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Abstract: The hybrid kinematic mechanism (HKM) as an alternative remote handling subsystem of
the Demonstration Fusion Power Plant (DEMO) breeding blanket (BB) is undergoing extensive the-
oretical analysis and feasibility verification. In this paper, the forward and inverse kinematic models
of the HKM are derived by combining the Newtonian iterative method and the analytical method.
Cartesian space trajectory planning is designed based on the trajectories of the HKM lifting of in-
board and outboard BBs. The continuous smooth inverse kinematic solutions in the HKM joint space
are obtained based on the polynomial interpolation method. For the characteristics of the HKM pis-
ton thread driving, the end-effector position error caused by the degradation of the spherical joint
into a universal joint is analyzed and calculated. During the lifting of the left inboard BB, there is a
maximum absolute error AP = 3.1 mm, and as the error continues to expand to the bottom of the BB
it causes a risk of collision. Combining the overall effects of driving control, rigid—flexible coupling,
etc., on position accuracy, an open-loop variable parameter error compensation plan based on the
Levenberg-Marquardt (LM) nonlinear damping least-squares algorithm is proposed and validated
in this paper. The simulation results show that the maximum absolute error after compensation is
less than 1 mm as the mesh density increases, and the absolute position accuracy can be further im-

Citation: Qin, G.; Wu, H.; Li, C,;
Ji, A.; Budden, S. Performance
Analysis of Hybrid Kinematic
Mechanism for Fusion Reactor

Maintenance. Appl. Sci. 2023, 13,

proved by local mesh encryption. This study verifies the feasibility of the HKM as a BB remote
handling subsystem and provides an option for high-precision control of the HKM.
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Under the European Fusion Development Agreement (EFDA), the EU is conducting
a series of concept studies and development activities based on the Demonstration Fusion
Power Plant (DEMO) [1]. Remote maintenance of the breeding blanket (BB) is a technical
challenge that must be addressed before DEMO can operate commercially [2,3]. As shown
in Figure 1, the Tokamak is currently designed to be maintained through 16-18 vertical
ports from the top of the vacuum vessel, with each vertical port responsible for maintain-
ing the corresponding five BBs [4,5]. The main functions of the BB are the following: (1)
to achieve tritium multiplication and maintain the tritium needed for the fusion reactor;
(2) to convert the energy produced by the fusion reactor into usable heat, electricity, etc.;
(3) radiation shielding, to reduce the diffusion of reflective material and protect the mag-
net material. The gap between adjacent BBs in a vacuum vessel is only 20 mm, and with
the largest BBs reaching a height of 10 m and a mass of about 80 tons, it is challenging to
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install and remove them precisely. The expected gamma radiation dosage during vacuum
vessel maintenance is about 2000 Gy/h, which means that all operations must be remote,
and the radiation level limits the selection of the technical solution.

The current design lifetime of BB in the DEMO vacuum vessel is 5 years. To deter-
mine the optimal maintenance design, DEMO conducted a large and extensive architec-
tural research study, which concluded that Multi-Module Blanket Segments (MMS) and
Vertical Maintenance Schemes (VMS) are the preferred layouts for maintenance [6,7]. For
the design of the BB transporter, extensive brainstorming was conducted at an early stage,
mainly on the comparison of the series kinematic mechanism (SKM), the parallel kine-
matic mechanism (PKM), and the hybrid kinematic mechanism (HKM) [8,9]. Through the
preliminary evaluation of different structures and the feasibility analysis of the structures’
functions, an alternative BB maintenance scheme is proposed based on the HKM. As
shown in Figure 1b, the configuration of the HKM is developed based on the classic
Tricept parallel mechanism, which is a 3UPS-PU parallel mechanism with 3-DOFs. The
end of the HKM is a series mechanism rotating around three axes, mounted on a Tricept
parallel mechanism kinetic platform, which gives the HKM 6-DOFs the ability to meet the
end-effector position and orientation control requirements. The maintenance task of the
inboard and outboard BBs can be finished separately by the trajectory control of the HKM.
The special advantage of the HKM is that it has relatively high stiffness, high load capac-
ity, and high position accuracy [10], and at the same time has a relatively large working
space and simple design of the series robot [11,12]. The HKM can achieve relatively large
positioning and orientation capabilities; therefore, it is suitable for applications in con-
fined spaces within vacuum vessels.

Figure 1. DEMO concept design (a); the process of HKM lifting the BBs (b).

