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Active disturbance rejection control design for
piezoelectric positioning system
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Abstract: Piezoelectric actuator are commonly used in nanopositioning system. However, nonlinear and multivalue

properties, i.e. hysteresis, of piezoelectric materials, which are commonly taken in piezoelectric actuators, will decrease the

accuracy of nanopositioning systems. In order to remove the influence of hysteresis, nonlinear and multivalue properties

are viewed as the disturbance of system. Active disturbance rejection control (ADRC), a control approach which does

not depend on accurate model of hysteresis and nanopositioning system, is designed to achieve the desired control object.

Extended state observer is employed to estimate hysteresis, and then it can be compensated in real time. Nice control

performance is acquired in the numerical simulations. From the simulation results, we may see that ADRC is able to cancel

hysteresis and improve the accuracy of nanopositioning system effectively.

Key words: piezoelectric actuator; hysteresis; nanopositioning; active disturbance rejection control (ADRC); position-

ing accuracy
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2
(Positioning system model with hysteresis)

2.1 (Hysteresis nonlinearity)
Bouc-Wen

[18], Bouc 1967 ,

Wen 1976 , Bouc-Wen .

:⎧⎨
⎩u(t) = dpv(t)− h(t),

ḣ = Abwv̇ − β |v̇|h|h|n−1 − γv̇|h|n,
(1)

: v(t) , u(t) , h

, Abw , β, γ ,

n . ,

Bouc-Wen

.

(1) h .

, Abw, β, γ 3 , ,

,

. (1) n = 1,

:

ḣ = Abwv̇ − β |v̇|h− γv̇ |h| . (2)

4 :

i) v̇ > 0, h > 0 ,

ḣ = Abwv̇ − β |v̇|h− γv̇ |h| =
Abwv̇ − βv̇h− γv̇h =

(Abw − βh− γh)v̇ = [Abw − (β + γ)h]v̇.

ii) v̇ > 0, h < 0 ,

ḣ = Abwv̇ − β |v̇|h− γv̇ |h| =
Abwv̇ − βv̇h+ γv̇h =

(Abw − βh+ γh)v̇ = [Abw − (β − γ)h]v̇.

iii) v̇ < 0, h < 0 ,

ḣ = Abwv̇ − β |v̇|h− γv̇ |h| =
Abwv̇ + βv̇h+ γv̇h =

(Abw + βh+ γh)v̇ = [Abw + (β + γ)h]v̇.

iv) v̇ < 0, h > 0 ,

ḣ = Abwv̇ − β |v̇|h− γv̇ |h| =
Abwv̇ + βv̇h− γv̇h =

(Abw + βh− γh)v̇ = [Abw + (β − γ)h]v̇.

i), iii)

1

Abw ∓ (β + γ)h
ḣ = v̇,

� t2

t1

1

Abw ∓ (β + γ)h
dh =

� t2

t1
dv.

ln
|Abw ∓ (β + γ)h(t2)|
|Abw ∓ (β + γ)h(t1)| =

∓ (β + γ)[v(t2)− v(t1)].
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c1 = β + γ,

ln

∣∣∣∣Abw ∓ c1h(t2)

Abw ∓ c1h(t1)

∣∣∣∣ = ∓c1[v(t2)− v(t1)]. (3)

, ii) iv) , c2 = β − γ

ln

∣∣∣∣Abw ∓ c2h(t2)

Abw ∓ c2h(t1)

∣∣∣∣ = ∓c2[v(t2)− v(t1)]. (4)

(3)–(4)⎧⎪⎪⎪⎨
⎪⎪⎪⎩

ln

∣∣∣∣Abw + ch(t2)

Abw + ch(t1)

∣∣∣∣ = c[v(t2)− v(t1)],

ln

∣∣∣∣Abw − ch(t2)

Abw − ch(t1)

∣∣∣∣ = −c[v(t2)− v(t1)],

(5)

c c1 c2. (5)

h(t2) =⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

{[−Abw

c
+h(t1)] exp[cv(t1)]} exp[−cv(t2)]+

Abw

c
,

{[Abw

c
−h(t1)] exp[cv(t1)]} exp[−cv(t2)]+

Abw

c
,

{[Abw

c
+h(t1)] exp[−cv(t1)]} exp[cv(t2)]−Abw

c
,

{[−Abw

c
−h(t1)] exp[−cv(t1)]} exp[cv(t2)]−Abw

c
.

