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uence to electromagnetic environment has been
d for power line communication (PLC).
itudinal conversion loss (LCL) and input impedance
mportant parameters to evaluate the influence. Indoor
mains line is modeled considering with typical
tions of Japanese house. The modeled line and
ic equipment are presented with 4-port F-matrixes.
arameters of 4-port F-matrix are determined from
lation and measurement. Using this model, the input
ance and the LCL are calculated. The analysis model
mined by a simple network, and the results show that
alculation values almost agree with the measured
s. The input impedance and the LCL are investigated
ctual AC mains line, and the measured results almost
with the calculated value.

ords
PLC, 4-port F-matrix, Common-mode impedance.

cently, progress of telecommunication proposes power
ommunication (PLC), which uses AC mains line as
mission line. The influence of electromagnetic
onment has been studied for PLC signal because AC
line does not designed to transmit signal [1], [2].
ngitudinal conversion loss (LCL) and input impedance
Important parameters to evaluate the influence to
omagnetic environment, and it was evaluated for
mmunication lines [3]. However, it has not been
ired yet for AC mains line.

n this paper, we investigate the calculation method of
CL and the input impedance for indoor AC mains line.
- mains line is modeled considering with the
ironment in Japan, and is presented by 4-port networks.
Ing the networks, the LCL and the impedance values are
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calculated. To confirm the validity of the model, the
calculation results are compared with measured one for a
simple network. Finally, the calculated LCL and impedance
using the model are compared with the measured one for
actual AC mains line.

2. AC MAINS LINE MODELING

AC mains line in indoor environment should be modeled
to calculate the LCL and the input impedance. The model
used in this paper is shown in Fig. 1. A statistic in Japan
shows that there are 3~6 branches from the panel board and
branches have plug sockets and lightings.

In this paper, we make a simple house model, where
floor area is about 40m” and one or two people live. This
topology contains three branches; one of them is for
lightings, and rests of them are for plug sockets connected
to home appliances.

Branch 1

Panel board
Branch 2

Branch 3

Figure 1. A model of AC mains line




Table 1. Length patterns for modeled topology

Branch 1 Branch 2 Branch 3
L1120.5 Lz]ll.o L311].5
L1211.4 L2213.0 L3213.5
L13:0.25 L23:O.5 L33:2.0
L14Z2.5 L24Z6.0 L34I4.2
L1510.25 L2511.5 L3510.5
L1533.0 L2615.0 L36:4.0
L1720.75 Lz7:].0 L31Z4.5
ng:1.5 L2324.0
L0:0.25 Ly9:5.0
Lla:2~0
leil.l
L:3.0
L1d12.0

Moreover, from the survey, it could be considered that
the cable length of each branch is about 10 m. Even the
longest branch is not more than few decimeters. In our
topology shown in Fig. 1, there are more than 3
sub-branches from each branch. Various electric appliances
are connected to the end of the sub-branches. Lengths of
cables for each branch are summarized in Table 1. The
lengths of the cables are selected considering a real power
line wiring of an ordinary house. We also assumed that ten
kinds of electric appliances are connected to the power line
at the same time at most.

3. ANALYSIS METHOD

The parameters of 4-port networks are determine
calculation values for AC mains cable [3], [4]
measured values for appliances. The modeling me
electric home appliance is described in the next secti

The relations between the input voltage and curre
Vi, Tus, and Iy, of equipment Loy (In case of Fig, 2
Los; ) and the output voltage and current V,,,;, V,,
and 7,,, of Lo, can be presented in series connec
4-port F-matrixes, and it is given by

V;kl I/oml
7 Fn

21 =[Loy [ Lo ][ B[ Zu][ B.][B ][ Lo, ]|
[ikl Ioml
IikZ om2

where, [Losi], [Lsi], [Loy] are the 4-port F-m
presenting each line and equipment.[Bs,], [B;], and
the 4-port F-matrixes presenting input impedance :
branch. The calculation method is described in append
Eq. (1) can be expressed by 4x4 matrix, which is g
the following equation.

