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 In this paper, a novel method is proposed for the dynamic analysis of fractional- order 
three-dimensional electrically coupled cell network. In general, three- dimensional cell 
network is constructed by combining three one-dimensional circuit networks. Analysis 
method is based on the principles of the dynamic analysis with transfer function 
approximation. Although fractional-order three-dimensional circuit network model 
contains nonlinear fractal elements such as fractional-order capacitors and inductors, 
transfer function approximation is employed in dynamic analysis of the network by using 
the Laplace transform.  
First by using nodal analysis method, general expression in matrix forms for the transfer 
function and typical equivalent impedance of the fractional-order three-dimensional circuit 
network are derived in fractional domain. Transfer function and Equivalent network 
impedance of the cell network model are obtained in the form of matrix equation with the 
implicit analytical expression. Secondly the effects of five network parameters such as 
inductance L, capacitance C, number of cell unit n and fractional- orders (α, β) on the 
impedance and electrical network characteristics such as transfer function and output 
responses are investigated by means of  MATLAB Simulation programs. Finally, the 
validity of the proposed method is done by using PSPICE simulations which show the 
experimental performance and PSPICE simulation results is presented. 
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1. Introduction  

Due to the use of electrical and non-electrical systems for 
modeling, in recent years circuit networks have become more 
attractive [1,2]. A study on the resistance network of the 
grapyhene showing the presence of a planar circuit network in 
nature received the Nobel Prize in Physics in 2010 [3-5]. In the 
last few decades, researchers have published publications on 
fixed-coefficient circuit networks. These publications focus on 
the analysis of circuit networks consisting of single-member 
resistors and capacities with constant coefficients [6,7]. 

The fractional order mathematical models developed for 
inductances and capacities have more accurate electrical 
characteristics for the better realization and best fit. Especially 
actual inductors and capacitors are in fractional order elements in 
nature [8]. In recent years, some researchers have been working 

on the realization and design of fractional elements [9-11]. In 
addition, in recent years, researchers have focused on fractional 
order theory [12 -15]. However, few researchers have dealt with 
the issue of electrical characteristics of multidimensional circuit 
networks. Therefore, we focus on the equivalent network 
impedance and transfer function of the three-dimensional cell 
networks in the fractional domain. 

Recently, some researches concentrate on the fractional-order 
three-dimensional circuit network [16]. Moreover, there has been 
little research on the transfer function and input equivalent 
impedance characteristics of the three-dimensional circuit 
network in the fractional order sense with different cases. That is 
why, we concentrate on the electrical characteristics of the 
fractional-order three- dimension network, which may lay the 
bases for both the electric circuits and dielectrics communities 
[17]. 
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This study is organized as follows: Basic definitions of the 
fractional order capacitors and inductors are introduced in Section 
2. Also the general expressions of the transfer function and 
equivalent input impedances of the circuit-network are derived by 
using the nodal analysis method. MATLAB and PSPICE 
simulations of the fractional order three- dimensional network are 
done and simulation results is given in Section 3. Finally the paper 
is concluded in the last section. 

2. Fractional-Order Three Dimensional Circuit Network 
Model 

Electrical networks consisting of one-dimensional and two-
dimensional RC elements mentioned in the literature have been 
proposed and used. Since there are no fractional elements in these 
electrical networks, the models have been insufficient to precisely 
characterize the system. RLC elements are used in electrical 
equivalent circuits in one-dimensional and two-dimensional 
networks used in the dynamic analysis of electrical interactive 
cells [18]. Three dimensional random RC networks have been 
proposed for modeling electrical circuits and dielectric material 
communities [19]. Nodal-matrix analysis was used to model the 
three-dimensional network of dispersed capacitance and 
resistance elements for the multiple bound layers [20]. This article 
shows that large three-dimensional RC networks can be modeled 
in terms of performance using fractional order models and 
integrals. In the fractional domain, the fractional order 2 × n RLC 
circuit network model has been proposed to examine the 
impedance characteristics of the circuit network [21]. Electrical 
RC equivalent circuits are proposed to examine the behavior of 
the human body impedance against contact currents in a wide 
frequency range. With the proposed fractional-order three-
dimensional RLC networks, expressions for calculating the 
typical equivalent impedances of the network using the 
differential equation model and the matrix transform method for 
different cases in the fractional domain are derived [22]. 

