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ABSTRACT

Sliding mode control has emerged as a valuable technique for enhancing dynamic response in various fields,
including load frequency regulation and remote vehicle applications. While the widely adopted PID controller has
proven effective for optimizing control tasks in industries, sliding mode control offers distinct advantages. By
controlling the slope of the dynamical trends of state variable behavior, it enables rapid dynamic response with minimal
or no overshoot, as well as negligible steady-state error. The robustness of sliding mode control, which makes it highly
resilient to changes in plant parameters and outside disturbances, is one of its main advantages. A digital computer
simulation was run using Simulink in the MATLAB software, concentrating on a position control system using an
armature voltage-controlled D.C. servo motor to assess how well it performed. To learn more about the operation of
sliding mode control, several control laws were used and state trajectories were examined. When compared to the
conventional tuned PID control, the findings and discussion conclusively show sliding mode control to be more
successful. The sliding mode technique has exceptional effectiveness, including enhanced dynamic response, less
overshoot, and almost no steady-state error. Furthermore, its robust nature ensures consistent operation even in the face
of parameter fluctuations and external disturbances. This study underscores the immense potential of sliding mode
control as a powerful alternative to conventional control methods. Its ability to enhance system performance, coupled
with its inherent robustness, makes it a compelling choice for various industrial applications where precise control and
resilient operation are crucial.
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Sliding Mode Control is composed of three distinct stages: reaching
mode, sliding mode, and steady-state mode. By using a reaching law
differential equation in the reaching space, the control problem is
transformed into a discrete sliding surface in the reaching modef*!.
Once the system has reached the sliding surface and entered the
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sliding mode, the dynamics are still unaffected by modelling errors or external perturbations. The steady-
state mode then takes on a variety of shapes as it works to keep the necessary condition along the sliding
surfacel?,

The advantages of Sliding Mode Control over traditional control methods have garnered considerable
interest among researchers and engineers alike. Its exceptional robustness and ability to maintain stability in
the presence of uncertainties and disturbances make it highly desirable for applications requiring precise and
resilient control. In industrial settings, where variations in system parameters, external disturbances, and load
changes are common, the robustness of SMC is particularly valuable for ensuring safety, efficiency, and
reliability®4, One of the most significant benefits of SMC is its high accuracy in controlling the system’s
behavior, leading to minimal error between the desired state and the actual state. This precision is crucial for
various applications, such as robotics and motion control systems, where accurate positioning and control are
paramount. Moreover, systems under SMC exhibit rapid dynamic responses, enabling swift and efficient
control actions. This attribute is particularly advantageous for time-critical processes where quick responses
are essential for optimal performancel®.

Stability is a critical aspect of control systems, and traditional control techniques may struggle to
maintain stability in the face of uncertainties, leading to performance degradation or instability. In contrast,
SMC is designed to ensure stability even in the presence of variations in system parameters, making it a
reliable choice for various industrial applications. In addition to its robustness and accuracy, the simplicity of
the design and implementation of SMC has further contributed to its widespread adoption. Compared to
more complex control techniques, the straightforward nature of SMC reduces development time and costs,
making it accessible for a wide range of applications and industries!®l.

Over the years, Sliding Mode Control has found applications in various industrial domains. In variable
speed drives and power converters, SMC’s robustness and ability to handle uncertainties make it an
attractive choice, ensuring stable and efficient operation while contributing to enhanced energy efficiency!’].
In robotics and automation, precise control of motion and positioning is crucial, and SMC’s ability to deliver
accurate control with minimal error is highly advantageous in such applications. The aerospace and aviation
industries also benefit from SMC’s robustness and resilience. In safety-critical applications involving aircraft,
spacecraft, and unmanned aerial vehicles (UAVS), stable and precise control is essential for mission success
and passenger safety, making SMC a promising control strategy in these fields(.