Vikl Akll Ak12 Bldl B/ch Iloml
VikZ — Ak21 AkZZ BkZl BkZZ lyomz
ikl C'lcll Ck12 Dkll Dk12 Ioml
ik2 Ck21 Ck22 DkZI Dk22 ]omZ

which is presented by

Vikl Zkll Zk12 Zk13 Zkl4 Iikl
3.1 Calculation Method of LCL and Input Vs Zinw Zins Ziys Zin || Ina
Impedance r 17lz 7 7 7 I
Since, power line is considered as a balanced cable, AC oml B k32 33 k34 | Toml
mains line with ground return can be presented by using the L Voma Zi L Zis Ziaa )| Loma ]
4-port networks as shown in Fig. 2 [3]. In this figure, L, From Fig. 2, we can consider
indicates AC mains cable, Loy, indicates appliance, and I.,=I,,=0
Lo,, presents the input impedance of commercial AC mains o o .
. Then, we get the relation
line from panel board. -
— — oy I.ﬂ! V;‘kl _ an Zk12 [ikl
1 Lef] [] el - Lic [ Lia [ L v Viea Ziy Zin | i
oll L -
—L 4§ and [jL;3f{ and H{L;5j~=--] Lia and [ and
— HTIoyHd Y Lol _— Loy || Lojs | Vo Then, we get
Ioml _ . . B -1
o—] [ H I H Tl | _éﬂ [ikl _ Zin Zk12 Vikl
Lom Loz Lo4 Las Lg [] Loy | Loz[y, I 171z 7 V
Vomi| @ Lom LaiH and H LosH and HLpsH and HI,7H and H and ol L Lik2 k21 k22 2
Vo | Loy || | Lo [l Lop Loy || Logs | Vo2
— — — 1 _ YVar Yoo || Vie
— 1 =
Lz Lafl f] Ls [] 57 [ g Yoo Yo || Va2
L3 and HLsH and HL3f{ and [ and =2 | Vo3
| Loy, Lopl] U Loss|d Logs [Vex From Egq. (6), A-network parameters Zk
\ Sombrand and Z,; are given by
= 1y
it Vi 7 k12
= Iip ‘D Ti1 K
Tz TVikz GDT 1
=Yy + Yy,
z
GND k2
Yl 1

Figure 2. Analysis model of LCL for AC mains line
presented by 4-port networks
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A-network parameters, the T-network parameters, Z,,
d Z. are given by

— ZkBZkl (10)
‘ Zkl + Zk2 + ZA3

— ZkIZkZ (1 1)
! Zk] + Zk2 + Zk3 V

— ZkZZk3 (12)

rom 1-network parameters, LCL, common-mode
sedance, Z;, and differential-mode impedance, Z,, can
0o calculated by the following equation [5].

; ~(Z,-Z,) +22,(2Z, +4Z,) (13)
. dB) =201 | a b 0 0 c
CL(dB) Oglol 22,Z,-2,) |
=7, +Z, (14)
_ Lz g (15)
Z,+2Z,

) Determining Method of 4-port F-matrix for

~ Appliance

Configuration of electric home appliance connected to
er line is shown in Fig. 3. Power line cable contains
o leading wires and one ground line that can be modeled
4-port F-matrix, and it is given by [3], [4]

1 0 0 0
- 0 1 0 0 (16)
Yz, 1 Z,, -1/, 10

-1z, /Z,+YZ, 0 1

ere, Zy1, Zyp, and Zy; are A-network parameters shown in
. 2. These values are obtained from measurement.

e can measure input impedance, Zy;, Zm, and Z,; of
pliance as shown in Fig. 3. The relation between Zyi, Zy,,
Zysand Zyy, Zop, and Z 3 is given by

Appliance
&
1 Zy
Zy

tsca

Figure 3. Measurement method of A-network
parameters for appliance

Z (1+K)K
Zk] — m3( + ) 1 (17)
K
Z“:éd%?yﬁ (18)
QFZ@%fQ (19)

where,
Z —Z WL . —Z V+Z 7
Kl — {( ml m3)( m3 m2) 2ml mZ} , (20)
ZmZZm3 _Zmlzm3 + Zm3
Z -2 NZ .—Z V+Z Z
K2 ={( m2 : ml)( m3 m2) ml m3}, (21)
ZmZ _ZmIZmZ + ZmZZm3
K, & and K=K, +K, (22)

2

Fig. 4 shows the example of the impedance
characteristics for actual equipment. Microwave oven was
selected as the equipment, and the absolute value of the
impedance Zy; is shown in this figure. This indicates that
the input impedance of the appliance can be presented by
an equivalent circuit because the frequency characteristics
is simple.

