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Ahstract

This paper repons on experimental and namerical evaluation of the impedance of bushar systems with (erromagnetic enclodunes
(trunkingh. A lmear model is devchoped in which the ferromagretic material is approximaresd by a “Boear’ malenial with an
‘pquivaknt’ relative permeability, The validation of this brear model s carricd out throwgh laboratory meassreevents on 3 sample
system, and a reasonable kevel of accuracy 13 demonstrated. With this model, system impedance can be computed by employing
the BEM sefiware, The impact of design pansmeters, such as relative permeability. separation of bars. trunking size. e1e on system
impedance is dscissed, Finally, the mipact of these parmeters on magnetic shielding is presenied or the comparisan. £ 2000

Published by Elsevier Science 5.A. All nights reserved.
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1. Introdoction

Busbars are traditionally used in switchpear and con-
trolgear assemblics and for power disiribution in build-
ings. As the energy consumplion in high-rise buildings
increases, busbars are often emploved in the main or
feeder circuits for distribution 1o various Aoors or load
centres, These busbhar systems are howsed in metallic
enclosures (trunking) for safery and structural reasons.
In Hong Kong buildings with such sysiems can carry
currenis up to the Mull-load rating of supply transform-
ers, typcally 2280 A for 1500 kKVA, 11 kV/380 ¥
transformers.

The impedance of busbar trunking syslems is an
important parameter in LV distribution system design.
It & used 1o predict svstem performance, fuch as,
voltage drop, voltage balance, power loss, etc. Tradi-
thonally, bushar system impedance is modelled by aver-
aging phase resisiance and effective reactance oblained
by measurements [1]. This model gives peneral charac-
teristics of a busbar system, bul it is inadequale in
detailed assessmenis (e.g. thermal performance, current
sharing in multi-conductior systeme [2]F. Metallic rrunk-
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img 1% & cost=cffective measure in shiclding magnetic
fields from the busbars. It is found that trunking
parameters, such as the matersal, thickness and s,
have a significant influence on its shielding performance
[3]- However, the eifect of these parameters on syilem
impedance docs not appear te have been adequately
addressed in published Hierature,

As  indicated elsewhere [1.4], data on  busbar
impedance 5 normally ascertained through measure-
ment. However, there are limitations wsing this ap-
proach. The major one 5 the inadequacy for
determining the impedance for various busbar syaiem
configurations and siees. There is the associated prob-
lem of making simuliancous measurcments of high
currents and small voltage values, unless the zample i
rithar homg. Analyvisal caleolation and compuier simu-
lation are aliernative approaches for determining bus-
bar  impedance. These  approuaches  have  been
mvestigated for several decades, and have been success.
fully applied 1o bare bushars withouwl any metalhc
enclosure, The analytical calculation approach deduces
a matrix of impedance based on a coupled circuit
model [5.6]. In this model the resistive part 15 deduced
from the approximation of skin effect and proxmmity
effect formulation neglecting the eddy current effect.

ROTE-TI%6. 008 - se fromi matier © 2000 Publiskad by Esevier Solence 5.4, AN riglas reserved.
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The mductive part & dedoced from sell and mwiual
inductance computation using peometric mean dis-
Lances. These spproaches ame sumable for simple
configurations of bare bars.

The computer simulation approach employs a nu-
mernical method to solve the diffusion equations for the
magnelic ficld and eddy currents. The impedance ma-
s i3 deduced from these quanities, Both Anite-gle-
ment  method (FEM) and  hybrid  finde-clement -
boundary-glement method (FE-BE) have been success-
fully applied to cafculating the impedance of bushar
ayslems [2.7.8) However, the application of mumeérical
methods for steady-state impedance of busbar trunking
svitems is mot discussed significantly although short
cireilit currenis of such sysiems were mentioned [7]. The
complication in the analyss resulis from the presence of
lerromagnétic malerial in the busbar system.

