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ABSTRACT

The time-varying currents and voltages resulting from the sudden application of sources
usually due to switching are transients. An RLC circuit is an electrical circuit consisting
of a resistor, an inductor, and a capacitor, connected in series or in parallel. The tran-
sient response is dependent on the value of the different characteristics of the damping
factor (i.e., overdamped, critically damped, and underdamped). The numerical solutions
of first and second-order differential equations with initial value problem (IVP) have
been computed by using the Explicit (Forward) Euler method, Implicit (Backward) Eu-
ler method, Classical second-order (Heun’s or RK2) method, Third-order Runge-Kutta
(RK3) method, Fourth order Runge-Kutta method and Butchers fifth-order Runge-Kutta
(BRK5) method. The observation compares this numerical solution of ODEs obtained by
the above-mentioned methods among them with the necessary visualization and analysis
of the error. These iterative methods will be extended and implement to analyze the
transient analysis of an RLC circuit. The superiority of these methods over one another
has been examined. The Butcher’s fifth-order Runge-Kutta (BRK5) method is found to
be the best numerical technique to solve the transient analysis due to its high accuracy
of approximations. Moreover, we consider the possibility of discussing and analyze above
mentioned iterative methods in the cases of different characteristics of damping factors.
Different methods are used different iterative methods to analyze the transient analysis
of an RLC circuit and compared among them. The consequences of this work lend some

limelight to the modern approaches to solving complicated mathematical problems.
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Chapter 1

INTRODUCTION

1.1 Background

While regarding the problem of mathematical modelling in the area of engineering, physics,
aeronautics, medicine, environmental science, astronomy, chemistry, biology, and many
other applied field, the role of a differential equation is momentous [8, 32]. Meanwhile, all
of the differential model equation in real life appears to be nonlinear [23]. On contrary,
almost all differential equations encountered in course of modelling to be solved analyti-
cally is out of the question [8]. The planetary motion under gravity, motion of the simple
pendulum, etc. are a typical example of second-order differential equations that won'’t
solve analytically [20, 32]. To wriggle out from such a confounding situation one has to
devise a more rigorous alternative approach that would be simple and more pragmatic.
One such method is the numerical method [20, 28].

Transients are the momentary fluctuation of energy induced upon the electrical circuit
due to the time-varying currents and voltages resulting from the sudden application of
sources. It usually occurs at the period of switching [44]. Sensitive components of the elec-
trical circuitry such as millions of inductors, capacitors, resistors, transistors, and diodes
embedded inside integrated circuits are most vulnerable to this brief increase in current
in voltage [12]. An electrical system under the influence of transient conditions rendered
the system in an unsteady state. Thus a transient analysis is to analyze the response of
an electrical circuit under these unsteady state conditions [31]. If the variables do not
vary with respect to time, then the state of the system is said to be in a steady state
otherwise it is said to be in an unsteady state. Performance of any electrical circuit is
measured by employing the methodology of transient analysis [21]. Although transients
do occur in the most apparent electrical equipment such as charger of an android phone,

electric mixture, CFL bulb, iron, etc, it is not at a threatening level because components



are adjusted enough to handle such ailments [19]. But transient occurring in the micro-
scopic level inside a microprocessor, motherboard, and memory card could be lethal to

the existence of the system.

Mathematical modelling is a state of the art technique to model the real world physi-
cal problem into mathematical framework whose theoretical and numerical analysis pro-
vides useful outcomes to sort out various problems. Mathematical methods and modeling
techniques find their ample applications in different branches of science, such as geo-
physics [24, 25, 26, 27, 30], environment [37], physics [23, 39|, epidemiology and body
fluid [3, 4, 5, 6, 38], in particular, in electronics [28, 33, 41].

1.1.1 Series RLC circuit

An RLC circuit constitutes three electrical elements viz. a resistor, an inductor, and a
capacitor. It is a second-order circuit. These circuits are the most popular as they are
applied to construct oscillators and tuners of radio or audio receivers [44]. In the adja-
cent Fig. 1.1, the electrical elements resistor (R), inductor (L), and capacitor (C) are
connected in series with the D.C. source (V), which is called the RLC series circuit. A
circuit equation is drawn to undertake the analytical solution part of a transient analysis
[31]. An ordinary electrical circuitry could contain thousands of components. So any ana-
lytical solution in such RLC circuits is virtually impossible. In such a scenario, numerical
methods could offer great relief to the solution of the system. Here the possible iterative
methods are used to solve the circuit equation under the terms of transient analysis in an
RLC circuit and compare different methods. The Kirchhoffs Voltage Law [31] is applied

N B A
J

C__U'

Figure 1.1: Series RLC circuit [19].



around the loop for ¢ > 0 in which the voltage source of the circuit in Fig. 1.1 is calculated

by the following;
Vs =Vr+VL+ Vo (1.1)

The differential equations of the RLC in Fig. 1.1 is based on the method of loop cur-
rents where the fundamental relationship between the current, and the individual circuit

elements (Capacitance, Inductance, Resistance) are given by

Resistance  :  o(t) = Ri(?),
Capacitance  :  i(t) = Cdv/dt,
Inductance  :  w(t) = Ldi/dt,

The second-order differential equation of the series RLC circuit with constant coefficients

is written as [40]:

d*v dv 1 Vs
R+ =2 u(0) = 6V, i(0) =6 (1.2)

The series RLC circuit is analyzed in order to determine its transient characteristics once

the switch is closed. Equation (1.2) can be solved using different iterative methods [19].

The damping factor is responsible for the amount by which the oscillation of a system
gradually decreases with time (t). The transient response is dependent on the value of
the damping factor (¢) [19].

In RLC circuit, the damping factor is given by

o
C =
where o = = (damping coefficient) and w, = %c (resonant frequency). Then
R |C
= —4\/—. 1.3
=2/ (1.3

—~

The system is (i) overdamped when ¢ > 1, (ii) critically damped when ¢ = 1, and (iii)

underdamped when ¢ < 1 [44].

1.1.2 Parallel RLC circuit

In the Fig. 1.2, the electrical elements resistor (R), inductor (L) and capacitor (C') are
connected in parallel with the D.C. source (V's), which is called parallel RLC circuit.



The Kirchhoffs Current Law [31] is applied around the loop for ¢ > 0, in which the total

current of the circuit in Fig. 1.2 is calculated by the following:

Is=1p+ I+ Ic. (14)

=
W
Py
=
v\/—-;.
~
=~
QOO0 —<—
Py
[
=

P

e
—

Figure 1.2: Parallel RLC circuit [9].

