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Abstract: This study examines the pose control of the 4-RPU redundant parallel mechanism of
a hybrid condenser cleaning robot in response to the poor control accuracy of current cleaning
robots. The kinematics of the 4-RPU mechanism is analysed, and its dynamics model is constructed
using the virtual work principle. The theoretical calculation and virtual prototype simulation of
the constructed model are conducted in MATLAB and ADAMS, which yield basically consistent
results, demonstrating the precision of the model. Based on this model, an adaptive sliding mode
control method is proposed that can estimate and compensate for parameter uncertainties and load
perturbations simultaneously. The system stability is analysed using Lyapunov functions. The results
suggest that the adaptive sliding mode control method can significantly reduce the average tracking
error of each degree of freedom of the moving platform and exhibits higher control stability and
convergence accuracy than the conventional sliding mode control algorithm. This study provides a
reference and research basis for attitude control of the cleaning robots affected by uncertainties such
as water backlash during operation.

Keywords: 4-RPU parallel mechanism; dynamics model; adaptive sliding mode control; trajectory
tracking

1. Introduction

Condensers are essential heat-transfer equipment [1] in petrochemical and power
plant industries. The current cleaning methods for these are mostly tandem robotic arms
or manually operated high-pressure water-gun cleaning [2,3]. However, high-pressure
water backlash and other factors cause the existing methods to be less stable, accurate,
and efficient than is desired, and special cleaning robots must be developed for the use
of condensers.

Kinematic and dynamic analyses are the basis for parallel mechanism research [4–6].
Lei et al. [7] conducted kinematics calibration and error analysis for a 3-RRRU parallel
robot, while Jinzhu et al. [8] proposed a multi-branch coupled parallel drive mechanism
with five degrees of freedom and analysed the mechanism based on the azimuth feature set
method, degrees of freedom, and motion characteristics of the end of the mechanism. The
existing dynamic modeling methods mainly include: the Newton–Euler method [9–11],
Lagrangian method [12,13], and virtual work principle method [14–16], in which the virtual
work principle omits calculation constraints force and moment, and the derivation process
is concise. Xinxue et al. [17] conducted a singular analysis of the 2-UPR-RPU parallel
mechanism, while Guangchun et al. [18] used the virtual work principle to carry out
dynamic and power analyses. The PD/PID control method is usually used to control
the trajectory and pose of the parallel mechanism [19–21], but control will be affected by
the parameter error or external load disturbance in the dynamic model of the parallel
mechanism. Xuemei et al. [22] used ASMC to suppress the load disturbance of the parallel
mechanism but did not consider the parameter uncertainty and the time-varying load.
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Navabi [23] combined SMC with a fuzzy system to improve the uncertainty of structural
and non-structural parameters and controller performance. Zhang Bin et al. [24] proposed
a dual-space adaptive synchronisation controller, which could significantly improve the
control accuracy of the moving platform. Liu et al. [25] proposed a terminal sliding mode-
based control strategy to achieve accurate motion tracking control. Liu Yu et al. [26]
proposed an I&I controller that estimated the interference error in real-time based on the
adaptive law, designing the control rate through the sliding surface, which realised the
pose control of the robot. Long et al. [27] proposed an ASMC method with an RBFNN
compensator and Newton–Eulerian estimator to achieve real-time attitude control.

The working mechanism of cleaning robots is as follows. First, the mouth of the tube
bundle is located using the vision system. Second, the parallel mechanism and the gun
feeding device cooperate for pose adjustment, which, however, is disturbed by the backlash
of high-pressure water, thereby affecting the cleaning effect.

In this paper, a hybrid robot with a redundant mechanism is designed. The variation,
velocity, and acceleration model of each rod of the 4-RPU mechanism are obtained through
the inverse kinematics solution, and the dynamic model of the mechanism is constructed
using the principle of virtual work. Considering the parameter error of the model and
external load disturbance, an adaptive law based on sliding mode surface construction
is used to estimate and compensate for this uncertainty, and an adaptive sliding mode
control method is proposed, which has a simple structure and can accurately estimate and
overcome the time variance. Compared with the traditional sliding mode control algorithm,
the average tracking error is effectively reduced.

