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SUMMARY  The power line communication (PLC) system should be
investigated with respect to the influence on electromagnetic environments.
Longitudinal conversion loss (LCL) and input impedance are important pa-
rameters for evaluating the influence because they are closely related to the
radiated, conducted, and inducted emission. An indoor AC mains system
consisting of electrical equipment and an AC mains line was modeled by
four-port networks, and the LCL and the input impedance were calculated.
The parameters of the four-port networks were determined from theory and
measurement. The analytical model was examined using a simple network
and the results show that the calculated values agreed with the measured
ones. The LCL and the input impedance were investigated at the AC mains
port in some existing buildings, and the measured results almost agreed
with the calculated results derived from the indoor AC mains system model.
key words: LCL, PLC, four-port F-matrix, common-mode impedance

1. Introduction

Recently, a power line communication (PLC) system that
uses an AC mains line as the transmission line has been pro-
posed. However, AC mains lines are not designed to act as
telecommunications lines and many electric appliances are
connected to them. Moreover, electromagnetic disturbances
are emitted from AC mains lines due to radiation, conduc-
tion, and induction because of the poor performance at trans-
mitting high frequency signals. Therefore, the influence of
high-speed PLC signals on the electromagnetic environment
has been studied [1], [2].

Longitudinal conversion loss (LCL) and input impe-
dance are important parameters for evaluating the influence
on the electromagnetic environment. These have already
been evaluated for telecommunication lines [3],[4]. An
emission reduction system has also been presented based on
LCL values [2]. The investigation results for other mecha-
nisms also suggest that conduction and induction are closely
related to the LCL value [5]-[7]. However, the relationships
between the configuration of the AC mains line and the LCL
have not been clarified yet. A method for calculating the
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LCL and the input impedance is needed to solve this prob-
lem.

In this paper, we described a method for calculating
the LCL and the input impedance for an indoor AC mains
system. The system is modeled based on the construction
of a Japanese AC mains system and is represented by four-
port networks. Using these networks, the LCL and the input
impedance are calculated. To confirm the validity of the
model, the calculated results are compared with measured
results for a simple network. Finally, the calculated LCL
and input impedance values obtained using the model were
compared with measured values of those of an actual AC
mains line.

2. Modeling of AC Mains Line

The configuration of the indoor AC mains system changes
depending on the kind of appliances connected it, the size
of the home, and the operating manner. Therefore, the AC
mains line in an indoor environment should be modeled to
calculate the LCL and the input impedance. The model
of the indoor AC mains line used in this study is shown
in Fig.1. Statistics in Japan indicates that there are 3 to
6 branches from the panel board and branches have plug
sockets and lights [8]. Thus, we assumed that there is one
branch for about every 17 m?. Moreover, a survey showed
that the cable length of each branch is about 10 m and even
the longest branch is dozens of meters [8].

In this paper, we use a simple house model, about
40 m? in area, where one or two people live, because, in
a complex model, it becomes difficult to explain the analyt-
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Fig.1  Model of AC mains line.
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Table 1  Cable lengths of the topology in meters (i = 1,2, 3).
Line no. | Branchl | Branch2 | Branch3
La 05 1.0 15
Li 14 3.0 35
L 0.25 0.5 2.0
Lia 25 6.0 42
Lis 0.25 15 0.5
L 30 5.0 4.0
Ly 0.75 1.0 4.5
L 1.5 4.0 -
Lio 0.25 5.0 -
L,'a * 20 . - -
Ly 1.1 - -
Li 30 - -
Lia 2.0 - -

ical method and the amount of calculation for this type of
house is not small. This contains three branches: one for
lights, and the other two for plug sockets connected to home
appliances. Each branch has at least three sub-branches and
various electrical appliances are connected to the end of the
sub-branches.

The lengths of cables for each branch and sub-branch
are summarized in Table 1. The lengths were selected con-
sidering the actual power line wiring of an ordinary house
[8]. We also assumed that at most ten electrical appliances
of various kinds are connected to the power line at the same
time.

In our study, we used VVF (PVC-insulated PVC-
sheathed cable flat type) cable with two wires, which is
widely used for indoor power lines in Japan.

