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Abstract: This paper addresses the extraction of accurate frequency-dependent per-unit-length RLGC parameters for

busbar distribution systems using measured S-parameters for the CENELEC and FCC bands. A busbar is a distribution

system element (three phase, low voltage) with a modular structure that carries electrical energy in buildings. The

S-parameters of a busbar distribution system at different current levels (630 A, 1250 A, 2000 A) are measured with a

vector network analyzer and then analyzed for three different two-port connections (L1-N, L2-N, L3-N). A frequency-

dependent RLGC(f) model is used to characterize the busbar as a transmission line using a derivative-free optimization

algorithm. A time-domain causality check is also conducted. Estimated RLGC parameters are presented along with

characteristic impedance and propagation constant. Good agreement has been achieved between measured and estimated

S-parameters.
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1. Introduction

Alternative energy sources and increased energy production alone may not be sufficient to ensure a production–

consumption balance. Effective and efficient use of energy with control of energy distribution via smart grid

applications is also vital. Power line communication (PLC) is a powerful communication alternative that uses

the existing grid infrastructure as a communications medium [1–7]. However, a low-voltage (LV) network is

more complex than a medium/high-voltage grid due to the need for multipoint communication. A busbar is a

modular low-voltage electrical distribution system used within buildings. Such systems are typically found in

industrial areas with high power consumption. As issues such as monitoring energy from the point of production

to consumption, loss-efficiency analysis, and mobile to mobile communication (M2M) are significant to industry,

busbars should be examined in terms of smart grids.

PLC studies on cables have not yielded a complete and accurate identification of busbars. The subject of

this study has emerged due to a lack of adequate scientific work. It is necessary to know the characteristics of

the busbars for providing PLC communication. Accurate transmission line models are required for the accurate

simulation of signal paths implemented in communication systems. Such transmission line models are typically

given in per-unit-length parameters (RLGC parameters) to derive the echo transfer function of a power line

[8]. While lossy transmission line models may equally be described in terms of characteristic impedance (Zc)
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and propagation constant (γ), designers generally focus on RLGC parameters. Busbar systems may also be

described as transmission lines [9,10] and represented with RLGC parameters as the other power cables. Many

studies have examined the derivation of per-unit-length parameters for power cables. Most of these studies are

based on S-parameter measurements [8,11–15], while the remainder are based on time-domain measurements

[16–18]. Some methods calculate RLGC parameters from Zc and γ [8,15,19]. Other methods estimate Zc from

γ extracted from measurements with certain assumptions. Additionally, line parameter extraction is performed

using optimization algorithms, including genetic algorithms [20–22].

A few studies about busbars for PLC [9] have examined the S-parameters of a copper conductor series

1000 A busbar system using an EM analysis simulation tool for CENELEC, FCC, and broadband. Hasirci et

al. [10] presented the propagation characteristics of different current levels in copper conductor series busbar

systems at 1–50 MHz. Some works [9,10] are simulation-based studies that require experimental validation.

Because of its widespread use, aluminum type conductor series busbar systems (630 A) have been modeled by

Sonnet Suites 13.52. The results were validated with measured S-parameters [23]. Hasirci et al. [24] presented

a parameter extraction approach for the 630 A busbar.

In this study, S-parameters of aluminum busbar distribution systems (630 A, 1250 A, 2000 A) were

measured with a vector network analyzer (VNA) for the CENELEC and FCC bands. S-parameters are used

for Zc and γ extraction utilizing a casual RLGC(f) model in an optimization process. Additionally, the series

impedance components (R,L) and parallel admittance components (C,G) of busbars are presented. The results

are examined with error analysis. Good agreement between measured and estimated S-parameters was reached.

2. S-parameter-based characterization

2.1. Technical properties of the busbar

The E-Line KX series busbar distribution system produced by EAE Company [25] is used in this study. Busbars

are classified as bolt-on, plug-in, or feeder according to their use and current ratings. They have aluminum or

copper conductors. The dielectrics between the conductors are generally polyester or polypropylene. All types

of busbar have the same unit length at about 3 m, including connectors.

In this study, busbars of varying currents (630 A, 1250 A, 2000 A) with aluminum conductors were

examined. Common technical characteristics are shown in Table 1.

Table 1. Common technical characteristics of E-line KX busbar system (aluminum conductor) [25].

