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Robotic technologies are becoming more advanced and are becoming more popular. Requirements
are high levels of accuracy and operational speed, such as in surgery and manufacturing. These
targets were highly challenging and could be enhanced by employing suitable control systems.
Nonlinear control schemes were characterised by high accuracy and robustness, but by high
computational time. Hence, the study simplified the Sliding Mode Control (SMC) scheme for a
single link planar robot and was referred to as the Simplified Sliding Mode Control (RSMC), which
was compared with the normal version referred to as Normal Sliding Mode Control (NSMC) and
the gain scheduling based Proportional Derivative Control (GPDC). The effect considered was
friction, and it was limited to simulation studies conducted using the SIMULINK/MATLAB
software. Results showed that the proposed controller, RSMC, has an algorithm length that is at
least 50% shorter than that of the NSMC, with a simplicity similar to that of the GPDC. Results
also indicated achieving a settling time of 1.5s, a rise time of 0.8s, 0% overshoot, and a cumulative
error of about 250, maintaining the same results with disturbance. The system with the NSMC
showed the corresponding parameters as 2.0s, 1.8s, 0% and 260, respectively, without disturbance,
and as 3s, 3s, 0% and 310, respectively, with disturbance. It therefore implied that a shorter RSMC
algorithm means lower execution time. The RSMC showed superior performance, indicating

higher accuracy, operational speed and robustness.

Copyright: © 2026 Muhammad Usman Ilyasu, Mohammed Ahmed, Salihu Abdulmumini Jalo, Abdulqadiri
Bello Abdulgadiri, Babul Salam Kader Ibrahim, and Balkisu Umar Bapetel. This article is an open-access
article distributed under the terms and conditions of the Creative Commons Attribution (CC BY 4.0) license.

1. Introduction

The application of robotics is continuously becoming popular, especially in areas where accuracy and
speed are highly required, such as surgery [1-5] and manufacturing [6, 7]. Combined precision and speed,

as the principal targets, are challenging due to the nature of the robotic systems and the complexity of the
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tasks to be carried out. Hence, the accuracy in achieving such operations is regarded as highly important
and can, however, be enhanced by employing suitable control systems.

The Model Predictive Control (MPC) was investigated against the Proportional Integral Derivative
(PID), the Linear Quadratic Regulator (LQR) and Full State Feedback (FSB). The MPC outperformed the
rest [8]. In another development, the PID and LQR were studied, and, according to the authors,
improvements were observed [9]. The authors proposed the Adaptive MPC (AMPC) to maintain the
performance achievable with the nonlinear MPC. In addition, the computational complexity was reduced
compared to the linear MPC (LMPC) version [10]. The LQR and pole placement were explored by [11].
The authors claimed that vibrations were suppressed and stability was enhanced. A two-layered 'Adaptive
Super-Twisting Sliding Mode Control (ASTSMC)' approach was presented by [12] for controlling the link
position. A nonlinear model of the system was utilised, and the results were compared with those of PID
and SMC. The proposed technique outperformed the two. Two enhanced versions of the 'Terminal Sliding
Mode Control (TSMC)' approach were proposed, and the results showed better tracking performance [13].
The indication was that the nonlinear control approaches, including SMC, showed superior results
compared to others. The shortcomings of linear schemes might be due to the nonlinearity of real systems,
which are difficult to approximate, making compensation very difficult.

Nonlinear control methods are highly accurate and robust, and the SMC belongs to this class [12-16],
though they are characterised by high computational time [17, 18]. Therefore, the study focuses on
simplifying the sliding mode control (SMC) scheme for a single-link planar robot. In this way, the desirable

properties of the SMC are retained, and it then acquires the simplicity of linear schemes, especially the PID.

2. Methods

The simplified system block diagram is shown in Figure 1. The desired position is the reference
position of the robotic link, and the actual position or response gives the exact position of the link. The
sensor is connected to the response and provides a suitable link back to the reference. Part of the controller's
function is to compare the intended desired position of the link with its actual position and produce an error.
The controller uses the amount of error to decide the amount of compensation to apply. The controller
generates the actuating signal u, which is sometimes referred to as the control signal, and it is used to actuate
or drive the plant, which is the link of the planar robot in the study.

The research was conducted using an analytical model of the single-link planar robot. A constant-
rate-reaching law-based sliding mode controller was explored in the study. It was simplified by shortening
the algorithm to reduce the computational burden. The control scheme realised was referred to as the
simplified sliding mode control (RSMC), which was compared with the normal version (NSMC) and the

gain-scheduling based proportional-derivative control (GPDC). The disturbance considered was Coulomb
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friction, capable of inducing an error of about 10°. The simulation studies were executed employing the

SIMULINK/MATLAB software.

