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ABSTRACT A double-rope winding hoisting system (DRWHS) is usually employed to transport weight
or workers in mines usually from ultra-deep underground (>1000m). An electro-hydraulic servo system
(EHSS), which consists of two hydraulic cylinders, two movable headgear sheaves and lots of indispensable
sensors, is employed to actively coordinate two wire tensions. The nonlinear dynamic model of the DRWHS
is introduced and it is divided into two subsystems, i.e., the hoisting system and the EHSS with state space
representations. However, as a complex machine-electricity-hydraulic system, the accurate dynamic model
of the DRWHS is usually hard to obtain. Therefore, a flatness-based controller (FBC), which is insensitive to
unmodeled characteristics of the dynamic model and measurement noises of sensors, is proposed to improve
the tension coordination of two wire tensions of the DRWHS. The explicit FBC design schemes for the
DRWHS and the control law are presented, and the stability of the proposed controller are proved by defining
a Lyapunov function. The controller proposed is characterized by no derivatives of state variables and
lower controller design complication so that measurement noises of sensors and unmodeled characteristics
are not amplified. An experimental bench of the DRWHS is established to verify the performance of the
proposed controller. Experimental results show that the proposed controller exhibits a better performance
on the tension coordination control of two wire ropes compared with a backstepping controller (BC) and a
conventional proportional-integral (PI) controller.

INDEX TERMS Double-rope winding hoisting system, flatness-based control, wire tension control.

NOMENCLATURE ai(i=1,2) horizontal distance between junctions
of two wire ropes and the conveyance
l(i=1,2) rotation lengths of two winding drums and the barycenter of the conveyance
lei(i=1,2) lengths of two catenaries in the process bi(i=1,2) longitudinal distance between top and
of hoisting or lowering the conveyance bottom surfaces of the conveyance and
Ini(i = 1,2) lengths of two vertical hoisting wire the barycenter of the conveyance
ropes in the process of hoisting or ki(i=1,2,3,4) lateral equivalent stiffness of
lowering the conveyance; four pairs of the spring-damper model
ui(i=1,2) displacements of two movable headgear csii=1,2,3,4) lateral equivalent damping coefficient
sheaves of four pairs of the spring-damper
9i(i=1,2) angle between two catenaries model
and the horizontal plane In10, oo the initial lengths of two vertical
hoisting wire ropes
The associate editor coordinating the review of this manuscript and Xe the vertical displacement of the
approving it for publication was Huanqging Wang. conveyance barycenter
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the lateral displacement of the

conveyance barycenter

the counterclockwise rotation angle

of the conveyance

the radius of the left movable headgear sheave
the radius of the right movable headgear sheave
the tension of the left wire rope

the tension of the right wire rope

the stiffness of the left vertical hoisting rope
the stiffness of the right vertical hoisting rope
the damping coefficients of the left vertical
hoisting rope

the damping coefficients of the right vertical
hoisting rope

the stiffness of the left catenary rope

the stiffness of the right catenary rope

the damping coefficients of the left catenary rope

the damping coefficients of the right catenary rope

the acceleration of gravity

the number of the rope guides

the rope guide tension

the overall length of the rope guides

the rope guide length between the top of
conveyance and the top anchor point

the rope guide length between the bottom of
conveyance and the bottom anchor point

the hoisting rope tension

the number of the hoisting ropes for a single
conveyance

the unit mass of wire rope

the mass matrix of the DRWHS

the damping matrix of the DRWHS

the stiffness matrix of the DRWHS

the non-potential force vector of the DRWHS
the load flow from the valve to the actuator
chambers

the effective area of chamber

the piston rod displacement

the total volume

the effective bulk modulus

the total leakage coefficient

the displacement of the servo valve spool
the discharge coefficient of the servo valve
the area gradient of the servo valve spool
the density of oil

the pressure of supply oil

the load pressure

the load force of the hydraulic cylinder

the proportional coefficient

the control voltage of the servo valve

the maximum control voltage of the servo valve
the rated flow of the servo valve

the rated pressure drop of the servo valve
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I. INTRODUCTION

A mine hoisting system, which is usually utilized to trans-
port weight or workers from underground, is the throat of a
mine. At present, there are mainly two types mine hoisting
systems employed in mines, i.e., multi-rope friction hoisting
systems and single rope winding hoisting systems. With the
decrease of shallow (500-800m) and deep (800-1000m) min-
eral resources, it has become a trend to explore ultra-deep
(>1000m) mineral resources [1]. Multi-rope friction hoisting
systems and single rope winding hoisting systems have both
already been proved to have significant limitations when
being utilized for ultra-deep coal mines [1]-[3]. In order to
realize ultra-deep hoisting, Blair multi-rope hoisting systems
have been utilized in South Africa [4]. In this paper, based
on Blair multi-rope hoisting systems, a double-rope wind-
ing hoisting system (DRWHS) is presented in FIGURE 1.
As shown in FIGURE 1, a twin winding drum is utilized
to drive two wire ropes, which will hoist or lower two
conveyances. The twin winding drum is wound with one
hoisting wire rope respectively in the opposite direction,
which indicates that when one of two conveyances is being
hoisted, the other is being lowered. Two hydraulic cylinders
are employed to actively coordinate tensions of two wire
ropes.

