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ABSTRACT Double-rope winding mine hoist (DRWMH) is a vital coal mining equipment whose per-
formance directly impacts the safe and efficient exploitation of the deep earth resources. Unfortunately,
the actuator faults and disturbances can greatly affect the effect of the DRWMH. This paper deals with
the problem of tension coordination control against actuator faults and disturbances for a DRWMH driven
by multiple permanent magnet synchronous motors (PMSMs) using the neural-based adaptive method and
iterative learning scheme. To improve the control performance and to maintain the stability of the DRWMH
under faulty conditions, in this approach, a novel neural-based adaptive control strategy is developed to
implement the input control assignment of the actuators. An iterative learning controller is used to achieve
the compensation of the faults and uncertainties. The stability of both control subsystems has been proven.
A series of experimental results are illustrated to demonstrate the validity of the proposed fault tolerant
control for the DRWMH, which also reveal that a superior control effect is achieved in contrast with
traditional controllers. Furthermore, the strategy proposed in this paper can be applied to other mechanical
systems driven by multiple PMSMs that require high safety.

INDEX TERMS Double-rope winding mine hoist, fault-tolerant control, adaptive algorithm, iterative
learning method, actuator failure, PMSM.

I. INTRODUCTION
Double-rope winding mine hoist (DRWMH), also known
as Blair multi-rope system, is vital coal mining equip-
ment whose performance directly impacts the safe and effi-
cient exploitation of the deep earth resources. In the past
few decades, with the rapid growth in energy consump-
tion, researches on operation reliability of DRWMH have
extensively increased [1]–[3]. Compared with the traditional
single-rope winding hoists, DRWMH has the advantages of
improved load capacity, lighter in weight, more cost-effective
and safer performance since load on the conveyance can be
shared by multiple cables. On the other hand, due to their
complex coupled dynamics characteristic and the effect of

The associate editor coordinating the review of this manuscript and
approving it for publication was Mark Kok Yew Ng.

disturbance, difficulty in control is still the major drawback
associated with the DRWMH [4].

In fact, according to the practical experience of the past,
the main factor limiting the use of the DRWMH is the broken
rope which is mainly caused by the uneven tension of the
ropes [5]. Therefore, the tension control of the ropes has
attracted wide attention of scholars and forms an open field of
research with the advancement of control theory research [6].
In the literature [7], a robust nonlinear adaptive back-stepping
controller was used to adjust wire rope tensions for a dou-
ble rope hoisting parallel. A nonlinear disturbance observer
was applied to cope with the uncertainties. Reference [8]
designed an output feedback boundary controller to solve
the problem of tension oscillation inconformity in a dual-
cable mining hoist. Reference [9] presented a type-2 fuzzy
adaptive inverse controller for inclination and tension control
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of a cable-driven parallel system. Reference [10] proposed
a robust PID controller for fully-constrained cable driven
parallel manipulators with uncertain dynamic parameters.
However, these studies focus on the suppression of system
disturbances. When the actuators fail, the controller not only
could not achieve the desired effect, but also would even
cause serious safety accidents [11]. Therefore, a challenging
problem for the DRWMH is how to ensure good performance
of the controller when the actuator failure occurs.

Actually, in many practical safety-critical systems such
as flight control system [12], satellite control system [13],
and chemical control system [14], the design of the fault
tolerant controller (FTC) has received a lot of attention and
discussion. Several approaches have been proposed for stabi-
lization of linear and nonlinear systems under actuator faults.
In general, the existing FTC methods can be divided into
two types: passive FTC and active FTC [15], [16]. For the
passive FTC, the controller is directly designed robust enough
to deal with faults and uncertainties. For instance, in the
literature [17], a sliding mode control technique was used
to design a robust controller for a quadrotor under actuator
faults. Reference [18] presented a robust H∞ controller with
finite-frequency constraint for an active suspension system
with actuator faults. However, passive FTC design must con-
sider the type and size of the faults in advance, and can only
deal with limited type of faults, which limits their use.

For the active FTC, the controller configures the control
law online in real time based on fault or failure information,
it usually necessitates a detection and identification (FDI)
strategy to evaluate faults first. In [19], an actuator fault toler-
ant control schemewas proposed for differential-drivemobile
robots based on the multiple-model approach. The linearized
model and extended Kalman filter were used to detect, isolate
and identify actuator faults. In the literature [20], the design
problem of fault-tolerant dynamic surface controller for a
class of uncertain nonlinear systems with actuator faults was
discussed. Nonlinear adaptive fuzzy observers were con-
structed to estimate the actuator faults. A RBF neural network
based fault estimation observer and a slidingmode based fault
detection observer were designed to detect actuator faults for
a rigid spacecraft in [21]. A fast terminal sliding mode control
technique was further developed to compensate for faults.

In recent years, the number of researchers concentrating
on solving the problem of fault tolerant controller design for
linear and nonlinear systems using adaptive control method
continues to increase [22], [23]. The direct adaptive fault
tolerant control method does not require a fault detection
and diagnosis (FDD) module or a quantitative parameter
knowledge of the system, and thus is more suitable for
industrial use. In [24], a model-free adaptive fault toler-
ant attitude tracking controller was developed for a flexible
spacecraft in the presence of inertia uncertainties, external
disturbances and uncertain actuator failures. A novel adap-
tive third-order sliding mode control based FTC strategy for
permanent-magnet machines was presented in [25] where
complicated fault detection and fault diagnosis algorithms

can be avoided. In [26], a novel fault tolerant controller
combing a backstepping technique and an adaptive method
was proposed for a satellite under actuator faults.

