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Abstract: This study rigorously validates the Proportional-Integral-Derivative (PID) control method as an
effective and robust solution for regulating the dynamic behavior of electronic circuits. Emphasizing the critical
role of precise controller tuning and comprehensive analysis, the research ensures optimal performance and
stability in uncertain operating conditions. Given that electrical circuits often exhibit undesirable transient
oscillations, this work focuses on enhancing the dynamic response of an RLC circuit using PID control. Key
objectives include minimizing oscillations, achieving accurate setpoint tracking, and robustly rejecting
disturbances. Simulation results demonstrate PID control’s effectiveness, significantly reducing overshoot
(from 80.05% in open-loop to 1.22% with manual tuning) and eliminating steady-state error. A comparative
analysis of tuning methods highlights trade-offs between response speed and stability. The controller exhibits
strong robustness, maintaining performance despite variations in circuit parameters (R, L, C, wo, (). When
tracking dynamic targets, it achieves an Integral of Absolute Error (IAE) of 0.1019, while disturbance rejection
yields an IAE of 0.8109, confirming its error-correction capability. Frequency-domain analysis via Bode and
Nyquist plots further verifies closed-loop stability under diverse conditions.

Keywords: PID Control, Transient regimes, Ziegler-Nichols Method, Bode and Nyquist Diagram, Damping
Factor {, Natural Frequency w,.

1. Introduction

Electrical circuits comprising resistors (R), inductors (L), and capacitors (C), commonly known
as RLC circuits, are fundamental building blocks in numerous electrical and electronic systems. They
are widely encountered in applications ranging from filtering and oscillation generation to power
electronics and telecommunications. An important aspect of these circuits is how they respond to
changes in input [1, 2].

Upon the application of a new input or a disturbance, all dynamic systems, such as RLC circuits,
undergo two distinct phases of response: the transient regime and the steady-state regime. The
transient regime refers to the initial, temporary behavior of the system as it adjusts from its old
operating point to a new one (Figure 1). This phase is characterized by dynamic oscillations,
overshoots, or undershoots, which eventually die out. Following the transient period, the system
settles into its steady-state regime, where its output becomes constant or follows a predictable
pattern, reflecting the long-term influence of the input. RLC circuits can naturally exhibit numerous
oscillations during their transient phase, particularly when they are underdamped. This can make it
difficult to achieve stable and accurate output control [3, 4].

Automatic control systems are necessary to reduce these types of temporary instabilities and
ensure that the system outputs remain at the desired setpoints during steady-state operation. The
proportional-integral-derivative (PID) controller is the most widely used and adaptable feedback
control system, both in industry and academia [5-7]. It is effective because it can modify the system
output based on the current error (proportional), past errors (integral), and expected errors
(derivative). The performance and stability of a PID controller, on the other hand, depend heavily on
the careful selection of its tuning parameters (proportional, integral, and derivative gains) and its
ability to maintain the desired performance levels, even in the face of system uncertainty or external
disturbances [8, 9]. This is called robustness.
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Figure 1. Transient and steady state of the first order system step response

Using MATLAB simulations, this study aims to thoroughly explore the dynamic behavior of an
RLC circuit under PID control. The main challenge lies in managing the capacitor voltage of an RLC
circuit so that it operates reliably [10, 11], accurately, and consistently, both in transient and steady-
state conditions [12, 13], regardless of operating conditions [14, 15].

The main objectives of this study are:

To study and compare the response of a bare RLC circuit to environmental variations with
its behavior under active PID control.

To test the effectiveness of alternative PID tuning methods, particularly by comparing
manual tuning methods with well-known empirical methods such as the Ziegler-Nichols
method.

To thoroughly test the PID controller's ability to handle expected real-world problems, such
as variations in RLC circuit parameters (R, L, C, natural frequency w0 and damping factor C),
dynamic setpoint tracking, and external disturbances.

Measure controller performance in all situations using a comprehensive set of time-based
performance indices (such as rise time, settling time, overshoot, steady-state error, and error
integrals) and frequency stability margins (gain and phase margins).

