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Abstract: In this paper, a simplified procedure is presemtelde used in determination of magnetic reluctaameeinductance of

short cylindrical coils of a rectangular cross-tggt Based on calculations and analysis, it is shtivat the coil with a greater
ratio of longitudinal/transversal dimensions of thess-section should rather be approximated wighréctangular cross-section
than the circular cross-section, as it is usuatiyead It is proven that the magnetic conductandbedlux outside the inner part of
the caoil is directly proportional to the perimetdithe contour of the cross-section given. By usibtpined results, the impact of
the cross-section shape on the values of the mage&ictance and inductance of short cylindricglsccan be analyzed.
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Self-inductance is a fundamental electrical enginge
parameter for a coil. Several monographs are ddvote
its calculation [1], [2]. Based on the definitiofi ftux  Equation (3), for the magnetic reluctance to fluxside
linkage per ampere, self-inductance can be comgayed interior of short coil, is derived [5]

applying the Biot-Savart law directly. Alternate _ 1 045D 3
methods include 1) integration of the mutual indnce AR = U, D?ml4 ®)

of two circuit elements over the cross-section I t |\ hare D is the cross-section diameter drid the coil
conductor and 2) Taylor's series expansion [1], [2]  |ength. In Equation 3 it is shown that the magnetic
It is difficult to assure the inductance calcwatito o) ctance to the flux outside interior of a solenis
be -accurate. Trad|t|(_)nally, two chomes hqve bee&qual to the reluctance of a segment of length
available. One way is by double interpolation fromye—q 450 from an indefinitely long coil. On the basis
tables in a monograph [1], [2]. The other way is Q¢ (2) it is concluded that total magnetic reluctarR,)
estimate |t§ value f_rqm an appr0>_<|mat_e formula ang." the solenoid of length), equally to solenoid
corresponding coefficient values, given in the fooM moqnetic reluctance of fictitious length =(+0.45D;.
tables or graphics in a literature [3]-[7]. Equation 3 shows that the reluctance to the fluside

In this paper, accurate self-inductance expressioghe interior of the coil has practically a constantue
based on further similarity of expressions for ﬁwe for the coil of the given diameter value (D=conatjd
of reluctance to the flux outside solenoid interfr 4 gifferent length value £ const).

circular and rectangular cross-section. On thisshése Based on of the author's results [4], the mutual
corresponding expression would be established 81wabl i, ctance (M) of coaxial coils with circular cress

calculation of rectangular cross-s_ection solen@thlt i tion depends on the cross-section area of ther in
reluctance (R ). It would be especially usefully for the . (A,=nD%/4):

analysis of the impact of the cross-section shapte

values of magnetic reluctance and inductance oftshov = gy, ——————

cylindrical coils. 4(¢, + 045D,)
On the basis the known approximations as thghere

expression for nductance (L) and reluctancg) (Rf

cylindrical coils of circular cross-section, [3]daf#]:

DZIT (4)

L 1, D; - length and diameter of the outer coil,
L 5, D, - length and diameter of the inner coil.

The expression for inductance (L) of the rectaagul
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bh 1 ¢ 1

L, =N%u,— K (5) =—03-03— @)
n Ho | n R U, bh K,

In (3), besides physical and geometrical valygsN, b, — +

h, t), coefficient K =f(h/l, h/b) appears representing Ry = Ruo +4R,, (®)

the decreasing inductance due to reluctance tdlulke _1 ¢ 1-K;

outside the interior of the solenoid. This coe#fiti sets AR, =— Gb_h K 9)

values in the form of graphs as a function of therg Ho 1

parameters (fig. 1). It aggravates observation taf t 1 [—Iﬁ

functional dependence of inductance on the solenoigmh ‘7 bh (10)

dimensions. In a similar way it can be proven tifnat 0

value of magnetic reluctancaR,,) to the flux outside Where:

the solenoid interior, of the rectangular crossieec R reluctance of a segment of length from the
and the given ratio of the value of the shorter langer jngefinitely long, rectangular cross-section soldno
side (b/h), is almost invariable with the changethe

coil length R - reluctance of a solenoid of finite length),(

Furthermore, based on the similarity of expressiondRm=Rm-Rm - reluctance to flux outside the interior of
for the value of reluctance to the flux outside théhe solenoid, i.e. on the so-called back path & th
solenoid interior of the circular and rectangulanss-  flux (Fig. 2),

section, a corresponding expression would bR, the same as R but for a segment of lengtkh,
established for calculation of the rectangular $10sy, ,_|onger (b) and shorter (h) side of cross-section

section of a solenoid total reluctance,(R ¢ -length of a given solenoid

b | Ky =f(h/l, h/b) — coefficient of the decreased solenoi
inductance of lengttt), Fig.1 [5], and
h [ ] Lo— magnetic permeability of air.
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Figure 1. Correction coefficient,K=f(h/l, h/b) for calculation Figure 2. (a) Coil of a rectangular cross-sectidth o)
of inductance of a rectangular cross-sectionalmeate with  realistic of the magnetic field, and (c) corresgogdnagnetic
£ >horhf <1 (long coil), [5]. circuit.

Taking the values for K from the diagram (Fig. 1),
the values ofR,, 4R, and R, are calculated. Ratios
RwWRmnand AR/R, are given in table 1. Value R
It is shown that it is practical to define certaincalculated with (10), is taken for a relative unfts
reluctances for a rectangular cross-section cail2fF values of the given ratiaR./AR,= Const (table Al in

2 Calculation of Inductance and Reluctance of
a Rectangular Cross-section Cail

and to give a corresponding expression for them: Appendix, column 5) for the definite value ratiolob,
1 ¢ it is concluded thatAR /AR mea=Ff(h/b).
Ry =—0— (6)  Ifis introduced new coefficient K=f(h/b):

Mo bh
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AR relative unit for the coil of given area (Abh) of a
Kon = =) med (11)  rectangular cross-section, are given in Table 2.
“Ron - Table 2: ValuesK ,,h/~/bh =K, B/h/b
On the basis valuesAR/ARm)mes=f(h/b) given in : 2M 2n
Table 1, the corresponding dependence 0EKh/b) is  |h/b 0.] 0 0.B ol 0|5
shown in Fig. 3.
g K,nh/+bh | 0304 0.38f 0432 0455 0.467
Table 1: Corresponding values Kand K ¢ h/b 04 067F 0.7 0.8f5 1
— (AR, 1
h/b Kan —(a)med Kane =T17p | Ekec® K,nh/+bh | 0469 047B 0.4945 05p1 0412
0.10( 0.966p 0.9091  -5.9¢% The value for increasing the magnetic reluctance i
0.200 0.864p 08343 -3.74%  relative unit, with a coil of a circular cross-seat on
0.300 0.7884 0.7692 -244%  the basis of equation (3), is
0.40¢ 0.718p 0.7143 -0.6Q% _ _
0500 0.6596 06667 Lodw Koo /4 Ao —20.4§D /(0.5D\/3.1459) =0.508 _
0.60d 0.605l 06280  3.24% where A=nD“/4 is the area of a circular cross-section.
0.674 0.5820 0.5910 2.50% On the basis of the given value (0.508) and data in
0.75( 0.560B 0.5714 1.84% Table 2, it is concluded that the coil with a g&aatio
0.87d 0.536D 05333 05d% of the longitudinal/transversal dimensions of cross
0.900 0531b 05212 -07d% section, i.e. with b/ 2 (or h/kx 0.4), should rather be
1.000 05126 05000  -2.5d% approximated with the rectangular cross-sectiom tha
with the circular cross-section, as it is usualiyel.
In this paper is shown that the functional
K, A dependence Kf(h/b) may be expressed, with a
Kye satisfactory correctness, analytically by usingféiew
L1 relation:
b
1.0 \ K,, =—— (14)
s\\ 2n b+ h
0.9 \ Comparing the values in columns 5, 6 and 7 (Table
Al in Appendix), it is clearly seen that express{@d)
0.8 \ gives the values for X When expression (14) for,Ks
07 N inserted into the expressions fBy, 4R, andL, the
' \ following is obtained
S 1 _h_Db
0.6 \\ AR, =—0E—0GE— t>h>b (15)
s - . 4, bh b+h
0 02 0.4 0.6 0.8 10 hb 1 1 b
Figure 3. Dependence of inductance coefficients: R =— E’% [{¢/+h b+ h) , L=h>b (16)
— K, =f(h/b) for the rectangular cross-section coil, and Ho
K, iven i - i bh
K, c=b/(b+h) given in the simple relation. LI'I =N 2/10 5 ’ ¢>h>b (17)
It is shown that the values,RAR,, andL may be [ +h Elm

