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Abstract—Human skill based robotic control to perform
critical manufacturing operations (e.g. repair and inspec-
tion for high-value assets) can reduce scrap rates and
increase overall profitability in the industrial community. In
this study, a human-robotic collaborative control system is
developed for accurate path tracking subject to unknown
external disturbances and multiple ghysncal constraints.
This is achieved by designing a mo redictive control
with a slidin% mode disturbance rejectlon term. To rule
out the possibility of the constraints violation caused by
external disturbances, tightened constraints are formulated

enerate the control input signal. The proposed con-
troI er drives the robotic system remotely with enhanced
smoothness and real-time human modification on the out-
Putted performance so that the human experience can be
ully transferred to robotic systems. The efficacy of the
Blroposed collaborative control system is verified by both
onte-Carlo simulation with 200 cases and experimental
results including Tungsten Inert Gas (TIG) welding based
on a Universal Robot (UR) 5e with 6 Degree-of-Freedom.

Index Terms—Remote control, Universal Robot, Model
predictive control; Disturbance rejection

[. INTRODUCTION

NDUSTRIAL robots are widely used in manufacturing and

assembly lines, such as the automotive and white-goods
industries as they offer major improvements in productivity,
safety, ease of programming, portability and cost saving [1],
[2]. Much effort has been put into the design of robotic
solutions, e.g. 6 degree-of-freedom (DoF) with payload ca-
pacities improvements to assist a wide range of applications
and industries [3]. Nevertheless, their controllers still seem to
work based on point-to-point vectoring of the desired paths as
this is acceptable for many applications, such as spot welding,
assembly, part manipulations and even machining where such
operations are often used in the automotive industry. However,
the stability of moving robotic end-effectors is very sensitive
when it comes to continuous operations with high accuracy
requirements such as welding/gluing for curved paths where a
small change in both the distance and the velocity between the
end effector and the component may produce a considerable
variation in the process outcomes [4], [5]. Taking further
the example of robotic welding/gluing as processes requiring
”smooth” and continuum end-effector manipulations, the robot
should keep moving after each waypoint without any stop
during the whole process. Due to the shortage of the skilled
worker, especially the experienced welder (e.g. left-handed
welder), it would be desirable that industrial robots can provide
continuous velocity to guarantee this smoothness so that it
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can mimic or replicate the characteristics which human limbs
posses.

Therefore, concern over control performance with the
smoothness not only in the path but also in velocity to
guarantee the manufacturing quality and fast dynamic response
result in a set of challenging problems for robotic control.

Currently, most applications of industrial robots are based
on movement among waypoints which results in relative
“rugged” performance, especially when it comes to accurate
and continuous path tracking. For example, current industrial
welding robots are articulated arms with a preprogrammed set
of movements based on separate waypoints, such as "Movel’
command of Universal Robot (UR), which leads to a discon-
tinuous movement as the robot has to stop after each waypoint.
Although "MoveP’, a movement type intended for processes,
can be employed to achieve a continuous movement, it will
loose the real-time input to modify the path during the whole
process which means the human-robot collaboration is failed
to be provided. This emphasizes the need for advanced control
methods which can make the robots more able to mimic the
capabilities (e.g. path and velocity ”smoothness”) of human
operators and be open to accept real-time corrections to fulfil
critical applications. A Radial Basis Function Neural network
(RBFNNs) was introduced for industrial robot manipulators to
deal with uncertain dynamical environments [6]. The adaptive
parameter estimation and control for nonlinear robotic systems
were also developed in [7]. An adaptive control method was
developed to improve the tracking performance of 6 DoF
industrial robots. Compared with conventional PID control,
the proposed control method can achieve a smaller tracking
error when external disturbances and parametric uncertainties
are taken into consideration [8]. A sliding mode controller
is applied as position controller for compliant mechanics to
improve the tracking and disturbance response [9]. However,
these research studies focused on position control. How to
regulate the velocity and perform smooth movement during
the operation process still remains to be further investigated.
If the robots could present similar smoothness in movements
as human limbs, this would provide a direct link from human
intelligence to robotics.

In relation to smoothness/stable motion of robots, a fuzzy
logic based controller was proposed to reduce motion chatter-
ing phenomena on a wheeled mobile robot [10]. Also, time
optimal controller that allows the smooth control of rigid
robotic manipulators was designed based on high-order kine-
matic variables [11]. Jerk-limited trajectory planning methods
have also been proposed to reduce vibrations of robotic
motions [12]-[14]. However, these research results focus on
path planning rather than the actual output with smoothness
for robotic systems.