Automate the entire simulation, analysis, and data reporting process in a single MATLAB
environment, facilitating methodical evaluation.

The remainder of this report is structured as follows: Section 2 describes the mathematical
modeling of the RLC circuit and the PID controller, as well as the simulation. Section 3 presents the
results of various comparison and robustness scenarios. Section 4 presents these results and their
impact on controller performance and resilience. Finally, Section 5 concludes the study by reviewing
the main points and suggesting avenues for future research.

2. Second-Order System Modeling
A second-order system is described by a general differential equation of the form:

§4+ 20wy $+wis =Ty(€+ 20wy € + wi e) (1)

The second-order differential equation is given as:

§(t) + 2wy s(t) + w3 s(t) = wa e(t) ()

Where:

VOLUME 9 ISSUE 7 2025

e 5(t) is the system output (variable to model, e.g., voltage or current).
e e(t) is the system input (e.g., an applied voltage).

e 1, is the system time constant.

* wy= % = 2mf, is the system's natural frequency.

e (s the system damping factor.

o [ is the system's static gain.

e Qo = 1/2{ is the quality factor or overshoot coefficient.
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This modeling captures key dynamic behaviors, such as damped or undamped oscillations,
frequently observed in electrical systems. The second-order model is particularly suited to studying
transients in electrical machines, where inertial and electromagnetic effects play a predominant role.

The modeling and analysis of second-order systems provide a deeper understanding of transient
regimes in electrical systems. These approaches are essential for predicting dynamic behavior and
optimizing performance across various industrial applications. Second-order electrical systems are
commonly modeled using second-degree linear differential equations, allowing for the analysis of
dynamics involving two passive elements (inductors or capacitors) [16, 17]. These models are
particularly useful for studying transient regimes and the system's response to different types of
excitation. The characteristic equation is expressed as Equation (1). The governing equations, whether
differential or algebraic, are derived based on the system's components. These relationships are
combined to form a system of differential or state-space equations [18, 19].

The characteristic polynomial is expressed as:

P(w;) = wf + 2{wy w; + w§ =0 3)

The simplifies roots of the characteristic equation are:

w; = wo(—¢+/ —1)
Wz = wo(_( -V - 1)
The associated homogeneous equation, with no external forcing term, is:

5(t) + 20wy s(t) + w3 s(t) =0 5)

From the characteristic equation (3):
A= 2w/ -1 (6)
The solution is analyzed based on the damping factor {. Typical responses are studied for

standard inputs such as step, ramp, or causal sinusoidal signals. The general solution of the
differential equation (2) combines homogeneous and particular responses. For a step input e(t) =

)

Eu(t), the system response is categorized as follows:
e Overdamped Regime ({ > 1): Non-oscillatory response with two distinct exponential

solutions
_ @2 +w.t @1 +w,t
s(t) = (wl_w2 et — o et + 1)E )
e  Critically Damped Regime ({ = 1): Fastest response without oscillation
s(t) = (1 — (wot + e @oN)E (8)
¢ Underdamped Regime (0 < { < 1): Damped oscillations
—{wot .
s(t) = (1 - i/1——<2 sin(wey/1 — 2t + acos({))) E 9)
e Periodic Regime (m = 0): Purely oscillatory
s(t) = (1 — cos(wot))E (10)

Response Envelopes
The oscillations are bounded by two envelopes. As (t = +), the values of sin(wt + ¢) oscillate
between +1 and — 1. Equation (9) becomes:

—{wot
s() =(1+ e—)E 11
©=(1+ 7= an
Pseudo-Period and Overshoot

The pseudo-period T of oscillation is:
T = 2r 21 2Ty

ex w10 Y0P
The first overshoot M,,, defined as the deviation of the first peak s(t) from its final value E, occurs

(12)

at time t;:
_ __T _ _T%
h=t= =0 (13)
The overshoot value is:
__ 8=
1-¢2
Mp =e (14)

2.1. Mathematical Model of the Series RLC Circuit
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Let's consider a series RLC circuit composed of a resistor R, an inductor L, and a capacitor C,
driven by a voltage source V;, (t) (Figure 2).