This paper presents the results of mvestigation mio
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steady-state  power-frequency  impedance of bushar
irunking systems practically used i buildings, where
ihe trunking is made of galvanised iron, a Ww-p, fermo-
magnetic material. Both computer simulations and lab-
oTRioTY measurements are carmed out to investigate the
impedance, The commercial software for simulations is
based on the boundary-clement methed. In this paper,
a linear smulation model of busbar trunking systems 1s
ilentified. The model is validated by laboratory mea-
surcrments, 1he procedure s described o Section 3.
Critical issues are discussed for mode] development and
validation, that is, determination of eguivalent relative

permenbility for galvanized iron trunkmg for a2 given
current carried. With the validated linear model, system
impedance can be computed by employing the BEM
software, The impact of trunking parameters (&g, bus-
bar spacmg, trunking matenal, thickness and size éte)
on system wmpedance is determined. Finally, the impact
of (hese parameters on wranking perfommance in mag-
netic shielding is presented for a comparison.
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Frg. 2 Configmrations of o bushar sysiems (ke mand

2. Computatkon approach and bushar models

Computer simulations for busbar system impedance
are performed wath the aid of the commercil soflware
emploving a two-dimensional boundary element proce-
dure [10]. It solves for magnetic vector podential first,
then caleulates other derived quantities such as, magnetic
ficld, mduced current, the per unit length self-impedance
und the mutpal impedance of conductors as reguired.

The applicability of this sofiware for impedance calea-
tation was investigated on a simple go-and-return rectan-
pular busbar system, as illusirated in Fig. 1. [ts accuracy
was investigated by companing the results with thoss
calenlated according 1o the finie-clement methed [3]. For
the purpose of comparison, conductivity of the conduc-
bors was taken 1o be 0,55 » 10° 5,/m, the same a5 thal used
by others [3). Both resistance and inductance at 50 Hz
were calculated at several values of the height-to-width
ratuy &b, The simulation results are presented in Table
I, tagether with those caleulated [3]. 1t is found that the
discrepancy of impedance & very small and 15 generally
fess than 2%.

This BEM procedure was applied to calculate
mmpedance of bushar systems commonky found in large
buildings. Fig. 2 shows configurations and geomeiry of
three-phase busbar svstems. [iuserated in Case A i the
systeri of Tour copper busbars wilhoul any metallic
enclosure, m Case B 15 the bushar system enclosed by
gabvanised iron (G trunking. The busbar svstem in Case
B i rated 300 A, Conductivity of bushars amd
gabvamsed won wsed i the bushar svslems was ob-
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Tahle 2
Propersss of mascrials in bushar svsiens
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Copper 0583« 1° 1
0785 = b L]
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Fig. 3. Circnir moded with the A-MN ourmend injection

tained via boratory measerements. The measuremenis
for each material were repeated several times, and an
average valug was selected for computational models,
as shown in Table 2. Becouse galvanised iron is a
ferromagnetic material itz relative permeability varies
with the field level within the material. In the computa-
tion of busbar impedance, this matersal is treated w be
linear with an equivalent relative permeability of 1000,
It is based on the assumption thal magnetic saturation
of the trunking enclosure does not occur under normal
operating conditions. The wvalidation of this linear
model, as well as the zelection of equivalent relative
permeability, 5 discussed in Section 3 and Section 4,

747 =0 ,635mm :
copper bac =
===

Fig 4 Fml conesctor for baiber syemn,

3. Validation procedure

Given that all phase conductors are mutoally cou-
pled, impedance of the bushar sysiem is characterited
by a 3-by-3 matnx in the sieady state, as described
helow:

L La 2,
Zw |2, Zuw Z iy
z.'u z...l'l 3.....'

As demonstrated in Section 4, busbar impedance is
generally independent of the current applied even in the

presence of Gl trunking. The single-phase current injec-
tion method illustrated in Fig. 3, then, is employed to
determing impedance elements i (Eqg. (1)) Fig. 3 shows
the lumped-parameter model of o tested system under
the A-M current imjection. In the expenment. the single-
phase current corresponding to the rating of the tested
syalemn was injected. Yoltage V.. V.. V. and current
I, were measured. Sell and mutual impedance for
Phase A, then, was calculated with these measured
voltages and currenis, a3 shown below:

F
zZ, ===
I, fom =t
Vo
E_‘-...-
L fmf =
¥
2.:. — 4]
;-l Wy=a =i

(iber elemenis of this impedance matrix were ob-
famed by using this procedure repeatedly For both
Phase B and C.