The differential equations of the parallel RLC in Fig. 1.2 is based on the method of
loop currents where the fundamental relationship between the current and the individual

circuit elements are given by

. v
Resistance : I = T
d
Capacitance o I = C’—U,
dt
1
Inductance : I, = T / vdt,

where v is the voltage drop across each elements wiz. capacitor, resistor and inductor.
Substituting these values in equation (1.4), to get

1 1 dv
Ev+z/vdt+0% = Is. (1.5)

Differentiate equation (1.5) on both sides , we get the second-order differential equation

for the parallel RLC circuit with constant coefficients is written as [40]:

2

ZTZ 4 %% + %v — 0. 0(0) =6, i(0) =0, L(0)=—12. (1.6)
The parallel RLC circuit is analyzed in order to determine its transient characteristics
once the switch is closed [41]. Equation (1.6) can be solved using different iterative
methods [19]. The damping factor is responsible for the amount by which the oscillation
of a system gradually decreases with the time (¢). The transient response is dependent
on the value of the damping factor (¢) [19]. In parallel RLC circuit, the damping factor

is given by



(damping coefficient) and w, = \/% (resonant frequency). Then

1 L
= ﬁ\/g. (1.7)

The system (1.4) is overdamped when ¢ > 1, (ii) critically damped when ¢ = 1, and (iii)

1

where o« = 5RO

underdamped when ¢ < 1 [44].

1.2 Literature Review

Suhag [44] conducted the transient analysis of the second-orderRLC circuit and observed
the response of the system by changing the conditions from one steady-state value to
another. He concluded RK method was very efficient in solving second-order differen-
tial equations. Kee and Ranom [31] studied the transient analysis of series RLC circuits
under underdamped, critically damped, and overdamped conditions using RK4 with the
different time step size h. The accuracy of the RK4 method is determined gradually as
the step size decimates. Thus, the improved RK4 method by decreasing the step size h
or increasing the number of steps n was a favorably suited method for solving transient
analysis of electric circuits due to its high degree of accuracy and efficiency. Henry et al.
[19] undertook the task of transient analysis of a second-order RLC circuit by employing
two numerical methods viz. Heuns method and Runge-Kutta’s method. They observed
that Heuns method reaches the stable limit first, thus, converges faster but Runge-Kutta
4" order method proved to be more accurate. Thus, the Runge-Kutta method was rec-
ommended for transient analysis of complex electric circuits. Lamichhane [33] studied
the internal tank current, phase difference, antiresonance, sensitivity of parallel LCR cir-
cuits. He found that the circuit current in the parallel LCR circuit becomes very small in
the resonating region, but at the same time, the potential difference across the LC tank
becomes very large. The current in the parallel LCR (inductor, capacitor, and resistor)
circuit depends not only on the magnitude of the applied electromotive force (emf) but

also on its frequency.

Ogbuka et al. [35] in their paper reiterated the need for a sound mathematical back-
ground and knowledge of basic laws of circuit analysis before handling the task of circuit
analysis. They programmed the state equations of a sample complex circuit in two sim-
ulation software to generate the transient responses. Deshpande [15] stated the source
DC voltage applied in any circuit (RLC) constituting of energy storage devices gives rise
to transients and therefore estimation of the voltages was of significant importance for

instrumentation and control purpose. Deshpande carried out the transient analysis to this



circuit by employing the Classical and Laplace Transformation methods. In the cases of
over-damped, underdamped, and critically damped conditions was evaluated significant
for the natural response of the RLC series circuit. The Laplacetransform method had
proved to be a better tool with respect to initialization conditions in comparison to the
classical method. Ahamad and Charan [8] in order to solve the initial value problem for
fourth-order ODEs presented 5 order Runge-Kutta method (RK5). Kamruzzaman and
Nath [29] in their paper employed the modified Euler and Runge-Kutta methods to discuss
the numerical solution of an ODE with IVP. They carried out the numerical simulation
and compared the numerical solution with the exact solution. Kafle et al. [23] studied the
thermal diffusivity of heat equation of non-linear differential equation types by using the
finite difference method. Faleski [18] undertook the detailed investigation of the transient
behavior of the de-driven underdamped RLC circuit including many interesting features
like potential difference across the inductor, capacitor, resistor, and battery by using the
mass-spring system to demonstrate the qualitative response of the capacitors potential

difference.

Maffezzoni et al. [34] presented a novel approach to the accurate time-domain simula-
tion of non-linear circuits that employs a class of high-order implicit Runge-Kutta (RK)
method. The properties of stability and accuracy of these RK methods were briefly re-
viewed while the implementation in the flow of an analog simulator was described in
detail. Alizadeh et al. [9] study the Laplace transformation solution of Caputo-Fabrizio
sectional derivative to study the transient response of parallel RLC circuit. They com-
pared the graph obtained for solutions of a different orderof fractional derivatives with
the usual solutions. Elton [16] started with the basics concept of the RLC circuit and
ended with the concept of circuit design. He analyzed both series and parallel RLC cir-
cuits with practical applications using advanced calculus to aid in predetermined results.
Maria Selvam and Vignesh [41] established the condition of equilibrium stable and local
stable point in a two-dimensional model of a parallel RLC circuit. Different sets of pa-
rameter values were used to obtain the phase graphs. Bifurcation of the underdamped
parallel RLC circuit was obtained by selective choices of parameter range. Phase graphs
and bifurcation simulations exhibit the rich dynamical nature of the system. Falade and
Ayodele [17] used the Differential Transformation Method (DTM) and Exponentially Fit-
ted Collocation Approximation Method (EFCAM) to solve the numerical solutions of the
second-order electrical circuit. To comparison withthe analytical solution of this method
was found to be accurate and compatible. Kafle et al. [28] compared the different itera-
tive methods to analyze the damping conditions of series RLC circuits under the transient
situations with DC source and they found the best iterative (BRK5) method to solve the



second-order ODE of the RLC circuit. They observed the three damping conditions by
using the BRK5 method.

In this work, the RLC circuit is taken with a DC source which can be modeled with a
second-order ODE. For solving IVP of ODE and transient analysis we first compared the
three iterative methods viz. Explicit Euler, Third-order Runge-Kutta (RK3), and Butcher
fifth-order Runge-Kutta (BRK5). BRK5 method is observed to be the best method as it
gives the least error compared to the other two methods. BRK5 method is then chosen

to analyze the three damping conditions of the RLC circuit.