There are hundreds of existing PKMs, however, not many PKMs are used in the ac-
tual industrial production process. The main reason is that PKMs generally require a large
number of passive joints in their design, and these passive joints will greatly increase the
deformation and geometric errors of the whole machine under disturbance forces and
overload conditions [13,14]. Therefore, many researchers have been exploring various hy-
brid mechanism design options. The development of the HKM based on the Tricept plat-
form can achieve a large working space and positioning requirements, which have at-
tracted a lot of attention [15]. This interest led to the development of the HKM and a large
number of related papers. Li et al. [16,17] added 2-3-degree of freedom (DOF) wrists to
the Tricept kinetic platform to form a 5-6-DOF hybrid robot and proposed an elastic dy-
namic modeling and dimensional synthesis method. Based on helical theory and struc-
tural dynamics, the kinetic and elastic potential energies of the Tricept mechanism and
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the series wrist were calculated [18]. Dong et al. [19] built the stiffness model of a novel
five-DOF hybrid robot consisting of a Tricept parallel mechanism and a two-DOF wrist.
Zheng et al. [20,21] proposed a hybrid mechanism consisting of two 3UPU mechanisms
that can perform translational and yaw motions separately. Hu [22] investigated the com-
plete kinematics of a hybrid robot composed of two (3SPS-UP) parallel robots connected
in series. Hosseini et al. [23] optimized the workspace of the Tricept using a genetic algo-
rithm.

In recent years, there has been an increasing number of studies on the accuracy anal-
ysis of parallel mechanisms considering geometric errors, joint errors, etc. [24]. Since the
light link structure has unavoidable elastic deformation under large loads, which further
causes large position errors, the position accuracy should be studied [25]. Ding et al.
[26,27] simultaneously considered linkage elasticity, spherical joint, and universal joint
clearance to evaluate the accuracy of Tricept under load, and the small changes in the link
length caused by the clearance and deformation were simulated by a hyperbolic function.
Yang et al. [28] proposed a nonlinear kinematic model for the flexible axis parallel mech-
anism. Wang et al. [29] identified geometric parameters according to the product of the
exponentials (POE) formula and compensated for residual errors caused by non-geomet-
ric parameters using a multilayer perceptron neural network (MLPNN). Zhao et al. [30,31]
proposed a modeling method for flexible parallel robots considering nonlinear friction
characteristics, and used the least-squares method to complete parameter identification.
Jiao et al. [32,33] proposed a sampling point selection method based on a spatial grid for
static identification of kinematic parameters and joint stiffness. Liu et al. [34] established
an error prediction model for the Tricept robot using a positional error decomposition
strategy and a BP neural network (BPNN) to achieve high-precision real-time compensa-
tion. Wu et al. [35] proposed an iterative learning approach to compensate for the external
uncertain dynamic loads of a 5-DOF hybrid-connected robot.

In this paper, based on the new HKM mechanism in a BB remote maintenance sys-
tem, forward and inverse kinematic modeling is built. The trajectory planning of the HKM
in Cartesian space and joint space is designed according to the remote maintenance pro-
cess of the BBs. Due to the high self-weight of BBs and the fact that grease lubrication is
not allowed in the vacuum vessel environment, the Tricept spherical joint in the HKM
will degrade into a universal joint, causing position errors. Next, we focus on analyzing
the possible errors after the degradation of the HKM and assessing the feasibility of engi-
neering applications. To overcome the possible transmission error, control error, and
rigid-flexible coupling deformation error, etc., an open-loop variable parameter error
compensation algorithm is proposed to meet the actual needs of engineering.

This paper is organized as follows. Section 2 analyzes the forward and inverse kine-
matic properties of the HKM. Section 3 provides trajectory planning for the process of the
HKM lifting BBs. Section 4 analyzes the effect of degradation of the Tricept spherical joint
on the position accuracy of the HKM. Section 5 proposes an open-loop variable parameter
error compensation method. Finally, Section 6 concludes this paper.