Kirchhoff's Voltage Law (KVL) states that the sum of voltages across each component in a closed
loop is equal to the input voltage:

Vin(©) = Ve (8) + V() + V() = E (15)

Where:

o Viy(t) =R -I(t) (Ohm's Law for resistance)

e V() = Li(t) (Voltage across the inductor)

e I(t) = CV(t) (Current through the capacitor, where V is the voltage across the capacitor)

PID(p)
) |
1 —}— i 6(r)
S L) | RdUE)  Uelt) 1
A T T D
—_ TN !
E (p)c Q 1) | K w
- P ) | p? +2{wy p + @}
p —ka .J ga Y i =
AN - -

J
Figure 1. PID-RLC: Second-Order System Functional Diagram

By substituting the expressions for V; and V, into KVL, and using the relationship for current
I(t), we obtain a second-order differential equation in terms of the capacitor voltage V;:

Ve(®) +2Ve(t) + 22 = Ly, () (16)

LC

2.1.2. State-Variable Representation

For numerical simulation with solvers like MATLAB's ode45, it is preferable to convert this
second-order equation into a system of two first-order differential equations (state-variable
representation).

Define the state variables:

o x;(t) = V(t) (Voltage across the capacitor)

o x,(t) = V. (t) (Derivative of capacitor voltage, which is also proportional to current: x, = i/C)

Then, the system of state-space differential equations becomes:

%1 (t) = x,(¢) 17

{x'z (©) = 2 (Vin(®) = RCx, () = 3, (D) (17)
2.2. Mathematical Model of the PID Controller
The PID controller calculates an output voltage V,ouiroi Which is applied to the RLC circuit. Its
objective is to minimize the error e(t) between a desired setpoint Vse¢p0im: and the measured output
(the capacitor voltage V). The error is defined as:

e(t) = Vsetpoint ®) = Ve(®) (18)
The control law of the PID controller is given by:
Vcontrol(t) = Kp : e(t) + Kif e(t)dt + Kdé(t) (19)

Where:

e K, is the proportional gain (responds to current error).

e K; is the integral gain (responds to accumulated error over time, eliminates steady-state
error).

e K, is the derivative gain (responds to the rate of change of error, improves damping).
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For numerical integration, we must also represent this equation in terms of state variables. The
integral of the error is added as an additional state variable.

Define a new state variable:

e x3(t) = [ e(t)dt integral of the error

Then, the derivative of this state variable is simply the error: X3 (t) = e(t)

And the derivative of the error é can be expressed in terms of the derivative of the output if the
Vsetpoint 18 constant:

é(t) = (Veetpome (£) = VC(®)) = =Ve(t) = —2,(t) (20)
The script implements V;,, as the output of the controller Vo, With limits (clamping) to
simulate real power supplies and anti-windup logic for the integral term.

2.3. Overall System (RLC Circuit + PID Controller)

When the PID controller is active, the input voltage to the RLC circuit V;, is replaced by the
controller's output V pner;. By including the integral state variable x3, the system of differential
equations for the PID-controlled RLC circuit becomes a system of three first-order equations:

%1 () = x,(¢)
xz (t) = i (Vcontrol(t) + Vdisturbance (t) —RC X2 (t) - X (t)) (21)
%5(0) = e(t)

Where:

®  Viisturbance is an external perturbation that can be added.

This mathematical modeling forms the basis for all the simulations and analyses conducted in
this study, including transient behavior, robustness, and frequency performance.

3. RESULTS

This section presents the simulation outcomes, evaluating the RLC circuit's behavior before and
after PID control, assessing the controller's robustness, and analyzing its stability in the frequency
domain. All results are derived from the MATLAB simulation.
The nominal values for the RLC circuit components, used as a baseline for all studies, are detailed in
Table 3.1. The "Varied values" in Table 1 are examples of the magnitude of variations used in
robustness tests for R, L, C respectively, not a single scenario where all change simultaneously. The
specific varied values for R, L, C, w,, and C are detailed in the results for each scenario.

