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For ITER or the future DEMO remote maintenance system (WPRM), several types of special tailored automatic 

manipulators are needed for vacuum vessel (VV) component transportation, inspection, and removal from and 

replacement to the VV wall. Due to the extreme work conditions such as big size, big payload and high environment 

temperature, both the static and dynamic error sources should be considered when design a controller. In this paper, 

the accuracy improvement issues regarding the static and dynamic error sources are taken into account. The paper 

proposed a plane constraint calibration method for static error calibration, whilst the dynamic errors are calibrated 

using a linear inverse dynamic error model. Differential Evolution global optimization method is used to generate 

optimal excitation trajectories, and to identify the static and dynamic parameter errors. A 6-DOF (degrees of freedom) 

commercial industrial serial robot was employed to carry out the corresponding simulation and experimental studies. 

This paper mainly focus on the general case studies, the results found in this research would be extrapolated to support 

the ITER or the future DEMO remote handling systems.  
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1. Introduction 

The remote handling of big size and massive 

component in a challenging environment plays a crucial 

role in the construction of future fusion reactors. For the 

EU DEMO blanket remote handling systems (see Figure 

1), the required positioning tolerance is expected to be 

tens of millimeters. However, due to big size and massive 

weight of the manipulator and its lifting component, the 

unknown errors originated from geometric dimensions, 

dynamic motion, as well as joint and link deformations 

will become considerably large, in the worst case it would 

be up to several hundred millimeters. To satisfy the 

accuracy requirement, both geometric and dynamic errors 

should be calibrated and then compensated in controller.  

 

Fig. 1.  Remote handling of blanket. 

During the past several decades, a great deal of 

kinematic calibration methods have been proposed. 

Essentially, all kinematic calibration methods can be 

regarded as closed-loop methods if the endpoint 

measurement system is considered to form a joint [1].  

Practically, the endpoint can be constrained by a point 

fixture [2], a virtual line [3], or multiple planes [4, 5]. For 

plane constraint method, one approach is based on the use 

of plane equation and another is on calculating plane 

normal coordinates. Unlike the previous plane-constraint 

methods, this paper show that it is also possible to carry 

out kinematic calibration without calculating plane 

equation or normal coordinates. The proposed method is 

based on a common mathematical truth that four points 

are coplanar if and only if the volume of a tetrahedron 

defined by these four points is zero.   

Dynamic calibration involves experimental 

identification of dynamic parameters such as link masses, 

joint friction, and the moment inertial. In general, an 

inverse dynamic model has to be established, and then the 

dynamic parameters are grouped as base parameters 

according to the rules defined by Khalil et al [6]. In order 

to identify the base parameters, optimal excitation 

trajectories are indispensable. In the literature, periodic 

excitation trajectories based on Fourier series are the most 

commonly used ones [7]. In this paper, a symbolic linear 

dynamic identification model was built up. Fourier series 

excitation trajectories are generated by minimizing 

condition number of the observation matrix, and then 

SimMechanics was used to simulate the real robot to get 

joint torques for dynamic parameter identification 

purpose. A global optimization method, i.e. Differential 

Evolution (DE) algorithm [8], is utilized in three different 

objective functions in order to identify geometrical errors, 

dynamic errors, and generate Fourier series excitation 

trajectories respectively.  

2. Kinematic modeling and identification 

2.1 The principal of the proposed method  

The idea behand this method is to calculate the volume 

of a parallelepiped (Vp) defined by three vectors given 

four points: A(x1, y1, z1), B(x2, y2, z2), C(x3, y3, z3), D(x4, 

y4, z4), as shown in figure 2. The volume of the 

Blanket 

~10m 



 

tetrahedron (Vt) can be obtained by calculating the scalar 

triple product of the three vectors as seen in equation (1).  

 

Fig. 2.  Principal of the proposed method. 
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2.2 Kinematic identification model 

The forward kinematics of a serial manipulator can be 

obtained using the commonly used Denavit-Hartenberg 

conventions [6].  
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where 
E

BT  and '

B

BT  denote the nominal and the predicted 

position and orientation of the endpoint frame {E} with 

respect to the robot base frame {B}; 
i

i A1 denotes the 

homogeneous transformation matrix between two 

successive joints;  '

is  represents )sin( ii   , and
i

represents a small unknown parameter errors, the same 

rules are also applied to the other two geometric 

parameters '

id and '

ir .  

