
symmetryS S

Article

Wire Tension Coordination Control of Electro-Hydraulic Servo
Driven Double-Rope Winding Hoisting Systems Using a
Hybrid Controller Combining the Flatness-Based Control and a
Disturbance Observer

Xiang Li 1,2,* , Zhencai Zhu 1,2, Gang Shen 1,2 and Yu Tang 1,2

����������
�������

Citation: Li, X.; Zhu, Z.; Shen, G.;

Tang, Y. Wire Tension Coordination

Control of Electro-Hydraulic Servo

Driven Double-Rope Winding

Hoisting Systems Using a Hybrid

Controller Combining the

Flatness-Based Control and a

Disturbance Observer. Symmetry 2021,

13, 716. https://doi.org/10.3390/

sym13040716

Academic Editor: Jan Awrejcewicz

Received: 18 February 2021

Accepted: 29 March 2021

Published: 19 April 2021

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2021 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

1 School of Mechatronic Engineering, China University of Mining and Technology, Xuzhou 221116, China;
zhuzhencai_cumt@126.com (Z.Z.); 5183@cumt.edu.cn (G.S.); 5860@cumt.edu.cn (Y.T.)

2 Jiangsu Key Laboratory of Mine Mechanical and Electrical Equipment, China University of Mining and
Technology, Xuzhou 221116, China

* Correspondence: lixiang_nn@126.com

Abstract: When the double-rope winding hoisting system (DWHS) is in operation, tensions of
two wire ropes of the DWHS will not be symmetrical because of some factors such as different
manufacturing deviation between the twin winding drum and two wire ropes, different winding
groove depths, the winding asynchronism of two wire ropes, and elastic modulus difference of two
wire ropes and so on. Therefore, an electro-hydraulic servo system (EHSS) is employed to actively
control two wire ropes tensions to guarantee operation security of the DWHS. Dynamic models
of the hoisting system and the EHSS are introduced, of which dynamic model of the DWHS is
expressed with state representation. The flatness-based controller (FBC) is designed for the hoisting
system. A disturbance observer is utilized to deal with the external disturbance and unmodeled
characteristics of the EHSS. Hence, a disturbance observer based integral backstepping controller
(DO-BIBC) is designed for the EHSS. The stability of the overall control system is proved by de-fining
an overall Lyapunov function. To investigate the property of the proposed controller, an experimental
setup of the DWHS is established. As well, comparative experimental results indicate that the
proposed controller exhibits a better performance on leveling control of the conveyance and tension
coordination control on the two wire ropes than a conventional PI controller.

Keywords: double-rope winding hoisting system; flatness-based control; disturbance observer;
integral backstepping control

1. Introduction

Blair hoists are proposed to realize the ultra-deep hoisting and have been employed
in South Africa [1,2]. Based on Blair hoists, this paper presents a double-rope winding
hoisting system (DWHS) in Figure 1. However, during the operation of the DWHS, some
inevitable factors like different manufacturing deviation between the twin winding drum,
the winding asynchronism of two wire ropes, difference in lengths between two wire ropes,
different depths of winding grooves and elastic modulus difference of two wire ropes will
result in different terminal displacements of two wire ropes. Under the restraint of guides,
tensions of two wire ropes will be inevitably different. What’s more, when the conveyance
is hoisted or lowered by one of two wire ropes, then the tension of the corresponding wire
rope will be so big that causing wire rope broken accident. Since a hoisting system is the
throat of a coal mine, it is fatally important to guarantee the safety of the hoisting system.
Therefore, coordinating the tension difference is imperative.

As shown in Figure 1, two conveyances are hoisted or lowered by a twin winding
drum. In order to adjust the tension difference actively and quickly, a tension coordina-
tion system, which is composed of two movable headgear sheaves, two active hydraulic
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cylinders, many kinds of indispensable sensors, and mechanical structures, is employed
and the tension difference can be coordinated by two active hydraulic cylinders drive two
movable headgear sheaves. Consequently, the DWHS is composed of a hoisting system
and an electro-hydraulic servo system (EHSS).

Figure 1. The DWHS.

A conventional proportional-integral (PI) controller, which is easy to design and al-
most universal in any a control system, can certainly reduce the tension difference between
the two wire ropes [3,4]. However, since the DWHS has many nonlinearities like geometric
nonlinearities of flexible wire ropes, structure vibrations of the DWHS, disturbances of the
DWHS and parameter uncertainties of the EHSS, the performance of the PI controller is
unsatisfactory. The feedback linearization technology utilizes the system states feedbacks to
linearize nonlinear behaviors of a system and then improves the tension coordination [5–7].
Based on the state representation of the DWHS, many controllers like sliding mode con-
trollers [1,8–11], robust controllers [12–15], adaptive controllers [16,17], iterative leaning
controllers [18] are designed to coordinate the tension difference. Backstepping controllers
divide the model of a system into several subsystems, then design the corresponding
virtual control law by defining proper Lyapunov function, and the real control law of the
overall system is obtained in the final step [19,20]. Backstepping controllers exhibit better
performances than the above controllers [3,21–23]. Recently, the flatness-based controller
(FBC) draws a wide concern of scholars and it is superior to the backstepping control
in the control design complication and the efficiency, which has been proved by many
scholars [24–29], the control method is able to provide desirable output characteristics and
robustness against unmodeled dynamics and unknown inputs [30]. However, there always
are disturbances when the DWHS including the hoisting system and the EHSS is in an
operation. Since the FBC can’t directly compensate for external disturbances, the integrator
of the angle tracking error of the hoisting system and the position tracking error of the
EHSS can compensate the steady-state error resulted by the constant disturbance [25,31].
As we all know, stochastic disturbances from the load force affect the operation of the EHSS
seriously. A disturbance observer is an effective method to deal with the stochastic distur-
bance and unmodeled characteristics of a system [32,33] and disturbance compensation is
crucial for realizing high-precision servo control [34]. By properly choosing the desired
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function to be designed and the control gain of the observer can guarantee its stability.
The high gain disturbance observer [35,36] and the low gain disturbance observer [37] are
both have been proved their efficiency in compensating external disturbances. Hence, the
observer can be employed to compensate the stochastic disturbance in the backstepping
controller design.