The busbar systems under test were & m long. and
terminated at one end by an end connector. as illus-
trated in Fig. 4. This copper connector introduced
additional small but non-trivial impedance in the cir-
cuat, Tt was necessary 1o subtract this mmpedance, which
wis measured on this connector, from values given in
(Eq. (1) to mimmise the imfluence of the end connector,

In the measurements, the single-phase currenl was
ingected by a step-down transformer, and controlled by
an auto-transformer. This cureent mjecied during Lests
was measured via current transformers. These CTs were
verified to bave a resolution of 012 A, an accuracy of
+ 0.05%, and a phase accuracy of 0.2°. The CT ouiputs
were recorded by oa digital recorder/analvser sysiem
having a resolution of 14 bits. The digital analyser was
alzo used 1o measure the vohage signals, It was noted
that the strong magnetic ficld produced by heavy-cur-
rent busbars could affect the voltage measurement. To
minimise measurement errors caused by feld coupling,
leads of the voltage probe were twisted, Given that the
current in the bushars gencrated magnetic ficlds in the
transverse plane (cross sectional planel, the phase
voltape was measured between phase and meutral con-
ductors in the same cross section plane.

Harmonics were observed in the experiments. They
resithed from the supply circuil and/or were generated
by the circuit non-lingarity, as a consequence of the
ferromagnetic material in the trunking, In ihe absence
of Gl wunking, voltage harmonic distortion (THD, )
and current harmonic distortion (THD,) were less than
2 and 0BV respectively. When galvanised iron trunk-
ing is present in the circuit, they were kess than 3 and
X%, respectively for the injected current up to ils rated
value. As the harmonic level was very small, bushar
models as well as busbar impedance at 50 Hz were
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discussed only. Nonetheless, voltage ¥, and carrent [,
piven below were used for impedance caboulation at 50

Hz

V=¥

i

1 HITHDP

£, =f ol V+ UTHI P

Fig. 5 shows a curve of wotal hamnonic distortion
plotned against the BMS curmrent in Phase A. The
significant harmomic distortion of current was observed
when the Phose A conductor i Case B carmed a

curmenl above X kA

0,1+ i3z

i35
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Fig. 6. hoasuied impedance sprind mjpacted ciims)
4, Comparisons of results

Imipodance of the busbar systems shown in Fig. [ was
measured m the laboratory. In the expenment for Case
A current of POOG & was imjected into the (est sysiem,
Both voltaee and carrent were reconded 1o calculate the
impedance mainix {Eqg. (1)), The measurement was re-
peated  several  fimes, and an average wvalue of
impedance madrix 5 presented in Table 3 The ress-
tance shown in the (able has been normalisd with
respect 10 the reference temperature of 20°C. Theoreli-
cal impedance for the model of Case A was caloulated
by using the boundary element method. and is pre-
senited in Table 3 for the comparison. It is found that
the measured values of resistance and reactance are
very close 1o the compured values, The relative error it
penerally bess than 226, Given that the bushar svstem of
Case A B o linear circuit, impedance of this circult is
independent of the supply current. An expenment with
the injecied current of BN A was performed to check
the breaniy. I is noted that the relative error caused by
the difference of the injected current is insignificant and
generally lass than 1%

The sample system corresponding 1o the model of
Case B s the duplate of an 800 A busbar trunking
svatern installed in & large building. This sysiem has an
enclosure made of galvanissd irom. In the eaperiment,
both voltege and current measurements were carried
out with an injected current of 300 A, The average
value of impedance matrix was caleolated using (Eq.
(2% and 15 presented in Table 4. Te validate the
single-phase method, impedionce vanations were investi-
gated when the injected current varied from 300400
A, The measurement resulls are presenied in Fig. 6. It
is observed that all the resistance abmos! remains con-
stant, and 0s change s within 3% penerally. A simafar
ohservation 15 loond Vor the mactance. Acteally the
papedance did not change significantly watl the in-
jected current exceeded 20000 A, which was far above
the rating. The average resistance and effective resce
tawce per piwse defined in [1] were alse measured wmder
d batlanced three-phase current of 800 A, Compsired
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Table 5
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Fig, 7. Caleubuied impedanoe spaisst relakive permeahelity.

with the values obtained from the single-phase method,
the dilference is very small, &s seen in Table 3.