The theoretical underpinnings of sliding mode control will be covered in detail in the sections that
follow, along with its benefits over conventional control techniques, applications in industrial systems, and
simulation and analysis results of SMC in the context of position control using an armature-controlled DC
motor. With this research, we intend to add to the body of knowledge on SMC and demonstrate how it has
the potential to completely alter the field of control systems, particularly in the context of industrial
applications,

The sliding mode controller (SMC) has a number of noteworthy advantages, such as resilience to
modeling errors, robustness, and quick dynamic response. It is not without limitations, though. Chattering,
which is defined as the abrupt and occasionally excessive switching of control actions close to the sliding
surface, is a major drawback that can cause unwanted noise and mechanical wear in physical systems.
Furthermore, because SMC’s non-smooth nature can lead to abrupt changes in control input, it is less
appropriate for applications where small, gradual control adjustments are necessary or where taking sudden
action could be harmful. Compared to PID control, tuning SMC parameters can be more complex and time-
consuming because it involves changing things like the sliding surface slope and feedback gains. For some
applications, SMC may be less accessible due to its complexity. Moreover, even though SMC is robust, it
might not be the best choice for systems with accurate modeling available because it might be difficult to

2



fine-tune. Because PID control has smoother control input, integral action, and is simpler to implement, it is
still the preferred option when linearity, steady-state error minimization, low noise, or simplicity is
critical*o14,

When compared to PID control, SMC frequently has a higher computational complexity and may need
more computing power. However, when the unique benefits of SMC like robustness and dynamic response
are critical to the success of the application, then this added complexity may be justified. When selecting one
of these control strategies, it is imperative to take into account the computational trade-offs in light of the

system’s requirements and resources!*l,

A sliding mode controller (SMC) is more cost-effective to implement than PID control when both
hardware and software factors are taken into account. Because of its intricate control algorithm, SMC
typically requires more computational power from the hardware, possibly requiring specialized hardware or
more powerful processors. This may lead to increased initial hardware expenses. Software-wise, SMC might
need more complex design and tuning, which would raise the cost of development and upkeep. PID control,
on the other hand, is more affordable in terms of both hardware and software since it is easier to implement
and requires less computing power. The decision is dependent on the particular application requirements,
though, as SMC’s advantages in terms of robustness and precision of control may outweigh the increased
costs for systems where accuracy and dependability are criticalt4l,

With DC motors, sliding mode control can improve energy efficiency. It enhances DC motor efficiency
by reducing steady-state errors and offering precise control. This is beneficial for applications where energy
conservation is a top concern because it can lead to lower energy consumption and increased overall energy
efficiency. By taking advantage of its built-in robustness, the sliding mode controller (SMC) in a position
servo system manages external disturbances. SMC preserves the state of the system on a sliding surface in
order to dynamically adapt to disturbances!*®.. The control action quickly modifies to keep the system on the
sliding surface when disturbances impact it, guaranteeing that the intended control response is maintained.
The secret here is that SMC is resilient to uncertainties and disturbances because it does not rely on an exact
model of the system. The controller keeps an eye out for disruptions and adjusts accordingly, enabling the
system to continue operating as intended even in the face of external influences. SMC’s resilience to external
disruptions is a significant benefit for control systems. The importance of Sliding Mode Control (SMC) as a
potent substitute for traditional control techniques is emphasized in this paper. It demonstrates how SMC can
significantly improve system performance while maintaining its inherent robustness, which makes it an
appealing option for a variety of industrial applications where accurate control and reliable operation are
essentiall6l,

Challenges in implementing sliding mode control in real systems

When applying SMC in real systems, it is crucial to address issues with chattering, actuator constraints,
model uncertainties, control effort, and tuning complexity. SMC provides robustness and precise control.
The design and implementation processes need to take these constraints into careful consideration(*].

a. Chattering: Chattering, or the abrupt switching of control actions close to the sliding surface, is one of
the main problems with SMC. In physical systems, this chattering can result in increased energy
consumption and mechanical wear.

