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What Is
Active Disturbance Rejection Control (ADRC)?
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ADRC as a potential solution has been explored in many domain
of control engineering:

« motor systems (speed control of induction motor and permanent-magnet synchronous,

noncircular turning process, etc)

 fl |ght control (attitude control of space ship, high-speed vehicles, UAV, morphing aircraft,
etc)

- robotic control force control, uncalibrated hand-eye coordination, AUV, etc)

- thermal PrOCESS (unstable heat conduction systems, boiler-turbine-generator systems,
ALSTOM gasifier, fractional-order system, etc)

- electromechanical systems (induction motors, permanent magnet motors,

synchronous motors, etc)

* POWEr electronics devices (DC-to DC power converters, rectifiers, inverters, HVDC
SMC systems, etc)

- power systems, axial flow compressors, gasoline engines,
automotive control, tension system, infinite-dimension systems, ...
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ADRC in U.S.: Milestones S

]

\

»1997: made the 15t successful ADRC hardware test on a servo n\eeh\nlsm

»2008: $1M venture capital, grew by $5M in 2012.

»>2010: 1%t factory implementation, 10 Parker extrusion lines (f;*EﬂZ_fE/ﬁ%)

at a Parker Hannifin Extrusion Plant in North America e
(cpk: from 2.3 to >8; avg. energy saving 57% )

»>2011: implemented ADRC in several high energy particle accelerators (/& 5%

FrFERD in the National Superconducting Cyclotron C@’?@%ﬁﬂ}fﬁ#)

Lab in the U.S. " -

n a1l

»2011: Texas Instrument adopts ADRC; 3 patents granted. ~

»2013: Texas Instrument released the ADRC based motion control chips

from academic setting into industry
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TuA22 - Invited Session: ADRC Design Techniques

TuB22 - Invited Session: Disturbance Rejection: Problems and Solutions
WeAZ22 - Invited Session: ADRC in Power Generation and Regulation
WeB22 - Invited Session: Precision Control of Mechanical Systems on ADRC

+ several regular papers
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Special Issues on ADRC Special Issues on Disturbance
Control Theory & Applications,2013 Estimation and Mitigation
ISA Transaction, 2014



ADRC as a potential solution has been explored in many domain
of control engineering:

* motor systems (speed control of induction motor and permanent-magnet synchronous,
noncircular turning process, etc)

« flight control (attitude control of space ship, high-speed vehicles, UAV, morphing aircraft, etc)

« robotic control (force control, uncalibrated hand-eye coordination, AUV, etc)

 thermal process (unstable heat conduction systems, boiler-turbine-generator systems, ALSTOM
gasifier, fractional-order system, etc)

« electromechanical systems (induction motors, permanent magnet motors, synchronous motors,
etc)

* power electronics devices (DC-to DC power converters, rectifiers, inverters, HYDC SMC systems,
etc)

* power systems, axial flow compressors, gasoline engines, automotive control, tension system,

infinite-dimension systems, ...

Quantum control {
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Princigles and Methods of ADRC

= Brief history of ADRC

Jingging Han(1937-2008)
ADRC was proposed by Jingging Han in 1990s.

One of the pioneers in control theory and applications in China



Principles and Methods of ADRC

= Brief history of ADRC

The story of ADRC begins at the 1t CCC in 1979 (The 15t National Conference
on Control Theory and Its Applications)

The systems, linear or nonlinear, under some conditions,
can be transformed into the canonical form of cascade

Integrators via feedback.
-Han J. The structure of linear system and computation of feedback system, in: | =
Proc. National Conference on Control Theory and Its Application, Academic Press, |
1980
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Canonical form of linear and nonlinear system

The systems, linear or nonlinear, under some conditions can be transformed
into the canonical form of cascade integrators via feedback.

0 1 0 O 0
: 1 0
X = AX+ Bu, : .
A= = B =
y = CX
0 1 0
_ - _1_

canonical form of linear systems

canonical form for nonlinear systems?
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Canonical form of linear and nonlinear system

In 1980s-1990s, nonlinear control is a hot topic
O R.W. Brockett, Feedback invariants for nonlinear systems, 19781FAC

O B.Jakubczyk and W.Respondek, On linearization of control systems, 1980
O B. Charlet, J.Levine, On dynamic feedback linearization, 1989

differential geometry

O M. Fliss, Generalized controller canonical forms for linear and nonlinear

dynamics, 1990
differential algebra

Exact linearization via differential geometry

Isidori A., Nonlinear Control System, Springer-Verlag

11



Canonical form of linear and nonlinear system

Similar Idea: Exact linearization via differential geometry

The exact model 1s known

SISO nonlinear system X = f(X) +b(x)u, xeR"

= h(X
o a0 =) gL
If the relative order is n, then there exist: L L h(x) L, L% *h(x)
transformation: z=T(X) state feedback control u=a(x)+ B(X)v
exactly linearized to a canonical form of cascade integrators
0 1 - 0 0] [0]
Z=Az+ By, 0 1 0
y =Cz A= ... |,B=]i[,C=[1 0 - 0 0]
0 1 0
1]

System with large uncertainties: how to realize the linearization?

Han: explore the problem in a completely different way

12



Principles and Methods of ADRC

= Brief history of ADRC
In the 1980s-1990s: Han further pointed out

(a) The boundary between the linear and the nonlinear system can be broken

by control input.

for vast kinds of systems:
linear time-invariant or nonlinear time-varying or coupled

can be transformed into a linear decoupled chain of integrators via control input.

ADRC frame: plants no longer be distinguished by linear/nonlinear, time-varying /time
invariant, coupled/decoupled

(b) For linear time-invariant system:
actively introduce special kinds of nonlinear control
for example, non-smooth feedback
to improve the performance of the closed-loop system

The original form of ADRC is nonlinear: full use the power of nonlinear feedback

This talk will focus on (a)

13



Principles and Methods of ADRC

= Brief history of ADRC

Ideas:
* treat unknown model: a special state (named extended state by Han)

* design a special observer: the extended state observer (ESO), to estimate it
In real time

In such a brave stroke:
system: uncertain, nonlinear and time varying:
linear chain of integrators

Next: discuss the features of ADRC by several examples

14



Principles and Methods of ADRC

Example 1. Consider the MIMO uncertain nonlinear time-varying system:

(X, =X, States: X;eR™({en), X =[ X/ - X[ ]
Output to be controlled : v (t)
- Control input: U@t)eR"

) Xn—l = Xn -
X =D(t)+F(X,t)+B(X,0U 1) Unknown Disturbance: D(t) R
Y = X Uncertain dynamics: F(X,t)eR", B(X,t)eR™"
i 1 B(X,t)e R™™ is invertible

Cutting tool

Fast tool servo

Many engineering systems can be described by it:

» The fast tool servo

Wu D., and Chen K., Design and analysis of precision active disturbance rejection control for noncircular
turning process. IEEE TIE, 2009.

» The cavity dynamics of the superconducting RF cavities

Vincent J., Morris D., Usher N., Gao Z., Zhao S., Nicoletti, A., and Zheng, Q., On active disturbance rejection
based control design for superconducting RF cavities. Nuclear Instruments & Methods in Physics Research A,

2011.
> The robot system

Su J.etc, Task-independent robotic uncalibrated hand-eye coordination basS4 ed on the extended state
observer. IEEE Transactions On Systems, Man. And Cvbernetics, part B: Cybernetics, 2004.



Principles and Methods of ADRC

Example 1. Consider the MIMO uncertain nonlinear time-varying system:

(X, =X,
Unknown disturbance: D(t)eR"
X=X, Uncertain dynamics: F(X,t)eR
- : ) eR", B(X,t)eR™"
X =D(t)+F(X,t)+B(X,)U (t) Y (X, (XD
invertible
Y =X,
For a more general nonlinear system x=f(x)+g(x)u, xeR"

y =h(x)

If the relative order is n, and the exact model is known:
exact linearization via differential geometry

If the exact model is unknown, f(x),9(x) unknown

- T T [2,=1
Lhﬁ:z)) y = ,,l, 2 Uncertain dynamics:
X y Z
z=T(x)= f : = y A :2 = 2 =1 F(X,t)eR™, B(X,t)e R™ invertible
LPh) | Ly ? | [z, i :)
Yy=4

16



Princigles and Methods of ADRC

(X, =X, = - e o [X, =X,
B(t) Estimation for B(X,t), B(t) is invertible.