defined with simple relation by introducing coeiéiot ]
(K, ). Reluctance to the flux outside the interior coivhere @) always denotes the shorter side of the
(AR, ), i.e. on the so called back path of the flux, is ~ rectangular cross-section and (b) the longer skie.

1 h cross section area, A= bh, so
AR =N—OG%EKZH (12) anNzﬂoﬁlﬁ_ﬁ . t=h=b (18
On the basis Equations 11 and 12 we obtain | +T E'm
Ry = i gl [0 + K, h) (13) Corresponding inductance coefficienisKkin Equations
M, bh 5and 18 is:
and K are the values given in Table 1 and Fig. 3. Ky = 1 , ¢>h>b (19)

ValuesK - / /A, =K,h/\/bh =K, G/h/b, ehgbo
|

represented in the increasing magnetic reluctance i b+h
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Example 1: inner part of the cail is directly proportional to the
Calculate the value of the inductance of a recttmgu Perimeter of the contour of the given cross-section.
cross-sectioroil length (I=30 cm, b=15 cm, h=10 cm), Coefficients of proportionality are in both caséghgly
a) by using the procedure given in this paper, Eqoa dn‘_ferent and their values are pr.act|cally _equal dbort .

[1, Section 9-3]. basis and using Equation 18, expression is obtdmed
4 rectangular cross-section:
L, =20° &0’ 1500 ﬂ_? L » A, 1 t<h<b 24
somo0? ,,10,15 L, =N B NS (24)
3C 15+1C [ +—-[09——-
L, =0.20944010™*H I~ b+h

The corresponding inductance coefficient;;Kin
squations (24) is

b) Calculation made with the improved — accurac 1

procedure given in [1, Section 9-3]: Ky = , t<h<b (25)
Value inductance coefficient;K | + D 9 b
K= 1ay(b/c)+ ap(b/cf- ay(b/c)'+ ag(b/c)- ag(b/c)+... |~ b+h
Kin= 1-0.38240.5+0.10310.5-.01280.5+0.00420.5-  The accuracy of Equations 24 and 25 is checked by
K 008(;23651358*' investigating of any short coil < h < b).

= Y. .
Coefficient valuesy, a,, a4, agandag are determined in Example 2:
the data given in Table 9-4 [1]. Calculate the value inductance of a rectangulassero
The corresponding inductance values, calculateth witection ofcoil short (¢ =2.5 cm, b=15 cm, h=10 cm),
(5), are: a) by using the procedure given in this paper, Eqona

1501010 (24), and b) the improved - accuracy procedurergime

L, =20° 70’ [0.83625 [1, Section 9-3].