Therefore, in this paper, we propose a hybrid controller combining the FBC and a
disturbance observer based integral backstepping controller (DOBIBC) to balance the two
wire rope tensions efficiently to guarantee the safety of the DWHS. The hybrid controller can
compensate disturbances including the constant disturbance and the stochastic disturbance
of the DWHS and the unmodeled characteristics of the EHSS to reduce its tension difference.
What’s more, comparative experimental results illustrate that the hybrid controller shows
better performance that the conventional PI controller.

This work can be organized as follows. The dynamic model of the DWHS is shown in
Section 2. The design process of hybrid controller for the DWHS is presented in Section 3.
Section 4 shows the experimental setup and comparative results. The conclusion is summa-
rized in Section 5.

2. Dynamic Model of the DWHS

Figure 2 exhibits the operating principle of the DWHS, in which a twin-drum winds
two wire ropes to hoist a conveyance with flexible shaft guided. As can be seen from the
detail view part of Figure 1, the two headgear sheaves are floating and can make vertical
motions for two wire rope tensions balance. As shown in references [13,29], the DWHS can
be modelled as follows, and Appendix A presents the nomenclature of the model.

Figure 2. The schematic diagram of the DWHS.

In order to realize the leveling control of the conveyance, the two wire ropes differ in
length need to be adjusted with the help of motion of two hydraulic cylinders. To simplify
the control input, the control input is made as u1 = u = −u2. Moreover, the anticlockwise
rotation angle θc is regarded as controlled object, then the nonlinear dynamical model of
hoisting system can be represented as

A
..
θc + B

.
θc + Cθc = Ru + F0 (1)

where,
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

A = Ic − 1
3 ρlh1a2

1 +
1
3 ρlh2a2

2

B =
(

ch1 +
1
3 ρ

.
lh1

)
a2

1 +
(

ch2 +
1
3 ρ

.
lh2

)
a2

2 + b2
1cs1 + b2

2cs2 + b2
1cs3 + b2

2cs4

C = kh1a2
1 + ks2a2

2 + ks1b2
1 + ks2b2

2 + ks3b2
1 + ks4b2

2
Q = 1

6 ρlh1a1(1 + sin(ϕ1)) +
1
6 ρlh2a2(1 + sin(ϕ2))

F0 = 1
6 ρlh1a1

..
lr1 − 1

6 ρlh2a2
..
lr2 + (− 1

6 ρ
.
lh1 + ch1)a1

.
lr1 − (− 1

6 ρ
.
lh2 + ch2)a2

.
lr2 + kh1a1lr1 − kh2a2lr2

−M31
..
xc − C31

.
xc − K31xc +

1
2 ρglh1a1 − 1

2 ρglh2a2

(2)

Choose state variables of the hoisting system as x1 , [x1, x2]
T = [θc,

.
θc]

T
, therefore,

the hoisting system can be given as the following state representation.
.
x1 = x2.
x2 = −h1x2 − h2x1 + h3x3 + f
y1 = x1

(3)

where h1 = B/A, h2 = C/A, h3 = R/A, and f = F0/A.
Figure 3 shows the schematic diagram of the EHSS, based on which the dynamical

model of the EHSS is presented as follows.

Figure 3. The schematic diagram of the EHSS.

According to the flow continuity equation, the load flow QL of the hydraulic actuator
can be presented as

Ap
.
xp + Ctl PL +

Vt

4βe

.
PL = QL (4)

where Ap is the effective area of the hydraulic actuator, PL is the load pressure of actuator
chambers, Ctl is the total leakage coefficient.

By applying Newton’s second law of motion, we can express the force balance equation
of the hydraulic cylinder as

−m
..
xp − Bp

.
xp + ApPL = Fg (5)

where Bp is the viscous friction coefficient of the oil, Fg is the load force.
The load flow of two actuator chambers is related to the spool displacement of the

servo valve. Therefore,

QL = Cdwxv

√
Ps − sgn(xv)PL

ρo
(6)

where w is the area gradient of servo-valve.
The spool displacement is controlled by the control voltage of the servo valve that can

be written as

uL =
QL
Qr

√
∆Pr

Ps − sgn(QL)PL
umax (7)
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Choosing the state variable of the EHSS as x2 , [x3, x4, x5]
T = [xp,

.
xp, PL]

T , therefore,
.
x3 = x4.
x4 = a1x5 − a2x4 + d
.
x5 = −a3x4 − a4x5 + a5QL
y2 = x3

(8)

where a1 = Ap/m, a2 = Bp/m, d = −Fg/m + ∆1 denotes the external disturbance and
unmodeled characteristics of the EHSS, a3 = 4βe Ap/Vt, a4 = 4βeCtl/Vt and a5 = 4βe/Vt.

Assumption 1. It is assumed that the reference angle θc and its velocity
.
θc are both bounded in the

hoisting system. To the EHSS, the desired displacement xp, velocity
.
xp, acceleration

..
xp, and the

time derivative of acceleration
...
x p are all bounded.

Assumption 2. It is assumed that the external disturbance and unmodeled characteristics of the
EHSS are bounded and slowly varying, namely,

.
d = 0.

Assumption 3. The defined parameter set h and a satisfy h ∈ Ωh , {h : hmin ≤ h ≤ hmax},
where hmin = [h1min, h2min, h3min]

T , αmin = [α1min, . . . , α5min]
T are known; and the external

disturbance is bounded by |d| ≤ |δ|, where δ is positive bounded value.

3. Hybrid Controller Design

In Section 3, the FBC for the DWHS and the DOBIBC for the EHSS are designed.
Figure 4 exhibits the overall architecture of the control method. According to the reference
angle of the conveyance, the FBC can work out two hydraulic cylinder displacements
based on the dynamic model of the hoisting system. Then the DOBIBC 1 and 2 control two
hydraulic cylinders to push or pull the two movable headgear sheaves according to the
dynamic model of the EHSS. As well, tensions of two wire ropes will be adjusted actively.

