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This paper proposes a methodology for modeling and simulating electromagnetic transients in power trans-
mission cables with arbitrary cross-sections, usually applied in offshore power transmission and variable
speed machine drive. This way, a sector-shaped cable is modeled taken into account its frequency-dependent
parameters. Both impedance and admittance parameters are calculated by using the Finite Element Method,
without analytic formulations based on the approach by an equivalent cylindrical cross-section, which leads

to several inaccuracies. In sequence, the cable is decoupled into its four propagation modes by using an
approximate modal transformation matrix with real and constant terms. Finally, each mode is modeled directly
in the time domain by equivalent electric circuits, in which the lumped circuit elements are obtained from the
rational function approach and fitting techniques.

1. Introduction

Renewable energy sources play an increasingly important role due
to their low greenhouse gas emissions, low water consumption, and
favorable social impacts. Transmission technologies effectively evolved
together to accommodate renewable sources. Emerging transmission
technologies such as submarine cables integrate offshore wind farms
into shore-based electrical transmission and distribution systems [1-5].

For instance, power and telecommunication systems frequently use
sector-shaped cables to interconnect offshore wind farms and low and
medium-voltage distribution grids due to their smaller diameter than
conventional coaxial and umbilical conductors with cylindrical cross-
section [6].

Emerging cable technologies increase the electric power transmis-
sion capacity in both HVAC and HVDC systems. Non-conventional (non-
cylindrical cross-section) conductor shapes reduce the cross-section
area of power cables while increasing their transmission capacity.
These configurations require more robust electrical insulation, alterna-
tive methods for parameter calculation, and modeling techniques for
electromagnetic simulations [7-9].

Fig. 1 and Table 1 describe the geometric characteristics and elec-
trical properties in the radial section of a typical sector-shaped cable,
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which is widely employed in submarine and underground power trans-
mission systems, low and medium-voltage applications, and variable-
speed machine driving [10,11].

Usually, the frequency-dependent parameter calculation by analyt-
ical methods, in the case of the sector-shaped cable, are based on the
approximation of the arbitrary cross section by an equivalent cylindri-
cal one, which leads to some errors and unrealistic results. Otherwise,
methods based on the FEM — Finite Element Method proved to be more
versatile, representing with great accuracy the geometric and structural
characteristics of the cable, i.e. the proximity and skin effects in the
conductors and parameters calculation [10,11].

The technical literature describes several analytic methods for elec-
trical parameters calculation of cables composed of coaxial conductors
with arbitrary cross sections. For example, a few methods have pro-
posed the approach by an equivalent cylindrical transversal section,
as prior presented [10,11]. Other methods proposed the representa-
tion of the arbitrary transversal section as being a set of elementary
cylindrical conductors [6,12]. Nevertheless, such methods present some
inaccuracies during parameter calculation at high frequencies, which
leads to limitations in the modeling and simulation of electromagnetic
transients composed of a wide range of frequencies. Finally, a few
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Fig. 1. Sector-shaped cable.

methods have proposed a full-wave formulation to compute the modal
electromagnetic fields and their corresponding modal currents and
voltages [13]. These methods show great accuracy and complexity as
well.

In this sense, a FEM-based method is proposed to calculate the
frequency-dependent parameters, considering the sector-shaped ca-
ble’s geometric and structural characteristics. The admittance and
impedance parameters are determined from a frequency-varying input
signal applied at the sending end of the cable, which induces a current
density through the cross-section and an electric potential between
conductors. The proposed method shows to be accurate for the entire
range of frequencies considered in this research.

Since the frequency-dependent parameters of the sector-shaped ca-
ble are known, it can be modeled from the impedance fitting employing
the rational function approach, equivalent circuit representation, and
modal decoupling techniques [14,15]. However, a modal transforma-
tion matrix should be calculated, with real and constant terms, since
the modeling by an equivalent circuit is determined directly in the time
domain, and the three-phase approach, with Clarke’s and Karrenbauer’s
matrices, cannot be applied to systems composed of more than three
propagation modes. Thus, we propose an alternative algorithm to
determine an approximated modal transformation matrix, composed of
real and constant terms, for decoupling the phases and external armor
of the cable into four independent modes. In sequence, each frequency-
dependent mode can be modeled directly in the time domain, without
numerical transforms, using the equivalent circuit representation and
numerical solutions [16].