Model predictive control (MPC) has received considerable
attention in past decades due to its online optimization capa-
bility considering state and input constraints [15], [16]. Com-
pared with traditional optimal control, the online optimization
feature of MPC can update the optimal control sequence of the
system [17]. Therefore, control strategies based on the MPC
concept have found wide acceptance in industrial applications
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and have been widely studied by academia. Particularly, the
MPC approaches have been developed for industrial robotics.
A remote control scheme based on MPC was proposed for
welding [18]. The influence caused by the external disturbance
of the system was remained to be further investigated. A
control scheme combines MPC and SMC was developed in
[19] so that the MPC can be achieved based on a system with
reduced uncertainty. Such control scheme has been applied to
robotic system [20]. However, although many control methods
have been proved that can be used in open architectures [21]-
[23], such as servo motors, how to utilise this method to real
robot and guarantee the smoothness based on such control
scheme is still to be investigated. Most of the industrial robots’
controllers including the UR, are closed architecture (i.e.,
the control designer has no access to the low-level control).
Furthermore, existing standards [24] and methods of human-
robot collaborative systems are focused on safety concerns,
such as obstacle avoidance [25]. To introduce human skills and
experience into the robotic system, the collaboration between
human and robots should not only remain on the obstacle
avoidance, but also be extended to response human input in
the real-time with satisfactory control performance. Despite
MPC and SMC has been used in industrial system, up to date,
there is no industrial robot that able to accept human inputs
(e.g., fine adjustment from expert welder) during executing a
predefined path with given speed and trajectory. Design robotic
systems with human-robot collaboration and capability of
mimicking the operation of skilled operators will dramatically
reduce the maintenance cost and downtime in the industry
as they can provide efficient critical operations (e.g. repair
for specific component shapes), reduce scrap rates, increase
overhaul profitability, and reduce C'O, emissions during the
whole maintenances process.

To address these gaps stated above, this paper reports on
a control algorithm that allows the smooth arbitrary path of
multi-DoF robots capable to mimic human movement. We
took further this new capability and integrate the robot with
human experiences (i.e. a database of human hand movement
with an end-effector) so that the trajectories of humans can
be replicated by the robot in real-time. This opens the avenue
that actually the robot movements can be corrected in real-
time when the human/any other sensing device can observe
deviations not only in trajectory but also in “smoothness”.
The main contributions of this paper can be summarized as
follows.

« A human-robot collaborative system is developed with
enhanced smoothness and robustness so that the input
from the skilled operator can be responded in the real-
time during the path tracking process;

o A control scheme based on MPC and the sliding mode
compensator is implemented for both position tracking
and speed regulation of industrial robots to follow a
predefined trajectory while allowing the expert user to
deviate from this desired trajectory in the real-time and
in a smooth manner;

o The effectiveness of the proposed control scheme is
experimentally verified to guarantee the practical value
of such collaborative robotic systems with a wide range
of applications.

The rest of this paper is organized as follows. The control-
oriented model considering the constraints and external dis-
turbances is established in Section II; The control scheme
including online optimization based on MPC and disturbance
compensator is developed in Section III; Simulation and
experimental results are demonstrated in Section IV to verify
the efficacy of the control proposed strategy; Finally, this paper
is concluded in Section V.

[I. CONTROL-ORIENTED MODEL ESTABLISHMENT

A control-oriented model is established for the path tracking
control of the industrial robot. Both the external disturbance
and physical constraints are considered in this section. The
industrial robot is connected to a computer by an Ethernet
cable so that the remote operation can be enabled with an
advanced control strategy.

A. Notation
TABLE |
NOTATIONS
Variables in actual system

x 2  z-axis component of the position

y 2  y-axis component of the position

z £  z-axis component of the position

Variables in nominal system

Z £  z-axis component of the nominal position

§ £  y-axis component of the nominal position

Z £ z-axis component of the nominal position

Disturbances
dy £ zoaxis component of the external disturbance
dy £  y-axis component of the external disturbance
d, £ zoaxis component of the external disturbance
System parameters
Ts 2=  Sampling time
Controller
A . .

ugy =  control input along x-axis
uy =  control input along y-axis
ur; 2  control input along z-axis
Wr 2 nominal control input along z-axis
Uy £ nominal control input along y-axis
T, 2 nominal control input along z-axis

B. Dynamic Model

To achieve a high-performance control for the position of
the end effector, the kinetics of the UR and its transformation
to the end effector are respectively modelled. This is to
consider the control signal is actuated to manipulate the UR
directly and to take the vibration from the end effector as well
as other external disturbances into account.