=X, canonical form of cascade integrators |y =X
p— n_

X, X, =BOU®)

difference between the original system and its canonical form
—

Xt :+[B(X )= E(t)]u (L “extended state” or “total disturbance”

External disturbance Internal disturbance (nonlinear, time-varying, coupled)

Canonical form +
X =X total disturbance
(X, =X, +B{U()

n+1

17



Principles and Methods of ADRC
(X, =X,

<X = Canonical form + total disturbance
n-1 — n

X, =X, +BOU®) @

Extended state observer(ESO) (Han, 1995)

actively estimate the “total disturbance”

X, =X, =G, (X,=Y) X, =Y
[~ A = - =
X =X, =G (X, =Y)+B@U(t) Xy = X, (=Y0)
\>én+1 = _Gn+1(>21 _Y) Xn+1 - Xn+1

« The order of ESO = the order of the plant +1

. G/(X,-Y) nonlinear function to be designed =



Principles and Methods of ADRC

Canonical form + total disturbance

Xy = D)+ F(X, 1)+ B(X,)=B(t) |U(t)

ADRC (Han,1998)

Compensate for
total uncertainty

Strong Robustness

Control for
canonical system

Desired Performance

\A

(Xlz Xz
Xn—l = Xn
(X, =X, +BOU()

ESO (1995)

)21—>Y

X, =X (=Y")
X\n+1 - Xn+1

The methodology of ADRC is developed (1990s )

3

()'(l:)(z

Xn—1 = X

X =B(t)U,(e)

New meaning for the concept of disturbance rejection

19



Principles and Methods

of ADRC

(X1=X2 X1=X2

= !
X, =D@t)+F(X,t)+B(X,t)U(t) :> Xo1=X,
Y =X, | X, =X

n+1

Han turned his attention to an even significant problem:
design the control law

without an exact mathematical model

v

Xn+1 = D(t)
+F (X, )+ B(X,t)=B() |U(1)

+B(U(t)

N

ADRC law

)21 = )22 _Gl()zl =Y)

< .

~

\)Zn+1 = _Gn+1()21 -Y)
U@t)=—B(t)X

n+1

ESO [X,=X,,-G,(X,=Y)+B(t)U(t)

+U (Y, X, X.)

control of uncertain systems / disturbance rejection
the most fundamental issue in control science / engineering

20



control of uncertain systems / disturbance rejection
one of the most fundamental issue in control science / engineering

Uncertainty / disturla@nce (new meaning)

[ Internal Uncertainty ] [ External Disturbance ]
A
L A
[ Parameters ] [ Dynamics ]
feedback control *P1D control
*Adaptive control Invariance principle (IP)
*Robust control Internal model principle (IMP)
*Embedded model control (EMC) Disturbance-accommodation control (DAC)
*Sliding mode control Disturbance observer based control (DOBC)
*Model free control(M. Fliess, Z.G. Han) <Nonlinear output regulator theory
*Feedback capability o whis

« a vast range of uncertainties/disturbances
ADRC: . transient/steady performance

* simplicity in engineering implementation

Extended discussion: the capability of ADRC for uncertainties by some examples
21



Principles and Methods of ADRC

Example 1: MIMO uncertain nonlinear time-varying system:
X=X, (X, =X,

Xn+1 = D(t)
+F (X, )+ B(X,)=B() |U()

X, = D(t)+F(X,t)+B(X,)U(t) :> X =X
Y=X X, =X

+B(HU (t)

ADRC law
)21 = )22 _Gl()zl -Y)

n+1

ESO x =X, =G, (X, =Y)+B(U(t) |:> <XH=X
X0 = =G (X, —Y) X, =B(H)U,(s)
U@)=-B ()X, +U, (Y, X,, - X,)

n+1

Can ADRC only deal with the uncertainties of matched%dition ?

22



Principles and Methods of ADRC

Example 2. Consider the system with unmatched condition:
States: x. e R(i=1,2)

(% = f,(t, %, %, D(1) (c;uti)utl to betc.ontrolled: y(o)
4 XZ = f2 (t, X, Xy, D(t)) +b(t, X,, XZ)U ontrol input: u(t)eR |
y =X Uncertain dynamics: fi(t, X, %,)(1=12), b(t, X, X,)

b(t,x,%,) isinvertible
Unknown Disturbance: D(t) e R"

Uncertainty f,(t,x,x,,D(t)) : not satisfy the matched condition

flight control system
Angle of attack: «,

(@ =0,—a,()a+al) Angular rate: o,
‘@, =u—Uu +a,t)a+a, ), Uncertain aero-dynamic parameters: ay,,a,;,a,,,a,
y=a Unknown disturbance: v* wind

23



Principles and Methods of ADRC

Example 2. Consider the system with unmatched condition:
{X:L = fl(t7 X3 X5 D(1))

X, = 1, (t, %, %, D(t)) +b(t, X, X,)u
y=%
Define X =x, X, = f.(t,x, %, D(t)),

2

8f of, of,
" L (L X, X, D(t))+ ~ f,(t, x, %, D(t)) +— pr D(t){ax b(t,xl,x%ui

canonical form of cascade integrators

L £ (t, X, X,,d (t))+§)f(1 f,(t, %, %,,d (t))+ A, D(t)+(§fl b(t,xl,xz)—E(t)ju

2 2

%\9%

“total disturbance”

24
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.

total disturbance

Principles and Methods of ADRC

Xl = fl(t’ X1 Xp, D(t))
K, = (8, %, %, D) +b(t, X, X,)0

Y=%

:_1:_2
> 1%, =%,
E y=X

__________________

of, of

of
= _1+_Xi f,(t, %, %, d, (1)) +871

ot 0

2

of, - of
Falti X, %, () + - D(Y) +(8—X12b(t, X,

xz)—B(t)Ju

=%, —0,(%, —y)+b(t)u(t)

ESO
)21:22_91()?1_3’)
I8,
\)A(s = _93(21 - Y)

s

compensate for
total disturbance

achieve the performance
of the canonical system

no need to estimate f.(t, x,,%,, D(t))

From the point of control, X, (<) :needed to be estimated and compensated for

25



Principles and Methods of ADRC

The essence of ADRC: estimate the total uncertainty” via ESO
» uncertainty or disturbance: if not influence the output to be controlled
not needed to estimate and reject it.
» disturbance: affects the output
can definitely be observed from the output

The extended state or the “total disturbance” is always observable.

% = ,(t,%, %, D(1) [%=%, i
%, = £,(t %, %, D) +b(t. %, X, )u )5 = f(t X, X, D(t))+ L, (t, X, X, D(t))+ D(t) A T b(t, %, %, Ju!
_ : ot X, X, :
y=X 1 — 1
= T :
_of, of of o, of =
“total disturbance” — al fl(t%xz'dl(t))Jra—xlz fat 2, % 8, (D) +=5 D(t){a—xlzb(t,xl,xz)—b(t)Ju




Principles and Methods of ADRC

ADRC: deal with a large class of uncertain nonlinear systems

er = Fl(t1 X1’ X21 D(t))

-

Xn—l: n—1(t’X1""'xn’D(t))
X, =F,(t X, X,,D(t),U(t))
kY = Xl

States: X;eR"(ien), X =[ X] - X]]
Output: Y(1)

Control input: U(t)eR"
Unknown disturbance: D(t)eR?

Uncertain dynamics: Rt X, X)) €RY,

B ien-1) Lo

oX. . ou nonsingular

covers many practical nonlinear systems

%

can be generalized to

Example 2. Consider the system with unmatched condition:

¥ = 1,6, %, D(D)
%, = f,(t, X, %, D(1)) +b(t, X, X,)u
y=X

27



Principles and Methods of ADRC

ADRC: deal with a large class of uncertain nonlinear systems :

%, = Fy(t. X, X,. DY) States: x, eR™Genm), X =[x - X{]
Output: Y ()
IX  =F (t X, X ,D(b) Control inpyt: U()eR"
X =F (t, X, X, D,U D) Unknown dlsturb_ance: D(t) eR’
V= X Uncertain dynamics: F(t, X,,---, X.,) eR",
LT ™M
oF . oF,
] _1’ n : -
—(en-1) ~y ' honsingular

i1+l

lateral jets and aerodynamic fins

Y=X,eR" «=> U(t)eR"
Y=X,eR" «=> U({t)eR* q>p OQOver-actuated
¢ V()(eR")  ADRC
optimization
and allocation

Compound control: '
g Morphing aircraft ~ Y®(<R’)

28



Principles and Methods of ADRC

Y=X,eR? «=> U({t)eR' q<p Under-actuated

Flat output + ADRC

- the number of flat outputs

= the number of control inputs.

« all system variables can be expressed by the
flat outputs.

» avoid of zero dynamics problems

wheeled mobile - . pendulum  * physically significant
manipulators

ADRC makes sense in an input output framework.
The input output model of a flat system is nicely set up for ADRC.