Error, e Signal, u Single Link ctua
Controller PlanarRobot | Tprcries
Position Position
- - Sensor |«

Figure 1. The block diagram of the single-link planar robot system.

The single-link planar robot model was adapted from the works of Philips et al. [19] as given by
equation (1) and the parameters K;, K>, N and 7, where: 10 (constant, K1), 100 (constant, K2), 1/100 (turns
ratio, N) and 0.2 s (time constant, 7) respectively. The servomotor voltage driving the robotic link was

limited to 24 V.

Ur(s) _ KiK3N
Or(s) - s(ts+1)

(1)

The control law of the GPDC was given by equation (2) with Kp and Kp given by 3.5 and 2,
respectively.

Ugppc(s) = KpE(s) + KpsE(s) (2)

The RSMC control law was obtained using the constant-rate reaching law [20], with an additional
modification similar to that of the PD controller. It was also realised to be similar to that of the GPDC, as
shown by (3) and (4). Equation (3) was the surface, and the parameters ¢, 0 and Kz were 2, 1 and 2,
respectively.

s(t) = ce(t) + e(t) 3)
Ursmc(s) = KrE(s) + sE(s) + aSgn (s) “4)

The control law with the NSMC was as given by equations (5) - (8). The values remained as
mentioned above. Equation (5) is the sliding surface, and (6) is its derivative. Equation (7) showed that the
constant-rate reaching law was chosen. Equation (8) is obtained by converting equation (1) to a differential
equation, substituting the relevant values of the terms, and then substituting (7) and (8) into (6). Finally,

making U the subject gives the control law.
s(t) = ce(t) + e(t) (5)
s(t) =ce(t) + é(t) (6)
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(7)

M. Ilyasu et al., 2026
s(t) = —aSgn(s)
(8)

4U(s) = 20x(s) — CE(s) — aSgn(s)
Unsmc(s) = 0.50,(s) + 0.25CE(s) + 8,(s) + 0.250Sgn (s) 9)

3. Results and Discussions
The outcome starts with a simple discussion of the lengths of the control algorithms, which could aid
in giving a clear picture of the burden of how the computer executes them. Considering the lengths of the
control algorithms using the RSMC and the NSMC, it was observed that the RSMC was realised with steps
described by equations (3) and (4), with four multiplications between the different parameters together with
three addition operations. In the case of the NSMC, there were four steps, as described by equations (5)-
(9), eleven multiplications of different parameters, and about seven additions of the parameters. Hence, the
length of the control algorithm realised using the RSMC scheme was observed to be shorter than that of the
NSMC; the steps were reduced to two, which were four with the NSMC, multiplications were four with the
RSMC, compared to eleven with the NSMC, and additions were four with the RSMC, while they were
seven with the NSMC. It therefore implied reducing the execution time by more than 50% with the RSMC
compared to the NSMC technique. Meaning that it was reduced stepwise, lessening execution time and

hence simplifying. Therefore, the reduction in the execution time implied a lower computational burden.

100
90
80 - *
:’ q Desired Position
N o Position with UFB
L AR ssus Posiion with GPDC| |
0 NI N mmmm Position RSMC
Q 60 fro» » s x s Position NSMC 1
c (I |
0 U [ ]
:‘E 50 L ] [ ] -
0 F .
0 o
o o
v 40F N 1
c '
- ]
rg: i
]
]
201 . A
]
L]
L]
104 1
L]
L]
i
0 1 | | 1 | | | | | |
0 1 2 3 4 5 6 7 8 9 10
time(s)
Figure 2. Step response without considering disturbance.
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Figure 3. Error graphs without considering disturbance.
Table 1. No disturbance results.
Control Method
Parameter
UFB GPDC RSMC NSMC
Settling time (s) 3.5 2.5 1.5 2.0
Steady State error (°) 6° 0° 0° 0°
Rise time (s) 1.8 1.8 0.5 1.8
Overshoot (%) 9 0 0 0
Peak time (s) 3 3 2 2

The system's tracking response without any disturbance is shown in Figure 2 and Table 1. Figure 3
portrayed the levels of errors during the evaluation. The cumulative errors for the different schemes were
obtained as follows: 320 with the UFB, 220 with the GPDC, 140 with the RSMC, and 210 with the NSMC,
as indicated by the summation of the errors shown in Figure 3. All these showed that the systems with the
RSMC and NSMC are almost identical and better than the GPDC, with lower tracking errors. The system
with the Unity Feedback (UFB) or without a controller indicated that it would be difficult to compensate
for errors (resulting in steady-state errors). As observed, it maintained a steady-state error of about 60, as

shown in Figure 2.
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Figure 4. Step response considering disturbance.
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Figure 5. Error graph considering disturbance.