1.3 Objectives

The major objective of this work are listed below:

e to implement the Implicit and Explicit Euler method, Classical second-order Runge-
Kutta method (Heun’s method or improved Euler or RK2), Third-order Runge-
Kutta (RK3) method, Fourth-order Runge-Kutta (RK4) method, Butchers fifth-
order Runge-Kutta (BRK5) method for solving IVP for ODEs. To compare these
numerical solutionsof ODEs obtained by these methods among them with necessary

visualization and also analyze the error and accuracy of these methods.

e to explain the implementation of numerical approximation methods as Explicit Euler
method, Third-order Runge-Kutta (RK3) method, and Butcher fifth-order Runge-
Kutta (BRK5) method for transient analysis of an RLC circuit with DC source.

e to analyze the current flow of the model equation of series RLC and parallel RLC

circuits by variation of DC voltage source (V;) using iterative methods.

e to discuss and analyze different iterative methods in the cases of three different
characteristics of damping factor (i.e., overdamped, critically damped, and under-

damped) for both series and parallel RLC circuits.

1.4 Structure of Thesis

The approach of this work is primarily analytical and comparative among the various
numerical methods for solving the differential equations. Chapter-2 comprises the theo-
retical approach and comparison of iterative methods like Euler’s (Explicit and Implicit)

method and Runge-Kutta method up to 5 order with the necessary visualization and

7



numerical formulation. Chapter-3 depicts the transient analysis of series RLC circuits
including both formulations of the second-degree differential equation for the series RLC
circuit and a comparison of the above-mentioned method. Chapter-4 describes the tran-
sient analysis of parallel RLC circuits including both formulations of the second-degree
differential equation for parallel RLC circuit and a comparison of the above-mentioned
methods. Chapter-3 and chapter-4 also include the simulated results for both series and

parallel RLC circuits. Chapter-5 culminate the summary and findings of this work.



Chapter 2
Numerical Methodologies

In this section, the different iterative methods are discussed to solve initial value prob-
lems (IVP) for ordinary differential equations (ODE). First, we introduce Eulers method,
the simplest method. Algorithmic development is provided in details for using the Euler
method (explicit), Euler method (implicit), Classical second-order Runge-Kutta (RK2)
method, Third-order Runge-Kutta (RK3) method, Fourth-order Runge-Kutta (RK4)
method, and Butchers fifth-order Runge-Kutta (BRKS5) method [13, 14]. These numerical

methods are compared with necessary visualization.
For the comparison of numerical methods, an IVP [13] is taken as:
y'(t) =ty +¢*,y(0) = 1. (2.1)

on the interval 0 < ¢ <1 and with the exact solution.

y(t) = \/g 12 erf (%) +ef? g, (2.2)

The error function (Gauss error function), often denoted by erf, is a complex function of

a complex variable defined as [7]:

> [T,
erf(x):ﬁ/o e " dt. (2.3)

2.1 Euler’s (Explicit or Forward) Method

Euler proposed his method for initial value problems (IVP) at 1768. Euler’s method
is a numerical method that can be used to approximate the solutions to explicit first-
order differential equations. It is based on making successive linear approximations to the

solution.



y= f(t) 4 y ='f(t)

-
(Ensa Yus1) < -
"

(L
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——

>t
0 tﬂ tﬂ+ 1 0 tn tn+ 1

Figure 2.1: Visualization of Euler method Left: Explicit and Right: Implicit [1].

Consider an initial value problem (IVP) for smooth function f(¢,y(t)) [1, 11]:

y'(t) = f(t,y(t)), y(to) = Yo (2.4)

Let y,, be the position at time ¢,, with step size h. By the definition of derivative, we have

dy . yt+h)—ylt)  dy ylt+h)—y)
— =1 = — = .
it~ hoo h dt h
When h — 0, from Fig. 2.1, it is clear that, at that time the slope at that point or the
tangential approximation lies completely in the curve. Slope at the point (t,,y,) is
Yns1 = Un _ dy
=~ = = [(ln, Yn).
h A
Thus

Yn+1 = Yn + hf(tnv yn)‘ (2'5)

This formula is called forward Euler’s or explicit Euler’s method [29].

The simulated result for the IVP (2.1) and exact solution given by equation (2.2) by using

the forward Euler method is shown below.

As we understand about the numerical methods, if the step size h is smaller then the
numerical method gives the more accurate result i.e., less error. Here, the forward Euler
method is more accurate if the step size h is smaller. Table 2.1 below shows the result of
Forward Euler method with exact and approximate solutions for the step size h = 0.1.
The last column in Table 2.1 contains the data of errors which is the modulus of difference

between exact and approximate solutions.
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: oo tn Explicit Euler Method
= Approximate Approximate solution | Exact solution | Error
P 0.0 0.000000 0.000000 | 0.000000
0.1 1.000000 1.005347 0.005347
0.2 1.011000 1.022889 0.001189
w1.5 0.3 1.035220 1.055192 0.019972
i 0.4 1.075277 1105319 | 0.030042
>1.4 0.5 1.134288 1.176975 0.042687
0.6 1.216002 1.274679 0.058677
0.7 1.324962 1.403988 0.079026
12 08 1.466710 1571788 | 0.105078
0.9 1.648046 1.786666 0.138620
f , f , , L \ \ \ 1.0 1.877370 2.059407 0.182037
0 01 02 03 04 05 06 07 08 09 1
tas
Figure 2.2: Explicit Euler with exact. Table 2.1: Explicit Euler with error.

Figure 2.2 shows that the approximate solution curve represented by the red line is ap-

proaching the exact solution curve represented by the green line.

2.2 Euler’s (Implicit or Backward) Method

The backward Euler method is similar to the forward Euler approach except that it uses
the next point ¢, as the point for calculating the derivative [2, 36]. From Fig. 2.1 slope
at the point (f,41,Yns+1) is given by

Yn+1 — Yn ~ @

A ~ di = f(tn+171/n+1),

= Yn+1 = Yn + hf(tn+1> ynJrl)' (26)

This procedure is then iterated until ¢,,; converges onto a solution. Which is called

implicit (Backward) Euler formula [1].

The simulated result for the IVP ( 2.1) and exact solution given by equation ( 2.2) by

using the implicit Euler method are shown below.