Figure 4. The overall architecture of the control system.

3.1. The FBC Design for the Hoisting System

In order to compensate the constant disturbance of the hoisting system, define an en-
larged system state x0 ,

∫
x1dt, then the new hoisting system states vector

x′1 , [x0, x1, x2]
T =

[∫
θcdt, θc,

.
θc

]T
. Therefore,


.
x0 = x1.
x1 = x2.
x2 = −h1x2 − h2x1 + h3x3 + f
y1 = x1

(9)
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Then, the flatness function can be obtained from y1,
.
y1,

..
y1 to the system state vector

x′1 and the system control input uh.
x0
x1
x2
uh

 =


∫

y1dt
y1.
y1

(h1
.
y1 + h2y1 − f +

..
y1)/h3

 (10)

Defined the desired system state vector x1d , [x0d, x1d, x2d]
T =

[∫
y1ddt,y1d,

.
y1d
]T ,

where y1d denotes the system expected output that scilicet the reference signal which
represents the reference angle. The dynamics of the desired hoisting system vector x1d can
be expressed as follows.

d
dt

 x0d
x1d
x2d

 =

 x1d
x2d

−h1x2d − h2x1d + h3uhd + f

 (11)

Hence, the open-loop control input uhd is formulated as follows.

uhd = (h1
.
y1d + h2y1d − f +

..
y1d)/h3 (12)

Define the hoisting system state tracking error vector
z1 , [z0, z1, z2]

T = [
∫
(x1d − x1)dt, x1d − x1, x2d − x2]

T . The dynamics of the tracking
error can be expressed as follows. .

z0.
z1.
z2

 =

 z1
z2

−h1z2 − h2z1 − h3(uhd − uh)

 (13)

With uhd = uh, we can obtain, .
z0.
z1.
z2

 =

 z1
z2

−h1z2 − h2z1

 (14)

In matrix form,
.
z1 = Ahz1 (15)

where, Ah =

 0 1 0
0 0 1
0 −h2 −h1

.

Thus it Ah is Hurwitz, the hoisting system tracking error z1 will converge to zero.
Defining the hoisting system control input uh with states feedbacks as

uh = uhd +
1
h3

K1z1 (16)

where K1 = [k1, k2, k3]. Therefore, the dynamics of the hoisting system tracking error with
states feedbacks yields

.
z1 = Ahkz1 (17)
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where, Ahk =

 0 1 0
0 0 1
−k1 −h2 − k2 −h1 − k3

. Therefore, if we properly chose the control

gain matrix K1 to make Ahk to be Hurwitz. Hence, the hoisting system tracking error z1
will exponentially converge to zero, then the control law can be expressed as follows.

x0d =
∫

y1ddt
x1d = y1d
x2d =

.
y1d

uhd = (h1
.
y1d + h2y1d − f +

.
x2d)/h3

z0 =
∫
(x1d − x1)dt

z1 = x1d − x1
z2 = x2d − x2
uh = uhd +

1
h3

K1z1

(18)

Remark 1. The FBC law for the hoisting system is obtained. The control law is able to ensure the
asymptotical stability of the hoisting system, which has been proved in Section 3.3. Note that the
parameter h3 can’t be zero, otherwise the control law of the FBC for the hoisting system don’t exist.
However, in the model of the hoisting system, it is obvious that h3 can never be zero, which will
guarantee that there exist a FBC control law stabilizing the hoisting system. In addition, in the FBC
design, the external disturbance of the hoisting system can’t be compensated directly. Therefore,
we utilize an integrator of the angle tracking error to compensate the constant disturbance of the
hoisting system.

3.2. The DOBIBC Design for the EHSS
3.2.1. The Disturbance Observer

Considering the following disturbance observer for the EHSS,{
d̂ = z + p
.
z = −Lz + L(−p− a1x5 + a2x4)

(19)

where p is a function to be designed, L is the control gain of the disturbance observer, which
should meet the following requirement.

L
.
x4 =

.
p (20)

Define the observation error of the disturbance observer yields

d̃ , d̂− d. (21)

where d̂ denotes the observation value of the disturbance observer.
According to Equations (19)–(21) and Assumption 2, the dynamics of the observation

error yields
.

d̃ =
.
d̂−

.
d =

.
z +

.
p

= −Lz + L(−p− a1x5 + a2x4) +
.
p

= −L(z + p) + L
( .
x4 − a1x5 + a2x4

)
= −Ld̂ + Ld = Ld̃

(22)

Therefore, from Equation (22), if the control gain of the observer is properly chosen,
namely, L > 0, then the observation error will exponentially converge to zero. Choose the
control gain L = b, b > 0. Then p yields

p = bx4 (23)
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3.2.2. The Integral Backstepping Controller

Step 1:
From the state equation of the EHSS, the first equation doesn’t contain unknown

disturbances, therefore, define the following variable as

z4 =
.
z3 + kpz3 + kI

∫
z3dt = x4 − α1 (24)

α1 ,
.
xr − kpz3 − kI

∫
z3dt (25)

where, z3 = x3 − xr, kp and kI are both positive.
From Equations (24) and (25), the transfer function from z3(s) to z4(s) is G(s) =

z3(s)
z4(s)

= s
s2+kps+kI

. Note that two poles of the transfer function G(s) is s1,2 =
−kp±

√
k2

p−4kI

2

or s1,2 =
−kp ± i

√
4kI−k2

p

2 . Since kp is positive, two poles are both in the left plane of the s
plane, which indicates that G(s) is stable. By some simple analyses, the transfer function
G(s) is a stable transfer function.