(6)

(6) , , c, Abw

h(t1) v(t1) ,

v(t2) . ,

, h(t) , [26]

h(t)

hMax =
n

√
Abw

β + γ
. (7)

v(t)=sin t, dp=1.5, Abw = 1, β = 2, γ =

1.8, n = 1, 2, 3, 4 , Bouc-Wen

1 .

1 Bouc-Wen

Fig. 1 Hysteresis nonlinearity of Bouc-Wen model

1 ,

,

,

.

2.2 (Dynamic model of

nanopositioning system with piezoelectric actu-

ators)
2 .

2

Fig. 2 Structure of nanopositioning system with piezoelectric

actuators

2 : v(t) , u(t)

, y(t) .

[18]⎧⎨
⎩ÿ(t) + 2ξωnẏ(t) + ω2

ny(t) = Kω2
nu,

u = H(v),
(8)

: u = H(v) (1) Bouc-Wen , ωn

, ξ , K .

Bouc-Wen

, Bouc-Wen

, ,

,

.

3 (Active disturbance rejec-

tion control design)
3.1 (Active disturbance rejection

control law)

ÿ = f(y, ẏ, w, t) + bv. (9)

⎧⎨
⎩
v0 = kp(r − z1)− kdz2,

v =
v0 − z3

b0
,

(10)

: r , kp, kd , f(·)

, z1, z2, z3 (extended

state observer, ESO) , ESO⎧⎪⎪⎪⎨
⎪⎪⎪⎩
ż1 = z2 + l1(y − z1),

ż2 = z3 + l2(y − z1) + b0v,

ż3 = l3(y − z1).

(11)
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(10) ,

ÿ = f(y, ẏ, w, t) + bv =

f + (b− b0)v + b0v =

f̄(y, ẏ, w, v, t) + b0v =

f̄ + v0 − z3. (12)

ESO 3 z1, z2, z3 y, ẏ, f̄(·). z3
f̄(·), z3 ≈ f̄(·),

(12)

ÿ = f̄ + v0 − z3 ≈ v0.

, (10) , (9)

.

z = [z1 z2 z3]
T, e = y − z1, ESO

:

ż = Az + Bv + Le, (13)

:

A =

⎛
⎜⎝0 1 0

0 0 1

0 0 0

⎞
⎟⎠, B =

⎛
⎜⎝ 0

b0
0

⎞
⎟⎠ , L =

⎛
⎜⎝l1
l2
l3

⎞
⎟⎠ .

3.2
(Closed-loop stability of controlled nanoposi-

tioning system)
(1) , (8)

ÿ(t) = − ω2
ny(t)− 2ξωnẏ(t) +Kω2

nH(v) =

H̄(y, ẏ, v, t) + b0v. (14)

x1 = y, x2 = ẏ, x3 = H̄(y, ẏ, v, t), ẋ3 = h,

(14) ⎧⎪⎨
⎪⎩

ẋ1 = x2,

ẋ2 = x3 + b0v,

ẋ3 = h,

y = Cx.

ẋ = Ax + Bv + Eh, (15)

:

A=

⎛
⎜⎝0 1 0

0 0 1

0 0 0

⎞
⎟⎠, B=

⎛
⎜⎝ 0

b0
0

⎞
⎟⎠ , E=

⎛
⎜⎝0

0

1

⎞
⎟⎠ , CT=

⎛
⎜⎝1

0

0

⎞
⎟⎠ .

(15) (13), ESO ε = x
− z, ESO :

ε̇ = Aεε+ Eh, (16)

Aε = A − LC =

⎛
⎜⎝−l1 1 0

−l2 0 1

−l3 0 0

⎞
⎟⎠.

r, ec1 = r − x1, ec2

= −x2, (10) ,

⎧⎨
⎩ėc1 = ṙ − ẋ1 = −x2 = ec2,

ėc2 = −ẋ2 = −H̄(y, ẏ, v, t)− b0v.
(17)

(10)

ėc2 = −H̄ − [kp(r − z1)− kdz2 − z3].

ε = x − z =

⎛
⎜⎝
x1 − z1

x2 − z2

x3 − z3

⎞
⎟⎠ =

⎛
⎜⎝
x1 − z1

x2 − z2

H̄ − z3

⎞
⎟⎠,

ėc2 = −H̄ − [kp(ec1 + ε1) + kd(ec2 + ε2)− z3] =

−kp(ec1 + ε1)− kd(ec2 + ε2)− (H̄ − z3) =

−kp(ec1 + ε1)− kd(ec2 + ε2)− ε3,

, (17)

ėc = Aecec + Becε, (18)

:

ec = [ec1 ec2]
T,

Aec =

(
0 1

−kp −kd

)
, Bec =

(
0 0 0

−kp −kd −1

)
.