Abbr. Unit Value
Rated current In A 630, 1250, 2000
Standards IEC 61439-6 TS EN 61439-6 IEC 61439-1 TS EN 61439-1
Rated frequency f Hz 50 Protection degree IP 55
Short-circuit (1 s/peak) Icw/Ip kA 25, 60, 80/52.5, 132, 176

Different current levels affect the physical characteristics of the busbar systems. The characteristics of the

E-line KX Busbar System for various current levels at 20 ◦C are listed in Table 2. More detailed information

may be found in [25].
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Table 2. Physical characteristics of E-line KX busbar system for different current levels at 50 Hz (aluminum conductor)

[25].

Current Resistance Reactance Impedance Weight, Conductor size,
levels, A R1, mΩ/m X1, mΩ/m Z, mΩ/m kg/m mm × mm
630 0.121 0.027 0.124 7.9 6 × 40
1250 0.044 0.013 0.046 13.9 6 × 110
2000 0.026 0.008 0.027 21.7 6 × 200

2.2. General S-parameter representation

As mentioned, a busbar can also be described as a transmission line [9,10] and may be represented with Zc

and γ as with other power cables to determine the transfer function of the communication channel. It is a

three-phase system and neutral, and it is analyzed as three different two-port networks, namely L1-N, L2-N,

and L3-N. A two-port device is described by parameters including impedance, admittance, and hybrid and

voltage/current transmission matrices. For these types of measurements, ideal short/open circuit terminations

are required. However, the frequency dependence of such terminations may lead to measurement issues. Thus,

S-parameters are a good alternative, overcoming certain measurement faults. S-parameters are defined in terms

of traveling waves, unlike terminal voltages and currents, and can be measured on a device located at some

distance from the instrument [26]. These measurements are carried out by terminating a port with system

impedance Zo (generally 50 Ω), as shown in Figure 1.

Figure 1. Two-port network with normalized incident waves (a1 , a2) and reflected waves (b1 , b2) used in S-parameters.

S-parameters represent the relationship between normalized incident (a1 , a2) and reflected (b1 , b2)

voltage waves, as shown in Eq. (1).

[
b1

b2

]
=

[
S11 S12

S21 S22

][
a1

a2

]
(1)

Transmission lines are represented by the infinitesimal length (∆x) element of a transmission line, as illustrated

in Figure 2. The telegrapher’s equations for transmission lines are as given in Eqs. (2) and (3).

∂v (x, t)

∂x
+ Ri (x, t) + L

∂i (x, t)

∂t
= 0 (2)

∂i (x, t)

∂x
+ Gi (x, t) + C

∂v (x, t)

∂t
= 0 (3)

Necessary parameters to determine the transfer function of a transmission line (Zc and γ) may be calculated
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Figure 2. Elementary representation of a transmission line.

as per Eqs. (4) and (5) if per-unit-length parameters are known.

Zc =

√
R + jωL

G + jωC
(4)

γ =
√

(R + jωL) (G + jωC) (5)

2.3. Measurement setup

S-parameter measurements were made using a VNA (Agilent Technologies N9913A Field Fox RF Analyzer).

The measurement setup is shown in Figure 3. Two 1.5 m length M17/75-RG214 type coaxial cables with 50 Ω

characteristic impedance were attached to the ports for the connection between the VNA and the busbars to

measure the S-parameters. Two port calibration was used to eliminate unwanted connection effects caused by

coaxial cables. These experimental studies were carried out without an extra load connection to determine the

transmission line parameters.

Figure 3. Measurement setup for S-parameters.

3. Application of RLGC(f) model parameter optimization

3.1. Modeling and parameter optimization

There are some conventional and modified transmission line characterization methods that employ VNA mea-

surements [27–30]. This paper uses a frequency-dependent RLGC(f) modeling approach for distributed param-

eter extraction from measured S-parameters. The results are more accurate and efficient in a broad frequency

range because they eliminate discontinuities caused by hyperbolic functions [20–22]. Additionally, the limita-

tions of the conventional methods such as specific line lengths, frequencies, and the number of lines, among

others, will be ameliorated.
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A derivative-free method was applied to the model parameter optimization process [31]. It aims to find

the minimum of a multivariable function based on a simplex search algorithm. This algorithm uses a simplex of

n+1 points for an n -dimensional parameter vector. It then updates the simplex in five steps: sort, reflection,

expansion, outside/inside contraction, and shrink [31]. If the relative change in the objective function value is

less than 10−4 for 20 successive iterations, the algorithm stops. The error between measured data and the data

from the model is calculated with the help of the objective function. The objective function is composed of real

and imaginary components of all S-parameters as given in Eq. (6), instead of utilizing only the magnitude of

S21 . Experiments were conducted using only the magnitudes of S21 with relatively significant estimation errors,

especially on S11 . Thus, by including real and imaginary parts of all S-parameters in the objective function, the

optimized unit length elements of transmission line parameters allow the more accurate measurement of data.

