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1 | INTRODUCTION

Rached Dhaouadi’

| Reza Jafari’

Abstract

This article introduces an advanced nonlinear controller designed for optimizing the pet-
formance of a single-link robot arm featuring a flexible joint. The proposed nonlinear
control strategy incorporates a Proportional-Integral (PI) controller in conjunction with a
nonlinear velocity feedback component, aimed at providing effective nonlinear damping
and suppressing vibrations. To validate the controllet’s performance, extensive simula-
tions are conducted utilizing machine learning techniques within the Python environment.
The performance of the proposed nonlinear damping controller is benchmarked against
a conventional linear cascaded P-PI control structure, with both controllers fine-tuned
using the Nelder-Mead algorithm. Simulation results demonstrate that the nonlinear damp-
ing controller yields substantial improvements in the dynamic behavior of the robot axis
arm, showcasing superior step and sinusoidal position tracking performance, along with
active vibration damping capabilities. This research contributes valuable insights into the
enhanced nonlinear control strategies for flexible-joint robot arms, offering promising
advancements in their overall dynamic performance.

Designing motion control systems with high dynamic per-
formance requires intricate knowledge of electromechanical
subsystem dynamics involving linear and nonlinear transmis-
sion attributes. Mechanical transmission elements that cause
vibrations and deteriorate performance, such as flexibility of
the elements, are undesirable as they restrict the closed-loop
bandwidth. Compliance alongside friction limits the preci-
sion position and speed control in pointing and tracking
servomechanisms [1-5]. Actuated robot joints have usually lim-
ited dynamic bandwidth due to the joint transmission elasticity,
which affect seriously the tracking accuracy. The joint elasticity
is mainly due to the flexibility of the coupling mechanism such
as the harmonic drive gear in the joint [1, 6].

Actuated joints encounter dynamic errors such as servo
tracking error and elasticity-based errors. These dynamic errors
can not be eliminated by traditional methods of calibration as
they vary with the motion states and external disturbances [8, 9,
106]. Instead, a dedicated closed loop control system is needed
to get a high dynamic accuracy and eliminate all dynamic errors

by using cascaded feedback loops to build a position loop that
encompasses all the error information in the feedback [10, 11].

In the literature, only a few nonlinear control techniques were
proposed for robot arms with flexible joints [12—15]. These
represent however a significant advancement in the field of
robotics. Traditional control methods struggled with the com-
plex dynamics introduced by flexible joints, leading to issues like
vibrations and imprecise positioning. These advanced nonlinear
control techniques address these challenges by accounting for
the nonlinearity and flexibility of the robot arms.

One notable approach is the use of model-based control
techniques, such as adaptive control and robust control, which
take into consideration the intricate dynamics of flexible joints
[16-19]. Adaptive control continuously updates the control
parameters based on real-time feedback, allowing the system to
adapt to varying conditions and uncertainties. Robust control,
on the other hand, provides a robust and stable performance in
the presence of modeling errors and disturbances.

Nonlinear control algorithms have also been designed for
example to improve the absolute tracking accuracy of the
closed-loop system [20, 21]. Research results confirm that
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nonlinear damping outperforms in some cases other control
algorithms as seen through comparisons with linear control
techniques. The nonlinear PI feedback control outperformed
the linear PI feedback control system [22-24, 27, 28]. Addi-
tionally, research has been conducted on nonlinear PI“D”-type
control for flexible-joint robots using motor position measure-
ments, which has been shown to be globally asymptotically
stable [25]. Another relevant work is the use of robust stabi-
lization of elastic joint robots through ESP and PID control,
with both theoretical and experimental validation [26]. Further-
more, advanced nonlinear control techniques often leverage
the power of modern artificial intelligence, particularly deep
reinforcement learning (DRL). DRL allows the robot to learn
complex control policies through interaction with its environ-
ment, gradually improving its performance and adaptability over
time. This self-learning capability is especially beneficial in han-
dling the intricate and nonlinear dynamics of flexible-joint robot
arms.

These cutting-edge nonlinear control techniques are revo-
lutionizing the field of robotics by enabling robot arms with
flexible joints to achieve enhanced precision, stability, and
adaptability. By accounting for the intricate dynamics and non-
linearity of such systems, these techniques are ushering in a new
era of more capable and versatile robots, opening up opportu-
nities for a wide range of applications in industry, healthcare,
and beyond.