Therefore, if z4 converge to zero, the position tracking error of the EHSS z3 will
exponentially converge to zero. We should design the following control law to make z4
converge to zero. The time derivative of Equation (25) yields

.
z4 =

.
x4 −

.
α1 = a1x5 − a2x4 + d− ..

xr + kp
.
z3 + kIz3 (26)

where
.
α1 ,

..
xr − kp

.
z3 − kIz3 (27)

Remark 2. From Equation (25), the virtual control law α1 contains the reference velocity
.
xr, the

position tracking error z3 with the tuning gain kp and the integrator of the position tracking error∫
z3dt with the tuning gain kI .

.
xr is utilized to provide the hydraulic cylinder a reference velocity,

and kpz3 is employed to modify the desired velocity. kI
∫

z3dt is employed to compensate the velocity
tracking error, which is induced by the constant disturbance.

Step 2:
Define the tracking error of the third equation of the state equation of the EHSS as

z5 , x5 − α2. Define the following Lyapunov function as

V1 =
1
2

z2
4 +

1
2

d̃2 (28)

Therefore, the time derivative of Equation (28) yields

.
V1 = z4

(
a1x5 − a2x4 + d̂− d̃− ..

xr + kp
.
z3 + kIz3

)
+ d̃

.

d̃

= z4

(
a1z5 + a1α2 − a2x4 + d̂− d̃− ..

xr + kp
.
z3 + kIz3

)
+ d̃

.

d̃

= z4

(
a1z5 + a1α2 − a2x4 + d̂− ..

xr + kp
.
z3 + kIz3

)
− z4d̃ + d̃

.

d̃

(29)

In order to make z4 converge to zero, the virtual control law α2 can be designed as:

α2 , − 1
a1

(
k4z4 − a2x4 + d̂− ..

xr + kp
.
z3 + kIz3

)
(30)

Remark 3. Actually, the virtual control α2 is the desired load pressure of hydraulic cylinders.
Note that α2 contains the velocity tracking error z4 with the control gain k4, the real velocity state
feedback x4, the observation value of the disturbance observer d̂ and the time derivative of the virtual
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control law α1.
.
α1 is the time derivative of the desired velocity, namely, the desired acceleration. d̂,

which is the real time observation value of the disturbance observer, is employed to compensate the
stochastic disturbance of the EHSS. The real velocity state feedback and the velocity tracking error
is utilized to modify the desired acceleration.

By substituting Equation (30) to Equation (29), we can obtain

.
V1 = −k4z2

4 + a1z4z5 − z4d̃ + d̃
.

d̃ (31)

From Equation (31), in order to make
.

V1 ≤ 0, z5 should converge to zero in the
following controller design. The time derivative of the virtual control law α2 yields

.
α2 = k4

a1

(
a1x5 − a2x4 + d̂− ..

xr + kp
.
z3 + kIz3

)
− a2

a1

(
a1x5 − a2x4 + d̂

)
+ 1

a1

.
d̂− 1

a1

...
x r

+
kp
a1

(
a1x5 − a2x4 + d̂− ..

xr

)
+ kI

a1

(
x4 −

.
xr
)
− kp

a1
d̃ + a2

a1
d̃− k4

a1
d̃ =

.
α2c +

.
α2u

(32)
Then from Equation (32),

.
α2 can be divided into the certainty

.
α2c and the uncertainty

.
α2u, which has been shown as follows.

.
α2c ,

k4
a1

(
a1x5 − a2x4 + d̂− ..

xr + kp
.
z3 + kIz3

)
− a2

a1

(
a1x5 − a2x4 + d̂

)
+ 1

a1

.
d̂

− 1
a1

...
x r +

kp
a1

(
a1x5 − a2x4 + d̂− ..

xr

)
+ kI

a1

(
x4 −

.
xr
) (33)

.
α2u , −

(
kp

a1
− a2

a1
+

k4

a1

)
d̃ (34)

The time derivative of equation z5 = x5 − α2 yields

.
z5 =

.
x5 −

.
α2 = −a3x4 − a4x5 + a5QL −

.
α2 = −a3x4 − a4x5 + a5QL −

.
α2c −

.
α2u (35)

Step 3:
Define a new Lyapunov function as

V2 = V1 +
1
2

z2
5 (36)

Then, the time derivative of Equation (36) yields

.
V2 =

.
V1 + z5

(
−a3x4 − a4x5 + a5QL −

.
α2
)

= −k4z2
4 + a1z4z5 − z4d̃ + d̃

.

d̃− z5
.
α2u + z5

(
−a3x4 − a4x5 + a5QL −

.
α2c
) (37)

In order to make z5 converge to zero, the real control law QL can be designed as

QL , − 1
a5

(
k5z5 − a3x4 − a4x5 + a1z4 −

.
α2c
)

(38)

Remark 4. QL, which is the real control law, will be converted into the control voltage of the servo
valve by Equation (7). QL contains the time derivative of the desired load pressure without its
uncertainties

.
α2c , real time states feedbacks x4 and x5, the velocity tracking error z4 and the load

pressure tracking error z5 with its control gain k5. In order to calculate the load flow, according
to the third equation of the model of the EHSS,

.
α2c is employed to provide a reference of the time

derivative of the desired load pressure. The other elements in QL are utilized to modify the real
control law to track the reference position signal.
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By substituting Equation (38) into Equation (37), we can obtain
.

V2 = −k4z2
4 − k5z2

5 − z4d̃ + d̃
.

d̃− z5
.
α2u = −k4z2

4 − k5z2
5 − z4d̃ + d̃

.

d̃ +
kp
a1

d̃z5 − a2
a1

d̃z5 +
k4
a1

d̃z5

= −k4z2
4 − k5z2

5 − z4d̃− bd̃2 +
kp
a1

d̃z5 − a2
a1

d̃z5 +
k4
a1

d̃z5

(39)

Define the tracking error vector of the EHSS as Z =
[
z4, z5, d̃

]T
, therefore, Equation (41)

can be rewritten as
.

