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A hybrid algorithm for the computation of rectangular conductor per unit length internal impedance is developed. Up to a switching frequency, the internal
impedance is computed using a two-dimensional analytical formula developed by Giacoletto. For these frequencies, 150 terms of Giacoletto infinite sum give a
sufficiently good approximation. For higher frequencies, it is shown that the rectangular conductor can be quite accurately approximated by a cylindrical
conductor. The proposed hybrid algorithm, for higher frequencies, features improved accuracy and speed when compared to the Giacoletto formula truncated
after a small number of terms.
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Hibridni algoritam za proracun unutarnje impedancije pravokutnog vodic¢a

lzvorni znanstveni ¢lanak

U radu je razvijen hibridni algoritam za prora¢un unutarnje impedancije po jedinici duljine pravokutnog vodi¢a. Do izabrane grani¢ne frekvencije vrijednost
unutarnje impedancije racuna se primjenom dvodimenzionalne analiticke Giacolettove formule. Za te frekvencije, Giacolettova beskona¢na suma moze se
dovoljno dobro aproksimirati sa prvih 150 ¢lanova. Pokazano je da se za vece vrijednosti frekvencije pravokutni vodi¢ moze dovoljno to¢no aproksimirati
pomocu cilindri¢nog vodica. Predlozeni hibridni algoritam, za vise frekvencije, daje to¢nije rezultate u kratkom ra¢unskom vremenu u odnosu na Giacollettovu

formulu aproksimiranu s manjim brojem ¢lanova beskonacne sume.

Kljuénerijeci: cilindricnivodic, eksponencijalna aproksimacija, pravokutni vodic, unutarnja impedancija

1
Introduction

The accurate and fast computation of the per unit length
(pul) internal impedance of rectangular conductors is
required in electromagnetic analysis of various engineering
and scientific problems where high current frequencies are
involved [1, 2]. This pul internal impedance of a rectangular
conductor can also be used in more complicated conductor
structures where the shape of the conductor is approximated
by anumber of rectangular conductors [3].

Methods for computing the rectangular conductor pul
internal impedance are based on different theoretical
assumptions. The most often used numerical methods are
those that employ a subdivision of the rectangular
conductor into smaller segments [4+8]. More accurate
methods are analytical one-dimensional (1D) and two-
dimensional (2D) algorithms. The 2D analytical algorithms
[9,10] are the most accurate ones but they are characterized
by infinite sums in the expression for pul internal
impedance. The Rong formula [9] has an infinite double
sum in the expression for pul internal impedance, which
significantly prolongs the computational time needed to
acquire accurate results. On the other hand, the Giacoletto
formula [10] only has a single infinite sum and produces
results of similar accuracy faster. An analysis of the impact
of the term numbers in the Giacoletto algorithm on accuracy
and computational speed will be investigated.

In this paper, it will be shown that for high frequencies
when the skin effect is well developed, the rectangular
conductor can be accurately approximated by a cylindrical
conductor. Then the formulas developed for the pul internal
impedance of solid cylindrical conductor can be used [11,
12]. A hybrid algorithm which combines two formulas is
developed. In the first part the Giacoletto formula with a
truncated infinite sum is used, whereas in the second part the
cylindrical conductor formula is used [11]. The hybrid
algorithm developed yields highly accurate results in a
shorter computational time.

2
Analitycal formulas for internal impedance of rectangular
conductors

A rectangular conductor of height 2-a and width 2-b is
observed (Fig. 1). The height-width ratio will be denoted d =
a/b. The conductor length tends to infinity.

2b

Figure 1 Cross—section of a rectangular conductor

The pul internal impedance of the rectangular
conductor can be computed by various formulas based on
different theoretical aspects which include 1D formulas
[10] or 2D formulas such as the Rong formula [9] and
Giacoletto formula[10].

The 1D pul internal impedance formula can be written
as[10]:

Z = Rpc +(7 -b)- coth(7 - b). (1)

The direct current (DC) resistance of the rectangular
conductor is given by:

1

- 2
4-6-a-b’ @

Rpe =

and the propagation constant 7 is described by:
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where o represents the electrical conductivity of the
conductor material, 4 = u, u, is the permeability of the
conductor material, g, is the vacuum permeability, y, is the
relative permeability of the conductor material, w = 2-7'f'is
the angular frequency and f'is the frequency of the time-
harmonic current.