As for the design of fault-tolerant controller for DRWMH,
there are few theoretical results or experimental results. At the
same time, hybrid factors consisting of drum winding inter-
ferences [27], flexible rope structure [28], friction at head-
gear sheave [29] and drive motor uncertainties [30] bring
difficulties to the design of fault-tolerant controller. In this
paper, a novel approach to design a robust adaptive controller
is proposed to deal with actuator faults, where RBF neural
network [31] is employed to handle actuator bias and uncer-
tainties. Nevertheless, only relying on the function of closed-
loop adaptive feedback still cannot effectively suppress the
disturbance and completely eliminate the impact of the faults.

Thus, a feedforward feedback iterative learning con-
troller (FFILC) is also presented to compensate uncertain-
ties and remaining faults effects. As an intelligent control
method, iterative learning controller (ILC) [32] is mainly
used for disturbance suppression of complex systems with
repetitive operation characteristics. Due to its simple design,
ILC has been used in many applications to improve the
control performance including robot manipulators [33], high-
speed trains [34], batch processes [35], permanent-magnet
machines [36] and cooperative multiple mobile cranes [37].

The main contribution of this research is to present a novel
hybrid controller utilizing both adaptive method and iterative
learning strategy to deal with uncertainties and actuator faults
for a form of DRWMH driven by permanent magnet syn-
chronous motors (PMSM), and its verification in a DRWMH
experimental platform. The stability of overall controllers in
presence of actuator faults and uncertainties is proven. To ver-
ify the effectiveness of the proposed algorithm, a number
of comparative experimental studies have been conducted
on a DRWMH test platform under different actuator faults
working conditions. The experimental results show that the
proposed method has better fault tolerance performance than
traditional PID controller and FFILC.

The rest of the paper is organized as follows. The struc-
ture of DRWMH and the configuration of the test bench
are described in the following section. Section 3 presents
dynamics model of the mechanical subsystem and electri-
cal model of the PMSM. Specific design details and sta-
bility proof of the proposed controller are discussed in
Section 4. Section 5 demonstrates a series of compara-
tive experimental results and analyzes the performance of
the three algorithms under different working conditions.
Section 6 draws conclusions.

II. SYSTEM STRUCTURE AND TEST PLATFORM
A. STRUCTURE OF THE DOUBLE-ROPE WINDING
MINE HOIST
The double-rope winding mine hoist can be divided into two
parts with the same structure, as shown in Figure 1. Each
part consists of two wire ropes wound on the same winder
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FIGURE 1. Double-rope winding mine hoist.

drum, two movable headgear sheaves fixed above the tower,
and a conveyance suspended at both ends of the ropes. When
the motor drives the winder drum to wind the wire ropes,
the force is transmitted to the conveyance along the wire
ropes, and the conveyance is moved up and down. One side of
the conveyance rises while the other side of the conveyance
descends, thereby achieving continuous coal transportation.
In the actual operation process, the unavoidable factors such
as rope groove deviation and stiffness deviation will cause the
deviation of the rope length and lead to the tension imbalance.
At this time, the movable headgear sheaves move up and
down to adjust the rope length so that tension inconformity
between wire ropes can be eliminated. However, in the event
of a movable headgear sheave fails, it will be difficult for the
controller to achieve inherent regulation performance, posing
a potential risk to the safe operation of the system.

B. STRUCTURE OF THE TEST PLATFORM
Taking into account the damage that may be caused by
the failure experiment, in this section, a small experimental
system is built to simulate the actual working conditions of
DRWMH and test the controller’s effect. Figure 2 illustrates
the structure diagram of the experimental DRWMH plat-
form driven by PMSMs. The experimental platform mainly
comprises eight components: a winding drum driven by
PMSM (PMSM-1), two hoisting ropes, two movable head-
gear sheaves driven by PMSMs (PMSM-2 and PMSM-3),
two guide rails fixed to the ground, a conveyance, a host
computer, a real-time control system and two tension sensors.

The PMSMs use the same model, whose specifications are
as follows: rated output power 400 W, maximum rotation
speed 3000 rpm, and rated torque 1.3 Nm. Each motor comes
with an encoder that can measure real-time speed and is
connected to a reducer whose reduction ratio is 10 to increase
output torque. The tension sensors which are configured with
a range of 0-200 N and an output of 0-5V are mounted at the
connection of the ropes and the conveyance.

FIGURE 2. The real-time experimental system of DRWMH.

The real-time control system consists of an IPC-610-L
Advantech target computer and several boards installed in it.
The No. 1 PMSM is implemented by the PCI-6024E board,
which can measure the rope tensions at the same time. The
control style of No. 2 and No. 3 PMSM adopts the sine-
wave pulse-width modulation (PWM) from PCI-6601 board.
The role of the host computer is to edit and compile control
strategy related code under Matlab/Simulink environment,
and then sending the codes to target computer for real-time
running. The target computer collects sensor signals and cal-
culates the output signals for real-time control. The sampling
interval of the control system has been set as 1000Hz.

III. MATHEMATICAL MODEL OF DRWMH
In this section, for subsequent analysis and controller design,
the mathematical model of DRWMH mechanical subsys-
tem is given, and the electrical equation of the PMSM is
formulated.

A. MATHEMATICAL MODEL OF THE MECHANICAL
SUBSYSTEM
Figure 3(a) shows the multi-degree-of-freedom dynamic
model of the mechanical subsystem, in which the rope char-
acteristics are described by the mass-spring-damping model.
Figure 3(b) is the equivalent dynamic model of the movable
headgear sheave.