The velocity along i-axis is the control input defined as
u; with ¢ = x,y, 2. Considering the vibration of the end
effector and other external disturbances, we have the following
dynamic model.

T = ug + dg
Y =uy +dy (1)
Z=u,+d,

and its discrete-time model obtained by zero-order holder is

Th+1 = Tk + Tsuk,x + Tsdk,:c
Yk+1 = Yk + Tsuk,y + Tedk,y (2)
Zg+1 = 2k + Tsuk,z + Tsdk,z

where T is the sampling time, x, yx, and z; are the system

states at time ¢ = tj, and Uy z, Uy y, and uy . are the system
inputs at time t = ty,.



IEEE TRANSACTIONS ON INDUSTRIAL ELECTRONICS

The nominal model (disturbance-free model) of (1) is
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The nominal model (disturbance-free model) of (2) is

Tpy1 = T + TslUp o
U1 =Yg + LsUny “4)
Zit1 = 2k + Ty, -

where Ty, ¥, and 7}, are the nominal states at time ¢ = ty,

and Uy, ., Uy y, and Uy, are the nominal control inputs at time
t=1.

C. Physical Constraints

During the operation, several physical constraints should be
considered. The position should be within safe ranges, which
leads to the following state constraints

zeX,X={z eR: xmin < < Tmax} ®)
yeyvyz{yeRymanyéymaz} (6)
ZGZ,Z:{ZERZZminSZSZmam} (7)

where Tinin, Tmazs> Ymin, Ymazs Zmin, aNd Zmq, denotes the
upper and lower boundaries of the position along three axes,
which are constants.

Due to the actuation limitation, the velocities which are also
the control inputs should be in reasonable range as follows

Uy € ]UanUw = {uw eR: |ux‘ < uw,maw} (8)
uy € Uy, Uy ={uy € R: uy| < uymast )

Uy € Uz;Uz = {uz eR: ‘uz| < uz,max} (10)
where Uz maz, Uy,maz, aNd Uz maz are the maximum veloci-
ties that can be provided along three axes, which are constants.

Assumption 1. The external disturbance caused by vibrations,
etc along the i-axis is bounded by a constant D; > 0 with
i =x,Y, 2.

1. MODEL PREDICTION CONTROL WITH DISTURBANCE
REJECTION

In this section, a MPC with SM compensator strategy is
proposed to track a pre-planned trajectory subject to unknown
external disturbances, uncertainties and multiple constraints.
The compensator works on actual model providing disturbance
rejection so that MPC can work on the nominal model coping
with constraints. Due to the disturbance rejection performance
of ISM, and tightened constraints, the original constraints are
satisfied and the whole system is robust against disturbances.

A. Overall Strategy

The control system diagram is shown in Fig. 1. A pre-
planned trajectory is considered as a desired signal fed into the
controller, and with the real-time feedback from the Universal
Robot, the proposed controller determines the control action
to stabilize the system.

Velocity Control
&
Constraints Handling Loop

Nominal UR
model

X,).Z

»
>

MPC

| Tightened State constraint | | Tightened Input constraint I

Input

constraint

constraint

/
| Compensator f)

x2%yo

Disturbance
Compensation Loop

External Disturbance d

Fig. 1. Control strategy scheme of SM compensator-based MPC with
constraints and uncertainties

The control signal of the ¢-axis contains two components
with ¢ = z, y, z. One control component, which is the nominal
control input, is to stabilize the system and cope with the
constraints, and the other one is to cope with the exter-
nal disturbances which drive the state trajectory away from
the desired or pre-planned path. Furthermore, the constraints
considered to generate the nominal control input are also
tightened from the original constraints to ensure that the
original constraints are satisfied in all cases subject to external
unknown disturbances.

The control strategy along the i-axis is proposed as

(1)

where uyrpc,; is the nominal control input for the velocity
control and constraints handing, i.e. u; = uppc,i, and ursas,i
is the compensator for coping with external disturbances, with
1=, 2.

