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Adaptive Inverse Control of Cable-Driven Parallel
System Based on Type-2 Fuzzy Logic Systems

Tiechao Wang, Shaocheng Tong, Jianqiang Yi, and Hongyi Li

Abstract—This paper is concerned with the problem of type-2
fuzzy adaptive inverse control for a cable-driven parallel system.
Based on the heuristics and prior knowledge of the system, the sys-
tem is divided into six subsystems. The proposed control scheme
for each subsystem contains a forward model and a fuzzy adap-
tive inverse controller (FAIC), which are expressed by an interval
type-2 fuzzy nonlinear autoregressive exogenous (NARX) model,
respectively. To construct the antecedents of the interval type-2
fuzzy NARX forward models and FAICs, the monotonic property
of the fuzzy NARX model is first proved, and then, their antecedent
parameters can be determined by this property. Furthermore, the
consequent parameters of the forward models are computed of-
fline via a constrained least squares algorithm, and the consequent
parameters of the FAIC are adjusted online via a recursive least
squares algorithm. Experiment results are provided to show that
the proposed type-2 fuzzy control scheme can realize the control
objectives and achieve a good control performance.

Index Terms—Adaptive inverse control, cable-driven parallel
system, fuzzy nonlinear autoregressive exogenous (NARX) model,
type-2 fuzzy logic systems.

I. INTRODUCTION

IN some industrial applications, many payloads, such as air-
crafts, ship hulls, and some big precious machines, cannot

endure point-to-point or point-to-surface touch with the ground
or an assembly platform. When the payloads are transported
or assembled, the transportation or assembling of the payloads
would cause lateral forces, which usually lead to distortion, dam-
age, or even complete destruction of the payloads. Therefore, for
the sake of safety, these payloads should be adjusted to the level
status. For this control problem, there exist several techniques
and schemes, which include link parallel platform [1], cable par-
allel platform [2]–[9], combinations of link structures and cable
structures [10], and weight compensation mechanisms [11]. Yu
et al. [12] point out the link parallel platforms would inevitably
increase the system weight, and difficult to meet the precision
requirements. Both cable-driven parallel platforms and combi-
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Fig. 1. Cable-driven parallel system.

nations of link structures and cable structures are difficult to
model and control and also require large space to fix the ca-
bles. Weight compensation mechanisms are precise and smooth
and are easy to operate. However, the mechanisms can only
accomplish 1-D regulation. In addition, the above-mentioned
techniques and schemes do not consider the equilibrium prob-
lem of the cable or link tensions. It should be mentioned that
a cable-driven parallel system [12], as shown in Fig. 1, is a
complex nonlinear system; it is difficult to establish a precise
3-D mathematical model for control design objectives. More-
over, there exist high levels of uncertainties in the cable-driven
parallel system, which include: 1) the uncertainties that arise
from inevitable measurement errors and the resolution limits of
angle sensors and tension sensors; 2) the uncertainties that stem
from operation errors of an actuator; and 3) the uncertainties
existing in the adjustment process, such as sway and change of
a payload, which will further affect the precision of the sensors.
Based on the above observation, some previous model-based
control approaches [8], [9] cannot handle the control problem
of the cable-driven parallel system in Fig. 1.

The concept of type-2 fuzzy sets was introduced as an exten-
sion of the type-1 fuzzy sets. Based on the concept of type-2
fuzzy sets, Prof. J. Mendel and his group began to study the type-
2 fuzzy sets and fuzzy systems systematically and achieved a
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lot of important theoretical results (see, for example, [13]–[17]).
At present, interval type-2 fuzzy sets and systems have drawn
considerable attention [18]–[26] and found extensively applica-
tions in various fields [27]–[33]. Hagras [27] presented a type-2
hierarchical fuzzy logic controller to implement the basic nav-
igation behaviors and the coordination for autonomous mobile
robots. Biglarbegian et al. [28] designed novel interval type-2
Takagi–Sugeno fuzzy logic controllers for modular and recon-
figurable robot manipulators with uncertain dynamic parame-
ters. Melin et al. developed a valuable optimization type-2 fuzzy
controller for an autonomous mobile robot with a comparative
study with type-1 fuzzy controller [29]. They also proposed im-
portant type-2 and type-1 fuzzy logic controllers for nonsmooth
mechanical systems via Lyapunov synthesis [30]. Meanwhile,
Liu et al. [31] developed a type-2 fuzzy switching controller for
biped robots, and Lin et al. [32], [33] proposed adaptive type-2
fuzzy control methods for nonlinear systems based on the results
of adaptive type-1 fuzzy control. For the cable-driven parallel
system, a fuzzy single-input rule modules control scheme was
proposed in [34] and realized the control objectives of incli-
nations and tensions. The control method [34] cannot unite the
prior knowledge with fuzzy rule, and therefore, it cannot achieve
good performance of the considered system. The authors in
[12] and [35] designed fuzzy inverse controllers to level the
top surface of a payload, but the cable tensions control was not
considered.

This paper considers the problem of type-2 fuzzy adaptive
inverse control for the cable-driven parallel system. The con-
trol objectives are to level the top surface of a payload and to
balance the tensions of the four cables, and, finally, to ensure
the safety of the payload. Based on the heuristics and prior
knowledge, the control system is divided into six subsystems,
and the control scheme of each subsystem contains a forward
model and a fuzzy adaptive inverse controller (FAIC), which
are expressed by interval type-2 fuzzy nonlinear autoregressive
exogenous (NARX) models. To construct the antecedent param-
eters of the interval type-2 fuzzy NARX model and FAICs, the
monotonic property of the fuzzy NARX model is first proved.
According to this property, their antecedent parameters can be
determined. Furthermore, the consequent parameters of the for-
ward models and the FAICs are computed offline via a constraint
least squares algorithm and are adjusted online via a recursive
least squares algorithm, respectively. In addition, the heuristics,
prior knowledge, and data information are combined into the
type-2 fuzzy adaptive inverse control framework. The heuris-
tics can orchestrate the six subsystems, and the prior knowledge
can provide the constraints of monotonicity and symmetry. The
combination of the multisource knowledge can debilitate the
errors of input–output data pairs and avoid yielding unrealistic
models. Experimental results on the cable-driven parallel sys-
tem are given to show that the proposed adaptive fuzzy control
scheme can realize the control objectives and achieve a good
control performance.

The remainder of this paper is organized as follows. The
cable-driven parallel system and its control objectives are briefly
introduced in Section II. A multi-input single-output (MISO)
interval type-2 fuzzy monotonic NARX model and its design

Fig. 2. Sketch map of the supporting plane and the actuators in Fig. 1 [34].

Fig. 3. System configuration block.

method are proposed in Section III. A type-2 fuzzy adaptive
inverse control scheme is applied to the system in Section IV.
Experimental results demonstrate the effectiveness of the pro-
posed scheme in Section V. Finally, Section VI concludes this
paper.

