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Abstract -- In this paper, a feedforward compensator 
for an underdamped RLC circuit was designed and 
developed with the objective of improving its stability 
and transient response. The process included obtaining 
the transfer function of the circuit using the node method 
and Kirchhoff's Law, confirming its underdamped 
condition. Python was used to automatically calculate 
the values of the circuit components, as well as the step 
response parameters.
The design of the compensator was performed using the 
Locus Geometric Root Geometry (LGR) method to 
determine the values of the compensator that would 
improve the response of the system. Subsequently, the 
compensator was implemented first on a breadboard and 
then on a PCB, verifying its behavior with simulations in 
Proteus and Matlab, and with practical measurements.
As a result, greater stability, faster and more controlled 
transient response, significant reduction of overshoot 
and overall optimization of system performance were 
achieved.
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Abstract -- In this document, a lead compensator was 
designed and implemented for an underdamped RLC 
circuit aiming to enhance its stability and transient 
response. The process involved deriving the circuit's 
transfer function using nodal analysis and Kirchhoff's 
Law, confirming its underdamped condition. Python was 
employed to automatically compute component values 
and step response parameters.
The compensator design utilized the Root Locus Method 
(RLM) to determine compensator values that would

improve system response. Subsequently, the 
compensator was prototyped on a breadboard and then 
on a PCB, validating its behavior through simulations in 
Proteus and Matlab, as well as practical measurements.
As a result, increased stability, faster and controlled 
transient response, significant reduction in overshoot, 
and overall system performance optimization were 
achieved.

Key words -. RLC circuit, Compensator, System.

INTRODUCTION
In this report, the application of a feedforward 
compensator in an underdamped RLC circuit is 
addressed with the objective of improving stability and 
transient response of the system. The context of study 
focuses on the challenges associated with the presence 
of underdamping in RLC circuits, which can lead to 
undesired oscillatory responses. To address this issue, 
the implementation of a feedforward compensator is 
explored, highlighting its ability to introduce positive 
phase at the crossover frequency. This approach results 
in tangible benefits, such as increasing the gain margin 
and minimizing over oscillation, thus improving the 
overall system stability. This report provides a detailed 
overview of the theory, design and results associated 
with the application of a feedforward compensator in a 
specific underdamped RLC circuit context.

DEVELOPMENT
Materials:

• Voltage regulator LM7805
• 4 LM741 operational amplifiers
• 3 Resistors of 10kΩ
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• 2 Resistors of 100kΩ
• 2 Resistors of 1MΩ
• 1 120Ω resistor
• 1 Resistor of 150kΩ
• 1 Resistors of 270Ω

The following is the algebraic process obtaining the 
equations by the method of nodes, with which the 
transfer function of the circuit was obtained.

• 1 Resistors of 5100Ω 𝑣𝑖𝑛−𝑣1= (𝑣 −𝑣  )( 1)+ 1 ) Eq. (1)
𝑅1 1 2  𝑅 2

𝐿𝑠
• 2 Electrolytic capacitors of 1uF (𝑣 −𝑣  ) ( ( 1)+ 𝐶𝑠) Eq. (2)
• 2 x 100nF ceramic capacitors
• 2 x 10nF ceramic capacitors

1 2 𝑅2 𝐿𝑠 2  𝑅 3

• 1 1nF ceramic capacitor 𝑣2 =𝑣𝑜𝑢𝑡  Eq. (3)
• 1 10mH inductor (𝑣(1) −𝑣𝑜𝑢𝑡 ) =𝑣𝑜𝑢𝑡 

(𝑅(2)𝐿𝑠)(1+𝐶𝑠𝑅(3)))𝑅3(𝐿𝑠+𝑅(2))
Eq. (4)

• 1 NE555
• 1 oscilloscope

𝑣1 =𝑣𝑜𝑢𝑡 [𝑅 2 𝐿𝑠+𝐶𝐿𝑅 3𝑅 2𝑠 2
+ 1] Eq. (5)

𝑅3 𝐿𝑠+𝑅 3𝑅 2

CREATION FROM CIRCUIT RLC SUB- 𝑣𝑖𝑛=  (𝑣 [𝑅 2𝐿𝑠+𝐶𝐿𝑅 3𝑅 (2) 2𝑠+ 1] −𝑣 ) (1+
AMOTIGUATED
.