In the following subsections, for simplification purposes, we
consider the model of z-axis and design a controller, and then
similar results are given for other two axes.

U; = UMPC, + UISM,i

B. MPC Design

The nominal control input u; = uprpc,; is generated based
on the nominal model (4). The working principle of MPC is
based on a receding horizon strategy where a control sequence
is generated by an online optimization, and only the first
element of the control sequence is applied to the system.

According to the nominal model (4), we have the following
state evolutions along the x-axis

Tpp1 = Tp + Tk,
Trio = Tyt + TsUpy1,0

=Tk + Tsﬁk,m + Tsﬂk+1,x (12)

TptN = Tt N—1 + TslUpt N-1,2
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which gives

fk‘-i—l 1 1 0 0 Hk,z
Tp42 1 1 1 0 0 Ukt1,z
- | e+ . Ts
: : : 0 :
TE4N 1 1 1 Ukt N—1,2
13)
where [V is the prediction horizon.
Choose the new state vector as
X = [To41, Ty, 5 Tarn]” (14)
and the new input vector as
Up = (ko Ukt > Ukt N-12) (15)
The optimization problem over the N-step horizon is
Py, = arg min  J,
[r, 2, Uk, e+ N—1]
st. Tp €X (16)
ﬂkJri,x S Ex
where
Jo = X" Q. X + Ul R, U, (17)

and U, is the tightened constraint on the input, X is the
tightened constraint on the state; ), and R, as constant weight
matrices that are positive definite. Consider the nominal model
(4), and define the system matrix as A, = [1,1---1]7 and

10 -+ --- 0
11 0 ---

B, =1, |. ol’ the cost function (17) can be
1 1

rewritten as

J. =UTH,U, + FTU, (18)
where !
H, = 5(B{Q,%Bx +R,) (19)
and
o1

Therefore, an optimization can be undertaken based on a
single input variable U,, and in MATLAB, it is achieved by
’quadprog’ program. Only the first element of the resulted op-
timal sequence U, = [Ug o, Wk+1.2y° > Ukt N—1,2] - » Which is
Uy 7, 18 applied to the system as the current nominal control
input at time ¢ = .

Remark 1. (Tightened constraints) Since a compensation
control input is introduced to cope with the external distur-
bances, the input constraints for the MPC subsystem should be
tightened to ensure that the total control input does not exceed
the limitation. In the sequel, the amplitude of the compensation
control input is designed as Ky, ; with © = x,y, 2, therefore,
the tightened input constraints U; € U; are calculated as

U, = {4 : [@| < timaz — Kism,i} 2D
with i = x,y, 2.

In the following subsection, we prove that the nominal state
approximates the actual state by applying the compensator, so
the tightened constraints on the state are calculated as X = X,
Y=Y, and Z = 7.

Following the similar procedure, nominal control inputs
along y-axis and z-axis can be achieved.

C. Disturbance Compensator Design

The compensation control input ursar,, is designed as
follows
_Kism,xSign(sw) (22)

where K, . is a positive constant satisfying Kjep, o > Dy
and s, is sliding variable defined by

UISM,x =

52 = Lafa(t) — x(to) - / unpea(r)dr]  (23)

to

with L, as a positive constant, and the function of sign(A) is
defined by
Ta) A#O0

24
0 L,A=0 @4

sign(A) = {
Theorem 1. By using the compensation control input (22),
the unknown external disturbances can be eliminated and the
closed-loop dynamics of the actual model approximates the
nominal model.

Proof. The proof is divided into two parts. Firstly, we prove
that the proposed sliding variable converges to zero and stays
at zero afterwards.

Select a Lyapunov candidate as V =
derivative is

152, and its first time
V =5,Lo (& — unrpe,o (7))
:SzLx(uISM,:E + dz)
S - Kism,zL;E|8I| + DlLl|31|

(25)

Since Ko, o is set to be Ko, o > D,, we have that V' <
0 holds for any s, # 0 and V' = 0 holds only if s, = 0
holds. Therefore, the sliding variable s converges to zero and
Sy = $; = 0 holds afterwards.

Secondly, we prove that once the sliding mode is main-
tained, the closed-loop dynamics of the actual model becomes
the nominal model.

