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High-Precision Contour Control by Gaussian Neural Network
Controller for Industrial Articulated Robot Arm with

Uncertainties

Tao Zhang and Masatoshi Nakamura

Abstract: Uncertainties are the main reasons of deterioration of contour control of industrial articulated robot arm. In this paper, a
high-precision contour control method was proposed to overcome some main uncertainties, such as torque saturation, system delay
dynamics, interference between robot links, friction, and so on. Firstly, each considered factor of uncertainties was introduced briefly.
Then proper realizable objective trajectory generation was presented to avoid torque saturation from objective trajectory. According
to the model of industrial articulated robot arm, construction of Gaussian neural network controller with considering system delay
dynamic, interference between robot links and friction was explained in detail. Finally, through the experiment and simulation, the
effectiveness of proposed method was verified. Furthermore, based on the results, it was shown that the Gaussian neural network
controller can be also adapted for the various kinds of frictions and high-speed motion of industrial articulated robot arm.
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L. Introduction
The contour control is one of the important working patterns

for industrial articulated robot arms (IARAs) which have been
widely used in industry, such as grinding, cutting, welding, seal-
ing and so on. However, there exist many uncertainties which
affect the precision of contour control, especially in the high-
speed motion. A main objective of this research is to realize
the high-precision contour control by reducing the influence of
some uncertainties, such as torque saturation, system delay dy-
namics, interference between robot links, friction, and so on.

The so-called contour control refers to the movement con-
trol of end-effectors which can trace the objective trajectory,
along the entirety of operation. The development of contour
control is exactly the course of improving the precision and ef-
ficiency. Originally, objective trajectories were directly used for
the input data without any modification only at low speed oper-
ation. With the increasing of speed, the accuracy of the contour
control performance becomes low which causes the actual tra-
jectories much distortion as well as low-quality products. In
order to solve this problem, many researchers have ever paid
more attentions on the proper trajectory generation and made
effort to compensate the system delay dynamics[1][2}[3]. De-
spite the fact that there are plenty of trajectory generation al-
gorithms and inverse dynamic control method, these proposed
methods are significantly complex, and needing a comprehen-
sive set of link parameters, where some of them are not available
in IARAs. Besides, from the experience of view, there also ex-
ist many other kinds of uncertainties. For example, interference
between robot links and friction can not be neglected when the
precision criterion is bigger than a certain threshold or the speed
is required to be much higher.
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Currently, the called decoupling contour control was pro-
posed in some papers[4][5][6]. The concerned coupling in the
decoupling contour control can be called herein as interfer-
ence between robot links. But in all these methods they are
required to identify the model of TARA with interference pre-
cisely. Based on such mathematical models, the interference
will be compensated by the control signals. Unfortunately, it is
hard to obtain so accurate model for the actual operation. There
surely exist errors between the model and the actual features of
1ARA with interterence.

Additionally, the influence of friction can not be neglected in
view of high precision and high-speed motion of [ARA as well.
However, modeling of friction is more difficult than that of in-
terference because of not only its nonlinear features but also
complex relationship with other factors. At present, many pub-
lished papers are focus on the friction compensation{7]-[10].
One of effective method is to use observer and real-time feed-
back control[11]-[13]. But these methods need to attach hard-
ware into the system, such as friction sensors, and there exist
velocity limitation for the real-time feedback control. In indus-
try, the technique of servo system has been developed for the
real-time control. Generally, the servo system adopted various
kinds of feedback control, such as PID control. The friction has
been partly compensated in the ordinary conditions. However,
with the increase of speed and high demand on the precision,
especially for the contour control, the friction compensation by
servo system can not be satisfied. With the current level of servo
technique, the friction compensation can not be improved fur-
ther. Therefore, we want to find out other ways to realize the
friction compensation for the industrial robot arm with servo
system.

At present, integration of artificial neural networks (ANNs)
with conventional control design methodologies in the field of
robotics has become a notable trend because ANNs have many
attractive features, such as ability of learning, approximation of
function, robustness, adaptiveness and so on, which are capable
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of solving the problems with uncertain factors{14][15]. There-
fore, in this research a new contour control method with ANN
was proposed to solve the problems of torque saturation, system
delay dynamics, interference between robot links, friction and
so on in order to make up for all above mentioned shortcom-
ings and improve the practicability in industry. Besides, since
we have concentrate on this topic for a long time, in our previ-
ous research, system delay dynamics and interference between
robot links have been considered by ANN with the ignorance
of other uncertainties[16], in current research, we attempt to
use ANN controller to overcome various kinds of uncertainties
simultaneously and the technique of avoiding torque saturation
and compensating friction will be explained and discussed more
in detail.

In this research a new contour control method with ANN was
proposed to solve the problems of torque saturation, system de-
lay dynamics, interference between robot links, friction and so
on in the contour control in order to make up for all above men-
tioned shortcomings and improve the practicability in industry.
Based on this method, various kinds of uncertainties can be
overcome simultaneously and high-precision contour control of
IARA can be realized in the high-speed motion. Through learn-
ing from actual data by ANNS, errors between the model and
the actual features of IARA about uncertainties can be reduced,
which has been verified by the experiment and simulation re-
sults shown in this paper. In addition, the process of the pro-
posed method is not required to change the hardware of IARA
because of using off-line feedforward control. The organization
of this paper is as below. In section II, the problems of uncer-
tainties were briefly introduced. In section III, the accurate con-
tour control by proper realizable objective trajectory generation,
system delay dynamics compensation, interference elimination
and friction compensation was explained in detail. In section
1V, the effectiveness of proposed method, especially for various
frictions, was verified by experiment and simulation. In section
V, the features of proposed method were discussed further.