For this method, the only thing need to know is the 

joint sensor readings and the distance between the end-

effector and a smooth planar surface. By using these 

measured data, a predicted point on the planar surface can 

be calculated according to equations (2) and (4). 

Repeating this process for different robot configurations 

and on different plane locations, an identification cost 

function can be established as seen in equation (5). And a 

global optimization algorithm, Differential Evolution 

algorithm, was employed to identify the unknown 

parameters.   
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where ji

tV ,  is the predicted tetrahedron volume including 

unknown variables ,α d and r for the i-th plane and j-th.  

It should be noted that the plane can be fixed in any 

location of the robot workspace, and the robot can be 

calibrated without calibrating the transformation from 

plane coordinate system with respect to robot base 

coordinate system. This makes robot calibration very easy 

and convenient to implement on the site.  

3. Dynamic modeling and identification  

3.1 Dynamic identification model 

This paper employs inverse dynamic model and least 

squares estimation method to estimate dynamic 

parameters. The dynamic model can be derived using the 

Euler-Lagrange formulation [6] and written as: 

fq  QqCqqBqMτ
2)(     (6) 

where M is inertial matrix, B matrix containing the 

elements of Coriolis forces, C matrix containing the 

elements of centrifugal forces, Q=[Q1 … Qn]T is gravity 

forces vector, 

 Tnnn qqqqqqqq 
132121 qq   (7) 
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A linearly parametrized form of equation (6) is: 

ss qqq ),,( Yτ     (9) 

where sNn

s qqq


),,( Y is observation matrix, 1
 sN

s

is a vector of 13 standard parameters including six 

components of the inertia matrix (XXj, XYj, XZj, YYj, YZj, 

ZZj), three components of the first moments (MXj, MYj, 

MZj), the mass (Mj) of link j, the rotor and gears inertial 

moment (Iaj), and viscous and Coulomb friction 

coefficients (fvj, fvj). For a rigid robots with n joints, the 

number of standard parameters can also be further 

reduced by eliminating dependent parameters or 

regrouping with others, finally a dynamic equation with 

minimal identifiable parameters can be obtained as:  

bqqq ),,( Yτ            (10) 

where bNn
qqq


),,( Y is a subset of the independent 

columns of Ys and 1
 bN

b are the base parameters [9]. 

3.2 Trajectory parametrization and optimization  

To identify the base dynamic parameters, an excitation 

reference trajectory must be generated to persistently 

excite a given system. In this work, a periodic Fourier 

series trajectory was employed. The trajectory of each 

joint can be expressed as a sum of N harmonic sine and 

cosine functions [10]. The i-th joint position, velocity, and 

acceleration can be written as: 
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Assuming the positions, velocities, accelerations and 

motor torques are measured at a sampling frequency 
s

and the fundamental frequency of the trajectories is
f , 

then a number of 
fsM  / samples can be recorded, 

and an over-determined equations can be written as: 

bA b ,  (14) 

where: 
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The excitation trajectory can be optimized by 

minimizing the condition number of the observation 

matrix A. The global optimization algorithm DE can be 

used for this purpose. The trajectory is defined to have 

zero initial joint positions, velocities and accelerations. 

And the maximal joint positions, velocities and 

accelerations are denotes as 
maxq , 

maxq ,and 
maxq

respectively as seen in the following equations: 

)(min
,

Acond
ll ba
   (16) 
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After the joint positions, velocities, accelerations and 

torques are obtained, the base dynamic parameters can be 

obtained by minimizing a least squares objective function 

using DE global optimization algorithm. 

2

2
min bA b

b




. (18) 

where b represent the measured torques, and 
bA

represent the predicted torques with unknown variables. 

