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ABSTRACT

Robotic ultra-violet (UV) curing is considered to be one of
the effective ways to replace the current convection-based
methods in various manufacturing processes due to its fast
curing rate and high energy efficiency. This paper presents a
closed-loop control of a robotic UV curing system by using
thermal vision feedback through two infrared (IR) cameras. The
proposed approach is developed based on a mathematical
analysis of the fundamental UV curing process and the
integration of the local and global IR cameras in a cascade
manner. A computer simulation study is conducted to evaluate
the proposed strategy by regarding two control variables: the
radiant intensity of the UV heater and the sweeping speed of the
robot end effector. The results indicate that controllers using
either control variable can compensate for interferences and
improve curing quality under this thermal-vision-based
architecture.

KEYWORDS
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INTRODUCTION

Ultraviolet (UV) curing is radiation-based hardening
technology typically used in temperature-sensitive coating,
printing and adhering processes [1]. Due to its high energy
efficiency and short processing time, this technology is now
expanding to a large area of new applications (e.g. automotive
exterior paint curing) in which the curing is traditionally done
by other methods, such as convectional baking. However, most
of these new applications which use fixed UV sources face
great challenges in achieving uniform curing quality due to the
limitation of the UV sources and complexity of the target
surface. To improve the flexibility, industrial manipulators can
be used to perform the curing task by carrying the UV heater

and sweeping the target surface in a pre-designed trajectory [2,
3].

Generally, the quality of the above robotic UV curing
process is ensured by repetitive trial tests in which the curing
parameters are calibrated and then used to optimize the
trajectory of the manipulator. Sometimes, this open-loop
mechanism may not work when interferences occur during the
curing process. In addition, the change of curing target usually
requires further repetitions of the calibration process and
increases the total time and cost. To improve the performance of
the robotic UV curing, the authors proposed some closed-loop
control methods employing online thermal vision feedback [4,
5]. These methods involve using an infrared (IR) camera to
monitor the temperature of the target surface and mapping it to
the conversion of curing. The measured curing status is then
incorporated in the control the UV source in real time.

In this paper, the thermal-vision-based approach is
enhanced to control the robotic UV curing process by using two
IR cameras, one of which is mounted on the end effector of the
robot manipulator and the other is fixed to the curing cell. In
this approach, the thermal vision from the two cameras is
integrated into a cascade controller to achieve closed-loop
control of the curing process. Simulation is conducted to
evaluate the proposed approach.

The rest of this paper is organized as follows. The next
section states the basic control problem for robotic UV curing.
This is followed by the section that details the proposed control
approach based on thermal vision feedback through two IR
cameras. Then the corresponding process simulation results are
presented. Finally, the last section summarizes the conclusions
of this work and addresses future effort.

PROBLEM DESCRIPTION
A.  Fundamentals of the UV Curing
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In general, the UV curing process is composed of three
essential parts: irradiation, photo-initiated polymerization and
thermal evolution [1, 6]. The individual contribution of each
part to the curing process can be described by the energy
balance equation below [6, 7].

dr,
L=V(AVT,)-AH-R,+£[P)I (1)

Pr S’ dt

Here, the left-hand side of equation (1) indicates the energy
change with respect to time which is described by density (o, ),

specific heat capacity (¢, ) and the temperature (7)) derivative

at the current coordinate. The right-hand side describes the
energy input and output, including the heat transfer by
conduction, heat generation by the polymerization reaction, and
the absorption of the UV irradiation. 4, denotes the thermal

conductivity of the paint film. AH and R, represent the
polymerization enthalpy and reaction rate. The last term of the
right-hand side is described by the extinction coefficient ( &),
the concentration of the photo-initiator ([PI]) and the UV
irradiance (/) at the current coordinate. Given the above
equation, the main energy contribution is determined by the
reaction rate ( R, ) and UV irradiance ( / ) once other

parameters associated with paint and polymerization have been
selected. The correlation between R, and [ can be

characterized by [6]:
kp 0.5
R, =55 [M]-(¢-£[PLII) )
t
where k,, k, represent the rate constant of propagation and

termination respectively, [M] is the monomer concentration,
and ¢ denotes the quantum yield of initiation. Both equation

(1) and (2) indicate that the UV irradiance I plays such a
significant part in energy exchange of the whole curing process
that achieving the proper irradiance distribution (temporal and
spatial) should be considered as the primary goal of the control
design effort.