1. Problem statement
1. The reasons of deterioration of contour control perfor-

mance

For the contour control of IARA, there are two major per-
formances: precision and efficiency. Precision determines the
quality of products and efficiency closely relates to the profit.
Moreover, the speed of motion is adapted to express the effi-
ciency explicitly. In the industrial applications. working speed
of IARA is always required to be high for a higher working ef-
ficiency. At high-speed operation, however, the contour control
performance of IARA deteriorates because of the influence of
some uncertainties. There are many sources of uncertainties,
such as torque saturation, system delay dynamics, interference
between robot links, external disturbances, friction, gravity, and
so on. Because of the utilization of servo system for each link of
IARA, the influence of some uncertainties can be reduced[!7].
In addition, external disturbances can be also neglected here for
simplification. Therefore, in this research the most possible un-
certainties in the high-speed operation, such as torque satura-
tion, system delay dynamics, interference between robot links
and friction, were considered and our proposed ANN controller
has overcome them simultaneously. Besides, two-joint IARA
was concentrated to solve these problems in this research.

2. Torque saturation
As we know, the motion of [ARA is realized by using servo

systems. Servo systems have joint motors, which are actuated
with current or voltage controllers that implement torque con-
trol of joint motors. The torque which can be performed by
joint motor is limited. Therefore, the design of task must con-
sider this pre-defined limitation performance in operation. If the
torque is over the maximum of joint motor, the task will be in-
terrupt or torque output of joint motor will keep the maximum,
With this situation the actual trajectory was absolutely deteri-
orated. This phenomenon in industry is always called torque
saturation. Torque saturation causes end-effector deviated from
the objective trajectory, and consequently brings out tracking
deteriorations as well as time lengthening. To maintain accu-
rate contouring, it is necessary that joints should be actuated
below their torque/acceleration limits so as to obtain the opti-
mum operation.
3. System delay dynamics

The system delay dynamics refers to the time delay between
the control signal and output response. Just because of time
delay, the general feedback control can be realized. In some
case, system delay can bring out good control performance with
feedback output signal. However, in the feedforward control or
with the high performance requirement, system delay dynam-
ics will be an unfavorable factor. In order to compensate the
system delay dynamics, inverse dynamics control is effective
method and its control signal with a certain modification is al-
ways called as modified taught signal. At present, the emerged
inverse control methods for system delay dynamics compen-
sation were mostly based on the system model. The way of
improving the control performance was depended on accurate
expression or estimation of system characteristics. In our pro-
posed method, although the basic idea of system delay dynam-
ics compensation was also according to the inverse control, the
adopted method was not depended on the improvement of sys-
tem model but on the learning from actual data generated from
actual system. Therefore, even there exists difference between
the actual system and system model, the feedforward controt
can be also realized system delay dynamics compensation with
excellent performance.
4. Interference between robot links

The so-called interference considered in this paper refers to
the mutually coupling between robot links. The main reasons of
interference come partly from the inertial effect and partly from
the other forces, such as Coridis and centrifugal force. Through
the Euler-Lagrange model of IARA which will be given in sec-
tion I, interference can be approximated theoretically by many
factors, such as the length and mass of link, the position of the
center of gravity, joint trajectory, and so on. Comparing with the
actual motion of IARA, interference surely can be neglected in
the low speed or even in the middle speed without the demand
of high precision. However, since the high precision with high
speed is just the expected performance in the contour control,
interference is an important reason for the deterioration of the
contour control performance except for the other uncertainties.
Hence, overcoming the interference can improve the contour
control performance.
5. Friction

Concerning about friction, there are two things which can
cause it in IARA. One is motor and another is load. Gener-
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Fig. I. The two links of industrial articulated robot arm.

ally, the friction caused by motor is very smaller than the fric-
tion caused by load. Therefore. the former friction can be ig-
nored. Besides, owing to existing the well-developed servo sys-
tem, the influence of friction in actual IARA has been reduced
partly. In the low-speed motion, we can neglect it. However, the
goal of our research is to fulfill high-precision contour control
with the high-speed motion. Therefore, the influence of fric-
tion will be surely considered in this paper. Additionally, fric-
tion mainly consists of two types: coulomb and viscous. The
so-called coulomb friction will be occurred at the moment of
transformation of movement pattern. It is related with the ve-
locity transformation direction. The so-called viscous friction
will be occurred during the movement. It is highly related with
the velocity of movement. In actual system, two kinds of fric-
tions will both affect the movement. Therefore, they were both
considered in this research.

6. Realizable objective trajectory generation for torque
saturation and Gaussian neural network controller for
inverse dynamics, interference and friction
In the contour control of IARA, torque saturation. system de-

lay dynamics, interference and friction mainly affect the perfor-

mances. Concerning about the torque saturation, proper realiz-
able objective trajectory generation was designed here with the
limits of prevailing constraints through the method proposed by

[ 18]. In most realistic applications the constraints contain joint

torque limit and assigned velocity. The constraint of joint torque

is given by
1Tl < Tiomax )]
where 7; and T; . stand for torque and its limit for j”' joint.