b.  Actuator Constraints: Actuator restrictions and limitations can have an impact on SMC. The speed,
accuracy, and range constraints of real-world actuators may have an impact on SMC performance.

c. Model Uncertainties: SMC depends on accurate understanding of the dynamics of the system. The
robustness of the controller may be tested in real-world systems due to modeling uncertainties,
parameter variations, and external disturbances.



d. High Control Effort: SMC can sometimes demand high control effort, which might not be feasible or
desirable in applications where energy efficiency is crucial.

e. Tuning Complexity: For real-time applications, tuning SMC parameters like the sliding surface slope
and feedback gains can be difficult and time-consuming.

When applying SMC in real systems, it is crucial to address issues with chattering, actuator constraints,
model uncertainties, control effort, and tuning complexity. SMC provides robustness and precise control.
The design and implementation processes need to take these constraints into careful consideration.

2. The armature voltage controlled D.C. motor position servo mechanism

The position control system is designed to achieve accurate positioning of the output shaft, driven by a
DC motor with armature voltage control. The system’s schematic diagram is depicted in Figure 1. Two
potentiometers are integrated into the system to convert the input and output positions into proportionate
electric signals. These potentiometers play a crucial role in providing feedback to the control system. When
the system is in operation, the input position signal and the output position signal are compared. The
difference between these two signals represents the error signal, indicating the deviation between the desired
position and the actual position of the output shaft. To amplify the error signal, an amplifier with a gain
factor KA is utilized. The amplified error signal is then fed into the armature circuit of the DC motor. In the
position control system, the field winding of the DC motor is excited with a constant voltage. When the
system detects any error between the desired and actual positions, the DC motor generates a torque in
response to the amplified error signal.
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Figure 1. Schematic diagram of DC position control system.

The transmitted torque from the motor is then transferred to the output shaft through a gear train. This
torque rotates the output shaft in such a direction as to minimize the error and bring the shaft closer to the
desired position. As the output shaft approaches the desired position, the error signal diminishes, and the
motor’s torque reduces accordingly. This process continues until the error signal is reduced to zero,
indicating that the output shaft has reached the desired position. The position control system using an
armature voltage-controlled DC motor is widely utilized in various applications requiring precise and
accurate positioning. By providing feedback and adjusting the motor’s armature voltage, the system ensures
that the output shaft follows the desired position, even in the presence of disturbances or external factors8l,
The simplicity and effectiveness of this control system make it a popular choice in industrial settings,
robotics, automation, and other fields where precise positioning and control are essential for optimal
performance and efficiency. The ability of the system to respond swiftly to deviations in position, and its
capacity to maintain stable operation, contribute to its widespread application across various industries™’l,

Every control system component of servo position control system is modelled using its governing
differential equation and practical application involves several constants used for such components.
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Following are the constants which are related to feasibility of above-described scheme shown in Figure 2.
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Figure 2. Mathematical model of servo scheme.

Kp: Potentiometer Constant;

KA: Amplifier Gain;

Ra: Armature resistance of d.c. motor;
IA: Armature current;

TM: Motor torque;

0: Angular speed;

0: Position.