Sira-Ramirez,H., Agrawal, S.K., Differentially Flat Systems, Marcel Dekker, Inc., 2004
*Fliess, M., Levine, J., etc. Flatness and defect of nonlinear systems: introductory theory and examples, Int.J.Control, 61(6),1327-
1361,1995

29



Principles and Methods of ADRC

ADRC can be used to deal with a large class of uncertainty nonlinear systems :
X, =F(t, X, X,, D(t)) Unknown disturbance: D(t) < R? Y =X, eR"
Uncertain dynamics:  F(t, X,,---, X,,,) €R", :I:
Xpr = Fn—l(tlxli'”’xn’D(t)) oF . oF _
X —F.(t, X, X, D{),U (1)) X (i en_—l),m, nonsingular U(t)eR"
Y =X,

Y=X,eR” «> U(t)eR* q>p overactuated ADRC + optimization and allocation

Y=X,eR" «=> U(t)eR" q<p Under-actuated Flat output + ADRC

ADRC

a new paradigm for
O control of nonlinear uncertain systems
O disturbance rejection




Principles and Methods of ADRC

Two-degrees-of-freedom controller design

Two-channel principle (XUEE ¥ it)

ADRC U(t) Invariance principle (I1P)

C te f Performance "DOBC
ompensate for :
the total uncertainty | | *quick *P1D control (PD+1)
-stability *Smooth i
high precision

replaces “I”

generalized PD  [Uy(Y.Y .-, Y"™)

Performance:

o Stability: disturbance rejection o transient: quick, smooth, high-precision

From PID to ADRC: replaces PID, the hugely successful control mechanism

31



Principles and Methods of ADRC

Grand and ambitious scheme
> From PID to ADRC

»control of uncertain systems, the fundamental problem in
control science

Doubts:

> Is it really able to handle the vastly uncertain nonlinear systems in practice? [ |

» Is its way of rejecting the “total disturbance” too rude to get high precision control?

> What’s the theoretical base for this idea?

32



Principles and Methods of ADRC

theoretical justification: lagging behind for quite some time

Ambition to deal with vast uncertainties

The uncertain systems: nonlinear, time-varying, MIMO
The disturbance signal: discontinuous

The feedback: in general nonlinear structure

Great ambition: equally matched by the great challenge in theoretical analysis

quite attractive to applied researchers

Much applied research has been carried out by groups across the globe in a
diverse range of engineering disciplines.

Successes roll in from many application fronts.

33




sPractice

Outline

34



Practice

ADRC as a potential solution has been explored in many domain
of control engineering:

e motor systems (speed control of induction motor and permanent-magnet synchronous,
noncircular turning process, etc)

« flight control (attitude control of space ship, high-speed vehicles, UAV, morphing aircraft, etc)
e robotic control (force control, uncalibrated hand-eye coordination, AUV, etc)

 thermal Process (unstable heat conduction systems, boiler-turbine-generator systems,
ALSTOM gasifier, fractional-order system, etc)

« electromechanical systems (induction motors, permanent magnet motors, synchronous
motors, etc)

 power electronics devices (DC-to DC power converters, rectifiers, inverters, HYDC SMC
systems, etc)

« power systems, axial flow compressors, gasoline engines, automotive control,
tension system, infinite-dimension systems, ...

35



Practice

> motion control

€ The experiments on the precision motion control in numerical-
controlled machining
€ TI’s SpinTACTM MOTION Control Suite

» flight control

achieve effective control of a complex system with vast range of

uncertainties/disturbances

» More in some ADRC groups around the world

36



motion control

Motion control applications: almost every sector of industry
regulate mechanical motions: position, velocity, acceleration

Newtonian Law of motion

y: position output
u: force input generated by the actuator

= = d: external disturbance
y = (yv y’ d) + bU f(*): all other forces except U,
nonlinear friction, the gear backlash, torque disturbance, etc
b: torque constant

Requirements: high speed and high precision of tracking

ADRC .

A

ESO 3 )’:22 =X ﬂOZOfaI()/Zl— y,a2,§2)+b0u
\)A(3 =—Ppefal(X - y,a;,5,)

e
fal(e,,,8,) =46 “
le[" sign(e), [e| > &

=ke,|e|]<5

compensate for
the total uncertainty

control law for the
canonical form system

Strong Robustness

replaces “I”

Transient performance
PD

37



motion control-1

The first successful motion control test was done by Han at
Cleveland State University in 1997.

¥
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€Fs

-
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From left:
Han Jingging, Jiang Fangjun, Zhigiang Gao
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Department of Mechanical Engineering, Tsinghua Univ. |

Precision Motion Control in Numerical-Controlled Machining (Since 2000)

Machining of non-symmetric
/ gsu rfaces g \ / Fast Tool Servo \

Precision tracking motion Is required
foran FTS

— ' i #High accuracy(z 5pm, %0.02
Precision Ultra-precision : y(5pm bm)

noncircular Non-rotational #High acceleration (20g, 2009)
turning symmetric turning # Disturbance rejection to cutting force and
mEkmEs ey (Pratlon(ElD. TESRGRED)




Experiments of Diamond Turning Sinusoidal Micro-structured Surface

IESA SRR EBEEFHIKR

FTS turning of sinusoidal surface (1D, 2D) of oxygen-free copper workpieces

e

/” 1-D Sinusoidal Surface 2 \Vachined surface map B B
z, = Asin(n@)

(" 2-D Sinusoidal Surface )
2, =sin(2zmr) - Asin(no)

xxxxx

Results:

Surface roughness(ZREFHEE):
Ra 33 nm(1D), Ra 28 nm(2D)



Group of Zhigiang GAO at CSU $

ADRC in U.S.: Milestones NS
»>1997: Prof. Han visited CSU: made the 15t successful ADRC hardware
test on a servo mechanism

»2003: linear, parameterized ADRC, patent app.
»>2008: $1M venture capital, grew by $5M in 2012.

»>2010: 1%t factory implementation, 10 Parker extrusion lines (ZF/EPIE~
%% at a Parker Hannifin Extrusion Plant in North America

(cpk: from 2.3 to >8; avg. energy saving 57% )

»2011: implemented ADRC in several high energy particle accelerators

(B FEHLFHE A in the National Superconducting Cyclotron (&-2/5/
JEWEAE) Lab inthe U.S.

»2011: Texas Instrument adopts ADRC; 3 patents granted.
»2013: Texas Instrument New Motion Control Chips

from academic setting into industry




motion control

i3 TEXAS 17 {3 2 »2011: Texas Instrument adopts ADRC; 3 patents granted.
INSTRUMENTS >2013: Texas Instrument New Motion Control Chips

InstaSPIN™ -MOTION

TMS320F28052M
TMS320F28054M
TMS320F28068M
TMS320F28069M

TMS320F28052M (ACTIVE) ¥ Yo Y¥ 7 Y& No reviews yet. A
Piccolo Microcontroller with InstaSPIN-MOTION
TMS320F2805x Piccolo™ Microcontrollers (Rev. B)

H L B
I TMS320F2805xM InstaSPIN-MOTION Technical Reference Manual I

Manual: application examples, performance evaluating

CONTROL <

SpinTAC Control is an advanced speed and position confroller featuring Active Disturbance Rejection
Control (ADRC), which proactively estimates and compensates for system disturbance, in real-time,

replace PID with ADRC

42



Practice

>

» flight control

achieve effective control of a complex system with vast range of

uncertainties/disturbances

» More in some ADRC groups around the world

43



Attitude Control of Aerodynamic Flight

‘rocketsI missilesI hxgersonic vehicles)

g |0 COS ¥ —siny o, L -1, -l
w |=|0 siny/cos$ cosy/cosd || w, |, l=|-1, I, -1,
y| [1 sinytgd cosytgd || o, | ~l,, =l—*
o =

: B 11 L(

N 1 2
@, |=1"| -0, +1 2@/ S
_a)z_ _C{)y

Parametric
uncertainties

Uncertain dynamics | [RSCIEsEUE: control
(wind) Input

| Inertia matrix : aerodynamic moment coefficients:
p dens|ty Of alr (near Space: ChangeS draStICa”y) : ..........................................................................................................................