Torque limit 7,4 refers to the power amplifier current rat-

ing and in the same time the saturation limit of j'” joint servo

drives. Contouring operations are specified with its assigned
velocity v,. It is required that a contouring operation be bound
to its assigned velocity constraint as given by

./”( 1" S Uy (2)

where v., stands for the end-effector velocity. The objective
of trajectory generation is to realize accurate contouring perfor-
mance bound to the constraints (1) and (2).

For the system delay dynamics, interference between robot
links and friction, they were considered in the designed con-
troller. In this paper, the Gaussian neural network (GNN) was
adopted to control the inverse dynamics of JARA with interfer-
ence and friction through the feedforward control pattern. The

GNN Controller

Model of industrial articulated robot arm

Fig. 2. The model of industrial articulated robot arm and Gaus-
sian neural network controller.

control signal generated by GNN controller not only can com-
pensate the system delay dynamics, but also can eliminate the
influence of interference and compensate the friction. The con-
struction of GNN controller and the reasons why it can over-
come these uncertainties will be explained in section III.

Additionally, the reason of choosing GNN to construct the
controller is mainly concerning the attractive common features
of neural network mentioned in introduction and the individ-
ual characteristics of GNN[19][20]. i.e.. well defined activa-
tion function and the possibility of systematically selecting the
structure and initial parameters. Besides, after learning from
actual input/output data of IARA, the GNN controller can suc-
cessfully achieve the accurate contour control for the system
and make up for the errors between the approximated uncer-
tainties by model and actual features.

1. Method
1. Modelling of industrial articulated robot arm

At present, there are many kinds of robot arms which have
been used in industry, such as Cartesian coordinate robot, cylin-
drical coordinate robot, spherical coordinate robot, articulated
robot. SCARA robot. and so on. The objective of our research
is IARA. Fig.1 shows the [ARA with two links. In this figure,
[, 1§, my. I;, 0, and G, (j = 1.2) denote the length of link,
the length between the axis and the center of gravity, the mass
of link, the inertial moment on the center of gravity, the rotatory
angle of link and the center of gravity of link, respectively.

In our research, the model of IARA will be adapted for simu-
lation and defining inverse dynamics of [ARA for determination
of initial parameters of ANN controller, whose detail explana-
tion will be given later in this paper. Therefore, in this sec-
tion, we will model the IARA firstly. In our research, the Euler-
Lagrange equation|21] is adopted to model the IARA with in-
terference and friction for each link described as (refer to the
right side of Fig.2)

()2 TM 4+ ma (192 + ma{(1)? + (U2} +ma (1)?/3
+ma(l9)? /3]G + KT KT+ KPKT KTy + U
= KPR KT uy
{(k2)? T3 4+ oI5 + mia(l2)?/3}go + KK o
+RYRE K go 4+ Uy = KY K K s
3
where «,(j = 1.2) is the control signal, ¢;. q;, §;(j = 1.2)
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are the actual trajectory, velocity and acceleration, K7 (j =
1. 2) is the position loop gain, K] (j = 1.2) is the velocity loop
gain, K (j = 1,2) is the torque coefficient, J_]M(j =1,2)is
the inertial coefficient, m;{j = 1,2) is the mass of robot link,
k;(j = 1,2) is the gear ratio, [;(§ = 1. 2) is the length of robot
link. l_(,r"(‘j = 1, 2) is the length between the axis and the center
of gravity, and U;(j = 1, 2) is the uncertainty of JARA.

And the uncertainty U;(j = 1,2) contains interference be-
tween robot links /;(j = 1,2) and friction F;(j = 1, 2) which
can be described as

Uy =1, + F
4
{ Uy=1+ F @
For each link, the interference [;(j = 1,2) which refers to

the coupling in joint coordinate with another joint and friction
U;(7 = 1, 2) which contains coulomb friction and viscous fric-
tion are modeled as

I = (2mol 1S cos q2)iy + {7712(1?)2 + maly 1S cos qa
+ 777,3(12)2/3}(1'2 — 2mal 15 g1 g2 sin gz
— 1ol l.(_;"((}g)z sin go
Fy = Diqi + pasgniq)
(5)

Iy = {m2(15)* + maoli 1§ cosgn + ma(12)?/3}éh
+ mal 15 (G1)? sin g2 6)
Fy = Daga — pasgn(qz)

where D;(j = 1.2) is the coefficient of viscous friction and
15 (7 = 1. 2) is the coefficient of coulomb friction.

Besides, kinematics determines Cartesian position and orien-
tation of the end-effectors, given the arm configuration in joint
coordinates. It can be described as

{ a =l singt + l2sin (¢ + ¢2) 7

y=licosq + lacos (g1 + q2)

where 1, {, are the length of robot links, g1, ¢2 are the posi-
tion of the end-effectors in joint coordinates, and r, y are the
position of the end-effectors in Cartesian coordinates.
2. Proper realizable objective trajectory generation
2.1 Trajectory generation for corners

In the contour control, trajectory refers to the movement of
end-effectors of [ARA. The objective trajectory refers to the de-
sired geometric graph. In order to let end-effectors of [ARA re-
alize the movement as objective trajectory, objective trajectory

o

X
Fig. 3. Trajectory generation for corners by circular path seg-
ments with introduced error €.

should be transformed into the realizable objective trajectory.
Therefore, the decision process of realizable objective trajec-
tory is called trajectory generation. Generally, trajectory gener-
ation at sharp corner always causes torque saturation and per-
formance deteriorations. Therefore, it is proposed that sharp
corners are modified by introducing circular path segments as
shown in Fig.3.