From s, = s, = 0, we have

(26)

which yields & = uapc,, and since uppc,, = U, holds,
we have © = uapc,o. Therefore, the closed-loop dynamics
approximates the nominal dynamics. This completes the proof.

O]

Similarly, the compensation control inputs along y-axis and
z-axis can be obtained as

S :-i'_uMPC,w =0

UrsM,y = —Kism,ysign(sy) 27

and
= _Kism,zSign(Sz) (28)

where Kjsp .y and Ky, . are positive constants satisfying
Kism,y = Dy and Ky, . > D, and s, and s, are sliding
variables defined by

UTSM,z

sy = Ly[y(t) —y(to) — / UN PO,y (T)dT] (29)

to

t

s, =L, [Z(t) — Z(to) — / uAij,Z(T)dT] 30)

to

Remark 2. The implementation for practical robotic systems
will be influenced by the complexity of the proposed control
scheme. SMC is verified to be computational lightweight, but
MPC is expected with a higher computational cost. However,
with simple constrains and models, the computational burden
can be further reduced. A quantified complexity analysis can
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be found in [20]. Meanwhile, the prediction horizon should
be set with a trade-off between control performance and
calculation speed: By choosing a smaller prediction horizon,
a faster calculation speed can be achieved but it will lead to a
worse control performance. A better control performance can
be achieved if a larger prediction horizon is selected as more
future information can be introduced during the optimization.
However, a slower calculation speed will be obtained. In this
study, a 500Hz rate, which is the highest data exchanging rate
of Universal Robot, can be guaranteed by the proposed control
scheme.

IV. SIMULATION AND EXPERIMENT VALIDATION

In this section, we will testify if the proposed control system
can provide a high-enough level of repeatability, accuracy and
dynamic response, particularly in highly stressed and difficult
to access locations.

A. Test Rig Set-up

The human-robot collaborative is established as shown in
Fig. 2. A Universal Robot (UR)-5e¢ with 6 DoF is employed
as case studies. The UR-5e is connected by an Ethernet cable
with an Intel Xeon 3.5 GHz computer by running a Python
program as the developing environment. By using the current
set-up, no obvious latency is achieved as the communication
frequency between the UR-5e and the computer is 500 Hz
which guarantees a fast real-time data exchange. A Xbox One
joystick linked to the computer is employed as the real-time
human input. The input from the joystick is introduced into
the control scheme so that it can be responded during the
path tracking process. Multiple kinds of end effectors can
be attached to the robot arm so that the proposed control
method can be extended to wide inspection and repair tasks
even in hazardous environments, such as nuclear and extreme
temperatures, where accurate remote control and collaborative
robotics based on human experience are needed. The appro-
priate selection of ); and R; should find a trade-off between
the control effort and the performance of the system. The
MPC parameters have been selected as @); = diag(10, 10, 10)
and R; = 0.1 for each axis, and the rest of controller
parameters are shown in Table II. Specifically, Kigm, » > Dy,
Kismy = Dy and Ky . > D, should be satisfied as they
are gains of disturbance rejection terms. L, L, and L, are
positive constants that can be tuned carefully to achieve a
satisfactory compensation performance.

— Human Input - — — — — — End Effectors — — — — — —
| M . |
| &R s 2§ |
| [ J - |
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Fig. 2. System overview of the proposed control scheme

TABLE Il
CONTROLLER PARAMETERS

Parameter Kism,z K'Lsm,y Kism,z N
Value 0.6 0.6 0.6 8
Parameter L, Ly L,
Value 0.1 0.1 0.1

B. Numerical Monte Carlo Analysis

To verify the effectiveness of the proposed control scheme,
a simulation of path tracking by using the proposed control
scheme and MPC only considering initial error, control input
saturation and external disturbance is demonstrated in Fig. 3.
Meanwhile, a PID controller, which is widely used in robotics
control, is introduced as a comparison.

Proposed Method
cenreens PID
Desired Path

Tracking Position (m)

™

Tracking Error
o

&

I L I I L I
[ 1 15 3 35 4 45 5

'riniZ(s)

Fig. 3. TrackingPperformance of the proposed controller in comparison
with PID and MPC

It is shown in Fig. 3 that with input constraints and external
disturbances, a smaller tracking error can be achieved by the
proposed MPC. When the robot is driven to track a path with
higher dynamic performance requirement, the superiority of
the developed MPC scheme is more obvious as PID will
fail to track the desired path when input constraints and
external disturbance are taken into consideration. Compared
with MPC, the proposed control scheme can further reduce
the tracking error as SMC is introduced to tackle uncertainties
and external disturbances, and guarantee the robustness of the
control system.