© 3. Analysis Method

An AC mains line with a ground can be represented using
four-port networks as shown in Fig.2. In this figure, Ly,
is an AC mains cable with a ground, A., is an appliance
with ground, and Ay is the input impedance of a public AC
mains line from the panel board. In this study, we used the
artificial mains network (AMN) [9] as a model of the public
AC mains line. In Japan, one wire of the AC mains ca-
ble is grounded at the transformer on a utility pole, so the
public AC mains line is not a balanced line. AMN is de-
signed based on foreign AC mains line and is a balanced
network. However, the measurement results indicate that an
AC mains line can be considered as a balanced line in the
frequency range used by the high-speed PLC system though
a suitable model has not yet been presented for AC mains
lines in Japan. Therefore, we used AMN as a model of the
public AC mains line. An appliance is connected to the bus
line of the AC mains. Then, the appliance terminates the bus
line via an AC mains cable as shown in Fig. 2. The param-
eters of four-port networks are determined from calculated
values for an AC mains cable [3], [10] and measured val-
ues for appliances. The method of modeling the electrical
appliance is described in the next subsection.

The input impedance and LCL are calculated from the
relationships between the input voltage and current at a plug
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Fig.2  Analysis method of LCL for AC mains line represented by four-
port networks.

Fig.3 Simplified model of AC mains line in Fig.2 to calculate input
impedance and LCL.

socket. Although the relationships can be obtained for any
configuration of AC mains line, it is complex to explain the
procedure for the universal case. Therefore, in this paper,
we explain a calculation example that can easily be applied
to other configurations. '

In this paper, the input impedance and LCL are calcu-
lated at the plug socket connected to appliance As; as an
example. In this case, the analytical model in Fig.2 is rep-
resented by the simple model shown in Fig. 3. Here, B, B,
and Bj; are matrices represented by the four-port networks
in Fig. 2, and they are given by

2] = ]l ] ][]
""" [Luo] [Tm] [Tuz] 1
52 = e ] o] ] *
[lfzs] [Tzs] [1/27] [Tzs] [T29] 2
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Ls(=0)

Fig.4 F-matrix model of the branch,

8] = [0 ][] [ 73] 5] ®

where L,,, are the four-port F-matrices representing the AC
mains cable with ground, and [T,,] are the four-port F-
matrices representing the load impedances of the line L,,,
and the appliance A,,. The method of calculating [T,x] is
described in the appendix. In Fig. 3, I;,, and I;,;, are the cur-
rent sources representing the communication signal and the
conductive disturbances of the appliance. Their actual val-
ues are not important in this paper because we consider only
LCL and common mode input impedances here, so we set
Iing = Iiyp = 1 to calculate LCL and [;, = —I;p = 1 to
calculate input common-mode impedance.

The matrices [By], [B2], and [B3;] can be replaced by
four-port matrices. The replacement procedure is summa-
- rized in Fig. 4, which shows the case of [B;] as an example.
[B2] can be represented by the following equation.

Vil _ ([Az,] [Bg,]|]|[Vis]
(£ [CB,] [Dg,]| L]

The expressions of the matrices [V;], [1;], [Vi,], [Iz,z,] [Ag,],
[Bg,]), [Cg,], and [Djp,] are similar to the expressmns in the
appendix. From Fig. 4, we get

“

] = [0] 5)
From Egq. (4), we get

(] = [C3,1[AB,] ' [Vi] (6
From Fig. 4, the following relationships can be obtained

(Ve,] = [V, ] = [Vi] SO

Up,] = [5i] + 1] ®

Then we get the F-matrix of [B 1,

[[VBz] - [E] [0] [VL31] [ [VLu 9)
[IBz] [YBz [E] [IL;u [IL31

" where [E] is a unit matrix and [0] is a zero matrix. From
Eq. (6), [Y3,] is given by

[Y3,] = [Cy,][A5,1" (10)

The matrices [B;] and [B3;] can be replaced by [B]] and
[Bj,] using the above procedure. Then, the model in Fig. 3
can be represented by the series connection of the four-port
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Fig.5 Series connection of the four-port F-matrix.
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Fig.6 Equivalent circuit of input impedance at terminal of appliance
A3,

F-matrices shown in Fig. 5. From the model in Fig. 5, four-
port F-matrix [M] can be obtained as follows.

