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Avrticle history: Gravity causes non-linearity in position control of an articulated industrial
Received August 20, 2022 robotic arm. Especially for a joint position _contr_ol of_ a robot’s shoulder and
Revised November 13, 2022 elbow that works parallel with the gravity direction. To overcome the
Published December 28, 2022 problem, Computed Torque Control algorithm was implemented. This

algorithm linearized the feedback, so a regular linear Proportional Derivative
controller can be implemented. The contribution of this research is to find an
Keywords: effective controller to control a heavy weight low-cost robotic arm link/body
using low-cost controller such as Arduino. A Computed Torque Control was

Fig&ﬁtcg;?‘ implemented to control the shoulder joint of an articulated robotic arm. This
Arduino: joint is the most affected joint by the gravity. It works along the vertical plane,
Computed Torque Control; and loaded by the rest of the arm and the robot’s load. The proposed controller
Feedback Linearization was compared to a Proportional Integral Derivative (PID) Controller and a

Cascade PID Controller. The experiment showed that the Computed Torque
Controller can control the position of the arm properly both in the direction
along or against the gravity. A linear PID controller could not bring the arm
to the set point when it moves against the gravity, but it works well when the
arm moves in the opposite direction. A Cascade PID controller has an
overshot when the arm moves along the gravity. But it works properly when
it moves up against the gravity. A Computed Torque Control works well in
both directions even in the presence of gravity force because it includes the
gravity on its algorithm.
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1. INTRODUCTION

The use of industrial robotic arms is increasingly widespread. The use of robotic arms is expected to
increase production, efficiency, and also safety. Although the level of demand for the use of robotic arms is
increasing, the price for an industrial robot arm is still quite expensive. Some mid-level industries and
engineering schools cannot afford the expense if they want to use industrial robotic arm. Engineering schools
need to add robotics to their curriculum in order to prepare workers who understand robot control and
programming. One way to overcome this problem is to make a low-cost robotic arm. Some researchers tried to
develop special purpose robots that handle special purpose task [1]-[6], but some also developed general
purpose robotic arm [7]-[13]. Some of them used flexible manipulator instead of rigid body [14], [15]. One of
popular algorithm to control the robotic arm manipulator is Proportional Integral Derivative (PID) controller.
Some researchers proposed PID controller as their robot controller [16]-[22]. In order to optimize the
performance of the PID controller, some hybrid PID controllers were also introduced [23]-[30]. Nonetheless,
due to some uncertainties, another controller besides PID were also introduced [31]-[37].

Experiments to control a robotic manipulator using a robust Hoo controller have been carried out by Igbal
[38]. However, the research is still limited to simulation only. Hayat [39] said that the controller model before
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the introduction of the robust controller omitted too many dynamic parameters so that the stability and
performance of the robot was not good. However, the traditional synthesis of Hoo robust controllers result in
high-order controllers. So, if later combined with the order of the controlled device, it will produce a much
larger order of the control system. If it will be implemented on a simple controlling device such as a
microcontroller that has a low speed/clock, it will cause problems. To avoid this, the order of the controller is
determined first by determining its structure. Several researchers such as Chaiya and Kaitwanidviai [40] and
Olranthichachat and Kaitwanidvilai [41] tried to make a Hoo controller with a simple structure that had been
determined in advance with the Particle Swarm Optimization optimization technique. The same approach using
optimization Genetic Algorithm has been carried out by Kaitwanidvilai and Parnichkun [42]. Sutyasadi and
Parnichkun [43] also tried the same strategy but used the Differential Evolution optimization technique. They
show that the stability of the system is maintained even though there are variations in model parameters up to
+30%. The response of the controller based on Differential Evolution optimization has a faster rise time and
settling time, but the controller generated from the Matlab hinfstruct command has a more consistent response
to the variation of model parameters by £30%. From these studies, it is known that using a solid controller Hoo
even though there are variations in model parameters caused by changes in the dynamic model of the system,
the system remains stable. Even so, there are variations in the system response which means that the robot arm
will have a varied trajectory. Whereas what is needed in controlling the robotic arm is the consistency of the
trajectory tracking. Sutyasadi and Parnichkun [44] showed an improvement in the trajectory tracking of a
robotic manipulator using a combination of Proportional Integral Derivative controllers with Iterative Learning
Control controllers. In term of the mechanical structure, Bora and Nandi [45] have developed a low-cost robotic
arm but this robot is made on a very small scale and uses only a small RC Servo motor. Jahnavi and Sivraj [46]
developed an articulated robotic arm for education, but the developed robot also only uses a small RC servo
motor. Strong robotic arms require strong materials as well. This makes the robot arm a bit heavier. High inertia
manipulator requires a larger or more powerful drive motor. In this study, the robotic arm was made using cast
aluminum. This makes the arm inertia become considerably large. The large inertia of the mechanical
manipulator will greatly affect the control effort to reach stability. Moreover, in handling the gravity effect that
also contribute non-linearity to the system. Position control of an articulated robotic arm is a non-linear control
due to the present of the gravity force. Nonetheless, some linear control like PID is used to control this type of
manipulator. In order to control the system using a linear controller, the system should be linearized. In this
research, inverse dynamic was applied to linearized the feedback part and form a computed torque control
system. The algorithm being used is Computed Torque Control. For the performance comparison, PID and
Cascade PID algorithms performance were also presented.