1 [27] ,

L,

Aε Hurwitz ,

ε .

1 ,

L kp, kd,

(16) Aε

(18) Aec Hurwitz ,

r , (15)(13)(10) .

, r, ,

(bounded input bounded

output, BIBO) .

hMax =

n

√
Abw

β + γ
, 1, L,

(16) Aε Hurwitz ,

ε .

ε , (18)

ec(t) = eAec tec(0) +
� t

0
eAec (t−τ)Becε(τ)dτ.
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kp, kd, (18)

Aec Hurwitz , κ > 0 λ < 0

‖eAec t‖ � κeλt, ‖eAec (t−τ)‖ � κeλ(t−τ).

Bec , ε(t) ,

‖Becε(t)‖ �M1,

‖ec(t)‖ �

‖eAec t‖‖ec(0)‖+
� t

0
‖eAec (t−τ)‖‖Becε(τ)‖dτ �

κeλt‖ec(0)‖+ κM1

� t

0
eλ(t−τ)dτ �

κ‖ec(0)‖ − κM1

λ
(1− eλt) �

κ‖ec(0)‖ − κM1

λ
= M,

.

, r , ,

BIBO .

.

4 (Numerical simulations)
, MATLAB/

Simulink ,

PI , .
[18]:

dp = 1.5, Abw = 1, β = 2, γ = 1.8, n = 1,

ξ = 0.905, ωn = 1000, K̄ = Kω2
n = 3.

[28] ,

, ωc = 2000,

ωo = 9ωc, b0 = 100, kp = ω2
c , kd = 2ωc.

PI KP = 2200, KI = 2.8× 106.

r 5 sin(0.8πt) .

.

I .

, 3

. 3(a) , 3(b)

, 3(c) . :

( 3(a) )

( 3(a) ) ; PI

( 3(a) )

. 3(b) PI .

, 4

. , ,

.

,

,

.

(a)

(b)

(c)

3 LADRC PI

Fig. 3 Response of nanopositioning system when desired

output is sinusoidal signal

(a)
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(b)

(c)

4 LADRC PI

Fig. 4 Response of nanopositioning system when desired

output is sawtooth signal

II .

5 sin(2πt).

3 s , . ,

PI

. PI ,

6 7 .

5

Fig. 5 Sinusoidal disturbance

6(a) , ,

, ,

; , ,

PI . 6(b)

: ,

PI . 6(c) ,

PI .

(a)

(b)

(c)

6 LADRC PI

( )

Fig. 6 Response of nanopositioning system when desired

output is sinusoidal signal(in presence of

sinusoidal disturbance

7 , 3

. 7(a) 7(b)

, ,

; , ,

PI , .
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(a)

(b)

(c)

7 LADRC PI

( )

Fig. 7 Response of nanopositioning system when desired

output is sawtooth signal(in presence of

sinusoidal disturbance

3 4 6 7 :

, .

5 (Conclusions)

, .

, .

, ,

. ,

; , Bouc-Wen ,

.

.
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[6] RAKOTONDRABE M, CLÉVY C, LUTZ P. Complete open loop

control of hysteretic, creeped, and oscillating piezoelectric cantilevers

[J]. IEEE Transactions on Automation Science and Engineering,

2010, 7(3): 440 – 450.

[7] JANAIDEH M A, PAVEL K. Inverse rate-dependent prandtl-

ishlinskii model for feedforward compensation of hysteresis in a

piezomicropositioning actuator [J]. IEEE/ASME Transactions on
Mechatronics, 2013, 18(5): 1498 – 1507.

[8] RU C H, CHEN L G, SHAO B, et al. A hysteresis compensation

method of piezoelectric actuator: model, identification and control

[J]. Control Engineering Practice, 2009, 17(9): 1107 – 1114.

[9] LIU L, TAN K K, CHEN S L, et al. SVD-based preisach hysteresis

identification and composite control of piezo actuators [J]. ISA Trans-
actions, 2012, 51(3): 430 – 438.

[10] LIN C J, LIN P T. Particle swarm optimization based feedforward

controller for a XY PZT positioning stage [J]. Mechatronics, 2012,

22(5): 614 – 628.

[11] QIN Y D, SHIRINZADEH B J, TIAN Y L, et al. Design issues in a

decoupled XY stage: static and dynamics modeling, hysteresis com-

pensation, and tracking control [J]. Sensors and Actuators A: Physi-
cal, 2013, 194(1): 95 – 105.