However, when the DRWHS is in operation, some fac-
tors like different manufacturing precisions between the twin
winding drum, the asynchrony winding of two wire ropes,
difference length between two wire ropes, different depths
of winding grooves and difference of elastic modulus of
two wire ropes, will result in different end displacements
of two wire ropes, which will further result in the tension
difference between two wire ropes. What’s more, when the
tension difference reaches to the weight of the conveyance
being mainly supported by one wire rope, then the tensile
stress of the wire rope will be too big to make the rope be
broken accidentally. As the throat of a coal mine, the hoisting
system’s safety operation relates directly to the mining effi-
ciency and workers’ safety. Therefore, it is fatally important
to adjust the tension difference to make the weight of the
conveyance evenly distribute on two wire ropes, which will
extend the using life of wire ropes. Nowadays, a device,
which consists of two suspended hydraulic cylinders and a
communicating vessel, has been widely utilized to coordinate
the tension difference passively [5]. When tensions of two
wire ropes are different, the oil in one hydraulic cylinder
will be squeezed into the other one, which will decrease the
tension difference of two wire ropes. However, this device
can’t actively and quickly adjust the tension difference, which
won’t be suitable for the DRWHS with heavy conveyances
at a high velocity. Therefore, an active coordination device,
which consists of two movable headgear sheaves, two active
hydraulic cylinders, a hydraulic pump station and some dis-
pensable sensors and mechanical structures, is presented to
actively and quickly coordinate tensions of two wire ropes.
Therefore, tensions of two wire ropes can be actively adjusted
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FIGURE 1. The DRWHS.

by two active hydraulic cylinders pushing and pulling two
moveable headgear sheaves.

A conventional proportional-integral (PI) controller can no
doubt coordinate two tensions of two wire ropes [6], [7].
However, the performance of the PI controller need to be
improved. When the nonlinear model of a system is estab-
lished, controllers like sliding mode controllers [1], [8], [9],
robust controllers [10]-[12], adaptive controllers [13]-[16]
can be designed. These controllers above all improve the
coordination of two tensions of two wire ropes. Especially,
controllers via the backstepping approach is really power-
ful [17]-[22] and exhibits better performances than these
above controllers. However, when controllers via the back-
stepping approach is applied to a n-order system (n > 3),
the need for repeated derivations of virtual controls in
each step of controllers’ design may result in a large
amount of computation and computational expansion. And
repeated derivations of virtual controls will definitely need
repeated derivations of state variables of a system, which
will amplify measurement noises of sensors and unmodeled
characteristics, and decrease the tracking accuracy. There-
fore, some scholars have pursued methods to simplify con-
trollers via the backstepping approach. In order to avoid
repeated derivations of virtual controls in each step of con-
trollers’ design, command filtered backstepping controllers
are proposed [23]-[25]. Command filter is a prefilter with
a state space representation, whose characteristic equation
is selected to be stable and to specify the desired band-
width and the transient response. Therefore, derivatives of
virtual controls in the backstepping approach can be obtained
directly through the command filter designed, which avoids
repeated derivatives of virtual controls in the backstepping
approach. Flatness is an inherit property of a nonlinear system
and it can be obtained by a series of algebraic operations [26].
Flatness based controllers (FBCs) can be designed if out-
puts of a system have the same dimension as inputs and,
inputs of the system and system states can be expressed
in terms of outputs of the system and finite numbers of
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their time derivatives. Nowadays, FBCs have been widely
applied in many nonlinear systems to simplify their control
laws and improve their performances, such as helicopter
systems [27], hovercraft systems [28], chemical reactor sys-
tems [29], inverter systems [30], piezoelectric actuator sys-
tems [31], three-axis platform systems [32] and so on. The
FBC for the electro-hydraulic servo system (EHSS) are pro-
posed in references [33]-[35], and its flatness property are
analyzed. Subsequently, based on the concept of flatness,
FBCs are employed for the servo-valve system [36]and the
torque tracking control of the electro-hydraulic loading sys-
tem [37], [38] to improve their performances.

