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Abstract: This paper investigates the hardware-in-the-loop (HIL) simulation approach for dynamic control of a three-link
rigid robot manipulator that possesses ambiguous dynamics and kinematics. The task with two adaptive control schemes
has been realized with the objective of task space trajectory-tracking of the end effector of the robotic manipulator. Both
proposed controllers are designed by considering the joint reference velocities and the additional separation property.
Based on these, the controllers can be referred to as reference velocity (RV) and reference velocity separation (RVS)
adaptive controllers, respectively. The RV adaptive controller can yield better performance with proper alterations,
without the cost of conventional gain choice. The HIL simulations are carried out with the aid of a model of three-
link rigid robotic manipulator, developed using MATLAB/Simulink, and the RV and RVS adaptive controllers were
implemented with the C2000 real-time controller. From the HIL simulation, the performance of the two adaptive

controllers is analyzed for task space tracking of the robotic manipulator.

Key words: Robot manipulators, adaptive controllers, reference velocity, separation property, hardware-in-the-loop

simulation

1. Introduction

As a robotic system design requires multidisciplinary mastering, partitioning the design tasks into various sub-
systems simplifies their analysis and synthesis. Therefore, utilizing the real hardware modules in the loop of
a real-time simulation enables a detailed analysis of sensor noises and actuator limitations of robotic systems.
This can be accomplished with the hardware-in-the-loop (HIL) technique, where the control algorithms are
implemented in the actual hardware, rather than utilizing the simulated model. This kind of HIL-based simu-
lation modeling supports rapid prototyping of control algorithms [1]. Various fuzzy-based adaptive controllers
were proposed by various researchers [2—4]. There are also various other proposed techniques for the control
of robotic manipulators, based on feedback linearization, computed torque control, variable structure compen-
sator, etc. [5]. Adaptive control of actuators of robotic manipulators has also been carried out, combining
a proportional-integral-derivative (PID) and variable structure compensator to improve the precision of tra-
jectory tracking [6]. However, the lack of real hardware implementation of the control algorithm makes the

robotic manipulator tolerate precision in control appliances. As robotic manipulators employed in the task
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space may undergo kinematic uncertainties, adaptive control schemes are mandatory. The adaptive regional
feedback control strategy, based on Jacobian feedback and inverse Jacobian feedback control, is employed to
overcome the stability issues of dynamics and kinematic uncertain systems [7,8]. The performance criteria in
task space are accurate trajectory tracking and better transient response, which are considered to be lacking in
those techniques.

This paper presents a solution by realizing two different adaptive control schemes with the objective of
task space trajectory-tracking of the end effector of the robotic manipulator. The joint reference velocities of
the manipulator are taken into account for both the proposed controllers and the design of the second controller
includes an additional separation property. To test the robustness of the proposed adaptive controllers, the HIL
simulation approach is employed. The control algorithms are implemented in the real hardware. The actuators
and dynamics of the robotic manipulator are designed as a portion of the simulator system, rather than investing
in an actual robotic manipulator [9]. The first reference velocity (RV) controller improves the performance with
better trajectory tracking for the robotic manipulator. With the expense of conservative gain selection, the
RV adaptive controller can handle the dynamic and kinematic uncertainties of the robotic manipulator. The
joint serving module of the second reference velocity separation (RVS) adaptive controller can be modified with
joint velocity commands with the aid of the separation property. Jacobian feedback control is not suitable for
this issue due to the coupling nature in the torque input to the robotic manipulator due to adaptive transpose

Jacobian feedback and a lack of quick adaptation [10].

2. Dynamics and kinematics of the robotic manipulator

A three-link planar serial robotic manipulator placed on a fixed base plane is shown in Figure 1. The three
revolute joints Jq, Jo, and J3 are driven by separate actuators and the rotating angles of these three links
are 01, 0,, and 03, respectively. From the Euler-Lagrangian formulation, the dynamic equations of the robotic
manipulator are derived, which describe the relationship between joint motion, accelerations, and torque [11,12].
The dynamic equation of motion of an ‘n’ link robotic manipulator with rotary joints is given in joint space,

described by Lagrangian dynamics as:

M (0) 6+C (9,9’) 6+G (0) =r, (1)

Gripper
(End Effector)

Figure 1. Model of the robotic manipulator.
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where M (6) eR™*™ is the inertia matrix of the manipulator, 6 is the n x 1 joint position vector, C (0,9) eRmxn

is the matrix of centrifugal and Coriolis forces, G () ER™ is the vector of gravitational torque, and T€R™ is
the vector of joint actuator torques. The modeling of the chosen manipulator is performed with three rigid
links, the first connecting joints J; and Jg represented with the length of 15, the second connecting joints Jo
and J3 represented with the length of 1y, and the last link connecting joint J3 and the gripper represented
with the length of 15.