In Fig.3, the trigonometric relationship between the radius of
arc 7 and introduced error € at the corner is given by

r=ecos{(on — a2)/2}/[1 — cos{(a1 — a2)/2}]  (8)

According to the theory of circular motion, the relationship be-
tween the maximum Cartesian acceleration of the end-effector
Ac.max and tangential velocity v, is as given by

14('.mu;r = /U;Z/r (9)

In industrial applications there are two categories to determine
the tangential velocity v, and introduced error ¢ at the corner.
(1) The maximum Cartesian accelaration A, .. and tangential
velocity constraints with a limit v;_,,;,, are known. Given v, >
Vraninsthenr > vf o JA e and e = of L [1—cos{ (a) —
az2)/2})/TAcnarcos{(a; — a2)/2}]; (2) Given € < €00,
where ¢, denotes a maximum limit for the corner error, then
r < €marcos{(a — a2)/2}/[1 — cos{(a1 ~ @2)/2}] and
v = v/ Acomacr. With tangential velocity v; and radius of
arc 7, corners can be generated according to uniform circular
motion and is given by

2(t) = x(t1) + rsinfo) +o(t —6)/r} — sinag
(h <t < tg)
y(t) = y{t1) — reosen — cos{on + v (t —11)/r}
(t <t < i)
(10

2.2 Trajectory generation for straight-line segments

The trajectory generation for straight-line segments is ac-
cording to the strategy “maximum joint acceleration strategy”
and “assigned Cartesian velocity strategy”. Fig.4 shows a
straight-line segment P, P,.. The P.F. and P, Py are termed as
“forward path™ and “‘reverse path” respectively. They are gener-
ated in joint coordinate according to “maximum joint accelera-
tion strategy™. disregarding assigned velocity constraint. Then,
Py is located on “forward path” just before (2) is violated. Sim-
ilarly, P is located on the “reverse path”. Then trajectory seg-
ment between switching points P P is generated in Cartesian
coordinate according to “assigned Cartesian velocity strategy™.
Path segments P, P (start), Py P>(middle) and P, P.(end) are fi-
nally connected together. Besides, the trajectory generation for
straight-line segments needs the aid of inverse kinematics and
kinematics. Inverse kinematics refers to transformation from
the Cartesian coordinate to joint coordinate as

g1 = arccos [{(11)* = (12)* + 2° + y*} /{20 /a2 + 2}]
+ arctan (x/y)
g2 =7 —arceos [{(11)? + (12)? — o — ¥}/ (2L 1»))
(1
The kinematics refers to transformation from the joint coordi-
nate to Cartesian coordinate as equation (7).
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Fig. 4. Trajectory generation for straight line according to the
“maximum joint acceleration strategy” and “‘assigned
Cartesian velocity strategy”.

In the objective trajectory, the above method was adopted for
each sharp corner and each straight line between two sharp cor-
ners. Finally, the whole revised trajectory segments are con-
nected for the proper realizable objective trajectory.

3. Construction of Gaussian neural network controller

The Gaussian neural network is a kind of multi-layer feed-
forward networks with Gaussian potential function[19]. The
network model proposed here is composed of three types of lay-
ers: the input layer, the hidden layer, and the output layer. The
input and output layers are composed of linear units, and the
hidden layer is composed of Gaussian potential function units
(GPFUs), which produce Gaussian potential functions. The
weighted output values of the GPFUs are summed by the con-
nection between the hidden layer and the output layer in order
to synthesize the required potential fields.

The Gaussian neural network controller contains two parts:
inverse kinematics and Gaussian neural network (refer to the
left side of Fig.2). The inverse kinematics is described as (11).
It solves for the arm configuration in joint coordinates, given the
position and orientation of the end-effectors in Cartesian coor-
dinates.

The inverse dynamics of the Euler-Lagrange model of IARA
is adapted for determination of initial parameters of GNN. It we
replace the [q; () ¢;(t) 4;(t)] as [qf(t) 47 (t) G} (D] = 1,2)
in (3)-(6), where ¢ (t), ¢ (t) and ¢¢(t) denote the realizable
objective trajectory, velocity and acceleration in the joint coor-
dinate respectively, the inverse dynamics of IARA with uncer-
tainties can be obtained as below.

(RO JE + ma () +ma{(1)° + (1)) + ma(h)?/3

(L) /3) + Ky KTgl + KUK KT gl + Uf

= KYK{K{wu,

{(k2)? 73" + 7”2(lzc)2 +ma(l2)?/3}js + Ky K1 g8

+KYKIKI g8 + U§ = KYKS K3 us

(12)

And uncertainty U¢(j = 1, 2) in the inverse dynamics of IARA
contains interference between robot links I;l( j =1,2) and fric-
tion #'(j = 1, 2) which can be described as

(13)

Ui = 1;‘ + Fy!
Us = I$ + I

Besides, the approximated interference between robot links
I{(j = 1,2) and friction F(j = 1,2) in the inverse dynamics

of [ARA can be described as below.