On the other hand, Machine Learning (ML) is gaining high
interest nowadays in the research community. Machine learn-
ing has rapidly evolved to become a key tool in engineering
research and practice. It is considered as an important sub-
set of Artificial Intelligence (Al), a vast field of new upcoming
technology, that allows models to independently adapt through
exposure to new data, identifying patterns and learning from
previous computations to reach reliable decisions and results
[29-31]. Machine learning relies on a diverse set of tools and
frameworks to support various aspects of the machine learning
lifecycle, from data preprocessing and model development to
deployment and monitoring.

Python is recently recognized as the predominant pro-
gramming language for machine learning, offering a vast
ecosystem of libraries and frameworks. Scikit-learn handles
classical machine learning tasks, while TensorFlow, PyTorch,
and Keras excel in deep learning. Python’s data manipulation
and analysis capabilities are enhanced by NumPy, Pandas, and
data visualization tools like Matplotlib. Jupyter Notebooks cre-
ate an interactive and collaborative environment [32]. Python,
with its rich ecosystem of machine learning libraries is used
to develop adaptive control systems and predictive mainte-
nance solutions. Python’s popularity has therefore increased
recently in control engineering due to its open-soutrce nature,
extensive libraries, and the active community of users and
developers. It provides control engineers with a flexible and
powerful environment for modeling, simulating, and imple-
menting control systems across a wide range of applications
[33].

In this paper, we propose a nonlinear controller for a sin-
gle link robot arm with a flexible joint. The nonlinear control
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FIGURE 1 Robot axis with flexible joint.

scheme is based on a PI controller combined with a nonlinear
PD control action to provide nonlinear damping and vibra-
tion suppression. The controller parameters ate optimized to
achieve high accuracy and good dynamic performance for step
and sinusoidal position tracking. Machine learning supported
with the Python environment is identified as a promising tech-
nique for the optimization and control of elastic drive systems.
Theoretical analysis and simulation results show that the pro-
posed nonlinear damping controller can significantly improve
the dynamic performance of the flexible-joint arm with effective
vibration suppression.

This paper introduces an advanced nonlinear controller
designed for optimizing the performance of a single-link robot
arm featuring a flexible joint. The proposed nonlinear con-
trol strategy incorporates a Proportional-Integral (PI) controller
in conjunction with a nonlinear velocity feedback component,
aimed at providing effective nonlinear damping and suppressing
vibrations. To validate the controller’s performance, extensive
simulations are conducted utilizing machine learning techniques
within the Python environment. The performance of the pro-
posed nonlinear damping controller is benchmarked against a
conventional linear cascaded P-PI control structure, with both
controllers fine-tuned using the Nelder-Mead algorithm. The
structure of the paper is as follows. Section 2 presents the
modeling of the robot axis with a flexible joint. Section 3
describes the proposed nonlinear damping controller, including
the controller optimization using the Nelder-Mead algorithm.
Section 4 presents the stability analysis of the system using
Lyapunov’s direct method and ILaSalle’s invariance principle.
Section 5 presents the simulation results and discussions com-
paring the performance of the nonlinear damping controller
with the linear cascaded controller. Finally, Section 6 concludes
the paper.

2 | MODELING OF THE ROBOT AXIS
WITH FLEXIBLE JOINT

The system under consideration is a single-link flexible joint
manipulator [1, 6, 10, 18]. It is modeled by a two mass model
system with a flexible coupling as shown in Figure 1.

85L8017 SUOWWIOD 3A1eR.D 3|qeol|dde au Aq peusenob aJe sajole O ‘88N JOSa|ni 10} ArId1T8UIUQ /8|1 UO (SUOIPUOD-PUE-SWB}W0D"AB 1M ARe.q 1)BUI|UO//SANY) SUORIPUOD PUe SWe | 8} 88S *[GZ02/20/€0] U0 ARIqITauliuO ABIIM ‘L0LZT 2UId/6r0T OT/I0p/LI0D A8 | M Alelq 1 [pu JUO'y0Jeasa.Ie 1//Sd1y WOy papeo|umoq ‘ST ‘720z ‘ZS98TSLT



1970

JAFARI ET AL.

TABLE 1  Mechanical system parameters.