[M] = [Aa][B11[B;][Ls1][ B3] [ Ls2] an
Using a similar process to that from Eqgs. (4) to (6), we get
[Zin] = [Co)[Am] " [Via] - 1y
Then,
[Vin] = [AMICu] ™' (Lin] = [Zag1[1n]
[ Zecia a3

The impedance matrix [Zy] can be expressed by a T-
network as shown in Fig. 6. The parameters Zy,, Zy;, and
Zy. are given by :

Zya = Zy11 — Zyn2 14)
Zup = Zun — Zyz (15)
Zye = Zm12 (16)

From the T-network parameters, we get LCL, differential-
mode impedance Zy, and common-mode impedance Z; as
follows [4], [11]. ‘

—(Za = Zy)? +2Z6(2Z4 + 4Z.)

LCL(dB) = 20log, 227, = 7y @17

Zy=2,+7Z : (18)
. ZsZp ‘
L‘za+z,,+Z“ (19)

4. Modeling Method of Household Appliances

A configuration of household appliances connected to an
AC mains line is shown in Fig. 7. In this figure, Zy,1, Zy,,
and Zy,3 are A-network parameters shown in Fig. 7, and the
black rectangles represent the electrodes of an AC mains

plug.
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Fig.8 Comparison between measured and modeled impedance of an ap-
pliance.

The A-network parameters were obtained from mea-
surements. We can measure input impedances Z,i, Zy2,
and Z,3 of an appliance as shown in Fig.7, where these
impedances do not include the input impedance of AC mains
lines because the power supply plug is not connected to the
line. Therefore, AC mains power is not supplied to the ap-
pliance. The relationships between Zy,1, Z4,2, and Z4,3 and
- Zm1s Zm, and Z,3 are given by

Zm3(1 + K)K;

Zy1 = 20
Zua X (20)
Zn3(1
Zpo = L(_;;% (1)
Zm3(1 + K)
Zpyz = ———— 22
A3 X ,, (22)
where
Kl = (Zml - Zm3)(zm3 5 ZmZ) + fmlznﬂ (23)
ZimzZm3 = Zm1 Zm3 + Zm3 :
KZ . (Zml - Zm3)(Zm3 - Zm2) + fleMZ (24)
Zm?.Zm3 - ZmIZmZ + Zm2
1(3 = Kl + K3 (25)
K
K=— 26
5 (26)

An example of the impedance characteristics of a mi-
crowave oven is shown in Fig. 8. The absolute value of the
impedance Zy,; indicates that the input impedance of the ap-
pliance can be represented by an equivalent circuit because
the frequency characteristics are simple. The equivalent cir-
cuit of the input impedance of a microwave oven is shown
in Fig. 9. This circuit was modeled from the frequency char-
acteristics of an actual microwave oven using a simulation
tool, SPICE. The frequency characteristics of the equivalent
circuit are also shown in Fig. 8. The characteristics of the
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Fig.9  Equivalent circuit for input impedance of a microwave oven.

circuit almost agree with the measured ones up to 20 MHz.
This means that we can use the equivalent circuit to evaluate
the LCL and the input impedance.

Other appliances were also represented by equivalent
circuits similar to the one shown in Fig. 9. They can express
the frequency dependence although frequency characteris-
tics of the equivalent circuit do not agree with those of the
actual appliance at frequencies above 10 MHz.

It is important to study the relationships between the
equivalent circuits and the actual circuits of appliances. This
remains future work because of its difficulty.

5. Experiment for the Validation of Analysis Method

To verify the analysis model shown in Fig. 2, we compared
the calculated LCL and input impedance values with ones
measured for a simple network.

5.1 Experimental Setup

For simplicity, we considered only branch 2 of the AC mains
line model shown in Fig. 2. The experimental setup is shown
in Fig. 10. An AC mains line was constructed on the con-
ductive ground plane at a height of 5cm. Appliances were
represented by their equivalent circuits. The setup in Fig. 10
represented the case when AC mains power was not sup-
plied to appliances because the equivalent circuits were de-
termined when the power was not supplied. The method
described in the previous section was used to determine the
equivalent circuits of appliances.

The input impedances between two lines as well as of
each line and ground were measured with an impedance
analyzer. These impedances were converted into the
impedances of a A-network (Z4,1, Za,2, and Zy,3) by the same
procedure as described in the previous section. They were
converted again into the impedances of a T-network (Zyq,
Zyp, and Zy). Then LCL, differential-mode impedance,
and common-mode impedance values were calculated using
Egs. (17) to (19).
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Fig.10  Experimental setup for measuring LCL and input impedance.
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5.2 LCL Measurement Result

The results of measured and calculated impedance fre-
quency characteristics are shown in Fig.11. Here, we
present only common-mode impedance Z;. The solid line
-and circles indicate calculated and measured values, respec-
tively. They indicate that the calculated values agree with
the measured ones.