2. Description and Degree of Freedom Analysis
2.1. Institution Description

Figure 1 is a schematic structural diagram of a hybrid condenser cleaning robot, the
function of which is to clean the dirt from the inner wall of the condenser tube bundle. It
mainly includes a mobile platform, 4-RPU parallel mechanism, binocular vision system,
and special gun feeding device. Through the parallel mechanism, the working attitude
of the special gun feeding device can be adjusted. As shown in Figure 2, the 4-RPU
parallel mechanism is composed of a fixed platform, a moving platform, and four identical
RPU (rotating pair-moving pair-Hooker hinge) branches. The branches are symmetrically
distributed on the fixed platform. In the RPU symmetrical branch chain, the rotation axis
of the R pair is parallel. The moving direction of the P pair passes through the center of the
U pair and is always perpendicular to the rotation axis of the R pair. The first rotation axis
of the U pair connected to the moving platform is parallel to the R pair axis, and the second
axis by moving the platform centroid.
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platform has three independent loops, and the number of independent displacement 
equations of the first independent loop is set as: 

Figure 2. 4-RPU parallel mechanism.

The 4-RPU parallel topology is shown in Figure 3. B1, B2, B3, and B4 are the rotation
center points of the R pair in the RPU branch chain, and b1, b2, b3, and b4 are the rotation
center points of the U pair. The origin O of the fixed coordinate system is the center point
of B1B3, the X-axis is collinear with OB2, the Y-axis is along the direction of OB1, and the
Z-axis is determined by the right-hand rule to be vertically upward. The origin O1 of the
moving coordinate system is the center of mass of the moving platform, T is pointing to
O1b1, S is along the direction of O1b2, and it can be determined that the U axis is vertical
and the moving platform is upward.

Actuators 2022, 11, x FOR PEER REVIEW 3 of 17 
 

 

 
Figure 2. 4-RPU parallel mechanism. 

The 4-RPU parallel topology is shown in Figure 3. B1, B2, B3, and B4 are the rotation 
center points of the R pair in the RPU branch chain, and b1, b2, b3, and b4 are the rotation 
center points of the U pair. The origin O of the fixed coordinate system is the center point 
of B1B3, the X-axis is collinear with OB2, the Y-axis is along the direction of OB1, and the Z-
axis is determined by the right-hand rule to be vertically upward. The origin O1 of the 
moving coordinate system is the center of mass of the moving platform, T is pointing to 
O1b1, S is along the direction of O1b2, and it can be determined that the U axis is vertical 
and the moving platform is upward. 

2.2. Degree of Freedom Analysis  
As shown in Figure 3, the topology of the branch chain is as follows: 

1 2 3 4( ) ( ) , ( 1, 2,3, 4)i i i iSOC R P R R i
  − ⊥ ⊥ − = 
  


  (1) 

In the parallel regulation platform, the POC set of each branch end member is: 

( )( )
2

b 2
3 4

, ( 1,2,3,4)
|| ,

 
= =   

i
i i

t
M i

r R R
 

(2) 

 
Figure 3. 4-RPU parallel topology schematic diagram. 

From the analysis of the topology structure, it can be seen that the parallel adjustment 
platform has three independent loops, and the number of independent displacement 
equations of the first independent loop is set as: 

Figure 3. 4-RPU parallel topology schematic diagram.

2.2. Degree of Freedom Analysis

As shown in Figure 3, the topology of the branch chain is as follows:

SOC
{
−Ri1(⊥Pi2) ‖

︷ ︸︸ ︷
(Ri3⊥Ri4)−

}
, (i = 1, 2, 3, 4) (1)

In the parallel regulation platform, the POC set of each branch end member is:

Mbi =

[
t2

r2(||�(Ri3, Ri4) )

]
, (i = 1, 2, 3, 4) (2)
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From the analysis of the topology structure, it can be seen that the parallel adjustment
platform has three independent loops, and the number of independent displacement
equations of the first independent loop is set as:

ξ1 = dim.
{

Mb1 ∪Mb2

}
= dim.

