturbance rejection control with actuator saturation to
reduce the load of a driving chain in wind turbines.
Renewable Energy, 2019, 133: 268-274.
https://doi.org/10.1016/j.renene.2018.10.041

[10] HAN J., WANG H., JIAO G., CUI L., and WANG Y.
Research on active disturbance rejection control technology
of electromechanical actuators. Electronics, 2018, 7(9): 174.
http://dx.doi.org/10.3390/electronics7090174

[11] SUN L., HUA Q., SHEN J., XUE Y., LI D., and LEE
K.Y. Multi-objective optimization for advanced superheater
steam temperature control in a 300 MW power plant.
Applied Energy, 2017, 208: 592-606.
http://dx.doi.org/10.1016/j.apenergy.2017.09.095

[12] GAO Z. Scaling and bandwidth-parameterization based
controller tuning. In: Proceedings of the American Control
Conference, Denver, CO, USA, 2003: 4989-4996.
http://dx.doi.org/10.1109/ACC.2003.1242516

[13] TAN W,, and FU C. Linear active disturbance-rejection
control: Analysis and tuning via IMC. IEEE Transactions on
Industrial Electronics, 2016, 63: 2350-2359.

[14] MADONSKI R., SHAO S., ZHANG H., GAO Z,
YANG J., and LIA S. General error-based active disturbance
rejection control for swift industrial implementations.
Control Engineering Practice, 2019, 84: 218-229.
https://doi.org/10.1016/j.conengprac.2018.11.021

[15] SUN J., PU Z., and YI J. Conditional disturbance
negation based active disturbance control for hypersonic
vehicles, Control Engineering Practice, 2019, 84: 159-171.
https://doi.org/10.1016/j.conengprac.2018.11.016

[16] GUO B., and ZHAO Z. Active Disturbance Rejection
Control for Nonlinear Systems. John Wiley and Sons, 2016.
[17] GAJAMOHAN M., MERZ M., and THOMMEN I. The
Cubli: A Cube that can Jump Up and Balance. In: IEEE
International Conference on Intelligent Robots and Systems,
2012: 438-442.

BEX:

[1] HAN J. LIS My BEBRERS. ERKRNE
FIRMBEIXEFRET , 2009, 56 : 900-906.

[2] GAO Z.-Q. EEBHBES  REATRNWESFIHE
Bii. R : 2015 FETEHIRAEERZFIEBRANE
W, EWIKER | 2015 : 269-282,

[3] FENG H., 1 GUO B.-Z. BB S : HELR. &

# F E B B , 2017 , 44 238-248
http://dx.doi.org/10.1016/j.arcontrol.2017.05.003

[4] WU Z, HE T,, LI D., XUEA Y., SUNB L., ¥ SUNC L.
ERGENETBRBRHENBRAZTVRR R, 2T

7 # B , 2019 , 83 83-97
https://doi.org/10.1016/j.conengprac.2018.09.027

[5] TIAN J.,, ZHANG S., ZHANG Y., f LI T. ERA X
BEMHNEEASEERRTREERLREADER
BEGT. BRER. RENBBILEERS , 2018, 74 :
45-59, https://doi.org/10.1016/j.isatra.2018.01.002

[6] CHU Z., SUN Y., WU C. 1 SEPEHRI N. £&T#&
MEEHERAREDERSEEERENESE G, 2

# T B B B , 2018 , 74 13-21
https://doi.org/10.1016/j.conengprac.2018.02.002
[7] LOTUFO M.A. ., COLANGELO L. . PEREZ-

MONTENEGRO C., CANUTO E. 1 NOVARA C. T A
VMG E RS . TBREES-mARNER RS A
ehE. BEIREER ,6 2019, 84 : 1322,

https://doi.org/10.1016/j.conengprac.2018.11.002

[8] PRASAD S.. PURWAR S. #l KISHOR N. f A ER &
BB IERMEBE RSN ERERRADH., EHNERR
w : 2019 , 104 178-193

https://doi.org/10.1016/j.ijepes.2018.06.035

[9] REN L., MAO C., SONG Z., #l LIU F. 811783881
FHRBEREFARURDRA S BREESENER, 7

B £ g K , 2019 , 133 268-274
https://doi.org/10.1016/j.renene.2018.10.041
[10] HAN J., WANG H., JIAO G., CUI L., 1 WANG Y. #

EHTHRENBEAEMAR. EFE, 2018, 7(9): 174.
http://dx.doi.org/10.3390/electronics7090174

[11] SUN L., HUA Q., SHEN J., XUE Y., LI D., # LEE
KY. 300 KRERSHKBARZTEERINZERE

it . FE B & R , 2017 , 208 592-606 o
http://dx.doi.org/10.1016/j.apenergy.2017.09.095

[12] GAO Z. EREH M B ESBIL R FIRTRE, £ .
ZEEHERRE , ZENBUSMIHT , 2003 :
4989-4996, http://dx.doi.org/10.1109/ACC.2003.1242516
[13] TAN W. 1 FU C. i@ X BB ins . BBIMCHLT
PHMAR, ERNEFIRMEEG ITXETET
2016 , 63 : 2350-2359,

[14] MADONSKI R., SHAO S., ZHANG H., GAO Z.,

YANG J., M LIAS. ARRETXBHRHER —MRREMN
FETEIMFIES, 2ETRER , 2019, 84 : 218-229
o https://doi.org/10.1016/j.conengprac.2018.11.021

[15] SUN J,, PU Z, Ml YI ). ERA RGBS EEN S BEE

ERITEREIBES RS, B ITREER, 2019, 84: 159-171.
https://doi.org/10.1016/j.conengprac.2018.11.016
[16] GUO B. M ZHAO Z. JFEMERBH EBMBEIEHI,

HWERFIRF | 20165,
[17] GAJAMOHAN M., MERZ M. 1 THOMMEN |. #28
AMFEE : TUARBENMEEHENILHE, £ EXNET


https://doi.org/10.1016/j.conengprac.2018.11.021

75

TREMBE EREMFIANKREREE |, 2012 : 438-

442,