As we understand about the numerical methods, if the step size h is smaller then the
numerical method gives the more accurate result i.e., less error. Here, the implicit Euler
method is more accurate if the step size h is smaller. Table 2.2 below shows the result of
the implicit Euler method with the exact solution and approximate solutions for the step
size h =0.1.
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2 oot tn Implicit Euler Method
= Approximate Approximate solution | Exact solution | Error
’ Bac 0.0 0.000000 0.000000 0.000000
0.1 1.011000 1.005347 0.005653
0.2 1.035442 1.022889 0.012553
wT.B 0.3 1.076247 1.055192 | 0.021055
é 0.4 1.136948 1.105319 0.031629
I>M 0.5 1.221869 1.176975 0.044894
0.6 1.336347 1.274679 0.061668
0.7 1.487024 1.403988 0.083036
12 0.8 1.682233 1.571788 0.110445
0.9 1.932506 1.786666 0.145840
. . . . . . . 1.0 2.251250 2.059407 0.191843
10 01 02 03 04 05 06 07 08 09 ¢
t-axis
Figure 2.3: Implicit Euler with exact. Table 2.2: Implicit Euler with error.

The last column in Table 2.2 contains the data of errors which is the modulus of differ-
ence between the exact solution and approximate solutions. Figure 2.3, reveals that the
approximate solution curve represented by the red line is approaching the exact solution
curve represented by the green line. In this method, the approximate solution curve is

converging faster towards the exact solution curve than the explicit Euler method.

2.3 Classical Second-Order Runge-Kutta Method

The Runge-Kutta 2"¢ order method is a numerical technique used to solve an ordinary
differential equation of the form ( 2.4). Only first-order ordinary differential equations
can be solved by using the Runge-Kutta 2"¢ order method [10, 43]. Tt is clear from above
Fig 2.4 that our error will get minimized if we take an average of the slope at the point
(tn, yn) represented by the red line and slope at the point (¢,41,y,+1) represented by the
yellow line. This concept is used to build the second-order Runge-Kutta method.

Let ki be the slope at (tn,y,) i.e., k1 = f(tn,yn) and ks be the slope at the point
(tnst1, Yns1) 1€, ko = f(tns1,Yns1) = f(tn + h,yn + hk1). Thus, the average of k; and ky
is given by

ki+k 1
= - 9 = :E[f(tnayn>+f(tn+17yn+1)]7

ks

Therefore

= Ynt1l = Yn + hk37

E[f(tn, Yn) + f(tns1s Yntr)]s

:yn+1:yn+2

12



.k =00
// 7 Z
Y / Fﬁ; n+l = j.rJ
=" " |
0 t‘n th+1 "t

Figure 2.4: Visualization of Heun’s method [1].

ﬁ[f(tn, Yn) + [(tn + hyyn + k1)) (2.7)

:>yn+1:yn+2

This is the classical second-order Runge-Kutta method. It is also known as Heun’s method

or the improved Euler method [2, 43].

The simulated result for the IVP ( 2.1) and exact solution given by equation ( 2.2) by
using the Classical Second Order Runge-Kutta (Heun’s or RK2) method are shown below.

Table 2.3 shows the result of the RK2 method with the exact solution and approximate
solutions for the step size h = 0.1. The last column in Table 2.3 contains the data of

errors which is the modulus of difference between the exact solution and approximate

solutions.
I tn RK2 Method
=Approximate Approximate solution | Exact solution | Error
T 0.0 0.000000 0.000000 0.000000
0.1 1.005500 1.005347 | 0.000153
0.2 1.023193 1.022889 | 0.000304
I@1.6 0.3 1.055640 1.055192 | 0.000448
g 0.4 1.105901 1.105319 | 0.000258
™ 0.5 1.177672 1.176975 | 0.000697
0.6 1.275461 1.274679 | 0.000782
0.7 1.404804 1.403988 | 0.000816
12 0.8 1.572558 1.571788 | 0.000770
0.9 1.787266 1.786666 | 0.000600
s L 1.0 2.059649 2.059407 | 0.000242
0 01 02 03 04 05 06 07 08 09
t-axis
Figure 2.5: Heun’s (RK2) with exact. Table 2.3: RK?2 with error.
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Figure 2.5 observe that the approximate solution curve represented by the red line is ap-
proaching the exact solution curve represented by the green line. In this method, the
approximate solution curve is converging faster towards the exact solution curve than the

Explicit and Implicit Euler method.

2.4 Third Order Runge-Kutta (RK3) Method

The third-order Runge-Kutta method (RK3) is broadly used for solving initial value
problems (IVP) for ordinary differential equations (ODE). The general formula for the
Runge-Kutta third-order (RK3) method is shown below [22, 42]:

ki 2ke ks
n — Yn h|— a5 — | > 2.
y+1y+{6+3+6] (2.8)
where
h h
klzf(tnayn)7 k2:f tn+§>yn+§kl ; k3:f(tn+h7yn_hk1+2h'k2)

The simulated result for the IVP (2.1) and exact solution given by equation (2.2) using
the third-order Runge-Kutta (RK3) method are shown below.

Table 2.4 shows the result of the RK3 method with the exact solution and approximate
solution for the step size h = 0.1. The last column in Table 2.4 contains the data of errors
which is the modulus of difference between exact and approximate solutions. Figure 2.6
observe that the approximate solution curve represented by the red line is approaching

the exact solution curve represented by the green line.

n
4 T 1 T T T T T T T

t RK3 Method
=Approximate Approximate solution | Exact solution | Error
b | 0.0 0.000000 0.000000 | 0.000000
0.1 1.005351 1.005347 | 0.000004
0.2 1.022899 1.022889 | 0.000000
‘@“5 0.3 1.055208 1.055192 | 0.000016
g 0.4 1.105342 1.105319 | 0.000023
™1 0.5 1.177006 1176975 | 0.000031
0.6 1.274719 1.274679 | 0.000040
0.7 1.404039 1.403988 | 0.000051
12 0.8 1.571848 1571788 | 0.000060
0.9 1.786736 1.786666 | 0.000070
- T 1.0 2.059486 2.059407 | 0.000079
0 01 02 03 04 05 06 07 08 09 1
t-axs
Figure 2.6: RK3 method with exact. Table 2.4: RK3 with error.
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In this method, the approximate solution curve is converging faster towards the exact so-
lution curve than the explicit Euler method, implicit Euler method, and RK2 method.

The error is also less than that of other above-mentioned methods.