II. CABLE-DRIVEN PARALLEL SYSTEM

The cable-driven parallel system shown in Fig. 1 is composed
of the three parts: actuators fixed on supporting plane, sensors,
and a computer control platform. For the sake of clarity, the
sketch map of the supporting plane and actuators in Fig. 1 is
depicted in Fig. 2. As shown in Fig. 2, four linear actuators Ai

(i = 1, 2, 3, 4) are fixed on the supporting plane. Each actuator
Ai includes a step motor Mi driven by a motion control card, a
coupling & a flange, a linear motion unit (LMUi), and two limit
switches (LSs). A cable Ri (i = 1, 2, 3, 4) is fixed on the LMUi .
The step motor drives the corresponding LMUi via a coupling
& a flange, and then, the cable Ri fastened on the LMUi moves.
From Fig. 1, we know that there are two angle sensors ( ASx

and ASy ) and four tension sensors TSi (i = 1, 2, 3, 4) in this
system. The angle sensors measure the inclinations θx and θy

of the top surface of a payload, and TSi measures the tension Fi

(i = 1, 2, 3, 4) of the cable Ri . The computer control platform
consists of an industrial personal computer with six RS232 in-
terfaces and a motion control card. The control platform can be
refined as the controller block shown in Fig. 3, which describes
the relationship of all the component of the cable-driven parallel
system. The controller collects the signal of the six sensors, and
then, according to a control strategy, the variation value (Li ,
i = 1, 2, 3, 4) of each cable is computed. The controller applies
the variation value Li into actuator Ai such that both the tension
of the four cables and the inclinations of a payload are regulated
by changing the length of the cables.
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From the appearance of the cable-driven parallel system,
the system contains the four identical parts denoted by Pi

(i = 1, 2, 3, 4). Each part Pi includes cable Ri and actuator Ai .
In terms of the functions, which are either adjusting the inclina-
tions of a payload or the tensions of the cables at different time,
we divide the four parts Pi into six subsystems, that is, angle
adjustment subsystem X that consists of the parts P1 , P3 and
angle sensor ASx , angle adjustment subsystem Y that consists
of the parts P2 , P4 and angle sensor ASy , and four tension ad-
justment subsystems #i (i = 1, 2, 3, 4); each tension subsystem
is composed of the part Pi and tension sensor TSi .

Remark 1: In the cable-driven parallel system, there exist
three kinds of coupling relationships including the coupling
among the tensions of cable Ri (i = 1, 2, 3, 4), the coupling
between the inclinations θx and θy , and the coupling between
inclinations and tensions. The first coupling benefits the balance
of the cable tensions, and the second coupling is advantageous
to level the top surface of a payload. Although the third coupling
may be unfavorable to the adjustment of tensions or inclinations
under some circumstances, the coupling between the tensions
and inclinations can be ignored. Therefore, we can divide the
cable-driven parallel system into six subsystems, and the sub-
systems can be controlled independently.

The objective of this paper is to design a fuzzy adaptive
inverse control scheme by using interval type-2 fuzzy logic sys-
tems (IT2FLSs), such that the system safety and the balance of
a payload should be ensured, that is, the tension of the four ca-
bles will be balanced within the interval: 0.7Fav ≤ Fi ≤ 1.3Fav,
where Fav = (F1 + F2 + F3 + F4)/4. Moreover, the top sur-
face of a payload will be adjusted to be level: |θx | ≤ 0.1◦ and
|θy | ≤ 0.1◦.

Remark 2: The cable-driven parallel robots or systems have
been constructed since the concepts of cranes, parallel kinematic
manipulators, and cable-driven robotic devices were introduced
by the U.S. and Japan in the late 1980s. Due to significant
improvements in the size of the workspace, the maximum pay-
load, and the dynamic capacities [3], the cable-driven parallel
robots or systems have received attention and have been re-
cently studied since 1980s. To mention a few, the authors in
[4] proposed an antisway trajectory control method of paral-
lel wire-suspended mechanism for the suspended object; the
authors in [5] studied the cable tension limit and static equi-
librium problems of the cable-actuated parallel manipulators;
Oh and Agrawal [6] proposed a control approach to main-
tain tension in cable-suspended redundant robots; Carricato
and Merlet [7] studied the static equilibrium stability of the
cable-driven parallel robots; while the authors in [8] and [9]
investigated the control design problems for the cable-driven
parallel mechanism. It should be mentioned that the authors
in [5]–[7] only studied the static equilibrium problems with-
out considering the control design; while control approaches
in [8] and [9] are based on the system dynamic models. How-
ever, the 3-D static or dynamic mathematic model of the control
system under consideration in this paper is difficult to obtain;
therefore, the above-mentioned control approaches cannot be
applied to the control system of this paper, which motivates this
study.

III. INTERVAL TYPE-2 FUZZY NONLINEAR AUTOREGRESSIVE

EXOGENOUS MODEL

In this section, we first introduce the IT2FLSs and interval
type-2 fuzzy NARX models, and then, the monotonic property
of the fuzzy NARX model is proved. Meanwhile, a constrained
least squares algorithm is given.

A. Multi-Input Single-Output Interval Type-2 Fuzzy
Logic Systems

An IT2FLS contains five components: fuzzifier, knowledge
base, inference engine, type-reducer, and defuzzifier [13], [16].
The knowledge base for fuzzy logic systems comprises a col-
lection of fuzzy IF–THEN rules of the following form. The ith
rule Ri of an IT2FLS is as follows:

Ri : IF x1 is ˜Aj1
1 and . . . and xN is ˜AjN

N

THEN Y i = [wi, wi ] (1)

where i � (j1j2 . . . jN ) is a grid-oriented multi-index, jl =
1, . . . ,Ml , l = 1, . . . , N ; q =

∏N
k=1 Mk is the number of

the fuzzy rules in this base; ˜Ajl

l is the interval type-
2 fuzzy sets. For an input vector xxx = [x1 , x2 , . . . , xN ]T,
the firing set of the rule Ri is an interval type-1
set F i(xxx) =

[
∏N

l=1 μ
˜A

j l
l

(xl),
∏N

l=1 μ
˜A

j l
l

(xl)
]

, where μ
˜A

j l
l

(xl)
and μ

˜A
j l
l

(xl)s are the upper membership functions (UMFs) and

the lower membership functions (LMFs) of the type-2 fuzzy set
˜Ajl

l , respectively.
From (1) and the methods in [13, ch. 13] and [15], the output

of the defuzzifer of the IT2FLS can be given as follows:

̂YTR(x) =
∫

y 1 ∈Y 1
. . .

∫

y q ∈Y q

∫

f 1 ∈F 1
. . .

∫

f q ∈F q

1
∑q

i=1 fiyi

(2)
where ̂YTR(x) is an interval type-1 set.

It is should be mentioned that (2) is an unnormalized IT2FLS,
while IT2FLSs used in [14] and [24] are normalized ones. Based
on [13, ch. 13], and by using singleton fuzzier, product inference,
unnormalized center-of-sets type-reducer, and centroid defuzzi-
fier, the overall output of the interval type-2 fuzzy systems is
inferred as

ŷ(xxx,www) =
1
2

M 1
∑

j1 =1

. . .