The tracking response parameters of the system with the friction disturbance were as shown in Figure
4 and Table 2. Figure 5 shows the levels of errors during the evaluation. The cumulative errors for the
different schemes are as follows: 31° with the GPDC, 250 with the RSMC, and 26° with the NSMC, as

indicated by the summation of errors in Figure 5. The GPDC maintains a steady-state error of about 10°,
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making it inaccurate and unable to compensate for the friction introduced into the system. It became the
least accurate among the control schemes evaluated. The system response with the RSMC and NSMC
approaches, with sudden changes, yielded results similar to those before and were better than with the
GPDC, with the RSMC being superior. The tracking responses of the system with frictional disturbance
were also similar for the RSMC and the NSMC, and still maintained the superiority observed in the previous

results compared to the GPDC.

Table 2. Considering disturbance results.

Control Method

Parameter

GPDC RSMC NSMC
Settling time (s) 3 1.5 3
Steady State error (°) 10° 0° 0°
Rise time (s) 2 0.5 3
Overshoot (%) Undershoot 10° 0 0
Peak time (s) 3 2 35

The lower tracking errors with the RSMC and the NSMC indicated that the system performance is
more accurate than with the GPDC. The similarities in the results of the RSMC and the NSMC are a clear
indication that the RSMC maintains almost the same accuracy and robustness as the NSMC despite its
simplification. The tracking responses of the system, with all control schemes, approach zero with time
regardless of the presence of any disturbance. Hence, it indicated that the system was stable for all the

methods examined.

4. Conclusions

The studies on the simplification of the constant-rate sliding-mode controller for a single-link planar
robot were carried out successfully. Enhanced precision in robotic system operation can be achieved
through control systems. Nonlinear control schemes offer higher accuracy and robustness but are complex.
Hence, the constant-rate-reaching law-based sliding mode controller was simplified and applied to the
single-link planar robot system. The simplified controller RSMC is compared with the normal version,
NSMC, and the gain-scheduling-based PD controller, GPDC. The system performance with and without
disturbances was observed, and the disturbance considered was a Coulomb friction disturbance, causing an
error of about 10°. The entire study was conducted via simulation using the SIMULINK/MATLAB
software. Results showed that the proposed controller (RSMC) has a shorter algorithm length than the
normal SMC (NSMC).

The algorithm was reduced by more than 50%; hence, the RSMC algorithm is shorter and has lower
execution time. It meant that it would have a lower computational burden. The settling time, rise time,

overshoot, cumulative error, and peak time were 1.5s, 0.5s, 0%, 14°, and 2.0s, respectively, with the RSMC.
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The parameters were: 2s, 1.8s, 0%, 21° and 2.0s respectively with the NSMC. The values with the GPDC
were: 2.5s, 1.8s, 0%, 22° and 3.0s respectively. The mentioned parameters were not considered with
disturbance effects. The case considering disturbance effects was as follows: 1.5s, 0.5s, 0%, 25°, and 2.0s,
respectively, with the RSMC, yielding results similar to those without disturbance, except for the
cumulative error. The parameter values were: 3.0s, 3.0s, 0%, 26° and 3.5s respectively with the NSMC.
The parameters with the GPDC were: 3.0s, 2.0s, 11% (10° undershoot), 31° and 3.0s respectively. The
parameters were lowest with the RSMC, followed by the NSMC, and then with the GPDC. The realised
and the normal sliding mode controllers have very close results. This indicated that the simplified version
also maintains the fastness, accuracy and robustness of the original algorithm. These can be seen in the rise
and settling times, which determine the response's speed. The peak time, overshoot, and steady-state error
are taken care of to ensure accuracy. Information on robustness is revealed by comparing responses with
and without disturbance. The RSMC was the best in compensating for the disturbance introduced, making
it superior among the control schemes considered. It tried to maintain its response parameters, both with
and without disturbance consideration, but they deteriorated compared to the other schemes, with the GPDC
being the worst. The responses of the system with the RSMC and NSMC controllers are better than with
the GPDC, both with and without disturbances considered. Therefore, the results showed the ability of the
RSMC to enhance performance, and it is expected that, with further refinement, it could be applied not only

to this type of system but also to similar and related systems.
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