2.5 Fourth Order Runge-Kutta (RK4) Method

This method was devised by two German mathematicians, Runge about 1894 A.D., and
extended by Kutta a few years later. The Runge-Kutta method is most familiar because
it is pretty accurate, steady, and simple to program [2]. This method is notable by their
order in the logic that they concur with Taylor’s series solution up to terms of A" where r
is the order of the method. The fourth-order Runge-Kutta method (RK4) is broadly used
for solving initial value problems (IVP) for ordinary differential equation (ODE) [29]. The

general formula for the fourth-order Runge-Kutta method is shown below [14, 22].

ki ke ks k4
n = Yn h|— Y Y — |
Ynt1 y+[6+3+3+6}

(2.9)

y F
t
0]
Yy
.
Eh i
- t =
| L t
o l_[_J
h
] . h R
Fediserei Jeo=f(t,, + 5 Ynty ky) Tie dslope Ky ky = f(t,+ h,y, + hk3)

Figure 2.7: Visualization of RK4 method [2, 14].
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with

h h h h
kl = f(tnayn)a k2 = f (tn + 573/71 + §k1> 7k3 = f (tn + 57?/71 + §k2> 7k4 = f(tn+h>yn+hk3)

The simulated result for the IVP ( 2.1) and exact solution given by equation ( 2.2) by
using the fourth-order Runge-Kutta (RK4) method are shown below.

—_—— tn RK4 Method
—Approinete Approximate solution | Exact solution | FError
y Frac 0.0 0.000000 0.000000 | 0.000000
0.1 1.005346 1.005347 | 0.000001
0.2 1.022889 1.022889 | 0.000000
1 0.3 1.055192 1.055192 | 0.000000
§ 0.4 1.105319 1105319 | 0.000000
™ 0.5 1.176975 1176975 | 0.000000
0.6 1.274679 1.274679 | 0.000000
0.7 1.403988 1.403988 | 0.000000
12 0.8 1571787 1571788 | 0.000001
0.9 1.786665 1.786666 | 0.000001
e o 1.0 2.059407 2.059407 | 0.000000
0 01 02 03 04 05 06 07 08 09
f-axis
Figure 2.8: RK4 method with exact. Table 2.5: RK4 with error.

Table 2.5 shows the result of the RK4 method with the exact solution and approximate
solutions for the step size h = 0.1. The last column in Table 2.5 contains the data of
errors which is the modulus of difference between the exact solution and approximate
solutions. Figure 2.8 observe that the approximate solution curve represented by the red
line is approaching the exact solution curve represented by the green line. In this method,
the approximate solution curve is converging faster towards the exact solution curve than
the explicit Euler method, implicit Euler method, RK2 method, and RK3 method. The

error is also less than that of other above-mentioned methods.

2.6 Butchers Fifth Order Runge-Kutta (BRK5) Method

This method is distinguished by their order in the sense that agrees with Taylor’s series
solution up to terms of A" where r is the order of the method [19]. In this method, consider
the IVP (2.4) [14, 21], the general formula for BRK5 method is:

h
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where

h h
tn+1 :tn+h7 kl :f(tn7yn)7 k22f<tn+_7yn+_kl> 5

4 4
h 1 1 h 1
k3:f<tn+17yn+§hkl+§hk2> ) k4:f(tn+§7yn_§hk2+hk3> )

3h 3 9
ks = f (tn + 7o + 1_6hk1 + 1_6hk4> ;

3 2 12 12 8
ke = (1 h — —hk —hk —hks — —hk —hks ).
6 (n+ s Yn - 1+7 2+7 8% 4+7 5)

The simulated result for the IVP ( 2.1) and exact solution given by equation ( 2.2) using
the Butcher fifth-order Runge-Kutta (BRK5) method are shown below.

Table 2.6 shows the result of the BRK5 method with the exact solution and approximate
solutions for the step size h = 0.1. The last column in Table 2.6 contains the data of
errors which is the modulus of difference between the exact solution and approximate
solutions. Figure 2.9 perceive that the approximate solution curve represented by the
red line is approaching the exact solution curve represented by the green line. In this
method, the approximate solution curve is converging faster towards the exact solution
curve than the explicit Euler method, implicit Euler method, RK2 method, RK3 method,

and RK4 method. The error is also less than that of other above-mentioned methods.

—_ tn BRK5 Method
—Approimat Approximate solution | Exact solution | Error
T o 0.0 0.000000 0.000000 0.000000
0.1 1.005347 1.005347 | 0.000000
0.2 1.022889 1.022889 0.000000
18 0.3 1.055192 1.055192 0.000000
0.4 1.105319 1.105319 0.000000
” 0.5 1.176975 1.176975 0.000000
0.6 1.274679 1.274679 0.000000
0.7 1.403988 1.403988 0.000000
12 0.8 1571788 1571788 | 0.000000
0.9 1.786666 1.786666 0.000000
R 1.0 2.059407 2.059407 | 0.000000
0 01 02 03 04 05 06 07 08 09 1
t-axs
Figure 2.9: BRK5 method with exact. Table 2.6: BRK5 with error.
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2.7 Comparison of numerical methods

From the above results, we see that the approximate result converges to the exact solution
and if the step size is decreased then the error also decreased. This shows that the small
step size gives an improved estimation. The Butcher fifth-order Runge-Kutta method
requires five evaluations per step, so it should give more accurate results in comparison
with others methods. Other methods were found to be less accurate due to the inaccurate
numerical results. From the above study the Butcher fifth-order Runge-Kutta method was
found to be more accurate and also the approximate solution converged faster to the exact
solution when compared to the other methods. It may be concluded that the Butcher fifth-
order Runge-Kutta method is powerful and more efficient in finding numerical solutions

of initial value problems (IVP).

2 T
Euler
19 |—rk2
=—RK3
18 | —Rka
BRK5
LT o Exact
1.6
)
& 15
>
1.4
1.3
1.2
1.1p
4' A
0 0.1 0.2 0.3 0.4 05 06 0.7 0.8 0.9 1

t-axis

Figure 2.10: Comparing Euler, RK2, RK3, RK4 and BRK5 method.

18



Chapter 3

Transient analysis of series RLC

Circuits

3.1 Series RLC Circuit

The electrical elements resistor (R), inductor (L), and capacitor (C) are connected in
series with the DC source (V;). The second-order differential equation of the series RLC
circuit with constant coefficients is given by equation (1.2) [40]:

d?v dv 1 V,

L@ + Ra + EU = E; U(O) = 6‘/, Z(O) = 6A. (31)

3.2 Numerical Formulation of Series RLC Circuit

Let
dv y
- d —=Z 3.2
v=ux, an i (3.2)
then equation (3.1) becomes
dy Vi—r—RXy (3.3)

dt L
Hence equation (3.2) and (3.3) form a system of first-order differential equation [19].

Let p
f= v_Y and g

‘v 7@7VS—ZE—RXy
Cdt '

dt L

3.2.1 Formulating Eulers Method for series RLC Circuit
The system (3.2) and (3.3) can be discretized applying Euler’s method as:
Tiy1 = i+ h f (i, v, 4:),
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Vi1 = Yi + hg(ti, xi, vi),

where h is the time step size.