I = (2mal( 1§ cos q$)d +{m2(l )2 +mzl1lz cos g¢
-+ mrz(lz) /-5}(12 - Zmzlllz (J1(12 sin (I2
—mal11§(g4) sin g3
= Didi + psgn(di)

(14)

I = {mz(lg)2 + m>lll§ cos qf +ma(l2)?/3}¢
+ mal i 15 (¢4)? sin ¢§
Fy = Dagff + pasgn(gs)
(15)

Although it is capable of getting the inverse dynamics of
IARA with interference and friction by the Euler-Lagrange
model of IARA, GNN will be adopted to express the inverse
dynamics of TARA with interference and friction through the
learning from the actual data of IARA instead of them. The
following reasons of using GNN are considered. 1) The ideal
values of servo system parameters, such as the position loop
gain K", the velocity loop gain K", the torque coefficient K7,
the friction coefficients ) and g, could not be obtained be-
cause of the variance of the manufacturing products; 2) The
limitations of position, velocity, acceleration, interference and
friction, which are very significant in industry, are not consid-
ered; 3) The interference and friction expressed by the Euler-
Lagrange model exists error between the model and actual val-
ues.

Therefore, the construction of Gaussian neural network con-
tains two steps: determination of initial parameters by the in-
verse dynamics expressed by the Euler-Lagrange equations of
JARA and training. The determination of initial parameters of
GNN is based on the method introduced in appendix and the in-
verse dynamics of IARA expressed by (12)-(15). During the
determination of initial parameters of GNN, the structure of
GNN can be also defined. In the left side of (12) of the in-
verse dynamics equations of [ARA, there are five items. Each
item represents the function of realizable objective trajectory
q J( ), velocntyq (t), acceleration ijf( }, approximated interfer-
ence 7Y (t) and friction f, (t), respectively. In order to express
the edch item by the initial pardmeter% of GNN, the input vector
is defined as x = [q](¢) ¢}(t) G} (¢) 4(¢) fH(#)]T. There-
fore, the input of the network for one link is defined with five
nodes representing each element of input vector. The coeffi-
cient of each element of input vector in the equations of inverse
dynamics (12) is defined as a positive constant a and it will be
also an important coefficient of initial parameters of GNN. The
output of the network has one node representing u(t) which de-
notes the control signal. With the method of determination of
initial parameters explained in appendix, one-input, one-output
and two-Gaussian-unit sub-networks are selected for each ele-
ment of input vector and limitation for each element of input
vector will be also considered during the determination of ini-
tial parameters of GNN. Therefore, there are five such kinds of
sub-networks whose input denote different elements of vector x
and whose output denote part of output of u(t). Then they are
combined for expressing the inverse dynamics of [ARA with
interference and friction. So the hidden layer of GNN has ten
Gaussian potential function units.

Besides, in order to learn the true characteristics of IARA
with interference between robot links and friction, the actual
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sampled output data of IJARA for input vector x and input data
for control signal u(t) generated from TARA are adopted as the
teaching patterns when we use GNN controller with initial pa-
rameters without learning to control IARA for getting sampled
data of training. The backpropagation method [16]]22] is used
for the learning algorithm. Root mean square error is used to
measure the progress of learning. The parameters of GNN are
updated for each sampled teaching pattern and the algorithm
stops when the parameters converge. Through the learning, the
GNN realizes the actual inverse dynamics of IARA with inter-
ference and friction and provides proper control signals related
with objective trajectory to the IARA.

Based on above processes, GNN controller for IARA can
be constructed. Such GNN controller has possessed the in-
verse dynamics of IARA with interference and friction, and can
be directly connected with actual system. There are two rea-
sons why GNN controller can overcome some uncertainties. 1)
Euler-Lagrange model helps it to obtain the inverse dynamics of
IARA; 2) Learning process helps it to reduce the errors between
the approximated and actual interference and friction.

4. Utilization of Gaussian neural network controller

After construction of GNN controller, the final control sig-
nal u;{j = 1,2) generated by GNN controller can overcome
uncertainties and be described as below.

10

wi(Z) =Y wiei(z;) (=12
i=1

where :

Vi(Z)) = exp{—d;(Z;)/2}

t=1 k=1
R R R O HOR HOBHOFH O
(16}
where Z;(j = 1, 2) denotes the input vector of GNN controller.

Since GNN controller has possessed the inverse dynamics of
IARA with interference between robot links and friction and
feedforward control pattern is adapted as well, any informa-
tion from actual system are not required when using GNN con-
troller. As long as the parameters of realizable objective tra-
jectory, such as position, velocity, acceleration, approximated
interference and friction, and so on. are not over the limitation
defined according to the performance of actual IARA and with-
out torque saturation, then they can be put into the GNN con-
troller. The output of GNN controller « is just the control signal
of IARA with interference and friction and the actual trajec-
tory from 1ARA will be very close to the desired trajectory, i.e.,
the error between the desired trajectory and actual trajectory is
smaller than the performance criterion, which will be verified
by the following experiment and simulation.