An accurate system model is always essential to design
advanced nonlinear controllers [39]. However, the DRWHS
is a typical complex machine-electricity-hydraulic system:
1) When the DRWHS is in operations, complex mechani-
cal structures including a mechanical support system, two
hydraulic cylinders, two hydraulic winches, two wire ropes
and two moveable head sheaves will definitely engender
structural vibrations, which are usually hard to model; 2) The
complex throttling characteristics and hydraulic fluid com-
pressibility brings significant nonlinear dynamics and make
the accurate dynamic model of the EHSS hard to establish.
What” more, parameters like the effective bulk modulus and
the total leakage coefficient are usually hard to determine,
which will bring parameter uncertainties; 3) There are lots
of sensors including an angle sensor, four pressure trans-
missions, two displacement sensors employed to support
operations of nonlinear controllers for the DRWHS. Sensors
inevitably have measurement noises, which will decrease the
tension coordination. What’s more, in a practical modern
mine, the DRWHS always operates with heavy conveyances
at a high velocity. Therefore, the repeated derivation of virtual
control in each step of controllers’ design will definitely
amplify measurement noises of sensors and unmodeled char-
acteristics of the DRWHS, which will decrease the tension
coordination. In order to simplify controllers’ design and
improve the tension coordination, a FBC, which is insensi-
tive to unmodeled characteristics and measurement noises of
sensors, is proposed to improve the tension coordination of
two wire ropes in the DRWHS.

The main contribution of the paper is to present
an easy to design and efficient FBC for the complex
machine-electricity-hydraulic DRWHS to improve the ten-
sion coordination of two wire ropes and its verification on
the experimental bench of the DRWHS. The proposed FBC
is characterized by no derivatives of the state variables and
lower controller design complication so that measurement
noises and unmodeled characteristics are not amplified. The
stability of the overall closed-loop is proven based on a
Lyapunov function. In order to verify the performance of
the proposed controller, a series of comparative experimen-
tal studies are conducted on the experimental bench. The
experimental results verify the efficiency of the proposed
controller is better than a backstepping controller (BC) and
a PI controller.
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This paper is organized as follows. In section 2,
the dynamic of the DRWHS is presented. Section 3 shows
the controller design for the hoisting system and the
electro-hydraulic servo system. The experimental setup and
the main results are shown in section 4. The conclusion is
summarized in section 5.

Il. DYNAMIC MIODEL OF THE DRWHS
Fig. 2 shows the schematic of the DRWHS, which can be

shown that it can be divided into two parts: a hoisting system
and an EHSS.

Movable headgear sheaves
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drum
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) 22 | cylinder
k1 '] [N
Ye Cs1
b
Cq 1
s1 | v a a, ks4
ks | 1p !
Me Cs4
¢, convenyance

FIGURE 2. Schematic of the DRWHS.

A. DYNAMIC MODEL OF THE HOISTING SYSTEM

Consider the upward movement as the positive direction,
lengths of two vertical hoisting wire ropes in the process
of hoisting or lowering the conveyance can be expressed as
follows:

Int = Inio — L1 — uy sin(er) (D
Iy = lpoo — L2 — uz sin(y) )

Then, tensions of two wire ropes can be expressed as
follows:

T + 12 = mc(g + X¢)

4
—11(a; + b19) + tp(ap — b16) =0

Therefore, from Eq. (4), when the counterclockwise rota-
tion angle of the conveyance 6 = 0, two tensions of two
wire ropes are equal, namely, the tension difference is equal
to zero.

According to references [1] and [17], the dynamic model
of the DRWHS can be expressed as

M§+Cq+Kg=F. )

where ¢, ¢ and g are the generalized acceleration, veloc-
ity and displacement, respectively. M, C, K and F are the
mass matrix, the damping matrix, the stiffness matrix, and
the non-potential force vector of the DRWHS, respectively,
which are expressed in (6)—(9), as shown at the bottom of this
page. With a; = ap, b1 = by and u1 = u = —ua, Eq. (5) can
be simplified as

A6 + B + CO = Qii + Wit + Ru + Fo. (10)
where

A=M33
B=C33
C=Ksz3

Qc= épllhlal(l + sin(gy)) + %,Olhzaz(l + sin(¢2))
W=(—g;ilh1 + cp)ai(1 + sin(p1))

+(—6,01h2 + cnp)ai (1 + sin(g2))
R=kp1a1(1 + sin(g1)) + knaaz(1 + sin(gz))

1 .. 1 .. 1 . .
Fo= gplhlallrl - gplh2a21r2 + (_gplhl + cnarln

Stiffness of a flexible shaft guide is time varying, which —(——pl+em)azla+kmaily — kipazlya — M e
can be represented as [40] 6 1 1
T, L Ty —Cake = Kaixe + 5 pglnar — 5 p8lnaz.
k = ng +ng— 3) (11)
LiLy L
[ me+ Yol + Lol 0 —Lplyay + $plipar
M= 0 me 0 (6)
L *%Plhlal + %plhzﬂz 0 I- %plhla% + %Plhza%
cp + %plm +em + %Pihz 0 - (Cm + %/ﬂhl) ap + (Chz + %pihz) a
¢ = 0 cs1+ e o3+ e —c5101 + cby — c3by + caby (7N
|~ (Chl + %ﬂlhl) ap + (Chz + %Plhz) ay  —cs1by 4 caby — c3by + cubn (Chl + %Plhl) al+ (Chz + %ﬂlhz) a3 +bleg + b3eg + bleg + beg
kp1 + kn2 0 —kp1ay + kppaz
K = 0 kst + kg2 + kg3 + kga , = 5-11721 + kzszbz - k253b1 + ’<2s4172 ) (8)
| —kniay + kppan —kg1b1 + ksoby — kg3b1 + ksaby khlal + khzaz + blk.rl + b2k52 + blkx3 + bzks4

