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In the paper the influence of the external proximity effect on the active and reactive 
power in flat three phase high current busduct were presented. Calculations were made 
using the Poynting theorem and Joule-Lenz law.

1. Introduction

Flat high current busduct with tubular conductors are applied mostly as an 
unsheathed in switching station, low and high voltages, and sheathed as a 
connection o f big generators and transformers, and also in power transmission in 
long distance for high value of nominal currents -  Fig. 1 and Fig. 2 [1-9].

The design of the busducts used for high currents and voltages causes a necessity of 
precise describing of electromagnetic, dynamic and thermal effects. Knowledge of the 
relations between electrodynamics and constructional parameters is necessary in the 
optimization construction process of the high current busducts [1, 2].

Information about distribution electromagnetic field and power losses is a base 
into analysis of electrodynamics and thermal effects in the high current busducts. 
Determination of the power losses into high current busducts enables the 
calculation of temperature of these devices, which is a basic constructional 
parameter [1, 2 ].

Fig. 1. Power station [10]
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Fig. 2. Flat three phase high current busduct

Power losses depend on value o f currents, but for the large cross-sectional 
dimensions of the phase conductor, even for industrial frequency, skin and external 
proximity effect (Fig. 3) should be taken into account [5-9].

Fig. 3. Eddy currents induced in the screen by the magnetic field o f the neighboring phase conductor

2. Electromagnetic field in fiat three phase high current busduct

Let us consider the electromagnetic field in flat three phase high current busduct 
presented in the Fig. 2.

Total density current in the first conductor [5, 7]:

J 1 ( r , Ѳ ) = J 11 ( r ) + J 12 ( r , Ѳ)  + J 13 ( r , Ѳ)  = 1 z [ l  11( r ) + J 123 ( r , Ѳ)] = 1 z J 1 ( r , Ѳ)
( 1)

where current density J  11( r ) take into account the skin effect and has a form

,  ( r ) = Ki  i£ R i> 10 (£l ) + h i£ R i) K o(El ) = L L l  , l  (2)
- ' A 1 2 n R  / , (ГЛ 2 ) K ,(£R t ) - 11( r R ) K ,(ГЛ 2 ) 2 n R  ~

while
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, ir л = K1 (TR,) I o 0 > )+ /, (ГК,) К o fcr) 
- ( ' I1 (£R2) K  (TR.) - 1.(TR.) K  (T R )

and current density J  12( r , 0 )  is defined by formula
Г T X l  R j n

J i j ( r , Ѳ ) = - T ę  5  Ь  J f ” ( r)  cos " Ѳ (3)
where

f  i r )  = Kn+1 (Г  R 1) In (Г  r ) + In+1 i  Г  R 1) Kn ( Г  r ) (3a)

- n In -1i r  R 2 ) Kn+1i r  R 1) - In+1( r  R 1) Kn-1 ( r R 2 ) 

but current density J 13 ( r , Ѳ)

Г T x l  R J n
J  13(r, Ѳ) = - = 7 T 5 І Т З І  f n ( r )  c o sпѲ  = J 13(r, Ѳ) exp [j ^ J  13(r, Ѳ)] (4)

П R 2 n=1 V 2  d  J
If  currents

2  2  
I 2 = exp[ -  j 3  n] 1 1 oraz T 3 = exp[j 3  п] 1 1 (5)

then total current density in first conductor has a form
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J  1(r, Ѳ) = J  11(r  ) + J 123(r, Ѳ) = Г 1 1
4 n

- ( r )  -  2  55  A  I d j  f n ( r )  cos п ѳ

(6 )
where

An = - 1  
_ n  2

(1 + 2 -n )+  j V3 (1 -  2 -n )] = An exp[j ę n ] (6a)

An = л /1 -  2 -n + 4 -n (6b)

V3(1 -  2  -  n )
<p„ = -  n  + arc tg— -̂-------- z (6c)

1 + 2 -n
Total eddy currents in second conductor is described by formula (6 ) in which 

current 1 1 should be replaced by T 2 and constant A n by constant

B n = 2  {“ [(-  1)n + 1]+ j ^  [(- 1)n -1 ]}= B n exp [j Wn] (7)

For the third conductor, current T1 should be replaced by T 3 , but constant A n by 

C„  = t i L [ - ( l  + 2 - ” )+  j л/3 ( l - 2 -n )]=  C„ exp [j9 „ ] (8)
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Total magnetic field in the first conductor has a form [6 , 7]
H  1( r ,Ѳ ) = H „ ( г ) + H 12( r , Ѳ ) + H  13(r,Ѳ ) = 1 rH  1r(r, Ѳ)  + 1ѳ И ю (r , Ѳ)  (9) 

where radial component
H  1r (r, ѳ )  = H  12r (r, ѳ )  + H  13r (r, ѳ )  = H  123r (r, ѳ )  (10)

while

and

I  x (  r  ] n
H 12r (r, ѳ )  = — ^ 2 ----S | “ f ]  n  f „ ( r)  sin „ ѳ  (10a)П Г  R 2 l „=1 ^ d  J  ~ n