Parameter Value
7, (kg-m?) 0.00143
J, (kg -m?) 0.00173
K (N - m/rad) 10.658
7, (Hz) 18.57

The dynamic equations of the two mass model are

4%, 40,  db,
.//ﬂ?_fm_]((em_e/)_c< 7 _?>

4%0 48, deé
],72/ =K@©,+6)+ C(7 - #) -7, ()

where /, = Juor + e a0d J1 = Jraie + Jine8) is the load
position, 6,, is the motor position, /,, is the motort side inertia, /;
is the load side inertia, K is the shaft stiffness, C'is the damping
constant, T,, is the motor torque, and 7, is the load torque.

Table 1 shows the key parameters of the flexible joint. The
main variable is the natural resonant frequency given by

1 11
=5z K(; +]—/>. ©)

d6,(1)

Next, defining, x| (7) = 0,(), x () = -,

X3([) = em(l):

40, .
x4 = [’;—’() as the state variables of the system and the con-
i
trol system input as #(¢) = T,,(¢), the system equations can be
written as
.5(1 = X7,

S = ]l/ [K<X3 —x1) + Clay —x0) — Mg%ﬂ'ﬂxl] ,
©)

).63 = X4,

_)‘(4 =]i[ﬂ—K(X3 —Xl)—C(X4 _X2>]

The control goal is to design a nonlinear controller that can
effectively damp the vibrations in the robot arm with flexible
joint and achieve high precision position tracking performance.
The key challenges are the nonlinear dynamics introduced
by the flexible joint and the need to actively suppress the
oscillations and vibrations to ensure fast and accurate posi-
tioning, Traditional linear control methods often struggle with
these challenges, motivating the need for advanced nonlinear
control techniques.

The proposed nonlinear damping controller aims to address
these challenges by modulating the damping action as a func-
tion of the position error. By incorporating a nonlinear velocity

feedback component, the controller can adaptively adjust the
damping to provide high damping when the error is large,
and lower damping as the system approaches the desired posi-
tion. This allows for fast transient response without excessive
overshoot or oscillations.

3 | PROPOSED NONLINEAR DAMPING
CONTROLLER

3.1 | Nonlinear control law formulation

Nonlinear damping control refers to a feedback control system
where an additional nonlinearity is deliberately inserted in the
feedback loop to modify and improve the overall system per-
formance. for the robot arm with flexible joint, the objective is
to damp the vibrations due to the elastic coupling and obtain
a damped response. Nonlinear damping has long been recog-
nized as an effective technique to optimize servomechanisms
performance [22, 23]. In the past few years the general interest
has been observed again in systems using nonlinear elements
[24, 27, 28]. The nonlinear based controllers have appealing
advantages of simple intuitive structure and high performance
while involving only a few control parameters. In this paper,
the proposed nonlinear damping controller is based on nonlin-
ear derivative control action combined with a PI controller as
shown in Figure 2.

The objective of the nonlinear damping controller is to adjust
the robot arm position from an initial value to a final value
in the shortest possible time and with minimum oscillations.
when a large error appears as a result of a sudden change in
the reference position, then a high acceleration is needed, and
this, in turn, is achieved by decteasing the system damping, As
the system position approaches the desired reference, the error
becomes small and the acceleration should be reduced rapidly to
prevent overshoot, which requires a high damping. The system
damping is, therefore modulated as a function of the position
error. We propose a linear PI controller combined with a three-
parameters nonlinear derivative controller, which is a function
of the robot arm position error e as illustrated in Figure 2. The
nonlinear controller is defined as

Ty(1) = Kyet) + K,-/ o(r)dt = (K; + KL (@), ), (4
0

et) =6,(t) - 6,(), ©)

T'(e) = 1+ tanh(—B¢), (©)
_ exp_zx -1

tanh(—x) = e U]

where K, K, K;, K,, B are the controller parameters and Zanb is
the hyperbolic tangent function. Figure 3 shows a plot of the
nonlinear function £ (e).

The main contribution of this paper is to propose an alter-
native approach to synthesize the nonlinear damping function
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FIGURE 2 Nonlinear damping controller with optimization.
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FIGURE 3  Nonlinear damping function for § = +4.

based on motor velocity feedback control. An appropriate
choice of the nonlinear function and corresponding gains allow
to modulate the damping action as a function of angular
position error.

3.2 | Controller optimization

In our analysis, it is assumed that the robot arm parameters
are unknown or only a nominal model is known. In addi-
tion system parameters may change such as the load carried
at the tip of the link. Therefore, the controller parameters
should be optimized without the need for the system model
parameters.