MN
∑

jN =1

( N
∏

l=1

μ
˜A

j l
l

(xl)wj1 ...jN

+
N
∏

l=1

μ
˜A

j l
l

(xl)wj1 ...jN

)

(3)

where www = [w11...11 , w21...11 , . . . , wM 1 M 2 ...MN −1 MN ,w11...11 ,
w21...11 , . . . , wM 1 M 2 ...MN −1 MN ]T.
Let xxx in (3) be a regressor ϕϕϕ(t), and according to [40] and

[41], (3) can be written as the following interval type-2 fuzzy
NARX models:

ŷ(ϕϕϕ(t),www) = ξξξT(ϕϕϕ(t))www (4)

where ϕϕϕ(t) = [ϕ1(t), . . . , ϕny +nu −d+1(t)]T = [u(t − d), . . . ,
u(t − d − nu ), y(t − 1), . . . y(t − ny )]T , u(t) is input signal,
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Fig. 4. Interval type-2 fuzzy partition of trapezoidal membership function.

and y(t) is output signal. d, nu , and ny denote the nonneg-
ative integers. ξj1 j2 ...jN (ϕϕϕ(t)) = 1

2

∏N
i=1 μ

˜A
j i
i

(ϕi(t)), and

ξ
j1 j2 ...jN (ϕϕϕ(t)) = 1

2

∏N
i=1 μ

˜A
j i
i

(ϕi(t)). The indexes of its

elements ξj1 j2 ...jN (ϕϕϕ(t)) and ξ
j1 j2 ...jN (ϕϕϕ(t)) are the same as

the indexes of the elements wj1 j2 ...jN and wj1 j2 ...jN in www, ny +
nu − d + 1 = N . ξξξ(ϕϕϕ(t)) = [ξ11...11(ϕϕϕ(t)), ξ21...11(ϕϕϕ(t)),

. . . , ξM 1 M 2 ...MN −1 MN (ϕϕϕ(t)), ξ
11...11

(ϕϕϕ(t)), ξ
21...11

(ϕϕϕ(t)), . . . ,

ξ
M 1 M 2 ...MN −1 MN (ϕϕϕ(t))]T ∈ R2q .

From (4), it is clear that the output of the interval type-2 fuzzy
NARX model is linear with respect to its consequent parameters.

B. Designing Monotonic Interval Type-2 Fuzzy Nonlinear
Autoregressive Exogenous Model

As stated in [12], the inclinations θx and θy of a payload
or the tensions Fi (i=1, . . ., 4 ) of the cables are bigger, the
absolute values of the controllers are bigger, and vice versa.
This implies that both the outputs of the controllers of the angle
adjustment subsystems and the tension adjustment subsystems
monotonically increase with respect to their inputs. Therefore,
for studying the control problem of the cable-driven parallel
system, the monotonicity of the IT2FLSs is required. In addition,
many applications of fuzzy logic modeling and control require
monotonicity of the output with respect to inputs [37]–[39].

Since the interval type-2 fuzzy NARX model is a kind of
IT2FLSs, the properties of IT2FLSs can be applied to the inter-
val type-2 fuzzy NARX model. In order to apply the monotonic-
ity to the interval type-2 fuzzy NARX model, it is necessary to
give the sufficient conditions, which ensure that IT2FLSs are of
monotonicity.

Theorem 1: For an N -input and single-output IT2FLS, its
each input domain Ul = [ul, ul ] is partitioned by Ml UMFs of
the IT2FSs ˜A1 , ˜A2 , . . . , ˜AMl , as shown in Fig. 4. The output of
the IT2FLS represented by (3) is monotonically increasing with
respect to xxx ∈ RN , if the following conditions are satisfied.

1) No more than two fuzzy sets are fired for xl , i.e., a1
l =

a1
l = b1

l = b1
l = m1

l = ul , mMl

l = cMl

l = cMl

l = dMl

l =
dMl

l = ul , ai
l ≤ ai

l , bi
l ≤ bi

l , ci
l ≤ ci

l , di
l ≤ di

l , bi
l ≤ mi

l ≤
ci
l , for 2 ≤ i ≤ Ml − 1;

2) For any xl ∈ Si
l , μ

˜Ai
l
(xl) + μ

˜Ai + 1
l

(xl) = hl , μ
˜Ai

l

(xl) +

μ
˜Ai + 1

l

(xl) = hl , and hl ≤ hl , for i = 1, . . . , q − 1;

3) wj1 ...jl ...jN

l ≤ wj1 ...jl +1...jN

l and wj1 ...jl ...jN

l ≤
wj1 ...jl +1...jN

l .
Proof: See Appendix A. �

Fig. 5. Fuzzy partitions of the input variables xl (l = 1, 2) .

Remark 3: From Fig. 4, we know that at most two fuzzy
sets are valid for xl when any given value is input. In fact, a
vertical line drawn at any point along the xl axis can intersect
at most two type-2 fuzzy sets. For example, the vertical line
V1V2 intersects two type-2 fuzzy sets, and V3V4 intersects
a type-2 fuzzy set. In addition, when conditions 1 and 2 in
Theorem 1 are satisfied, and di−1

l = bi
l = ci

l = bi
l = ci

l = ai+1
l ,

ai
l = ai

l , and di
l = di

l hold, the trapezoidal UMFs and LMFs
reduce triangles.

In order to explain Theorem 1 clearly, we consider the fol-
lowing numerical example.

R11 : IF x1 is ˜A1
1 and x2 is ˜A1

2 , THEN Y 11 = [2.3, 3.1]

R12 : IF x1 is ˜A1
1 and x2 is ˜A2

2 , THEN Y 12 = [3.6, 4.2]

R21 : IF x1 is ˜A2
1 and x2 is ˜A1

2 , THEN Y 21 = [3.7, 4.2]

R22 : IF x1 is ˜A2
1 and x2 is ˜A2

2 , THEN Y 22 = [3.9, 4.8] (5)

where ˜A1
1 , ˜A2

1 , ˜A1
2 , and ˜A2

2 are IT2FSs, and their mem-
bership functions are shown in Fig. 5. The consequent pa-
rameters of the fuzzy rules can be uniformly denoted as
Y j1 j2 = [wj1 j2 , wj1 j2 ], (j1 , j2 ∈ {1, 2}). From Fig. 5, we know
that c1

l ≤ c1
l , d1

l ≤ d1
l , m1

l = ul , a2
l ≤ a2

l , b2
l ≤ b2

l , m2
l = ul ,

μ
˜A 1

l
(xl) + μ

˜A 2
l
(xl) = 1, μ

˜A 1
l

(xl) + μ
˜A 2

l

(xl) = 0.7. Therefore,

the first and second conditions in Theorem 1 are satisfied. In
addition, due to w11

l ≤ w12
l ≤ w22

l , w11
l ≤ w21

l ≤ w22
l , w11

l ≤
w12

l ≤ w22
l , w11

l ≤ w21
l ≤ w22

l , the consequent parameters sat-
isfy the third condition in Theorem 1. According to (3), when x1
and x2 are in the interval [0, 4], we can obtain the output surface
of the IT2FLS shown in Fig. 6. It is obvious that the surface is
monotonically increasing with respect to the vector [x1 , x2 ]T .

Theorem 1 gives the sufficient conditions, which can guar-
antee that MISO interval type-2 fuzzy NARX models are of
monotonic property. Next, we will present the systematic de-
sign method of the NARX models.