The Rong 2D formula [9] for pul internal impedance
computation of a rectangular conductor can be written as:

_ o o 2 2 1 -1
Z=Rpc 16-a>-b*- CntCn (4)
Pe [mz_:l,,z_:lci-cﬁ c,%,+c,2,+j~a)-,u-c

where
1 1
m—— |7 n——|'m
2 2
Cpyp=—"5—; ¢, =S, (5)

The Giacoletto 2D formula [10] for pul internal
impedance computation of a rectangular conductor can be
expressed in the following form:

7op, E {i 1 _{tanﬁl(ﬁ)_ktanfl(\_/):l}l’ ©

8 |.Zi(2-m-1)? i v

where:

2 2
a:b-\/(—(z"”_l)'“J 2y vza.\/(—@""‘l)'“J 72 (D
2-a 2.

The formula proposed by Giacoletto (6) is the most
efficient and accurate analytical formula for computation of
the pul internal impedance of a rectangular conductor. Rong
formula (4) employs an infinite double sum, which requires
considerable more terms in the internal impedance
expression to obtain a similar accuracy degree as the
Giacoletto formula. This requires more computer resources
and consequently a much longer processing time. On the
other hand, the Giacoletto formula contains only a single

i — Magnitude
-=-Phase angle

N =350
t=0.0671s

s

c.

- N=150 -
1=0.2059 s ™

Percent error (%)

=3

. N=500 . :
= 0.6802 s =
e

infinite sum. One of the purposes of this paper is to
determine the optimal number of terms of the Giacoletto
infinite sum to produce results of a desired accuracy degree.
This will be addressed in the following subsection.

2.1
The influence of the Giacoletto infinite sum truncation on
accuracy and speed

The number of used sum terms in the Giacoletto
formula determines both accuracy and speed of the pul
internal impedance computation. According to (6), the pul
internal impedance can be computed using the following
expression:

-1
s, m & 1 [tanh(z) tanh(\_))} 2
#=Rpc g {mzl(Z-m—l)z{ A - @

where N is a total number of infinite sum terms taken into
account.

Skin effect internal impedance ratios will be computed
according to the next equation:

Fo=foel0 = fok by =2, )

RDC

where the complex wave number is defined by the
following expression:

s

k=k-e j:,lz-n-f-u-o“eijj. (10)

The argument magnitude kb is connected with the
conductor skin depth J by the following equation:

b
p=2.2 11
k-b 25. (11)

The pul internal impedance of a steel rectangular
conductor 32 x 4 mm (o = 6,7 MS/m and g, = 100) will be
computed for 1000 frequency samples, i.e. k-b samples. To
assure highly accurate results for comparison purposes, the

10 10° 10°

kb

Figure 2 Percent errors of the Giacoletto formula (8) with different N relative to the exact value (N = 5X104)
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Giacoletto formula (8) with N = 5x10" is used. The
computational time for this case is ¢ = 80,3046 s. The
Giacoletto formula (8) with N = 5x10" is, naturally, an
overstatement, but nevertheless useful as these results can
beused as exact.

The accuracy and computational speed analysis is
performed for N € {50; 150; 500; 1,000} with the same
compiling method as for N = 5x10" sum terms. The percent
errors of the Giacoletto formula approximation with a
different N relative to the exact value (N = 5><104) for a
height-width ratio d = 8 are presented in Fig. 2. The
magnitude percent errors and the phase angle percent errors
of the skin effect internal impedance ratios are presented
separately.

Even with only N = 50, the accuracy of the Giacoletto
formula (8) is considerable —up to 0,35 % for very large k-b
(Fig. 2). The computational time for this case is just a
fraction of the time required to compute the exact value (1=
0,0671 s). Naturally, increasing N yields more accurate
results, but a greater computational time is required.

After extensive numerical testing, the optimal N was
chosen to be 150 due to a short computational time required
(¢=0,2059 s), which also yields sufficiently accurate results
(Appendix A). This choice is directly connected to the fact
that, for large parameters, rectangular conductor can be
substituted with cylindrical conductor to improve accuracy
and speed.