𝑅1 𝑜𝑢𝑡 𝑅3𝐿𝑠+𝑅 3𝑅 2 𝑜𝑢𝑡 𝑅2

The realized circuit consists of 3 resistors, a 1+𝑣𝑜𝑢𝑡 [𝑅 2𝐿𝑠+𝐶𝐿𝑅 3𝑅 (2) 2𝑠+ 1] Eq. (6)capacitance y a inductance, was chosen was .
this

𝐿𝑠 𝑅1 𝑅3 𝐿𝑠+𝑅 3𝑅 2

configuration in order to obtain a function of 𝑣  =𝑅𝑣 1+𝐶𝑅 3𝑠 +𝑣 𝑅2𝐿𝑠+𝐶𝐿𝑅 3𝑅 2𝑠 2
+ 1 Eq. (7)

𝑖𝑛 1 [ ]𝑜𝑢𝑡   𝑅 𝑜𝑢𝑡 [ ]𝑅𝐿𝑠+𝑅𝑅second transfer. The circuit is that of the 3 3 3 2𝑣  =𝑣 𝑅+𝐶𝑅𝑅𝑠+𝑅 2𝐿𝑠+𝐶𝐿𝑅 3𝑅 (2) 2𝑠+ 1]   Eq. (8)
Figure 1, and as can be seen the output voltage o 𝑖𝑛 𝑜𝑢𝑡 𝑅3 𝑅3𝐿𝑠+𝑅 3𝑅 2
also called Vo is taken at the capacitor. 𝑣𝑜𝑢𝑡=  1 Eq. (9)𝑣𝑖𝑛 𝑅1+𝐶𝑅 1𝑅 3 𝑠𝑅 2𝐿𝑠+𝐶𝐿𝑅 3𝑅 (2) 2𝑠

[ 𝑅3
+ 𝑅3𝐿𝑠+𝑅 3𝑅 2 

+1]

Simplifying this equation we obtain the following result 
which corresponds to the transfer function.
𝑣𝑜𝑢𝑡= 𝑅3𝐿𝑠+𝑅 3𝑅 2  Eq. (10)
𝑣𝑖𝑛 𝐶𝐿𝑅(3)(𝑅(1)+𝑅 2))𝑠2+(𝑅(1𝐿+𝑅(1)𝑅 2𝑅 3𝐶+𝑅 2𝐿+𝑅 (3) (3) (2) (3)𝐿)𝑠+𝑅(2)(𝑅(1)+𝑅 3)

Figure 1. Proposed RLC circuit.

OBTAINING THE TRANSFER FUNCTION OF 
THE RLC CIRCUIT.
To obtain the transfer function, the analysis of the 
difference of the output with respect to the input was 
made using the node method, according to Kirchhoff's 
current law. Subsequently, this analysis was performed 
in the circuit to find the equations, as shown in Figure 2.

Figure 2. Analysis by nodes.

To verify that the circuit is under-damped, the 
discriminant of the second order equation in the 
denominator must be negative, since this indicates 
whether the roots are complex. To facilitate the task of 
obtaining the resistance, inductance and capacitance 
values, Python was used to perform the calculations in 
an automated manner.

Figure 3. Calculation of the discriminant in Python.

For resistance values of 10kΩ, 120Ω, capacitance of 
10nF and inductance of 10mH, the discriminant is



Received: 02/14/2024 ǀ Acceptance: 07/03/2024ǀ Publication: 08/23/2024 IPSUMTEC7 ǀ Volume 7 - N° 2 ǀ July - December 2024
Pag13

negative, this indicates an under-damped behavior.
Subsequently, with the help of Python, the different 
parameters describing the step response of the system 
were calculated, of which the most interesting ones are 
the peak time, maximum over-elongation and the 
settling time, the latter was calculated for a 2% error 
criterion as shown in Figure 4.

Figure 4. Parameters.

STEP RESPONSE
In the simulation and physical tests, a peak time of 
approximately 31μs, a settling time of 252μs and an over 
elongation of 60% were expected.

⮚ Simulation in Proteus 8.

Figure 5. Simulation with step response.

⮚ Simulation in Matlab

Figure 6. Matlab simulation with step response.

After the successful completion of the simulation, we 
proceeded the laboratory tests, in which the following 
results were obtained on the oscilloscope for the 
different response parameters.

Figure 7. RLC Peak time.

⮚ RLC circuit settling time.

Figure 8. Settling time.

⮚ Maximum overshoot of the RLC circuit.

Figure 9. Maximum over impulse.

⮚ Settling value of the RLC circuit.

Figure 10. Settlement value.
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Table 1. Comparative table of times obtained without 
compensator.

Figure 12. LGR in open loop.