2. HKM Kinematic Analysis

The simplified geometry of the HKM studied in this paper is shown in Figure 2,
which contains a parallel mechanism and a series mechanism. The parallel mechanism
consists of the classic Tricept (3UPS-PU) mechanism, which contains a kinetic platform,
three supporting pistons, a follower prismatic chain, and a static platform. Considering
the constraints of the DEMO vacuum vessel, the three support pistons are arranged in an
equilateral triangle configuration, and the structural design parameters are shown in Ta-
ble 1. Since the vacuum vessel does not allow any oil contamination, a motor-threaded
drive system is used to achieve motion control of each support piston of the parallel mech-
anism. By controlling the stroke of the three support pistons, the kinetic platform
B,, B,, B3 can be rotated along the x; and y; axes at the point P of the static platform. At
the same time, they can be moved along the z, axis on the point 0 of the kinetic platform.
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Since the 3UPS-PU parallel mechanism has only three degrees of freedom, it cannot meet
the requirement of the end-effector for any orientation adjustment in any position. There-
fore, a series mechanism with three axes of rotation is fixed to the parallel mechanism
kinetic platform to form the whole HKM, which can meet the requirement of orientation
adjustment in any position.

X Universal joint @ Spherical joint mm® Prismatic joint

Figure 2. HKM structural features (left); HKM parallel mechanism coordinate system (middle);
HKM series mechanism coordinate system (right).

Table 1. The structure design parameters of the HKM.

No. Variable Value
1 lpai 1000 mm
2 luip1 2510.68 mm
3 Lusg2 3032.78 mm
4 lusps 2814.66 mm
5 logi 475 mm
6 loL 1800.00 mm
7 Ly 1250.00 mm
8 lun 1025.00 mm
9 O, 5.5°
10 O 8.56°
11 O 15.72°

2.1. HKM Forward Kinematics

The HKM parallel mechanism forward kinematics is solved by using both numerical
and analytical methods. The analytical method mainly uses the elimination method to
remove the unknown factors from the constraint equations of the mechanism and obtain
a higher-order equation containing only the input and output parameters. This method
can obtain all solutions of the mechanism, but the disadvantage is that the elimination
process is very complicated, requires high computational accuracy, and is not universally
applicable. Therefore, this paper uses the numerical method to solve the forward kine-
matics of the parallel mechanism. As shown in Figure 2, the nonlinear constraint equations
for the parallel mechanism link length [; are as follows:

fi(a,B,2) = 12 — (PO + OB, — PA,)"(PO + OB, — PA,)
f2(a,B,2) = 13 — (PO + OB, — PA;)"(PO + OB, — P4,), (1)
fs(a,B,2) = 12 — (PO + OB; — PA;)" (PO + OB; — P4;)
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where a, 8 are the rotation angles of the kinetic platform around the x; axis and y; axis of
point P, respectively, and z is the displacement of the follower prismatic chain.
The coordinates of the point O are the following:

0 = Rot(y,B)Rot(x,a)Trans(0,0,z), (2)

where Rot is the rotation matrix and Trans is the translation matrix. Taking X =
[a B z]", the following result is obtained after simplification.

f,(X) = 1> — (PO + OB, — PA)T (PO + OB, — PA,)). 3)

Let the theoretical solution of this system of equations be X* = [a* f* z']”, then
X' =X +v, Xp=[ax Br 2" isthe initial value of this nonlinear system of equations,
andy =[V1 Y2 V3]Tis the error vector.

Expanding the Equation (3) at X} according to the Taylor series expansion, neglect-
ing the higher-order partial derivatives and letting f; (X} + ¥) converge to zero, we obtain

ofi ofi ofi
fiXi +7) = fXi) + 5 v+ 5512+ 57 4)
When f; (X, +y) = f(X*) = 0, a linear system of equations is obtained.
9fi
|52 ] = ~[r xo1. 5)
Its expanded form is
[% s %]
da Of 0z
o on o] |1 ]
aa ap oz ||'?|T 2| (6)
on an an|sl s
da dp oz

The forward kinematics of this parallel mechanism can be solved by using the New-
ton—-Raphson iterative method [36]. The constraint equations for the kinetic platform
[a, B, z] with respect to the static platform and the rod length [; can be obtained as

fila,B,z,1,) =0
fZ(a'ﬁlZ! l2) = 0 (7)
fé(atﬁtzrh) =0

Solving the forward kinematics of the parallel mechanism is the process of finding
the kinetic platform position [a, 8, z] by giving the rod length [;. Thus, when [; is taken as
a known quantity, the system of equations can be abbreviated as

f(x) =0, (8)
where x = [a, 8, z]".
f) = [f1(0), (), ()] 9)

The iterative format for solving the nonlinear system of equations by Newton’s
method is as follows:

Xpyr = X + U] f(xp), k= 0,1,2 -, (10)
0f1(x) 0fi(x) 9f1(x)
Ja ap 0z

_ |90 0f2(x) 0f(%)

J(x) = da B dz
0fs(x) 09f3z(x) 9f3(x)

da ap 0z

(11)

When the static platform of the parallel mechanism is locked in the position of the
vertical ports of the vacuum vessel, the whole HKM can be equated to a 6-DOF series
robot based on the forward kinematic solution [a,,z]. In order to represent the
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relationship between the motion of each joint, linkage and the end-effector, we use the
Denavit-Hartenberg (DH) parameter method to establish the HKM forward kinematic
model. The equivalent HKM kinematics equation established by DH parameters is as fol-
lows:

Ny 0, Qx DPx

a, p

=" % "V = TIBTIH@)TE(2)T3(S) -+ TE(S6), (12)
le OZ aZ pZ
0 0 0 1

where [n, 0, a] represents the end orientation of the HKM, [p,, p,, p,] represents the end
position, and Ti ! represents the coordinate transformation of adjacent joints. Based on
the coordinate system in Figure 2, the DH parameters for the HKM equivalent to a series
robot are shown in Table 2.

Table 2. HKM modified DH parameters.

Rod.i Variable Rotation Angle ( °) Distance (mm)
1 a (14.83, 0, 0) (0,0,0)
2 B (0,10.04, 0) (0,0, 0)
3 z (0,0,0) (0, 0, 2740)
4 04 (0,0, 5.5) (0,0,0)
5 35 (0, 8.56, 0) (0, 0, -1800)
6 06 (15.72, 0, 0) (0, 0, -1250)

2.2. HKM Inverse Kinematics

The inverse kinematics of the whole HKM are derived using following steps: First,
the HKM geometry model is simplified. The HKM is a hybrid structure combining a par-
allel mechanism and a series mechanism. If both parallel and series mechanisms are con-
sidered in the inverse kinematic derivation, they will both determine the position and ori-
entation of the end-effector. The position solution contains 3 independent equations, the
orientation solution contains 9 non-independent equations, and 12 equations are solved
for six unknowns, leading to a very complex solution process. To solve this problem, we
simplify the parallel mechanism of HKM into a series mechanism, and equate the driving
functions of the three pistons as the rotation around the x and y axes of the point
P(x1,¥1,2;) and the translational motion around the z axis of the point 0(x;, y,, z;). The
equivalent model is shown in Figure 3. The parallel mechanism is equated to a series
mechanism, and its degrees of freedom are decomposed to a rotational motion around
point P y; axis and x, axis, respectively, which constitute the universal joint. The pris-
matic motion of the kinetic platform is equated to the translational motion around the z;
axis of point B. After simplification, the whole HKM can be regarded as a 6-DOF series
robot.

Second, analytical and numerical methods were combined to calculate the HKM in-
verse kinematics. By analyzing the simplified HKM in Figure 3, we find that joints 1-4
share the same axis, so we can simplify the solution by reducing the number of unknowns
in the system of equations by solving in the reverse direction from point N to point P. We
assume that the position and orientation of the HKM endpoint N is:

ny 0, Qx DPx

n (0] ay py
D,=|"Y " , 13
N 7’I’Z OZ aZ pZ ( )
0O 0 0 1

where (n;, 0;, a;) denotes the end orientation and (py, p,, p,) denotes the end position. The
reverse direction kinematic equation of the HKM is established by the DH method:

Pp =Dy * D74 * Dgs * Py, (14)
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[1 0 0 0] [cdg O s6g O]
01 0 0 0o 1 0 0
Dr6=10 0 1 1yy|*|-s6, 0 co, of (15)
0o oo 1/ 1lo o o 1l
[1 0 0 o] [1 O 0 0]
0 1 0 0 0 C65 _565 0
Des=1o 0 1 wuu|*|o ss. o5 of (16)
o oo 1l1lo o o 1l
0
0
Py = ) 17
51 l0L+Z ( )

where ¢ denotes cos and s denotes sin. This convention will be adopted in future studies
as well. Therefore, we simplify the HKM non-independent inverse kinematic equation
system to an independent equation system containing only three unknowns @(§s, 6, z),
as follows:

(pl = px + aleN + lLM(axC66 + nx566) - (lOL + Z)(0x565 - C65(axC66 + nx566))
b, =py+aylyy + lLM(ayc56 + ny566) — (o, + z)(OyS(S5 — ¢85 (aycde + ny566)). (18)
d)3 = pz + aylMN + lLM(aZC66 + TLZS(56) - (ZOL + Z)(OZS65 - C65(aZC66 + nZS66))

Figure 3. HKM simplified as a series mechanism.