According to DRWMH dynamics theory, the motion equa-
tions of connection sites are [38]

mvrid̈vri − (θsirsi + dsi − dvri) kvi + Fvri
−
(
θ̇sirsi + ḋsi − ḋvri

)
cvi = 0, i = 1, 2 (1)

where mvri(i = 1, 2) represent the mass of the connection
sites. dvri(i = 1, 2) indicate the longitudinal displacements of
the connection site. The angular displacements and equivalent
radius of the headgear sheaves are denoted by θsi(i = 1, 2)
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FIGURE 3. Mathematical model of the mechanical subsystem of DRWMH.
(a) Equivalent dynamic model of the hoisting subsystem (b) Equivalent
dynamic model of the movable headgear sheave.

and rsi(i = 1, 2). The longitudinal displacements of the two
movable headgear sheaves are denoted by dsi(i = 1, 2).
dvri(i = 1, 2) indicate the longitudinal displacements of the
connection site. kvi(i = 1, 2), cvri(i = 1, 2) are the equivalent
stiffness coefficient and equivalent damping coefficient of the
vertical ropes, respectively. Fvr1 and Fvr2 indicate force at the
left connection site and the right connection site.

As shown in Figure 3(a), the conveyance is a three-degrees-
freedom system whose mathematical model can be described
by equations as follows

msk d̈skx+
4∑
i=1

(
kgyisgyi + cgyiṡgyi

)
−

(
2∑
i=1

Fvri sin θvri

)
= 0

(2)

msk d̈sky −

(
2∑
i=1

Fvri cos θvri

)
= 0 (3)

Jsk θ̈sk − pgy
(
θsk , θ̇sk

)
+ Tl + Th = 0 (4)

where the inertia and the mass of the conveyance are denoted
by Jsk and msk , respectively.

The overall impact moment of force on conveyance is

pgy
(
θsk , θ̇sk

)
=

4∑
i=1

(
kgyisgyiygyi + cgyiṡgyiygyi

)
(5)

where the local frame vertical coordinates of four guide shoes
are denoted by ygyi(i = 1, 2, 3, 4). The equivalent stiffness
coefficient, equivalent damping coefficient and displacement
change in the horizontal direction of the guide shoes are
represented by kgyi(i = 1, 2, 3, 4), cgyi(i = 1, 2, 3, 4) and
sgyi(i = 1, 2, 3, 4), respectively.

The moment of action of the longitudinal component of the
rope force on the conveyance is denoted by

Tl = Fvr1 cos θvr1rxc1 − Fvr2 cos θvr2rxc2 (6)

where θvr1 and θvr2 indicate swing angles of vertical ropes in
the left side and vertical ropes in the right side, respectively.
The transverse distance from conveyance centroid to the left
connector point and the right points are stated by rxc1 and rxc2.
The moment of action of the horizontal component of the

rope force on the conveyance can be given as

Th =
2∑
i=1

Fvri sin θvriryci (7)

The vertical distance from conveyance centroid to the left
connector point and the right points are expressed by ryc1 and
ryc2, respectively.

B. MATHEMATICAL MODEL OF THE PMSM
Since the motors used in the experiment platform are
PMSMs, assuming that the motors are fed by balanced
voltages and that the motors are symmetrical, the mathemat-
ical model of the motors in the dq reference frame can be
described as follows [39]

ud = Rid + Ld
d
dt
id − ωeLqiq (8)

uq = Riq + Lq
d
dt
iq + ωe

(
Ld id + ψf

)
(9)

whereωe denotes the electric angle speed. The stator voltages
along the d and q are represented by ud and uq. Ld and
Lq indicate inductance along the d and q axes, respectively.
The current along the d and q are denoted by id and iq. ψf
represents the magnet flux linkage, and the number of motor
pole pair is denoted by pn.
As the selected PMSMs are surface-mounted, it can be

assumed that Ld is equal to Lq. The electromagnetic torque
model of the driving motors can be expressed as follows

Te=
3
2
pniq

[
id
(
Ld − Lq

)
+ ψf

]
=

3
2
pniqψf =Zpmiq (10)
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where Zpm = 3
2pnψf indicates the input coefficient of the

driving motors.

IV. FAULT TOLERANT CONTROL STRATEGY
This section illustrates a hybrid adaptive learning strategy
for fault tolerant control of the DRWMH with actuator faults
and disturbances. The simplified closed-loop control diagram
can be seen in Figure 4. Main features of the proposed fault
tolerant controller are: (1) an adaptive law is designed to
deal with the movable headgear sheave faults, whose param-
eters are calculated in real time under the condition of Lya-
punov stability; and (2) introducing feedback-feedforward
iterative learning controller (FFILC) to handle uncertainties
and excessive fault error.

FIGURE 4. Simplified closed-loop control diagram.

A. CONTROLLER FOR THE MOVABLE HEADGEAR SHEAVE
SUBSYSTEM
According to Equations (8)-(10), based on the rotor field
orientation control method (id = 0), the mathematical model
of PMSM can be described as

d
dt
iqj = −

Riqj
Lq
−
ωejψf

Lq
+
uqj
Lq

d
dt
ωhsj =

1
Jpm

(
Zpmiqj − Bhsωhsj − τsj

)
(j = 1, 2)

(11)

where inertia, speed damping coefficient and load variable of
the motors are denoted by Jpm, Bhs and τsj(j = 1, 2).