F = 0
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—%ﬂlm [l +ii1(1 +singp)] — %plhz [Tz + it (1 + sing)] + (—%pihl + Cm) [I1 + it (1 + singp)]
+ (—%Plhz + L‘hz) [z + i1+ sing2)] + kpy U1 + g (1+ sing] + ki 2 + up (1 + sin@2)] — meg — 3 0glt — 08l

©))

Lplyiay [l + i (1 +singp] = L pla [l +iin(1 + singp)] + (*%Pihl +Ch1) ay [le1 + it (1 + singy)]
L — (—%pihz + Chz) ay [y + i (1 + sin )] + kpyay Uy +up (1 + sing))] — knpay o + ur (1 + singx)] + L pglyar — Spglpnar
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Values of kj,; and kj» are much larger than those of ¢, and
cna so that Eq. (10) can be further simplified as

A + BO + CO = Ru + Fy. (12)

B. DYNAMIC MODEL OF THE EHSS

The control input u# shown in Eq. (12) is obtained from the
EHSS. FIGURE 3 presents the electro-hydraulic cylinder
configuration. The dynamic model of the EHSS is shown as
follows. By employing the flow continuity equation, the load
flow Q. from the valve to actuator chambers can be formu-
lated as

Vi

4ﬁePL =0 (13)

Ap).Cp + CtIPL +

1| the proportional
H: servo valve

s

FIGURE 3. Electro-hydraulic cylinder configuration.
The force balance equation for the hydraulic cylinder
yields
—mX, — BpX, + AP = Fj. (14)

The load flow of a hydraulic cylinder is controlled by the
displacement of a servo valve’s spool. Therefore,

[Py — P
01 = Cawx, %(XV)L (15)
0

Because the response speed of the servo valve is much
higher than the hydraulic system, the dynamic of the servo
valve can be ignored. Therefore, the simplified model of the
servo valve yields

xy, = kyuy, (16)

From Egs. (15) and (16), the load flow of the hydraulic
cylinder can be rewritten as

[ - P
01 = Cawkyur %@‘L“ (17)
[0}

Actually, C; and w are both estimated values, therefore,
it is really a hard work to obtain the control voltage of the
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servo valve directly. However, the rated flow rate of the servo
valve at the rated pressure drop is always easy to obtain.

AP,

Oy = CyWkyumax (18)

o

From Egs. (17) and (18),

/P.v*‘ (up)P,
% — CdevuL ngo”L - _ ML'\/PS - Sgn(uL)PL

O C Wk, Umax ApPr Umax~/ APy

o

(19)
Therefore, the control voltage of the servo valve yields

oL

Uy, = ——F————Umax-
Q Py—sgn(ur)Pp
r AP,

C4, w and k,, are all positive, therefore, from Eq. (17),

Py — P
sgn(Qr) = sgn <dekvuL %m“)
o

= sgn(ur). 2n

From all above, the control input of the servo valve yields

(20)

QL APr
uj; = —

———————lmax. (22)
O\ Py —sgn(QL)PL

C. DYNAMIC MODEL OF THE DRWHS

Stat? variables can be defined by x = [x1, x2, X3, x4, xs)T =
[0, 0, xp, Xp, P17, and the DRWHS can be presented in a
state space form as

X1 =x2

Xp = —hixy — hpx1 +h3xs +f

X3 = x4 (23)
X4 = a1xs5 — axx4 — a3k,

X5 = —a4x4 — asxs + agQL .

where hy = B/A, h, = C/A, h3 = R/A, f = Fy/A,
ay = Ap/m, ay = Bp/m, a3 = 1/m, ay = 4B.A,/V;,
as =4B.Cy/V;, and ag = 4./ V;.

By referring to Eq. (23), it can be seen that the time
derivative of the state variable x3 is not related to x;; therefore,
Eq. (23) can be divided as two parts, where the state variable
x3 can be regarded as the control input of part one and
reference signal of part two. In this case, state variables can
be defined by x; = [x1, x2]7 = [6, 617, x2 = [x3, x4, x5]7 =
[xp, Xp, P17, and the entire system can be presented in the
following state space forms:

{)'61 =X
Xp = —hixy — hoxy + h3xz + f

yi=x (24)
X3 = x4
X4 = a1x5 — axx4 — a3k,
X5 = —asx4 — asxs + aeQr

Y2 =x3 (25)

VOLUME 7, 2019
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FIGURE 4. The schematic of the closed-loop control system.

Assumption: For the hoisting system, 6 and 6 are both
bounded. For the EHSS, the desired displacement x,, its
velocity x,, acceleration X;,, and x,, are all bounded.