The contribution of this research is to present a good control algorithm to control the position of a medium
weight low-cost robotic arm made form cast aluminium. Especially in handling the gravity effect that perturb
a lot the manipulator vertical movement.

2. METHODS

The method or sequence of steps of this research is shown in Fig. 1. After the assembly of the system, a
preparation for the low-level control was conducted. The preparation involved some tests and calibration of
the sensors and the actuators. Experiment for the low level controller was conducted in three different algorithm
which are: The Computed Torque Control, Proportional Integral Derivative (PID) Control, and Cascade PID
Controller. After that, data analisys of the system responses were analized.

A cast aluminium of robotic arm was constructed. The arm has three degrees of freedom. The robotic arm
manipulator is shown in Fig. 2. Axis 1 and axis 2 are actuated using geared dc motor, axis 3 uses geared stepper
motor. The base motor does not have much problem caused by the gravity force. Therefore, the base motor
will not be included into the experiment. The shoulder joint of the robot manipulator is the hardest joint to be
controlled. It has the highest load compared to the other joints in the robotic arm manipulator. Three control
algorithms were compared to control the joint to move up and down. The gravity force affects the load torque
significantly, and make the control effort differ significantly during the way up and down.

2.1. Computed Torque Control

Controlling a robotic arm that moves vertically will get a very influential disturbance from the effects of
gravity. In the process of setting up a linear controller, this will be very difficult because the power to move
the robot arm in certain positions will be different. It also depends on the posture of the arm at that time. If the
position and posture are in a position where the effect of gravity is high, more energy is needed to lift the arm.
Rotating the shoulder joint to move the arm up needs a large of controller gain. But by using the same controller
gain, moving the joint down will cause an overshot because the arm will move much faster, and it may lead to
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instability. For that we need a method that pays attention to the influence of gravity on a certain position or
posture of the robot arm. This can be done with the Feedback Linearization algorithm, or using the Computed
Torque Control algorithm. The torque provided by the controller is dynamic according to the torque value
calculated by the algorithm. Computed Torque Control is also known as Inverse Dynamics. The way this
controller works is based on the principle of feedback linearization which will map a non-linear model into a
linear model. Therefore, we can apply a linear controller such as a PID or PD controller to control a non-linear
system such as a robot arm. A dynamic equation of the robot is shown in (1).