[12] PENG J Y, CHEN X B. A survey of modeling and control of piezo-

electric actuators [J]. Modern Mechanical Engineering, 2013, 3(1): 1

– 20.

[13] JAIN S, GARG M, SWARUP A. Design and simulation of robust

controller for flexure stage based piezo-actuated nanopositioning de-

vice [J]. International Journal of Control and Automation, 2013, 6(2):

17 – 28.

[14] NECIPOGLU S, CEBECI S A, BASDOGAN C, et al. Repetitive con-

trol of an XY Z piezo-stage for faster nano-scanning: numerical sim-

ulations and experiments [J]. Mechanics, 2011, 21(6): 1098 – 1107.

[15] XU Q S, LI Y M. Model predictive discrete-time sliding mode con-

trol of a nanopositioning piezostage without modeling hysteresis [J].



1326 33

IEEE Transactions on Control System Technology, 2012, 20(4): 983

– 994.

[16] ZHANG Lijun, YANG Lixin, GUO Lidong, et al. Adaptive output

feedback control for piezoactuator-driven stage [J]. Acta Automatica
Sinica, 2012, 38(9): 1550 – 1556.

( , , , .

[J]. , 2012, 38(9): 1550 – 1556.)

[17] WANG Wei, LIU Xiangdong. Design of third-order sliding-mode

tracking controller for piezoelectric hysteretic systems [J]. Control
Theory & Applications, 2008, 25(3): 456 – 461.

( , . 3 [J].

, 2008, 25(3): 456 – 461.)

[18] ZHAO Xinlong, WANG Jiali. Backstepping control with error trans-

formation for Bouc-Wen hysteresis nonlinear system [J].Control The-
ory & Applications, 2014, 31(8): 1094 – 1098.

( , . Bouc-Wen

[J]. , 2014, 31(8): 1094 – 1098.)

[19] GAO Zhiqiang. On the foundation of active disturbance rejection con-

trol [J]. Control Theory & Applications, 2013, 30(12): 1498 – 1510.

( . [J]. , 2013, 30(12):

1498 – 1510.)

[20] HUANG Yi, ZHANG Wenge. Development of active disturbance re-

jection controller [J]. Control Theory & Applications, 2002, 19(4):

485 – 492.

( , . [J]. , 2002,

19(4): 485 – 492.)

[21] HUANG Yi, XUE Wenchao. Active disturbance rejection control:

methodology and theoretical analysis [J]. Journal of System Science
and Mathematical Science, 2011, 31(9): 1111 – 1129.

( , . [J]. , 2011,

31(9): 1111 – 1129.)

[22] HUANG Yi, XUE Wenchao. Active disturbance rejection control:

methodology, applications and theoretical analysis [J]. Journal of
System Science and Mathematical Science, 2012, 32(10): 1287 –

1307.

( , . : [J].

, 2012, 32(10): 1287 – 1307.)

[23] LI S Q, LI J, MO Y P. Piezoelectric multimode vibration control

for stiffened plate using ADRC-based acceleration compensation [J].

IEEE Transactions on Industrial Electronics, 2014, 61(12): 6892 –

6902.

[24] LI S Q, LI J, MO Y P, et al. Composite multi-modal vibration con-

trol for stiffened plate using non-collocated acceleration sensor and

piezoelectric actuator [J]. Smart Materials & Structures, 2014, 23(1):

0150061 – 01500613.

[25] TANG H, LI Y M. Development and active disturbance rejection con-

trol of a compliant micro-/nanopositioning piezostage with dual mode

[J]. IEEE Transactions on Industrial Electronics, 2014, 61(3): 1475

– 1492.

[26] FAYCAL I, JOSE R. Systems with Hysteresis: Analysis, Identification
and Control Using the Bouc-Wen Model [M]. England: John Wiley

Press, 2007.

[27] GAO ZQ. Active disturbance rejection control: a paradigm shift in

feedback control system design [C] //Proceedings of the 2006 Amer-
ican Control Conference. Minneapolis: IEEE, 2006: 2399 – 2405.

[28] GAO ZQ. Scaling and bandwidth-parameterization based controller

tuning [C] //Proceedings of the 2003 American Control Conference.

Denver: IEEE, 2003: 4989 – 4996.

:

(1984–), , , , ,

, E-mail: weiweizdh@126.

com

(1963–), , , , ,

, E-mail: lidongh@mail.

tsinghua.edu.cn

(1973–), , , , ,

, E-mail: zuomin1234@163.com

(1954–), , , , ,

, E-mail: liuzw@th.btbu.edu.cn.