The proposed modeling methodology shows two main contribu-
tions. The first is the FEM-based method for calculation of the
frequency-dependent parameters, without using the conventional ana-
lytical formulations and approach by an equivalent cylindrical conduc-
tor. The second goal is the simplified procedure in which the modal
transformation matrix is determined, with real and constant terms, for
modeling and simulation directly in the time domain.

2. Parameters calculation using a FEM-based algorithm

The computational platforms based on the Finite Element Method
— FEM can simulate the electric potential between conductors, and
current density through the radial section, in conventional cables as
well as those characterized by arbitrary cross sections of the coaxial
conductors.

The sector-shaped cable (Fig. 1) is composed of three coaxial con-
ductors, with arbitrary geometry of the cross-section, and an external
armor. The frequency-dependent electrical parameters are determined
from simulations using a FEM-based computational platform, in which
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Fig. 2. Phase and armor conductors of the cable.

Table 1

Geometrical and physical characteristics of the sector-shaped cable.
Layer Radius (mm) o (MS/m) €, U
Cores ry = 19.00 58.14 1.00 1.00
Inner insulation ry =25.00 0.00 4.10 1.00
Steel Armor ry =27.00 1.10 1.00 500
Outer insulation ry = 30.00 0.00 2.30 1.00

the current and voltage convention at the phases A, B, C, and external
armor G are described in Fig. 2 at the sending and receiving ends of
the cable (port 1 and port 2, respectively).

The modeling and simulations are carried out with the multiphysics
software ANSYS Maxwell 2D (FEM), following the cable descriptions
in Fig. 1 and Table 1. Table 1 shows the radius of each layer of the
sector-shaped cable, the electrical conductivity o, the relative permit-
tivity €,, and relative permeability y,. The distance between two phase
conductors is d = 4.25 mm [10,17].

Note that the distance d in = 4.25 mm. Such a platform calculates
the transversal capacitance between conductors, based on the electric
potential and leakage current, which are determined from a frequency-
varying voltage signal, applied at the sending end of the phase A,
whereas the other phase conductors and external armor are grounded
at this same terminal. Thus, the admittance matrix of the sector-shaped
cable is determined from the nodal impedance matrix, according to the
following expression

1,-1, Yoo Yo Yo Yag Va
Ly=Ty | _[Yea Yo Yee Yigf|Vs )
I c = 1 ! Yca ch ch ch Vc

Iy =Ty Yoo Yoo Yoo YgelflVe

Terms I, and I, are the current at the sending end and shunt
leakage current of phase A, since the receiving terminal of the cable is
open during this simulation [10,17]. The same convention is applied to
phase conductors B and C, and external armor G. The admittance terms
are composed of imaginary parts only, i.e. admittance is then expressed
in terms of a constant capacitance: Y = joC. Transverse conductance is
usually neglected in cable modeling, such as in overhead transmission
line modeling [15].

Analogously, the frequency-dependent impedance parameters are
calculated from the nodal admittance matrix. A frequency-varying
current signal is applied at the sending end of the phase, whereas the
other phases and armor are grounded at the same terminal. The three
phases and armor are short-circuited at the receiving end. This way, the
frequency-dependent resistance and inductance terms are calculated
from the current density through the cross-section and voltage drop
between sending and receiving ends of the cable, expressed as follows

Val - I/aZ Zaa Zab Zac Zag Ia
Vbl - VbZ — Zba be Zbc
I/cl - I/CZ an Zcb ch Z Ic

Vgl_VgZ Zga Zgb ch Zgg Ig

(2)

Terms V,, and V,, are the voltage values at the sending and receiv-
ing ends of the phase conductor A. A similar convention is considered
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Fig. 3. Computed 3(a) Electric field and 3(b) magnetic field in the cable of Fig. 1.

for the phases B and C, and also for the armor G. The current terms at
the receiving terminal, with the phase and armor sub-scripted, are I,
I, I., and I,. The current behavior in the cable is mainly determined
as a function of the earth-return current and skin effect in the phase
and armor conductors [10].

The electromagnetic simulations are performed from 10 Hz up
to 1 MHz, which comprehends the vast majority of electromagnetic
transients in power transmission systems [6,18].

For example, Figs. 3(a) and 3(b) describe the electric and magnetic
fields impressed through the cross-section of the cable, from an input
signal of 1 V and 60 Hz applied to the sending end of the phase
A. Since the electric and magnetic field are calculated, the self and
mutual capacitances and inductances can be also determined at 60 Hz.
Analogously, the frequency-dependent parameters can be determined
up to 1 MHz, by varying the frequency of the voltage input signal.