3. Position servo system design of the sliding mode controller

The positional discrepancy and its differential are expressed as fundamental parameters, transforming
the Kkinetic equations. The goal of this adaptation is to create a positional regulator with characteristics of
gliding method. Regulating the controller configuration on either side of the gliding axis, designated as S, is
the fundamental component of controlling the gliding mode. The positional discrepancies’ trajectory is
forced by this correction to converge on the phase diagram’s origin. This gliding axis S’s gradient is equal to
1/Tc, where Tc stands for the temporal constant of the gliding mode’s reaction to differences. While choosing
a lower Tc value speeds up dynamic responsiveness, it might increase the time it takes the trajectory to link
with the glide axis, thus resulting in a reduction in robustness. To reduce constant-state differences brought
on by disturbances Ti, the technique incorporates feedback amplification factors, designated as al and a2,
together with a perturbation amplification, indicated as d. These elements work together to carefully calibrate
the positioning regulator, which improves its functionality. The formation of gliding mode behaviour
depends on the satisfaction of particular requirements. These conditions primarily deal with the fundamental
parameters’ trajectories, which consistently point in the direction of the gliding axis S. When compared to
traditional PID regulators, the system is better able to steer the servo-based positional management along the
intended trajectory because of this orientation. The requirement that the slope of the gliding axis must
continue to be submissive to the unfavourable eigenvalue of the system’s characteristic equation results in a
minimum threshold for Tc in the pursuit of the ultimate design. This requirement ensures consistency and
reliable control over the system’s activities.

In comparison to conventional PID controllers, the position controller demonstrates improved
performance characteristics by adding these sliding mode qualities. In a variety of real-world applications,
the ability to converge error paths towards the phase plane’s origin enhances control accuracy and
effectiveness. Additionally, the addition of dither gain and feedback gain coefficients enhances the position
control system’s overall reliability by enabling higher adaptation and robustness against disturbances. The
ability of the sliding mode controller to direct the servo position control down the desired path leads to more
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precise and reliable control responses as compared to conventional PID controllers. This advantage makes it
a preferred choice in various industrial applications, such as robotics, automation, and motion control
systems, where precise positioning and stable performance are essential. As researchers and engineers
continue to explore the potential of sliding mode control in position control systems, the fine-tuning of
parameters, such as Tc and feedback gains, will be instrumental in optimizing performance for specific
applications. The versatility and robustness of sliding mode control open up new possibilities for efficient
and reliable control strategies, contributing to advancements in various fields of engineering and technology.
Furthermore, ongoing research and development in sliding mode control techniques will likely uncover
further refinements, enabling even more sophisticated applications and extending the reach of this control
methodology to various industries and sectors. As advancements in control theory continue to evolve, sliding
mode control with its unique properties remains an exciting and promising area of study, poised to drive
innovation in control systems and contribute to a wide range of practical applications.

Tuning feedback gain coefficients (al and a2) and the dither gain (d) in a sliding mode controller
involves a process of adjusting these parameters to optimize the control system’s performance. The feedback
gain coefficients, al and a2, are responsible for shaping the controller’s response to errors and disturbances.
Tuning them aims to strike a balance between achieving a rapid response and minimal overshoot while
maintaining robustness against disturbances. This process often requires experimentation and iterative
adjustments.

On the other hand, the dither gain (d) introduces small, high-frequency oscillations in the control signal
to eliminate steady-state error resulting from friction and other sources. Tuning the dither gain involves
selecting its magnitude carefully to effectively reduce steady-state error without introducing undesirable
noise or instability. Ultimately, the specific values of al, a2, and d depend on the characteristics of the
controlled system and the desired performance criteria. This tuning process may involve trial-and-error
methods or more sophisticated optimization techniques to fine-tune the parameters for optimal control
system behavior?,

Design of the sliding mode controller for position servo system

The equations of motion (1)—(3) are recast using the position error and its derivative as crucial state
variables in order to create a position controller with sliding mode features. The purpose of this strategic shift
is to maximize the advantages of ¢ in maintaining target positions. The resulting controller is prepared to
provide increased stability and responsiveness thanks to this creative adaption of state variables, giving it a
promising path for strengthening control techniques in pertinent applications:

X =6-6 (1)
X,--0--0-X, )

© * T-T-Bo
Xy=—0== J 3)