3.2.2 Formulating RK3 Method for series RLC Circuit
The system (3.2) and (3.3) can be discretized applying RK3 method as:
Tigr = 1 + (fi +4f2 + f3)/6,

Yir1 = Yi + (g1 + 4g2 + g3) /6,

where fi= hf(tu%’?yz‘)a g1 = hg(ti,%,yi),

f2:hf<(ti+g>,<xi+%)><yi+%>)7gZZhg((ti+g)7(xi+%)a<yi+%>)a

f3 = hf((tith), (xi—fi+2f2), (Yi—91+2g2)), g3 = hg((ti+h), (vi—fi+2f2), (yi—91+292)).

3.2.3 Formulating BRK5 Method for series RLC Circuit
The system (3.2) and (3.3) can be discretized applying BRK5 method as:

Tipr = o + (Tf1 +32f3 + 12f5 + 32f5 + 7 f5) /90,

Yir1 = Yi + 71 + 3295 + 1294 + 3295 + 7g6) /90,

where fi= hf(tz‘,fi,yz’)a g1 = hg(ti,fﬂuyi),

f2—hf((ti+g>,(xﬁ%),<yi+%>>792—h9(<ti+%)’($i+%)’(yﬁ%))’
(). o 558 (002
_ s

g
3h 3fi  9fa
t. - . —_ —_
() (56 +56)
_ 3h 3f | 9
95—hg(<tl+ 4),(%4— 16 + 1 )

6
fo=hf ((Hh) | (Ii_3f1—2f2—12f3+12f4—8f5) 7(%_391—292—1293+12g4—8g5)) |

7 7

_3f1—2f2—12f3+12f4—8f5 (y'_391—292—1293+1294—895>)
7 "\ 7 '

gs=hg ((tﬂrh) , (xl
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3.3 Simulation Results and Discussion on Series RLC
Circuit

In this experiment, the simulation time for all the conditions are from 0 s to 20 s with
the step size of h=0.1 s. Moreover, we consider source voltage (Vs) = 6V, resistance
(R) = 112, inductance (L) = 1H and capacitance (C') = 0.25F for the simulation result
of series RLC circuit [19]. Figure 3.1 describes simulation results of numerical solution of
series RLC circuit and exact solution under the above condition. In order to compare the
accuracy of the numerical methods, the computed points of the three numerical methods
are taken at a specific time. The computed point of each method is compared with the
analytic solution presented in Table 3.1. Figure 3.1 shows that the approximate solution
curve obtained from the Butcher fifth-order Runge-Kutta (BRK5) method is converging
faster towards the analytical solution in comparison with the other two methods. This
shows that there is less error between BRK5 and analytical solution in comparison with the
other two methods. Table 3.1 contains details of simulated results obtained for iterative
methods and exact solutions with errors in different time slices. Hence, it can be concluded
that the BRK5 method is a more efficient method to approximate the solution of a series
RLC circuit.

10 1 L) I I I 1 L) ) I

Voltage(V)

=—Euler
—RK3
BRK5]
------------------ Exact
_2 1 [ [ 1 1 1 [ [ 1
0 2 4 6 8 10 12 14 16 18 20

Time(s)

Figure 3.1: Comparison of Euler, RK3, BRK5 methods with analytical solution.
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Table 3.1: Simulated results obtained for iterative methods and exact solution with error.

Time(t) Euler RK3 BRK5 Exact

(seconds) | Voltage(V) | Er(1072) | Voltage(V) | Er(107%) | Voltage(V) | Er(107?) | Voltage(V)
0.0 0.000000 | 0.000000 | 0.000000 | 0.000000 | 0.000000 { 0.000000 | 0.000000
0.1 0.000000 | 4.378000 | 0.116000 | 1.622000 | 0.115714 | 1.336000 | 0.114378
0.2 0.240000 3.654000 0.444083 0.429000 0.443675 3.000000 0.443654
0.3 0.696000 6.189000 0.951609 0.580000 0.951190 9.990000 0.952189
0.4 1.336800 | 5.764000 | 1.602239 | 0.325000 1.601968 | 5.960000 | 1.612564
0.5 2.125680 1.791000 | 2.357671 | 8.800000 | 2.357671 | 8.800000 | 2.366471
0.6 3.022200 | 7.630000 | 3.179275 | 0.555000 | 3.179643 1.870000 | 3.189830
0.7 3.984041 1.851000 | 4.029593 | 4.701000 | 4.030393 | 5.501000 | 4.004892
0.8 4.968810 | 4.868000 | 4.873643 | 0.299000 | 4.874908 | 9.034000 | 4.883942
0.9 5.935740 | 3.419000 | 5.680016 | 2.305000 | 5.681740 | 5.810000 | 5.692321
1.0 6.847225 | 2.573000 | 6.421720 | 2.932000 | 6.423867 | 7.850000 | 6.424652

In the following section, three damping cases (i.e., underdamped, critically damped, and
overdamped) are considered to solve ODE by applying Butcher fifth-order Runge-Kutta
(BRK5) method. In Fig. 3.2, we simulate the results under-discussed conditions with

different time slices.

3.4 Characteristics of Damping Factor by using BRK5
method

The three different damping conditions of the RLC circuit are discussed below:

3.4.1 Condition 1: Underdamped (( <1 )

In this condition, the resistance, R must be less than 4€) in order to achieve an under-
damped response. In order to obtain the best numerical method for transient analysis
of RLC circuit, three numerical methods are compared with the analytical solution. The
three numerical methods mentioned are the Euler method, RK3 method, and BRK5
method. The experiment is conducted by taking 1€) as the value of the resistor, R for the
circuit [19, 31, 44].

3.4.2 Condition 2: Critically damped (¢ = 1)

In critically damped response, the resistance, R must be equal to 4€2 in order to achieve

the critically damped condition.
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3.4.3 Condition 3: Overdamped (¢ > 1)

In this condition, the resistance, R must be more than 4€) in order to achieve an over-
damped response. The experiment is conducted by taking 62 as the value of the resistor,
R for the circuit. Table 3.2 contains the data for the conditions of different damping
factors. By the variation of the resistance (R), the three different damping conditions can
be obtained.

Table 3.2: Data of electrical elements of series RLC circuit for three conditions [31].

Element Value
Condition 1 Condition 2 Condition 3
Resistor Underdamped | Critically Damped | Overdamped
DC (Vs) 6V 6V 6V
Resistor R < 40 4€) > 40
Inductor L 1H 1H 1H
Capacitor C 0.25F 0.25F 0.25F

Figure 3.2 shows that the underdamped responses are a decaying oscillation decays at
a rate determined by the attenuation () by using the BRK5 method. The exponential
decay describes the envelope of the oscillation. Here the oscillation is sinusoidal with

exponentially decaying amplitude.