: m(i=x,¥,2): nonlinear functions of (Ma,h,a, BW(),5,,4,,5,);

(8 v 7) attitude angles | changes drastically, described by a table, with uncertainties
: : changes drasti ri with uncertainties
(o, @, o,)angular velocity ; changes drastically, described Dy a table, with uncertainties

(5, 5, &) control surface: (o, B) attack angle, sideslip angle  when (e, 8) large
aileron, elevator and rudder the dynamics of the three axes: heavily coupled

Design(s, s, o,)suchat(¢ v 7)track the attitude command (9 " 7 4



Attitude Control

g1 |0 Cos y -siny || T
w|={0 siny/cos$ cosy/cosd | o
2
4]

1 sinytgd cosytgd || @ -1 = |

Parametric [ Uncertain dynamics Disturbance control
(wind) Input

uncertainties

Control: keep a stable flight under the vast uncertainties

The fundamental scientific problem

control of systems with large uncertainties and complex structure

(nonlinear, time-varying and coupled) 45




Attitude Control
Backstepping Physical knowledge

91 [o cos ¥ —siny e, 0 cos —siny |- [9] [9 = 5
w|=|0 siny/cosd cosylcosd|lw, |, @ =0 siny/cosd cosylcosd| K (v || ,X "
: . - . . WA| @ U=|o
y| |1 sinytg$ cosytgd || o, 1 sinytgd cos ytg 4 4 ¥ = .y 53’
G)X_ 0 v, -0, o, mX(Ma,h,a,ﬂ,W(t),éx,éyﬁz) , z
o, =1 -0, 0 o {a)y]Hl%szSL m,(Ma,h,a, W (t),5,,5,,5,) measurable
@, | o, -0 0 || m, (Ma,h,a, W (t),5,.5,,5,) eHE nonsingular
AH(1, p,V, Ma,h W (t), ,a, B,U), ou
A ]
F(t)=H(l, p,V,Ma,h,W(t),» e, B,U)-B,H)u  total disturbance
B, (t) = Io_l%povozsol-oMo(t)
o= F(t)+B, (U ADRC Linear ESO
{Zl =2, (£, —w)+ B, (DU,
U=B,"V)(-Z,+U)| |Z=-AE-0
“U K " Z1 —>
= = W —w ” .
w=U, 1 2 ) Z, - F(t) total disturbance

A completely new method in attitude control

Huang Y., Xu K.K., Han J., Lam J. Flight control design using extended state observer and non-smooth feedback. In: Proc. the 40th
IEEE Conference on Decision and Control, Orlando, USA, 2001, pp.223-228. 3




Attitude Control

o, 0 o -o|o m.(Ma,h,a, B,W(1),9,,9,,0,)
o, | = I -, O o, {wy]+ IlépVZSL m, (Ma,h,a, B,W (t),6,,9,,0,)
m,(Ma,h,a, B,W (t),9,,0,,9,)

o, -, 0 .
x1Yy1 Y7

z

éH (1, p,V,Ma,hW(t),w,a, 5,U),

% Linear ESO —
G =7 — 57 —o) LB traditional methods
@=FO+8OU {zz Az —a) (small perturbation theory)
& 2 > *set point designs, a large set of
H—U Z —F@) total disturbance linear time-invariant systems
=Y, 2

longitudinal motion, lateral motion

lu =B, (vV)(=Z, +U,)|

A completely new method in attitude control

Since 1999, thousands of simulation tests on different kinds of flight vehicles

(rockets, missiles, hypersonic vehicles)
fast dynamic response, suitable for a vast range of uncertainties

Since 2012, successfully flight tests on some kinds of missiles.

convincingly shown that ADRC can achieve effective control of a complex
system in the absence of a detailed and accurate mathematical model &<




Practice

» More in some ADRC groups around the world

48
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ADRC in Automotive control N L - = o '] Y

Common rail pressure control ! I é/m ff O

In (Gasoline Direct Injection, e | W 2 im T Te | s

GDI) engine (fiL. A EBRIHAL) el I R A e S Uﬁ H
B Clutch slip control for R e O e | .

Automatic Transmission = ca Schematic graph of automatic transmlssmnl\

B

‘B Electronic throttle control

Traction control system for

motor-in-wheel electrlc vehicle
s S P
i\ . " A r. ‘l- .N‘ D.J A

B Idle speed control for engine

—




ADRC in Automotive Control

Lei Yuan, Hong Chen, Bingtao Ren. The Design of TCS Controller for Four Wheel Independent-
Drive Electric Vehicle Based on ADRC. CCDC 2014, Changsha China.

XNEF 7, B, SHmlgE, PRI, 61N EBSEMEILE B I ER S 8311, =3
w5 MH. Vol. 30, No. 12, 2013

Qifang Liu, Xun Gong, Yunfeng Hu, Hong Chen. Active Disturbance Rejection Control of
Common Rail Pressure for Gasoline Direct Injection Engine. ACC 2013, Washington DC USA.

Yanan Fan, Yunfeng Hu, Pengyuan Sun, Hong Chen. Electronic Throttle Controller Design
Using Sliding Mode Control with Extend State Observer. SICE Annual Conference 2013,
Nagoya Japan.

Xun Gong, Qifang Liu, Yunfeng Hu, Hong Chen. Idle Speed Controller Design for Sl Engine
based on ADRC. MSC 2012, Dubrovnik Croatia.

Yunfeng Hu, Qifang Liu, Bingzhao Gao, Hong Chen. ADRC Based Clutch Slip Control for
Automatic Transmission. CCDC 2011, Mianyang China.



Group of Prof. Lei GUO at Beihang Univ., China
Control for Systems with Multiple Disturbances
SR FTH 44 2R 2 A

Theory: Composite hierarchical anti-disturbance control
ZEem ERIRFHiEm (ADRC: one of the inner loops))

Applications: Anti-Disturbance based navigation and control technology for spacecrafts
KITHENTHSFMEIZMRAERR

€ Smart sensing and fusion technology in environment with multiple disturbances
ZiRTHRIRERRANSEEME A

€ Anti-Disturbance based landing control technology for deep space planetary exploration
rBRNTERNTEMRIERREAR

€ Distributed formation network and cooperation control technology for satellites

ZE R RABRIFIIDENEHIEAR

€ Analysis, test and evaluation technology of multiple disturbance rejection for spacecraft
MRBSFETFIMNaR. WA SIHERAR

SCRiPfE S
SR
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Department of Thermal Engineering

Group of Donghai LI at Tsinghua University, China

ADRC for the Thermal Process and
Other Industrial Processes

»boiler-turbine unit, hydroturbine governor
»HVDC system

»power plant ball mill, coordinated control of static
phase shifter and excitation system
»unstable heat conduction system
»boiler-turbine-generator system
»ALSTOM Gasifier Benchmark
»fractional-order systems

»ADRC tuning aided by existing PID/PI
»model-aided ADRC design

»inverse decoupling ADRC design
»EOTF-based ADRC design
»ADRC-enhanced input shaping design

’ Trh,((f General tor

YW RIK Ne
m_@_._»
OW \\A/
e

Hot-well

52



ADRCHE 11 325 11 (1S L5

[LI0I81 32 5 50,2 A, /7 35 A9 L. K sb ST HLALBLP W 130 0 [3). BI85 51 2001, S1:149-152
(21501381, 32 750, 2 A /K e b HLAEL AL R0 L BUAR B RILI]. T A3 1 A8 ) 2001, 10:69-73,

[ 4% 0 8, 2 2 e L. 4 LV PR 5100 1 O R[], P ) 3R 4 1 914,2002,22:22-26+52,
[ATFS I 227530, 2 80 JCrl SR ALAAY R0 L BUAREE RII]. T8 A3 (1 28R 1 22 1) 2003,06:779-781.

[ 4% 0 A AR08, 2 L. 18R AR 3 R A2 LA 3 45 40 9 O D R3], of 5 L T A22%47,2003,00:1-5.

s OIS E AR S (heat conduction system)

Dong Zhao,Donghai Li, Yanzhen Chang, Youging Wang. Numerical Simulation and Linear Active Disturbance Rejection Control of
Unstable Heat Conduction Systems, System Simulation and Scientific Computing, Communications in Computer and Information
Science2012, pp 35-46

«  HlyHEL i (boiler-turbine-generator system)

T. Yu, K.W. Chan, J.P. Tong, B. Zhou, D.H. Li, Coordinated robust nonlinear boiler-turbine-generator control systems via approximate
dynamic feedback linearization, Journal of Process Control, Volume 20, Issue 4, April 2010, Pages 365-374.

. ALSTOMS {47

Chun-E Huang, Donghai Li, Yali Xue, Active disturbance rejection control for the ALSTOM gasifier benchmark problem, Control
Engineering Practice, Volume 21, Issue 4, April 2013, Pages 556-564

- DEE RS

Mingda Li, Donghai Li, Jing Wang, Chunzhe Zhao, Active disturbance rejection control for fractional-order system, ISA Transactions,
Available online 8 February 2013, ISSN 0019-0578, 10.1016/j.isatra.2013.01.001.