I  (  r  ]
H  13r( r ,ѳ )  = ------] n  f n(r)  sin„ ѳ  (10b)

П Г  R2 l „=1 ^ 2  d  J - n
Tangent component of magnetic field in first conductor

H  1ѳ (r, ѳ )  = H  11ѳ (r)  + H  12ѳ (r, ѳ )  + H  13ѳ (r, ѳ )  = H  11ѳ (r  ) + H  123ѳ (r, ѳ )
( 11)

where

H п ѳ ( r)  = ^  K 1( r  R 1) I 1( r  r ) - I 1( r  R 1) K 1( r  r )  = ^ h ( r )  ( 11a) 
- 11ѳѴ'  2 n R  I x( r  R2) K x( r  Rx) - I x( r  Rx) K x( r  R 2) 2 n R  “ V '

h (r  ) = K 1( Г  R 1) I 1( Г  r )  -  h ( r  R 1) K 1( r  r )
- v 7 I X( T R 2 ) K 1( r  R 1) - I 1( r  R 1) K X( T R 2)

and

H  123ѳ (r, ѳ )  = -  n  ^ R  r  Z  ̂ n  | Rd2]  [- n  f n ( r )  + g n (r)]  c° s^  (11c)

g  ( r )  = г  r  K n+1 ( Г  R 1) I n-1 ( Г  r ) -  i „+1 (г  R 1 ) k „-1 ( Г  r )
- n _  In -1( r  R 2 ) Kn+1( r  R 1) -  In+1(r  R 1) K n-1( r  R 2 )

In the same way we can determinate the magnetic field in second and third 
conductor.

In the above formulas I 0(Ll ) , K 0( P r ) , I 1(El ) ,  K 1(r_r) ,  I n( Г г ) ,

K n ( Г г) ,  I n_1( r r ) ,  K n_1( r r ) ,  I n+1( r r )  and K n+1( r r )  are modified Bessel’s

functions, 0 , 1, n, n -1 and n+1 order, calculated for r  = R1 and r  = R 2 , and the 
complex propagation constant o f electromagnetic wave

Г  = 4Jojuy = ^ щ і у  exp[j^n] = k  + j k = j 2 j k  ( 12)

in which attenuation constant
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k  = a/uy
2

1

~5
( 12a)

where S is the electrical skin depth of the electromagnetic wave penetration into 
the conducting environment, a  is an angular frequency, y  means conductivity of

-7 1conductor, and ц 0 = 4ж 10 H  • m" is magnetic permeability of the vacuum.

3. Influence of the external proximity effect on power losses 
in flat three phase high current busduct

Stream of the complex power penetrating into first conductor is defined by the 
formula [11]

S 123 (r , Ѳ) = E 123 (r , Ѳ) X H  *23 (r, Ѳ) (13)
Apparent power of the first conductor is equal

S 123 = JJ [e  123(r) X H 123(r)
S

• dS = P123 + j Q123 (14)

from where a complex apparent power S 123 in the first conductor has a form

S 123 =
j l  I 12

2n

5  a 2„ i ^ -d

n V n (R 1) f  i  (R 1) -  L  ( R 2 ) f  I (R 2 ) ]+

+ f „  (R 2 ) g„  (R 2 ) -  f „  (R 1) g„  (R 1)
(15)

In the above formula we can not isolate the real part (as an active power) and 
the imaginary part (as a reactive power). It is impossible on account of the complex 
propagation constant and complex modified Bessel’s functions. Therefore the 
active power will be calculated from formula [11]

1 1 l 2mR2

P123 = f j J ~ J  123(r)  J *23(r)  dV  = -  J  J J  J 123(r)  J *23(r)  r &  d 0  dz (16)
V y

From the formula (16) we get
0 0 R1

. 2n

2  П У R 2 n=1

an
d b„ b.

where
ąn = In+1 (ГД2) Kn+1 O R ) [i:+1 (LR 1 ) K* (ГЯ2) + I* (ГЯ2) < +  ( / R ) ]+

+ j In (rR 2 ) Kn+1 (П ) [i*+1 (LR2) K*+1 (r n ) - 11+1 (Г! ) K*+1 (TR2) ] -

f K*+1 O R ) [i* (LR, ) Kn+1 (ГД 2 ) -  j I*+1 (LR2) K n (ГЯ2)]+] 

| +1*+1 O R ) K 1 (£ R 2) Kn+1 (£ R 2) + j K*+1 (£ R 2) K n (ГЯ2 )]J

(17)

(17a)

-  In+1(П 1) -
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b n = Tn-1 ( L R 2) Kn+1 O R ) -  Tn+1 (L R , ) Kn-1 ( L R 2)