To produce the control signal law and specifically achieve a transient response for the position error x1,
a state variable feedback controller must be designed. Both the numerous plant characteristics, such as J, B,
and Kt, as well as the external disturbances Ti, should have no impact on the ideal dynamics of this response.
This is done by introducing the idea of sliding mode control, which entails creating a sliding mode along line
S in the phase planel®. The sliding mode is described by a certain equation, and its application makes sure
that the position error trajectory follows this sliding line and eventually converges to the phase plane’s origin.
The sliding mode’s capacity to control the system’s behaviour independently of outside influences and
system characteristics enables it to achieve the required dynamics for the position error x1. This sliding mode
control strategy provides stability and resilience, which makes it a useful method for achieving precise and
dependable control in a variety of real-world applications. This is achieved by introducing the sliding mode
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along line S in the phase plane as given by

S= X, +T. X1

Sliding mode control is a unique method that dynamically restructures the controller along the entire
range of the sliding threshold, S. The complex path of positional discrepancy needs to be recalibrated before
it can align with the sliding threshold, travel it, and ultimately come to rest at the origin of the phase plane. A
crucial parameter in this context is I/Tc, which provides information about the slope of the sliding threshold
and denotes the temporal constant regulating error handling during sliding mode operation. Lowering Tc
causes the system to become more dynamic and agile, which causes a quick response that moves the system
swiftly in the direction of the sliding threshold. This benefit, however, is at the expense of a longer travel
time to the sliding line, which results in a slight reduction in robustness. Thus, the choice of Tc involves
striking a balance between achieving a rapid dynamic response and ensuring a sufficient level of robustness
in the control system[?2,

The sliding mode control’s capability to direct the trajectory of the positional error towards the sliding
line, regardless of disturbances or system parameters, makes it an attractive and robust control strategy. This
resilience is particularly valuable in practical applications where uncertainties and variations in the system
can occur. Despite the potential trade-off between dynamic response and robustness when selecting Tc, the
sliding mode control remains a promising and effective method for precise and stable control in various
engineering fields. Its ability to guide the system’s behavior along the sliding line allows for accurate and
reliable positioning, making it a preferred choice in industries where precise control is crucial for optimal
performance and efficiency. Furthermore, ongoing research and advancements in sliding mode control
techniques may lead to further improvements, enabling its application to even more complex and challenging
control scenarios. The adaptability and versatility of sliding mode control continue to attract interest from
researchers and engineers, with the potential to reshape the future of control systems in diverse fields of
engineering and technology!?l.

Let the control I be given by
L=a,p X, +a,p,X,+d sgn(S)

p,=1 for SX, >0
p,=-1 for SX, <0
p, =1 for SX, >0

p,=-1 for SX, <0
sgn(S)=1 for S>0
sgn(S)=-1 for S<0
al, a2: feedback gain coefficients,
d: dither gain to eliminate steady state error due to disturbance.
Control law can be understood by architecture as shown in Figure 3 where each equation is
implemented in the form of block diagram.
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Figure 3. Architecture of SLMC based Control Law.

4. Simulation results

MATLAB-Simulink is a widely used software environment for numerical computing, modeling, and
simulation. MATLAB is a high-level programming language that’s particularly popular in engineering,
science, and mathematical disciplines. Simulink, an extension of MATLAB, provides a graphical interface
for modeling, simulating, and analyzing dynamic systems, making it especially suitable for control system
design, signal processing, and other multidomain simulation tasks. Engineers and researchers use this
integrated environment to build models, run simulations, and analyze results efficiently.

In this study, we conducted a thorough simulation to evaluate the performance of the position servo
system coupled with a sliding mode control rule using the MATLAB-SIMULINK environment. The
auxiliary section presents the controller and equipment parameters utilized in the simulation, offering a point
of comparison. The simulation results show the enormous gains in system responsiveness obtained by the
sliding mode controller over the conventional control technique. Using a range of varied sliding line
inclination values, we investigated the system’s behavior for a positional shift of a substantial scale both with
and without the sliding mode controller. The dynamic character of sliding mode control is amply illustrated
by the phase plane trajectory mapping of speed vs position as shown in Figure 4. This trajectory reveals a
distinctive pattern that emphasizes the sliding mode’s capacity to expertly and successfully guide the system
in the intended path. Despite pauses or modifications to the system settings, slider mode control has the
natural capacity to retain constant and precise command. Location and speed’s temporal response also
provide details about how the system is functioning. The sliding mode controller creates less oscillations and
has a quicker stabilization time than a traditional PID controller.
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Figure 4. Phase plane trajectory of positional error in sliding mode.