The LCL was obtained by using these input
impedances. The measured and calculated LCL values are
shown in Fig. 12. The solid line and circles represent the
calculated and measured results respectively. The calculated
LCL values almost agree with the measured ones.
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These results indicate that the analysis method de-
scribed in Sect. 3 and 4 can be used to estimate LCL and the
input impedance of the analytical model shown in Fig. 2.

6. LCL for Actual AC Mains Line

The proposed analytical model was applied to an actual AC
mains line and the calculated values were compared with the
measured ones. This section describes the results.

6.1 Measurement of Input Impedance for Actual AC
Mains Lines

We measured the input impedances of actual AC mains
lines at several points in our laboratory building and in a
house. The measurement points in the laboratory building
are shown in Fig. 13. Four positions in the building were
selected. The measurement room in Fig. 13 is the shielding
room where the AC mains line is connected to a public AC
line via a filter and isolation transformer. Other points are
directly connected to a public AC line.

The experimental setup for measuring input impedance
is shown in Fig. 14. A capacitor and transformer were in-
serted between the outlet and impedance probe to protect
the probe from high AC voltage. We compensated for the
influence of the transformer using the calibration function
of the impedance analyzer but not for the influence of the
capacitance, which was not significant because the absolute
value of the impedance of the capacitance is less than 4 Q
from 0.1 MHz to 40 MHz and 1 Q from 0.1 MHz to 10 MHz.

In the same way as described in Sect.4, the input
impedances Z,,1, Z, and Z,3 were measured and the differ-

_ential mode impedance and the common mode impedance

were calculated from these measured data by the same pro-
cedure as described in the previous section.

The measured and calculated values for common-mode
input impedance are shown in Fig.15. Input impedances
were measured at five points: the four points shown in
Fig. 13 and another point in the AC mains port in a house.
The average and standard deviation were calculated from
those data. Although the common mode input impedance
changed from 1Q to 10kQ, the deviation reduced above
1 MHz, and the mean values were around 100 Q in this fre-
quency range. The solid line in this figure indicates calcu-
lated values. For the calculation, the model in Fig.2 was
used. The four-port F-matrices of line L,, were obtained by
calculation [10], and the equipment matrices A,, were ob-
tained from the measurements described in Sect.4. The A4;
was represented by an artificial mains network [9]. The F-
matrix of the network was obtained from the requirements
of the specifications [9] using procedures similar to those
presented in Sect.4. This figure shows that the calculated
value almost agrees with the measured one above 1 MHz.

Although the configuration of the line used in the ex-
periment is different from the model in Fig. 1, a similar re-
sult was obtained. This suggests that the calculation results
derived from the model shown in Fig. 1, which includes a
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Fig.14  Measurement setup for input impedance of actual AC mains line.

104 T T T T T T T T LI

T T TTTI

Calculated

Absolute value of impedance (£2)
=)
S

Measured
5 Standard deviation
10 1 j T ML | L Lol 1 1
107! 10° 10!
Frequency (MHz)

Fig.15 Measured and calculated common-mode impedance of actual
AC mains line.

lot of equipment, cables, and a great deal of complexity, ap-
proach the typical calculation results. These results indicate
that the model in Fig. 2 is effective for calculating the input
impedance of an AC mains line.

6.2 Estimation of LCL for Actual AC Mains Line

The LCL of an actual AC mains line can be obtained from
the measured input impedance by the process described in
Sect. 6.1 and we calculated the average and standard devi-
ation. The measured data was compared with the values
calculated by the method described in Sect. 3. In the calcu-
lation, appliances in Fig. 2 were modeled from the measure-
ment when the AC mains power was not supplied. Since
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Fig.16  LCL characteristics of actual AC mains line.

only one appliance was measured for each kind of appli-
ances, the model used in the calculation did not represent
these appliances.