©

| ) ) I 1 | L) ) ]
8 -
F -
o /\ o
I v o
s5f \/ ]
o
[®)]
o)
o 4F -
>
3F -
2F -
= Underdamped
1k = Critically damped|
Over damped
G 1 1 [ 1 1 1 1 [ 1
0 2 4 6 8 10 12 14 16 18 20

Time (s)

Figure 3.2: Comparison of three different damping conditions by using BRK5 method.
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The critically damped response represents the circuit response that decays in the fastest
possible time without going into oscillation. This consideration is important in control
systems where it is required to reach the desired state as quickly as possible without
overshooting. The over-damped response is a decay of the transient current without
oscillation, which reaches the stable state slower than the critically damped case. The

quantitative description of the numerical solution under three damping conditions by
using the BRK5 method is detailed in Table 3.3.

Table 3.3: Values of three damping conditions of BRK5 method.

Time (s) Value of BRK5 Method
Underdamped | Critically Damped | Overdamped
0.0 0.000000 0.000000 0.000000
0.1 0.115714 0.105139 0.098897
0.2 0.443657 0.369312 0.330084
0.3 0.951190 0.731409 0.626944
0.4 1.601968 1.147248 0.950945
0.5 2.357643 1.585448 1.280130
0.6 3.179643 2.024237 1.602290
0.7 4.030393 2.449004 1.910937
0.8 4.874908 2.850415 2.202915
0.9 5.681740 3.222979 2.476992
1.0 6.423867 3.563965 2.733027

3.5 Discussion

The transient analysis of electrical circuits is analyzed using the analytical method, ex-
plicit Euler method, RK3 method, and BRK5 method. With the usage of computational
software, the process of obtaining results of the transient analysis is done systematically
and conveniently. It has been observed that the BRK5 method is very efficient in solving
second-order differential equations. Thus, it can be concludedthat by carrying out the
transient analysis of a system, the response of the system can be found by changing the
conditions from one steady-state value to another. This observation clearly shows that
the under-damped decay is oscillatory and exponential. However, the other two are non-
oscillatory exponential decay. The decay in the critically damped case is observed faster
than in the overdampedcase. This response helps in designing a system, which meets our

requirements. we can further optimize the time domain parameters of the system.
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Chapter 4

Transient analysis of parallel RLC

Circuits

4.1 Parallel RLC Circuit

The electrical elements resistor (R), inductor (L) and capacitor (C) are connected in
parallel with the DC source (V's). The second-order differential equation of the parallel
RLC circuit with constant coefficients is given by equation (1.6) [40].

Pv 1 dv 1 d
s+ e+ T =05 v(0) =6, i(0) =0, =

a2 " RCdt | ILC (0) = —12. (4.1)

4.2 Numerical Formulation of Parallel RLC Circuit

dv y
et wv=ux an et (4.2)

Including damped forced term in equation (4.1) then it turns into

dy - Vs Y T
dt  LC RC L’ (4.3)

Hence equation (4.2) and (4.3) form a system of first order differential equation [19].

dy Vs Y x

d
Let f:d—:: and g=2 Yyt

Y

C’

4.2.1 Formulating Euler’s Method for Parallel RLC Circuit

The discretization of the system (4.2) and (4.3) applying Euler’s method [19] as:
Tiv1 = x; +h f(ti, v, y1),
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Vi1 = Yi + hg(ti, xi, vi),

where h is the time step size.

4.2.2 Formulating RK3 Method for Parallel RLC Circuit
The discretization of the system (4.2) and (4.3) applying RK3 method [19] as:
iy =2 + (L +4f2 + f3)/6,

Yir1 = Yi + (g1 + 4g2 + g3) /6,

where fi= hf(ti,%,yi)a g1 = hg(thxivyi)u

f2:hf<(ti+g>,<xi+%)><yi+%>)7 92:hg(<ti+g)7(371""%)7(@/1“"%))7

f3 = hf((tith), (xi—fi+2f2), (Yi—91+2g2)), g3 = hg((ti+h), (vi—fi+2f2), (yi—91+292)).

4.2.3 Formulating BRKS5 Method for Parallel RLC Circuit
The discretization of the system (4.2) and (4.3) applying BRK5 method [19] as:
Ti1 = 2+ (Tf1 +32f3 +12f4 + 32f5 + 7f6) /90,
Yir1 = Yi + 791 + 3293 + 1294 + 32g5 + 7gs) /90,

where fi= hf(ti,l”i,yi),gl = hg(ti,xnyz‘),

f2—hf((ti+%>,(xi‘i‘%)7(%"‘%))>g2—hg(<ti+%)7($i+%)7<yi+%>>u

(2. o558 (222
R R e
() o )5 )
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g
3h 3 9
(122 (s 20 20

B 3h 3fi 9/ 31 99
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4.3 Simulation Results and Discussion on Parallel

RLC Circuit

In the following sub-section, we compare the numerical solutions of parallel RLC circuits
by the above discussed numerical methods with the exact solutions and analyze the dif-
ferent characteristics of damping factors by using an iterative method. Here, Table 4.1
contains the data that is used in the simulation of three iterative methods and three damp-
ing conditions for the solution of a parallel RLC circuit. Figure 4.1 describes simulation
results of numerical solution of parallel RLC circuit and exact solution in overdamped,
critically damped, and underdamped conditions from the top, middle, and bottom respec-
tively. In order to compare the accuracy of the numerical methods, the computed points

of the three numerical methods are taken at a specific time.

Table 4.1: Data of electrical elements of parallel RLC circuit for three conditions [31].

Element Value
Condition 1 Condition 2 Condition 3
Resistor Underdamped | Critically Damped | Overdamped
DC (Vs) 6V 6V 6V
Resistor R < 49 4€) > 41
Inductor L 1H 1H 1H
Capacitor C 0.25F 0.25F 1H

The computed point of each method is compared with the analytic solution. We clearly
observed in Fig. 4.1 that numerical solutions are more converging with the analytical
solution in overdamped conditions and less converging with the analytical solution in
underdamped conditions. Therefore, it can be concluded that numerical methods are more
suitable in the overdamped condition. Figure 4.1 observe that the approximate solution
curve obtained from the Butcher fifth-order Runge-Kutta (BRKS5) method is converging
faster towards the analytical solution in comparison with the other two methods. This
shows that there is less error between BRK5 and analytical solution in comparison with the
other two methods. Table 4.2 contains details of simulated results obtained for iterative
methods and exact solutions with errors in different time slices. Hence, we concluded that
the BRK5 method is a more efficient method to approximate the solution of parallel RLC
circuits. So, in the following section, we consider three damping cases (i.e., underdamped,
critically damped, and overdamped) for Butcher fifth-order Runge-Kutta (BRK5) method.
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Figure 4.1: Comparison of iterative methods with the analytical solution of overdamped

(top), critically damped (middle) and underdamped (bottom).
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Table 4.2: Simulated results obtained for iterative methods and exact solution with error.