- BAPIDS AL NADRCSHL
Chunzhe Zhao, Donghai Li, Control design for the SISO system with the unknown order and the unknown relative degree, ISA
Transactions, in press

- BAHBIADRCH I

Sun Li. Junyi Dong. Donghai Li. Xi Zhang. DEB-oriented Modelling and Control of Coal-Fired Power Plant. The 19th World Congress
of IFAC. (Accepted)

o WERADRCUCTHEA G, HHERFRBLESR, Mt Aiigse, 2014

o ETEHOTIRL S R B ADRC Y 11 (EOTF-based ADRC design)

Qian Liu, Donghai Li, Wen Tan, Design of Multi-Loop ADRC Controllers Based on the Effective Open-

Loop Transfer Function Method, Accepted by CCC 2014.



ADRC for Mechatronic Systems (#lse—1K):

® PMSM System
® Power Converters
® MAGLEYV System

ADRC Digital Implementation and
Industrial Application:

®Digital implementation in product at ESTUN
Automation Company

®Earn more then 100 million RMB benefits for
ESTUN Automation Company

ADRC Design and Analysis:

® Mismatched Disturbance
® Compensation Design
® Performance Analysis



Southeast University
Mechatronic Systems Control Lab

Group of Shihua Li at SEU, China
ADRC Design and Analysis:

S. Li, J. Yang, W.H Chen, X. Chen. Generalized extended state observer based
control for systems with mismatched uncertainties, IEEE Trans. on Industrial
Electronics, 2012, 59(12), 4792-4802.

S. Li, J. Yang, W.H Chen, X. Chen. Disturbance Observer Based Control:
Methods and Applications. CRC Press, 2014.

ADRC for Mechatronic Systems:

Z. Liu, S. Li. Adaptive speed control for permanent magnet synchronous motor
system with variations of load inertia, IEEE Trans. on Industrial Electronics,
2009, 56(8), 3050-3059.

H. Liu, S. Li. Speed Control for PMSM Servo System Using Predictive
Functional Control and Extended State Observer. IEEE Trans. on Industrial
Electronics, 2012, 59(2), 1171-1183.

S. LI, M. Zhou, X, Yu. Design and Implementation of Terminal Sliding Mode
Control Method for PMSM Speed Regulation System. IEEE Trans. on
Industrial Informatics, 2013, 9(4): 1879 — 1891.
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XIAN JIAOTONG UNLVERSITY

Group of Shanhui LIU and Xuesong MEI at Xian Jiaotong Univ., Chi

ADRC for Control Systems of the Gravure Printing Machine
HRHE M R ED Rl

ol

Control systems in gravure printing machines
® Tension control system (B 1¥E$I 2 %)

»Unwinding system
»Rewinding system

®Register control system (EAEIEHIRS:)

Features of the control systems

®Nonlinear

@ Strong-coupling

®Strong disturbance

® Multi-input multi-output

. a - .'.' " el SO Tl
— Y'.wﬁia ‘

@ Load cell == Photoelectric sensor . Dryer system @ Dryer system

ADRC decoupling controllers

®Unwinding controller

®Rewinding controller / ol il I8l 53 18 \ \\ A
®Register controller s SUELIR I R ="~ 4

i "\‘ toad cell ; Dancer roll
Feed -fO rwa rd AD R C CO nt rO I I e I’ Rewinding system| Four-célour printing system 'ﬂlw Y

®Register controller




ADRC for Control Systems (R} FIRLLE

of the Gravure Printing Machine

ADRC for the tension control systems

® Shanhui Liu, Xuesong Mei, et al. A Decoupling Control Algorithm for Unwinding Tension
System Based on Active Disturbance Rejection Control[J]. Mathematical Problems in
Engineering, 2013, vol. 2013, Article ID 439797, 18 pages .

®Shanhui Liu, Xuesong Mei, et al. Tension controller design for unwinding tension system
based on active disturbance rejection control. 2012 IEEE International Conference on
Mechatronics and Automation, Chengdu, China, Aug. 5-8, 2012: 1798-1803.

® Shanhui Liu, Xuesong Mei, Li’e Ma, Hao You, Zheng Li. Active Disturbance Rejection
Decoupling Controller Design for Roll-to-roll Printing Machines. 2013 IEEE Third
International Conference on Information Science and Technology, Yangzhou, China, Mar. 23-
25,2013: 111-116.

ADRC for the register control systems
® Shanhui Liu, Xuesong Mei, Kui He, et al. Active disturbance rejection decoupling control

for multi-color register system in gravure printing machine[J]. Control Theory & Applications,
2014(Accepted).

Institute of Equipment Intelligent Diagnosis and 57

Cranktreal
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SHANGHAI JIAO TONG UNIVERSITY

Group of Jianbo Su at Shanghai Jiaotong Univ. China

ADRC for uncalibrated visual servoing systems

« Robot manipulator to track a
dynamic object in 3-D space

« Humanoid robot to perform
Chinese calligraphy

« Multi mobile robot formation
control with obstacle avoidance

Analv5|s of ADRC
Convergence ability and convergence speed for === =

the uncalibrated robotic visual servoing
 Stability for internet-based robot visual
servoing control with random time-delay
« Parameter tuning in robotic visual servoing

Performance comparison of
ADRC and DOB based robotic visual servoing control

Internet v
—




B2 Eiirs

SHAMGHAIL A0 TORNG Uhl'&"lH.ﬁll‘l

ADRC for uncalibrated visual servoing Svstems

1.

Jianbo Su, et al., “Nonlinear visual mapping model for 3-D visual tracking with uncalibrated eye-in-hand robotic
system”, IEEE Transactions on Systems, Man, and Cybernetics, Part B: Cybernetics, Vol.34, No.1, pp.652-659,
Feb., 2004.

Jianbo Su, et al., “Task-independent robotic uncalibrated hand-eye coordination based on the extended state observer”,
IEEE Transactions on Systems, Man, and Cybernetics, Part B: Cybernetics, Vol.34, No.4, pp. 1917-1922, Aug.,
2004.

Jianbo Su, et al., “Calibration-free robotic eye-hand coordination based on an auto disturbance-rejection controller”,
IEEE Transactions on Robotics, Vol.20, No.5, pp. 899-907, Oct., 2004.

Jianbo Su, et al., “Uncalibrated hand/eye coordination based on auto disturbance rejection controller”, Proceedings of
IEEE Conference on Decision and Control, pp.923-924, Dec., 2002.

Hongyu Ma, Jianbo Su, “Uncalibrated robotic 3-D hand-eye coordination based on the extended state observer”,
Proceedings of IEEE International Conference on Robotics and Automation, pp.3327-3332, Sept. 2003.

S, HoXW, AT EMEHBENINEATEEFRBAT , B MFER, F296524, pp.161-167,
200343 A

LW, Aeli, “HETHEADRCEEMALEALIFEFRE" , NBEA, £256 %14, pp.39-43,
2003414

Analysis of ADRC

1.

Jianbo Su, “Convergence analysis for the uncalibrated robotic hand-eye coordination based on the unmodeled
dynamics observer”, Robotica, Vol.28, No.4, pp. 597-605, July, 2010.

Xueqiao Hou, Jianbo Su, “New approaches to internet based intelligent robotic system”, Proceedings of IEEE
International Conference on Robotics and Automation, pp.3363 -3368, April, 2004,

BRAR, TWETEFMINEANGARAR TS, LEREAFER T F MR, 2007



POZNAN UNIVERSITY OF TECHNOLOGY Technology in a pesitive climate!

Group of Rafal MADONSKI at PUT, Poland
ADRC for industry-inspired systems

® manipulators

® reel-to-reel systems (F#)

® gantry cranes (R %)

® water managements
systems

® robotic-enhanced limb
rehabilitation trainings
® flexible-joint manipulators

Analysis on ADRC

60




POZNAN UNIVERSITY OF TECHNOLOGY Technology in a pesitive climate!