They are shown in Fig.16. In this figure, the solid
line indicates the calculated values and the circles and dot-
ted line indicate measured values for an actual AC mains
line. The calculation results agree with the measured ones
above 1 MHz as shown in this figure. This suggests that
the model presented in this paper can only be used above
1 MHz because of the difference between the model and the
AC mains line where one wire of the line is grounded at
the transformer on a pole. This also suggests that the com-
plexity of the model leads to the calculation results converg-
ing within the standard deviation of the measured values be-
cause the increase in the complexity converges the common-
mode impedance and LCL within a certain range.

Since a high-speed PLC system is used in the frequency

- range of 2 MHz to 30 MHz [1], the model shown in Fig. 2 is

effective for evaluating the influence on the electromagnetic
environment because LCL and common mode impedance

are important parameters for studying AC mains character- =

istics.
7. Conclusion

We investigated LCL and input impedance for indoor AC
mains lines. An AC mains line in an indoor environ-
ment was modeled taking into consideration the wiring sys-
tems in typical small Japanese houses. In the analysis, the
model was represented in a series connection of four-port
F-matrices. The parameters of F-matrices were obtained
from calculations of the line and measurements of appli-
ances. The public mains line was represented by an artificial
mains network. The LCL, differential mode impedance, and
common mode impedance were calculated using this model.

An experiment using a simple network was carried out
to confirm the validity of the model. The measurement val-
ues almost agreed with the calculated values.

The model was applied to calculate the LCL, differen-
tial mode impedance, and common mode impedance for an
actual environment. The calculated values fell almost en-
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tirely within the range of the standard deviation of the mea-
surement results above 1 MHz although the configuration
of the line used in the experiment was different from the
model used in this paper. This suggests that the complex-
ity of the model enables the calculation results to converge
in the range of the standard deviation because the increase
in complexity converges the common-mode impedance and
LCL within a certain range. This means that the model pre-
sented in this paper is effective for evaluating the influence

of the PLC system on electromagnetic environment in the.

frequency range of 2 MHz to 30 MHz.
A future work is to improve the calculation accuracy.
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Appendix: Calculation Method of T,,,,

As an example, we consider the case of L3; and A3, in Fig. 2,
where Lj; is the four-port F-matrix, and As; is the 2-port
impedance matrix as shown in Fig. A- 1. Then, these matri-
ces can be represented by

[V,-]] _ [[AL,Z] [Bi,] [[VL,Z]
U]~ [[Cry]  [Dr,)|| [y,)
[Vie] = [Zan] [12] (A-2)

where [V;] and [/;] are 1 x 2 matrices. They are represented
as follows:

_ Via _ 1 ia
a=[ve]. =[x @
A similar expression can be obtained in the case of [Vp3;]
and [/;3;].

[AL,], [Biy,], [CLy,), and [Dy,,] are 2 x 2 matrix. [Ay,,]
is represented as follows:

‘ A A,z :
A = 32 32 A-4
[’ L”] [Aanl Aanz] &4

(A-T)

A similar expression can be obtained in the case of [By,,],
[CL.,]), and [Dy,, ).
From Egs. (A- 1) and (A- 2), we get

Vi) = (AL, ) Zs,] + [Bra,)] U] (A-5)
[1] = [[CL11Zas,] + D) U] (A-6)
From Fig. A- 1, the following equations can be obtained.
Vi, ] = [Vr,1 = [Vi] (A7)
U, ) = 1] + [Izy,] (A-8)
Then we get the F-matrix of [T3;],
[[VL,I]] _ [ [E]  [0] [[Vrn]]
U, ] (Yr,] [E]]|Urs]
= T3] [[[‘I/TT:]] (A-9)

Fig.A-1  Analysis model of four-port F-matrix representing appliance
with AC mains line.



IEICE TRANS. COMMUN., VOL.E88-B, NO.9 SEPTEMBER 2005
3732

Hiroshi Yamane  received the B.E. and D.E.

degrees from Ibaraki University in 1980 and

1997, respectively. After joining NTT, he has

been researching lightning surge and overvolt-

age protection of telecommunication systems.
He is the Manager of the Electromagnetic Envi-

ronment Technology Group. He is a member of
IEE. He recieved the Shibusawa Award in 2003

from Japan Electric Association.

where [E] is a unit matrix, and [0] is a zero matrix. From
Eqgs. (A-3) and (A-4), [Y7,,] can be represented by the fol-
lowing equation,

[Yr,] = [[CLallZas ] + [Dr,]]
[(AL)Za, 1 + B (A-10)
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