Python is a versatile programming language that can be
effectively used for this task. Python offers control system

design tools through libraties like Control System Toolbox
and control packages in SciPy. Python offer as well power-
ful optimization libraries, such as SciPy’s optimization module
and open-source optimization libraries like Gekko, that can
be used for tuning control system parameters to achieve
desired performance. As such it can be used effectively for
the optimization of the nonlinear robot arm with flexible
joint.

The Nelder-Mead optimization (NMO) algorithm is used
to optimize the nonlinear controller gains and to improve
the tracking performance. Nelder-Mead optimization, also
known as the simplex method, is a popular iterative opti-
mization algorithm used for finding the minimum (or max-
imum) of an objective function, particularly in cases where
the function is not differentiable or its derivatives are hard
to compute.

The NMO algorithm has also the advantage of easy imple-
mentation and little prior knowledge of the optimization
problem. As such, it is generally referred to as a pattern
search algorithm and is used as a local or global search
procedure for challenging nonlinear and potentially noisy
and multi-modal optimization problems where the gradi-
ent of the function is unknown ot cannot be reasonably
computed.

A starting point must be provided to the algorithm, which
may be the endpoint of another global optimization algorithm
or a random point drawn from the domain. Given that the algo-
rithm may get stuck in local optima, it may benefit from multiple
restarts with different starting points.

The algorithm works by using a shape structure (called a
simplex) composed of #+ 1 points (vertices), where n is the
number of input dimensions to the function. For example, on
a two-dimensional problem that may be plotted as a surface,
the shape structure would be composed of three points repre-
sented as a triangle. The cost functions at the points of the shape
structure are evaluated and simple rules are used to decide how

85L8017 SUOWWIOD 3A1eR.D 3|qeol|dde au Aq peusenob aJe sajole O ‘88N JOSa|ni 10} ArId1T8UIUQ /8|1 UO (SUOIPUOD-PUE-SWB}W0D"AB 1M ARe.q 1)BUI|UO//SANY) SUORIPUOD PUe SWe | 8} 88S *[GZ02/20/€0] U0 ARIqITauliuO ABIIM ‘L0LZT 2UId/6r0T OT/I0p/LI0D A8 | M Alelq 1 [pu JUO'y0Jeasa.Ie 1//Sd1y WOy papeo|umoq ‘ST ‘720z ‘ZS98TSLT



1972 |

JAFARI ET AL.

to move the points of the shape based on their relative evalua-

[EN13

tion. This includes operations such as “reflection,” “expansion,”
“contraction,” and “shrinkage” of the simplex shape on the
surface of the objective function. The search stops when the
points converge on an optimum, when a minimum difference
between evaluations is observed, or when a maximum number
of function evaluations are performed.

The cost function used for minimization is the sum of

squares of errors:

N
SSE = Z (kT2 ®
k=1

where T, is the sampling time, and N, is the total number
of samples.

4 | STABILITY ANALYSIS

4.1 | Local asymptotic stability

First, the stability analysis of the nonlinear damping controller
can be carried out using local asymptotic stability analysis, which
involves linearizing the system around the equilibrium point
(X =0) and examining the stability of the linear system. This
linearization can be done using the first-order Taylor expansion
of the nonlinear system equations (3)—(7). Define a new state
variable x5 as follows.

x5 (1) = / | ¢(T)dt. )
0

The nonlinear closed loop system equations are therefore
written as

X @)= f(X@),r@)s1), (10)

which is detailed as follows.

9.61 = X2,
K C Mgd
Ny = — (o — ) + =y — x) — ——sinxy,
2 _]/ 3 1 _// 4 2 2]/ 1
.5(3 = X4,
. C
Xy == (3 = x) —/—(X4 = x)
f(r x1) + — & +—l[[(d+[(z‘zmb(—ﬁez)]x4
]w 7,577, !

.3'6‘5 =r—Xx.
an
This nonlinear system can be linearized in the following
form:

X () = AX () + Bu(t), (12)

where A is the Jacobian matrix evaluated at the equilibrium
point.

0
429
0X lx=0
0 1 0 0 0
{5 wg _C K c 0
Ji 2/ Jro Ji
= 0 0 0 1 0].
K-K, ¢ =K _( C+I<,,+K,,> K
_/”/ ]I/I ./ffl ]7// .////
-1 0 0 0 0
(13)

The eigenvalues of the system matrix .4 are next obtained by
solving the characteristic equation. Assuming that the system
damping C'is negligible, we get

N 1<[,+1<,,>J4 (5 K Mgd)y

A +< 7 ) T\t
LK) (M
I <K+2ﬁ>

K Mgd ;
(](/)+i>v‘-+ﬁ

I A )

where, s is the Laplace operator.