V2 = −k4z2
4 − k5z2

5 − z4d̃− bd̃2 +
kp
a1

d̃z5 − a2
a1

d̃z5 +
k4
a1

d̃z5

= −
[
k4z2

4 + k5z2
5 + z4d̃ + bd̃2 −

(
kp
a1
− a2

a1
+ k4

a1

)
d̃z5

]
= −ZTQZ

(40)

where

Q =

 k4 0 1
2

0 k5 − kp
2a1

+ a2
2a1
− k4

2a1
1
2 − kp

2a1
+ a2

2a1
− k4

2a1
b

 (41)

Therefore, if control gains kp, k4, k5 and b are properly chosen to make the matrix Q
be a positive definite matrix, thus Z will converge to zero. As well, the control law can be
summarized as follows.

z3 = x3 − xr
z4 = x4 − α1
z5 = x5 − α2
α1 =

.
xr − kpz3 − kI

∫
z3dt

α2 = − 1
a1

(
k4z4 − a2x4 + d̂− ..

xr + kp
.
z3 + kIz3

)
QL = − 1

a5

(
k5z5 − a3x4 − a4x5 + a1z4 −

.
α2c
)

.
α2c =

k4
a1

(
a1x5 − a2x4 + d̂− ..

xr + kp
.
z3 + kIz3

)
− a2

a1

(
a1x5 − a2x4 + d̂

)
+ 1

a1

.
d̂

− 1
a1

...
x r +

kp
a1

(
a1x5 − a2x4 + d̂− ..

xr

)
+ kI

a1

(
x4 −

.
xr
)

(42)

3.3. Stability of the Overall Closed-Loop System

Theorem 1: For the enlarged hoisting system, according to the error dynamics equation, if the
control gain of the enlarged hoisting system K1 are properly selected, there will be a symmetrical
positive definite matrix Ph that can make PhAhk + AT

hkPh = −2I, then the stability of the hoisting
system can be ensured by the FBC control law. So as to prove the stability of the overall closed-loop,
define the enlarged state variable as x30 =

∫
x3dt, then its tracking error is z30 =

∫
z3dt. The

following overall system Lyapunov function is defined.

V = zT
1 Phz1 +

1
2

kIz2
30 +

1
2

z2
3 +

1
2

z2
4 +

1
2

d̃2 (43)

Therefore, the time derivative of Equation (44) yields

.
V = zT

1
(
PhAhk + AT

hkPh
)
z1 + kIz30

.
z30 + z3

.
z3 + z4

.
z4 + z5

.
z5 + d̃

.

d̃

= −2zT
1 Iz1 + kIz3

∫
z3dt + z3

.
z3 + z4

.
z4 + z5

.
z5 + d̃

.

d̃

= −2zT
1 Iz1 + z3

(
kI
∫

z3dt +
.
z3
)
+ z4

.
z4 + z5

.
z5 + d̃

.

d̃

= −2zT
1 Iz1 + z3

(
z4 − kpz3

)
+ z4

.
z4 + z5

.
z5 + d̃

.

d̃
= −2zT

1 Iz1 + z3z4 − kpz2
3 − k4z2

4 − k5z2
5 − z4d̃− bd̃2 + k3

a1
d̃z5 − a2

a1
d̃z5 +

k4
a1

d̃z5

(44)
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Define the overall tracking error vector of the EHSS Zr =
[
z3, z4, z5, d̃

]T
, then

.
V can

be rewritten as .
V = −2zT

1 Iz1 − ZrQrZr (45)

where Qr =


kp − 1

2 0 0
− 1

2 k4 0 1
2

0 0 k5 − kp
2a1

+ a2
2a1
− k4

2a1

0 1
2 − kp

2a1
+ a2

2a1
− k4

2a1
b


Therefore, if control gains kp, k4, k5 and b are properly chosen to make the matrix

Qr be a positive definite matrix, thus
.

V = −2zT
1 Iz1 − ZrQrZr ≤ 0. Therefore, the overall

closed-loop of the DWHS can be stability.

4. Comparative Experimental Studies
4.1. Experiment Setup of the DWHS

The experiment setup of the DWHS is shown in Figure 5. Table 1 presents main
structural parameters of the experiment setup.

Figure 5. The DWHS experiment setup.

Table 1. Main structural parameters of the experiment setup.

Structural Parameters/Unit Values

Height of the experiment setup/m 7
Length of the flexible guide/m 6

Width of the experiment setup/m 3.4
Length of the experiment setup/m 4.4

Weight of the conveyance/Kg 200
Size of the weight stacks/m 0.375 × 0.375 × 0.125

It can be seen from Figure 6 that the conveyance is driven by two winding drums,
whose revolving speeds can be acquired by two rotary encoders. The counterclockwise
angle and two wire rope tensions will be measured by the angle sensor and two force
sensors in real time respectively, when the DWHS is in an operation. When two hydraulic
cylinders actively pull or push two movable head sheaves, two displacement sensors will
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measure the displacements of two hydraulic cylinders are measured by two high precision
magnetostrictive displacement sensor in real time to feed back to the control system.

Figure 6. The control system operating principle.

Figure 4 presents the operating principle of the control system. The encoder acquisition
card PCI-1784, analog data acquisition(A/D) card PCI-1716, and the analog data output
board(D/A) card ACL-6126 are all installed in the real-time controller. Analog control
signals (−10 V~+10 V) output from the D/A card ACL-6126, which will be transformed
in to −40 mA~+40 mA by the signal conditioning system, are sent to four servo valves
to control two hydraulic cylinders for driving two movable headgear sheaves and two
hydraulic winches for driving two wire ropes. As well, 4~20 mA current analog signals,
which including two hydraulic cylinder displacements, two wire rope tensions, conveyance
angle, and four hydraulic cylinder chamber pressures, which need to be transformed into
2~10 V voltage analog signals by the signal conditioning system, are acquired by two A/D
card PCI-1716s. As well, the board PCI-1784 is utilized to obtain two impulse signals of
rotary encoders that are employed to measure the two hydraulic winches revolving speeds
and transform them into digital signals. Control strategies, which are programmed by
MATLAB/Simulink, are downloaded to the target computer to realize real-time control.
The host computer is communicated with the target computer by Ethernet. The operating
frequency of the control system is 1000Hz.