The FEM-based solver defines a variable mesh density on sur-
faces, where the electromagnetic phenomena are more pronounced.
For example, the magnetic field is denser at the conductor boundaries
of phase A, in which a frequency-varying signal was applied at the
sending end, due to proximity and skin effects [9]. Thus, a higher mesh
resolution in such domains is required, where the current density and
magnetic field are more pronounced to improve the mapping accuracy.
As expected, Figs. 3(a) shows that the electric field intensity is higher
at the (sharp) corners of the conductors.

Since the required electromagnetic quantities are obtained, the
frequency-dependent impedance parameters are calculated based on
the Eq. (2). Figs. 4 and 5 show the resistance and inductance values.

Fig. 4 shows the self-resistance of the three phases, mutual re-
sistances between two phases, and between phases and armor. The
resistance terms of the impedance matrix Z can be determined by the
analogy of the curves, due to the vertical symmetry of the transversal
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Fig. 4. Frequency-dependent resistance of the sector-shaped cable.
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Fig. 5. Frequency-dependent inductance of the sector-shaped cable.

o
9

T T iy

—Ca

nF/m)
o

(

—

n
T

T

—Cab[]
Cag
—Cgg |

Capacitance
o
W
‘

05! - ‘
102 100

102 10 10
Frequency (

Hz)

Fig. 6. Frequency-dependent capacitance of the sector-shaped cable.

section of the sector-shaped cable. Similarly, the frequency-dependent
inductance values are determined, which represent the inductive reac-
tance in the complex impedance (Fig. 5).

The admittance matrix is composed of frequency-dependent ele-
ments as well. However, the self and mutual capacitances are constant,
such as described in the well-established literature on overhead trans-
mission lines and cables [8,13]. Nevertheless, the capacitance values,
obtained with the ANSYS Maxwell, are described in Fig. 6.

According to the technical literature, the capacitance terms in the
admittance matrix Y are constant.

3. Multiconductor representation using modal decoupling

Modal decoupling has been widely used in the representation of
multiconductor power systems. It decouples systems into indepen-
dent propagation modes which can be represented as independent
single-phase lines (propagation modes). The matrix of longitudinal
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Fig. 7. Modal resistance R,,.

impedances Z, and shunt admittances Z, of each mode is computed
as follows [16]

Z,=TZT 3)

Yo =T'YT™ C)

where Z is the longitudinal impedance matrix, Y is the transversal
admittance matrix, and T is the frequency-dependent modal trans-
formation matrix, in which the columns are the eigenvectors of the
product Y Z [15]. The terms T~ and T are the inverse and transposed
forms of the modal transformation matrix T, respectively.

The off-diagonal terms of Z and Y are implicitly representing
the electromagnetic coupling between conductors. In this sense, the
modal decoupling of systems with multiple phases, into independent
propagation modes, shows to be a simplified solution for the explicit
modeling of the mutual terms in Z and Y, which represents a complex
problem in the representation by equivalent electric circuits in the time
domain [19,20].

The modal impedance matrix Z, and modal admittance matrix Y
are expressed as follows

[z, 0 o o
1o z, 0o o
Zn=lo o Zs 0 )
0 0 0 2z
[y, 0 o o
o v, 0 o0
Ym=ly o Y; 0 ©)
0 0 0 Y,

The modal parameters Z_, and Y., obtained from (5) and (6),
are depicted in Figs. 7, 8, and 9. The cable is decoupled into four
propagation modes, in which the p.u.l. resistance R;, inductance L,,
and capacitance C; are presented for modes 1, 2, 3, and 4. Values
were computed based on a frequency range up to 1MHz, which is
according to studies involving maneuvers and lightning impulses, such
as suggested by the IEC and IEEE standards.

Both matrices in (5) and (6) have the off-diagonal terms null, which
means that the four propagation modes are ideally decoupled. Thus, the

current and voltage values of each mode are described as
In=[h L I I %)

Vo= v» V5 V. )
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Fig. 9. Modal capacitance C,,.

Since the modal decoupling was properly introduced for a generic
cable with four propagation modes, the current and voltage transients
can be simulated from two different approaches. First, each mode is
represented by a two-port circuit in the frequency domain, in which
the current and voltage are posteriorly determined in the time domain
by using inverse transforms and convolutions [21]. The second ap-
proach is simulating the currents in I, and voltages in V, directly
in the time domain, applying fitting techniques and equivalent circuit
modeling [22,23].