Designing Robot’s
Mechanic and Electronic

¥

Robot Manufacture
and Assembly

v

Programming, Test, & Calibration
of the Robotic System

v

Computed Torque Control
Test and Analysis

v

PID Controller
Test and Analysis

v

Cascade PID
Test and Analysis

¥
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Fig. 1. Flow chart of the research methods

Fig. 2. Developed cast aluminium robotic manipulator

M(q)qg +C(q,q) +G(q) =T 1)

where g is angular position, M is inertial matrix, C is coriolis/centripetal vector, G is gavity vector, and t is
control input torque. The target of the controller is to get the right T so that the robot can follow the reference
trajectory. The inertial matrix (M) is

v = [Mu Mlz]
Har Moz @
My = my 3 + my[l2 + 13 + 241, cos g,] ©)
My, = My, = mylyl, cos g, + m,l3 4)
My, = m,l2 (5)
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o [—hqz —hq, - hq'z] (6)
hq, 0
Wlth h = mzlllz Sln qz
G = 61] _ [mlllg cos q; + m,g(l, cos(q, + gq,) +1,c0s q,) )
GZ m212g COS(q1 + qZ)
Equation (1) can be rewritten as:
G =M1q)(r-C(9) —G(@q) ®)
If the M, C, and G matrices already have parameters, then we can choose the control input as follows:
T=M(@[Al +C(q,9) +G(q) 9)

Where A depends on the type of controller selected. In Proportional Derivative (PD) Computed Torque Control,

then A is defined as:
A= qd + er + Kde

All the robot’s parameters are shown in Table 1.

Table 1. Equation parameters
Variable  Physical representation  Robot parameter value

m1 Mass of link 1 2kg
mz Mass of link 2 1.1kg
Iy Length of link 1 0.34m
P} Length of link 2 0.29m
o[ Position of joint 1 variable
02 Position of joint 2 variable
g Gravity force 9.8ms?

(10)

Where e(t) is the difference between the target angle and the actual position. Kp is the proportional gain, Kd

is the derivative gain. The PD-CTC control block diagram is shown in Fig. 3.

(‘]‘d
d y
. PD ‘_-'_CB—‘M(C]) O Robot

- + (] act
{act

Clq.9)+G(q)
Fig. 3. PD Computed Torque Control block diagram

In the experiments, system response from the PD Computed Torque Controller was compared to PID
Controller and Cascade PID Controller. The block diagram of PID and Cascade PID Controller are shown in

Fig. 4. The meaning of the block diagram parameters are presented in Table 2.

Table 2. Diagram block parameters

Variable Physical representation
Kp Proportional Constant
Ki Integral Constant
Kd Derivative Constant
e Error signal

F(s) Manipulated Variable
u Set Point/reference value
X(s) Output
Cp P1D for position control
Cv P1D for velocity control
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Position  Position Velocity  velocity, Velocity &
P K, e(t) set point Error set point Error c displacement
H — Cp v P Plant
‘ e X(s) Position Velocity
K fu ¢ @ 9 Process Controller Controller
D £ de(t) Velocity-loop
@ Position-loop

(@) (b)
Fig. 4. Block diagram of (a) PID Controller, (b) Cascade PID Controller

3. RESULTS AND DISCUSSION

The comparison of the three algorithms is presented in this chapter. Fig. 5 and Fig. 6 show the system
response of the shoulder joint position control using PID controller. Fig. 5 shows the system response when
the shoulder moves in upward direction. The graph shows that there is a large steady state error. It shows that
a PID controller cannot be used in this case. PID gain can be set to higher value to reduce the steady state error.
However, the arm will move too fast when it move down. The system moved very aggressive at the beginning;
however, it stop when it reached around 40% of the setpoint. After that it seemed the system rely most on the
integral action of the PID controller. Fig. 6 shows the system response when the shoulder moves in downward
direction. Using the same gain configuration with the system response showed in Fig. 5, the arm can reach the
set point position. It indicates that the controller gain was set when it moves in downward direction. Fig. 6 also
shows that the system has settling time around 0.3 second. It indicates that the arm was pulled down by the
gravity significantly.