Poles:

DESIGN OF AN ADVANCE COMPENSATOR.
For the design of the compensator it is necessary to 
make the analysis with the closed-loop transfer function, 
and as the function obtained from the RLC circuit is 
open-loop, the following clearance of the formula 
corresponding to the unitary feedback is made.

S= -15869± 98732j
Zero:
S= 1000000
Damping factor Ξ = 0.158
Natural frequency 
Wn =100000

For the compensator, values are proposed for 𝜀=0.5 and
𝑇( )𝑠= 𝐺(𝑠)

1+𝐺(𝑠)
∴ 𝐺(𝑠)= 𝑇(𝑠)

1-𝑇(𝑠)
Eq. 
(11)

𝜔𝑛 = 50000, since the aim is to reduce the settling . With 
these we obtain a new equation

𝑆2+ 50000𝑆+ 2500000000 Eq. (16)
Equalizing to zero and clearing S, we obtain the poles of
this new equation

𝑠=  -25000± 25000 3𝑗√ Eq. (17)

Figure 11. Closed loop and open loop.

The operation is performed to obtain G(s).

𝑇(𝑠) = 𝑅3𝐿𝑆+𝑅 3𝑅 2
𝐶𝐿𝑅3 (𝑅 1+𝑅 2) 2 (𝑆+𝑅 1𝐿+𝑅 1𝑅 2𝑅 3𝐶+𝑅 2𝐿+𝑅 3𝐿 )𝑆+(𝑅(1)𝑅 
2+𝑅 3𝑅 2)

𝐺(𝑠 ) = 𝑅3𝐿𝑆+𝑅 3𝑅 2
𝐶𝐿𝑅3(𝑅 1+𝑅 2) 2 (𝑆+𝑅 1𝐿+𝑅 1𝑅 2𝑅 3𝐶+𝑅 2) 𝐿𝑆+𝑅 
1𝑅 2

𝐺(𝑠 )= 9881.42𝑆+9881422924.9

𝑆2+21857.7𝑆+11857707 .09

Eq. (12)

Eq. (13)

Eq. (14)

Once these values are available, the Angle deficiency 
between the poles and zeros of the closed loop system 
and the desired pole is calculated.

For this closed-loop transfer function, the corresponding 
poles and zeros are as follows.
Poles:
S = -10000
S = -11857
Zero:
S= 1000000

With respect to the open loop function the corresponding 
poles, zeros and natural frequency are as follows:

Figure 13. Angle deficiency.

𝑃1 ∅=180°− tan-1(25000√ 3/13143) Eq. (18)

𝑃2 ∅=180°− tan-1(25000√ 3/15000) Eq. (19)

𝐶∅ =  180°− tan-1(25000√ 3/975000) Eq. (20)

T(𝑠 )=  9881.42𝑆+9881422924.9
𝑆2+31739.13𝑆+10000000000 Eq. (15)

COMPARISON OF TIMES OBTAINED
Weather Proteus 8 Matlab physical

𝑡𝑝 32 µs 31.9 µs 36 µs
𝑚𝑝 60% 58% 58%
𝑡𝑠 250 µs 252 µs 252 µs
Vs 3.33 v 3.43 v 3.32 v
td 10 µs 10.16 µs 10.24

µs
tr 15 µs 15.95 µs 16.17

µs
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Table 2. Poles and 
zeros.

Obtaining the pole.

+𝐶 ∅ −𝑃1 ∅− 𝑃2 ∅ Eq. 
(21) Deficiency= 180°+ 2.54°− 109.11°− 106.88° Eq.

(22)
Deficiency=  -33.45°  Eq. (23)

Having the deficiency angular is is performed
a

Figure 16. Method of obtaining the pole.

tan(43.28°)= 25000√ 3

𝐶𝐴

CA= 25000√
tan(43.28°)

Eq. (29)

Eq. (30)

procedure to find the poles and zeros of the 
compensator, first draw a horizontal line at the desired 
pole, then a line from the origin to the desired pole, then 
draw a line in the middle, from which 2 more lines will 
be drawn cutting the real axis and these values 
correspond to the compensator.

CA= 45982.33 Eq. (31)
𝑃=  -25000− 45982.33 Eq. (32)

𝑃=  -70982.33 Eq. (33)

With the pole and zero obtained, the equation of the 
compensator is written.