{[
t2(⊥R13)

r2(||�(R13, R14) )

]
∪
[

t2(⊥R23)
r2(||�(R23, R24) )

]}
= dim.

{[
t3

r2(||�(R13, R14) )

]}
= 5

(3)

Let the number of independent displacement equations of the second independent
loop then be:

ξ2 = dim.
{[

t1(⊥ � (R13, R14))
r2(||�(R13, R14) )

]
∪
[

t2(⊥R33)
r2(||�(R33, R34) )

]}
= dim.

{[
t2(⊥R33)

r2(||�(R13, R14) )

]}
= 4

(4)

Moreover, let the number of independent displacement equations of the third inde-
pendent loop then be:

ξ3 = dim.
{[

t1(⊥ � (R33, R34))
r2(||�(R33, R34) )

]
∪
[

t2(⊥R43)
r2(||�(R43, R44) )

]}
= dim.

{[
t2(⊥R43)

r2(||�(R13, R14) )

]}
= 4

(5)

Through the above analysis, the degrees of freedom of the 4-RPU parallel mecha-
nism are:

FDOF =
4

∑
i=1

fi −
3

∑
j=1

ξi = 16− (5 + 4 + 4) = 3 (6)

Combined with the judgment criteria of passive motion pairs in the parallel mecha-
nism, it can be seen that there is no passive motion pair in the 4-RPU parallel mechanism.
In Equation (6), the 4-RPU parallel mechanism has three degrees of freedom, including two
rotations around the S axis, T axis, and movement along the U axis, including a redundant
branch chain. From the analysis results of the degrees of freedom, the requirements of the
condenser cleaning robot for posture adjustment during cleaning operations can be seen to
be met.

3. Kinematic Analysis and Dynamic Modeling
3.1. Inverse Position Solution

The inverse position solution for the 4-RPU parallel mechanism determines the specific
size parameters of the mechanism and the (x, y, z, ψ, α, β) pose of the moving platform
center O1 relative to the fixed coordinate system, determining the rod length vectors li of
the drive rods in each branch of the mechanism using the rotation matrix.

For a 4-RPU parallel mechanism, the rotation matrix of the moving coordinate system
relative to the fixed coordinate system can be expressed as:

R = rot(z, α)rot(y, β)rot(x, γ) = cos β cos α sin α sin β cos α− cos γ sin α cos γ sin β cos α + sin γ sin α
cos β sin α sin γ sin β sin α + cos γ cos α cos γ sin β sin α− sin γ cos α
− sin β sin γ cos β cos γ cos β

 (7)
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According to the movement degrees of freedom of the 4-RPU parallel platform, the
attitude matrix of the moving coordinate system relative to the fixed coordinate system can
be expressed as:

O
O1

R = Rzyx(α, β, 0) =

 cos β sin α sin β cos α sin β
0 cos α − sin α

− sin β sin α cos β cos α cos β

 (8)

The third column of O
O1

R is the unit vector ei of the branch direction. As shown in
Figure 3, the vector equations of each motion branch of the 4-RPU parallel mechanism
are established:

li = liei =
→
r + hi − ki (9)

Let ki, hi, li, and
→
r represent the position vectors of OBi, O1bi, Bibi, and OO1 in the

fixed/moving coordinate system, respectively.
k1= (0, k, 0)′

k2= (k, 0, 0)′

k3= (0, − k, 0)′

k4= (− k, 0, 0)′
(10)

According to the mechanism theory, the positions of the vector h1 and the rotation
secondary axis vector d1 in the fixed coordinate system can be expressed as:

h1 = O
O1

R(0, h, 0)′

h2 = O
O1

R(h, 0, 0)′

h3 = O
O1

R(0,−h, 0)′

h4 = O
O1

R(−h, 0, 0)′

(11)

{
d1 = O

O1
R(1, 0, 0)′

d3 = O
O1

R(1, 0, 0)′
(12)