State variable of the PMSM can be defined as qpm =[
qpm1 qpm2

]T
=
[
θhs1 − θhs2 ωhs1 − ωhs2

]T . Input vari-
able of the motor is defined as upmj = iqj (j = 1, 2).The state
space equation of the PMSM can be given as

q̇pm1 = qpm2

q̇pm2 =
1
Jpm

(
Zpm

(
upm1 − upm2

)
− Bhsqpm2 − τs1 + τs2

)
(12)

The angular error and its change rate can be defined as

epm = θhsr − (θhs1 − θhs2)
ėpm = θ̇hsr −

(
θ̇hs1 − θ̇hs2

)
epm1 = θhsr/2− θhs1
ėpm1 = θ̇hsr/2− θ̇hs1
epm2 = θhsr/2+ θhs2
ėpm2 = θ̇hsr/2+ θ̇hs2

(13)

where θhsr is the reference angular of the PMSM.
Consider the following faults form of the headgear sheave

actuators {
upm1 = βpm1upmo1 + uξ1
upm2 = βpm2upmo2 + uξ2

(14)

where βpm1 and βpm2 are the performance loss factors of
the left movable headgear sheave and the right movable
headgear sheave. uξ1 and uξ2 are actuator bias of the left
movable headgear sheave and the right movable headgear
sheave. Depending on different values of βpmi(i = 1, 2)
and uξ i(i = 1, 2), different actuator fault forms can be
expressed, as shown in Figure 5, where pmax and pmin repre-
sent maximum position andminimum position of the actuator
respectively. For instance, assuming that the fault occurs at
t = 0.6 s, if βpmi = 0 and uξ i = 0, the corresponding actuator
occurs lock-in-place fault, if 0 < βpmi < 1 and uξ i = 0,
the corresponding actuator occurs loss of effectiveness fault,
if βpmi = 1 and uξ i 6= 0, the corresponding actuator occurs
random fluctuation fault.
Assumption 1: Since the neural network has a universal

approximation, in this paper, it is assumed that the actuator
bias difference can be approximated as follows

uξ2 − uξ1 = ϕTpmRpm (x)+ ςpm (15)

where ϕpm =
[
ϕ1 ϕ2 . . . ϕm

]T indicates the ideal approxi-
mation weight vector of the actuator bias difference. Rpm =[
r1 r2 . . . rm

]T represents the ideal approximation radial
basis vector. The approximation error is denoted by ςpm,
which is assumed to be bounded and satisfy

∣∣ςpm∣∣ < ςpmb.
The Gaussian function is chosen as the activation function.
Each neuron output of the hidden layer can be obtained as

rj (x) = exp

(
−

∥∥x− oj∥∥2
2h2j

)
j = 1, 2, . . .m (16)

where rj(x) is the ideal radial basis variable. x = [x1 x2
. . . xn]T indicates the input vector. oj =

[
oj1 oj2 . . . ojn

]T
is center vector of the j-th node. hj represents the base width
variable.

Define the following error function as

spm (t) = Jpmθ̇hsr (t)−
∫ t

0

(
Jpm

(
θ̈hs1 − θ̈hs2

))
dt

+

∫ t

0

(
κpmėpm (t)+ γpmepm (t)

)
dt (17)
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FIGURE 5. Type of actuator faults: (a) Lock-in-place; (b) Loss of
effectiveness; (c) Random fluctuation.

From Equation (12) and (17), the derivative of the error
function can be obtained as follows

ṡpm (t) = −
(
Zpm

(
upm1 − upm2

)
− Bhsqpm2 − τs1 + τs2

)
+ κpmėpm (t)+ γpmepm (t)+ Jpmθ̈hsr (t) (18)

The current adaptive control law can be designed by{
upmo1 = χ̃pm1ιpm1
upmo2 = −χ̃pm2ιpm2

(19)

where

ιpm1

=
$pmspm

2
+
Jpmθ̈hsr (t)

2
+ Bhsωhs1 + τs1 +

κpmėpm1 (t)
2

+
γpmepm1 (t)

2
+
Zpmϕ̂

T
pmRpm (x)

2
+
λpmsgn(spm)

2
(20)

ιpm2

=
$pmspm

2
+
Jpmθ̈hsr (t)

2
− Bhsωhs2 − τs2 +

κpmėpm2 (t)
2

+
γpmepm2 (t)

2
+
Zpmϕ̂

T
pmRpm (x)

2
+
λpmsgn(spm)

2
(21)

$pm, κpm, γpm, λpm are four positive constants.
Let adaption laws to be defined as follows

˙̃χpm1 = µpm1spmιpm1sgn
(
νpm1

)
,

˙̃χpm2 = µpm2spmιpm2sgn
(
νpm2

)
,

˙̂ϕpm = ZpmηpmspmRpm (x) . (22)

Theorem 1: For the driving motor mathematical equation
described by Equation (12), if the adaptive control law (19)
is applied, then the final state error is bounded.