4.2. Comparative Experimental Results

Table 2 shows key parameters of the DWHS in experiments.

Table 2. Parameters of the DWHS.

Parameters Values Parameters Values Parameters Values

Ap 1.88 × 10−3 m2 mc 200 kg Bp 25,000 N(m/s)
b1 0.0625 m b2 0.0625 m a1 0.1575 m
a2 0.1575 m Vt 0.96 × 10−3 m3 Ctl 4.6 × 10−17 m3/s/Pa
4Pr 6 × 106 Pa umax 10 V Ic 3.307 kg·m2

Kc 2 × 10−12 m3/s/Pa Ps 15 × 106 Pa ρ 0.417 kg/m
Ksv 4 m3/s/A Qr 38 L/min βe 6.9 × 108 Pa

l120, l220 6 m
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The DWHS operates on a six-stage velocity shown in Figure 7.

Figure 7. Six-stage speed planning of the DWHS.

To study the superiority of the proposed controller compared to the traditional PI
controller, a series of experiments are carried out on the DWHS experiment setup. Since the
control task is to realize the leveling control of the conveyance, the reference angle is set as
0 degree. The comparison results with two different controllers are given in Figure 8. The
detail distinctions between two controllers are explained as follows. Control parameters of
the PI controller and the hybrid control algorithm are given in Table 3.

(1) PI controller: Control input signals u1 and u2 are calculated by the counterclockwise
rotation angle θc and expressed as u = Kpθc + KI∑θc = u1 = −u2. As well, the EHSS is a
proportional controller.

(2) The hybrid controller: The control inputs u1 and u2 are obtained by the FBC
according to the dynamical model of the hoist, are inputted into the EHSS. The DOBIBC
for the EHSS will track two control inputs according to the dynamic model and the real
control law of the EHSS.

Figure 8 presents the conveyance counterclockwise rotation angle in the operation
of the DWHS. The conveyance counterclockwise rotation angle monotonously increases
with fluctuations at the hoisting stage while the controllers are not employed, after the stop
phase, then monotonously decreases to zero with fluctuations at the lowering stage. As
well, its range is [0◦~3.981◦]. With the PI controller, the angle is controlled in the range of
[−1.1◦~1.58◦]. When the hybrid controller is utilized to make tensions of two wire ropes
balance, the rotation angle fluctuates around with 0◦ the range of [−0.85◦~0.73◦]. From
above, the hybrid controller > the PI controller.

Figures 9–11 present the two wire rope tensions. As shown in Figure 8, while the con-
trollers are not employed, the tension difference of two wire ropes monotonously increases
with fluctuations at the hoisting phase, after the stop phase, and then monotonously de-
creases with fluctuations at the lowering stage. As well, its varying range is [−143.13 N~330 N].
From Figure 9, it can be observed that the PI controller can coordinate two wire rope
tensions, however, fluctuation ranges of two tensions are [900 N~1000 N] in the uniform
stage of the hoisting stage and [900 N~1040 N] in the uniform stage of the lowering stage,
and there still is a certain tension difference with the range of [−220.91 N~207.93 N]. As
is shown in Figure 10, when the hybrid controller is utilized to coordinate two tensions,
two tensions fluctuate nearly around the ideal value (980 N) at the uniform stage of the
hoisting stage and their fluctuation ranges are [950 N~1000 N] at the uniform stage of the
lowering stage. Its tension difference range is [143.38 N~177.14 N]. Therefore, the hybrid
controller exhibits a better performance than the PI controller.

The root mean square error (RMSE) is employed to illustrate the efficiency of two controllers.

RMSE =

√√√√√ n
∑
i
(Rin,i − Rout,i)

2

n
(46)
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where Rin,i represents the reference signal, Rout,i represents the feedback signal of sensors,
n represents the length of the signal. Table 4 shows the RMSE of two controllers.

Figure 8. The conveyance counterclockwise rotation angle. (a) without any a controller, (b) with the
PI controller, (c) with the hybrid controller.
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Table 3. Control gains of controllers.

The PI Controller

The hoisting system The EHSS

Kp 0.15 Ksp 17
KI 0.5 KsI 0

The Hybrid Controller

The hoisting system
The FBC

The EHSS
The DOBIBC

k1 25 kp 1600
k2 3 × 107 kI 15

k3 1.7 × 105 k4 1000
k5 1000
b 20

Figure 9. Two wire rope tensions without any a controller. (a) Two wire rope tensions without any a
controller, (b) tension difference without any a controller.
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Figure 11. Two wire rope tensions with the hybrid controller. (a) Tensions of two wire ropes with the
hybrid controller, (b) tension difference with the hybrid controller.
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Table 4. RMSE of two controllers.

Controllers Peak Error RMSE

The counterclockwise rotation angle

The PI controller 1.58◦ 0.4863
The hybrid controller 0.85◦ 0.1067

The tension difference

The PI controller 207.93 N 36.7085
The hybrid controller 177.14 N 25.5525

Figure 12 presents the two hydraulic cylinder displacements with two controllers.
From Figure 12, it can be known that displacements of the hybrid controller are smoother
than that of the PI controller while coordinating the two wire rope tensions of the DWHS.
Figure 13 presents the observation value of the disturbance observer.

Figure 12. Two hydraulic cylinders displacements.

Figure 13. The observation value of the disturbance observer.

5. Conclusions

In order to coordinate two wire rope tensions of the DWHS, a hybrid controller com-
bining the flatness-based control and a disturbance observer based integral backstepping
control is proposed. As well, comparative experimental results illustrate that the hybrid
controller can make a better performance on wire rope tension of the DWHS than the
conventional PI controller. The results of this work may be summarized as follows.

(1) According to the dynamic models of the hoist and the EHSS, the overall model of the
DWHS is presented and expressed with a state space formulation.