It can be seen from Formula (9) that the coordinate vector of the center point O1 of
the moving platform in the fixed coordinate system is r = (x, 0, z). By establishing the
constraint equation, the secondary axis of rotation d1 can be determined to always be
perpendicular to the plane B1b1b3B3, and the relationship between X and Z obtained.{

(r− B1)
′d1 = 0

(r− B3)
′d3 = 0

(13)

We can learn from x = 0 that the position of the origin of the moving coordinate
system s in the fixed coordinate system is (0, 0, z). When substituting parameters ki, hi, and
→
r into the position vector equation of each branch link, the inverse solution expression of
the 4-RPU parallel mechanism position is:

l1 =
√
(hsinα sin β)2 + (hcosα− K)2 + (z + hcosβ sin α)2

l2 =
√
(hcosβ−K)2 + (0)2 + (z − hsinβ)2

l3 =
√
(−hsinα sin β)2 + (−hcosα+K)2 + (z − hcosβ sin α)2

l4 =
√
(−hcosβ+K)2 + (0)2 + (z + hsinβ)2

(14)

3.2. Speed Analysis

Using the differential transformation method based on symbolic operation, the first-
order influence coefficient matrix of the mechanism is obtained, and then the velocity
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Jacobian matrix of the 4-RPU parallel mechanism is solved through the first-order motion
influence coefficient. According to the kinematic characteristics of the mechanism, the rod
length of the driving rod can be expressed as:

li =
√
(liei)

T(liei) = fi(z, α, β) (15)

Taking the time derivative of Formula (15), the speed of the driving rod of each branch
chain can be obtained as:

•
li =

∂ fi(z, α, β)

∂z
•
z +

∂ fi(z, α, β)

∂α

•
α +

∂ fi(z, α, β)

∂β

•
β (16)

By deriving Equation (15) from time, we can discern that the driving rod speed of each
branch chain is: 

•
l1
•
l2
•
l3
•
l4

 =


∂ f1
∂z
∂ f2
∂z
∂ f3
∂z
∂ f4
∂z

∂ f1
∂α
∂ f2
∂α
∂ f3
∂α
∂ f4
∂α

∂ f1
∂β
∂ f1
∂β
∂ f1
∂β
∂ f1
∂β



•
z
•
α
•
β

 (17)

Order
•
l =

[ •
l1

•
l2

•
l3

•
l4

] T
, Vo =

[•
z

•
α

•
β

]T
, and then

•
l = JVo,

•
l is the speed

of the driving rod. J is the first-order influence coefficient matrix of the mechanism, and
J = [J1 J2 J3 J4]

T . Vo is the moving speed of the moving platform, and the Jacobian
matrix of the 4-RPU parallel mechanism is a matrix with four rows and three columns.

3.3. Acceleration Analysis

The acceleration of the mechanism is solved with the second-order influence coefficient.
When deriving Equation (15) with respect to time, the acceleration of the driving rod is
obtained as:

••
l = VT

O hVO + J
•

VO (18)

In the formula:
••
l =

[••
l1

••
l2

••
l3

••
l4

] T
, h can be regarded as a 4 × 3 × 3 matrix,

and h = [h1 h2 h3 h4]
T , hi(i = 1, 2, 3, 4) is a Hessian matrix and a 3 × 3 scalar

square matrix; it is the acceleration of the moving platform. Equation (19) is equivalent to
four equations.

3.4. Branched Chain Jacobian Solver

Let the velocity and angular velocity of the moving platform be vo and wo, respectively.
According to the velocity synthesis theorem, the relationship between the velocity vector
of each hinge point Bi on the moving platform and the velocity vector of the center of the
moving platform is: vBi = wo × bi + vo.

From the perspective of the branch chain, the speed of each branch chain endpoint Bi

on the moving platform can be expressed as: vBi = wli × liei +
•
l ie. In the formula, wli is

the angular velocity of the branch chain since each branch chain has no rotation around its
own axis. Therefore, wli × ei = 0. So, wli =

ei×vBi
li

can be obtained.