Proof: Design a Lyapunov function as follows

Vpm(t) =
1
2
s2pm +

∣∣νpm1∣∣
2µpm1

χ̂2
pm1 +

∣∣νpm2∣∣
2µpm2

χ̂2
pm2

+
1

2ηpm
ϕ̃Tpmϕ̃pm (23)

where νpm1 = Zpmβpm1, νpm2 = Zpmβpm2. χ̂pm1 = χ̃pm1 −

χpm1, χ̂pm2 = χ̃pm2 − χpm2, ϕ̃pm = ϕ̂pm − ϕpm
are three adaptive parameters.χpmi satisfies χpmi =

1/νpmi(i = 1, 2).
The derivative of Lyapunov function with time is given as

V̇pm(t) = spmṡpm +

∣∣νpm1∣∣
µpm1

χ̂pm1 ˙̂χpm1 +

∣∣νpm2∣∣
µpm2

χ̂pm2 ˙̂χpm2

+
1
ηpm

ϕ̃Tpm
˙̃ϕpm (24)

Using (14) and (19), we can write (24) as follows

V̇pm(t)

= spm
(
−Zpmβpm1χ̃pm1ιpm1 − Zpmβpm2χ̃pm2ιpm2

)
+ spm

(
Bhsqpm2 + τs1 − τs2 − Zpmuξ1 + Zpmuξ2

)
+ spm

(
κpmėpm (t)+ γpmepm (t)

)
+ νpm1χ̂pm1spmιpm1

+ νpm2χ̂pm2spmιpm2 + Zpmϕ̃TpmspmRpm (x)

+ spmJpmθ̈hsr (t) (25)

Introducing (20) and (21), it is clear that

V̇pm(t) = spm
(
−Zpmϕ̂

T
pmRpm (x)− λpmsgn(spm)

)
−$pm

(
spm
)2
+ Zpmspm

(
ϕTpmRpm (x)+ ςpm

)
+Zpmϕ̃TpmspmRpm (x) (26)

It is obvious that

V̇pm(t)=−$pm
(
spm
)2
+spm

(
Zpmςpm−λpmsgn(spm)

)
(27)

Then we further obtain

V̇pm(t) ≤ Zpmςpmb
∣∣spm∣∣− λpmspmsgn(spm) (28)
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Therefore V̇ (t) becomes

V̇pm(t) ≤
(
Zpmςpmb − λpm

) ∣∣spm∣∣ (29)

Take λpm ≥ Zpmςpmb, hence

V̇pm(t) ≤
(
Zpmςpmb − λpm

) ∣∣spm∣∣ ≤ 0 (30)

Integrating (30) from 0 to t we can get

Vpm(0) ≥ Vpm(t)+
∫ t

0
ϑpm (τ )dτ (31)

where ϑpm (τ ) = −
∣∣spm∣∣ (Zpmςpmb − λpm).

And then we can get

V̇pm(t) ≤ 0, Vpm(0)− Vpm(t) ≥ 0 (32)

which means that V is bounded, and spm, χpm1, χpm2 are all
bounded. Therefore, stability of the movable headgear sheave
fault tolerant controller is ensured.

B. CONTROLLER FOR HOISTING SUBSYSTEM
The mathematical model of the mechanical subsystem
described by Equations (1)-(4) is too complicated to design
the controller. However, in the actual working conditions, due
to the limitation of the guide rails, the swing angles of the
vertical ropes are very small and can be neglected, which
means that θvr1 = θvr2 ≈ 0. In the meantime, except for
the length, the remaining parameters of the ropes on both
sides can be considered the same. Under above conditions,
take the input of the hoisting subsystem as uc = θhsr1 - θhsr2,
where θhsr1 = - θhsr2 = θhsr/2. From Equations (1) and (4),
the simplified state space equation of the hoisting subsystem
can be obtained as

Msk θ̈sk − Psk
(
θsk , θ̇sk

)
− dsk = Gskusk (33)

where

Msk =
Jsk
rxc
, Psk

(
θsk , θ̇sk

)
=
pgy

(
θsk , θ̇sk

)
rxc

, Gsk =
kv

zbhsihs
.

Here, the drive ratio of gear speed reducer is denoted by
ihs = ihsj(j = 1, 2). The drive ratio of the ball screw is
stated by zbhs = zbhsi(i = 1, 2). The equivalent stiffness
coefficient of the both vertical ropes can be represented by
kv = kvi(i = 1, 2). cv = cvi(i = 1, 2) denotes the equivalent
viscous coefficient of the both vertical ropes. The transverse
distance from conveyance centroid to the connector points
can be denoted by rxc = rxci(i = 1, 2). The unmodeled
state, model mismatch, disturbances and actuator faults are all
denoted by dsk (t). usk (t) represents the input of the hoisting
subsystem.

Since the signals measured by the sensors are the end
tensions of the two wire ropes. The output equation of the
hoisting subsystem can be obtained as

yc = 1Fkvr = ρskθsk (34)

where 1Fvr = Fvr1 − Fvr2 represents the calculated tension
difference. The measurement coefficient is denoted by ρsk .

Remark 1: For the actual DRWMH, the following two
properties hold.

(P1) In each condition, the initial resetting condition meet∥∥xd (0)− xkc (0)∥∥ ≤ gx0.
(P2) The sum of model mismatch and uncertainties are

bounded and meet ‖dsk‖ ≤ gd .
The output of the designed FFILC can be obtained as

usk (t) = ufb (t)+ uff (t) (35)

where the feedback part of the controller is denoted by ufb (t)
and the feedforward part is indicated by uff (t),respectively.

ufb (t) = Kskp1e
k+1
skf (t)+ Kski1

∫ t

0
ek+1skf (τ )dτ

+Kskd1ė
k+1
skf (t) (36)

uff (t) = Kskd2
(
$skekskf (t)+ ė

k
skf (t)

)
+ uff (t − T ) (37)

where ekskf (t) = 1Fkvrd (t) − 1F
k
vr (t) represents the error

between the desired tension difference and the measured ten-
sion difference in the process of kth operation, the derivative
of which is denoted by ėkskf (t). T is the cycle time of an
iteration and$sk = Kskp2/Kskd2.