IV. Results

1. Conditions of experiment and simulation

In order to verify the effectiveness of the proposed method.,
experiment and simulation has been done by a Performer MK3S
TARA produced by Yahata Co., Japan and its Euler-Lagrange
model of IARA with interference and friction as (3)-(6). Ad-
ditionally, since the scale of friction of robot arm in Performer
MK3S was too small, the bigger friction than that of ordinary
actual robot arm was also assumed for simulation in order to in-

di(Z;) =Y Y () Eat ~ () Hak ~ () Ao (@)

vestigate the effectiveness of our proposed method for various
kinds of frictions.

The following parameters were given for experiment and
simulation: the position loop gains, K7 = K} = 25[1/s];
the velocity loop gains, K} = K§ = 150[1/s]; the torque con-
stants, K| = 0.104[Nms?/rad], K] = 0.061[Nms?/rad];
the geer ratios, k1 = 160, kz = 161, the inertia coefficients,
JM = 4.0x1077[Nms?], J& = 2.7 % 1077 [Nms?]; the mass
of links, m, = 2.86[kg], mo = 2.19[kg]; the length of links,
Iy = 0.25[m], {» = 0.215[m]; the length between the axis and
the center of gravity, If = 0.11[m], I = 0.105[m]. There-
fore, according to (14) and (15), approximated interference Iy
and friction F; can be expressed as

I = 0.115cos ¢3¢ + {0.058 + 0.058 cos ¢4 } g4
— 0.115¢¢49 sin ¢f — 0.058(¢%)? sin ¢¢ )
Fi = Dugi + pisgn(gt)

I> = {0.058 + 0.058 cos g3 }§§ + 0.058(¢{)? sin ¢§
Fy = Do + pasgn(ds)
(18)
2. Training process
According to the conditions of experiment and simulation,
the training trajectory was defined as (see Fig.5)

ya = Rsin(0.2xt) + Rsin(0.27t) /5 (0 <t < 10)
(19)

{ xa = Rcos(0.2m1) + Rcos(0.27t)/5 (0 <t < 10)

X [m]

P T
4

Time [s] Time [s]

Fig. 5. The training trajectory in the cartesian coordinate.

The radius R of the training trajectory was 2{cm]. After sam-
pling by time interval A{, the training trajectory and its relative
velocity ¢*(t) and acceleration ¢¢(¢) in joint coordinate calcu-
lated by Euler equations as ¢%(t) = {g"(t) — ¢*(t — 1)}/ At
and §4(t) = {¢*(t) — ¢*(t — 1)}/At, and the approximated
interference I, and friction Fy; by (14) and (15) . were put into
the GNN controller with initial parameters. Then the control
signals from the GNN controller were put into the actual [ARA.
Finally, the training patterns consisting of the input/output data
of IARA were generated. Besides, the training rate n was se-
lected as a small value of 0.001 because the GNN with the initial
parameters closed to the inverse dynamics of IARA [16]. With
these training patterns, the parameters of GNN can be updated
until convergence. After training process, these parameters of
GNN will be fixed for GNN controller.

3. Experiment results

In order to verify the GNN controller, a circle different from
the training trajectory was defined as the test trajectory which
was described as

{ wq = Reos(0.27t) (0 <t < 10)

ya = Rsin(0.2nt) (0 < ¢ < 10) (20
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(a) Objective trajectory

032" T

(b) Experiment results
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Fig. 6. (a) Objective trajectory (Objective); (b) The experi-
ment results of the GNN controller with friction com-
pensation (GNN+FC), without friction compensation
(GNN+NFC) and modified taught data method (MTD)
for small friction.

The radius of the objective circle was also 2[cm]. In the
experiment, small friction coefficient with normal speed was
considered. The viscous friction coefficients and coulomb fric-
tion coefficients were obtained according to actual behavior of
TARA beforehand. They were Dy = Dy = 0.008[Nms/rad]
and pp = p12 = 0.00081]Nm], respectively.

The experiment results were shown in Fig.6. In the fig-
ure, there were four kinds of trajectories: objective trajec-
tory (Objective), actual trajectory controlled by GNN with
friction compensation (GNN+FC), actual trajectory controlled
by GNN without friction compensation (GNN+NFC) and ac-
tual trajectory controlled by modified taught data method
(MTD) proposed by Goto et al. [23]. It is easy to see
that the actual trajectory controlled by modified taught data
method was deteriorated greatly comparing with objective tra-
jectory. But it is hard to separate other actual trajectories
with objective trajectory. Therefore, root mean square error

B =[S s — (a0, 1+ () — (a2, 121/2N
was used for calculating the error between the objective trajec-
tory and actual trajectory. The root mean square error between
actual trajectory controller by GNN with friction compensation
and objective trajectory in experiment was 0.081[mm]. The
root mean square error between actual trajectory controller by
GNN without friction compensation and objective trajectory in
experiment was 0.084[mm]. Therefore, it can be verified that
the GNN controller with friction compensation is more effec-
tive than the GNN controller without friction compensation.
Certainly, it is also more effective than modified taught data
method.