The torque vector for the actuators of those three links can be expressed as:

T=[m1T2 7'3]T , (2)

where 71, T2, and 73 are torques applied to the actuators of joints J1 J2, and Jj3, respectively. Egs. (1) and
(2) show the controller output torques. Representing the position of the end effector in Cartesian task space
as x €R™, by nonlinear mapping the joint position can be given as:

x = f(0), (3)

where § €R™ represents the joint position and f : R*— R™ is the mapping from joint to task space. The relation
between joint space velocity and task space velocity can be obtained by differentiating Eq. (3) with respect to

the time as represented by Eq. (4):
i= J(0)6, (4)

where J () €R™ ™ is the Jacobian matrix. With the direct kinematics given in Eq. (4), we cannot predict
the task space position and velocity unless the kinematic parameters are known. The kinematics depend on a
constant parameter vector ay and follow the linearity in parameters property. Here we assume the task space
sensors to be potentiometers or a camera employed to give the position and velocity information in the task
space [13].

3. Design of adaptive controllers using HIL technique

Due to complex nonlinearities and uncertain parameters, the usage of deterministic control methods is quite
challenging [14]. Additionally, to overcome the drawbacks of passivity-based controllers, inverse dynamics con-
trollers are employed [15]. Here we investigate the adaptive controller implementation for a robotic manipulator
with uncertain dynamics and kinematics with the aid of the HIL simulation technique by taking into account
the actuator dynamics [16]. We consider the control objective as the driving of the robot manipulator end
effector to track the desired trajectory xq asymptotically in the task space [17]. It is also assumed that the
translational velocity 4 and acceleration Z4q of the desired trajectory for the task space are all bounded by

considering the bounded nature of the actuators [18].

3.1. Design of reference velocity adaptive controller

The joint RV 6, is considered as the basic parameter of choice for the design of the RV adaptive controller.
This algorithm estimates the parameters online, which appear in the dynamic model of the robotic manipulator
[19]. It is used to derive the control law to control the actuators in the joints of the robotic manipulator. To
overcome the drawbacks of the velocity measurements, the sliding observer design technique can be used to

estimate the joint velocities [20]. The design illustration of the RV adaptive controller that was implemented
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using the C2000 real-time controller is shown in Figure 2. The joint reference for the RV adaptive controller

velocity is represented using the estimated Jacobian matrix as:

Position of the
End effector

lx
Desired
. X Ax
trajectory d @ >
for the E
End effector l T
IR : ; d “113 Link Rigid |
d Xy A 0 S 0
E —> @—> J 1(9) Ll ? ﬂ@—»—» : T > T2| Robotic (92
T3 Manipulator 03
v
Yd(O,é,(')r,'ﬁ.r)?ld < 4
4—, dt
Control Law
Figure 2. Block diagram of RV controller using HIL for a three-link robotic manipulator.
0, =J"1(0)ir, ()

where &, = £q—aAx is the position tracking error with respect to the task space of the robotic manipulator,
« is a positive design constant, and J~1 (0) is the inverse of the estimated Jacobian matrix obtained with the
estimate of ay represented as aj for J=1 (9) [21]. The joint reference acceleration of the links can be obtained

by differentiating Eq. (5) with respect to time:
e =T (6) [ J(0) b 6)
By defining the sliding vector as s zé—ér, it can also be written as:

s=J"1 (9) [a’:—J 0) 0;} , (7)

s=J1(0) [Aa;~+an+Yk (e,a;) Aak} . (8)

This can be further written in terms of tracking error as:
Ai= —aAx—Yi (9,9}) Aai+J (0)s, (9)

where Aay = ax—ay is the kinematic parameter estimation error. Based on the position, velocity, acceleration,

and estimated parameters, the control law can be written as:
7= —Ks+Yq (9,0’,0},9}.) i, (10)

where K € R™*™ represents a symmetric matrix that is positive and definite. The adaptation laws were for-

mulated by taking into account the dynamic model of the robotic manipulator [20]. The dynamic parameter
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estimate aq is updated by:

4= —TqYT (9,6’,&,(%) s. (11)

The estimated kinematic parameter ay is updated with the help of direct adaptation law as:
“a=TiYT (a,é,) [(8/a)Ax + Ax], (12)

where T'q, T'y represents a symmetric and positive definite matrix and S €[0,1] is a design constant. Substi-

tuting the control law from Eq. (10) into the dynamics, Eq. (1) yields:
M (6) 5+C (9,9’) s = —Ks+Yq (0,9’,6)”@) Aag, (13)

where Aag = ag—aq. The closed loop robotic manipulator system controlled using the RV adaptive controller

can be described by Egs. (9) and (13). The corresponding adaptation laws are given in Eqgs. (11) and (12).