Along desired conveyance rotation angle (θdsk , θ̇dsk ), (33)
can be linearized according to Taylor formula as [40]

Msk ë
k+1
sk + Csk

(
ėk+1sk

)
+ Fsk

(
ek+1sk

)
= ηskd −Msk θ̈sk + Psk

(
θsk , θ̇sk

)
+ Opgy (•) (38)

where

Csk = −
∂Psk
∂θ̇sk

∣∣∣∣ θdsk , θ̇dsk ,Fsk = −∂Psk∂θsk

∣∣∣∣ θdsk , θ̇dsk
ηskd = Msk θ̈dsk − Psk

(
θdsk , θ̇dsk

)
Theorem 2: For the nonlinear hoisting subsystem (33),

if the feedback feedforward iterative control law (35) is
adopted, then both the error of the tension difference and the
error of the final state are bounded, with the control gains
meet following inequalities.√

φskaφskb >
1
√
$sk

(
$skφska +

1
2
ζsk

)
(39)

where

φska = ρskGskKskd1 −
ρskGskKskd2

2
−$skMsk − γcsk > 0

(40)

φskb = ρskGskKskp1 −
ρskGskKski1

$sk

−
GskKskd2$sk

2
− ζsk > 0 (41)

ζsk = max
t∈[0,t]

{2$sk ‖Csk‖ + ‖Fsk‖} , γcsk = |Csk | (42)

Proof: Please see Appendix.
Remark 2: Since the mixing errors in the actual subsystem

cannot be avoided, both the error of the tension difference and
the error of final state cannot converge to zero.
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V. RESULTS AND DISCUSSION
To assess the effect of the proposed hybrid fault tolerant
controller, a set of experiments have been performed on the
test bench described in Section 2. The photograph of the
bench is presented in Figure 6, and its specifications are listed
in Table 1.

FIGURE 6. Photograph of the experimental apparatus.

TABLE 1. Parameters of the DRWMH experimental system.

A. DYNAMIC MODEL VERIFICATION OF THE DRWMH
To demonstrate that the above mathematical models are valid
and can be used for controller design, the tension and tension
difference signals of the two ropes in the absence of controller
are collected and compared with the model simulation results
as shown in Figure 7.

Figure 7(a) illustrates the reference evolution of the speed
curve and its derivative to be followed by the conveyance.
The reference speed curve contains two acceleration phases,
two deceleration phases and two constant velocity phases,
where the constant running speed is set to 0.09 m/s. With
this kind of design, the conveyance will return to the initial
position at the end of a test process, forming a repeating
process. Figure 7(b) and Figure 7(c) present simulation and
experimental comparison results of system tension and ten-
sion difference responses without control. It can be seen that
simulation results and experimental results can achieve a
good fit, which means that the proposed simplified model

FIGURE 7. Reference curve and tension responses without control:
(a) reference speed and acceleration curve; (b)tension responses;
(c) tension difference.

could predict system behavior and be used for analysis of
controller performance.

B. EXPERIMENTAL RESULTS ANALYSIS
To demonstrate the effectiveness and superiority of the pro-
posed hybrid adaptive learning fault-tolerant control algo-
rithm, it is compared with traditional algorithms include PID
controller and FFILC under normal and faults working con-
ditions.

The control law of the classic PID controller [41] can be
defined as

u (t) = Kpe (t)+ Ki

∫ t

0
e (t)dt + Kd ė (t) (43)

where Kp, Ki, Kd are respectively, the proportional and inte-
gral gains which are selected as follows: Kp = 2.32, Ki =
0.02, Kd = 0.1.
The control vector u generated from FFILC [42] can be

obtained as

uk+1 (t) = Klp1ek+1 (t)+ Kli1

∫ t

0
ek+1 (t)dt

+Kld1ėk+1 (t)+ uff (t) (44)
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FIGURE 8. System responses with traditional PID control under no actuator faults conditions (Experimental): (a) tension
responses; (b) tension difference.

FIGURE 9. Tension responses with FFILC and proposed strategy under no actuator faults conditions (Experimental): (a) k = 1;
(b) k = 3; (c) k = 10.

where uff (t) = uff (t − T ) + Klp2ek (t) + Kld2ėk (t).
Klp1, Kli1, Kld1 are respectively, the gains of the feedback
parts which are chosen as 2.32, 0.02 and 0.1.Klp2 = 0.5
and Kld2 = 0.01 represent the gains of the feedforward
part.

At the same time, set the parameters of the proposed
control law (23) as follows: $pm = 0.12, κpm = 0.01,
γpm = 2.3, λpm = 0.02.

Since the control objective of the system is to minimize
the tension difference between the two ropes, the reference of
the tension difference signal is set to 0. Here, two important
indices maximum tension difference (MTD) and root-sum-
square of absolute errors (RSSAE), are defined to evaluate
the performances of all used controllers.

MTD =Max
∣∣∣1Fk+1vr (z)

∣∣∣ , z = 1 . . .N (45)
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FIGURE 10. Tension difference and indices change with three controllers under no actuator faults conditions (Experimental):
(a) MTD; (b) RSSAE; (c) tension difference.

FIGURE 11. System responses with traditional PID control in the case of the second situation: (a) rotation angle of PMSM-2;
(b) rotation angle of PMSM-3; (c) tension difference.

where1Fk+1vr (z) represents the calculated tension difference
signal during the (k + 1)-th operation at z-th sampling point.
The length of tension difference signals is denoted by N .