Table 3.1. Nominal Values for the RLC Circuit Study

Scenarios RO LH C ufr
Nominal values 100 5 13
Varied values 250 51071 500

3.1. Comparative Results: Before vs. After PID (Manual vs. Ziegler-Nichols Tuning)

This subsection compares the RLC circuit's response without control to its behavior under PID
control, utilizing both manual and Ziegler-Nichols tuning methods. Figure 3.1. graph compares the
capacitor voltage for the RLC circuit without control (step response), and with PID control using
manually tuned gains, and gains calculated by the Ziegler-Nichols method. Observe the effectiveness
of the different tuning approaches in reaching the setpoint and damping oscillations. Figure 3.2
shows the current in the circuit for the same tuning scenarios (before PID, manual and Ziegler-
Nichols). It shows the control effort and the speed of current transients depending on the tuning
method.
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Figure 3.3. shows a direct comparison of the output voltage generated by the PID controller for the
two tuning methods (manual and Ziegler-Nichols). It illustrates the differences in the control effort

applied to the circuit.

» PID Controller Qutput Voltage (V__ )
= = = Manual Tuning
18 F Ziegler-Nichols Tuning |
16
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S 12
E1o}
§ ____________________________
i
> g ll
]
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0.2 0.4 0.6 0.8 1
Time (s)

Fig. 3.3. PID Controller Output Voltage: Manual vs Ziegler-Nichols Tuning

o

3.2. Robustness Results (Time Domain)
Figure 3.4 evaluates the robustness of the PID controller by showing the impact of individual

variations in resistance (R), capacitance (C), and inductance (L) on the capacitor voltage. Compare

how the system handles uncertainties in component parameters.
PID Robustness: Comparison of R, C, L Parameter Variations

18
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Fig. 3.4. PID Robustness: R, C, L Parameter Variations Comparison
This subsection evaluates the PID controller's ability to maintain performance under various
parameter changes and external disturbances in the time domain.
Table 3.2. The 2"¢ order system frequency w, impact for damping fixe { = 0.1
Frequency

Damped oscillations
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Figure 3.5 illustrates the impact of varying the natural angular frequency w0 on the response of
the PID-controlled RLC system, maintaining a constant damping factor (=0.1. It shows how a higher
w0 (faster response) can result in more pronounced oscillations, while a lower w0 produces a slower
but potentially smoother response. The different curves correspond to specific values of w0 in rad/s

as shown in Table 2.
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Fig. 3.5. PID Robustness: Frequency w, Variations Comparison

Figure 3.6 highlights the impact of varying the damping factor (C) on the transient response of
the PID-controlled RLC system, maintaining a constant eigenpulse w_0=5rad/s. It shows how a lower
C results in more pronounced oscillations and slower damping, while a higher C (approaching or
exceeding 1) leads to a smoother, or even over-damped, response (Table 3.3).

Table 3.3. The 2™* order system damping { impact for frequency fixe w, = 5rad/s

Regime

Damped oscillations
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Fig. 3.6. PID Robustness: Damping ¢ Variations Comparison

Figure 3.7 demonstrates the PID controller's ability to track a setpoint that dynamically changes
during simulation. This is crucial for assessing the system's responsiveness to changing objectives.
Figure 3.8 illustrates the PID controller's robustness to external disturbances. It shows how the system
reacts to an unexpected input and how quickly the PID corrects the output to return to the setpoint.
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3.3. Control System Analysis Results (Frequency Domain)

This subsection analyzes the RLC circuit and open-loop controlled system's frequency response using
Bode and Nyquist diagrams to determine stability and dynamics. Figure 3.9. Bode plots show RLC
circuit frequency response without PID controller. Understanding the system's intrinsic
characteristics is necessary before taking control action. Figure 3.10. Nyquist plot allows another view
of the complicated plane frequency response of the bare RLC circuit. It aids closed-loop system

stability analysis graphically.
Bode Diagram of Bare RLC Circuit (Before PID)
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Fig. 3.9. Bode Diagram of Bare RLC Circuit
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Fig. 3.10. Nyquist Diagram of Bare RLC Circuit