Fobj =
N∑

i = 1

∣∣Smeasured
j1 (fi) − Sestimated

j1 (fi)
∣∣2 j ∈ [ 1, 2 ] (6)

The transmission line model used for busbars is a simple and common RLGC(f) model [22] as given in Eq. (7).

R1 , R2 , G1 , and G2 refer to DC resistance, skin effect loss, shunt current due to free electrons in an imperfect

dielectric (DC conductance), and power loss due to dielectric polarization, respectively.

R (Ω /m) ≈ R1 + R2

√
f L (H /m) ≈ cons.

G (S /m) ≈ G1 + G2f C (F /m) ≈ cons.
(7)

As with all optimization algorithms, the selection of initial parameters is as important as the definition of the

objective function. The closeness of the initial values is set at the global minimum to maximize the convergence

rate of the algorithm. The search range for each parameter is inspired from that of a parallel plate transmission

line due to the similarities with the signal paths of a busbar [22]. After that, a trial and error procedure is applied

on parameter search bounds to make better estimation intervals. Finally, bounds providing a minimum objective

function value are selected. The overall parameter estimation process is given as a flowchart in Figure 4.

Figure 4. Optimization process flowchart of the model parameter extraction.
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3.2. Error analysis

Comparisons of measured and estimated S-parameters for different port connections (L1-N, L2-N, L3-N) of

630 A, 1250 A, and 2000 A current level busbars are given as amplitude and phase graphs in Figures 5–7,

respectively. The results show good agreement. Due to the objective function’s use of measured S-parameters,

visual presentations of results are given as a qualitative analysis. Secondly, in quantitative analysis, error

statistics between measured and estimated S-parameters are listed in Tables 3–5 for 630 A, 1250 A, and 2000

A current level busbars, respectively.

Figure 5. Measured and estimated S11 and S21 parameters for 630 A aluminum busbar.

Figure 6. Measured and estimated S11 and S21 parameters for 1250 A aluminum busbar.

Figure 7. Measured and Estimated S11 and S21 parameters for 2000 A aluminum busbar.

Error analysis is carried out on the cumulative distribution function (CDF) of estimation error. Since the

error distribution is not homogeneous along the frequency axis, the error calculated in the objective function,

which is the mean error, would not reflect the actual performance due to the sensitivity of mean error to outliers.
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Table 3. Estimation error with 90% possibility for 630 A aluminum busbar.

S11 (dB) S11 (◦) S21 (dB) S21 (◦)
L1-N ≤ 0.910− 0.970 ≤ 0.859− 1.260 ≤ 0.017− 0.018 ≤ 0.572− 0.630
L2-N ≤ 0.751− 0.819 ≤ 1.867− 2.051 ≤ 0.015− 0.016 ≤ 0.475− 0.487
L3-N ≤ 0.380− 0.456 ≤ 1.776− 1.948 ≤ 0.016− 0.017 ≤ 0.356− 0.372

Table 4. Estimation error with 90% possibility for 1250 A aluminum busbar.

S11 (dB) S11 (◦) S21 (dB) S21 (◦)
L1-N ≤ 0.530− 0.570 ≤ 0.742− 0.866 ≤ 0.690− 0.713 ≤ 0.572− 0.630
L2-N ≤ 0.165− 0.198 ≤ 0.763− 0.953 ≤ 0.321− 0.336 ≤ 0.475− 0.487
L3-N ≤ 0.310− 0.349 ≤ 1.822− 1.990 ≤ 0.018− 0.019 ≤ 0.475− 0.492

Table 5. Estimation error with 90% possibility for 2000 A aluminum busbar.