ь! = іП-1 (ГЯ2 ) k1+1 (ГЯ1) - 1*+1 ( ГЯ1) (rR2 )
If we introduce the reference active power

l  I i
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P0 =
n  y (R 22 - R 2)

then the relative active power in the first conductor has a form

- j  V2 j ak (P) = P123 
123 _

Pr
(1 -  P 2 ) 5  A

0 2 ł 5  A2 V I

2n
1 j  an

bn bn
R R 1 d

where a  = —  = k R 2 , P  = —  ( 0 < P  < 1) and I  = —  > 1.
R

(17b)

(17c)

(18)

(19)

Dependence of the coefficient (19) on parameter a for different values of the 
relative walls thickness p  of the first conductor and of relative distance between 
conductors X is presented in the Fig. 4. 

a)

b)

1.5

£=0.95

0.2 0.4 0.6 0.8 1.0 1.2 1.4

Fig. 4. Dependence of the relative active power in the first conductor on parameter a: 
a) for constant value of the parameter p, b) for constant o f the parameter X

2

39



Z. Piątek, T. Szczegielniak, D. Kusiak /  Influence o f the external proximity...

The reactive power in the first conductor

Ql23 = -  (S 123 - Pm ) = 5  A l  f R -
. 2n

2 n=1

+ f n  (R 2 ) g  n (R 2 ) -  f n  (R 1) g  n (R 1) +
L  r 2 an

2  bn bn
If we introduce the reference reactive power

Q0 = X  0 w T1 = a
2  n

R 14 , r 2 1 э к ?  -  r 22
ln —  -  1 2

R  -  R 2 )  R 1 4  R2 -  R ,2
Il2

then the relative reactive power of the first conductor has a form

Q l1 (Q) = ^  123 
123 _  n  

Q 0

1

P L . 1 1 э р 2 - 1
ln ------

n

(1 -  P 2)2 P  4 1 - P  

к  (Ri)  f  n (Ri)  - / „  (R 2 ) f  n (R 2 )]+

2n

n=1 I

+ f .  (R 2 ) g  1( R2 ) -  л  (R i) g  *( R i) + ^
a  a n

2  bn bn

(20)

(2 1 )

(2 2 )

Dependence of the coefficient (22) on parameter a for different values of the 
relative walls thickness p  of the first conductor and of relative distance between 
conductors X is presented in the Fig. 5.

In the same way we can calculated power losses in the second conductor. The 
relative active power in the second conductor has a form

,2 n
к (P) = - 213 P f - = (1 -  p 2 ) 5  b „2 VB,2 І - an (23)

P  2  n=1 VI J  b n b n
Dependence of the coefficient (23) on parameter a for different values of the 

relative walls thickness p  o f the second conductor and of relative distance between 
conductors X is presented in the Fig. 6 .

The relative reactive power o f the second conductor has a form

X

x

2
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, 2n
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k (Q) = Q213 
213 _

1

o .2 p 4 1 1 3 p 2 - 1
\2 n Я Ал о 2

X
n=1

n

(1 -  p 2 )2 p  4 1 -  p  

f  (R1) f  n (R1) -  L  (R 2 ) f  n (R 2 )]

sp *

+ f „  (R 2 ) g  n (R 2 ) -  /  (R 1) g  n (R 1) +
a  a n

2  bn b_n

(24)

Dependence of the coefficient (24) on parameter a for different values of the 
relative walls thickness в  o f the second conductor and of relative distance between 
conductors X is presented in the Fig. 7.

a)
кs*123

b)

Fig. 5. Dependence of the relative reactive power of the first conductor on parameter a: 
a) for constant value of the parameter в , b) for constant o f the parameter X
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a)
^213

b)
*213

Fig. 6. Dependence of the relative active power in the second conductor on parameter a: 
a) for constant value of the parameter p, b) for constant o f the parameter X
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a)
*213

b)
4

Fig. 7. Dependence o f the relative reactive power o f the second conductor on parameter a: a) for 
constant value of the parameter p, b) for constant o f the parameter X

In the case o f third conductor we have

C n = A n = л / 1 -  2 -n + 4 -n (25)
hence

and

k i n  = P f  = k ! S  (26)
P 0

k (Q) = Q312 = k (Q) (27)л312 _  n  ~ л123 
Q 0
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4. Conclusions

In produced high current busducts, for industrial frequency value o f parameter 
a  is included from 5 to 20. It means that active power in conductors of the flat 
three phase high current busduct can reach value of active power connected with 
phase current (Fig. 4). In the second conductor (Fig. 6 ) active power connected 
with proximity effect can be two times higher than active power of phase current. 
Similarly, reactive power connected with proximity effect in first and third 
conductor of three phase high current busduct can reach value reactive power of 
phase current (Fig. 5). But in second conductor reactive power connected with 
proximity effect is few times higher than reactive power o f phase current (Fig. 7). 
In all determined causes proximity effect is stronger when distance between 
conductors is shorter.
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