Substitute vBi = wo × bi + vo into wli =
ei×vBi

li
. The following then becomes available:

wli =
1
li
[ei × (vo + wo × bi)] =

1
li

[
∧
eivo −

∧
ei
∧

biwo)

]
= Jwi [vo wo]

T
(19)
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In the formula, Jwi is the Jacobian matrix of the branched angular velocity, and Jwi =[
∧
ei
∧
−ei

∧
bi

]
/li . Taking the derivation of Formula (22), the angular acceleration of each

branch chain can be obtained as
.

wli =
.
ei×vBi+ei×

.
vBi−wli

.
li

li
.

Suppose the distance from the center of mass of each branch to each hinge point of the
moving platform is lmi, and the speed and acceleration of the center of mass of each driving
rod are represented by vmi and ami, respectively, then the speed at the center of mass of
each rod is:

vmi = wli × lmiei +
.
liei = lmi

∧
e i Jwivo + (eiei

T − eiei
T
∧
bi)wo

= Jwi [vo wo]
T (20)

In the formula, Jvi is the branch speed Jacobian matrix, and has:

Jvi = lmi
∧
e i Jwi + (eiei

T − eiei
T
∧
bi) (21)

The acceleration at the center of mass of each rod is:

ami = lmiei ×
.

wli + wli × (wli × ei)lmi + ei
..
li + 2(wli × ei)

.
li (22)

3.5. Kinetics Analysis

The dynamic analysis of parallel robots based on the principle of virtual work is one of
the dynamic analysis methods for parallel robots. Compared with the Newton–Euler and
Lagrange methods, this has a faster calculation speed and less complexity. Since there is
no need to calculate the restraining force and moment, the dynamic analysis of the 4-RPU
parallel mechanism is carried out using the principle of virtual work.

Set the mass of the moving platform to mo. The external force and moment acting
on the center of mass of the moving platform are fO and nO, respectively. In the fixed
coordinate system, they are represented by fo and no, respectively. Then, fO = R fo,
nO = Rno.

Use Io to represent the inertia matrix of the moving platform in the moving coordinate
system. Then, the inertia matrix of the moving platform is expressed as IO = RIoRT in the
fixed coordinate system.

The force and moment on the center of mass of the moving platform can be ex-
pressed as:

Fo =

[
fO + mog−mo

.
vo

nO − IOwo − wo × (IOwo)

]
(23)

When each branch chain is only subjected to gravity, let the mass of the driving rod in
the branch be mli. Its inertia matrix is represented as Ili in the branch system. Then, the
force and moment on the branch can be expressed as:

Fli =

[
mlig−mliami

−O I li

.
w

li
− wli × (O I li wli

)

]
(24)

From Equations (24) and (25), the dynamic equation of the mechanism is established
by applying the principle of virtual work:

δxT
o Fo + δqT F +

4

∑
i=1

δxT
li Fli = 0 (25)

In the formula, δxo is the virtual displacement of the moving platform, F is the driving
force, δq is the virtual displacement of the driving force, and δxli is the virtual displacement
corresponding to Fli.
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The virtual displacement in Equation (25) and the generalized virtual displacement of
the mechanism satisfy the geometric constraints of the 4-RPU mechanism itself, and the
relationship can be expressed as δq = Jδxo, δxli = Jliδxo, meaning Equation (25) can be
written as:

δxT
o (Fo + JT F +

4

∑
i=1

JT
li Fli) = 0 (26)

To any δxo, formulas are established. Then:

F = −(JT) + (Fo +
4

∑
i=1

JT
li Fli)+FoK (27)

(JT)
+, Fo, and K are the pseudo-inverse matrix, null space basis vector, and null space

basis vector coefficients, respectively, which can be used as the dynamic model of the
mechanism. For the 4-RPU redundant parallel mechanism, Equation (27) comprises three
linear equations, but there are four unknowns, so the solution of the equation is not unique.
Using the two-norm solution of the driving force, Equation (27) can be written as:

F = −(JT) + (Fo +
4

∑
i=1

JT
li Fli) (28)

3.6. Numerical Simulation Verification

The correctness of the kinematics and dynamics models of the parallel mechanism is
verified by MATLAB and ADAMS co-simulation. According to the working requirements
of the condenser cleaning robot, the parameters of the 4-RPU redundant parallel mechanism
are determined, as shown in Table 1.