The numerical and analytical methods can be used to solve the nonlinear equation
system with three unknowns. Since we do not need the full analysis solution of the whole
mechanism, we used the numerical method to solve the inverse kinematic solution of a
simplified HKM. The numerical solution of Equation (18) was solved using the Newton-
Raphson iterative method. The iterative format for solving the nonlinear system of equa-
tions by Newton’'s method is shown as follows:

Xg+1 = X+ U(xk)]_lf(xk)'k =012 (19)
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0ix) 0A() 9f1(%)
955 98¢ 0z
_|9® 0f® 0f2(x)
[](x)] - 9685 98¢ az | (20)
Ifs(x) 9fz(x) 9fs(%)
655 656 0z

By iterative calculation of Equation (19), we can obtain the partial solution of the
HKM inverse kinematics [8s, 8¢, z]. The rest of the solutions [a, 8, §,] we calculated by the
analytical method. Any point U = [xy, 0,0,1]” on the x, axis can be chosen within the co-
ordinate system of point 0 in Figure 3. The kinematic equations of the point U are estab-
lished from the points P and N, respectively, based on the DH method. From the equality
of the coordinates of the point U in the forward (from point P) and reverse (from point N)
kinematic equations, we can obtain:

U, = D13(B)D23(a)D34(2)D54(54) U
xy(cBcd, + sasBsb,) + zcasp

_ xycasd, — (z —ly.)sa ’ (21)
—xy(sBcd, — sacfsé,) + zcacP
1
U, = DyD76(66)Des5(85)U. (22)

The parameters [Js, 84, z] in the coordinate equation of the point U are known. By let-
ting x; = 0, the coordinates of the HKM forward kinematics U, and inverse kinematics
U, at the point U are equal, and we can obtain

Un(2,
a = —arcs (—Z"_(lzo?), (23)
Un(1,1)
p = arcs (W) (24)
Letting x;; # 0, we can obtain
8, = arcs (—U"(Z'l?ﬁ;lm)sa). (25)

Third, we calculated the HKM parallel mechanism inverse kinematic solution.
Through the above calculations, we obtain the inverse kinematic solution [a, 8, z, 8,, 85, 5¢]
of the HKM equivalent to the series mechanism. The inverse kinematic solution of the
HKM parallel mechanism is the process of solving for the stroke (I, [, l3) of each drive
piston, by giving the position vector (e, 8, z) of the end-effector. From Figure 3, we can
obtain the position of point O under the coordinate system of point P as

0 = TI(A)T2()T3(2). (26)

The stroke vector L; and stroke length [; of the piston in this parallel mechanism are

L =VL L = fi(B,a,2),i = 1,23. (28)

3. HKM Trajectory Planning
3.1. Cartesian Space Trajectory Planning

As shown in Figures 4 and 5, to simplify the calculation, the trajectory of the HKM
lifting BBs is represented by straight lines. There are five BBs, containing three outboard
BBs and two inboard BBs. Here, the left outboard BB (marked in blue in Figure 4 left) and
left inboard BB (marked in blue in Figure 5 left) are taken as examples to illustrate the
whole process. Firstly, the center point between the three lifting twist locks of the HKM
end-effector was set as the coordinate origin. Secondly the key dimensions and relative
coordinate positions on the model were measured and calculated. Finally, the installation
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and disassembly of the BBs can be accomplished by successive inverse solutions of the
HKM. See the online Supplementary Materials for a Video S1 of HKM lifting BBs.

The motion trajectory is shown in Figures 4 and 5 (right): the red trajectory shows the
forward process of the HKM to engage and connect to the BBs, and the blue trajectory
shows the return process of the HKM to remove the BBs.

o~ e Forward

== Return

“Cay,
0
0 500
500 1500 1000 “\'((\
Y gy 1000 <!

< === Forward

e Return

\/_200
0

0

-1000 200 < \'&&

X /mpyy 2000

Figure 5. Left inboard BB position (left); lifting left inboard BB trajectory (right).

3.2. Joint Space Trajectory Planning

With the designed Cartesian space trajectory planning, the discrete inverse kinematic
solutions for each driving joint can be obtained. Here, the polynomial interpolation
method for interpolation and fitting of discrete data are used. To simplify the computation
and avoid excessive acceleration during velocity change, the cubic polynomial interpola-
tion method was used to fit the discrete joint space inverse kinematic solutions.