3001072

L, =02101700“H a) Calculation inductance with Equation 24

-4
The difference in the results calculation obtaingd L, =25°470107" 15&0&3 1
using simple Equation (19), i.e. the error, is d§5%. 2500 1+ 10 mon 15
25 15+1C
3 Calculation of Inductance of the Short L, =1.490510*H

Cylindrical Coails of any Cross-section
b) Calculate inductance by using the improved-

For the perimeter of rectangular contour crossaccuracy procedure given in[1, Section 9-3]:

section R=2(b+h), expression (15) gets the form: L, =(y, /628 N*? Eﬁb @ —¢.)+hg, —l,l/b)]
AR . = 12 (>h>b (20) Ln =(408140107 /628) (25 j0150(607 - 130) + 010540~ 064)]
Ho Pr L, = 15010 H
meaning that the corresponding magnetic conductanggin fig.9-3 and fig.9-4 [1]:
to the flux outside the inner part of colil is - ¢, =6.07 andy, =1.30, for bf =6 and h{ =4, and
_ H - pg =5.40 andyg =0.64, for bl =6 and h{ =4.
AN = 1y [‘F? ' tzhzb (21) The difference in the results calculation obtaired
On the basis of Equation 3, for the magnetigség%;'mple Equation (24), i.e. the error, is only
. 0.

reluctance to the flux outside the inner part afraular

cross-section coil with perimeter#Dx, the following Considering the above and fact and the fact that

most irregular cross-section coil may approximatstg

is obtained - ,
1 3 well to the rectangular cross-section, in the seofse
AR, =— [.]1_ (22) approaching the contour in the shape, expressiz)s (
My P, and (23) may be given a general significance.
i.e., the corresponding magnetic conductance is: By comparing Equations 22 and 24, the conclusion
p can be drawn that the recommendation from
AN, o = Uy = (23) literature to approximate the short coil of the
18 ) o irregular cross-section with the coil of the cieul
From the expressions (21) and (23) it is steat cross-section of the same area, is only parthydvali

the magnetic conductance to the flux outside the
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is more correct that for the magnetic reluctance dhe values of magnetic reluctance and inductance of

short coils the following is determined:

- partial reluctance R,,) of a segment of
length @) from indefinitely long, and

- reluctancedR,, to the flux outside the interior
of the coil, by using Equation (22). [1]

Total reluctanceR,, = AR + R, of a short coil 2]

of finite length ¢) is

3
Rm:igg_+i[_|ﬂ (26) [3]
Ho A M, 18
The corresponding inductance is (4]
L=N2,L10EI;, t<h<b (27)
(1S+P/18 [5]

It means that approximation of the coil of an
irregular cross-section with the coil of a regutaoss- [6]
section is correct if the two cross-sections héreesame
values of areas and perimeter (Fig. 4a, bj’]
Approximation with the same area circular crossisac
leads to an error in determinationARR,, value (Fig. 4a)
because of the difference in the perimeter of theular (8]
and rectangular contour. Sometimes, the approximati
with the rectangular cross-section may be erroneous
(Fig. 4b), although the approximated rectangle and
actual cross-sections have the same area valjgs (9]
because the actual cross-section has the contoar of
longer length. Therefore, the determination AR,
according to the approximation (Fig. 4a) would l¢ad
an error. This confirms that it is more correct to

short cylindrical coils.
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Appendix Table Al: Calculated values of R, AR/Rmnand ARyARm)mes=f(h/b)