Table 1. Geometric and inertial parameters of the mechanism.

Simulation Parameters Numerical Values Unit

k, h, z 0.23, 0.18, 0.29 m
lmi (i = 1, 2, 3, 4) 0.145 m

mo, mli (i = 1, 2, 3, 4) 5.781, 2.103 kg
IO diag[0.0798 0.0429 0.1226] kg·m2

Ili diag[0.0846 0.0647 0.0202] kg·m2

fO [0 0 −100]T N
nO [0 40 0]T N·m

The pose parameters of the setting platform are:
α(t) = 0.1 sin(πt /10)− (π /50) cos(πt /10)+π/50
β(t) = 0.1 cos(πt /10)− 0.1
z(t) = 0.29 + 0.5 cos(πt /10)

Based on the trajectory of the moving platform and the kinematics and dynamics
equations established above, the rod length variation, velocity, acceleration, and driving
force curves of each driving rod in the 4-RPU parallel mechanism can be calculated. The
step length is 0.1 s, and the time is 20 s. Figure 4a–d are the curves of rod length change,
speed, acceleration, and driving force calculated by MATLAB. Figure 5a–d are the curves
of rod length change, speed, acceleration, and driving force obtained by ADAMS simu-
lation. The results show that the theoretical calculation is basically consistent with the
simulation analysis, which verifies the correctness of the kinematic and dynamic models of
the mechanism.
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4. Control Scheme Design

The control task of the 4-RPU parallel mechanism system is to design the control law
W. When there are uncertainties such as high-pressure water recoil, parameter error, and
unknown load interference, the actual trajectory of the moving platform can still track the
desired trajectory and maintain the stability of the system.

4.1. Sliding Surface

Let qd and
•
qd ∈ R3×1 be the expected trajectories of the pose and velocity of the

moving platform, respectively. e and
•
e are tracking errors, respectively, and the expression

is: {
e = q− qd
•
e =

•
q− •qd

(29)

Define the sliding surface as:

s =
•
e + λe =

•
q− •qr (30)

In the formula, λ ∈ R3×3 is a positive definite matrix;
•
qr =

•
qd − λe,

••
q r =

••
q d − λ

•
e.

Formula (30) shows that if the designed control law W can make S close to 0, then e and
•
e

converge exponentially to zero.

4.2. Traditional Sliding Mode Control

Combined with the dynamic model (27) and considering the friction force of each
moving pair, the added parameters uncertainty and load disturbance are concentrated as
the total uncertainty, which is d ∈ R3×1.

d = I∆
••
q r + C∆

•
qr + m∆ + f 0

∆ + FE (31)
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In the form |di| ≤ bi, bi > 0, i = 1, 2, 3, 4, b is the upper bound of d, b =
[

b1 b2 b3
]T .

I∆, C∆, 1 and 1 are the modeling errors caused by the measurement errors of the system
inertia matrix, centripetal force, and Coriolis force coefficient matrix, and by the gravity
term and friction term of each moving pair, respectively. FE represents load interference.
When b is known, the traditional switched sliding mode control is:

Wsm = J−T(ueq − Ks− ρsgn(s)) (32)

Among them, ueq = Io
••
q r + Co

•
qr + mo + f 0

o is a feedforward control based on a
dynamic model, and −Ks is a PD-type feedback control. It is used to suppress the error
caused by model uncertainty in feedforward control and enhance the closed-loop stability
of the system. −ρsgn(s) compensates for d, and ρ = diag

[
ρ1 ρ2 ρ3

]
is a positive

definite switching gain matrix. When ρi > bi, the system can be asymptotically stable.
However, the disadvantage of traditional sliding mode control (32) is that the upper bound
b of uncertainty cannot be accurately estimated due to the complex and changeable load
characteristics in practical application. If the estimation is too conservative, then ρ is too
large to aggravate the chattering and cannot be applied.