3.2. Design of reference velocity separation adaptive controller

In this section, we present the design strategy followed for the RVS adaptive controller, which has a separation
property and uses a different joint reference velocity and kinematic parameter adaptation law. The implemen-

tation of the RVS adaptive controller in the C2000 real-time controller is shown in Figure 3. The joint reference

for the RVS adaptive controller velocity 6, is represented using the estimated Jacobian matrix as:

Position of the
End effector

x
Desired l
. X, Ax
trajectory d ( : ) > AT
for the @ J7®

End effector

. . . T . ... |01
d |* [ sa X - Or d s 3 Link Rigid 0
ol BRI Ol mana\ >~ 4 @—»(: ——>t2| Robotic |92
- T3 Manipulator g5
0
A
Yd(e,é,ér,'ér)li\ld < l

4———’ dt
Control Law

Figure 3. Block diagram of RVS controller using HIL for a three-link robotic manipulator.

0, =z, —JT () aAz, (14)

where the derivation of position tracking error is given as z, = J-t (0) 4. The closed loop robotic manipulator
system is then described for the RVS adaptive controller by Eqgs. (13) and (15):

Ai = —adT () J (0) Az — Yy (97 e;) Aay, + J (0) s. (15)
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The control law for the RVS adaptive controller and the adaptation law are the same as that of the RV adaptive
controller, represented by Egs. (10) and (11). However, the kinematic parameter adaptation law for the RVS

adaptive controller is given as:

G = Ty YT (9,9‘) Az. (16)

4. Performance of the HIL-simulated adaptive controllers

The two designed adaptive control schemes, RV and RVS, were implemented with the C2000 real-time con-
troller, and the HIL simulations were carried out using MATLAB 2012b and Code Composer Studio 5. They
were implemented to actuate a three-link planar rigid robotic manipulator that clutches an unknown ob-
ject. The link lengths of the chosen manipulator are [y = 0.09 m, Il = 0.063 m, and I3 = 0.115 m and
the corresponding masses of the links are m; = 0.15 kg, mo = 0.1 kg, and ms= 0.28 kg. The sampling

period is chosen as 5 ms and the desired trajectory of the end effector of the manipulator is chosen as
24 = [1.6755 + 0.3 cos mt, 3.9952 + 0.3 sinmt] "
chosen as K =30, a =10, 8 =0.5, I'y = 200, and 'y, = 300, respectively. The actual values of the parameter
estimates are selected as aq = [7.9627, —0.9601, 19.2827, 10.1496] T and

. For the RV adaptive controller, the controller parameters are

ay = [2.0000, 3.3855, 0.8001] T The HIL simulation results for the RV adaptive controller tracking errors

for joints J; Jo and Js are shown in Figure 4 and the torques for the corresponding joints are shown in Figure 5.

012 : : : : 80 : . ; ;
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Figure 4. Tracking errors of the position of three joints  Figure 5. Torques applied to the three joints for moving
while moving the end effector using RV adaptive controller.  the end effector using RV adaptive controller.

For the RVS adaptive controller, the controller parameters are chosen to be the same as those of the RV
controller, except for the design parameter a = 1.5, since the equivalent feedback gain contains the transpose
of the estimated Jacobian matrix.

The HIL simulation results for the RVS adaptive controller for tracking errors and torques of the joints are
plotted in Figures 6 and 7, respectively. From the simulation results, it is obvious that the RV adaptive controller
results in a better tracking accuracy of approximately 0.0015 at ¢ = 6 s and more adequate utilization of the
joint torques. The tracking accuracy under the RVS adaptive controller after ¢ = 6 s is analogous; hence, the
closed-loop dynamics are approximate to a linear dynamics that are critically damped, and the other parameters
are chosen to be the same as those in the RV adaptive controller.
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Figure 6. Tracking errors of the position of three joints Figure 7. Torques applied to the three joints for moving

while moving the end effector using RVS adaptive con-  the end effector using RV adaptive controller.
troller.