In terms of conditions 1 and 2 in Theorem 1, we first deter-
mine the fuzzy membership functions of input variables shown
in Fig. 4. Given a training dataset composed of input–output data
pairs

(

ζζζ1 , z1
)

, . . . ,
(

ζζζr , zr

)

, where r is the number of the input–
output data pairs, the consequent parameters www of the NARX
model (4) can be optimized under the following training crite-
rion, E = minwww

∑r
t=1 |ẑt − zt |2 , where ẑt is the output of the

NARX model. When the monotonicity is considered, from (4)
and condition 3 in Theorem 1, the optimization problem of the
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Fig. 6. System output of the IT2FLS described by (5).

consequent vector www under the criterion E can be transformed
into the following problem:
⎧

⎪

⎪

⎪

⎪

⎨

⎪

⎪

⎪

⎪

⎩

minwww (Φwww − zzz)T(Φwww − zzz)

subject to

⎧

⎪

⎨

⎪

⎩

wj1 ...jl−1 jl jl + 1 ...jN ≤ wj1 ...jl−1 jl +1jl + 1 ...jN

wj1 ...jl−1 jl jl + 1 ...jN ≤ wj1 ...jl−1 jl +1jl + 1 ...jN

wj1 ...jN ≤ wj1 ...jN

∀jl = 1, . . . ,Ml − 1, l = 1, . . . , N. (6)

Rewriting the constraint conditions in (6) as matrix form, we
obtain

{

minwww (Φwww − zzz)T(Φwww − zzz)

subject to Pwww ≤ 0
(7)

where zzz = [z1 , . . . , zr ]T,Φ =
[

ξξξT(ζζζ1), . . . , ξξξ
T(ζζζr )

]T
. P ∈

R
(

2
∑N

l = 1 Db
l−1 (Ml −1)Du

l + 1 +q
)

×2q , Db
s =

∏s
i=1 Mi , Du

s =
∏N

i=s Mi . ˜HN =
(

HN T

1 · · ·HN T

l · · ·HN T

N

)T
, HN

1 = ΘM 1 ∈
R
(

(M 1 −1)Du
2

)

×q ,HN
l = ΨDb

l−1
∈ R

(

Db
l−1 (Ml −1)Du

l + 1

)

×q , HN
N

= ΨDb
N −1

∈ R
(

Db
N −1 (MN −1)

)

×q ,l = 1, . . . , N ; In denotes the
n × n identity matrix. ΨDb

l−1
and ΨDb

N −1
are the concrete forms

of Ψn . The matrixes P , ΘM 1 , Ψn , and ΩM 1 are as follows:

P =

⎡

⎣

˜HN 000
000 ˜HN

Iq −Iq

⎤

⎦ , ΘM 1 =

⎡

⎢

⎢

⎢

⎣

ΩM 1 000 . . . 000
000 ΩM 1 . . . 000
...

...
. . .

...
000 000 . . . ΩM 1

⎤

⎥

⎥

⎥

⎦

Ψn =

⎡

⎢

⎢

⎢

⎣

In −In 000 . . . 000 000
000 In −In . . . 000 000
...

...
...

. . .
...

...
000 000 000 . . . In −In

⎤

⎥

⎥

⎥

⎦

ΩM 1 =

⎡

⎢

⎢

⎢

⎣

1 −1 0 . . . 0 0
0 1 −1 . . . 0 0
...

...
...

. . .
...

...
0 0 0 . . . 1 −1

⎤

⎥

⎥

⎥

⎦

∈ R(M 1 −1)×M 1 .

Based on Theorem 1 and (7), we summarize the procedures to
construct an MISO interval type-2 fuzzy NARX model.

1) Determine the membership functions of IT2FSs
˜A1

l ,
˜A2

l , . . . ,
˜AMl

l according to conditions 1 and 2 in
Theorem 1.

2) Solve the constrained least squares optimization prob-
lem (7). Obtain the consequent parameters wj1 ...jN and
wj1 ...jN by means of a numerical optimization method.

Remark 4: The above-mentioned design method is used to
obtain offline the consequent parameters of the forward interval
type-2 fuzzy NARX models in the cable-driven parallel sys-
tem. The method needs some input–output training data, and
it can combine the data with the prior information, such as
monotonicity.

IV. INTERVAL TYPE-2 FUZZY ADAPTIVE INVERSE

CONTROLLER DESIGN

In this section, we will give the fuzzy adaptive inverse con-
trol scheme in Fig. 7. Fig. 7(b) and (d) present overall control
scheme diagrams for inclination and tension control, respec-
tively. In Fig. 7(b) and (d), the inclination θ∗(t) and the ten-
sion Fi(t) are measured; then, the expected outputs r∗(t + 1)
and ri(t + 1) of the angle and tension subsystems are deter-
mined by r∗(t + 1) = a∗θ∗(t) and ri(t + 1) = biFi(t), respec-
tively, where ∗ denotes x and y, i = 1, 2, 3, 4. Since the inclina-
tion θ∗(t) and the tension Fi(t) should increase monotonically
with respect to their inputs, a∗ and bi are constants in the in-
terval (0, 1). By trial-and-error experiments, we have chosen
a∗ = 0.96 and bi = 0.995. The signals r∗(t + 1) and ri(t + 1)
are transmitted into the angle and tension control parts, re-
spectively. For each angle adjustment subsystems, the angle
control part includes the angle adjustment subsystem and its
controller, which is further described in Fig. 7(a). As shown
in Fig. 7(a), the input signals of the angle FAIC are r∗(t + 1)
and u∗(t − 1), and its output signal is u∗(t), where u∗(t) is the
control signal of angle adjustment subsystems. The input sig-
nals of the forward models of angle adjustment subsystems are
u∗(t) and θ∗(t); its output signal is the estimate of the output
signal θ∗(t + 1) of angle adjustment subsystem X(Y ). For each
tension adjustment subsystem, the tension control part includes
the tension adjustment subsystem and its controller, which is
further described in Fig. 7(c). As shown in Fig. 7(c), the in-
put signals of the tension FAIC are ri(t + 1) and ui(t − 1),
and its output signal is ui(t), where ui(t) is the control sig-
nal of tension adjustment subsystem #i. The input signals of
the forward models of tension adjustment subsystems are ui(t)
and Fi(t); its output signal is the estimate of the output signal
Fi(t + 1) of tension adjustment subsystem #i. When the ten-
sion of cable Ri is maximal among all the cables, the Switch
in this subsystem is ON, and the switches in other tension ad-
justment subsystems are OFF. In Fig. 7(a) and (c), the FAICs
and the forward models are two-input and single-output in-
terval type-2 fuzzy NARX models, and the forward models
can provide the Jacobian of the subsystems. By the product of
the Jacobian and the error e∗(t + 1) = r∗(t + 1) − θ∗(t + 1) or
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Fig. 7. Interval type-2 fuzzy adaptive inverse control scheme diagram. (a) An-
gle adjustment subsystems and its controllers, (b) adjustment of inclinations θx

and θy , (c) tension adjustment subsystems and its controllers, and (d) adjustment
of tension Fi , i = 1, 2, 3, 4.

ei(t + 1) = ri(t + 1) − Fi(t + 1), the consequent parameters
of the FAIC of each subsystem are adjusted online.

A. Type-2 Fuzzy Forward Model

For each subsystem of the cable-driven parallel system, there
exists a forward model that is an interval type-2 fuzzy NARX
model. In this section, we will design the forward models. First,
we determine the input variables and their membership functions
of the antecedents of the forward models and, then, determine
the consequents of the forward models.

Fig. 8. Type-2 fuzzy membership function of linguistic variables u∗(t), θ∗(t),
ui (t), and Fi (t).