As system impedance is mdependent of the apphied
current generally, the busbar trenkmg system can be
substituted for impedance computation by a linear sys-
tem or model. The computational model is already
described in Section 2, in which the equivalent relative
permeability of GI trunking is considered to be 1000,
This value is considered reasonable by companng with
relative permeability of other similar low-g,, matenals
(%, measured in the laboratory. The calculation results
are also incladed in Table 4 for the comparison. It is
found thai an agreement betwesn measured and com-
puted results is achieved. The averape error of resis-
jance or reactance i around 5% Such error 13
gcceplable from the viewpoint of clectrical installaiion
design. All these indicate the impedance mflusnce of the
nonlinearity of galvamised iron is insignificant, and the
linear model is applicable for busbar trunking sysiems
from the viewpoint of engmesring. The predicied
impedance has an adequate accuracy (e.g. bess than
10%%) if the current vanes in a reasonable range.

It is ohserved that the selection of equivalent relative
permeability for galvanised iron s subjective. In fact,
the value of eqeivalent relative permeability is nol so
critical, as illustrated in Fig. 7. Fig. 7 depits the
impedance of this trunking sysiem for equivalent p. in
the range of 500-1500. [t shows that the sysiem
impedance is insensitive 1o the variation of equivalent
u,. The difference is within 2,8% for positive sequenice
impedance Z, or 5% for zero sequence impedance £,
if the impedance g = 1000 is used for the reference.
The difference is even smafler if the trunking has a
larger size (eg. 4% for Z. and 2.7% for &, i

trunking height is increased vo 250 mmy, as iis influence
on reluctance in the magnetic clreuit Tor inductance
evaluntion is reduced. The value of 100, then, may be
used for equivalent g, of GI trunking in other practical
sizes. Practically, becuuse of physical consiraints (¢.g.
instaBlation constraint. overheating problem. etc). the
sipe of Gl trunking is not too small. It should be
mentioned that equivalent p, does not have any dirsct
relationship with actual g, within the Gl. The “equiva
lent’ means the equivalence of impedance between Gl
trunking and its linear substitule.

o v oma s KT

18 ‘| — 1
K

e {0} - - -

Fig. A Hushar rrusking inepedance against busbor spacing

5, Impedance impact of trumking parsmelers

Impedance of busbars housed by a metallie enclosure
can be computed by numercal methods using
commercially available software, However, it requires
substantial experience with the software and substanizil
time for modelling and computation. To carry oul
cost-eifective design of busbar trunking systems, il s
necessary 10 have knowledge about the influence of
design parameters on system impedance. These design
parameters meclude bushar s, separation, trunking
size and thickness, material properties, and so on. In
this section, computer simulations with the validaed
model  are performed o reveal  impedance
charscteristics in  refation 10 busbar  separation.
trunking size and thickness. The influence of relative
permeability for Gl trunking was pddressed n the
previous section. In all computed cases the linear model
is assumed with a relative permeability of 1000. For a
comparison, trunking performance in magnetic field
shielding is also evalualed with the sakd software. lts
performance i charactecised by shielding cffectiveness
(SE}, a ratio of the magnetic field with trunking present
1w that with trunking absent. As seen from this
definition, a small value of shielding effectivensss
indicates good shiclding performance.

Impedance in relation to bushar spacing i ilhsirated
in Fig. 8. The data given in the figure are expressed as
the ratio of: impedance with trunking present 10 that
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with trunking absent, It is observed that the ratio of
resistance or reaclance rises with increasing busbar
separation. This increasing ratio indicates that the
trunking has a significant effect on its impedance when
the boshar separation is large. This gives rise to an
increase m eddyv-current losses within the trunking and
enhances flux linkage of the busbars, However, shicld-

Table &

Shiclding ¢Vactivencis agalnst spaing

5 mam) 1] a0 1 [ 0

SE ni o3 {L21 .20 e
2 5

1.5 4

mpedatoy Fytic

106 10 e e
i)

Fip. 9. Bushar trunking impedance agaimt rusking Beghi
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w0 . . . .