B.  Control Problem Description

Given the fundamentals of UV curing mentioned above, the
main objective of the robotic curing is to achieve a proper
distribution of the UV irradiance on the target surface by
controlling the UV heater and motion of the manipulator.
Considering a basic robotic UV curing task illustrated in Fig-1,
the target is located in the global frame while the manipulator
holds the UV heater (an LED type is used here) and sweeps the
target surface in a specific trajectory which can be either
designed in advance or generated online. The LED frame is
assumed to be identical with the local frame of the end effector.

Normal Vector

Target Surface

Radiant Vector

T<: Global Frame

Fig-1 A basic robotic UV curing task

LED Frame
LED Cell

Here, ¥ and [, denote the speed of the end effector and the

intensity of the UV LED. In the following parts, the suitable
relationship between the irradiance distribution on the target
surface and the motion of the manipulator is derived.

Generally, the UV irradiance / (w/m’) is defined as the
power of UV light reaching at each unit area of the target
surface. The distribution of irradiance is determined by the
radiant characteristics of the UV source and current location of
the end effector. The calculation of irradiance at any unit area of
the surface can be depicted in Fig-2.

LED Frame

G ~ Global Frame S

Fig-2 The calculation of the irradiance

Here, G and L denote the origins of the global and LED frames,
respectively. S and R represent a single cell of the UV LED and
a unit area of the target surface. Then, the irradiance calculation
can be performed in an inverse order.

1) Present the expression of irradiance at the unit R

According to the fundamental radiation theory [8, 9], the
irradiance at the unit R showed in Fig-2 can be described by:

I cos@
=)k "7
) 3
‘ d‘ 3)
where k is an efficiency factor describing the absorption

characteristics of the target surface. 7 is the incident radiant

2 Copyright © 2009 by ASME

Downloaded From: http://proceedings.asmedigital collection.asme.or g/ on 05/30/2015 Ter ms of Use: http://asme.or g/terms



intensity defined as the power per solid angle (W/sr). 6.
denotes the angle of the incident direction and the normal
direction of the unit R. d represents the vector from the UV

cell S to the unit R and |c7 | is the associated relative distance.

2a) Calculate the incident radiant intensity
The incident radiant intensity ( / ) in equation (3) is

determined by the characteristics of the UV LED which can be
simply modeled by a superposition of several Lambertian point
sources. The radiant intensity distribution of a single
Lambertian source is described by [8]:

Is =IO 'Coser (4)

In equation (4), [, is the radiant intensity along the normal

direction of the cell which also determines the radiant capability
of the UV source. @, represents the angle between the radiant

and normal directions. It is apparent that the maximum intensity
is always found in the normal direction of the UV cell and it is
also one of the most important factors which can influence the
irradiance distribution on the target surface.

2b) Calculate the relative configuration between S and R

According to equation (3), another key factor which
determines the irradiance is the relative configuration between
the UV cell S and the unit R. This can be characterized by the

vector d, the radiant angle 6., and the incident angle 6.