(2) According to the state representation of the hoisting system, the FBC for hoisting
system is presented. As well, in order to compensate the constant disturbance of



Symmetry 2021, 13, 716 18 of 23

the hoisting system, an integral of the system angle state is define and utilized in
the FBC controller design. According to the state representation of the EHSS and
the disturbance observer, the DOBIBC design is explicitly presented and the virtual
control law in each step controller design is analyzed. Finally, the stability of the
overall closed loop is proved.

(3) The experimental setup is expressed to indicate the efficiency of the proposed hybrid
control method. Comparative experiment results illustrate that the hybrid control
method make a better work on decreasing the tension difference of two wire ropes
than that of the conventional PI controller, which guarantees the safety of the DWHS.

In the future, we want to develop our research from the following four aspects:

1) Develop more hybrid controllers combining different controllers for the hoisting
system and the EHSS. Study control characteristics of the hoisting system and the
EHSS furtherly so that we can develop corresponding different controllers to improve
the coordination of two tensions;

2) Establish the force control model of two wire ropes adjusted by two hydraulic cylin-
ders, consequently, based on the model, we can design different controllers to coordi-
nate two tensions;

3) To reduce the number of attached sensors for simplifying control system hardware, it
is interesting to take velocity or pressure sensorless control based on several types of
observer into consideration for the energy saving with performance tradeoff;

4) Based on these research results, we can develop different controllers for tension
coordination control of multi-rope friction hoisting systems (generally four wire ropes
or six wire ropes).
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Appendix A

According to the Figure 2, there have the displacement on tangent point between left
catenary rope and the left floating headgear sheave that is defined as lr1 − u1 sin α1. Then,
the displacement on tangent point between the floating headgear sheave and the vertical
hoisting rope can be defined as lr1 + (1 + sin α1)u1.

Defining unit length left catenary rope displacement at a distance of s as

sl1 = lr1 + (lr1 − u1 sin α1 − lr1)
s

l11
(A1)

In a similar way, the unit length left vertical hoisting rope displacement at a distance
of y can be written as

yl1 = lr1 + (1 + sin α1)u1 + [(xc − a1θc)− lr1 − (1 + sin α1)u1]
y

l12
(A2)
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Referring to the Equations (A1) and (A2), the kinetic energy of the left catenary rope
and the left vertical hoisting rope can be formulated as follows, respectively

Tl11 = 1
2 ρ
∫ l11

0
.
s2

l1ds

= 1
2 ρ
∫ l11

0

[ .
lr1 +

( .
l r1 −

.
u1 sin α1 −

.
lr1

)
s

l11

]2
ds

= 1
6 ρl11

[
.
l
2
r1 +

.
lr1

( .
lr1 −

.
u1 sin α1

)
+
( .

lr1 −
.
u1 sin α1

)2
] (A3)

Tl12 = 1
2 ρ
∫ l12

0
.
y2

l1dy

= 1
2 ρ
∫ l12

0

{ .
lr1 + (1 + sin α1)

.
u1 +

[( .
xc − a1

.
θc

)
−

.
lr1 − (1 + sin α1)

.
u1

]
y

l12

}2
dy

= 1
6 ρl12

{[ .
lr1 + (1 + sin α1)

.
u1

]2
+
( .

xc − a1
.
θc

)[ .
lr1 + (1 + sin α1)

.
u1

]
+
( .

xc − a1
.
θc

)2
} (A4)

where ρ is the mass per unit length wire rope. The displacement on tangent point between
right catenary rope and the right floating headgear sheave is lr2 − u2 sin α2, defining unit
length right catenary rope displacement at a distance of as

sl2 = lr2 + (lr2 − u2 sin α2 − lr2)
s

l12
(A5)

The displacement on tangent point between the floating headgear sheave and the
vertical hoisting rope can be defined as lr2 + (1 + sin α2)u2, the displacement of the unit
length left vertical hoisting rope at a distance of y can be then written as

yl2 = lr2 + (1 + sin α2)u2 + [(xc + a2θc)− lr2 − (1 + sin α2)u2]
y

l22
(A6)

The kinetic energy of the right catenary rope and right vertical hoisting rope are given
as follows, respectively

Tl21 = 1
2 ρ
∫ l21

0
.
s2

l ds

= 1
2 ρ
∫ l21

0

[ .
lr2 +

( .
l r2 −

.
u2 sin α2 −

.
lr2

)
s

l21

]2
ds

= 1
6 ρl21

[
.
l
2
r2 +

.
lr2

( .
lr2 −

.
u2 sin α2

)
+
( .

lr2 −
.
u2 sin α2

)2
] (A7)

Tl22 = 1
2 ρ
∫ l22

0
.
y2

l dy

= 1
2 ρ
∫ l22

0

{ .
lr2 + (1 + sin α2)

.
u2 +

[( .
xc + a2

.
θc

)
−

.
lr2 − (1 + sin α2)

.
u2

]
y

l22

}2
dy

= 1
6 ρl22

{[ .
lr2 + (1 + sin α2)

.
u2

]2
+
( .

xc + a2
.
θc

)[ .
lr2 + (1 + sin α2)

.
u2

]
+
( .

xc + a2
.
θc

)2
} (A8)

The kinetic energy of the left and right floating headgear sheaves is expressed as

Th1 =
1
2

m1
.
u2

1 +
1
2

I1

( .
lr1

r1

)2

(A9)

Th2 =
1
2

m2
.
u2

2 +
1
2

I2

( .
lr2

r2

)2

(A10)

where m1 and m2 the of the left and right movable headgear sheave mass, respectively, r1
and r2 are the left and right movable headgear sheave radius, respectively, and I1 and I2
are the left and right movable headgear sheaves moment of inertias, respectively. Then, the
conveyance kinetic energy is formulated as

Tc =
1
2

mc
.
x2

c +
1
2

mc
.
y2

c +
1
2

Ic
.
θ

2
c (A11)
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where mc is the conveyance and goods mass and Ic is the conveyance and goods rotational
inertias. The potential energy of the rope composed of the left catenary rope and the left
vertical hoisting rope can be expressed as following