Finally, the modal currents and voltages are converted to the phase
domain, as described in (9) and (10).

I=TI, 9)

V=TV, (10)

Vectors I and V contain the currents and voltages of phase and
armor.

Conventionally, the frequency-dependent matrix is applied to Z and
Y decoupling them into Z_ and Y, respectively, by using (3) and
(4). However, in the proposed time-domain modeling with equivalent
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Fig. 10. Real part of the modal transformation matrix 7.

circuits, the same frequency-dependent matrix cannot be applied to
convert I, and V, to the phase domain, from the phase-mode rela-
tionships in (9) and (10), because I and V are simulated directly in the
time domain. Thus, the proposed methodology applies the frequency-
dependent transformation matrix to decouple the cable parameters,
in (3) and (4), and thereafter an approximated modal transformation
matrix is used to convert the modal currents and voltages to the phase
domain, mitigating eventual decoupling errors [24]. Nevertheless, the
Clarke and Karrenbauer matrices cannot be applied to systems with
more than four propagation modes. In this context, we propose an alter-
native and simplified procedure to determine a modal transformation
matrix, composed of constant and real, from the parameters obtained
with the FEM-based technique.

A real and constant transformation matrix, in (9) and (10), is
obtained by sampling T at a given frequency fyampleq and discarding
the remaining imaginary parts as follows

Tapprox ~ ER{T (fsampled) } (11)

Since the electromagnetic phenomenon to be analyzed is previously
known, fempled €an be estimated from the range of frequency in which
the input signal is composed. Thus, the approximated matrix is set from
a narrower interval than the entire range of frequencies, in which the
electrical parameters were previously calculated (0,01 Hz-1 MHz). For
example, fompleq Can be set up to 100 Hz for a maneuver or switching
impulse because the electromagnetic transients produced from such
input signal are mainly composed of frequencies up to 100 Hz. In this
sense, the Tpprox is determined into a restricted frequency interval
between 0.01 and 100 Hz, and no more into the entire frequency range
up to 1 MHz, which mitigates eventual inaccuracies with the modal
decoupling [24].

Figs. 10 and 11 show the real and imaginary parts of the modal
transformation matrix T in (9) and (10). The real part of T varies up
to 10 kHz, remaining relatively constant from 10 kHz to 1MHz. The
imaginary parts of T are approximately null for the entire range of
frequencies, as described in Fig. 11.

Based on the analysis of frequency-varying complex terms in T, and
an input signal composed of frequencies up to 10 kHz, an approximated
modal transformation matrix can be determined for fgmpeq = | kHz,
in which the terms are real and constant, without imaginary part.

In sequence, the setting of the approximated transformation matrix
is evaluated based on results directly in the time domain, which is
simulated using the proposed equivalent circuit in the time domain.
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Fig. 11. Imaginary part of the modal transformation matrix 7.

The reference results for such analysis are determined from simu-
lations using the two-port representation of the propagation modes,
which are decoupled with the frequency-dependent transformation
matrix T. The two-port circuit is modeled in the frequency domain
and the time-domain results are calculated by using numerical Laplace
transforms [21].

4. Frequency-dependent modeling in the time domain

The sector-shaped cable of Fig. 1 is decoupled into its four modes.
The frequency dependence of the longitudinal impedance of each mode
is included in the time domain by combining fitting techniques and the
PI circuit transmission line representation.

The conventional equivalent PI circuit does not consider the fre-
quency effect on the longitudinal parameters of each propagation
mode. In contrast, the frequency-dependent PI circuit fits the frequency-
dependent longitudinal impedance of a propagation mode by means of
a rational function, which is associated with an equivalent circuit in
the longitudinal branch of each PI segment. The resulting frequency-
dependent PI segment is cascaded to other frequency-dependent PI
segments, in order to represent the distributed nature of the electrical
parameters.

4.1. Frequency-dependent PI circuit

The longitudinal impedance of each mode is fitted to a rational
function F/; that is given by

N,

Nreal conj 7*

F _ Zj Zj k

fie () =d +se+ + + — (12)
=1 STPc D3 \ST Pk S—P

where d is the asymptotic high-frequency term, e is the linear term,
N,q is the number of real poles, N,,; is the number of complex
conjugate pairs of poles, z; is the kth residue associated to the kth pole
Pi> Z; is the kth conjugate residue associated to the kth conjugate pole
p;, and s is the complex frequency.

