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1. Introduction 

 
Cabinets have been generally used to install digital 

modules for instrumentation and control (I&C) in 

nuclear power plants. The cabinet includes lots of signal 

and power cables whose layout complies with 

regulatory guides [1]. The cabinet has an important role 

to protect the contained cables and digital modules for 

the safety function from the external electromagnetic 

(EM) source. Thus the immunity of an open cabinet 

against electromagnetic interference (EMI) numerically 

has been investigated using mode-matching method in 

[2]. 

Another path for the external EM source to impinge 

on inner cables and digital modules is the bottom hole 

of the cabinet that is penetrated by various cables. 

Especially the EMI can detrimentally influence on the 

digital modules through annular space caused by sealing 

the bottom hole of the cabinet incompletely. Thus it is 

recently required that the electromagnetic interpretation 

in the annular hole is performed to remedy 

electromagnetic problems. Using mode-matching 

method in conjunction with Weber and Hankel 

transforms, we evaluate the electric field and 

capacitance that are formed in the infinite space 

between top and bottom ground planes and annular 

holes penetrated by a shorted-cable. 

 

2. Mode-Matching Formulation 

 

2.1 Potential Representation 

 

Fig. 1 illustrates the analyzed structure that is 

composed of top and bottom ground layers (thickness d1 

and d2), a free-space layer (thickness h and dielectric 

constant r), and a central shorted-cable (radius a) 

penetrating two holes of radii r1 and r2. The penetrating 

shorted-cable is at a potential V0 whereas the two 

ground layers are at a potential of zero. The structure is 

divided into regions 1 through 5. In the following 

potential expressions, the right superscript denotes the 

corresponding region. The potentials 1 and 5 in 

region 1 and region 5 are expressed as (1) and (2) in the 

forms of Hankel transform. Based on the superposition 

principle and the Weber transform, the potentials in 

regions 2 and 3 are written as (3) and (4). 
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Herein J0 (  ) and N0 (  ) are the Bessel functions of the 

first and second kinds of order 0, K0 (  ) is the modified 

Bessel function of the second kind of order 0, the 

parameters kGm (G = 1, 2 and m = 1, 2, 3, ) are the 

roots of R0 (kGmrG) = 0, and un = n / h (n = 1, 3, 5, ), 

respectively. 

 

2.2 Enforcement of Boundary Conditions 
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Fig. 1. (a) Digital I&C cabinet with a penetrating hole, (b) 

Cross section of a hole penetrated by a shorted-cable. 
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In order to determine the unknown coefficients Am, 

Bm, Cm, Dm, 1 2 3( ), ( ), ( ),     and 4 ( ) , four 

Dirichlet and four Neumann boundary conditions are 

required. The Dirichlet boundary conditions on the 

potential continuity and the Neumann boundary 

conditions on the normal derivative continuity at z = z1 

and z = z2 are 
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The other Dirichlet and Neumann boundary conditions 

at z = z3 and z = z4 can be similarly rewritten. Next 

applying the inverse Hankel and Weber transforms to 

Dirichlet and Neumann boundary conditions yields a set 

of simultaneous equations for the modal coefficients Am, 

Bm, Cm, and Dm. It is possible to evaluate the Am, Bm, Cm, 

and Dm after truncating the infinite series in the 

simultaneous equations. 

 

3. Computed Results 

 

The capacitance generally indicates how much the 

penetrating shorted-cable influences on adjacent objects. 

Based on Gauss’s law the capacitance is calculated by 
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Herein Ps is surface charge density (C / m2).  

 

Using (12) and (13) we then calculated the capacitance 

between a penetrating shorted-cable and top and bottom 

ground layers when a = 0.2 m and a = 0.3 m in the 

condition of d = 0.127a, h = 1.27a, r = 4a, and r = 3.84. 

To validate our analyzed results, we compared our 

computed capacitance with those by [3] as shown in 

Table I. Table I represents that the partial capacitance 

C3 is dominant in electromagnetic coupling as well as 

our computed results has a favorable agreement with 

those of [3]. 

 
We then calculated the potential distribution on the 

z plane as illustrated in Fig. 2 where the label number 

on the contour lines and the filled grey colors imply the 

strength of calculated potentials. The results in Fig. 2 

shows that the potential distribution gradually changes 

from the central shorted-cable with 10 V to the outer 

ground layers with 0 V. The calculated capacitance and 

potential distribution provide us the insight to avoid 

EMI problem. 

 

3. Conclusions 

 

Based on the mode-matching method, we solved the 

electrostatic boundary-value problem for holes 

penetrating shorted-cable at the bottom of a digital I&C 

cabinet. The Weber transform and the Hankel transform 

were applied to formulate the electrostatic potential. 

The capacitance and potential distribution generated 

near the penetrating shorted-cable were computed and 

compared with the result from the previous study. The 

presented analysis provides the insight to avoid EMI 

problems at digital I&C cabinet in a nuclear power plant. 
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Table I: Calculated capacitance 
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C1

C1  

Zhang [3] Ours 

a = 0.2 m 

C1 - 18.3 fF 

C2 3.9 fF 5.4 fF 

C3 19.4 fF 17.6 fF 

a = 0.3 m 

C1 - 27.5 fF 

C2 5.5 fF 8.15 fF 

C3 27.4 fF 29.1 fF 
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Fig. 2. Potential distribution when a = 0.1 m, r1 = r2 = 2a, d1 = 

d2 = 0.6a, and h = 4a. 
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