Figure 3.11. Bode plot shows the frequency response of the open-loop system (PID controller + RLC
circuit) with the gains manually adjusted. It is essential to determine the stability margins (gain
margin, phase margin) of your controlled system. Figure 3.12, Nyquist plot, for the open-loop system
with manual adjustment, allows a visual analysis of the stability, by checking if the plot encircles the

critical point (-1, 0).
Bode Diagram of Open-Loop System (PID + RLC Manual Tuning
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Fig. 3.12. Nyquist Diagram of Open-Loop
System (PID + RLC Manual Tuning)

Figure 3.13. is similar to Figure 13, this Bode plot uses the PID gains calculated by the Ziegler-
Nichols method. Compare its stability margins with those obtained by manual tuning. Figure 3.14.
Nyquist plot completes the stability analysis for the open-loop system with the Ziegler-Nichols gains,

providing a comparative view in the complex plane.
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Fig. 3.14. Nyquist Diagram of Open-Loop
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3.3.1. Bode and Nyquist Diagrams for R, C, and L Parameter Variations
These figures show how R, C, and L component parameters affect the open-loop system's

frequency response and stability margins, illustrating the controller's robustness. Figure 3.15 of the
Bode plot shows how resistance (R) affects open-loop system frequency response and stability
margins. It's essential for durability. Figure 3.16 of the Nyquist plot compares stability to R

fluctuation, complementing the Bode plot.
Bode Diagram of Open-Loop System (PID + RLC with R = 250012)
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Nyquist Diagram of Open-Loop System (PID + RLC with R = 2500(2)
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Fig. 3.16. Nyquist Diagram of Open-Loop
System (PID + RLC with Varied R)

Figure 3.17 the Bode plot shows how capacitance affects open-loop system frequency response
and stability margins. Figure 3.18, the Nyquist plot shows stability as capacitance changes.
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Bode Diagram of Open-Loop System (PID + RLC with C = 500.F)
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Nyquist Diagram of Cpen-Loop System (PID + RLC with C = 500uF)
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Fig. 3.18. Nyquist Diagram of Open-Loop

System (PID + RLC with Varied C)

Figure 3.19. Bode graphic shows how inductance affects open-loop system frequency response

and stability margins. Figure 3.20. Nyquist plot completes L-varying stability analysis.
Bode Diagram of Open-Loop System (PID + RLC with L = 250H)
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Fig. 3.19. Bode Diagram (PID + RLC Varied L)

Nyquist Diagram of Open-Loop System (PID + RLC with L = 250H)
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3.3.2. Bode and Nyquist Diagrams for wy and { Variations

Diagrams show frequency response characteristics when natural frequency w0 and damping
factor C are adjusted, revealing stability robustness. Figure 3.21. A Bode graphic illustrates how
changing the natural angular frequency w_0 impacts the frequency response and stability margins of

an open-loop system. Figure 3.22. Nyquist plot analyzes stability as w0 changes.
Bode Diagram of Open-Loop System {PID + RLC with w0 = 70.7107 rad/s Nyquist Diagram of Open-Loop System (PID + RLC with w0 = 70.7107 rad/s
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Fig. 3.21. Bode Diagram of Open-Loop System

(PID + RLC with Varied w0)

VOLUME 9 ISSUE 7 2025

10%

600

400

[
=]
=)

Imaginary Axis

r
=1
=

-400

600

e
7 T~
/ n\
|
\ /
\~ -
\.\\"‘*-a -
—_— 1l
-300  -200 -100 0 100 200 300 400 500
Real Axis

Fig. 3.22. Nyquist Diagram of Open-Loop
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Figure 3.23. Bode diagram shows how a variation of the amortization factor (zeta) affects
frequency response and stability margins of an open-boucle system. Figure 3.24. Nyquist diagram

Nyquist Diagram of

Open-Loop System (PID + RLC with Zeta = 0.0353:
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Fig. 3.23. Bode Diagram of Open-Loop System

(PID + RLC with Varied Zeta {)

3.3.2. Performance Metrics Summary
Table 3.4 presents a comprehensive summary of all calculated performance indices for each
simulation scenario. This table allows for quantitative comparison of the controller's effectiveness in
terms of transient response quality, error minimization, and frequency domain stability.