The cubic polynomial interpolation method, as a commonly used interpolation
method, has a continuous position and velocity curves and a variable acceleration, but the
acceleration is not necessarily continuous. Consider the case of an interpolation between
two data points, whose mathematical expression is the following:

q(t) = ag+ a,(t —ag) + ay(t —ag)? + az(t —ag)3,to <t <ty (29)

where ay, a4, a,, a; are the coefficients to be determined.

Consider the case where two data points are given for interpolation if the position
and velocity information (qq, g4, Vo, v1) at the initial moment ¢, and the final moment t;
are given, and let h = q; — qo, T = t; — t,. Then, these parameters can be calculated using
the following equations:
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Ao = 4o
al = vo
3h—(2vg+v1)T
a, = % (30)
_ —2h+(o+v)T

Angle / rad

For the case of interpolation given a series of n data points, the entire interpolation
curve can be computed sequentially by using the above equation for both adjacent data
points. Then, the continuous inverse kinematic solution of each driving joint of the HKM
can be obtained as shown in Figures 6 and 7.

0.6 T T T T 1200 T : : . .
1000} AR
04r | 2 IO
L é 800+ / S B
ool /T RTITTITT T .

0.0 < eed &
= ]
a |
_02 r ‘ o B =§m=r S ===5 ‘ 4
0 20 40 60 80 100 120 120

Time /s (a) Time /s (b)

Angle / rad
I

Figure 6. Lifting left outboard BB joint inverse kinematic solution (a); displacement inverse kine-
matic solution (b).
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Figure 7. Lifting left inboard BB joint inverse kinematic solution (a); displacement inverse kinematic
solution (b).

4. HKM Error Analysis

Since oil is not allowed in the high-temperature clean environment of the vacuum
vessel, hydraulic drive and grease lubrication cannot be used. Therefore, each cylinder in
the HKM parallel mechanism is driven by electrical power instead of a hydraulic system,
as shown in Figure 8. The lubrication between each joint adopts dry friction lubrication.
However, the weight of the BB is over 80 tons, thus, during the transportation of the BB,
dry friction lubrication will cause a high torque on the spherical joint at one end of the
piston, and it will be transferred to the cylinder in reverse. If the rotation between the
piston rod and the cylinder is limited, the piston rod may suffer fatigue damage, so it must
be allowed to rotate. From the abovementioned limitations, the HKM parallel mechanism
spherical joints should be changed to universal joints during the BB lifting remote mainte-
nance, where the rotation requirements of piston will be satisfied by the rotation between
the piston and the cylinder, as shown in Figure 8 (right). The piston is driven by a ball
screw, which will produce position error when the piston rotates relative to the cylinder.
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Figure 8. HKM prototype (left); piston thread drive mechanism (right).

In order to calculate the HKM end-effector position error caused by the piston rota-
tion, an HKM simulation model was built in Adams software. Based on the inverse kine-
matic solution of the HKM lifting left inboard and outboard BBs obtained in Section 3, the
piston rotation angle can be calculated by simulation in Adams, as shown in Figure 9. The
results show that the piston rotates during the lifting of both the inboard and outboard
BBs. During the lifting of the left outboard BB, piston 3 produces the maximum rotation
angle Af; = 0.13 rad at the time of 40 s. During lifting of the left inboard BB, piston 3 pro-
duces the maximum rotation angle Af; = 0.19 rad at the time of 55 s. With the HKM of
each piston’s thread at a pitch of p = 15 mm, combined with the angular error A8, the
stroke error of each piston can be obtained:

26;
21

Al = 3D

By adding the obtained Al; for each piston stroke error to the HKM inverse kinematic
solution, the simulated position error of the HKM end-effector is obtained and is shown
in Figure 10. The end-effector position error distribution is similar to the piston rotation
angle error distribution. During the lifting of the left outboard BB, the end-effector pro-
duces a maximum absolute error AP = 1.5 mm at the moment of 40 s, and during the lift-
ing of the left inboard BB, the end-effector produces a maximum absolute error AP =
3.1 mm at the moment of 55 s. Since the BB height is more than 10 m and the gap between
adjacent BBs is only 20 mm, the large position error of the HKM on the x and y axes may
hit the adjacent BBs to affect the stable motion of the HKM. In addition, the end position
error is also influenced by the overall control error, rigid-flexible coupling deformation
error, machining error, assembly error, creep error caused by wear, etc., which further
causes the risk of collision. Therefore, it is necessary to compensate the end position error
of the HKM to improve the operation accuracy.
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Figure 9. Rotation angle of HKM spherical joint around the link during the left outboard (a) and
inboard (b) BB lifting.
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Figure 10. HKM end position error during the left outboard (a) and inboard (b) BB lifting.