RSSAE indicates cumulative tension difference, which can
be defined as

RSSAE

=

√(
1Fk+1vr (1)

)2
+

(
1Fk+1vr (2)

)2
+· · ·

(
1Fk+1vr (N )

)2
(46)

Both indices are the smaller the better.
First, consider the case of no actuator faults, where only

disturbances occur. The experimental results with above
three controllers are shown in Figures 8-10. Figure 8 shows
the tension responses of the experimental system with tra-
ditional PID control under no actuator faults conditions.
Figure 9 illustrates tension responses of the experimen-
tal system under no actuator faults conditions with the
FFILC and the proposed strategy. Figure 10 shows com-
parison results of MTD, RSSAE and tension difference

VOLUME 7, 2019 50485



X. Chen et al.: Fault-Tolerant Control of DRWMH

FIGURE 12. Indices change with FFILC in the case of the second situation: (Experimental): (a) MTD; (b) RSSAE.

FIGURE 13. Indices change with proposed strategy in the case of the second situation: (Experimental): (a) MTD; (b) RSSAE.

FIGURE 14. System responses with traditional PID control in the case of the third situation: (a) rotation angle of PMSM-2;
(b) rotation angle of PMSM-3; (c) tension difference.

under no actuator faults conditions with above three
controllers.

From the experimental results, it can be seen that
traditional PID controller cannot suppress the tension dif-
ference fluctuation caused by external disturbances very

well, the maximum tension difference reaches 3.572N. With
designed parameters, as shown in Figure 9 and Figure 10,
the MTD and RSSAE with both FFILC and the proposed
controller gradually converge as the number of iterations
increases. Values of MTD and RSSAE are consistently
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FIGURE 15. Indices change with FFILC in the case of the third situation: (Experimental): (a) MTD; (b) RSSAE.

FIGURE 16. Indices change with proposed strategy in the case of the third situation: (Experimental): (a) MTD; (b) RSSAE.

FIGURE 17. System responses with PID in the case of the fourth situation: (Experimental): (a) rotation angle of PMSM-2; (b) rotation
angle of PMSM-3; (c) tension difference.

reduced up to fifth iteration and basically unchanged from
fifth to fifteen iterations with both FFILC and the proposed
strategy. Under no actuator faults conditions, the tension
coordination control effect of the FFILC and the proposed
strategy is basically the same.

In the second situation, consider the case of the left floating
headgear sheave actuator failure. During conveyance rising
process at time t = 2.5 s to time t = 4 s, and the devolution

process at time t = 8.2 s to t = 10.1 s, the left movable
headgear sheave suffers a loss of effective and an additive
fault such as uf1 = au1+0.1 sin (t), where a is set to 0.7, 0.4, 0.
The experimental results are shown in Figures 11-13. It can
be seen that as degree of performance loss of the left actuator
increases, the tension difference adjustment effect of the PID
controller will become worse and worse, the convergence
speed of the iterative learning controller will become slower
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FIGURE 18. Indices change with FFILC and proposed strategy in the case of the fourth situation: (Experimental): (a) MTD; (b) RSSAE.

and slower. When the left actuator is completely disabled,
the iterative learning controller will reach the tenth time to
converge, while the proposed controller is able tomaintain the
same performance and convergence speed as in the case of no
faults. Which demonstrates superiority and effectiveness of
the proposed fault tolerant controller compared to the FFILC
and the PID controller under actuator faults conditions.

In the third situation, consider the case of the right floating
headgear sheave actuator failure. During conveyance rising
process at time t = 2.5 s to time t = 4 s, and the devolution
process at time t = 8.2 s to t = 10.1 s, the right movable
headgear sheave suffers a loss of effective and an additive
fault such as uf2 = bu2+0.1 cos (t), where b is set to 0.7, 0.4,
0. The experimental results are shown in Figures 14-16. It can
be seen that in the case of the right floating headgear sheave
actuator failure, the proposed method is still more effective
than PID controller and FFILC.

In the fourth situation, consider the simultaneous failure
of both the left and right floating headgear sheave actuators.
During conveyance rising process at time t = 2.5 s to time
t = 4 s, the left movable headgear sheave fails according
to the pattern uf1 = 0.4u1 + 0.1 sin (t), the right movable
headgear sheave undergoes fault defined as uf2 = 0.7u2 +
0.1 cos (t). During conveyance devolution process at time
t = 8.2 s to time t = 10.1 s, the left movable headgear
sheave undergoes fault defined as uf1 = 0.7u1 + 0.1 cos (t),
the left movable headgear sheave fails according to the pattern
uf1 = 0.4u1 + 0.1 sin (t). The experimental results are shown
in Figure 17 and Figure 18. It can be seen that even in the case
where both actuators have the above failures, the proposed
controller can maintain good performance of the system.

To this end, the effectiveness of the proposed fault-
tolerant control method has been verified through experimen-
tal results under disturbances and actuator faults conditions.