Considering the global frame shown in Fig-2, the vector d can
be calculated by:

d =p - p! )
where p*, pf represent the vector from G to R and the one
from G to S in the global frame. Since the target is fixed to the
global frame, the vector p# is time invariant. On the other

hand, the vector p? will change with respect to time due to

the motion of the end effector. According to Fig-2, the point S
(cell) can also be represented in the LED frame by using the
vector p' fromL to S. Then, the vector p¥ can be calculated

by p! through homogeneous transformation [10].
—_ _1 —_
pi=(*K,) b, ©)

The matrix *K, represent the homogeneous transformation

from the global frame to the LED frame which can be obtained
by calculating the direct kinematics of the manipulator [10, 11].
Substituting equation (6) into (5) yields:

d=p:-(*K,) P! ™

Considering the right-hand side of equation (7), only the term
¢K, will vary with the motion of the end effector and it is
determined by all the joint angles of the manipulator. Other
aspects of the relative configuration are two important angles:
¢, and @, which can be calculated by:

cosg L _den, _dn, ®
el T
deii, d-«i,

A YR o)

Here, 71, and 7, are normal vectors of the cell S and unit R

from the view of the global frame.

Combing 2a) and 2b) gives the overall calculation of
irradiation based on the radiant intensity and relative geometric
configuration.

1, cos8 cosO. =k-10(3 . ﬁs)-(c? o)
i 0
d=pf-(*K,) P! (an

The above two equations describe the contribution of a single
cell (S) of the UV LED to the irradiance of a unit R on the
target surface. Then the total irradiance at R can be obtained
through superposition. Now, recalling equation (1), the final
control problem can be simply described by:

dT,
" =f(1,)+g(1, . °K)) (12)

I=k-

(10)

where T, represents the temperature of any unit of the target

surface which varies with time and coordinate. f denotes the

function describing the heat transfer characteristics. The
function g integrates the irradiation and polymerization

processes which are mainly influenced by the radiant intensity
1, and relative geometric configuration *K, .

THERMAL-VISION-BASED CONTROL

Given the system dynamics described in equation (12), the
open-loop control of the robotic curing process is achieved by
imposing a calibrated radiant intensity and relative geometric
configuration. However, such open-loop control is not robust
enough to compensate for interferences, like uneven paint or
geometric jump in a practical curing task. If some kind of
feedback regarding the curing status is introduced, then the
control input can be adjusted online and the corresponding
curing quality will be greatly improved.

In this section, a closed-loop control approach will be
discussed, in which the feedback is provided by two IR cameras
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monitoring the temperature of the target surface (thermal
vision). The following paragraphs will describe the details of
the proposed method.

A. Basic Control Architecture

The proposed closed-loop control approach is designed in a
cascade manner which incorporates both the motion and
thermal vision feedback. The basic control architecture is
illustrated in Fig-3.

I o
Q Quality - Motion F‘ Manioulator M']Mi uv ]‘ Target > T
r Controller Controller 7 P LED Suface T Tp
J
0 M
P
Imagg Local IR Camera I:
Processing
P

f I Global IR Camera I:

Fig-3 The basic architecture of the proposed control approach

The control system in Fig-3 is composed by two closed loops.
The inner loop is the motion control which regulates the
manipulator’s motion according to the reference trajectory

generated by the upper controller. M/, M’ represent the

reference and actual motion of the joints, and AM° denotes the
actual motion of the end effector. F is the torque applied to
each joint. The outer loop is the curing quality control which
acquires the online curing status through two IR cameras and
generates the reference (motion and radiant intensity) for the
manipulator and UV LED. Here, O , O represent the

reference and actual curing quality. /,, / denote the normal

radiant intensity of the UV LED and the actual irradiance
distribution on the target surface. £, F, represent the thermal

images obtained by the two IR cameras. 7, is the temperature

distribution of the target surface.
B.  Implementation of the Thermal Vision Feedback

In the proposed control approach, the thermal vision
feedback is provided by two IR cameras, one of which
(“Local”) is installed on the end effector of the manipulator and
the other (“Global”) is fixed to the global frame. Generally, the
local camera can monitor the current under-cured area in real
time since it is moving with the UV LED and close to the target
surface. On the other hand, the global camera can acquire
information from other areas, especially those which have been
cured, and give the estimation of curing quality. The individual
application of each IR camera in the control of the robotic UV
curing process has been discussed by the authors in [5]. Now, a
new implementation which combines both of the two IR
cameras will be presented.