Time(t) Euler RK3 BRKb5 Exact

(seconds) | Voltage(V) | Er(1073) | Voltage(V) | Er(1073) | Voltage(V) | Er(1073) | Voltage(V)
0.0 0.000000 | 0.000000 | 0.000000 | 0.000000 | 0.000000 | 0.000000 | 0.000000
0.1 0.000000 7.550000 | 0.232000 | 5.550000 | 0.448062 | 9.488000 | 0.737550
0.2 0.960000 | 2.195200 1.325157 | 3.795000 1.665911 6.041000 | 2.181952
0.3 2.688000 | 6.488600 | 3.098752 | 5.413400 | 3.470005 2.881000 | 4.152886
0.4 4.992000 | 9.169100 | 5.360915 | 2.277600 | 5.688888 | 4.803000 | 6.483691
0.5 7.687680 | 3.723300 7.944409 | 8.050400 | 8.167195 7.718000 | 9.024913
0.6 10.604544 | 4.204500 | 10.695937 | 0.652000 | 10.768352 | 8.237000 | 11.646589
0.7 13.590528 | 8.875000 | 13.482075 | 7.328000 | 13.376102 | 3.301000 | 14.239404
0.8 16.515133 | 9.770000 | 16.190937 | 3.966000 | 15.895022 | 9.881000 | 16.714903
0.9 19.271197 | 6.292000 | 18.732741 | 2.164000 | 18.250199 | 4.706000 | 19.004905
1.0 21.775442 | 5.153000 | 21.039441 | 0.848000 | 20.386214 | 4.075000 | 21.060289

Figure 4.2 observe that the underdamped responses are decaying oscillations that decays

at a rate determined by the attenuation (a)) by using the BRK5 method. The exponential

decay describes the envelope of the oscillation. Here the oscillation is sinusoidal with

exponentially decaying amplitude.
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Figure 4.2: Comparison of three different damping conditions by using BRKS5.
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The critically damped response represents the circuit response that decays in the fastest
possible time without going into oscillation. This consideration is important in control
systems where it is required to reach the desired state as quickly as possible without over-
shooting. The overdamped response is a decay of the transient current without oscillation,
which reaches the stable state slower than the critically damped case. The quantitative
description of the numerical solution for three damping conditions by using the BRK5

method is presented in Table 4.3.
Table 4.3: Values of three damping conditions of BRK5 method in parallel RLC circuit.

Time (s) Value of BRK5 Method
Underdamped | Critically Damped | Overdamped
0.0 0.000000 0.000000 0.000000
0.1 0.448062 0.420556 0.372918
0.2 1.665911 1.477249 1.188828
0.3 3.470005 2.925636 2.181422
0.4 5.688888 4.588992 3.226176
0.5 8.167195 6.341790 4.265703
0.6 10.768352 8.096949 5.274355
0.7 13.376102 9.796018 6.241456
0.8 15.892022 11.401660 7.163347
0.9 18.250199 12.891917 8.039625
1.0 20.386214 14.255861 8.871361

4.4 Discussion

The transient analysis of the electrical circuit is analyzed using the analytical method,
Euler (Explicit) Method, RK3 Methods, and BRK5 Method. With the usage of com-
putational software, the process of obtaining results of the transient analysis is done
systematically and conveniently. From the simulation results, we conclude that numerical
solutions are more appropriate in overdamped conditions than in underdamped and crit-
ically damped conditions. It has been observed that the BRK5 method is very efficient
in solving second-order differential equations. Thus, it can be concluded that by carrying
out the transient analysis of a system, the response of the system can be found by chang-
ing the conditions from one steady-state value to another. The observation clearly shows
that the underdamped decay is oscillatory and exponential. However, the other two are
non-oscillatory exponential decay. The decay in the critically damped case is observed

faster than in the overdamped case.
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Chapter 5

SUMMARY

Transients are the momentary fluctuation of energy induced upon the electrical circuit
due to the time-varying currents and voltages resulting from the sudden application of
sources. It usually occurs during the period of switching. An electrical system under
the influence of transient conditions rendered the system in an unsteady state. Thus,
transient analysis is to analyze the response of an electrical circuit under these unsteady
state conditions. The transient response is dependent on the value of the different charac-

teristics of the damping factor (i.e., overdamped, critically damped, and underdamped).

From the above discussion, it is observed that the approximation results converge to the
exact solution and if the step size is decreased then the error also be decreased. This
shows that the small step size gives an improved estimation. The Butcher fifth-order
Runge-Kutta method requires five evaluations per step, so it should give more accurate
results in comparison with others methods. Other methods were found to be less accurate
due to the inaccurate numerical results. From the above study the Butcher fifth-order
Runge-Kutta method was found to be more accurate and also the approximate solution

converged faster to the exact solution when compared to the other methods.

It has been observed that the BRK5 method is very efficient in solving second-order dif-
ferential equations. From the series RLC circuit, it can be concluded that by carrying
out the transient analysis of a system. The response of the system can be found changing
the conditions from one steady-state value to another. This observation clearly shows
that the underdamped decay is oscillatory and exponential. However, the other two are
non-oscillatory exponential decay. The decay in the critically damped case is observed

faster than in the overdamped case.

From the simulation results of the parallel RLC circuit, it can be concludedthat numer-

ical solutions are more appropriate in overdamped conditions than in underdamped and
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critically dampedconditions. This observation clearly shows that the underdamped decay
is oscillatory and exponential. However, the other two are non-oscillatory exponential
decay. The decay in the critically damped case is observed faster than in the overdamped

case.

This response helps in designing a system, which meets our requirements, and we can fur-
ther optimize the time domain parameters of the system. It state that the Butchers 5™
order Runge-Kutta method is more appropriate and proficient for finding the numerical
solutions of initial value problems (IVP) than 3" order Runge-Kutta method. Hence
from this study, it is concluded that to find more accurate results higher order numerical

method is appropriate than lower-order methods.
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