5. Error Compensation
5.1. Variable Parameter Error Compensation

The HKM has a large working space, large load capacity and high position accuracy
requirements. To avoid excessive stress on the HKM, the center of gravity of the load is
always located directly below the HKM end twist locks during operation. Therefore, the
requirements for the HKM dexterity are not high and the focus is on positional accuracy.
In order to compensate for the global errors (including piston rotation error, control error,
rigid—flexible coupling error, etc.) and to meet the requirements for fast adjustment of end
position accuracy of the HKM, an open-loop variable parameter error compensation
method is proposed, as shown in Figure 11. From the analysis of the HKM end position
error in Section 4, the HKM end position error AP is obtained unevenly distributed in
space. Therefore, it is not possible to compensate the error for the whole operating process
by using a single parameter. Hence, the HKM workspace is meshed according to the error
AP distribution. Under certain position accuracy requirements, each grid can adopt a set
of parameters at the center point of the grid for error compensation. Different grids are
solved separately for the compensation parameters to achieve variable parameter error
compensation for the HKM workspace.

Figure 11. HKM workspace variable density meshing (left); a set of parameters is used to compen-
sate for one grid region (right).

The flowchart of parameter error calculation within each grid is shown in Figure 12.
First, we obtained the position error data of the HKM end-effector, and in order to sim-
plify the calculation we take the end-effector position error caused by piston rotation as
an example for variable parameter error compensation. Second, error modeling and pre-
liminary meshing were performed. Since all kinds of errors such as piston rotation error,
control error, and deformation error have certain influence on the end position accuracy
of the HKM, and all of them are coupled with HKM kinematic parameters. Therefore, the
errors of each parameter of the HKM can be expressed as a function of joint angle and
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piston stroke without considering the influence of random errors. The actual position P,
of the HKM end-effector can be expressed as

P, = F(a+Aa,B+AB, -+, 85+ ASy), (32)

AP =P, - P,

=F(a+Aa,B+AB,-+, 86 +A8g) — F(a,B,+,86) (33)

where P, is the theory position of the HKM end-effector, AP is the position error, and the
above equation can be linearized by discarding the higher order terms:

P opP apP
AP = CAa + 22 Af + -+ S A, (34)

By bringing in multiple sampling points for parameter identification of the paramet-
ric errors [Aa, AB, -+, Adg], the need for position error compensation within a single grid

can be achieved.

| Obtain HKM end error AP |
v

_|Error modeling and initial
workspace gridding

LM method error
parameter identification
[Aa AB Az Ads ]

&

Localized increase
in grid density (i)

and retest (i)

Max [AP;]<g;

Update grid
position (i=i+1)

Standard deviation [AP;]<g,
Mean [AP/]<e;

Obtain HKM parameter error

@ NO

Complete HKM entire workspace
error compensation

End

Figure 12. Flowchart of parameter error calculation within each grid.

Third, we performed the Levenberg-Marquardt method of parameter error identifi-
cation [37]. For a single grid, a single parameter set can be used to compensate under the
premise of satisfying a certain position accuracy. Parameter error calculation is a nonlin-
ear parameter identification process.

Ax = J71AP, (35)

where Ax is the parametric error matrix and J is the error Jacobian matrix. To solve for the
parametric error Ax, we bring in the Levenberg-Marquardt (LM) nonlinear damped least-
squares method for the identification of the parametric error. The LM algorithm is opti-
mized with respect to the Gaussian-Newton method in terms of iteration steps, and the
damping factor 4 is introduced to avoid problems such as the singularity caused by the
generalized inverse matrix. The iterative equation based on the LM algorithm is

K+ = k()T (xK) + u) ™ (x)TAP(x)). (36)
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By iterative calculation, a set of compensation parameters [Aa, AB, -+, A§¢] can be ob-
tained, which are brought into the inverse kinematic solution of the HKM trajectory plan-
ning to complete the position error compensation.