Ill. CONTROLLER DESIGN

In this section, we mainly design FBCs for the hoisting
system and the EHSS according to the concept of flatness.
FIGURE 4 presents the schematic of the closed-loop control
system. When the conveyance is being hoisted or lowered,
once the counterclockwise rotation angle of the conveyance
is not equal to zero, the hoisting system FBC will solve
out displacements of two hydraulic cylinders according to
the dynamic of the DRWHS. Then the EHSS FBC 1 and 2
will drive two hydraulic cylinders to actively push or pull
two movable headgear sheaves. Then the counterclockwise
rotation angle will be actively adjusted to zero.

A. FLATNESS PROPERTY IN NONLINEAR SYSTEMS
Consider the following nonlinear system [29][35]

X =f(x,u). (26)

where x denotes the system state and u denotes the control
input with the same dimension as the system output y. And it
is assumed that the vector function f is smooth. If the system
output y can be expressed in terms of the system state x,
the control input «# and finite numbers of its time derivatives,
which is shown as follow.

y=x(x, i, i, ..., u"). (27)

Furtherly, the system state x and the system input u can
be expressed in terms of y and a finite number of its time
derivatives.

X=X 9 s YD), (28)
u=ym 3y, ...,y (29)

Then (26) is called flat and the system output y is called
the flat output. The flatness property allows us to explicitly
analyze the system model by formally calculating the system
variables as functions of the flat output and its derivatives
according to (28) and (29).

VOLUME 7, 2019

B. FBC FOR THE HOISTING SYSTEM

According to the FBC design method, in the hoisting sys-
tem (24), the output is y; = x; and the control input is
up = x3. Therefore, for the hoisting system (24), we can
obtain flatness functions from y1, y1, y1 to x; and the control
input uy, as

X1 Y1
X | = Vi N E)
up, (hiy1 + hoyr —f + 1) /h3

If we define the desired state x;y = [xld,X2d]T

[vid, v1a]¥, where y14 denotes the desired output, namely,
the reference signal. Therefore, the dynamics of the desired
state X194 = [x14, xzav]T is

d | xia | _ X2d 31)
dt | x2q —hix2g — hox1g + haupag +f |

Therefore, we can obtain the open-loop control input
Upg as

una = (hiy1a + hayia —f + V1a) /3 (32)

Let the tracking error be z; = [z1, 2217 = [x14 — X1, X204 —
x]7. Therefore, the tracking error dynamics yield

21 _ 22
|:22:| o [_hIZZ_hZZl _h3(uhd—uh):|' 33)

with u,g = uy, we can obtain

2| 22
[22} B [_hlZZ — oz ] G4

In matrix form,

21 = Apz1. (35)
where, A;, = _3!2 —1hl .

Obviously, Aj, is Hurwitz. Thus z; converges to zero. How-
ever, the convergence speed cannot be arbitrarily chosen by
the open-loop controller. Therefore, we design the control
input uj, with state feedbacks as

1
up = upg + —Kizi (36)
h3
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where K| = [kq, kz]. Therefore, the tracking error dynamics
with state feedbacks yield

21 = Apz1. 37

0 1
—h -k —h—k |
Thus, if the control gain matrix K; is chosen such that
Ay 1s Hurwitz, then z; will exponentially converge to zeros.
Therefore, the control law can be summarized as follows.

where, Ay, =

Xid = Y1d

X2d = Yid

una = (h1y1a + hoyia — f + x24) [ 3
71 =X1d — X1

(38)

32 =X2d — X2
1
Up = Upg + EKIZ]

This controller proposed is compared with the following
BC:

71 = X1d — X1r

2 =X4 — @]

oy = kiz1 + X1,

up = %(h]x2 +hoxy —f + &1 —kozo +21)

(39)

Remark 1: Through algebraic operations, we obtain the
FBC control law for the hoisting system. From the progress
of the FBC design, we can obtain that the FBC simplifies the
controller design compared with the BC.

C. FBC FOR THE EHSS
Likewise, for the subsystem (25), the output is y = x3 and
the control input is u; = Q. Therefore, for the EHSS (25),

we can obtain flatness functions from y;, y7, ¥ to x» and the
control input u;, as

X3 }.’2

x4 | 2

x5 | al—l(b + azys + asFy) (40)
ur L (437 + asxs + xs)

ae

T
[x34, X4a, X54] =

Lyzd, Y2, ﬁ@zd + axy2q + azF, g)] , where y>4 denotes the
esired output, namely, the reference signal. Therefore,

Let the desired state xu4 =

the dynamics of the desired state xpq = (X34, Xad» 5417
yields
d | X3 Xad
| | = | @Xsa — aea - asFg | (41)
X5d —a4x4q — asxsq + asur

Therefore, we can obtain the open-loop control input uy 4
as

1 . .
Urg = " (a4y24 + asxsq + Xs5q). 42)

146434

Define the tracking error vector zo = [z3,24,25]7
[X3q — X3, Xag — X4, x54 — x5]7 . Therefore, the tracking error

dynamics yields

23 24
24 | = a1zs — axz4 . 43)
5 —a4z4 — aszs + aglurg — ur)

With u;; = uy, we can obtain

23 24
24 | = aizs —axza |. (44)
25 —a4z4 — as75

In matrix form,

2 =Ar2. (45)
0 1 0
where, Ay, = | 0 —ap ai
0 —a4 —as
We design the control input with state feedbacks as
1
up = urg + —Kozp. (46)
as

where K> = [k3, ka, k5]7. The tracking error dynamics with
state feedbacks yields

22 =Ap22. 47)
0 1 0
where, Ay = 0 —an aj
—k3s —ag— ks —as—ks

Thus, if the control gain matrix K> is chosen such that
Ay is Hurwitz, then z, will exponentially converge to zeros.
Therefore, the control law can be summarized as follow.