3
Rectangular conductor substitution with cylindrical
conductor

For large values of the function argument k-b, it is
useful to substitute the rectangular conductor with a solid
cylindrical conductor for the purpose of computing the pul
internal impedance. This procedure is based on the equal
circumference requirement, which involves a calculation of
an equivalent radius of the solid cylindrical conductor in
such a way that its circumference is identical as the
circumference of the rectangular conductor. The radius of
this equivalent cylindrical conductor 7, can be calculated
from the following equation:

'
!
v
'
\
3
0.6 S

\
\

A}

0.5-

0.4

Absolute percent error (%)

0.1

10'

L _2-(a+b)

€

(12)

T

The pul internal impedance of this equivalent solid
cylindrical conductor for large parameters can be computed
using the following formula developed in [11], which is
based on Hankel asymptotic approximations of Bessel
functions:

k  Ryk-r) +j-Qyk-r)

Z= — = e (13)
2-m 0T Ql(k're) _]'Pl(k're)
where:
130(1;"%) 1 0,0_7031225 N 0,1_121531 _ 0,57_25016421,
(k-r.) (k-r.) (k-r.)
f{(l?re) . 0,1}71825 3 0,14?195?57 N 0,679592;588 ,
(k-r,) (k-r) (k-r)
— = 0,125 0,0732421875
Oylk-r)=—=——+—=—35—-
k-7, (k) (16)
~ 0,227108002 N 1,72772750258
(k-r.)” (k-r)
—= = 0,375 0,1025390625
Ql(k ' re) == - - 3 +
k-r, (k-7,) (17)
N 0,277576447 199353173375
(k-r.)’ k-r)"

This formula gives highly accurate results for solid
cylindrical conductor internal impedance for large function
arguments [12].

31
Calculation of argument magnitude %-5 switching value S

The results computed by the equivalent cylindrical
conductor internal impedance formula (13) exhibit more

— Magnitude - Cylindrical conductor
-=--Phase angle - Cylindrical conductor
—Magnitude - Giacoletto with N = 150
==-Phase angle - Giacoletto with N = 150

kb

Figure 3 Absolute percent errors of the Giacoletto formula (8) with N = 150 and the cylindrical conductor formula (13) relative to the exact value

Tehnicki viesnik 19, 2(2012), 341-346

343



A hybrid algorithm for computation of rectangular conductor internal impedance

V. Boras et al.

accurate results than the Giacoletto truncated formula (8)
only for large values of argument magnitude k-b. Let the
value of the argument magnitude k- at which the Giacoletto
formula (8) with N = 150 and the cylindrical conductor
formula (13) give the same magnitude absolute percent
errors be called the switching value and signed as S(Fig. 3).
The value S differs for various values of the height-width
ratiod.

As an illustrative example, a comparison of absolute
percent errors of the Giacoletto formula (8) with N = 150
and the cylindrical conductor formula (13), for magnitude
and phase angle, relative to the exact value is presented in
Fig. 3 ford=38.

It is evident from Fig. 3 that the phase angle absolute
percent errors of the Giacoletto formula (8) with N = 150
and the cylindrical conductor formula (13) coincide for kb
> 100. However, the magnitude absolute percent errors of
the cylindrical conductor formula (13) are lower than the
Giacoletto formula (8) with N =150 for k-5 > 69,056. The
same applies for the Giacoletto formula (8) with different N.

Therefore, it can be stated that for kb > S one can
accurately approximate the rectangular conductor with a
cylindrical conductor for pul internal impedance
computation purposes. The only issue here is the selection
of the switching value S. The problem will be solved using
the least squares method by determining an expression that
connects S with the height-width ratio d which will be valid
for 1 £ d £ 8. Tab. 1 contains 15 values of S for different
values of d.

According to (10), switching frequency depends on
switching value S of argument magnitude &b, half-width of
the rectangular conductor b, conductor conductivity o and
conductor permeability u. For example, the switching value
for k-b is §=69,056 for a steel rectangular conductor 32 x 4
mm (d = 8) with ¢ = 6,7 MS/m and x, = 100. After
introducing this value of k-b into (10), switching frequency
0f 225,36 kHz is obtained.

The approximation function is chosen to be:

(18)

where f, and f, are the prescribed parameters of the

b

Table 1 The values of S for different values of d

Key no. i d; Si
1 1,0 393,000
2 1,5 308,000
3 2,0 249,000
4 2,5 206,900
5 3,0 176,000
6 3,5 153,000
7 4,0 135,000
8 4,5 120,800
9 5,0 109,200
10 5.5 99,500
11 6,0 91,500
12 6,5 84,600
13 7,0 78,750
14 7,5 73,570
15 8,0 69,056

exponential approximation, whereas @, and a, represent the
unknown coefficients which are computed using the least
squares method. The point collocation method is used and it
is required that the exponential approximation must match
the 15 sampled values given in Tab. 1. The following system
of linear equations needs to be solved to find the unknown
coefficients [13]:

2
> a, E,=8;i=12,..,15, (19)
n=1

of the system of linear equations are deduced from (18) and

(19):

d;

E,=c ™. (20)

The system of linear equations can be written in matrix
form:

|E]-{aj=iS}; @1

X Sampled values of S
— Exponential approximation (18)

350_ .......................................................................................................