Fourth, we judged the compensation effect. The maximum value, mean value, and
standard deviation of the compensated residual error AP; were calculated to judge
whether the accuracy requirement is satisfied. If the accuracy requirement is not satisfied,
the grid density was locally increased to identify the parameters again, and if the require-
ment is satisfied, it will continue to calculate the compensation parameters for the next
grid. At the end of the cycle, the parameter error compensation values [Aa, AB, -+, Adg] of
the whole workspace can be obtained.

5.2. Analysis of Results

To verify the effect of variable parameter error compensation, we meshed the HKM
working trajectory along with the time and performed parameter error identification and
parameter error compensation, respectively. The compensation results are shown in Fig-
ures 13 and 14. The specified estimate errors are shown in Table 3.
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Figure 13. Lifting left outboard (a) and inboard (b) BB process end position error analysis.
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Figure 14. Lifting left outboard (a) and inboard (b) BB variable grid density results analysis.

Table 3. Estimate error of the HKM.

Grid Density Maximum Error Mean Error Standard Deviation
3 grids 1.46 mm 0.78 mm 0.26 mm
6 grids 0.61 mm 0.13 mm 0.14 mm
12 grids 0.32 mm 0.06 mm 0.08 mm

Figure 13a,b show the residual position error of the end-effector during the HKM
lifting the outboard and inboard BBs, respectively. After analyzing the results, we can
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obtain that the end position error is significantly reduced after compensation, but there
are still large position errors at the moments of 20 s, 40 s, and 100 s. The main reason is
that the grid density of these positions is small. When the HKM end-effector position error
varies a large amount on a certain time series, using a set of parameters for error compen-
sation will lead to poor compensation at the start and end moments. The use of local grid
encryption can reduce the amount of position error variation within a single grid, which
can effectively improve the compensation effect. Figure 14a,b and Table 3 show the com-
pensation effect of the process of the HKM lifting the left outboard and inboard BBs with
three grid densities. The results show that the maximum error, mean error, and standard
deviation decrease significantly when the grid density increases. The higher the grid den-
sity, the higher the accuracy of the HKM end position, but with it, the computational
amount also becomes larger. Reasonably limiting the accuracy index of the HKM end-
effector and using a local grid encryption method will maximally solve the problems of
accuracy and computational amount.

6. Conclusions

This paper first introduces an HKM for BB maintenance in a DEMO vacuum vessel,
and then establishes the forward and inverse kinematic models of the HKM using a com-
bination of analytical method and numerical iteration. By simulating the inboard and out-
board BB remote maintenance process, the trajectory planning and simulation analysis of
the HKM are carried out in Cartesian space and joint space, respectively, which validates
the feasibility of the structure design. However, the high self-weight of 80 tons, the high
working environment temperature, and the radiation environment in the vacuum vessel
limited the selections of drive and lubrication systems for the HKM. The thread driving
cylinder and dry friction lubrication degrade the spherical joint at one end of the piston
into a universal joint, which causes position errors in the HKM end-effector. Through sim-
ulation, we calculated the error distribution caused by changing the spherical joint into a
universal joint. During the lifting of the left outboard BB, the end-effector produces a max-
imum absolute error AP = 1.5 mm, and during the lifting of the left inboard BB, the end-
effector produces a maximum absolute error AP = 3.1 mm. Combined with the overall ef-
fects of HKM rigid—flexible coupling deformation, assembly, machining, and other factors
on the accuracy, the end position error will be further expanded. To compensate for the
global errors, we propose a variable parameter error compensation plan based on the LM
nonlinear damped least-squares algorithm. Error compensation can be realized through
the HKM workspace gridding and offline parameter error identification. The simulation
results show that the maximum error, mean error, and standard deviation at the end of
the HKM are significantly reduced, which verifies the effectiveness of the compensation
algorithm. The HKM has high stiffness, high load, and high precision compared to SKM,
and a large working space compared to the PKM. It can achieve relatively large position-
ing and orientation capabilities and is suitable for applications in confined spaces within
vacuum vessels.

In the future, we will further analyze the HKM end position accuracy by combining
the dynamics and rigid—flexible coupling characteristics of the HKM. Then, various error
factors will be incorporated into the HKM controller design to achieve HKM closed-loop
control and online compensation of end position errors.

Supplementary Materials: The following supporting information can be downloaded at:
https://www.youtube.com/shorts/yzYeCUeoBLM, Video S1: HKM lifting BBs.mp4.
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