If all eigenvalues have negative real parts, the linearized sys-
tem is locally asymptotically stable. Using the Routh stability
criterion, the following stability conditions are obtained.

Condition C1:

K> 0. (15)
Condition C2:
K, + K, > 0. (16)
Condition C3:
K+ (K + K)(K = K,) > 0. (17)
Condition C4:
m&+@ﬂK—@KK+g%>

Mg
+]G<[],,/<2K K+ ]> ]/]

Ky + K,) = [, KK > 0. (18)

4.2 | Global asymptotic stability

Since our robot arm is a mechanical system, we can use the
concepts of potential and kinetic energy to analyse stability.
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421 | Openloop system
For the uncontrolled system, the total energy is the sum of the
potential energy and kinetic energy, which can be written as

1 1
E(X) = 5158+ 5/
19)

Mgd
PX) = %K(Xy, - X1)2 + Tg(l - m&(»q)).

For the robot arm, the equilibrium point is x7y = 0, x50 = 0,
x30 = 0, 249 = 0. Next, define the Lyapunov function 1

1 1
Vo) = EQO + PX) = 2/5d + 3/,

Mad
+ %K(ﬁg — )+ %(1 — ws(x)). (20)

The directional derivative of 1) gives

U= D05 =~y =)y e1)
dX

This is always negative for the unforced system (# = 0), which
implies that that the energy is decreasing if the system is per-
turbed from its equilibrium point. This proves the stability of
the equilibrium point [37].

422 | Closed loop system

The objective now is to provide conditions on the nonlinear
damping controller gains K, K, Ky, K, 8, guaranteeing global
asymptotic stability of the unique equilibrium point [34-30].
To carry out the stability analysis, we consider the following
Lyapunov function candidates:

VX) = 1Y) + V(X)) + 12(X)

=T1HX) + %(e - /1()2 +a /n[mxb(—ﬁez)]. (22)

The second term is included in the Lyapunov function candi-
date to take into account the state variable z induced by the
integral action. The third term is useful to take into account
the nonlinear derivative function. The time derivative of the
Lyapunov functions candidate along the trajectories of the
closed-loop system (8) can be written as

- ! 2
I = =Clay = 2x)" = Kyoeyoy + Kiiyxs

~&; + K)o = Kol anb(~BP), (23)
f/1 = x1x) — /lle + /‘1X2X5 - /12X1X5y @24
15 = =2ap x5, tanh(—fé%). (25)

Therefore, the time derivative of the total Lyapunov function
candidate 17 is

UV =—Clxy — x2)2 = Ky + Ky — (K + K,,)xi
- K,,XZ tanh(—Bé*) + x1x, — ﬂ.xf + Asyxs — A2y x5
— 2a3 x5, tanh(—Bé%). (26)

This can be written as

V7 <X PX = Kx; tanh(—B¢*), 27)
where,
X'=[ x x ), (28)
and
[ 1 b A2 |
A ;-aB 2 3
1 A
z - C(ﬁ -C C E
P = (29
& C K+ K, +C) &
2 d 7 P
2 A & 0
|2 2 2 |

where we have used the property |mﬂb (—[332) | <L
As observed, P is a symmetric matrix. Then, P can be shown
to be negative definite iff its naturally ordered (leading) principal
minors alternate in sign starting with a negative number.
Define the variable

r=(5-a8). (30)

Then, the naturally ordered principle minors of the matrix P
lead to the following conditions:

Condition ND1:
-1<0, (31)
Condition ND2:
AC—y>>0, (32)
Condition ND3:

CK? = 4CYK, + 47° (K + K, + ) = 41 C(K, + K,) <0,

(33)
Condition ND4:
2 /12 2 3
(Y =2C)K?+22°Cly - DK, + T K —ACK,
A 3
+ E(y —20O)KK + 272y —AC)
K +K,+C)+1°C? > 0. (34)