X3d = Y2d

X4d = V2d

Xs5q = ;—6(332(1 + a4y2q + asyzq — azFy)
urg = % (a4x4q + asxsq + Xsq)

73 = X34 — X3

(48)

4 = X4qd — X4
75 = X54 — X5

1
up =urqg + %Kzzz-

This controller proposed is compared with the following
BC:
73 = X3d — X3
24 = 03 — X4
5 =04 — X5
a3 = —k3z3 + X34 49)
L <Z3 + axx4 — i—j + a3 + k4z4>

04 = ar
1
up = % (kszs 4 &4 + asxs + asxs + aiz4) .

Remark 2: Through a series of algebraic operations,
we obtain the FBC control law of the hydraulic subsys-
tem. From the progress of the FBC design, we can obtain:
1) The FBC simplify the controller design than the BC.
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FIGURE 5. The experiment setup of the DRWHS.

Time derivatives of virtual controls o3 and a4, especially,
the time derivative of the virtual control oy, will definitely
increase the compute and the complex of the BC’s design
largely; 2) The FBC will not need time derivatives of sys-
tem states, which will not amplify measurement noises and
unmodeled characteristics.

D. STABILITY OF THE CLOSED-LOOP
In order to prove the stability of the closed loop, we have the
following proposition.

Proposition: With error derivatives and, if positive definite
matrices Py, Py, and control gains K, K> are properly chosen,
such that PpAy + AL Py < 0 and PpArx + AT P, < 0,
then the stability of the closed loop can be guaranteed by the
proposed control law.

Proof: We define a Lyapunov candidate function V as

V =zl P21 + 25 Proo. (50)
The derivative of Eq. (48) with time yields
V =2z (PhAhk +A£kPh) 71 +2 (PhALk +A£kPh) 22
<o0. (51)

Therefore, the closed-loop of the DRWHS control system
is asymptotic stability.

IV. EXPERIMENTAL STUDIES

A. EXPERIMENTAL SETUP

FIGURE 5 presents the experiment setup of the DRWHS.
Main structural parameters of the experiment setup are shown
in TABLE 1.
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TABLE 1. Structural parameters of the experiment setup.

Structural parameters 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 44

Diameter of movable headgear sheaves / m 0.4

Weight of the conveyance / kg 200

Size of the weight stacks / m 0.375*%0.375*0.125
Maximum acceleration / m/s* 1

Maximum hoisting velocity / m/s 1

From FIGURE 5, in order to make the hoisting system
stable, the main mechanical body of the hoisting system
is welded on the ground in a frame mode. Two hydraulic
winches, which have two built-in reducers, two balance
valves and two brake devices, are installed on both sides of
the mechanical frame with symmetrical distributions. Two
hydraulic winches are fixed on the foundation by foot bolts,
and two rotary encoders are connected with output shafts of
two hydraulic winches respectively. Two proportional valves
are utilized to control two hydraulic winches, which will
form a closed-loop with two rotary encoders. Two wire ropes
are connected with the conveyance through two hydraulic
winches and two headgear sheaves. Two force sensors are
connected between the conveyance and two wire ropes. Two
hydraulic cylinders with 70 mm bore and 50 mm rod are fixed
between two movable headgear sheaves and the foundation
with supports welding on the foundation. Two displacement
sensors are installed on the same side of two hydraulic cylin-
ders. Sliding bars of two displacement sensors and piston
rods of the hydraulic cylinder are fixed together through
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FIGURE 6. The control system. (a) The schematic diagram of the control system. (b) The main program of the control system.

two universal joints, which indicates that when hydraulic
cylinders actively drive movable headgear sheaves to adjust
tensions of two wire ropes, displacement sensors will mea-

sure displacements in real time.

146436

FIGURE 6 shows the schematic diagram of the control
system, which is established based on MATLAB xPC target
fast prototyping technology. Hardware of the control sys-
tem mainly consists of a host computer, a target computer

VOLUME 7, 2019



W. Zang et al.: Flatness-Based Nonlinear Control Scheme for Wire Tension Control of Hoisting Systems

IEEE Access

0.5+
lowering phase

volecity / m/s
=)

-0.5 hoisting phase stFpping phas
0 0.5 1 1.5 2 2.5 3
t/ ms <10

FIGURE 7. Velocity for hoisting and lowering the conveyance.

TABLE 2. Parameters of the DRWHS.