Ul1 = 1
2 ρgl12[(xc − a1θc) + lr1 + (1 + sin α1)u1]− 1

2 ρgl11(lr1 + u1 sin α1 + lr1) sin α1

+ 1
2 k11(lr1 − u1 sin α1 − lr1)

2 + 1
2 k12[(xc − a1θc)− lr1 − (1 + sin α1)u1]

2 (A12)

Likewise, the right rope potential energy can be expressed as

Ul2 = 1
2 ρgl22[(xc + a2θc) + lr2 + (1 + sin α2)u2]− 1

2 ρgl21(lr2 + u2 sin α2 + lr2) sin α2

+ 1
2 k21(lr2 − u2 sin α2 − lr2)

2 + 1
2 k22[(xc + a2θc)− lr2 − (1 + sin α2)u2]

2 (A13)

where k11 and k21 are the left and right catenary rope stiffness, respectively, k12 and k22 are
the left and right vertical hoisting rope stiffness, respectively. The left and right floating
headgear sheaves potential energy are expressed as

Uh1 = m1gu1 (A14)

Uh2 = m2gu2 (A15)

The conveyance system potential energy composed of the conveyance and shaft guide
potential energy is formulated as follows

Uc = mcgxc +
1
2

ks1(yc − b1θc)
2 +

1
2

ks2(yc + b2θc)
2 +

1
2

ks3(yc − b1θc)
2 +

1
2

ks4(yc + b2θc)
2 (A16)

The left and right ropes Rayleigh dissipation functions are expressed as

Dl1 =
1
2

c11

( .
lr1 −

.
u1 sin α1 −

.
lr1

)2
+

1
2

c12

[( .
xc − a1

.
θc

)
−

.
lr1 − (1 + sin α1)

.
u1

]2
(A17)

Dl2 =
1
2

c21

( .
lr2 −

.
u2 sin α2 −

.
lr12

)2
+

1
2

c22

[( .
xc + a2

.
θc

)
−

.
lr2 − (1 + sin α2)

.
u2

]2
(A18)

where c11 and c21 are the left and right catenary rope damping coefficients, respectively, c12
and c22 are the left and right vertical hoisting rope damping coefficients, respectively.

The conveyance system Rayleigh dissipation function is given as

Dc =
1
2

cs1

( .
yc − b1

.
θc

)2
+

1
2

cs2

( .
yc + b2

.
θc

)2
+

1
2

cs3

( .
yc − b1

.
θc

)2
+

1
2

cs4

( .
yc + b2

.
θc

)2
(A19)

Then, the hoisting system kinetic energy, the potential energy and Rayleigh dissipation
function can be given by

T = Tl11 + Tl12 + Tl21 + Tl22 + Th1 + Th2 + Tc (A20)

U = Ul1 + Ul2 + Uh1 + Uh2 + Uc (A21)

D = Dl1 + Dl2 + Dc (A22)

Make the hoisting direction as positive, the vertical hoisting wire rope lengths In the
course of the assignment can be expressed as

l12 = l120 − lr1 − u1 sin(α1) (A23)

l22 = l220 − lr2 − u2 sin(α2) (A24)

where l120 and l220 are two vertical hoisting wire rope initial lengths, lr1 and lr2 are the
twin-drum rotation lengths, u1 and u2 are two floating headgear sheaves displacements, α1
and α2 are angles between two catenaries and horizontal plane, a1 is the horizontal distance
between the junction of two wire ropes, a2 is the horizontal distance between conveyance
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and the barycenter of conveyance and goods. In this work, only consider the case where
there is no offset load, set a1 = a2; ks1, ks2, ks3, ks4 are the four pairs of spring-damper
model lateral equivalent spring stiffness, cs1, cs2, cs3, cs4 are the four pairs of spring-damper
model lateral equivalent damping, and b1 and b2 are the longitudinal distance between the
top and bottom surfaces of the conveyance and the barycenter of the conveyance.

In order to obtain the expected of moveable heave displacement, a hydraulic cylinder
driven by a proportional servo-valve is utilized in this paper, whose working principle is
shown in Figure 3, where Q1 and Q2 are the flow into and out of the chamber of hydraulic
cylinder, which can be written as

Q1 = Cdwxv

√
2
ρ
(ps − p1) (A25)

Q2 = Cdwxv

√
2p2

ρ
(A26)

where xv is the proportional servo-valve spool displacement, p1 and p2 are the two chamber
pressures, w is the constant area gradient of the proportional servo-valve orifices, Cd is the
discharge coefficient, ρ is the fluid mass density, ps is the hydraulic supply pressure, PL is
the load pressure, written as PL = p1 − p2. Ignoring the impact of the leak on hydraulic
cylinder and the compression of oil, the linearized load flow QL can be formulated as

QL = Kqxv − KcPL (A27)

where Kq and Kc are the linearized flow gain coefficient, which are formulated as
Kq = ∂QL/xv = Cdw

√
(ps− pL)/ρ and Kc = ∂QL/∂PL = Cdwxv

√
(ps− PL)/ρ/2(ps − PL).

The load flow QL can be given as

QL = Ap
dxp

dt
+ CtpPL +

Vt

4βe
· dPL

dt
(A28)

where Ap is the hydraulic cylinder effective area, xp is the piston displacement and dxp/dt
is the actuator piston velocity, Ctp is the internal leakage coefficient, Cep is the external
leakage coefficient, Ctp is the total leakage coefficient of the actuator that defined by
Ctp = Cip + Cep/2, Vt is the hydraulic cylinder total volume, and βe is the effective bulk
modulus. Ignoring the oil mass and nonlinear load such as dry friction, the piston dynamics
can be described by Newton’s second law

PL =
1

Ap

(
mt

d2xp

dt2 + Bc
dxp

dt

)
(A29)

where mt is the of the actuator piston total mass, the load and the specimen, and Bc is the
viscous damping coefficient of the piston and the payload.
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