The circuit diagram of fractional-order three-dimensional electric 
circuit network used in this study is given in Figure 1. 

 
Figure 1: RLC circuit network diagram 

In general, this circuit network is obtained by combining three 
one-dimensional circuit networks. There are n cells in the network. 
The electrical coupling between the cells is indicated by the 
resistances R. The cells were modeled with resistance (R1), 

fractional- order inductance (Lß) and capacities (Cα). Fractional 
impedance values of capacitance and inductance are  
given below respectively. 
 

Z(𝐶𝐶𝛼𝛼) = 1 / (C 𝑠𝑠𝛼𝛼 )                                          (1) 

 Z (Lβ)= L 𝑠𝑠𝛽𝛽                                           (2) 

Fractional-order three-dimensional cell network is modelled with 
lumped parameters passive elements such as resistance, 
fractional-order inductance and capacitance. Thus, this network is 
composed of passive elements and is a passive network. 

In calculating the characteristic values of the circuit network, such 
as transfer function and the equivalent impedance, the well-
known node voltages analysis in circuit theory is used in the 
fractional domain. For the circuit network depicted in Fig. 1,   the 
equation of the node voltages in matrix form in the fractional 
domain is written as 
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 (3) 

Here, the I1 (3 × 1)  indicates the source currents connected to the 
nodes and the Vi (3 × 1) indicates the node voltages. Vi = [Va, Vb, 
Vc]t shows the node voltages for each cell, where  a,b,c nodes are 
terminals of abc triangle,  I (3 × 3) unit matrix, G = 1 / R is 
resistance conductivity. Elements of the node admittance matrix 
are;      

𝑌𝑌 = �

𝑠𝑠𝛼𝛼𝐶𝐶 + 𝐼𝐼 + 𝐼𝐼1          − 𝐼𝐼1                − 𝑠𝑠𝛼𝛼𝐶𝐶
−𝐼𝐼1               1

𝑠𝑠𝛽𝛽𝐿𝐿
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𝑠𝑠𝛽𝛽𝐿𝐿

              𝑠𝑠𝛼𝛼𝐶𝐶 + 1
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   (5) 

From (3) and (4) and (5) ones can obtain (6) in the matrix form. 

                            AVd = I                                   (6) 

The node A (3n × 3n) in size is the admittance matrix and is in the 
form of a symmetric band matrix. It illustrates the vector of the 
Vd (3n × 1) node voltages vector and I (3n × 1) dimension of the 
node voltages vector and I (3n × 1) the current vector. If the vector 
of the node voltages is resolved from the equation (6), 

Vd = A-1 I                                          (7) 
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is obtained. When a single source is applied to the network, the 
equivalent driving point impedances and transfer functions for 
various situations can be found from equation (7) by using the 
basic definition.  

3.  Computer Simulations  

The element and parameter values selected for the circuit network 
shown in Figure 1; are given as follows. The cell number is taken 
as n=5 in all computer simulations. The element values are chosen 
as R1= 1Ω, R= 0.1 Ω, L= 1 H and C = 1 F. 