The equivalent circuit of the input impedance for the
microwave oven is shown in Fig. 5. The equivalent circuit
was determined to meet the frequency characteristics with
the actual one, where SPICE software was used to
determine the circuit. The frequency characteristics of the
equivalent circuit is shown in Fig. 4. This shows that the
characteristics of the circuit almost agree with measured
one up to 20 MHz. This means that we can use the
equivalent circuit to evaluate the LCL and input impedance.
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Figure 4. Comparison between measured and
modeled impedance of appliance

Linel

50Q

Z,< 1pH T 10pF 10pF == 1pH A

50pF:
S
Ground _L

Figure 5. Equivalent circuit for input impedance
of microwave oven




3. EXPERIMENT

—
[«
S

T

—>— Measured
Calculated

3.1 Experimental Set-up
To confirm the validity of the analysis model shown in

—

(e}
w

\

Fig. 2, the calculated LCL and input impedance values are %
compared with the measured one for simple network. For S10°
the simplicity, we considered only branch 2 of AC mains 3
line model in Fig. 1. The experimental set-up is shown in E“

—
S
B

Fig. 6. AC mains line was constructed on the conductive
ground plane. The height of the line was 5 cm. Appliances
were presented by their equivalent circuits. The method -
described in section 2.2 was used to determine the 107 10° 10! 102
equivalent circuits of appliances connected to this line. Frequency [MHz]

The input impedances between two lines as well as each (a) Differential-mode impedance
line and ground were measured by impedance analyzer.
These impedances were converted into the impedances of 10*
A-network (Zyy, Zy,, and Z3) by the same procedure c - | ——Measured
described in the previous section. Then LCL, [ —_Calculated
differential-mode  impedance, and  common-mode 3
impedance values were calculated from Z,;, Z,,, and Z;3 by
using Eq. (13) ~ Eq.(15).

raal TRy |
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(=]
S

Impedance [Q]

. Refrigerator
Microwave-oven e

Electric fan

Rice-cooker

107! 10° 10! 10°
Frequency [MHz]

(b) Common-mode impedance

Figure 7. Comparison between measured and
calculated input impedance characteristics

30 T T |
—o— Measured ]
Figure 6. Experimental set-up for measuring LCL 708 Calculated 7
and input impedance = ]
= A o .
3 501 8 .
3.2 LCL Measurement Result S sl OVEW ¥t
Fig. 7 shows the results of measured and calculated X W\ L |
impedance frequency characteristics, where Fig. 7(a) 301 /Ay ‘
presents differential-mode impedance, Z, and Fig. 7(b) 20'_
presents common-mode impedance, Zp. Solid line and N R S
circle indicate calculated and measured values respectively. 10" 10° 10! 10°
They indicate that calculated values almost agree with the Frequency [MHz]
measured one. Figure 8. Comparison between measured
LCL at panel board was obtained by using these input and calculated LCL

impedances and the measured and calculated LCL are s
shown in Fig. 8. The solid and circle represent the 4. LCL ESTIMATION OF ACTUAL AC MAIN

calculated and measured results respectively. This indicates

that calculated value almost agrees with the measured value. The proposed analysis model was applied to aCtL:ial

These results mean that LCL and input impedance can be mains line and the calculated value was compar®

calculated by the analysis model shown in Fig. 2. measured one. In this chapter, the investigation resul
described.
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Measurement of Input Impedance for Actual

- AC Mains Line

¢ measured the input impedances of actual AC mains
at several points at our laboratory building and a home.
9 shows the measurement points in the laboratory.
positions in the building were selected. The
surement room in Fig. 9 is the shielding room; the AC
ns line in this room is connected to commercial line via
r and transformer, other points are directly connected to
ercial line.

xperimental set up for measuring input impedance is
wn in Fig. 10. Condenser and transformer were inserted
ween power source and impedance probe to save the
be from high AC voltage. The influence of the
sformer was compensated by the measurement using
h frequency resistors. Input impedances Z,1, Zi, Zys in
3 were measured and the differential-mode impedance
~ common-mode impedance were calculated from
sured data.

/ Measurement
room Experiment
Bachelor students | Equipment room
room room
Toilet
Master students
room Stairs | Elevator

Figure 9. Measurement points for input impedance
of AC mains line (at laboratory building)

Cupper plate
0.1pF
0 ‘"“"u Lig (e [Tmped
, mpedance
Power source of |_o G % probe
100V, 60Hz L2 Tuans

Figure 10. Measurement set up for input impedance
of actual AC mains line

easurement and calculated results of input impedance
shown in Fig. 11. Input impedances were measured at
points, where four points were shown in Fig. 9 and
ther point was the AC mains port in a home. The
Tage and standard deviation were calculated from those
. Fig. 11(a) shows the frequency characteristics of
€rential-mode impedance and Fig. 11(b) shows the
Mmon-mode impedance. Although, the impedance
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changes from 1Q to 10k both for differential and
common mode, the variation reduces in more than 1 MHz,
and the mean values are around 100Q in this frequency
range.
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(b) Common-mode impedance, Z,

Figure 11. Measured and calculated input
impedance of indoor AC mains line

Solid lines in these figures are calculation values. On the
calculation, the model in Fig. 2 was used. The 4-port
F-matrixes of line, L,,,, were obtained from calculation [4],
and for the matrixes of equipments, Lo, ,,, measured values
obtained from the method described in section 2.2 were
used. The load Lo, presenting commercial AC mains line,
was simulated by artificial mains network. The input
impedance of the network, whose specification meets the
requirement of CISPR 22, was measured, and the F-matrix
was obtained from the same procedures presented in
section 2.2. These figures show that the calculation results
almost agree with the measured one in more than 1 MHz.