300

250

200

100

T
3

o —1

Figure 4 Exponential approximation of the switching value S
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where [E] is a (15 x 2) matrix whose elements can be
obtained from (20) and {S7} is the vector whose elements are
given in Tab. 1. Using the least squares method, the
unknown vector {a} can be computed using the following
matrix equation[13]:

{a} = ([E]"[£] ) [£]"- s (2)

By introducing the computed coefficients into (18), the
exponential approximation is completed (Fig. 4):

d
§=50567-¢ " +22212-¢ &7, (23)

4
The hybrid algorithm-accuracy and speed

The hybrid algorithm developed computes the pul
internal impedance by a combination of the Giacoletto
formula (8) with N = 150 and the cylindrical conductor
formula (13) in such a way that:

Z {equation ®) ; k-b<S 24

" Jequation (13); k-b> S’

According to Fig. 3, substituting the rectangular
conductor with an equivalent cylindrical conductor
produces more accurate results of the skin effect internal
impedance ratio magnitudes for large argument magnitudes
k-b. The skin effect internal impedance ratio phase angles
are in this case slightly less accurate.

In addition to the increased accuracy of the skin effect
internal impedance ratio magnitudes, the proposed hybrid
algorithm has an additional advantage: the time needed for
computing the cylindrical conductor formula (13) is shorter
than for the Giacoletto formula (8) with N = 150. This
implies that the hybrid algorithm will be considerably faster
for higher values of d due to the fact that the cylindrical
conductor internal impedance formula is used for smaller
values of k-b. The times required for computing the hybrid
algorithm are presented in Tab. 2 for various values of d. The
pul internal impedance of a steel rectangular conductor (o =
6,7 MS/m and g, = 100) is computed for 1000 frequency
samples. As a reminder, the time needed to compute the
Giacoletto formula (8) with N=1501s#=0,2059s.

Table 2 Computational time of the hybrid algorithm
d t/s

0,1778
0,1576
0,1529
0,1498
0,1466
0,1404
0,1388
0,1342

[cNIENE Ko N RO IE SNy HUSH I S N

For higher values of d, the computational speed
increases up to 53,43 %. This implies that the hybrid
algorithm can be used with the Giacoletto formula (8) with
more than N = 150 since the computational speed will be

improved. Naturally, the upper limit of the term numbers is
when the Giacoletto formula (8) starts to produce more
accurate results than the cylindrical conductor formula.

5
Conclusion

Using existing formulas for computing per unit length
internal impedance of rectangular and solid cylindrical
conductor, an efficient hybrid algorithm for rectangular
conductors is developed. This hybrid algorithm combines
the Giacoletto truncated formula with 150 sum terms to
compute the per unit length internal impedance up to the
switching value of the function argument. After this value,
the rectangular conductor is substituted with a cylindrical
conductor. Using the least squares method, an expression
for computation of the function argument switching value in
relation to rectangular conductor height-width ratio is
obtained. The hybrid algorithm developed is highly
accurate in a short execution time.
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Appendix A:
Optimal truncation of Giacoletto infinite sum for hybrid
algorithm

The truncation of the Giacoletto infinite sum to N= 150
terms was chosen as the optimal value of terms due to the
fact that, even for different height-width ratios of various
rectangular conductors, a similar maximum absolute
percent error of 0,05 % is obtained when using the proposed
hybrid algorithm. As discussed in Section 3, the rectangular
conductor can be substituted by a cylindrical conductor for
the purpose of computing the pul internal impedance.
Moreover, this substitution yields results of higher accuracy
fork-b> S, where S'is the switching value.

Cylindrical conductor

Absolute percent error (%)

It can be observed in Fig. A1 that, for N= 150, absolute
percent error of the skin effect internal impedance ratio
magnitude peaks at approximately 0,05 % when the
cylindrical conductor becomes more accurate. This is valid
for various height—width ratios of the rectangular conductor
of which only three are depicted in Fig. Al for brevity
purposes —d € {1;4; 8}. In other words, choosing N =150
as the optimal number of Giacoletto sum terms yields a
maximum absolute percent error of 0,05 % for the skin
effect internal impedance ratio magnitude of the hybrid
algorithm.

T Y

Absolute percent error (%)
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