3.1. MATLAB Simulations 

A constant current source I1 is applied to the Va node and is taken 
as Va = V1. If V1 input voltage is written in terms of node voltages, 
V1= [100 000 000 000 000].Vd . The equivalent impedance is 
calculated as Z = V1  The equivalent impedance is calculated as Z 
= V1. For fractional order terms, the second order approach was 
obtained using the value of s0.5s = (5s2 + 10s + 1) / (s2 + 10s + 5),  
Z equivalent input impedance of the network was obtained as a 
rational function in s [23]. The frequency response, step response 
and impulse response are obtained from Z network impedance 
function obtained as a rational function. Then MATLAB 
simulation results for these rational functions are shown in Figure 
2, Figure 3, Figure 4, respectively. 

 

Figure 2: Frequency responses for network input  impedance 

 

Figure 3: Step response of the input impedance 

 
Figure 4: Impulse response of the network impedance 

Let the output voltage Vo get the input voltage V1 when the circuit 
network is excited by a source. The input voltage is V1= [100 000 
000 000 000] .Vd and the output voltage is Vo= [000 000 000 000 
001]. Vd. The transfer function (as voltage gain) is defined as TF 
= Vo / V1. For fractional order terms, TF is also obtained as a 
rational function of the TF using the quadratic fractional approach 
in [24]. The frequency response, step response and impulse 
response obtained by MATLAB simulations of TF are depicted in 
Figure 5, Figure 6, Figure 7, respectively. 

 
Figure 5: The transfer function frequency responses  

 
Figure 6:  The transfer function step response 

 
Figure 7: The transfer function impulse response 

3.2. PSPICE Simulations 

The experimental realization of the study was done by PSPICE 
program using element values taken before in the MATLAB 
simulations. Developed SPICE model of the network circuit for 
n=5 cell is presented in Figure 8. 

In PSPICE simulations, the quadratic approximation equivalent 
circuits given in [24] are used instead of fractional capacitor and 
inductance elements, and the simulation results are depicted in 
Figure 9, Figure 10, Figure 11, Figure 12, respectively. 
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Figure 8: PSPICE model of the cellular network for n=5 cell 

 
Figure 9: Frequency response of network transfer function with PSPICE 

 
Figure 10: Step response of network transfer function with PSPICE 

 
Figure 11: Impulse response for the network transfer function with PSPICE 

 
Figure 12: Frequency response of equivalent network impedance with PSPICE 

4. Conclusions 

In this paper, mathematical models were introduced for the 
analysis of the fractional-order three-dimensional network in 
fractional domain. The transfer function and the equivalent input 
impedance of the fractional-order three-dimensional network 
were obtained in form of a rational transfer function using rational 
function approximation for each fractional term. Although the 
circuit network includes nonlinear fractal elements such as 
fractional-order capacitors and inductors transfer function 

approximation method was offered by means of some advanced 
properties of Laplace transform. A new mathematical method was 
developed to model and analyze fractional- order three- 
dimensional circuit network in the fractional domain. 

In general, the electrical characteristics of the three-dimensional 
cellular circuit network were investigated in the fractional domain. 
Using the nodal analysis method which is well known in circuit 
theory first transfer function and equivalent input impedance of 
the fractional order three dimensional circuit network were 
derived in fractional domain. After that employing second order 
approach for each fractional order term, equivalent input 
impedance and transfer function were found as a rational function 
in s. As a consequence of this process we could be able to 
calculate transfer function and equivalent input impedance of the 
network as a rational transfer function.  

 The electrical system characteristics of the transfer function and 
the driving point impedance of the fractional- order three–
dimensional circuit network were investigated by using 
MATLAB simulation programs in detail. Moreover network 
system characteristics such as impulse, frequency, and step 
responses were graphically obtained for both transfer function and 
equivalent input impedance. Dynamic characteristics and stability 
of fractional –order three –dimensional circuit network were also 
examined with respect to model parameters such as inductance, 
capacitance, resistances, fractional order values and cell numbers. 
In order to compare MATLAB and PSPICE simulations the same 
network parameter values were employed in all simulations. 
Finally, when PSPICE and MATLAB simulation results are 
compared graphically, basic similarities between PSPICE and 
MATLAB simulation results were observed. 
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