The general monitored variable for the local and global IR
cameras is the temperature distribution of the target surface. In

this paper, it is simply assumed to be equivalent to the
distribution of conversion of curing (In practice, the exact
correlation between the two can be obtained through
calibration). Fig-4 shows an illustration of such a distribution on
a rectangular area during the curing process.

Cured area Under-cured area Uncured area

L[]

T— Visual field of the global camera

Fig-4 A sample of the temperature distribution

The temperature distribution showed in Fig-4 indicates the
current position of the end effector and UV LED, which is
around the center of the under-cured area. The black window
represents the visual field of the local IR camera, including
most of the under-cured area. The outside of the black window
is monitored by the global camera. A processing window is used
to estimate the quality of the just cured area.

Once the local and global thermal images have been
acquired by the two IR cameras, some statistic features can be
extracted to estimate the curing quality. Considering the two
windows in Fig-4, the average temperature of each is defined
below.

1 &
T ==—'T1, (13)
p N] ; p
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_ 1 X
T8 = —
T, N, Z_l: (14)

where T, T ,, Trepresent the temperature at each pixel within

pi?
the local and global processing windows. N, and N, denote
the number of pixels for each window. In addition, to describe
the transition characteristics within the local processing
window, a cured / uncured temperature ratio is given by:

s N D (T T
h==2= — (15)

/ Nlu)-%(T;,-\T; <T,)
i=1

T
e/
Here, T_ZL and T . represent the average temperature of the

cured and uncured part of the local processing window. T is
the temperature threshold. N, , N, denote the number of
pixels at which the temperature is above and below the
threshold 7j.

Given their own definitions above, T_pl and 1_";' can be

used to estimate the conversion of curing for the under-cured
and cured areas. The temperature ratio /% can help detect the
occurrence of the interferences. Based on the three statistic
features extracted from the thermal images, the quality
controller is designed as:

Quality Controller

: | ]T[ ¢ IOS :
T;’_l—> Quality s Reference —:—» I,
. - > i —l .
pr pg » Estimator T,, _,| Generator > N[
[0 -
|

Fig-5 Quality controller design

In Fig-5, the quality estimator calculates the local quality

reference f;r for the reference generator based on the desired
7_";;) and the measured curing status (/,
of the UV

LED (discussed later). Then the reference generator calculates
the reference motion ( M;) of the manipulator and radiant

curing quality (4.,
Tpg ). It also controls the shift radiant intensity 7

intensity 1, by comparing the desired and actual local quality
(T s fpl ). This hybrid structure not only ensures the overall

curing quality but also has the ability for interference

compensation due to the thermal vision feedback from both the
local shot and the global picture.

C. Motion Control Design

The motion of the manipulator is controlled in the joint
space by using the joint position and velocity feedback through
encoders. An inverse dynamic algorithm can be used to generate
the control torques [4, 5]. In this algorithm, the reference
trajectories including the position, velocity and acceleration of
each joint are pre-designed through inverse kinematics but can
also be adjusted by the quality controller in real time.

SIMULATION RESULTS

In this section, an example case will be studied by
simulation to evaluate the proposed approach. The platform
includes a PUMAS60 robot model established in the multi-body
software SIMPACK, a basic curing model developed in
Matlab/Simulink, and a co-simulation mechanism between the
two software environments. The control strategy is also
developed in Matlab/Simulink and is implemented to cure a
simple rectangular target which is depicted in Fig-6.

UV LED
/ High-absorption area
/

N/

% 1.4m 7;»

Low-absorption areas

Processing windows
for IR cameras

Fig-6 The rectangular target for curing

In Fig-6, the rectangular target has a dimension of 1.4 X
0.3m and it is also modeled by a 140 X 30 cell matrix in Matlab.
The target surface is divided into three parts: the middle part
has a high absorption of UV light and the sides are low-
absorption areas. The difference in absorption can be used to
describe the interference during the curing process. It is obvious
that a simple open-loop sweep on this surface will cause uneven
curing. The proposed closed-loop control approach through IR
cameras is implemented to this target and the corresponding
results will be discussed in the following paragraphs.