180 200 250 200 AS0
Witlrwn)

Fig. My Bushar tronking impadamce spainst trunking width.

curves given in the Agure, both resistance and reaclance
remain constant if thickoess iz greater than 1.5 mm.
Generally this value & determined by skin depth of
trunking, because the induced current is primanly con-
centrated near the inner surface of the trunking due 1o
the skin effect. Changing trunking thickness will nol
affect the system impedance much if the thickness B
large compared with skin depth of the trunking. As a
comparison, thickness of trunking for heavy-current
conductors in buildings is usually greater than 1.5 mm.
Shielding effectiveness of trunking, however, i greally

Tabte T
Sheslding effecovensss apains height

H {mm} iH L 50 2 230

EE 020 % g 18
Tabl: &

Shalding eflicc rverwns sgainst widih

W irnma 1 50 200 251 L 350

SE N e LUN k3 LINE 0.28 1 e

L

affected by its thickness. Generally, shiclding effective-
ing effectveness of wrunking does nol  change
significantly if the ob@rvation point & away from the
trunkmg {1 m from (he trenking centre), as scen in
Table é.

Trunking size @& characterised by width and height,
which affects the impedance in a different manner. Fig.
9 and Fig. 10 show the varation of impedance against
height and width of trunkmg, respectively. It is found
that trunking height has a significant influence on the
busbar impedance, while trunking width does not
When the height of trunking is increased. the trunking
experiences bow magnetic ficlds. Accordingly eddy-cuar-
rent losses are reduced, and enhoncement oo Basbar
Mux linkage becomes less significant. On the other
hand, the change of trunking width hardly affects the
figdd distribution beiween busbars, as the dominant
parts of the trunking (top and bottom parts) are fixed.
Consequently, the impedance does not change signifi-
cantly, as shown in Fig. 10. It is worthwhile w note
that both height and width afTect shielding performance
of trunking in the opposite way. As illustrated in Table
7 and Table 8, shiclding effectivensss 15 sensilive 1o
trunking width, bul insensitive Lo trunking height.

Practically trunking thickness varies within a range
of a few millimetres. Fig. 11 shows the mfluence of
trunking thickness on the bushar impedance. 1t is noted
that the impedance tends to saturate when trunking
ihickness reaches a certam wvalue. According 10 the

20 —e B 4] - - - - B
S Y. Q. T
18 4
1. . :
i “. & T T il
12 o - -
10

& L] i 15 i is 3
T femen)

Fig- 11. Bushar runking impedance againgt trenking 1hickmia
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ness decays exponentially with the ratio of 103 thickness
owver i1s skin depth if this ratio & greater than 1 [3]. The
exact results of shielding effectivencss are shown in
Table 9.

6. Conclusions

Impedance characieristics for bushar svsiems practi-
cally used in buildmgs were investigated experimentally
and numerically. Bushar systems without any ferromag-
netic material present are successlully modelled wsing
the boundary ¢lement method, The resulis from the
measurements indicate that the model can be used 1o
predict impedance of any such busbar system with a
good accuracy. When a ferromagnetic material (e.g.,
galvanised iron) is present in the busbar system. the
impedance varies within a small range. A linear model
with a constant value of equivalent relative permeabil-
ity is practically possible for predicting the impedance,
A reasonable accuracy of 10%% can be achievable if the
current is close to its rated valpe. The linear model may
net be valid o the Gl trunking is salurated, which
usually occurs under short crewt or earth fault
conditions.

The impedance ol busbar irunking svstems is greatly
affected by system design parameters, such as bushar
separation, trunking side and thickness, relative perme-
ability. As stated previously, the impedance is insensi.
tive 1o relative permeability in the normal operating
conditions. Both busbar separation and trunking height
have a great influence on its impedance. However, both
trunking size and thickness have an insignificant influ-
enceé on the impedance. From the viewpoint of
impedance, It & nol recommended to use large and

thick trunking if small impedance s desired. However,
as far as the performance of magnelic shiclding is
concerned, i1 8 betier 1o make the trunking thicker or
Tess in width.
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