Fig. 12 shows the equivalent circuit that has an impedance Z,;, =
F;;, directly in the time domain using passive circuit elements.

The circuit of Fig. 12 consists of

- one series RL branch that represents the asymptotic high-
frequency term d and linear term e;

* N, parallel RL branches that represent real poles and their
respective residues; and
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Complex conjugate
branch

Fig. 12. Equivalent circuit.

* N,,,; parallel RLGC branches that represent complex conjugate
pairs of poles and their respective residues.

The circuit elements of the series RL branch are described as follows
R=d, L=e.

The circuit elements of the kth parallel RL branch are
Zk
R, =2z, Ly =——.
k= 2k L e
Besides, the circuit elements of the kth complex conjugate branch
are given by

I —(zyp; + Z;pi) G 1 < Zy + 2 pitp; >
k=T k=7 P - 2 >
PiPy Ly \ zipy + zpi PPy
z + 2z 1 Z+z
Ro=—— % C, = K

1= Gylz +2z7)’ Ry zxp} + Zipy

4.2. Representation by state equations

The Pi-circuit of Fig. 12 can be described by its state-space equa-
tions in which currents in inductors and voltages across capacitors are
state variables [ X, ], voltages at one terminal of the cable constitute the
input variable, and voltages at the other terminal compose the output
variable as follows

[Xk] = [AX, ] + [BI[U,] 13)

In (13), vector [X,] has dimension (n + 2m + 2) x 1, where n is the
number of real branches and m is the number of complex branches in
the circuit considered. [A4;] matrix present in (13) is a square matrix
with dimensions (n + 2m + 2) X (n + 2m + 2) and finally [B,] matrix has
the same dimension of [X,] and this matrix is multiplied by the [U,]
input voltage of the circuit.

The voltage across all inductors in the real branches is given by

- d . s . .
Ly =Ry —iy) a4
- d . 5 . .

2= Rolip =) (15)
- d . s . .
L, in = Ry(i = ). (16)

The currents across inductors and capacitors in the complex
branches are given by

Lt = =, =) a7

Lot = G705 =1) as

it = G = = i) )
o

it = werraee (@ i) 0

0]

!
d, G d. _d,
T, T T ’ ’ (_11 b ) (€3]
dt (R,G, + )G, + C, dt dt =

C/
diiiﬂ-z RO +1G +C (dii’_dii:"l)' 22)
tme (R C!+1)G! +C! \dt t

Finally, the input current and output voltage of the equivalent
circuit are given by

d . . 5 i s 5 00
L Elf:Vin — Roi; — R (i — i7) — =+ = R, (i — i3) — (23)
. ! ! 1 . ! !
G_i(ll =i, = ie)—...— G_f,,(ll iy, lmc) -V
d i W

(24)

di'°" C CR,

Note that in (20)-(22), depends on V,, that is the input voltage
of the PI circuit model associated with B, matrix on (13). In (24),
C and R; are respectively the transversal capacitance and resistance
load connected to the receptor terminal of the line. Note that the first
capacitance from left to right in Fig. 12, is associated in parallel with
the second to form C.

Using the provided equations, it is possible to derive the elements
of (13). The complete expressions of the state-space equations are
presented in Appendix A.1.

Then, with matrices X,, A, and B,, it is possible to model elec-
tromagnetic transient with one circuit of Fig. 12. In this paper, the
vector fitting algorithm results in three real branches and one complex
branch for the mode 1. For mode 2, four real branches and three com-
plex branches are determined. The propagation mode 3 is represented
by eight real branches and one complex branch, whereas mode 4 is
represented by eight real branches.

After the frequency-dependent parameters fitting, each propagation
mode is modeled as a single-phase line based on the equivalent circuit
in Fig. 12, with the differential equations of the currents and voltages
in the state space (13).

4.3. Cascade of frequency-dependent PI circuits

The cable approach by a cascade of frequency-dependent PI circuits
can accurately represent the distributed nature of the electrical param-
eters. So, the frequency-dependent response is directly proportional to
the number of equivalents PI circuits used in electromagnetic transient
model [15].

Thus, the cascade PI circuits representation is a more accurately
away to simulate a fast and impulsive electromagnetic transient than
only one PI circuit. Because of cascade PI circuits is composed of a wide
range of frequencies.

In Section 4.2, the state-space equation representation is made for
a single PI circuit model representation. Now, this methodology will be
expanded to h PI circuits in series connected like Fig. 13.