This means that the model in Fig. 2 is effective to
calculate the input impedance of AC mains line.




4.2 Estimation of LCL for Actual AC mains Line

LCL of actual AC mains line can be derived from it’s
input impedance by using Eq. (13). The LCL values were
estimated form the data shown in Fig. 11, and they are
shown in Fig. 12

In this figure, solid line indicates the calculation value
and the triangle and dotted line indicate measured value for
actual AC main lines. The LCL was estimated by measured
data at the five points, and average and standard deviation
were calculated. This figure shows that the calculation
result almost agrees with the measured one in more than
IMHz. It indicates that LCL of AC mains line can be
calculated by the analysis model described in this paper.

—+— Measured
Calculated

[

(=}
B I

.

- Standard deviation

L sl L bttt | L L

10" 10° 10!
Frequency [MHz]

Figure 12. LCL characteristics of AC mains line

Since, high speed PLC system is used in the frequency
range of 2 MHz~30 MHz [1], the model in Fig. 2 is
effective to evaluate the influence to electromagnetic
environment, because the LCL and the common-mode
impedance are the important parameters to study it.

5. CONCLUSION

In this paper, longitudinal conversion loss (LCL) and
input impedance for indoor AC mains line was investigated.
AC mains line in indoor environment was modeled to
consider with the wiring system of typical Japanese house.
In the analysis, the model was presented in series
connection of 4-port F-matrixes. The parameters of
F-matrixes were obtained from calculation for the line and
measurement for the equipment. The load of the
commercial line was simulated by artificial mains network.
The LCL, the differential-mode impedance and the
common-mode impedance were calculated using this
model.

An experiment using simple network was carried out to
confirm the validity of the model. The results indicated that
the measurement values almost agreed with the calculation
one.

The model was applied to calculate the
differential-mode ~ impedance  and  common-m
impedance for actual environment. The results 1ndlc
that the calculation values almost agreed with the meag;
one in more than 1 MHz. This means that the m
presented in this report is effective to evaluate the inflye
of PLC system for electromagnetic environment, bec;
this system uses the frequency range of 2 MHz~30 MH;

Future problem is to increase the accuracy of calcu]ag

REFERENCES
[1]7 Ministry of public management, home affairs, posts
and telecommunications, “Announcement of report
power line communication study group”,
http://www.soumu.go.jp/jcho_tsusin/eng/index.htm
August 2002. ‘

[2] Y. Khadour and H. Hirsch, “Reduction of the radia
in PLC system using a hybrid feeding”, IC EMC 20
pp-161-166, Bangkok, July 2002.

[3] Y. Shimoshio, M. miyoshi, H. Koga, M. Tokuda, a
T. Takai, “Characteristics of unbalance about earth
their calculation method for balanced cable with pa

unbalance at arbitrary positions on it,” IEICE Trans
Japan, vol.J81-BII, pp.883-891, 1998.

[4] S.Hamada, T. Kawashima, J. Ochura, M. Maki, Y,
Shimoshio, M. Tokuda, “Influence of
Balance-Unbalance Conversion Factor on Radiated
Emission Characteristics of Balanced cables”, IEEE
EMC 2001, pp31-36, Montreal, Canada, Aug. 2001

[5] M. Hattori and T. Ideguchi, “Electromagnetic
interference and countermeasure on metallic lines for
ISDN,” ICC’89, Boston, pp.121-120, June 1989.

Appendix: Calculation method presenting F-matr
of branch

For example, we consider the case of [B,]. The relatios
between the input voltage and current Vi, Vi, ly, and bé
of branch 2 and the output voltage and current V,;, Vgg
1,51, and I ;, can be presented by

Vikl
V'k2

L

Iy |~ (L3182 J225 1B2s 125 JBo6 N L2 [1Bas [ Bas

Ty
where, [Bzz] = [Lzz]' [LOZI]’ [324]= [L24]' [Lozz] efe ,
Using the procedure presenting from Eq. (1) to Eq. (9), Wt
can get A-network parameters Zy,, Zy,, and Z,;. Using the:
parameters, F-matrix can be obtained as the sam

expression as Eq. (16). For other branches at
sub-branches, the same procedure can be applied.