𝐺(()𝑆 ())= 𝐾𝑐   𝑆+35220.03
𝑆+70982.33 Eq. (34)

𝑇=  (35220)-1 Eq. (35)
𝑇=  28.3929× 10-6 Eq. (36)
𝛼𝑇=  (70982.33)-1 Eq. (37)

𝛼=  0.4961 Eq. (38)
𝐾𝑐=  0.305 Eq. (39)

Figure 14. Determination of the pole and zero of a 
feedforward network.

𝐺(𝑆 )= 0.305 𝑆+35220.03
𝑆+70982.33

Eq. (40)

Obtaining zero.
Determination of Kc from the condition of
magnitude.

|𝐾𝑐∙  𝑆+35220 .02∙ 9881.42𝑆+9881422924.9| Eq. (41)
𝑆+70982.33 𝑆2+21857.7𝑆+11857707.09
(𝑆+70982.33)(𝑆 2+21857.7𝑆+11857707.09)

𝐾𝑐= |
(𝑆+35220 .02)(9881.42𝑆+9881422924.9)

| Eq. (42)

The open-loop transfer function of the designed 
system is:

𝐹(𝑠)= [0.305 𝑆+35220.03] [ 9881.42𝑆+9881422924.9 ] Eq. (43))𝑆+70982 .33  𝑆 2+21857.7𝑆+11857707 .09
The resulting closed-loop transfer function is:

Figure 15. Method of obtaining zero.

tan(76.72°)= 25000√ 3

𝐶𝐴

CA= 25000√
tan(76.72°)

Eq. (24)

Eq. (25)

3013 .833𝑠2+3119981254.15316𝑠+1.06147𝑥1014

𝑠3 +95853 .8631𝑠2+4790068803 .68416𝑠+1.14564𝑥1014
Eq. (44)

CA= 10220.02 Eq. (26)
𝐶=  -25000− 10220.02 Eq. (27)

𝐶=  -35220.02 Eq. (28)

POLO ANGLE
S =− 10000 109.11°

S =− 11857.65 106.88°
ZERO ANGLE

S =− 1000000 2.54°
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𝑤𝑛=  50000 Eq. (57)
𝜁=  0.5 Eq. (58)

𝑡𝑝=  72𝑢𝑠 Eq. (59)
𝜕=  25000 Eq. (60)
𝑚𝑝=  0.16 Eq. (61)
𝑡𝑠=  160𝑢𝑠 Eq. (62)

Figure 17. LGR with compensator and feedback.

The values of the components to be used for the 
compensator are determined.

⮚ Weather peak with compensator
and feedback.

0.305= 𝑅4𝑅4𝐶1

𝑅3𝐶2
0.4961= 𝑅2𝐶2

𝑅1𝐶1

Eq. (45)

Eq. (46)
28.3929× 10-6= 𝑅1𝐶1 Eq. (47)
1.43× 10− 3= 𝑅2𝐶2 Eq. (48)

𝑅1= 283.92 Eq. (49)
𝑅2= 1435.3 Eq. (50)
𝑅3= 5100 Eq. (51)
𝑅4= 155.5 Eq. (52)
𝐶1= 100𝑛𝐹  Eq. (53)
𝐶2= 10𝑛𝐹  Eq. (54)

After obtaining F(s), the procedure is performed to 
visualize the peak and maximum times on impulse of the 
RLC circuit with the compensator and feedback, the 
verification of these times is performed with the 
oscilloscope.

Figure 18. Poles and zeros.

For the calculation of the times, Matlab was used to 
obtain the poles of the transfer function of the already 
compensated system, where the imaginary part of 
dominant poles corresponds to Wd, with these the other 
parameters are calculated.

𝑤𝑑=  4.3276× 104 Eq. (55)

Figure 19. Peak time with compensator and feedback.

⮚ Maximum overdrive with compensator and 
feedback.

Figure 20. Maximum overshoot with compensator and 
feedback.

Figure 21. Underdamped signal with compensator and fed back 
in Matlab.

3013.833𝑠2 +3119981254.15316𝑠+1.06147𝑥1014

(𝑠 2 +50000𝑠+2490000000)(𝑠+4.5875×104)
Eq. (56)
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Comparative table of times obtained with compensator.

COMPARISON OF TIMES OBTAINED
Weather Proteus 8 Matlab physical

𝑡𝑝 64 µs 62.7 µs 62 µs
𝑚𝑝 16% 15% 16%
𝑡𝑠 168 µs 168 µs 168 µs
Vs 3.33 v 3.36 v 3.32 v
td 25.8 µs 23.1 µs 23.6 µs
tr 44 µs 38.7 µs 39.3 µs

DISCUSSION AND ANALYSIS OF RESULTS
To contextualize the results obtained in this study, it is 
relevant to compare our findings with previous research 
in the field of control engineering and electrical systems.