Tables 1 and 2 list the comparison of errors and torques, respectively, at the three joints of the robotic
manipulator for the proposed controllers. They are tabulated for time samples of a 1-s delay, and the equivalent

average of the errors and torques is consolidated in Table 3.

Table 1. Comparison of tracking errors in the position of three joints for RV and RVS adaptive controllers at a time

sample of 1 s.

Time (s) Joint Jy error (m) | Joint Jy error (m) | Joint J3 error (m)
RV RVS RV RVS RV RVS
1 0.0022 | 0.0009 0.0032 | 0.0162 0.0097 | 0.0082
2 0.0036 | 0.0001 0.0047 | 0.0083 0.0060 | 0.0071
3 0.0074 | 0.0034 0.0065 | 0.0013 0.0001 | 0.0123
4 0.0019 | 0.0060 0.0043 | 0.0079 0.0012 | 0.0080
5 0.0029 | 0.0057 0.0055 | 0.0050 0.0003 | 0.0093
6 0.0015 | 0.0051 0.0026 | 0.0063 0.0033 | 0.0048
7 0.0024 | 0.0041 0.0019 | 0.0024 0.0040 | 0.0051
8 0.0029 | 0.0033 0.0032 | 0.0042 0.0021 | 0.0035
9 0.0026 | 0.0027 0.0019 | 0.0021 0.0033 | 0.0031
10 0.0023 | 0.0022 0.0015 | 0.0026 0.0030 | 0.0025

It is obvious from Tables 1 and 3 that the tracking and average errors of the joints are lower for the RV
adaptive controller. From Tables 2 and 3 it is also evident that the RVS adaptive controller uses more torque to
actuate the joints. The main advantage of the RVS adaptive controller lies in the responses of the joint tracking
errors, which become more uniform. The tracking errors converge quickly compared to the RV controller using
constant gain feedback, as shown in Figure 4.

5. Conclusion

In this paper, we have considered the adaptive tracking of the end effector of a robot manipulator that is
subjected to both dynamic and kinematic uncertainties. The proposed adaptive controllers, with different
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Table 2. Comparison of applied torques for RV and RVS adaptive controllers to the three joints at a time sample of 1 s.

Time (s) Joint J; torque (Nm) | Joint Jy torque (Nm) | Joint Jstorque (Nm)
RV RVS RV RVS RV RVS

1 5.9505 | 1.4239 1.7677 | 2.9183 12.8865 | 11.3871
2 13.0881 | 19.0142 11.4314 | 13.0799 8.3887 | 20.7942
3 8.3696 | 8.3298 4.7097 | 6.3640 2.5466 | 15.1397
4 15.6813 | 14.7987 11.7913 | 13.3904 5.9808 | 16.7264
b) 8.0329 8.0155 4.3110 6.9169 1.3772 10.0878
6 16.0058 | 15.7422 11.8793 | 13.3994 8.7560 | 22.0056
7 7.8270 8.9515 4.2566 6.5996 3.4649 | 4.7816
8 16.2033 | 16.2766 12.6296 | 13.6186 9.1256 | 26.4928
9 7.7353 8.3865 4.7384 7.0572 2.4216 | 4.1001
10 16.8000 | 17.2417 12.8082 | 9.5049 7.1881 | 25.8490

Table 3. Average response of joint errors and torques using RV and RVS adaptive controllers.

Joint Jp Joint Jo Joint J3

RV RVS RV RVS RV RVS
Average joint error (m) 0.0030 | 0.0033 | 0.0035 | 0.0056 | 0.0033 | 0.0064
Average joint torque (Nm) | 11.5694 | 11.8181 | 8.0323 | 9.2849 | 6.2136 | 15.7364

reference velocity and additional separation property, are employed to solve the trajectory-tracking problem of
the end effector with better precision. Our experimentation, based on HIL simulation using the C2000 controller,
also suggests that a good tracking performance can be obtained in the task space of the end effector with the aid
of RV and RVS adaptive controllers. However, a valuable feature of the proposed adaptive control schemes is the
separation of the kinematic and dynamic loops. The kinematic control law, represented by the joint reference
velocity and the kinematic adaptation law, ensures the convergence of the tracking errors in task space. The
joint velocity tracking error of the proposed adaptive controllers is bounded and square-integrable. From the
HIL-implemented experimental results, it is obvious that the designed RV adaptive controller possesses better
trajectory-tracking accuracy with minimum torque and the RVS adaptive controller responds better to joint

tracking errors and converges faster.
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