The PID Controller was tuned based on the downward arm movement. Fig. 6 shows that the system
response has satisfactory result. It has no overshoot, small rise time and settling time, and no steady state error.
However, Fig. 5 shows that the system has a long rise time and settling time, also a very large steady state
error. This was caused by the gravity effect. If the system is tuned when the arm is moving up, the gain will be
higher to move the arm against the gravity. Nevertheless, even the gains are set to some bigger number, the
arm sometimes cannot hit the setpoint. If the gains are set to a much bigger value, it will drive oscillation and
sometimes cause instability. Another problem is when the arm moves downward, the system moves to fast
along the gravity. It leads to overshoot and oscillation.
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Fig. 5. Shoulder swings up response using PID controller

Fig. 7 and Fig. 8 show the system response of the shoulder joint position control using Cascade PID
controller. Fig. 7 shows the system response when the shoulder moves in upward direction. While Fig. 8 shows
the system response when the shoulder moves in downward direction. Using cascade controller, the controller
gain can be set using the same gain for both upward or backward direction. The gain was set to be high enough
to bring the arm moved in upward direction. Using the same gain, the arm can go down to the setpoint without
any problem except one small overshoot and small steady state error. The gain was optimally set to get the best
response for both going in upward or downward direction. Fig. 8 shows that the gravity effect still dominantly
disturb the system during the movement.
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PID Controller : Setpoint 70°
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Fig. 6. Shoulder swing down response using PID controller

Cascade PID controller has two PID blocks, which are: the inner block/loop and the outer block/loop.
Inner loop has faster cycle time than the outer loop. The inner loop controls the velocity of the arm, and the
outer loop controls the arm position. The controller is tuned based on trial-and-error method, but still
considering the general PID characteristic. Firstly, the position is tuned and then the velocity is adjusted later.

Cascade PID : Setpoint -70°
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Fig. 7. Shoulder swings up response using Cascade PID controller
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Fig. 8. Shoulder swing down response using Cascade PID controller

Fig. 9 and Fig. 10 show the system response of the shoulder joint position control using Computed Torque
Control algorithm. Fig. 9 shows the system response when the shoulder moves in upward direction. Rise time
when the arm moves in upward direction is smaller compared to when it moves in downward direction. This
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shows different behavior compared to PID and Cascade PID. But it shows that the algorithm can handle the
gravity effect during the movement. While Fig. 10 shows the system response when the shoulder moves
downward. Both up or down movement can reach the setpoint perfectly.

Computed Torque Control : Setpoint -70°
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Fig. 9. Shoulder swings up response using PD Computed Torque Control
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Fig. 10. Shoulder swing down response using PD Computed Torque Control

The PD Computed Torque Control gains were tuned based on trial-and-error method also. The position
was set before setting the velocity, until the system reaches the most preferred response. Table 3 shows the full
comparison of the three controller’s system responses. All the time unit are in second, and the steady state error
unit is in degree (angular position).

Table 3. System Response Comparison of The Three Controllers Performance

Controller Move Rise time(t) Settling time(s) Overshoot (%) Steady State Error(deg)
PID Up s 0 0 22
Down 0 1 0 2
Cascade PID Up 1 1.15 0 1
Down 0.31 0.4 7.14 2
PD-Computed Torque Up 0.3 0.4 0 0.5
Down 0.75 1 0 1

4. CONCLUSION

As mentioned in the beginning that one big problem in controlling robotic arm with high inertia is the
position control in vertical direction. Usually, it is affected by the gravity, so that the the gain selection is hard
to be chosen to compromise both for upward and downward direction. That non-linear situation is hardly to be
solved by using a linear controller such as PID. Therefore, a linearization process was involved. The experiment
shows that feedback linearization can solve the position of the robotic arm manipulator. The robotic arm was
developed in the lab using cast aluminium. Therefore, it has a large amount of inertia, and potentially affected
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by the gravity force. Gain selection of PID controller that work for both up and down arm movement is hard
to be done. When the gain was selected for down way movement, the system cannot reach the setpoint in
upward direction. The best system response was given by the CTC. There was big rise time, settling time, and
steady state error when we use PID only. Better response was given by Cascade controller. The worst case
from Cascade controller were the steady state error at 2 degree and the 7% overshoot. System response of the
Computed Torque Controller was considered as the best result among the three controller performances. The
response has the smallest steady state error, without overshoot, and acceptable rise time around 0.3 second
when the shoulder moves up against the gravity force, and 0.75 second when it moves down.
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