The work of Quintero et al. (2020) used the same 
method of developing a compensator as the one shown 
in this study, so that the results in both studies were to 
improve the behavior of underdamped signals, in terms 
of stability and transient response of the system. 
Although naturally, the data, values and elements of the 
RLC circuits did not have similarities, it is notable that 
the techniques employed were the same and the overall 
expected results were the same.

Similarly, the results can be obtained but with a different 
approach, which seeks to improve the control and 
stability of the system, highlighting the relevance of 
different methods in the optimization of control systems 
such as the analysis by the bode stability criterion [1].

An additional study implemented a Proportional Integral 
Derivative (PID) control, tuning its parameters using the 
Ziegler-Nichols method[2]. This method is different 
from the one used in our study and the others mentioned 
above, since Ziegler-Nichols is based on an empirical 
approach to tune the PID controller parameters with the 
objective of improving the system response.

Although the Ziegler-Nichols method and the design of 
feedforward compensators have different theoretical 
foundations and implementation procedures, both aim to 
improve the stability and transient response of the 
controlled system.

In comparison, the results of our study show that the use 
of the LGR-designed feedforward compensator can 
provide an accurate and controlled improvement in 
transient response and system stability, similar to the 
results obtained with a Ziegler-Nichols tuned PID 
controller. However, the process of design and parameter 
tuning

in our approach can be more direct and based on the 
mathematical analysis of the poles of the system, in 
contrast to the more empirical approach of the Ziegler-
Nichols method.

After designing the compensator, we proceeded to 
simulate it with the help of the Proteus software, where 
the Op-Amp was used to apply the compensator, shown 
in Figure 22.

Figure 22. Circuit with simulated compensator.

The next step, naturally, is the implementation of the 
circuit once the times and values of the compensator 
have been checked, as these must be equal to calculated, 
for the implementation of the circuit Op-Amps of the 
UA741CN model were used, which, despite having 8 
terminals, only include one Op-Amp each, so 4 in total 
were used (Figure 23.).

Figure 23. RLC circuit with compensator implemented.

After several tests where the results were often not 
convincing, finally the problems were solved, such as 
bad connections on the "breadboard" or even deficient or 
unreliable material due to its large margin of error such 
as some voltage sources and oscilloscope probes. 
However, when the times and values were equal or very 
close to those obtained in the simulation, we continued 
to the next step, the implementation of the circuit on 
PCB.

The circuit design was made in EasyDEA, a software 
that facilitates the creation of a circuit design.
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PCB (Fig 24) and also where it is possible to request the 
creation of the same with the ease of home delivery.

Figure 24. PCB layout.

Finally, the PCB was soldered together with the 
respective components and final tests were performed to 
monitor that all results will remain the same.

Figure 25. Finished PCB.

CONCLUSIONS
Summarizing, in this report, an RLC circuit was 
analyzed to obtain its transfer function and the times and 
values associated with an underdamped response were 
evaluated. Subsequently, a compensator specifically 
designed to modulate this signal was implemented, 
seeking to improve the transient response and the 
stability of the system.

The compensator was designed with the objective of 
adjusting the dynamics of the underdamped RLC circuit, 
optimizing the response in terms of settling time, 
overshoot and unwanted oscillations. This approach is 
based on the use of additional components or control 
techniques to selectively influence the system response.

In terms of practical applications, this type of 
compensator is important in industrial and technological 
contexts. For example, in process control systems, the 
implementation of compensators can significantly 
improve the stability of industrial processes, reducing 
undesired response times and minimizing unwanted 
oscillations.

Also, in the field of power electronics, the application of 
compensators in underdamped RLC circuits contributes 
to optimize the response of the power electronics.

transient of switch-mode power supplies, improving the 
efficiency and quality of the power supplied.

Thus, this project not only addresses the theory and 
analysis of an underdamped RLC circuit, but also 
demonstrates the practical utility of compensators in 
modifying and improving the dynamic response of such 
a system, with potential applications in various areas of 
engineering and technology.

In future studies, the application of other types of 
compensators, within the same LGR analysis, such as 
the lag compensator and also the leading-lag 
compensator, will be explored to further improve the 
performance of underdamped RLC circuits.

Another step would be to consider the use of frequency 
analysis techniques for the design and optimization of 
compensators. This approach will allow us to evaluate 
the response in different frequency bands, thus 
optimizing system performance in terms of stability, 
transient response and noise suppression.
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