The curing model in this simulation is simply described by
two parts: the radiation of the UV LED and the energy
accumulation at the target surface. The transition stages caused
by polymerization and heat conduction are ignored here. The
UV LED appearing in Fig-6 is model by a 10X 10 matrix (0.1
X 0.1m), each element of which can be considered as a
Lambertian source described in equation (4). The energy
accumulation at the target surface can be calculated by:
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s, cos0,

E(dAr,t):j;dt-Ik-Io co dA 16)
As

—12 s
g

If the energy required for a full cure on each unit of the target
surface is set to £, then the normalized energy accumulation

or the conversion of curing can be defined by:
x,=E(dA 1)/ E, 17)

Since the transition effect is ignored, the energy accumulation at
the target surface is assumed to be equivalent to the
temperature. Then the conversion of curing is also represented
as:

x, =T,(dA,,0)/ T, (18)

Here, 7,(dA,,t) is the current temperature at each unit of the

target surface and 7, is a constant temperature at which the

unit has been completely cured. Given the correlation between
temperature and energy accumulation, we can use the
normalized energy accumulation or conversion of curing x, to

replace the temperature 7),(dA,,7) as the feedback variable

from the IR camera. The processing windows for the local and
global cameras have been shown in Fig-6. Each of them is
modeled by a 5 X5 matrix in Matlab.

The implementation of the proposed control strategy is
done in two different cases. Either the radiant intensity [, or

the relative geometric configuration *K, can be controlled by

using the thermal vision feedback through the local and global
IR cameras. Their influence on the curing quality is discussed
below.

A.  Radiant Intensity Control

The radiant intensity control is applied based on the
condition that the relative geometric configuration between the
UV LED and target surface is fixed, which means the distance
between UV LED and target surface, the sweeping speed, and
the orientation of the end effector are kept constant during the
curing process. In this case, the distance and sweeping speed
are selected as 0.025m and 0.3 m/s. The UV LED is oriented
perpendicular to the target surface by the end effector and the
initial radiant intensity is set as 36 W/sr. The desired conversion
of curing is set as 0.8.

Now the task is to control the radiant intensity of the UV
LED by using the proposed strategy so that the desired curing
quality can be achieved. First, the open-loop sweep with the
above parameters will be performed to generate a baseline
curing. The corresponding results are shown in Fig-7 ~ 9.

Y
§ 20 - 106
=
£ 0 0.4
- 0.2

20 40 60 80 100 120 140
length / cm
Fig-7 The conversion of curing through the target surface

1

0.8 /
0.6 / \
il | \
iy \
v \

0 20 40 60 80 100 120 140
length / cm
Fig-8 The conversion of curing along the centerline

conversion of curing

1.5

/o —

0.5

cured/uncured ratio
—

o

0 1 2 3 4
time/s
Fig-9 The time history of the cured / uncured ratio

The unevenness illustrated in both Fig-7 and 8 indicates that the
open-loop sweep fails to compensate for the interference
described in Fig-6. Fig-9 depicts the time history of the cured /
uncured ratio /& which shows the occurrence of the
interference as observed by the local camera. By using the
thermal vision feedback, the radiant intensity can be adjusted
during the curing process and the above interference will be
counteracted. The corresponding control structure is illustrated
in Fig-10.
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Fig-10 The radiant intensity controller
In Fig-10, the global camera monitors the average temperature
7_";’ (equivalent to conversion of curing) of the cured area within
the processing window. It is compared with the global reference
7_";; and then a PID controller is applied to generate the local

reference Tplr . This will be compared with the local average

temperature 7_’[,1 monitored by the local camera and another

PID controller is used to calculate the radiant intensity. A shift
intensity /, is introduced and controlled under the strategy

that 7, is reduced (increased) after a negative (positive)
deviation of s from k and the change of intensity is

proportional to the deviation. The corresponding results are
shown in Fig-11 ~ 13.