This improvement in performance is particularly significant in applications where precise and rapid
positioning is crucial for optimal system operation. While conventional PID controllers can be tuned to
optimize their parameters and achieve better outputs, our study reveals that there is still room for
improvement through the implementation of sliding mode control. The unique capability of sliding mode
control to manipulate the dynamics of the trajectory through control over the slope and reach of the sliding
line enhances its potential for achieving superior performance. In summary, the simulation results confirm
the effectiveness of the sliding mode controller in enhancing the performance of the position servo system.
Its ability to guide the system along the desired trajectory, mitigate disturbances, and reduce settling time
makes it a promising and robust control strategy. Furthermore, the flexibility to fine-tune the controller
parameters offers opportunities for further optimization and improvement. Sliding mode control represents a
valuable advancement in control system design, holding promise for applications in various engineering
fields, where precision, stability, and efficiency are paramount.

The reaction of the servo drive to a unit step change in position command is shown in Figures 5-8
under typical operating conditions. With less overshoot and a quicker response to new commands, the output
position response with SLMC is superior than that of a tuned PID Controller. Also effect of design parameter
i.e., slope of sliding line is also studied with 10% increment around the optimum point with Tc = 0.18. Based
on specifications of user, one can choose different parameters for adjusting performance of SLMC. Tuned
PID Controller is a conventional option to meet certain specifications. Sliding mode controller pushes the
system to desired performance.
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Figure 5. Position response for tuned PID and SLMC for specific slope of sliding line for Tc = 0.18.
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Figure 6. Position response for tuned PID and SLMC and 10% increase in slope of sliding line Tc = 0.162 (10% Less).
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Figure 7. Phase plane trajectory for tuned PID and SLMC for specific slope of sliding line for Tc = 0.18. Tc = 0.162 (10% Less).
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Figure 8. Phase plane trajectory for tuned PID and SLMC and 10% increase in slope of sliding line Tc = 0.162 (10% Less).

5. Conclusion

In this study, a position servo system using an armature-driven DC servo motor is successfully
controlled by a sliding mode controller. The outcomes demonstrate several noteworthy advantages of the
sliding mode control method. First, the output position response closely resembles a first-order system and
exhibits reduced overshoot when compared to alternative control techniques. In situations where accurate
and fluid positioning are crucial, this trait is quite advantageous. Furthermore, the sliding mode control
shows the capacity to force system states down the sliding line, producing quicker response times. Improved
performance in a variety of settings is made possible by this characteristic, which enables improved control
over the system’s dynamics. Thirdly, the flexibility to adjust the slope of the sliding line by modifying the
relevant parameters further enhances the versatility of the sliding mode control approach. This adaptability
enables engineers to fine-tune the controller to meet specific performance requirements for different systems.
Moreover, the sliding mode control consistently outperforms other controller types in terms of overall
performance. Its ability to achieve better stability and dynamic response makes it a favorable choice for
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precision control applications. The sliding mode controller proves to be an effective and reliable control
strategy for the position servo system. Its benefits include reduced overshoot, faster response times,
adjustable sliding line parameters, superior performance compared to other controllers, and improved
stability and dynamic response. These advantages highlight the potential of sliding mode control in various
industrial applications, where precise positioning and robust control are of paramount importance. As further
research and development in control theory progress, sliding mode control holds promise for advancing
control system design and contributing to various engineering fields.
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Appendix
Parameters used for simulation of armature controlled DC motor are
J=5Kg-m?
f=1N-m/s
Kt=5N-m/A
Sliding mode controller parameters:
Tc=0.1985s
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