S11 (dB) S11 (◦) S21 (dB) S21 (◦)
L1-N ≤ 0.331− 0.364 ≤ 0.619− 0.708 ≤ 0.033− 0.034 ≤ 0.598− 0.621
L2-N ≤ 0.380− 0.418 ≤ 0.604− 0.704 ≤ 0.020− 0.021 ≤ 0.561− 0.578
L3-N ≤ 0.232− 0.261 ≤ 0.392− 0.522 ≤ 0.019− 0.021 ≤ 0.435− 0.453

Instead, the CDF is used to show the mean error for 90% of the data. In this way, a mean estimation error

with 90% possibility is presented.

The data dealt with here are discrete, which means that distribution functions will be defined in some

small width of data range known as a bin. The two numbers given in each cell of all tables represent the bounds

of the corresponding bin.

4. Results

If parallel admittance components (G ,C) and series impedance components (R ,L) are known for a given

transmission line, γ and Zc can be calculated. These parameters are estimated with the help of Eq. (7) for

three different port connections for each busbar type. Obtained results are given in Figure 8 for 630 A, 1250 A,

and 2000 A current level busbars, respectively. Additionally, estimated R ,L , G , andC values are presented as

shown in Figures 9–11 for each busbar type. Zc and γ can be calculated via Eqs. (4) and (5) using estimated

per-unit-length parameters.

A causality check is necessary to demonstrate the performance of the model in representing the physical

system. There are two methods: time-domain and frequency-domain. In this study, the time-domain method

is selected based on checking received signals. A pulse signal is sent, and the received signal is observed. When

a certain start point can be seen in the received signal, which occurs after the input pulse, the model used is

causal. An example of a time-domain causality check for only the L1-N port connection of the 630 A current

level busbar is shown in Figure 12. Attenuation can also be evidently seen in the same figure. When the same

check is replicated for all port connections of studied busbars, the results show that the model is causal for all

conditions.

5. Discussion

It is essential to know the characteristics of busbar distribution systems for providing PLC communication.

In this study, busbar distribution systems (630 A, 1250 A, 2000 A) were modeled as a transmission line

with measured S-parameters at the CENELEC and FCC bands. Increasing frequency reveals skin effect and
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Figure 8. Extracted Zc and γ for L1-N, L2-N, and L3-N port connections for 630 A, 1250 A, and 2000 A aluminum

busbars.

Figure 9. Estimated RLGC parameters of 630 A busbar from measured S-parameters for three different port connections.

dispersion, which cause the frequency dependence on per-unit-length parameters of the busbar distribution

system. Therefore, a frequency-dependent RLGC(f) model was used for busbar modeling. Model parameters

were estimated with a simplex-based derivative-free optimization algorithm. The error between measured and

estimated S-parameters was analyzed (Tables 3–5). The quantitative results show that estimated S-parameters
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Figure 10. Estimated RLGC parameters of 1250 A busbar from measured S-parameters for three different port

connections.

Figure 11. Estimated RLGC parameters of 2000 A busbar from measured S-parameters for three different port

connections.

coincide with the measured ones. The maximum mean estimation error values for magnitudes S11 and S21

are 0.97 dB, and 0.7 dB, respectively. Additionally, the maximum values of mean phase errors are smaller

than 2◦ and 0.63◦ for S11 and S21 , respectively. Good frequency-domain correlation between measurement
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Figure 12. An example of causality check for L1-N port connection for 630 A aluminum busbar.

and modeling approach has been achieved. Additionally, a time-domain causality check was conducted for all

conditions to determine the causality of the RLGC(f) model (Figure 12).

The results obtained for RLGC values show that distributed inductance decreases with an increase in
cross-section area. Distributed capacitance is increased as expected for the same reason (Figures 9–11). Zc and

γ were extracted from estimated RLGC values (Figure 8). Zc values typically decrease with frequency, unlike

γ , which increases. Moreover, Zc values are smaller for the L1-N port connection for all types of busbars, while

γ shows higher values for the same configuration.

The transmission line theory determines the transfer function of the PLC channel using a bottom-up

approach. Towards this aim, network topology must be defined in terms of the properties of the network

components, including cables, lines, loads, and so on. To summarize, the results of this study are vital

in determining the characteristics of the busbar distribution systems to provide PLC communication at the

CENELEC and FCC bands. The outcomes demonstrate that for modeling other types of busbars in this

frequency range, this type of modeling approach can be used. For higher frequency applications such as

broadband PLC, improved RLGC(f) modeling may be needed due to greater frequency dispersion of the

dielectric material.
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