ADRC for industry-inspired systems

R. Madonski, et al., Application of active disturbance rejection controller to water supply system,

CC, 201 . . .
ﬁ. ﬁ-:”rzy%y‘ra, et al., Active Disturbance Rejection Control of a 2DOF manipulator with significant
modeling uncertainty, Bulletin of the Polish Academy of Sciences, 2012

R. Madonski, et al., Application of Active Disturbance Rejection Control to a reel-to-reel system
seen in tire industry, Proc. of CASE, 2011

ADRC in rehabilitation robotics

R. Madonski, et al., Application of a disturbance-rejection controller for robotic-enhanced limb
rehabilitation trainings, ISA Transactions, 2013

M. Kordasz, R. Madonski, et al., Active Disturbance Rejection Control for a flexible-joint manipulator,
Proc. of RoMoCo, 2011

Analysis of ADRC

M. Nowicki, R. Madonski, Disturbance rejection through virtual extension of the system - geometric
approach, Proc. of the IFAC World Congress, 2014

R. Madonski, et al., High-gain disturbance observer tuning seen as a multicriteria optimization
problem, Proc. of Mediterranean Conf. on Control and Autom. (MED), 2013

R. Madonski, P. Herman, Model-Free Control or Active Disturbance Rejection Control? On different
approaches for attenuating the perturbation, Proc. of Mediterranean Conf. on Control and Automation

(MED), 2012 4 A
R. Madonski, P. Herman, Method of sensor noise attenuation in high-gain observers - experimental

verification on two laboratory systems, Proc. of Intern. Symposium on Robotic and Sensors

%



Group of H. SIRA-RAMIREZ at CINVESTAV, Mexico
(The Center for Research and Advanced Studies of the
ONITHEN National Polytechnic Institute )

Linear ADRC of underactuated mechanical Systems

® The PVTOL example

® \ariable length pendulum ‘
® Inverted pendulum on a cart @
® Furuta pendulum

Hardware Validations of the Concept of ADRC

® The Omni-directional mobile robot
® A simple pendulum

® Induction motor control
® |_eader-follower control of
Thomson’s jumping rings



Linear ADRC of underactuated mechanical Systems

M. Ramirez-Neria, H. Sira-Ramirez, R. Garrido-Moctezuma, A. Luviano- Ju arez “Linear Active Disturbance Rejection Control of
Underactuated Systems: The case of the Furuta Pendulum” ISA Transactions (accepted for publication, to appear)

Hardware Validations of the Concept of ADRC

H. Sira-Ramirez, C. Lopez-Uribe and M. Velasco-Villa, “Linear Observer-Based Active Disturbance Rejection Control of The
Omnidirectional Mobile Robot” Asian Journal of Control, Vol. 15, No. 1, pp. 51-63, January, 2013.

H. Sira Ramirez, F. Gonzalez Montafez, J. Cortes Romero, A. Luviano-Juarez “State observers for active disturbance rejection in
induction motor Control” in AC Motors control - Advanced Design Techniques and Applications, F. Giri, Editor, John Wiley and Sons, Ltd.
Hoboken, N.J., USA, 2014 (available since sept. 2013).

M. Ramirez-Neria, J. L. Garcia-Antonio, H. Sira-Ramirez, M. Velasco-Villa, R. Castro-Linares. “An Active Disturbance Rejection Control
of Leader-Follower Thomson's Jumping Rings”, Journal of Control Theory and Applications. Vol. 30, No. 12, pp. 1563-1571, December
2013.



Group of S. E. TALOLE
at Defence Institute of Advanced Technology, India

€ Extended state observer based robust control of wing rock motion for
combat aircraft

€ Extended state observer-based robust pitch autopilot design for tactical
missiles

€ Extended-State-Observer-Based Control of Flexible-Joint System With
Experimental Validation

€ Extending the Operating Range of Linear Controller by Means of ESO

€ Performance Analysis of Generalized Extended State Observer in Tackling
Sinusoidal Disturbances

€ Robust Height Control System Design for Sea-Skimming Missiles
€ Robust Roll Autopilot Design for Tactical Missiles
€ Sliding Mode Observer for Drag Tracking in Entry Guidance



ADRC for Load Frequency Control
of Power Systems

(B 7] R G A7 AR A2 1))
* Analysis of LADRC for LFC

* LADRC design for LFC in deregulated
environments

ADRC for Boiler-Turbine Units
* Multivariable ADRC

ADRC for Systems with Nonlinearity
* Anti-windup scheme for LADRC

Simulation and Control Platform
for Power Systems with Renewable Energy
65
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ADRC for Boiler-Turbine Units

* G.N. Lou, W.Tan, Q.L. Zhen, Linear active disturbance rejection control for the
coordinated system of drum boiler-turbine units, Proc. of the CSEE, 2011,

« W.Tan, J. X. Fan, C. F. Fu, Linear active disturbance rejection controllers for
boiler-turbine units, CCC, 2013

ADRC for Load Frequency Control of Power Systems
 W.Tan, Load frequency control: Problems and solutions, CCC, 2011

 J.X.Fan, W. Tan, C. F. Fu, Analysis and tuning of linear active disturbance
rejection controllers for load frequency control of power systems, CCC, 2013

« W.Tan, H. Zhou, Linear active disturbance rejection control for load frequency
control of power systems, Control Theory & Applications, 2013

e W.Tan,Y.C. Hao, D. H. Li, Load frequency control in deregulated environments
via active disturbance rejection, submitted to Int. J. Electrical Power & Energy
Systems, 2014

ADRC for Systems with Nonlinearity

 H.Zhou, W. Tan, Anti-windup schemes for linear active disturbance rejection
control, submitted to Control Theory & Applications, 2014




Group of Lijun WANG at USTB, China
BN LA

> Monitoring automatic gauge control system with
large time-delay

(KB i B B Bl L% AR 4E)

» Hot strip width and gauge regulation N
(PR FEAR B ) ﬁ i

» Hydraulic automation position control
system for rolling mills (3L4X) )

" /I \‘ )



University of Science and Technology Beljing

« Time-delay

— Lijun Wang, Chaonan Tong, Qing Li, Yixin Yin, Zhigiang Gao, Qinling Zheng. Practical
active disturbance rejection solution for monitoring automatic gauge control system with
large time-delay. Control Theory and Applications, 2012, 29(3): 368-374.

— Lijun Wang, Qing Li, Chaonan Tong, Yixin Yin. Overview of active disturbance rejection
control for systems with time-delay. Control Theory and Applications, 2013, 30(12):
1520-1532.

» Multivariable coupling

— Lijun Wang, Chaonan Tong, Qing Li, Yixin Yin, Zhigiang Gao, Qinling Zheng. A
practical decoupling control solution for hot strip width and gauge regulation based on
active disturbance rejection. Control Theory and Applications, 2012, 29(11): 1471-1478.

» High-order

— Lijun Wang, Chaonan Tong, Qing Li, Yixin Yin, Zhigiang Gao, Qinling Zheng.
Disturbance rejection in hydraulic automation position control system for rolling mills.
Proceedings of the 32th Chinese Control Conference, CCC 2013, 2013: 5498-5503.




ADRC in Weapon System

» Tank gun control system
» Tracking of axis of firepower of unmanned turret

ADRC for Aerospace
» Mars entry guidance

Application of Compound Control
» ADRC and SMC
Analysis of ADRC

» Uncertain multivariable systems with time-delay
» Control of power plant with a single loop

Environment

Plant Sensors
| —[ ADRC \
| h. Filters
\ )

e o e o -

Equilibrium

Compound Control

A, &AM 1 _ 69



Group of Yuanging Xia at Beljing Institute of Technology

Analysis of ADRC

Y. Q. Xia, P. Shi, G.-P. Liu, D. Rees, “Active disturbance rejection control for uncertain multivariable systems with time-delay,” IET Contr. Theory Appl.,
2007, 1(1):75-81.
Y. Q. Xia, B. Liu, M. Y. Fu, “Active disturbance rejection control for power plant with a single loop,” Asian Journal of Control, 2012, 14(1):239-250.

ADRC in Weapon System

Y. Q. Xia, L. Dai, M. Y. Fu, et al., “Application of active disturbance rejection control in tank gun control system ,” Journal of the Franklin Institute,
2014, 351(4):2299-2314.

L. Ye, Y. Q. Xia, et al., “Active disturbance rejection control for tracking of axis of firepower of unmanned turret,” Contr. Theory and Appl., Accepted ,
2014.

ADRC for Aerospace

Y. Q. Xia, R. F. Chen, F. Pu, L. Dai. “Active disturbance rejection control for drag tracking in mars entry guidance,” Advances in Space Research, 2014,
53(5):853-861.

Application of Compound Control

Y. Q. Xia, M. Y. Fu, Compound control methodology for flight vehicles, Springer, 2013 (ISBN:978-3-642-36840-0).

Y. Q. Xia, Z. Zhu, et al., “Attitude tracking of rigid spacecraft with bounded disturbances,” IEEE Trans. Industrial Electronics, 2011, 58(2):647-659.

Y. Q. Xia, Z. Zhu, M. Y. Fu, “Back-stepping sliding mode control for missile systems based on extended state observer,” IET Contr. Theory Appl., 2011,
5(1):93-102.

Y. Q. Xia, M. Y. Fu, et al., “Recent developments in sliding mode control and active disturbance rejection control,” Contr. Theory Appl., 2013, 30(2):137-
147.

K. F. Lu, Y. Q. Xia, M. Y. Fu, “Controller design for rigid spacecraft attitude tracking with actuator saturation,” Inform. Science, 2013, 220(20):343-366.
Z.Zhu, D. Xu, J. M. Liu, Y. Q. Xia, “Missile guidance law based on extended state observer,” IEEE Trans. Industrial Electronics, 2013, 60(12):5882-
5891.