4.3. Adaptive Sliding Mode Control

Adaptive sliding mode control is adopted because the uncertainty d will affect the
trajectory error and thus affect the sliding mode surface, so the information on d can be
reflected by the change of the sliding mode surface. Therefore, the adaptive law constructed
by the sliding mode surface is used to estimate and compensate for d in real-time, and
the switching item −ρsgn(s) in Equation (32) is replaced to eliminate the chattering of the
control input, while the upper bound b is no longer estimated. The control law is:

Wasm = J−T(ueq − Ks−
∧
d) (33)

∧
d is the estimated value of the uncertainty item d, and the adaptive law is:

∧
d = −∧ s (34)

In the formula, adaptive gain matrix ∧ = diag[∧1,∧2,∧3,∧4]. The larger the ∧i > 0,
the faster the adaptive estimation rate.

To analyse the system stability under adaptive sliding mode control, let the Lyapunov
function be:

V =
1
2

sT Is +
1
2

ET ∧−1 E > 0 (35)

In the formula, E is the estimation error of the uncertain term, E = d−
∧
d. V is the

derivation with respect to time:

.
V =

1
2

sT
.
Is + sT I(

..
q− ..

qr) + ET ∧−1 E (36)

It can be seen that
.
I − 2C is an antisymmetric matrix, sT

.
Is = 2sTC(

.
q− .

qr). Bringing it
into Formula (38), we get:

.
V = sT

[
JT
L Fad − I

..
qr − C

.
qr −mo − f o − d

]
+ ET ∧−1 E (37)

Substituting control law (33) into Equation (37), we obtain:

.
V = −sTKs + ET ∧−1

.
d (38)

Depending on whether d is time-varying, there are two possible cases:
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(1) If d is constant, then
.
d = 0. Therefore

.
V = −sTKs ≤ 0. The system is globally

asymptotically stable when t → ∞, s → 0, E → 0. The trajectory tracking error
converges exponentially to zero after adaptive sliding mode control (34).

(2) If d is time-varying, then ET ∧−1
.
d ≤ 0. Then, the system also satisfies Lyapunov

stability. When ET ∧−1
.
d > 0, the system can be stabilized by adjusting the control

gains K and ∧. As −sTKs ≤ 0, it decreases with the increase of K, and the larger ∧,
the smaller ET ∧−1

.
d, so when K and ∧ are large enough, the control gain in practical

application can be limited by the natural frequency of the mechanism and the output
torque of the motor. Therefore, to further improve the stability of the system, a
robust item r = −σ·sgn(s) is added to the control law (34), and the Formula (38) is
changed to:

.
V = −sTKs− sTσsgn(s) + ET ∧−1

.
d (39)

When the system deviates from the sliding surface due to error or external interference,
σ is a positive definite matrix, and−sTσ·sgn(s) < 0. When σ is selected properly, the robust
item r can make

.
V fixed. When the system is stable near the sliding surface, there is no

need to add the robustness term r to avoid the control input chattering. Therefore, σ can be
adjusted according to the size range of s, where v > 0 is the boundary value.{

σi > 0 |si| ≥ v
σi = 0 σi < v

i = 1, 2, 3, 4

The estimated value
∧
d of the uncertainties can be obtained by integrating the sliding

surface s, and the final adaptive sliding mode control law can be expressed as:

Wasm = J−T(ueq − Ks− σ·sgn(s)−∧
∫

sdt) (40)

The control block diagram of the adaptive sliding mode system is obtained by
Formula (31), as shown in Figure 6.
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5. Control System Simulation Experiment

To verify the effectiveness of the adaptive sliding mode control algorithm, the simula-
tion calculation is programmed in MATLAB-Simulink, and the fourth-order R-K method is
used to solve the dynamic response of the mechanism.
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5.1. Simulation Parameters

The physical parameters of the mechanism are shown in Table 1, and the error rate of
each parameter is set to 10%. Periodic time-varying loads are applied to the α, β, and z pose
directions: 12sin (2t) N·m, −16cos (1.5t) N·m, and −25sin (2t) N·m. The control parameters
are: ∧ = diag[6000, 7000, 12, 000], λ = diag{4}, K = diag{80}, ρ = diag[40, 40, 700],
v = 0.01, σ1 = σ1 = 1, and σ3 = 10.