Besides, as above mentioned, based on the proper re-
alizable objective trajectory generation, torque saturation
can be avoided from objective trajectory in our proposed

Objectory trajectory

bExperiment (Amplitied)

T T T T
— Objective
-==-GNN
016 ce—-MTD -
= \
~0s X i
[IREY
L | !
03 0.35 0.4 0.402 0.405 0.408
Xd|m] Xjm]

Fig. 7. The objective trajectory (Objective) and experiment re-
sults of the GNN controller (GNN) and modified taught
data method (MTD) for avoiding torque satuation.
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Fig. 8. The approximated mixed friction, viscous friction and
coulomb friction.

method.
eters as above mentioned was also made, and its friction

For verifying it, experiment with same param-

was omitted because of its small influence comparing with
the influence of torque saturation. The objective trajec-
tory with straight lines and corners here was specified by
Cartesian points (0.350(m], 0.100[m}}, (0.410[t], 0.150[m]),
(0.280[m], 0.300[m]) and (0.350]m], 0.380[m]). The experi-
ment results were shown as Fig.7. From the figure. it is clear
that our proposed method is effective to avoid torque satura-
tion and the actual trajectory controlled by our proposed method
(GNN) is more accurate than the actual trajectory controlled by
modified taught data method (MTD) after the proper realizable
objective trajectory generation.

4. Simulation results

In the simulation, big friction coefficient with normal speed
was considered. At the same time, not only the influence of fric-
tion composed by viscous and coulomb frictions, but also the in-
fluence of unique viscous friction and unique coulomb friction
were discussed. The viscous friction coefficients were assumed
as Dy = D3 = 8.0[Nms/rad] and the coulomb friction coef-
ficients were assumed as o1 = g = 0.8[Nm]. In Fig.8 shows
the mixed friction, coulomb friction and viscous friction, from
which we can know the features of different frictions and it is
helptul to understand the influence of frictions on the trajectory.
In Fig.9 shows the contour control simulation results of IARA
with interference and various Kinds of frictions. Fig.9(a) is the
simulation results with viscous and coulomb friction. It also
contains four kinds of trajectories: objective trajectory (Objec-
tive), actual trajectory controlled by GNN with friction compen-
sation (GNN+FC), actual trajectory controlled by GNN without
friction compensation (GNN+NFC) and actual trajectory con-
trolled by modified taught data method (MTD) in order to show
the effectiveness of our proposed method. Based on the evalu-
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Table 1. The comparison of simulation results between the trajectories with GNN friction compensation and without GNN

friction compensation for the small friction, big friction and small friction coefficient with high-speed motion.

Parameters Evaluation
Vinas D, Dy Hy 1 By L EVfS
[rad/s] | [Nms/rad] | [Nms/rad] INm] [Nm] [mm} [mm)] E’f(’j”
Case | 0.072 0.0080 0.0080 0.0008 0.0008 0.0211 0.0213 1.010
Case 2 0.072 8.0000 8.0000 0.3200 0.3200 0.0401 0.5540 13.82
Case 3 0.720 0.0080 0.0080 0.0008 0.0008 0.0473 0.1154 2.440

ation of root mean square, the error between actual trajectory
controller by GNN with friction compensation and objective
trajectory for big mixed friction E£5,, is 0.0401[mm]. The er-
ror between actual trajectory controller by GNN without fric-
tion compensation and objective trajectory for big mixed fric-
tion F7/¢ is 0.5540[mm]. Therefore, our proposed method is
quite effect for big friction compensation. Fig.9(b) is the simu-
lation results only with coulomb friction.

Fig.9(c) is the simulation results only with viscous friction.
From Fig.9(b) and Fig.9(c) we can see the influence of different

(a) Simutation with muxed friction

Amplitied Amplified
LIS L B 0 o S
—— Objective
0.164 —— GNN+FC 0.32
—— GNN+NFC
E qgie2 E o318
* > g -
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----- GNN4+NFC
0.16 036 _ZiMmD -
N S W W
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(b) Simulation with counlomb triction
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(¢) Simulation with viscous triction
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Fig. 9. The simulation results of the GNN controller with
friction compensation (GNN+FC), without friction
compensation (GNN+NFC) and modified taught data
method (MTD) as well as objective trajectory (Objec-
tive) for: (a) mixed friction, (b) coulomb friction, (c¢)
viscous friction.

frictions clearly. From these figures, it shows the effectiveness
of our proposed method and the actual trajectory controlled by
our proposed method is almost identical to the objective trajec-
tory.

V. Discussion
1. Adaptiveness for small friction coefficient with high-

speed motion

High speed is also an important expected performance for
the contour control. In above experiment, there was no big dif-
ference in the actual trajectories between our proposed method
with friction compensation and without friction compensation
in the normal speed. But when the speed was increased, the
effectiveness of our proposed method with friction compensa-
tion became obvious.
as experiment, but the velocity was increased ten times, from
0.072 [rad/s] to 0.72 [rad/s] in joint coordinate. The simulation
was shown in Fig.10. From the figure, it was clear to see that
the influence of friction was bigger under the high-speed motion
and GNN controller with friction compensation (GNN+FC) was
more effective than GNN controller without friction compensa-
tion (GNN+NFC). Besides, the comparisons of simulation re-
sults among the actual trajectory with GNN friction compensa-
tion and without GNN friction compensation for the small fric-
tion, big friction and small friction coefficient with high-speed
notion by root mean square errors were made. The compar-
ison results were shown in Table.l. In the table, we can find
the parameters and evaluation results. From the evaluation, the
difference between the errors about GNN controller with fric-
tion compensation ;" and without GNN friction compensa-
tion £;4" for the small friction, 0.0211[mm] and 0.0213[{mm)].
were not very big, i.e., the times between them E;'7" /E7"