K. F. Lu, Y. Q. Xia, R. F. Chen, “Finite-time intercept angle guidance,” International Journal of Control, Accepted, 2014.
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1. Electro-hydraulic SISO system control
----Low sampling rate with hysteresis

Work > L ADRC+ feedforward control

+

Emission 2. Cross-coupled air system control
---with non-minimum phase behavior and sign-reversal

-2 LADRCH+ static and dynamic feedforward
3. Cross-coupled combustion process control

---highly sensitive to operation condition variations

->3LADRC+ Decoupling + feedforward control

Fuel

Air

Y
Chamber 1 = Chamber 2




G roup of Xie Hui at Tianjin Univ., Chlnaf’» K

@
®,
P

. 9,%3t oﬁo\"’
1. H. Xie, K. Song, and Y. He, “A hybrid disturbance rejection control
solution for variable valve timing system of gasoline engines.” ISA
Transactions, Available online 12 November 2013, ISSN 0019-0578,
http://dx.doi.org/10.1016/].isatra.2013.10.006.

2. K. Song, H. Xie, L. Li, J. Lu, C. Li, and Z. Gao, "Disturbance observation

and rejection method for gasoline HCCI combustion control,” SAE
World Congr., Detroit, MI., 2013-01-1660, 2013.

3. H. Xie, K.Song, et.al., “A Comprehensive Decoupling Control Method
for Gasoline HCCI Combustion”, CCC 2013, Xi'an,China.

4. K.Song, H. Xie, et.al., “Dynamic Feed-forward Control Aided with Active
Disturbance Rejection for Boost Pressure and Mass Air Flow Control
of Diesel Engines”, CCC 2014, Nanjing,China.


http://dx.doi.org/10.1016/j.isatra.2013.10.006
http://dx.doi.org/10.1016/j.isatra.2013.10.006
http://dx.doi.org/10.1016/j.isatra.2013.10.006
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http://dx.doi.org/10.1016/j.isatra.2013.10.006
http://dx.doi.org/10.1016/j.isatra.2013.10.006
http://dx.doi.org/10.1016/j.isatra.2013.10.006
http://dx.doi.org/10.1016/j.isatra.2013.10.006
http://dx.doi.org/10.1016/j.isatra.2013.10.006
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theoretical justification was lagging behind for quite some time

Ambition to deal with vast uncertainties
The uncertain systems: nonlinear, time-varying, MIMO
The disturbance signal: discontinuous

The feedback: in general nonlinear structure

Increasingly successful applied researches stimulated the
theoretical research.

How to rigorously find the capacity of ADRC in dealing with vastly uncertain
nonlinear systems?

How to rationalize the outstanding performance in the presence of large
uncertainties shown in numerous applied researches?

What are the limits on the scope of applications for ADRC?
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sAnalysis

Outline
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Analysis on ADRC

Linear ADRC (LADRC), Gao Z. (2003), leads to a break

linear control of nonlinear systems

€ LADRC for nonlinear uncertain systems
dynamic performance was analyzed

€ The capability of sampled-data LADRC
how to tuning the parameters of LADRC when the sampling rate is fixed

€ Frequency-domain analysis
high level of robustness was shown
the influence of the input gain on the stability of ADRC was discussed

€ The stability of LADRC for plants with uncertain orders
one ADRC with fixed parameters for a group of plants with different orders

Nonlinear ADRC (NADRC)

Dan Wu(2012, IEEE TIE), Bao-Zhu Guo, Zhi-liang Zhao (2013 SIAM CQO)
open the analysis for NADRC
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Analysis on ADRC

Linear ADRC (LADRC), Gao Z. (2003), leads to a break

linear control of nonlinear systems

€ LADRC for nonlinear uncertain systems
dynamic performance was analyzed
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Linear ADRC (LADRC)

A parameterized linear ADRC (LADRC) was proposed in Gao Z. (2003, CDC)
render the controller easy to tune

, ESO
Xl = >22 _Gl(xl =Y)

NADRC 4.“ U(t)=—§71(t))2n+l+Uo(Y,)22,.-—)2“)

X, =R, ~ G, (X, ~Y)+ BOU)

LADRC , . v : ¥
%= Xe= A=) UM =B MX,, —
= = = —
Xy =X =B (X =Y)+BOU () for the canonical form system
\)én+1 :_ﬂnﬂ()zl _Y)

g™ niiﬂisn—iﬂ _ (S +a, )n+1 ’
i=1

bandwidth of LESO
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Linear ADRC (LADRC)

[ ] [P TR

TAnge Specd - 00

Moo 2peed . i i)}

§ 28 § ¢ U

SpinTAC
tuning 1 variable: bandwidth of ESO

——Bandedth Taring ——

'TEREE

ST WGWE koA B BHGA wel
Pl =l |

Figure 3. Simple Tuning Interface

LADRC has already shown great promise in many areas of control engineering
linear control of nonlinear systems

X, = X, = B(X,—Y) U(t) _—E‘al(t)>2n+1

LADRC Xo=Xna = B(X, =¥) +BOU®) for the canonical form system
)zn+l :_ﬁml()zl_Y)

o, § g =(s+a)e)n+1 bandwidth of LESO 76




Linear ADRC (LADRC)

o)

X, =X,

Xn—l = Xn
X, =X, +BOU(t)

difficulty for analysis
X0 = D)+ F(X,t)+| B(X,t)=B(t) U (t)

“total disturbance”

X, =X, = B(X,=Y)

X, = X0 = AR =)+ BOU )

),(\n+1 = _ﬂm—l()zl _Y)
n+l

Sn+l+zﬂisn—i+l :(S+a)e)”+1,

i=1

@, >0

U) =-B®)X,.,— E‘a-l(t)i k. X,

If the total disturbance iIs bounded, the errors of ESO are bounded.

However, it is a function of states and control input.
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Analysis-stability

L.Praly, Z.P.Jiang, Semiglobal stabilization in the presence of minimum-phase dynamic input
uncertainties, IFAC Nonlinear Control Systems Design, 1998.

L.Praly, Z.P.Jiang, Linear output feedback with dynamic high gain for nonlinear systems,
Systems & Control Letters, 2004

Consider the nonlinear uncertain system

7=q(z, V) @t X = —U Desing the following observer and cor%i\
X =X, +0,(Z,%)

% = %, k(X —%) X =0, (Z, %, %) —U"

— : B2 X %) =82 %, %)
X =%, 402X X) g g FUHK (% = %,) 8,1 (2,% % 1),

)A(nﬂ:k r”*l(xl_f(i) i 50(-)20,i63,4,...,n,

n+1

n+1

X =U—U +3,(2,%,X,)
y=X

\u:—xm—r”FCO{r{ , rail . r.n+a1j /

Bounded, converge to the origin
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Analysis-stability

Simulation on the flight control system

& =0, —a,(H)a+3a,(t)
@, =Uu—-U +a,,(Da+a,t)o,

Angle of attack:  «,
Angular rate: )

7

Uncertain aero-dynamic parameters: &o:%:8,8,

Unknown disturbance: U wind
;)(1:_2 X =a, X, =0, -a,a+a,,
X, =X, +U X, =—U +aua+8,0, -a,% —ad,a+a, total disturbance

ADRC [%, =%, +u+4,(y-%)

Desired

(%

X

Xue W., Huang, Y., ISA Transaction 2014

states, uncertainties and their estimations

T

]

2.5

0 0.5 1

T2
- -,

L - - Wy

0 0i5 1 1i5 2 215
- 0 ! e gEE—— _— ~L5
S - e o s [
g Hl\ o e total dlsturbance _________________ I
& _5 : . 81
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Analysis

. ADRC law

ESO X =X =B,(X =) +BOU ) Compensate for Desired Performance:
X == (X, =Y) the total uncertainty || squick
o it sstability «Smooth
n+1 N |+l: : O . —
: +§ﬂ's (s+o) o> *high precision
Two-degrees-of-freedom controller design(XEE % 11)
Performance.

o transient: quick, smooth, high-precision o Stability: disturbance rejection
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Analysis - performance

» Freidovich, L.B., Khalil, H.K. (2008), Performance recovery of feedback-linearization based designs, IEEE

Trans. Automat. Contr., Vol. 53, No. 10, 2324

-2334.