To further test the robustness of the proposed control
strategy, a numerical Monte Carlo simulation of 200 cases
with random initial states and multiple reference signals is
demonstrated in Fig. 4. The mean value of the initial position
is 0 mm, and the standard deviation of the initial position is 0.4
m, 0.2 m and 0.025 m, respectively for three axes. Meanwhile,
a time-varying external disturbance d = 0.5sin(t) + € is
introduced in the simulation. Here, ¢ ~ N(0,0.1) is a white
noise.

Fig. 4 shows that all the axes can converge after 1s and
the largest tracking error in the static state can be guaranteed
within 3mm for all three axes. Hence, the satisfactory control
performance can be achieved with the initial perturbation and
the external disturbance which guarantees the robustness and
repeatability of the proposed control strategy. Meanwhile, the
active input saturations are demonstrated in Fig. 4, which
proves the effectiveness of the proposed MPC. We can see
that the input constraints are active which bounds the actual
control input in the range of [—0.6,0.6], [-0.6,0.6] and
[-0.2,0.2]m/s for three axes, respectively. The constraints
are set as 60% of UR’s speed limitation to make sure the
constraints are active. On the other hand, if loose constraints
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X position (m)
Y position (m)
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Fig. 4. Tracking performance of Monte Carlo simulation with random initial states, uncertainties and multiple reference signals of 3 axes by using

the proposed controller

are set, a better dynamic response and less computational
burden can be achieved with a shorter convergence process.

C. Experimental Results

Case 1: Comparison with linear-move strategy

In practlcal 1mplementat10n the 51gnum function can be
modified as sign(A A” T , where p is an arbitrarily small
constant. In this Way, Le chattermg problem can be coped
with. Linear-move control command [26], [27] is usually
employed to drive the robot move from one waypoint to
another in the industrial applications. A comparison of the
velocity by using the linear-move control command and the
velocity by using the proposed MPC is shown in Fig. 5.

— Linear move
= Online MPC
0f {

L L L L L L L L L L
SQDO

o
N

oo
=N

L L L L L
6000 7000
T T

S
s

Z velocity (m/s) Y velocity (m/s) X velocity (m/s)

I I I
4000 7000 8000

I
2000

1000 3000 5000 6000

Time (ms)

9000

Fig. 5. Velocity comparison between the proposed controller and point-
to-point linear-move control strategy

Although the path tacking can be realized by the linear
move control command naturally provided by the UR Se, it
should be noticed that the velocity is unsmooth. During the
operation process, the quality depends on not only the position
control performance but also the velocity. Therefore, the pro-
posed MPC is more suitable than linear move control for the
application which needs smooth movement, such as welding
and glueing. This is because the proposed method can drive
the robot for path tracking by the velocity regulation based on
the real-time tracking error. Furthermore, the proposed control
scheme is more reliable as the velocity chattering of the linear
move is avoided for accurate path tracking.

Case 2: Comparison with open loop velocity control, PID
and MPC

Path tracking experimental results are achieved as shown
from Fig. 6 to Fig. 7. The desired path is recorded in the
free-drive mode of the UR-5e with a 500Hz data exchange
rate. To test the robustness of the proposed control scheme,
the installation settings of UR is set incorrect on purpose as
the uncertainties of the system, and an lkg extra payload is
added during the tracking process as the external disturbance.

0.16 - — T

Proposed Method
—PID 7
= = = Desired
——MPC

Moment of adding extra payload

Starting, Point
00 . . . .

X (m)

Fig. 6. Tracking trajectory by using the proposed controller in compari-
son with PID and MPC
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Fig. 7. Trackin% error by using the proposed controller in comparison

with PID and MPC
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As shown above, compared with PID, both MPC and the
proposed control scheme can drive the robot for accurate path
tracking. However, when a heavier payload (5kg) is employed
as the external disturbance, the proposed control scheme can
still guarantee the tracking performance as shown in Fig. 8 to
Fig. 9.