Parameters Values Parameters Values

4, 1.88x10° m’ m, 200 kg

by 0.0625 m by 0.0625 m

a, 0.1575 m v, 0.96x10”° m’
AP, 6 x10° Pa Uinax 10 V

K, 2x10" m*/s/Pa P, 15x10° Pa
K, 4 m’/s/A 0. 38 L/min
$20, Lo 6m Be 6.9x10° Pa
B, 25000 N(m/s) ny 2

a 0.1575m nr 4

Cy 9.2x10"" m¥s/Pa | I 3.307 kg'm”
p 0.417 kg/m

ADVANTECH IPC-610, a signal conditioning system, two
A/D board PCI-1716s, a D/A board ACL-6126, a pulse
board PCI-1784 and some auxiliary accessories. The board
PCI-1784, two board PCI-1716s and the board ACL-6126 are
all installed in the target computer. Analog control signals
from the board ACL-6126 and optimized by the signal con-
ditioning system, are sent to servo valves for control of two
hydraulic cylinders and two hydraulic winches. Analog sig-
nals from displacements of two hydraulic cylinders, tensions
of two wire ropes, angle of the conveyance, and pressures of
four hydraulic cylinder chambers, which will be optimized by
the signal conditioning system, are transformed into digital
signals by two boards PCI-1716, and impulse signals from
rotation speeds of the two hydraulic winches are transformed

6
g
=
4
=
<
o0
'5 2 —— Reference
g ~— Measured
=
0 L L L L L
27 275 28 285 29
t/ms X 105
(a)
6
g
S
&0 4
<
&
5 2 — Reference
~§ — Measured
0

2.7 2.75 2.8 2.85 2.9
t/ ms X 105

(b)

FIGURE 8. Winding length tracking performance of two Hydraulic
winches. (a) Hydraulic winch 1. (b) Hydraulic winch 2.

into digital signals by the board PCI-1784. Control strategies,
which are programmed by MATLAB/Simulink on the host
computer, are compiled to C codes by the Microsoft Visual
Studio software before they are downloaded into the target
computer for real time execution. The host and target com-
puters are communicated by Ethernet. The sampling time of
the control system is 1 ms.

FIGURE 7 presents the six-stage velocity planning scheme
for the DRWHS. a denotes the acceleration in the hoisting
phase or the lowering phase, and the unit is m/s”.

B. EXPERIMENTAL RESULTS
TABLE 2 shows key parameters of the DRWHS in
experiments.

10
()
2]
§°5
>
=
2

> 1°

> _1°

. Without controller ‘ PI controller
0 2 4

t/ ms

4
x 10

FIGURE 9. The counterclockwise rotation angle in hoisting and lowering the conveyance: 1) without any a controller; 2) with the Pl

controller; 3) with the BC; 4) with the FBC.
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FIGURE 10. Tensions of two wire ropes and the tension difference in hoisting and lowering the conveyance: 1) without any a
controller; 2) with the Pl controller; 3) with the BC; 4) with the FBC. (a) Without any a controller. (b) With the PI controller.
(c) With the BC. (d) With the FBC. (e) The tension difference.
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FIGURE 10. (Continued.) Tensions of two wire ropes and the tension difference in hoisting and lowering the conveyance:
1) without any a controller; 2) with the Pl controller; 3) with the BC; 4) with the FBC. (a) Without any a controller. (b) With the PI
controller. (c) With the BC. (d) With the FBC. (e) The tension difference.

In order to verify the performance of three control strate-
gies, a series of experimental tests were conducted on
the DRWHS. The desired counterclockwise rotation angle
of the conveyance is undoubtedly O degree. FIGURE 8§
presents the reference winding lengths of two hydraulic
winches and their real-time measurement signals. From
FIGURE 8, two hydraulic winches can track reference wind-
ing lengths accurately. FIGURE 9 and 10 shows comparison
results with three different control strategies. Comparison
between three different control strategies is explicitly stated
as follows. Control gains of the three controller are presented
in Table 3.

1) PI controller: Control inputs u#; and up, which are
designed by the counterclockwise rotation angle 6,
is expressed as u = K,0 + K; >0 =u =-u.

2) BC: Control inputs are obtained by the BC based on the
nonlinear dynamic model of the DRWHS.

3) FBC: In this controller, control inputs are obtained
by the FBC, which is insensitive to the unmodeled
characteristics of the DRWHS and measurement noises
of sensors.

VOLUME 7, 2019

TABLE 3. Control gains of the three controllers.

The PI controller
In the hoisting system In the EHSS
K, 0.15 Ky 17
K; 0.5 K 0
The BC
In the hoisting system In the EHSS
ki 0.017 ks 1400
ke 0.022 ky 950
ks 950
The FBC
In the hoisting system In the EHSS
ki 1.6x10’ ks 2.9x10"
ks 3x10° ky 1x10°
ks 10

FIGURE 9 gives the counterclockwise rotation angle in
hoisting and lowering the conveyance: 1) without any a con-
troller; 2) with the PI controller; 3) with the BC; 4) with
the FBC. As shown in FIGURE 8§, without any a con-
troller, the counterclockwise rotation angle of the conveyance
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TABLE 4. RMSE of three controllers.