4. Simulation and experimental results  

To verify the effectiveness of the proposed kinematic 

and dynamic calibration methods, a six-DOF Mitsubishi 

RV-3SB manipulator was used. The modified DH 

parameters are listed in table 1. θ1 to θ6 are joint variables 

whose values are recorded according to joint sensor 

reading.  r7 is the measured distance from robot end-

effector to the tip point on the plane surface, which can be 

obtained by a high accuracy (at least µm level) range 

finder or dial indicator. The plane surface has to be put at 

more than four different locations within the workspace. 

The plane surface should be very smooth and the flatness 

should be up to several micrometers. Totally there are 17 

parameters can be identified. Most of parameters on the 

base frame and endpoint frame cannot be identified.  

Table 1.  The modified DH parameters [6]. 

Link αi di (mm) θi ri (mm) βi 

base 0 0 0 0 0 

1 0 0 θ1 r1=350 0 

2 -π/2+ δα2 d2+ δd2 θ2 0+ δr2 0 

3 0+ δα3 d2+ δd3 θ3 0 0+ δβ3 

4 -π/2+ δα4 d4+ δd4 θ4 r4+ δr4 0 

5  π/2+ δα5 0+ δd5 θ5 r4+ δr5 0 

6 -π/2+ δα6 0+ δd6 θ6 0+ δr6 0 

Tip 0+ δα7 0+ δd7 0 85+ r7 0 

Experimental tests are conducted by using a vision-

based calibration system to measure the distance r7 and to 

record the sensor readings of each joint. Figure 3 shows 

that the position error of the end-effector is about 1.6 mm 

before calibration, after calibration, the position error has 

been reduced to 0.3 mm.  

 

Fig. 3.  Experimental calibration results. 

To effectively identify the dynamic model parameters, 

the information of a certain combinations of positions, 

velocities and accelerations is indispensable. In this work, 

a Fourier series with five harmonic sine and cosine 

functions is selected to generate excitation trajectories of 

positions, velocities and accelerations. By using DE 

optimization algorithm to the equations (16) and (17), the 

coefficients of Fourier series can be found and then the 

optimal joint position trajectories can be obtained as seen 

in figure 4. 

 

Fig. 4.  Joint position excitation trajectories. 

After the trajectories of joint positions, velocities and 

accelerations have been obtained. The next step is to get 

joint torque values. In practice, the torque value can be 

acquired via torque sensors or current control. For 

simulation purpose, this paper utilize SimMechanics to 

simulate dynamic motions [11]. Figure 5 illustrates a 

SimMechanics block diagram of the first joint of the RV-

3SB robot. The joint input are the excitation trajectories 

of position, velocity and acceleration, and the output is 



 

joint torques. By selecting sampling frequency  
s  as 150 

Hz and fundamental frequency 
f as 0.1 Hz, a total 

number of 1500 samples per period can be obtained. 

Substituting these samples into equation (18) for 

optimization, then the base dynamic parameters can be 

identified. Figure 6 shows the Cartesian position of the 

end-effector during the Fourier series trajectory. And 

figure 7 shows the difference between the estimated 

torques using identified parameters and the measured 

torques using SimMechanics. It can be seen the trajectory 

matches very well with only a little deviations.   

 

Fig. 5.  SimMechanics block diagram for dynamics. 

 

Fig. 6.  The end-effector’s Cartesian position using 

Fourier series excitation trajectory approach. 

 

Fig. 7.  Estimated torques vs measured torques. 

5. Conclusions  

In this paper, a plane constraint kinematic calibration 

method has been investigated. The advantage of this 

method is that the plane surface can be put in any 

unknown locations of the manipulator workspace without 

base calibration in advance. The only thing need to know 

is to record each joint sensor readings and measure the 

distance between the robot end-effector and the plane 

endpoint. This feature makes on-site calibration easy and 

convenient to implement. This paper has also investigated 

a SimMechanics simulation based dynamic calibration 

method. For the remote handling of big size and massive 

weight component, SimMechanics together with 

Simulink package in Matlab environment provides an 

alternative way to verify the effectiveness of dynamic 

calibration method and its control strategy. The future 

work will focus on the experimental validation of the 

proposed dynamic calibration method.  
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