85L8017 SUOWWIOD 3A1eR.D 3|qeol|dde au Aq peusenob aJe sajole O ‘88N JOSa|ni 10} ArId1T8UIUQ /8|1 UO (SUOIPUOD-PUE-SWB}W0D"AB 1M ARe.q 1)BUI|UO//SANY) SUORIPUOD PUe SWe | 8} 88S *[GZ02/20/€0] U0 ARIqITauliuO ABIIM ‘L0LZT 2UId/6r0T OT/I0p/LI0D A8 | M Alelq 1 [pu JUO'y0Jeasa.Ie 1//Sd1y WOy papeo|umoq ‘ST ‘720z ‘ZS98TSLT



1974 JAFARI ET AL.
krps
o TTTTT T T TT T T T RN
+ T 1 \
6, + w, + Ko moa !
L ot |
s
ep | 1
— — I Link 1
1 1
Wm 1 = !
1 1
\ 1
AN _7
Semi Closed Loop | Om 0,
-,
Full Closed Loop
FIGURE 4 Standard PPI cascade control of a robot arm with flexible joint.

These stability conditions can be fulfilled by freely choos-

TABLE 2  Optimized controller gains for step response.

ing both the controller parameters (K/,, K,K;, K, B) and the
parameters associated with the Lyapunov function (4, &). Then,
17 is a globally negative definite function. We can therefore con-
clude that the equilibrium point of the closed-loop system (11)
is stable [37].

5 | SIMULATION RESULTS AND
DISCUSSIONS

The standard position control of an actuated joint uses a (Pro-
portional & PI) PPI cascade control structure as shown in
Figure 4 with an outer position loop based on a proportional
controller (£,,) and an inner velocity loop with a PI controller
(K> #,;)- An additional velocity feedforward gain (& /) is used
for the inner velocity loop. Velocity feedback can be from the
motor side encoder (semi-closed loop) or from the link side
encoder (full closed loop). In our case, the load position is used
for feedback.

The PPI control scheme will be used as a benchmark and
its performance will be compared to the proposed nonlinear
damping controller.

5.1 | Step-reference tracking

At first, a step reference input was used to analyse the perfor-
mance of the nonlinear damping controller. The results indicate
that the response of the nonlinear system is superior to the
linear system.

Figure 5 shows the optimized step response of the robot arm
with full closed loop feedback. The robot arm angle follows the
step reference with a fast and controlled response. The small
overshoot and zero steady state error confirm that the mechani-
cal vibrations have been actively damped. The overshoot for the
nonlinear damping control is decreased by 11.4 percent com-
pare to the linear controller. The nonlinear damping function
is also shown in Figure 5b indicating the modulation of the
damping as a function of the system position error. The opti-
mized gains are shown in Tables 2 and 3. The controller gains

Nonlinear damping controller Linear PPI controller

Parameter Value Parameter Value
K, 11.237 &yp 33.453
K 5.503 &yp 0.183
K, —0.436 ki 0.432
K, 0.467 krr 0.0

B —50.553

TABLE 3  Optimized controller gains for sinusoidal response.

Nonlinear damping controller Linear PPI controller

Parameter Value Parameter Value
K, 10.26 Rpp 50.0
K; 2.09e-8 £p 0.194
K —06.02¢-2 £y 0.0
K, 8.74e-2 ks 0.0

B —299.92

also satisfy the stability conditions 15—18, which confirms the
asymptotic stability of the nonlinear damping control system.

5.2 | Sinusoidal-reference tracking

The performance of the proposed nonlinear damping controller
is next analyzed under sinusoidal reference tracking shown in
Figure 6. This is the error residuals with respect to the reference
position which compares the linear controller with nonlinear
controller. We used Nelder-Mead algorithm to optimize the
linear controller gains.

As a further indication, the angular position error of the sys-
tem was recorded as shown in Figure 6b. The curves clearly
indicate that the nonlinear control system’s response is superior
to the linear system’s response.
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Step response and nonlinear damping;
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FIGURE 6

Sinusoidal response and error.

6 | CONCLUSIONS

A new and optimized nonlinear damping controller has been
proposed for a single link robot arm with a flexible joint. The
nonlinear control scheme is based on a PI controller com-
bined with a nonlinear PD control action to provide nonlinear
damping and active vibration suppression. A nonlinear func-
tion have been proposed for the nonlinear angular velocity
gain, which increases with the increase of absolute position
error and decreases with the decrease of absolute position error.
The parameters of the closed loop system are optimized under
the Python environment using the numpy library. The pro-
posed scheme has been validated to provide superior command
tracking for step reference and sine reference signals.
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