VI. CONCLUSION
This paper carries an in-depth research on fault tolerant
control of DRWMH under actuator faults and disturbances
conditions. In order to overcome the impact of faults on the
performance of traditional controllers and prevent major acci-
dent, in this paper, a novel strategy combining neural-based
adaptive technique and iterative learning method is pre-
sented. The proposed control strategy adopts a multi-loop

conformation, the inner of which employs a robust adaptive
controller to deal with the faults of the movable headgear
sheave, the outer iterative learning loop consists of a feed
forward part and a feedback part to handle disturbances and
residual fault influence. Theoretical analysis has been taken
to show that the proposed control law is able to guarantee
stability under fault conditions and can weaken the tension
difference to a certain range. The proposed hybrid fault toler-
ant approachwas successfully put into practice on aDRWMH
experimental platform. Experimental results under multiple
actuator faults conditions show that compared with the PID
controller, the proposed controller has better control effects
under the faults and disturbance conditions. Compared with
FFILC, the proposed controller has faster convergence speed
and can eliminate the impact of faults faster. In the future,
we will study the fault-tolerant effect of the controller under
time-delay conditions.

APPENDIX
PROOF OF THEOREM 2:
From (33), (34), (35), (38), we can get

Msk ë
k+1
sk +(Csk + ρskGskKskd1)

(
ėk+1sk

)
+ρskGskKski1

∫
esk

+
(
Fsk + ρskGskKskp1

) (
ek+1sk

)
= τ̄ k+1sk (A1)

where

τ̄ k+1sk = Msk θ̈dsk − Psk
(
θdsk , θ̇dsk

)
− dsk

+Opgy (•)− Gskuff (t) (A2)

(A1) can be reorganized as

Msk δ̇
k+1
sk + (Csk + χsk1)

(
δk+1sk

)
+ χsk3

(
ek+1sk

)
+χsk4

∫
δk+1sk = τ̄

k+1
sk (A3)

where

χsk1 = ρskGskKskd1 −$skMsk , χsk2 = ρskGskKskp1

−$skχsk1 −
ρskGskKski1

$sk

χsk3 = χsk2 + Fsk −$skCsk , χsk4 =
ρskGskKski1

$sk
, δk+1sk

= ėk+1sk +$ske
k+1
sk .
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Design a Lyapunov function as follows

Vsk =
1
2
Msk

(
δksk

)2
+

1
2
χsk4

(∫ t

0
δkskdτ

)2

+
1
2
χsk2

(
eksk
)2

+
1

2ρskGskKskd2

∫ t

t−T
τ̄ 2skdτ (A4)

The derivative of Lyapunov functionwith time can be given
as

V̇sk = Mskδ
k
sk δ̇

k
sk + χsk4

(∫ t

0
δkskdτ

)
δsk + χsk2eksk ė

k
sk

+
1

2ρskGskKskd2

[(
τ̄ k+1sk

)2
−

(
τ̄ ksk

)2]
(A5)

where τ̄ k+1sk = τ̄sk (t), τ̄ ksk = τ̄sk (t − T ).
From (A3), (A5) can be represented as

V̇sk

= −

(
Csk+χsk1−

ρskGskKskd2
2

)(
δksk

)2
−$skχsk3

(
eksk
)2

+
1

2ρskGskKskd2
πsk − eksk ė

k
sk (Fsk −$skCsk) (A6)

where

πsk =
(
τ̄ k+1sk

)2
−

(
τ̄ ksk − ρskGskKskd2δ

k
sk

)2
(A7)

According to (A2), we have

τ̄ k+1sk = Msk θ̈skd − Pgy
(
θdsk , θ̇dsk

)
− dsk + Opgy (•)

−Gsk
[
Kskp2

(
$skekskf (t)+ ė

k
skf (t)

)
+uff (t − T )

]
= τ̄ ksk − GskKskd2

(
$skekskf (t)+ ė

k
skf (t)

)
= τ̄ ksk − ρskGskKskd2δ

k
sk (A8)

Applying (A7) and (A8) to (A6), we get

V̇sk = −
(
Csk + χsk1 −

ρskGskKskd2
2

)(
δksk

)2
−$skχsk3

(
eksk
)2
− eksk ė

k
sk (Fsk −$skCsk) (A9)

(A9) can be reorganized as

V̇sk = −
(
Csk + χsk1 −

ρskGskKskd2
2

)(
ėksk
)2

−

(
Csk + χsk1 −

ρskGskKskd2
2

)(
$skeksk

)2
+

(
ρskGskKskd2

2
− Csk − χsk1

)(
2$sk ėkske

k
sk

)
+ eksk ė

k
sk ($skCsk − Fsk)−$skχsk3

(
eksk
)2

(A10)

From (40), (41), (42), we can get

V̇sk ≤ −φska
∣∣∣ėksk ∣∣∣2 + ∣∣∣eksk ∣∣∣ ∣∣∣ėksk ∣∣∣ ζsk −$skφskb

∣∣∣eksk ∣∣∣2
+ 2$skφska

∣∣∣ėksk ∣∣∣ ∣∣∣eksk ∣∣∣ (A11)

(A11) can be reorganized as

V̇sk ≤ −
1
2
$sk

[
φskb −

1
$skφska

(
$skφska +

ζsk

2

)2
] ∣∣∣eksk ∣∣∣2

−
1
2

[
φska −

1
$skφskb

(
$skφska +

ζsk

2

)2
] ∣∣∣ėksk ∣∣∣2

(A12)

According to (39), we have

ψska = φska −
1

$skφskb

(
$skφska +

ζsk

2

)2

≥ 0 (A13)

ψskb = φskb −
1

$skφska

(
$skφska +

ζsk

2

)2

≥ 0 (A14)

Applying (A13) and (A14) to (A12), we get

V̇sk ≤ −
1
2
$skψskb

∣∣∣eksk ∣∣∣2 − 1
2
ψska

∣∣∣ėksk ∣∣∣2 ≤ 0 (A15)

Thence, we prove Theorem 2.
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