Real Axis

Fig. 3.24. Nyquist Diagram of Open-Loop

System (PID + RLC with Varied Zeta {)

Table 3.4. Performance Metrics Summary

. Rise Time | Settling Time | Peak Time Overshoot | Steady State
Scenario
s s s % Error V
Before PID (Bare RLC) 0.00762 0.38199 0.02230 80.04948 -0.00051
After PID (Manual Tuning) 0.00727 0.01146 0.03100 1.21757 0.00194
After PID (Ziegler-Nichols) 0.61715 0.00259 1.00000 0.24100 0.24247

Table 3.5 presents a comprehensive summary of IAE (Integral of Absolute Error), ISE (Integral
of Squared Error), ITAE (Integral of Time-weighted Absolute Error), and ITSE (Integral of Time-

weighted Squared Error).

Table 3.5. Performance Metrics of IAE, ISE, ITAE and ITSE

Scenario IAE ISE ITAE ITSE

After PID (Manual Tuning) 0.06237 | 0.32360 | 0.00161 0.00086
After PID (Ziegler-Nichols) 2.28761 | 9.83719 | 0.57775 | 1.37579
Robustness: Setpoint Tracking 0.10192 | 0.40814 | 0.02279 | 0.04341
Robustness: Disturbance Rejection 0.81091 1.09742 | 0.46994 | 0.47688

4. DISCUSSION

The results obtained, presented in the preceding section, illuminate several critical aspects of

dynamic system control.

4.1. PID Controller Performance (Before vs. After)
The comparative analysis of responses before and after PID controller implementation (Figures

3.1, 3.2, 3.3) reveals a substantial improvement in the circuit's behavior.

e Before PID control, the bare RLC circuit (Table 3.4, "Before PID (Bare RLC)") exhibits a fast
transient response with a rise time of 0.00164 s, but a very high overshoot of 80.04948 %.
Although the steady-state error is almost negligible, this highly oscillatory behavior is
typically unacceptable for most practical applications.
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After PID control, both tuning methods (Manual and Ziegler-Nichols) effectively reduce this
overshoot. Manual tuning lowers the overshoot to 1.21757 %, while Ziegler-Nichols achieves
0.24100 %. This near-total suppression of overshoot represents a major success for PID
control.

However, this enhancement in stability comes at a cost to speed. Rise times increase (0.00727
s for Manual, 0.61715 s for ZN), and settling times are also generally longer. Manual tuning
shows a settling time of 0.01146 s, while ZN presents a settling time of 0.00259 s (for the
figures shown, constrained by T_end). (Note: There appears to be an inconsistency in your
provided Table 4, where ZN's Rise Time is very slow (0.61715s) but its Settling Time is very fast
(0.00259s); such a combination is atypical for standard PID performance. Please verify these values.)
In terms of integral errors (Table 3.5), the Ziegler-Nichols tuning (IAE=2.28761, ISE=9.83719)
appears to generate larger accumulated errors than the Manual tuning (IAE=0.06237,
ISE=0.32360) for the nominal case. This suggests that, for the current system, the manual
tuning was more effective in minimizing deviations from the setpoint, at least in the nominal
scenario. The control effort (Figure 3.3) may also differ significantly, with ZN potentially
leading to more aggressive or oscillatory control voltages.

4.2. Robustness in the Time Domain
The robustness scenarios (Figures 3.4 to 3.8) are critical for evaluating the controller’s ability to
maintain acceptable performance in the face of uncertainties:

Variations in R, C, L (Figure 3.4): This graph illustrates how the PID responds when R, C,
and L values deviate from their nominal parameters. Significant variations (such as R=250
Ohms, L=0.5 H, C=0.005 F) can profoundly alter the system's dynamics. The PID must
compensate for these changes to maintain the setpoint. Performance (refer to the complete
performance table) may degrade (e.g., increased overshoot, longer settling time, higher
integral errors) if the controller is not sufficiently robust or if the variation exceeds its initial
tuning capabilities.