Controllers | Peak error | RMSE
The counterclockwise rotation angle
The PI controller | 2.96° 0.8551
The BC 1.48° 0.473
The FBC 1.14° 0.1703
The tension difference
The PI controller | 236.45 N 35.0227
The BC 203.99 N 32.5742
The FBC 179.11 N 28.3574

gradually increases at the hoisting stage, then stays at a certain
value (approximate 10°) at the stop stage, and then gradually
decreases to zero at the lowering stage. When the PI con-
troller, the BC and the FBC are employed, the change of the
counterclockwise rotation angle is effectively controlled and
the counterclockwise rotation angle reaches 2.96°, 1.48° and
1.14°. And changes of the counterclockwise rotation angle
of the FBC is steadier than the BC and the PI controller.
In conclusion, it is obviously that performances of three
controllers can be stated as follows: the FBC > the BC >
the PI controller.

FIGURE 10 shows tensions of two wire ropes and the
tension difference in hoisting and lowering the conveyance:
1) without any a controller; 2) with the PI controller; 3) with
the BC; 4) with the FBC. From FIGURE 10 (a) and (e), with-
out any a controller, the tension difference increase gradually
with fluctuations, then stays approximately at a certain value
with fluctuations, and then decrease to zero with fluctuations.
From FIGURE 10 (b), when the PI controller is employed to
actively coordinate the tension difference of two wire ropes,
the tension difference decrease efficiently. From the local
enlarged figure in FIGURE 10 (b), changes of tensions of two
wire ropes are consistent but there is still a certain tension
difference between two wire ropes. And the performance of
the PI controller need to be improved. From FIGURE 10
(c), when the BC are utilized, tensions of two wire ropes are
consistent in the hoisting stage but not consistent in the low-
ering stage. From FIGURE 10 (d), when the FBC are utilized,
tensions of two wire ropes are consistent in the hoisting and
the lowering stage. From FIGURE 10 (e), tension differences
of three controllers reach 236.45 N, 203.99 N and 179.11 N
respectively. In summary, performances of three controllers:
the FBC > the BC > the PI controller.

In order to further illustrate the performance of three con-
trollers, the root mean square error (RMSE) is employed,
which can be expressed as

1 2
Z (Rin,i - Rout,i)

RMSE = | - . (52)

where R;,; denotes the reference signal, R, ; denotes the
feedback signal from sensors, n denotes the length of the
signal. The results of the RMSE is presented in TABLE 4.
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FIGURE 11. Displacements of two hydraulic cylinders with three different
controllers: the PI controller, the BC, and the FBC. (a) Hydraulic cylinder 1.
(b) Hydraulic cylinder 2.

From TABLE 4, it is can be seen that the FBC exhibits a
better performance than the BC and the PI controller.

FIGURE 11 presents displacements of two hydraulic cylin-
ders in hoisting and lowering the conveyance. From FIGURE
10, change ranges of two hydraulic cylinders of the PI con-
troller are large but those of the BC and FBC are relatively
steadier. From the local enlarge figure in FIGURE 10, it can
be seen that the FBC is faster than the BC when actively
adjusting tensions of two wire ropes, which indicates that
the performance of the FBC is better than that of the BC.
Therefore, the FBC exhibits better performance than the BC
and the PI controller.

V. CONCLUSION

The DRWHS is a typical complex machine-electricity-
hydraulic system, which indicates that its accurate dynamic
model is usually hard to obtain. In order to improve the coor-
dination of tensions of two wire ropes of the DRWHS, a FBC,
which is insensitive to measurement noises of sensors and
unmodeled characteristics, is employed to actively coordinate
tensions of two wire ropes. Experimental results show that the
proposed controller exhibits a better performance than the BC
and the conventional PI controller. Therefore, the full text can
be summarized as follows.

(1) The nonlinear model of the hoisting system is
expressed with a state space representation. The nonlin-
ear model of the EHSS is established and is expressed
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with a state space representation. Therefore, the state
space representation of the DRWHS is shown.
Through a series of algebraic operations, system states
and system inputs of the hoisting system and the EHSS
are expressed with system outputs and a finite number
of their time derivatives. And then, the control law of
the proposed controller is shown. Compared with the
BC, the proposed controller has prominent advantages:
1) lower controller design complication; 2) no need
for repeated derivation of virtual control in the con-
troller’ design so that measurement noises of sensors
and unmodeled characteristics will not be amplified,
which will further improve the coordination of tensions
of two wire ropes.

The experimental bench is elaborately introduced to
verify the performance of the proposed controller.
Experimental results show that the proposed controller
made the conveyance steadier than the BC and the PI
controller: 1) the tracking error of the counterclockwise
rotation angle of the conveyance is smaller than the
BC and the PI controller; 2) the tension difference is
smaller than the BC and the PI controller.
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