By some simulations and experiments, the input linguistic
variables of the angle adjustment subsystems are denoted by
u∗(t) and θ∗(t), and the input linguistic variables of the tension
adjustment subsystems are denoted by ui(t) and Fi(t). Although
repeated experiment, the number of the linguistic values of each
linguistic variable is three. Thus, the number of the fuzzy rules
of each forward model is nine. For the cable-driven parallel
system, the IT2FLSs used for describing each forward model
should have the property of monotonic increase. Therefore, the
antecedent parameters of the membership functions should sat-
isfy the first two conditions in Theorem 1. To satisfy the two
conditions in Theorem 1, we choose the shapes of the LMFs as
trapezoid. However, for the fuzzy logic systems in the paper, the
upper lines of trapezoid in Fig. 8 lead to a constant component.
By experiment, we have found that the constant component is
often useless or adverse for the identification of the forward
models. For example, for IT2FLS (5), the values of the UMF
and LMF of the input variables x1 and x2 in interval [0, 1] are 1
and 0.7, respectively, as shown in Fig. 5. The output of IT2FLS
(5) in the area 0 ≤ x1 ≤ 1 and 0 ≤ x2 ≤ 1 is constant. Thus,
the upper line of trapezoid should be short. In addition, for the
cable-driven parallel system, by combing the expert’s heuristics
with the trial-and-error method, we choose that the maximum
of the upper membership grade is 1, and the maximum of the
lower membership grade as 0.9.

The linguistic variables u∗(t), θ∗(t), ui(t), and Fi(t) of the
forward models are denoted by v ∈ [vmin , vmax], and according
to the component parameters of the cable-driven parallel system,
the input domains of the linguistic variables are [0, 5] mm, [0,
6] degree, [0, 1] mm, and [100, 250] N, respectively. The type-2
fuzzy membership functions of the input variables are shown
in Fig. 8, which satisfy the first two sufficient conditions in
Theorem 1.

According to (3), the forward model structures of the angle
and tension adjustment subsystems are determined as

θ̂∗(t + 1) =
1
2

3
∑

j1 =1

3
∑

j2 =1

(

ξj1 j2 (ϕϕϕf ∗(t))w
j1 j2
f ∗

+ ξ
j1 j2 (ϕϕϕf ∗(t))w

j1 j2
f ∗

)

(8)
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F̂i(t + 1) =
1
2

3
∑

j1 =1

3
∑

j2 =1

(

ξj1 j2 (ϕϕϕf i(t))w
j1 j2
f i

+ ξ
j1 j2 (ϕϕϕf i(t))w

j1 j2
f i

)

(9)

where u∗(t) and ui(t) are the control signals of the angle and
the tension adjustment subsystems at time t, respectively. The
regressor vectors of the angle and the tension adjustment sub-
systems are ϕϕϕf ∗(t) = [u∗(t), θ∗(t)] and ϕϕϕf i(t) = [ui(t), Fi(t)],
respectively, where ∗ denotes x and y, i = 1, 2, 3, 4. The con-
sequent vectors of the angle and the tension adjustment subsys-
tems are wwwf ∗ = [w11

f ∗, w
21
f , . . . , w33

f ∗, w
11
f ∗, w

21
f ∗, . . . , w

33
f ∗]

T and
wwwf i = [w11

f i , w
21
f i , . . . , w

33
f i , w

11
f i , w

21
f i , . . . , w

33
f i ]

T

Obtaining the consequent vectors of the forward models and
verifying the models need input–output data pairs. By manual
operation, under each typical initial condition, we collected 954
and 256 input–output data pairs as an angle training dataset and
a test dataset, respectively, in which all the input data are valid
control signals. In the similar way, we collected 302 and 169
input–output data pairs as a tension training dataset and a test
dataset. The training data are employed to identify the forward
models of the angle and the tension adjustment subsystems via
the design method of the interval type-2 fuzzy NARX model,
and the test data are used to verify the validity of the forward
models.

Since the forward models of the angle and the tension adjust-
ment subsystems are two-input single-output, the constraints on
the consequent parameters of the forward model are as follows:

⎡

⎢

⎢

⎢

⎢

⎣

H2
1 0006×9

H2
2 0006×9

0006×9 H2
1

0006×9 H2
2

I9 −I9

⎤

⎥

⎥

⎥

⎥

⎦

wwwf ≤ 00033×1 (10)

where H2
1 ∈ R6×9 ,H2

2 ∈ R6×9 , 0006×9 ∈ R6×9 , 00033×1 ∈ R33×1 ,
and I9 ∈ R9×9 .

Furthermore, the consequent parameter vectors wwwf ∗ and wwwf i

in (8) and (9) are obtained by (7) and (10), respectively. The
determination of the consequent parameters combines data in-
formation with the prior knowledge of monotonicity. Once the
antecedents and the consequents are given, we can write the
fuzzy rules of forward models in Tables I and II.

By using the training and the test data, we can use the follow-
ing RMSE criteria to evaluate the approximation performance
ap� and the generalization performance gp� of the forward mod-
els corresponding to the subsystems denoted by �:

ap� =
(

1
r1

r1
∑

k=1

(

ŷ�(k) − y�(k)
)2
) 1

2

(11)

gp� =
(

1
r2

r2
∑

k=1

(

ŷ�(k) − y�(k)
)2
) 1

2

. (12)

Here, � denotes the subscripts θx, θy, and t corresponding to the
angle adjustment subsystems X, Y, and the tension adjustment
subsystems; r1 is the number of the elements in the training

TABLE I
FUZZY RULES OF FORWARD MODELS OF ANGLE ADJUSTMENT SUBSYSTEMS

Antecedents Consequents

If u∗(t) is ˜A 1
1 and θ∗(t) is ˜A 1

2 , Then Y 1 1
f ∗ =[0.0119, 0.0035]

If u∗(t) is ˜A 2
1 and θ∗(t) is ˜A 1

2 Then Y 2 1
f ∗ =[0.0035, 0.0035]

If u∗(t) is ˜A 3
1 and θ∗(t) is ˜A 1

2 Then Y 3 1
f ∗ =[0.0035, 0.0035]

If u∗(t) is ˜A 1
1 and θ∗(t) is ˜A 2

2 Then Y 1 2
f ∗ =[0.3407, 5.6739]

If u∗(t) is ˜A 2
1 and θ∗(t) is ˜A 2

2 Then Y 2 2
f ∗ =[0.3407, 5.7549]

If u∗(t) is ˜A 3
1 and θ∗(t) is ˜A 2

2 Then Y 3 2
f ∗ =[0.3407, 5.7549]

If u∗(t) is ˜A 1
1 and θ∗(t) is ˜A 3

2 Then Y 1 3
f ∗ =[0.3407, 11.7500]

If u∗(t) is ˜A 2
1 and θ∗(t) is ˜A 3

2 Then Y 2 3
f ∗ =[0.3407, 11.7500]

If u∗(t) is ˜A 3
1 and θ∗(t) is ˜A 3

2 Then Y 3 3
f ∗ =[0.3407, 11.7500]

TABLE II
FUZZY RULES OF FORWARD MODELS OF TENSION ADJUSTMENT SUBSYSTEMS

Antecedents Consequents

If ui (t) is ˜A 1
3 and Fi (t) is ˜A 1

4 Then Y 1 1
f i =[0, 198.1708]

If ui (t) is ˜A 2
3 and Fi (t) is ˜A 1

4 Then Y 1 2
f i =[0, 198.1708]

If ui (t) is ˜A 3
3 and Fi (t) is ˜A 1

4 Then Y 1 3
f i =[0, 198.1708]

If ui (t) is ˜A 1
3 and Fi (t) is ˜A 2

4 Then Y 1 2
f i =[0, 349.9030]

If ui (t) is ˜A 2
3 and Fi (t) is ˜A 2

4 Then Y 2 2
f i =[0, 350.4002]

If ui (t) is ˜A 3
3 and Fi (t) is ˜A 2

4 Then Y 3 2
f i =[0, 350.4002]

If ui (t) is ˜A 1
3 and Fi (t) is ˜A 3

4 Then Y 1 3
f i =[13.9500, 487.6347]

If ui (t) is ˜A 2
3 and Fi (t) is ˜A 3

4 Then Y 2 3
f i =[15.1880, 487.6347]

If ui (t) is ˜A 3
3 and Fi (t) is ˜A 3

4 Then Y 3 3
f i =[15.1880, 487.6347]

TABLE III
APPROXIMATION PERFORMANCE AND GENERALIZATION PERFORMANCE OF

FORWARD MODELS

apθ x gpθ x apθ y gpθ y apt gpt

0.03209110 0.04614 0.03238 0.04475 0.24901 0.3513

datasets; r2 is the number of the elements in the test datasets;
y�(k) is the output training data; and ȳ�(k) is the output test data.
The performance indexes of the forward models are shown in
Table III. From this table, it can be found that the approximation
performances are very small.