The pose parameters of the platform are:
α(t) = 0.1 sin(πt /10)− (π /50) cos(πt /10)+π/50
β(t) = 0.1 cos(πt /10)− 0.1
z(t) = 0.29 + 0.5 cos(πt /10)

To test the convergence performance of the error, it is assumed that there is an initial
system error, and the initial state of pose is set as:

α(0) = π/26, β(0) = π/10, z(0) = 0.3m,
.
α(0) =

.
β(0) =

.
z(0) = 0.

The simulation running time is 20 s, and the step length is 0.001 s.

5.2. Analysis of Simulation Results

To evaluate the effect of the control method, an evaluation index is introduced here:

P =
1

Tm

∫ Tm
0 |e(t)|dt

Type: Represents run time; represents the average tracking error.
Figure 7 is a comparison of the tracking error curves of each degree of freedom of

the moving platform under the traditional sliding mode control (32) and the adaptive
sliding mode control (31). As shown in Figure 7, despite the existence of initial system error
and time-varying load disturbance, the tracking error of each degree of freedom can still
converge to the equilibrium state within 4 s, which verifies that both control methods can
satisfy asymptotic and bounded stability overall.

After reaching a steady-state, the average tracking errors when using the traditional
sliding mode control are 0.047◦, 0.065◦, and 0.551 mm, respectively. In contrast, when the
proposed adaptive sliding mode control is used, the corresponding error values are 0.012◦,
0.019◦, and 0.117 mm, which are reduced by 74.5%, 70.8%, and 78.8%, respectively, and
the tracking accuracy is improved. The reason for this is that the adaptive law (34) can
effectively estimate the model uncertainty and load disturbance to overcome its influence.

To further verify the reliability of the control method, a joint simulation of MAT-
LAB/ Simulink-ADAMS is established. According to the parameters in Table 1, the three-
dimensional model is imported into ADAMS, and the necessary fixed pair, moving pair,
and rotating pair are introduced into the model. The driving force/torque in MATLAB
is used as the input of ADAMS, whereas the motion parameters in ADAMS are used as
the input of MATLAB. The simulation time is set to 20 s, and the results are shown in
Figure 8. According to a comparative analysis of Figures 7 and 8, the numerical analysis
and simulation results are basically consistent.
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Theoretical calculations and simulation experiments had a certain guiding significance
for building the test prototype. The built condenser cleaning robot prototype is shown in
Figure 9.
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6. Conclusions

In this study, a hybrid robot for condenser cleaning is designed. According to the
mechanism topology calculations, the redundant parallel mechanism has three degrees
of freedom, including two rotations and one movement. The kinematics of the 4-RPU
mechanism is analysed, laying a foundation for dynamics modelling.

The dynamic model of the 4-RPU redundant parallel mechanism was constructed by
using the principle of virtual work. On this basis, the optimisation method of the two-norm
solution of the driving force was adopted, and MATLAB was used to solve the driving
force of the 4-RPU redundant parallel mechanism. The correctness of the theoretical model
was verified by comparison with ADAMS simulation results.

To overcome the uncertainty of the dynamic model of the mechanism, an adaptive
sliding mode control with uncertainty estimation capability was proposed. Compared
with the active sliding mode control (ASMC) method proposed by Li Long et al., which
involves the radial basis function neural network (RBFNN) compensator and Newton–
Euler estimator, this method can estimate and compensate parameter uncertainties and load
perturbations simultaneously, thus improving the robustness of the system. The simulation
results showed that the adaptive sliding mode control could effectively compensate for the
time-varying model uncertainty, is insensitive to the change of load disturbance, and has
good control performance, a fast response, and high convergence accuracy. Compared with
the traditional sliding mode control, the average tracking errors of the moving platform
pose are reduced by 74.5%, 70.8%, and 78.8%, respectively, thereby improving the accuracy
and efficiency of conventional cleaning robots. We succeeded in building a prototype for
the condenser cleaning robot.
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