Extended High-gain Observer(EHGO)

x = Ax+B[b(x, z,w)+a(x,z,0)u]
2= f,(x,z2,w)

y =Cx

states: xeR",zeR"

output: y

control input: u(t)eR

10
1 0

0 O] 0
0
: eR™ B=|: eR”,C:[l 0 - - 0]
1 0
O_ L=

disturbance: «(t) eR'

unknown nonlinear functions a(),b(-), f,(-), a()>0, z(t) bounded

%= AR+ B[&+6(>2)+é(>2)u]+ H (¢)(y —C%)
& :(%)(y—c:fo LESO
_=6=b(R) +¢(%)

AR

H(g):[ﬂ ﬂ}

& £

u

» all trajectories are bounded

» recovery the performance of the
canonical cascade integrator systems:

X = AX + Bg(X)

X—X =0(g)+0(T (&), Vt >0
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Analysis

() () _

{x () =d(®) + f(X.0) +b(X,Hu(t) :[X’”_X(n_l)]T
y = X(t)

Discontinuous disturbance: contains the first class discontinuous points

Al) Sup |d(t)|<w sup | ()| <w, mf{Hl t)>w, square wave disturbance
Lot o) el load change

Unknown dynamics

A2) f(x,t),b(x,1),b(t):continuously differentiable and there exist locally Lipschita functions

StVt>t, X bounded =

rotzugh T <pgxp [EEDyxp  Foxnbex and
partial derivatives
o<cspmol w0 spxd |FE <D e
A3) %E[WNW] (o —j b(|<w,vi=t, the weakest condition on b() by now

n=1: same sign; n=2.(0,4) previous: (0,2)

Xue W. Phd thesis, 2012; Huang Y, Xue W. ISA Transactions, 2014




Analysis

{x(“)(t) =d(t) + f (X, t) +b(X,t)u(t) X :[x ---x(”‘l’:lT
y = x(t) .

Theorem 1. Assume |x(t,)| < p,(i € n). There exist positives ', p,7; (i €3), such that Vo, > o'

L sup [X®)|<p stability

te tO OO * *
| X ™M (t)=-K"X
o 1 performance recovery |y .
2. sup HX(t) X <m m { , }; > X (t,) = X(t,)
tefty, o0 o, W, . . . T
X :|:X ,...X(n_l):|

H)A(i—xiHsﬁ,te{tj—l—n;max{l e }mj, 1=2,...,n+1, j>1,
(4))

€ we

estimation for states (including total disturbance)
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Analysis

{x(“)(t) =d(t) + f (X, t) +b(X,t)u(t) X :[x “,X(n—l)}T
y = x(t) .

Theorem 1. Assume |X(t,)| < p,(i € n). There exist positives @', p, 7, (i €3), such thatve, > o
1. sup [X(t)|<p stability {x*(”) =KX
tefty, )
X (to) =X (to)

X" :[x*,---x*(”‘”}T

tefty, ) a,

2. sup HX(t) X" <mm {Irl:) 1} performance recovery=Jp»

e

3, H)?i—xi\\s%,t{tj+n;max{l

2 O} Hlj, 1=2,...,n+1 j>1

estimation for states (including total disturbance)

0

E

Similar results have been extended to (Xue, et.al ,ISA transactions, 2014)

Xl = F(X,,0(1) + B (X)) X,
Xz = F,(X;, X,,0(t)) + B, (X, X, 6(t)U
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Analysis

Group of Guo Baozhu at Chinese Academy of Science

Extended the analysis on ADRC to the infinite-dimension systems

€ Guo B., Jin F. Sliding Mode and Active Disturbance Rejection Control to Stabilization of
One-Dimensional Anti-Stable Wave Equations Subject to Disturbance in Boundary Input.

IEEE Transactions On Automatic Control, 58(5), 1269-1274(2013).
€ Guo B., Jin F. The active disturbance rejection and sliding mode control approach to the

stabilization of the Euler-Bernoulli beam equation with boundary input disturbance.
Automatica, 49, 2911-2918(2013)

Opened the theoretical analysis of nonlinear ESO and nonlinear ADRC for
nonlinear time-varying uncertain systems

€ Guo B., Zhao Z. On the convergence of an extended state observer for nonlinear systems

with uncertainty. Systems & Control Letters, 60, 420-430(2011).
€ Guo B., Zhao Z. On Convergence of the Nonlinear Active Disturbance Rejection Control

for MIMO Systems. SIAM J. Control and Optimization, 51(2), 1727-1757(2013).
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Analysis

+Capability of (n+1)th order LESO for nth nonlinear uncertain systems.

+ |F A1-A3 not satisfied:
d(t) =t"(m>2)

F(x,1)=0 . a (n+m)th order LESO

1) Asimple example

2) f(x,t)orb(x,t):discontinuous , to be studied

Theorem 1. Assumelx(t,)| < o, (i € n). There exist positives ', p,7; (i €3), such thatv e, > o'

1. sup [ X)) < ii " "
te[tofo)” O] <p stabllltyI {x(“)(t):—KTX
= x Nw, 1 *
2. sup [ X ()= X ()| <m max{—=2,—¢; X (t)) = X(t,)
te[togo)H H-X"O|<m { p— } performance recovery = 0 0

(-] &

X" =[x ]!

3. ||>A<i—xi||sﬁ,te{tj+n§max{lnwe,0},tj+1j, 1=2,...,n+1 21,
; estimation for states (including total disturbance)
8

e




Analysis

+ The larger o, , the smaller SUP)HX“)‘X*“)H and % =% .

te[to ,00

In practice, o, is restricted by physical limitations:

sampling rate, delay, measurement noise, etc.

Further research

¢sampled-data: capability of ADRC (Xue W. et al, 2013)
¢ Mmeasurement noise: tuning «, (Bai W. et al, 2014CCC)

Theorem 1. Assumelx(t,)| < o, (i € n). There exist positives ', p,7; (i €3), such thatv e, > o'

1. sup |X(t)|<p stabilit : :
te[t"g)” bl=r > | {X(n)(t):—KTX
* * na) 1 =
2. Su Xt—X DI < max e’— : X(t):X(t)
te[tofo)H O-X"®)|<n { = we} performance recovery —Jp|lX () =X{

X" = [X*,-'-X*(n_l):l-r

e

3. % =x| <2 telt +n max Ina)e’o to ] =20+ 2L
i i ) j 773 j+1
i estimation for states (including total disturbance)
8




Analysis

OBai W, Xue W, Huang Y, Fang H. The extended state filter (ESF) for a class of multi-input
multi-output nonlinear uncertain hybrid systems, CCC2014, this afternoon (WeB22)

v stability conditions of ESF for nonlinear filtering problem are given.
v filtering error can be evaluated online.
v'optimize the parameters of ESO to improve the estimation performance.
No longer high-gain
gain: changed automatically according to the uncertain dynamics and noise
contributions to the research of nonlinear filter, fresh idea for ADRC

Bounds of
— —=—covariance of the ESF estimate error (C1)

Filtering
Hioessmaney covariance of the ESF estimate error(C2)
~ = -covariance of the ESF estimate error(C3) e r ro rS

the diagonal elements of P,

x / A IR T i ar® N2 ol A Py, e o

Filtering /° T o ®
Errors o ! :
]

time
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Analysis on ADRC

Linear ADRC (LADRC), Gao Z. (2003), leads to a break

€ Frequency-domain analysis
high level of robustness was shown
the influence of the input gain on the stability of ADRC was discussed
€ The stability of LADRC for plants with uncertain orders
one ADRC with fixed parameters for a group of plants with different orders
€ The stability of LADRC for nonlinear uncertain systems
dynamic performance was analyzed
€ The capability of sampled-data LADRC

how to tuning the parameters of LADRC when the sampling rate is fixed

Nonlinear ADRC (NADRC) for nonlinear uncertain systems

The theoretical research of ADRC has been developed from
different angles.

The research is still in its early stage.

Further study on challenging theoretical problems is still to come.
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Conclusions
=Principles and methods of ADRC

a new paradigm for control of nonlinear uncertain systems /
disturbance rejection

Complex physical process %E Complex Controller

r

Simple Controller

sPractice

The applied researches in some ADRC groups around the world are shown.

sAnalysis

The theoretical research of ADRC has been developed from different angles.
The research is still in its early stage.

Further study on challenging theoretical problems is still to come.
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Conclusions

ADRC
‘represents a new set of principles, methods and
engineering tools
a great challenge in building a sound theoretical basis

Challenges will lead to ever more exhilarating research
In the future!
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CCC2014
WeA22 - Invited Session: ADRC in Power Generation and Regulation
WeB22 - Invited Session: Precision Control of Mechanical Systems on ADRC

ADRC group in the net: QQ128464029 (477 members by now)

Welcome to join!
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The 33" Chinese Control Conference
July 28-30, 2014, Nanjing, China

Active Disturbance Rejection Control:

QEE7 k7 rctl)

Methodology, Practice and Analysis

Thanks!
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