Fig. 9 gives the fitting curves of the forward models of the
angle and the tension adjustment subsystems. The real data
curves θ∗(t) and Fmax(t) (dashed line) almost coincide with the
estimate curves θ̂∗(t) and F̂max(t) (dashed-dotted line), respec-
tively. The amplitudes of the error curves (solid line) between
real data and their estimate are small. From Table III and Fig. 9,
it can be seen that the generalization errors of the forward mod-
els are minor. Therefore, it is valid to choose the interval type-2
fuzzy NARX models as the forward models of the angle and the
tension adjustment subsystems.

B. Type-2 Fuzzy Adaptive Inverse Controllers

In practice, the system output y(t) should follow the reference
signal r(t) closely. It would be more desirable to minimize the
criterion Et = 1

2t

∑t
i=1

(

r(i) − y(i)
)2

. Under the criterion Et ,
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Fig. 9. Test data fitting curves of the forward models. (a) Angle adjustment
subsystem X. (b) Angle adjustment subsystem Y. (c) Tension adjustment sub-
system.

a recursive least squares algorithm can be used to compute the
consequent vectors of the FAICs.

The FAICs of the angle and the tension adjustment subsys-
tems are interval type-2 fuzzy NARX models. By trial and er-
ror, the input linguistic variables of the FAICs of the angle
adjustment subsystems are u∗(t − 1) and θ∗(t + 1), and the
input linguistic variables of the FAICs of the tension adjust-
ment subsystem are ui(t − 1) and Fi(t + 1). Since the lin-
guistic variables used in the FAICs are the same as those in
the forward models except sampling time, the type-2 fuzzy
membership functions of the input linguistic variables of the

FAICs are shown in Fig. 8. The consequent parameters of
the FAICs of the angle adjustment subsystems are wwwv∗ =
[w11

v∗, w
21
v∗, . . . , w

33
v∗, w

11
v∗, w

21
v∗, . . . , w

33
v∗]

T , and the consequent
parameters of the FAICs of the tension adjustment subsystems
are wwwvi = [w11

vi , w
21
vi , . . . , w

33
vi , w

11
vi , w

21
vi , . . . , w

33
vi ]

T . Since the
consequent parameters of the FAICs are variables, the fuzzy
rules of the FAICs of the angle adjustment subsystems and ten-
sion adjustment subsystems are listed in Table IV.

Based on the fuzzy rules in Table IV, the inverse controller
structures of the angle and tension adjustment subsystems are
expressed as follows:

u∗(t)=
1
2

3
∑

j1 =1

3
∑

j2 =1

(

ξj1 j2 (ϕϕϕv∗(t))w
j1 j2
v∗ +ξ

j1 j2 (ϕϕϕv∗(t))w
j1 j2
v∗

)

(13)

ui(t)=
1
2

3
∑

j1 =1

3
∑

j2 =1

(

ξj1 j2 (ϕϕϕvi(t))w
j1 j2
vi +ξ

j1 j2 (ϕϕϕvi(t))w
j1 j2
vi

)

(14)

where the regressor vectors of the angle and the tension ad-
justment subsystems are ϕϕϕv∗(t) = [u∗(t − 1), θ∗(t + 1)] and
ϕϕϕvi(t) = [ui(t − 1), Fi(t + 1)], respectively; ∗ denote x and
y, i = 1, 2, 3, 4.

The consequent parameters of the FAICs are adjusted each
iteration via an online recursive least squares algorithm as fol-
lows:

K(t) =
P (t − 1)ψψψ(t)

λ + ψψψT (t)P (t − 1)ψψψ(t)
(15)

wwwv (t) = wwwv (t − 1) + K(t)
(

r(t) − y(t|wwwv (t − 1)
)

(16)

P (t) =
(

P (t − 1) − K(t)ψψψT (t)P (t − 1)
)1
λ

(17)

where

ψψψ(t) =
∂ŷ
(

ϕϕϕf (t),wwwf

)

∂u(t − 1)
du(t − 1)

dwwwv
. (18)

The Jacobians of each forward model can be computed by

∂ŷ
(

ϕϕϕf (t),wwwf

)

∂u(t − 1)

=
1
2

3
∑

j1 =1

3
∑

j2 =1

(∂μ
˜A

j 1
1

(

u(t − 1)
)

∂u(t − 1)
μ
˜A

j 2
2

(

ϕf 2(t)
)

wj1 j2
f

+
∂μ

˜A
j 1
1

(

u(t − 1)
)

∂u(t − 1)
μ
˜A

j 2
2

(

ϕf 2(t)
)

wj1 j2
f

)

(19)

du(t − 1)
dwwwv

= [υ11 , υ21 , . . . , υ33 , υ11 , υ21 , . . . , υ33 ]T (20)

υj1 j2 =
1
2

2
∏

l=1

μ
˜A

j l
l

(

ϕvl(t − 1)
)

υj1 j2 =
1
2

2
∏

l=1

μ
˜A

j l
l

(

ϕvl(t − 1)
)

.
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TABLE IV
FUZZY RULES OF FAICS OF ANGLE AND TENSION ADJUSTMENT SUBSYSTEMS

Subsystem Fuzzy rules

Angle adjustment subsystem If u∗(t − 1) is ˜A
j 1
1 and θ∗(t + 1) is ˜A

j 2
2 , Then Y

j 1 j 2
v ∗ = [wj 1 j 2

v ∗ , w
j 1 j 2
v ∗ ]

Tension adjustment subsystem If ui (t − 1) is ˜A
j 1
3 and Fi (t + 1) is ˜A

j 2
4 , Then Y

j 1 j 2
v i = [wj 1 j 2

v i , w
j 1 j 2
v i ]

Here, for the sake of convenience, the input signals u∗(t − 1)
and ui(t − 1) of the FAICs are denoted as u(t − 1). We uni-
formly denote the regressors ϕϕϕv∗ and ϕϕϕvi of the FAICs as
ϕϕϕv = [ϕv1 , ϕv2 ]T and denote the regressors ϕϕϕf ∗ and ϕϕϕf i of
the forward models as ϕϕϕf = [ϕf 1 , ϕf 2 ]T . We uniformly denote
the consequent vectors wwwv∗ and wwwvi of the FAICs as wwwv =
[w11

v , . . . , wj1 j2
v , . . . , w33

v , w11
v , . . . , wj1 j2

v , . . . , w33
v ]T and de-

note the consequent vectors wwwf ∗ and wwwf i of the forward models
aswwwf = [w11

f , . . . , wj1 j2
f , . . . , w33

f , w11
f , . . . , wj1 j2

f , . . . , w33
f ]T .