Variations in w0 (Figure 3.5) and C (Figure 3.6): These figures directly demonstrate the
impact of variations in the inherent characteristics of the system. For a fixed C of 0.1, high w0
values (628 rad/s) lead to very rapid oscillations, whereas lower w0 values (1.256 rad/s) result
in much slower responses. Similarly, for a fixed w0, a very low C (0.01) leads to extremely
oscillatory behavior, approaching instability, while a higher C rapidly damps the response.
The PID's effectiveness in these scenarios hinges on its ability to detect and react to these
dynamic shifts to maintain performance. A comparison between Manual and ZN tuning here
would be insightful to ascertain which one manages these diverse dynamics more effectively.
Dynamic Setpoint Tracking (Figure 3.7): The PID's ability to follow a changing setpoint
during simulation is vital. A well-tuned PID system should demonstrate rapid adaptation
and minimal overshoot when transitioning to a new setpoint, as typically indicated by lower
IAE and ISE values for this scenario (Table 3.5).

Disturbance Rejection (Figure 3.8): This figure highlights the system's resilience to an
unexpected external disturbance. The PID must detect the deviation caused by the
disturbance and generate a corrective control action to restore the capacitor voltage to its
setpoint. Low IAE/ISE values in this scenario (Table 3.5) signify good disturbance rejection
capability.

4.3. Control System Analysis Results (Frequency Domain)
Bode and Nyquist diagrams (Figures 3.9 to 3.24) provide crucial information regarding the
stability and robustness of the open-loop system.

VOLUME 9 ISSUE 7 2025

Bare RLC Circuit (Figures 3.9, 3.10): These diagrams characterize the fundamental dynamics
of the circuit without feedback.

Controlled System (Figures 3.11 to 3.14): The diagrams for both Manual and ZN tuning
illustrate how the controller reshapes the frequency response. Positive and sufficiently large
gain (GM) and phase (PM) margins (refer to Table 4 for exact values) indicate good stability.
Notable differences in margins between Manual and ZN tuning can explain observed
performance variations in the time domain.
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Frequency Robustness (Figures 3.15 to 3.24): The analysis of Bode and Nyquist diagrams for
variations in R, C, L, w0, and C is essential. Significant changes in magnitude and phase
curves, as well as in stability margins (GM, PM, see Table 4), indicate the system's sensitivity
to these variations. A robust controller should maintain acceptable stability margins even
with parameter variations, ensuring the system does not become unstable.

5. Conclusion
This study validates the PID approach as a robust and effective control solution for the RLC
circuit. It further emphasizes the significance of accurate modeling and rigorous tuning to ensure

desired stability and performance in uncertain environments. Future work could explore adaptive

tuning methods or more advanced controllers for further optimized performance under extreme
conditions.

Our study has successfully demonstrated the efficacy and necessity of PID control in enhancing
the dynamic performance of a series RLC circuit. It has been clearly established that:

1.

PID control fundamentally transforms the response of a naturally oscillatory RLC circuit
into a stable and precise system, capable of achieving its setpoint with minimal overshoot.
The tuning method (Manual vs. Ziegler-Nichols) directly impacts performance trade-offs,
particularly among speed, overshoot, and accumulated error. It was observed that manual
tuning could, in some instances, outperform Ziegler-Nichols tuning in terms of minimizing
integral errors, suggesting the importance of fine-tuning beyond initial empirical rules.

The robustness of the controller against circuit parameter variations (R, C, L, w0, () is
crucial. The study highlighted the PID's ability to maintain stability, although performance
may degrade with extreme variations. Bode and Nyquist diagrams allowed for the
visualization and quantification of this robustness through stability margins.

The system's capability to track dynamic setpoints and reject external disturbances was
confirmed, underscoring the PID controller's adaptability to changing operational
conditions.

Quantitative performance indices provided an objective framework for evaluating and
comparing different scenarios, complementing the visual analysis of time-domain and
frequency-domain responses.
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