30 T
€ ] | ‘ - 10.8
S 20 L 10.6
SR i
5 10 B ‘ i - 10.4
3 | - 10.2

20 40 60 80 100 120 140
length / cm
Fig-11 The conversion of curing through
the target surface by radiant intensity control
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§ 06 l \
@
o 0.4 \
S 0.2 I radiant intensity control | |
- / open-loop sweep

0

0 20 40 60 80 100 120 140
length / cm

Fig-12 The conversion of curing along the centerline for two
curing methods (radiant intensity control, open-loop sweep)
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Fig-13 The time history of the radiant intensity

It can be seen from Fig-11 and 12 that the curing uniformity is
greatly improved by controlling the radiant intensity through
thermal vision feedback. The reason why the interference has
been overcome can be explained by Fig-13, in which the
average radiant intensity is reduced when the end effector
crosses the middle area which has a higher absorption of UV
radiation than the sides.

B.  Relative Geometric Configuration Control

In this case, the radiant intensity remains constant and the
relative geometric configuration between the UV LED and the
target surface is controlled through thermal vision feedback.
Here, only control of the speed of the end effector is considered
and the other two parameters (distance, orientation) are fixed.
The structure of the speed control is represented by:

Shift speed  V,

| From local camera

T8
Tpr—b PID PID

T ¥ {From Global cameral]

Fig-14 The speed controller

Similar to above, the first PID controller is used to generate the
local reference Y_Xr by comparing the global feedback Y_"f
with the desired curing quality T;; . The task of the second PID
controller is to regulate the local curing status Tp’ by adjusting
the speed of the end effector. A constant shift speed v, is used

to initialize the motion of the end effector. The associated
results are illustrated in Fig-15 ~ 17.
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Fig-15 The conversion of curing through
the target surface by speed control
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Fig-16 The conversion of curing along the centerline

for the three curing methods
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Fig-17 The time history of the speed of the end effector

The results in Fig-15 and 16 show that the speed control can
also achieve the similar improvement of curing quality in face
of the interference described in Fig-6. The speed profile in Fig-
17 shows that the average sweeping speed of the end effector
increases when it crosses the middle area of the target surface.
Therefore, the corresponding irradiance decreases and
counteracts the higher absorption of UV light.

According to the irradiance calculation equation (10), the
irradiance distribution on the target surface is more sensitive to
the relative geometric configuration than the radiant intensity.
Therefore, the speed controller doesn’t need to monitor the
cured / uncured ratio /2 to adjust the shift speed. On the other
hand, the radiant intensity controller has the advantage of

achieving an even curing without any speed jerk. The two
control strategies can be combined to solve more complicated
problems in future study of the robotic UV curing process.

CONCLUSION

The contributions of this paper include the analysis of a
robotic UV curing process and development of a closed-loop
control approach by using thermal vision feedback through two
IR cameras. A simple mathematical reduction of the model of
the curing process is done to identify the primary state variables
and control inputs. Two IR cameras are used to monitor the
online temperature distribution of the target surface from both
the local and global views. They are also integrated into the
controller in a cascade manner. A simulation study is conducted
to evaluate the proposed control strategy. Two cases are
discussed, in which the radiant intensity and speed of the end
effector are used as individual control variables under this
thermal-vision-based architecture. The results show that the use
of either control variable succeeds in compensating for
interference and improving curing quality.

The future work may focus on developing a hybrid strategy
combing both the radiant intensity and speed control in order to
achieve an optimization of the robotic UV curing process. The
authors are also developing an experimental system to
demonstrate the proposed closed-loop control strategy for
future industrial applications.
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