Remark 5: In order to calculate the gradient dy (t)
dwwwv

, i.e.,

ψψψ(t), we can use dy (t)
dwwwv

= ∂y (t)
∂u(t−1)

du(t−1)
dwwwv

. Since y(t) is un-
known at time t and the forward models can well approach
the corresponding subsystem, we can replace the output of a
subsystem y(t) with the output of the corresponding forward
model ŷ(φφφf (t),wwwf ). Therefore, we can provide the Jacobians
of the subsystems with the Jacobians of the forward mod-

els
∂ ŷ (ϕϕϕf (t),wwwf )

∂u(t−1) approximately. Equation (18) needs to com-

pute the Jacobians of the forward models, i.e.,
∂ ŷ (ϕϕϕf (t),wwwf )

∂u(t−1) ;
then, the vector ψψψ(t) is obtained. By using (15)–(18), the
consequent parameters of each subsystem can be adjusted
online.

Remark 6: Based on the 954 input–output training data pairs
for the angle adjustment subsystems and the 302 data pairs
for the tension adjustment subsystems, we have minimize the
criterion 1

2

∑L
k=1(uk − ûk )2 , where uk is real control signal;

ûk is the estimated value of uk . L is the number of the training
data pairs. Once the antecedents of the FAICs are determined,
the initial values of the consequent parameters of the FAICs are
solved offline by the least squares algorithm [36]. For the angle
adjustment subsystems, we choose λ = 0.998. For the tension
adjustment subsystems, we choose λ = 0.999. The initial matrix
P (t) is 104I , where I is an identity matrix.

Based on the above design, given the initial status values
u∗(0) (* denotes the subscript x and y of angle adjustment
subsystems.) and ui(0) ( i = 1, 2, 3, 4 ), we give the following
design procedures:

Step 1: Based on the measurement data of the tension sen-
sors and the angle sensors, the inclination θ∗(t) of
a payload and the tension Fi(t) of the four cables
are read from the RS232 interfaces of the industrial
personal computer.

Step 2: If the control objectives of the cable-driven parallel
system are not achieved, go to Step 3, or else the
control process is terminated.

Step 3: By using the identification equations (8) and (9), the
forward models are determined. Compute the Jaco-
bian and ψψψ(t) by (18)–(20).

Fig. 10. Time slice interval during control process.

Step 4: Compute the errors e∗(t) = r∗(t) − θ∗(t) and
ei(t) = ri(t) − Fi(t). By the recursive least squares
algorithm (15)–(17), tune the consequent parameters
of the FAICs. By (13) and (14), compute the outputs
of the FAICs. Go to Step 1.

V. OVERALL CONTROL SCHEME AND EXPERIMENT RESULTS

In Section IV, we just give the control absolute values of each
subsystem via the interval type-2 fuzzy adaptive inverse control.
In this section, we will give the methods how to determine the
movement direction of a cable, which is described by a positive
or minus sign, and to orchestrate the subsystems by using the
heuristics and prior knowledge. Heuristics mean experiential
knowledge and skill which people acquire during practice. Prior
knowledge is the physical law and the structure properties of the
system controlled.

A. Using Heuristics to Orchestrate the Subsystems

There exist three kinds of interactions among the subsystems,
i.e., the interaction among the tension adjustment subsystems,
the interaction between the angle adjustment subsystems, and
the interaction between the tension and the angle adjustment
subsystem. since the adverse effects between the tension and
the angle adjustment subsystems are small, it can be ignored.
Thus, the first two kinds of interactions play a leading role.
The interaction among the tension adjustment subsystems is
a necessary and important factor to balance the tensions of
the cables, and the interaction between the angle adjustment
subsystems is an indispensable and crucial factor to level the
top surface of a payload.

We divide the whole control process into some time slices
shown in Fig. 10, and each time slice consists of two parts.
The first part is used to adjust the tensions of the cables, and
the remainder is used to adjust the inclinations of the top sur-
face of a payload. As shown in Fig. 11, under the circumstance
the inclination θx > 0 or θy > 0, the length of R1 or R2 de-
creases, and vice versa. The operators’ heuristics determine the
movement direction of a cable when the inclinations are



1812 IEEE TRANSACTIONS ON FUZZY SYSTEMS, VOL. 23, NO. 5, OCTOBER 2015

Fig. 11. Angle adjustment method. (a) Angle θx > 0. (b) Angle θx < 0 [34].

Fig. 12. Top view of sketch map of rectangular worktable.

adjusted. We can make use of the heuristics to level the top
surface of the payload. When the tension Fi of the cable Ri is
maximal, in order to balance the tension of the cables, we will
activate the actuator Ai and inactivate other actuators by ex-
tending the cable Ri according to the heuristics that the tension
of a cable will decrease if we extend the cable. This operators’
heuristics determine the movement direction of a cable and the
switching law of the tension adjustment subsystems when the
inclinations are adjusted. Repeating the operators’ heuristics,
we can balance the tensions of all the cables step by step.

B. Using Prior Knowledge to Provide Constraints

The prior knowledge includes symmetry and monotonicity.
The symmetry is implicitly applied into the control schemes.
The angle adjustment subsystems are symmetry about the cen-
trality of the supporting platform in Fig. 12 in terms of structure
and appearance. The electromechanical structures of the four

Fig. 13. Inclination θx and θy adjustment curves of the proposed control
method in this paper.

Fig. 14. Tension Fi , i = 1, 2, 3, 4 adjustment curves of the proposed control
method in this paper.

parts Pi are the same. Thus, the variation absolute value of the
two cables in the same angle adjustment subsystem should be
equal. However, the movement directions of the two cables are
contrary, which are shown in Fig. 11.

The ideal adjustment process should exhibit a nice dead-
beat behavior, that is, θx(t + 1) < θx(t) θy (t + 1) < θy (t) and
Fi(t + 1) < Fi(t). From experiments, each subsystem takes on
the property of monotonic increase if the input signal is mono-
tonic. The monotonicity is explicitly applied into the constraints
of the parameters of the forward models via some constraint in-
equalities. In the cable-driven parallel system, we apply the
monotonicity into the design of the forward models, which
can avoid yielding unrealistic models and tolerate the errors in
training data.

C. Adaptive Inverse Control Based on Multisource Knowledge

We use the prepared input–output training data to obtain the
forward model of each subsystem and use the real-time data
to adjust the parameters of the inverse controllers such that
the control absolute values are given. By using the heuristics
and the prior knowledge, we can orchestrate the subsystems
and provide the movement directions of the cables. Thus, we
can incorporate the heuristics and the prior knowledge into the
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Fig. 15. Control signals u1 and u3 curves of the proposed control method in
this paper.

Fig. 16. Control signals u2 and u4 curves of the proposed control method in
this paper.

data-driven fuzzy models. The control scheme is applied into
the cable-driven parallel system.

When choosing initial conditions θx = 2.216◦, θy = 4.01◦,
F1 = 37.2 N, F2 = 214.8 N, F3 = 35.2 N, and F4 = 208.2 N,
the real-time curves of the inclinations, the tensions, and the
control signals are shown in Figs. 13–16. We test the FAICs via
extra payload disturbance method, which is that two weights
are added on the payload at about the 6th and the 15th second,
respectively, as shown in Figs. 13 and 14. From these figures,
we observe that, when a weight is added, all the variables θx ,
θy , F2 and the tension mean Fav increase obviously, but at this
time, Fi (i = 1, 3, 4) do not change abruptly since the position
where the weight is laid is near to the hanging point of the
cable R2 . Although the extra payload disturbance is applied,
both the inclination and the tension adjustment satisfy control
objectives, and except the vibration arising from the disturbance,
the adjustment process is almost dead-beat. This indicates that
this system is adaptive and robust. When the time is greater than
38 s in Fig. 13, the fluctuation of the variables θx , θy is less than
0.05◦, and the amplitudes of the curves fluctuation are minor.
When the time is greater than 38 s in Fig. 14, the fluctuation
amplitudes of the curves Fi , 1.3Fav, and 0.7Fav are also minor,
and the difference of the maximal and minimal tension F1 − F4
is less than 35 N. This indicates that the interval type-2 fuzzy

Fig. 17. Inclination θx and θy adjustment curves of the fuzzy control method
in [34].