Ending Point ‘

Proposed Method
= = = Desired
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Fig. 8. Tracking trajectory br using the groposed controller in compari-
son with PID and MPC with larger disturbance
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Although PID, MPC and the proposed method can guarantee
a smooth path motion compared with linear-move control com-
mand, the proposed control scheme can guarantee the accuracy
of the path tracking with robustness against uncertainties and
disturbances. This is because the tracking error is employed
as the input of the proposed controller and a disturbance
compensator is introduced in the proposed control scheme
so that the robot can be driven accordingly. The robustness
provided by the proposed control scheme is desirable for
industrial robots application as the control architecture is
closed compared to simulation and lab environment (e.g., servo
motors) where the controller is open architecture.

Case 3: Path tracking with real-time human input

To modify the recorded path in real-time during a process
(e.g. welding) that require high smoothness in path/velocity,
a joystick that is linked with the host PC is introduced in
the control scheme. The tracking performance of three axes is
shown from Fig. 10 to Fig. 11.
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Fig. 10. 3D tracking trajectory with real-time human input by a joystick
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Fig. 11. Tracking performance of 3 axes with joystick real-time input

As shown above, the real-time human intervention can be
achieved with a fast dynamic response which guarantees the
collaboration between the operator and the robotic system. The
maximum distance which can be modified corresponding to
the original path is set as 10 mm in this study and it can be
tuned according to different scenarios. Meanwhile, it worth
to be noticed that the human input will not cause the jerk
movement. Therefore, the smoothness can be guaranteed by
the proposed human-robot collaborative control system.

Case 4: TIG welding test

To further evaluate the practical effectiveness of the pro-
posed control scheme, a group of TIG welding tests on curved
path is presented. The welding torch is attached to UR 5e as
shown in Fig. 12. The welding results are shown in Fig. 13.
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Fig. 13. TIG welding results comparison: (A) welding based on linear
move control; (B) welding based on the proposed control scheme; (C)
desired path created for case A and B

In Case A, the linear move control based on 10 way-points
is employed. The speed vector is set as 1 mm/s during Phase
al which is the desire speed according to experienced welder,
however, the speed is too low which leads too much wire fed
in the weld pool. The widest part is 7.29mm as shown in the
result. The welding result in Phase a2 is achieved with a higher
speed but the speed is not constant which makes the welding
lack of quality. The narrowest part can be only 1.50mm. This
is because linear move command focus on position control and
the speed cannot be constant among waypoints. Note that the
speed can be continuous by using "Move Process’ strategy, but
it will lose the real-time human input during the whole process.
Case B is achieved by using the proposed control scheme with
Imm/s as the desired speed. The smooth movement and stable
speed regulation provided by the proposed method guarantees
the quality of the TIG welding with a 4.00mm fixed width
welding result.

Based on the same desired path shown in Fig. 13 (C), TIG
welding based on the proposed control scheme with real-time

human input via a joystick is shown in Fig. 14. We try to add
real-time human inputs to weld the Branch 1 and 2 shown in
Fig. 14(a) based on the live via a welding camera shown in
Fig. 14 (c) to (f).

Starting point

=

Fig. 14. TIG welding: (a) welding follow the original path; (b) welding
with real-time human inputs

In this case, the robot follows the original curved path
during Phase bl and human inputs are added at point P; in
Phase b2 to follow Branch 1. After welding Branch 1, there
is no human input from point P> and the robot is back to
follow the original path. During Phase b3, human inputs are
added again at point P to follow Branch 2. It can be seen in
Fig. 14(c) that both the positions and rotations of the welding
torch have been changed according to the human input during
the welding so that the relative position between the welding
torch and the wire feed can be maintained to guarantee the
welding quality. Therefore, the experience of the welder can
be introduced in the real-time which is critical for the welding
in confined spaces that human cannot reach.

V. CONCLUSION

A control strategy based on MPC and sliding mode compen-
sator was designed for the path tracking control of industrial
robot. The developed robotic system can be remotely driven by
the proposed controller for accurate path tracking control with
real-time human modification on the outputted tracking perfor-
mance. The path tracking with smoothness was empowered by
the proposed MPC and the sliding mode disturbance rejection
term was designed to compensate the external disturbance so
that the control performance of the robotic system can be
further improved. Meanwhile, fast dynamic response to the
real-time human input can be guaranteed by the proposed
control scheme to meet the unique requirement of human-
robot collaborative industrial manufacturing and inspection.
Simulation and experimental results were demonstrated to
verify the effectiveness of the proposed control strategy.
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