The friction coefficients were as same

Amplitied Amplitied
N L LA B LA L B S e
— Objective
0.161 = GNN+FC — 0.32

- ==GNN+NFC

£ B
< >
—— Ohjective
0.16 0319¢F ___ GNNEFC
== -GNN+NFC
Lo 1l o 1 o 1 I P I
046 048 05 052 054 0.7 072 074 076 078 0.8

Time [s] Time {s]

Fig. 10. The simulation results of the GNN controller with
friction compensation (GNN+FC) and without friction
compensation (GNN+NFC) as well as objective tra-
jectory (Objective) for small friction coefficient with
high-speed motion.
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was only 1.010. But the difference between the errors about
GNN with friction compensation E%7"® and without GNN fric-
tion compensation £’ for the big friction, 0.0401{mm] and
0.5540[mm], and for small friction coefficient with high-speed
motion, 0.0473[mm] and 0.1154[mm], were quite big. The
times between them E'}.° / E7{"® was also increased, 13.82 and
2.440. From the experiment and simulation results and their
comparison, it proves that our proposed method not only can
compensate different kinds of frictions, but also can be effec-
tive for small friction, big friction and small friction coefficient

with high-speed motion of IARA.

2. Advantages and significance of the proposed method

Based on the above explanation and discussion, the advan-
tage and significance of the proposed method for the contour
control of IARA are summarized as follows:

« The proposed method can realize the high-precision contour
control of IARA with uncertainties, such as torque saturation,
system delay dynamics, interference between robot links and
friction effectively, which is helpful to improve the quality of
product and efficiency.;

« Based on the proper realizable objective trajectory genera-
tion, torque saturation can be avoided from objective trajectory;
« Based on the Gaussian neural network controller, system de-
lay dynamics, interference between robot links and friction can
be overcome even the model of IARA or the approximated in-
terference between robot links and friction were not accurate;

« The Gaussian neural network controller can also realize the
high-precision contour control for IARA with various kinds of
frictions and high-speed motion;

« This method is based on the actual data of IARA, which can
describes accurately the real features of system and can be eas-
ily obtained in industry;

« Since the process of the proposed method is off-line pattern,
it is not required to change the hardware of [ARA.

V1. Conclusions

A new high-precision contour controller for IARA with un-
certainties by using Gaussian neural network has been pro-
posed. With this method, not only torque saturation has been
avoided and system delay dynamics has been compensated, but
also the influence of interference between robot links has been
eliminated and friction has been compensated at the same time.
Hence, the precision of contour control was further improved.
Owing to learning from the actual sampled input/output data of
actual system, the GNN controller can possess the real char-
acteristics of the system. Through experiment and simulation,
the effectiveness of the proposed method was verified and some
attractive features of the proposed method were also proved.
Therefore, the proposed method is very useful for industry.

Appendix

In this appendix, the explanation of how to determine the
initial parameters of GNN will be explained. To determine
the initial parameters of GNN, one-input, one-output and two-
Gaussian-unit sub-networks are selected for each element of
input vector x = [q}(t) 45 (t) qi(t) i5(t) )" (refer to
Fig.11). lts input denotes different elements of input vector and
its output denote part of output. If define z to represent each
element of input vector x, then in each sub-network, the output

can be expressed as

fi(z) = exp[—(z — w)*/{2(0)*}] (i =1,2) AD
#(2) = wi f1(2) + w2 fa(z) '
where w;, u; and o;(i = 1,2) denote weight, mean, marginal
standard deviation of the ith Gaussian unit of the sub-network,
respectively.

J1(2)
w v
z % (2)
wa
5

Fig. 11. The sub-network for determination of GNN initial pa-
rameters.

In order to express the each item in the equations of inverse
dynamics of IARA as (12)-(16) by the initial parameters and
add into the limitation for each element of input vector x, the
output of each sub-network should be satisfied the condition
as ¢(z) = az inside of |z| < Zmae and ¢(z) converging to
zero outside of |z| < Zmax, Where Znas denotes the relative
maximum of z and a is a positive constant as the coefficient of a
element of input vector x in the equations of inverse dynamics
as (12). Hence, the mean 3 is chosen as Z,,,4.- and p2 is chosen
as —Zmax because the function ¢(z) needs to convergence to
zero outside of |z] < Zmae. The function ¢(z) is approximated
as

#(2) = {wr +wipr/(00)* Y expl—(11)?/{2(e1)*}]z

+ {wa + wapz/(02)} exp|—(u2)?/{2(02)*}]2
(A2)

by the Taylor expansion of equation (A.1).

Besides, the standard deviation ¢; is selected as 0.57; from
the point of view of the sub-network output closing to az and
w1 = —wso = w for the unique input in each sub-network[20].
Therefore, comparing with az and based on the following con-
ditions

W] = —Wa =W
M1 = — M2 = Zm,az

A3
or = 0.57u1 (A3)
a9 = 0.57/1,2

the relationship between the weight of output layer of sub-
network and the constant « is obtained as

w = (0.57)2aZmax exp[1/{2 x (0.57)%}]/2 (A4)

Besides, for the input of considered sub-network, the mean
u, standard deviation o and correlation coefficient h for the
Gaussian units in other sub-networks are defined as zero, a large
positive constant and zero respectively because there are no any
relationship among each sub-network at the initial state.
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