Fig. 18. Tension Fi , i = 1, 2, 3, 4 adjustment curves of the fuzzy control
method in [34].

adaptive inverse control scheme can not only realize the control
objectives, but can ensure the better performance as well.

The control signal curves are shown in Figs. 15 and 16. The
symmetric part of the control signals is used to adjust the in-
clinations of the payload, and the nonsymmetric part is used to
balance the tensions of the cables Fi(t), which is maximal at
time t so that all the tensions become balanced by the coupling
among the tensions. The control of the inclinations and the ten-
sions is realized by the variation values of the four cables, and
the cables are soft. Therefore, the movement of the cables needs
some time. Due to the peculiarity of the cables, it is difficult
to weaken the fast varying dynamic leveling and tension distri-
bution in a moment. However, it is feasible to handle the slow
varying dynamic disturbance in a period of time, and this needs
longer time.

To further illustrate the control performance of the proposed
control method, we compare the proposed control method with
[34]. In [34], the initial conditions are θx = 2.224◦, θy = 4.04◦,
F1 = 38.7 N, F2 = 211.8 N, F3 = 36.4 N, and F4 = 205.3 N,
the extra payload disturbance is chosen as the same of this paper.
The type-1 fuzzy membership functions are chosen as normal
triangle fuzzy sets. The real-time curves of the inclinations of
the payload and the tensions of the cables are shown in Figs. 17
and 18, respectively. From Figs. 14 and 18, it is clear that the



1814 IEEE TRANSACTIONS ON FUZZY SYSTEMS, VOL. 23, NO. 5, OCTOBER 2015

difference F1 − F4 of the maximal and minimal tensions in our
control method is much smaller than that in [34], and the tension
adjustment performance in our control method is much better
than that of [34]. Furthermore, the number of the rules fired
simultaneously is no more than six using the proposed method,
while the number of the rules fired simultaneously in [34] is
more than eight. Thus, the proposed control method consumes
the less computation time and computer resources than those
in [34].

VI. CONCLUSION

In this paper, the control objectives of the cable-driven par-
allel system have been realized via a type-2 fuzzy adaptive
inverse control scheme based on data information, heuristics,
and prior knowledge of this system. The heuristics about the
three coupling relationships has been used to divide the cable-
driven parallel system into six subsystems such that the control
system is simplified. The heuristics about the tensions of the
four cables has been used to make the tensions balance via the
switched control method for the four tension adjustment sub-
systems. The heuristics about the inclinations of the payload has
been used to determine the movement direction of the related ca-
bles. The prior knowledge includes symmetry and monotonicity.
The symmetry has been implicitly used to distribute the control
value between the two cables of an angle adjustment subsystem.
The monotonicity has been explicitly applied into the constraints
of the parameters of the forward models. The data information
has been employed to identify the forward models of the six
subsystems and to verify the validity of the forward models.
The experiment results have shown that the proposed control
scheme can realize the control objectives and achieve the good
performance.

APPENDIX
PROOF OF THEOREM 1

First, consider the single-input type-1 fuzzy logic systems
whose membership functions are the UMFs and LMFs of the l
linguistic variable of the IT2FLSs, respectively. we will prove
that these single-input type-1 fuzzy logic systems are monoton-
ically increasing, i.e., (A1) and (A2) increase monotonically:

yj1 ...jl−1 jl + 1 ...jN

l
(xl) =

Ml
∑

jl =1

μ
˜A

j l
l

(xl)wj1 ...jl ...jN (21)

y
j1 ...jl−1 jl + 1 ...jN

l (xl) =
Ml
∑

jl =1

μ
˜A

j l
l

(xl)wj1 ...jl ...jN . (22)

Assume that, for the lth linguistic variable, two adjacent fuzzy
IT2FSs can be fired and the order numbers of the two fired rules
are jk

l and jk
l + 1. We consider the following two cases to

prove that the type-1 fuzzy logic system (A1) is monotonically
increasing.

1) When xl ∈ Sk
l , x′

l ∈ Sk
l , x′

l > xl , from conditions 1 and
2, for xl , we have
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Then, we obtain
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Notice that μ
˜Ak + 1

l

(xl) is monotonically increasing when

xl ∈ Sk
l , i.e., μ

˜Ak + 1
l

(x′
l) − μ

˜Ak + 1
l

(xl) ≥ 0. If the third

condition of the theorem holds, we can deduce that
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2) When xl ∈ Sk
l , x′

l ∈ Sk ′
l , k′ > k, and k, k′ = 1, 2, ...,Ml ,

it is clear that x′
l > xl holds. From (A5), we have

h wj1 ...jl ...jN ≤ y
j1 ...jl−1 jl + 1 ...jN

l (xl) ≤ h wj1 ...jl +1...jN .
With condition 3 of this theorem holding, for xi
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i = 1, 2, . . . ,Ml , it follows that

yj1 ...jl−1 jl + 1 ...jN

l
(x1

l ) ≤ yj1 ...jl−1 jl + 1 ...jN

l
(x2

l ) ≤

· · · ≤ yj1 ...jl−1 jl + 1 ...jN

l
(xMl

l ). (26)

Hence, from (A5) and (A6), we conclude that
y

j1 ...jl−1 jl + 1 ...jN

l (xl) increases monotonically. Similarly, we can

also derive that y
j1 ...jl−1 jl + 1 ...jN

l (xl) increases monotonically.
Next, based on the monotonicity property of the

single-input type-1 fuzzy logic systems, we will prove
that N -input single-output IT2FLSs (3) increase mono-
tonically. Let xxx′ = [x1 , . . . , xl−1 , x′

l , xl+1 , . . . , xN ],xxx =
[x1 , . . . , xl−1 , xl , xl+1 , . . . , xN ], where x′

l ≥ xl . Rearranging
the terms of (3), we obtain
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From (A1) and (A2), parts A and B can be replace with
y

j1 ...jl−1 jl + 1 ...jN

l (xl) and y
j1 ...jl−1 jl + 1 ...jN

l (xl), respectively.
Therefore, (A7) is rewritten as
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In order to prove ŷ(xxx) to be monotonically increasing, we
calculate the difference of ŷ(xxx′) and ŷ(xxx) from (A8), i.e.,
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Both y
j1 ...jl−1 jl + 1 ...jN

l (xl) and y
j1 ...jl−1 jl + 1 ...jN

l (xl) increase
monotonically, and the value domains of all the UMFs and the
LMFs of the IT2FLSs are always nonnegative, i.e., μ

˜A
j p
p

(xp) ≥
0, and μ

˜A
j p
p

(xp) ≥ 0, jp = 1, 2, . . . ,Mp , p = 1, 2, . . . , N . This

means ŷ(xxx′) ≥ ŷ(xxx). Therefore, Theorem 1 holds. �
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