h/b h/[ K1l Rm/Rmh ARm/Rmh szmgd K2u:b/(b+h) h/b h/[ Kl Rm/Rmh ARm/Rmh KZD,med KZD:b/(b+h)
01 1.d 0519 1927  0.9%7 0.6/ 1.0 063p 15842 0.5p2
0.1] 0.9 0.539 2.061 0.9%0 0.675 09 0650 1.709 0.5b8
01 04 0.56p 2212 0.9¢2 0674 0.8 0.67B 1.847 0.6p7
014 0.7 059 2397 0.9¢8 0.674 0.1 0706 2.046 0.5p8
01 04§ 0631 2641 095 0.679 0.6 0.73f 2.241 0.5b5
0.1 0. 0.67] 2981 00981 0674 08 077p 25491 05p1
01l 04 0716 3497 0997 oed o4 0B 3011 ochT
0l 03 077 4296 09¢2 0679 03 0855 3899 _ 0.5b5
01 04 083f 509744 004 : 3
- 0.674 0.2 0.90f 5531 0.5B1
0.1 8.69¢  0.96p 0.9¢ 0.674 5239 0582 0.5$7
02 1.d 0545 1835  0.8%5 2 £op :
0 0d o5sh Lodi  o08k0 079 1.4 064 1.5d0 0.560
0 08 o05eb 2195 0905 079 09 065p 1.646 0.5¥5
o o7 0618 2312 0s83 079 0.4 o068l 1.836 0.586
0.2 0.4 0656 2541 _ 0.84 0794 04 0718 2044  0.575
02 04 0695 2878 0.8ts 0.79 0.6 0.74p 2.234 0.567
0.2 0.4 0.74% 3.3596 0.8%6 0.75 0.5 0.77p 2.547 0.567
020 04 0796 4193 0840 0.79 04 0.81p 3.093 0.53
02 04 0860 5814 08l4 079 04 0.85p 3.840 0.547
0.2 7.784  0.86p 0.83 079 0.4 0.90F 5.513 0.513
0.3 1.d os56F 1743  0.7¥3 0.75 5.043 0.56p 0.511
03 09 0581 1912  0.8p1 0.874 1.0 0658 1.540 0.5p0
03 0.4 0.612 2.042 0.792 0.879 0.9 0.67L 1.696 0.545
0.3 0.1 0.63¢6 2246 0818 0874 04 0.69p 1.806 _ 0.556
03 08 067 24890 0813 0.874 0. 0.72p 1944  0.5h6
03 08 071y 278 0.749 087 0.4 0.75p 2.26  0.550
8'2 8{“ 8-;‘15; i-ggg 8-;4‘7‘ 0874 04 0.78¢ 2541 0.5p1
: s : : 0.874 04 o082k 3.034 0.5B4
0.3 04 0868 5760  0.760 o4 osch 3505 o.5bE
0.3 7.058  0.784 0.7¢ 0.879 g — =F
o N S S A T 0.874 0.2 091 5.448 0.488
0.874 4.824 0536 0.53
04 od o060F 1846 0.735
04 o0d 0626 1997 0747 4 10 067y 1481 0.441
04 0.4 0659 2.168  0.749 1] 09 0682 1629 0518
0.4 04 069 2408 0.742 1 08§ 0708 1.778 0.528
04 04 073 272 0.7b5 1 0.7 0.721 1.96b 0.536
04 04 0779 3.200 0.709 i 0.6 0758 2.1909 0.532
0.4 04 0.831 4.011 0.6}8 1] 0.9 0.78p 2.53b 0.535
04 04 088 5669  0.669 1 0.4 0.82%) 3.01b 0.516
0.4 6.470 0.71p 0.7 1 0.9 0.869 3.83 0.502
05 1.d 0.608 1698  0.648 1 0.4 0.91% 5.464 0.444
05 0d 0618 1798 0647 1 4614 0.51¢ 0.50(
05 04 064f 193 o062
05 0.4 0676 21103  0.6§5
05 04 0718 2338  06f1
05 09 0758 2696  0.666
05 04 0.79% 3149 0649
05 04 0830 3973 0640
05 04 0891 5612 0612
0.5 5.939  0.66D 0.6¢
06 1.d 0628 1605 0605
06 0d 064 1733 062
06f 0d o066F 1893 0633
06 0.4 0696 2093  06p4
06 0d 072f 2293 066
06 09 0766 2614 06]4
06 04 0808 3094 0594
06 04 0851 3017 0544
0.6 04 090L 5549 0549
0.6 5.45]  0.60b 0.6