In Fig. 13, the [X,] vector is expanded to support all state vari-
ables for h PI circuits, utilized in series to model electromagnetic
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transient. To connect all PI circuits in series, is necessary to change
some equations in state-space equation model.

Expanding the modeling to 4 PI circuits in cascade, the equation can
be described in the following way.

Xseriesl Ajeriest [All2 0] 0 . 0
d Xseries2 [0 Bk] Aseriesz [Allz 0] e 0
E Xseries3 | = 0 [0 Bk] AseriesS 0
Xseriesh 0 0 0 e Aseriesh
Xseriesl Bk
Xseries2 0
Xseriess | 1| 0 [Uk] (25)
Xseriesh 0

The terms A,,,;,,; until A,,,,,.,_; present the relationship:

[A:eriesl] = [All AlZ

While A,,,,., has a little difference from others submatrices A
being represented in the following way

[Aseriesh] = [All A12

The remaining elements are presented in Appendix A.2. Based on
modeling technique described in this section, each propagation mode
of the sector-shaped cable can be modeled as a cascade of PI circuits.
The transient signals, like currents and voltages, are calculated for each
propagation mode and can be converted to phase values using (9) and
(10).

Atniz  Atnemsz Atlnsamaz,)

series’

A1n+2 A1n+m+2 A1n+2m+2]

5. Time-domain simulations using the proposed model

Fig. 14 represents the sending end of the phase/core of the sector
shaped-cable connected to a voltage source U(¢) and the other two
phases and armor g connected at the sending end to the ground. All
the phases and ground, are open at the receiving end. The sector-
shaped cable, represented in Fig. 14, has 100 Km long and has the same
characteristics and parameters calculated in Section 2.

The simulation consist of an unitary voltage step applied at the
sending end of the phase a, represented in Fig. 14 by the voltage
source U(r). Results obtained from the proposed model, which each
propagation mode is represented by 100 PI circuits in series (cascade),
are simulated using the model transformation matrix in the frequency
of 1 kHz.
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VO(t) Output Voltage for the Sector-Shaped Cable
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Fig. 15. Voltage transients at the receiving end of the phases a,b,c and armor g.
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Fig. 16. Voltage transients at the receiving end of the phases a,b,c and armor g.

The voltages are explicitly represented in Fig. 15, for phases a, b, c
and armor g. Fig. 15 shows that simulation obtained using the proposed
model, fitting techniques for calculation of real and constant modal
transformation matrix, and a frequency-dependent equivalent circuit
of each propagation mode, represent the well known electromagnetic
transient results for open circuit test with a switching impulse, repre-
sented by a unitary voltage step applied at the sending end of the phase
a.

To better validate the proposed methodology, voltages are com-
pared to the Numerical Laplace Transform (NLT), which model rep-
resents each mode as a two-port circuit in the frequency domain.
Furthermore, the NLT proposed methodology consider the exact modal
matrix T, these two points are the differences between this model and
the proposed model in this paper. Thus, the proposed modeling method-
ology can be validated comparing simulations obtained using the NLT,
as reference results, and simulations carried out by the proposed model.

In Fig. 16, voltage of phase a is compared with the NLT results,
where is possible to verify and validate the similarities between two
different ways of modeling the sector-shaped cable.
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6. Conclusions

This article presents a comprehensive approach to evaluate the
parameters of a generic sector-shaped cable. The methodology incor-
porates a Finite Element Method modeling to calculate the inductance,
resistance, and capacitance matrices, taking into account the presence
of armor in the cable structure and the frequency effect on each
element.

Furthermore, the coupled cable model is decomposed into propaga-
tion modes using modal transformation and a proposed approximation,
aiming to simplify the calculation for a generic geometry.

The frequency-dependent parameters were represented using the
Vector-Fitting approach, considering both real and imaginary branches,
with their respective terms derived within the paper.

Finally, the time-domain model was developed in the state space
with cascade of Pi-circuits, taken into account the frequency-dependent
parameters. The simulations in the time domain show accuracy when
compared to well-established models in the technical literature.
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Appendix

A.1. State space equation for a single element

Consider the following description of the state space equation:
[Xp ] = [AIX, ]+ [B]U;]

The elements are described as:
[x] = [1, R T . TR TS

[Ak]=[A11 Ap Ay Aggme2 A1n+2m+2]

where:

[An] =

[An] =

[Aue] =

[A ln+m+2] =
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A.2. Description of the state space equation for the cascade pi-model

The remaining elements of the cascade Pi-model are described as

follows:
_ 1 _
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