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In order to protect the 
equipment, IcM should be rerouted 
around the equipment, ideally by an 
EMC cabinet [2]. All cables for 
signal (s) and power (p) enter the 
cabinet via a single metal panel in 
Fig. 2. All cable shields are 
connected to that panel; other cable 
leads, e.g. for power, pass their Fig. 2. EMC cabinet 

CM current to the panel through 
filters (F); the safety ground (g) is also connected to the 
panel. The CM currents through all cables cross over at the 
outside of the cabinet and no CM current flows towards the 
equipment. This CM current routing is often more important 
than the shielding provided by the cabinet. In an earlier 
study [3] we advised KHPL to transform the control room 
into a large EMC cabinet. 

Loop c is the ~sual signal circuit or 'differential mode' 
(DM) loop, comprising the LY arm of the divider, the inner 
conductor of the signal cable with the shield as signal 
return, the termination in the CR and the measuring 
equipment. The disturbance coupling between the DM loop 
c) and the current ICM in loop b) depends on the transfer 
impedance Z'1e (per meter) of the cable and on the 
termination of the cable at both ends. We express this 
coupling in an overall transfer impedance Z1, the disturbance 
in vm due to IcM· 

2. Short cable model of disturbance coupling 

q and Zj. This Z12-contribution to z, is proportional to £2. 

Such an £2-contribution has been discussed earlier [4]. 

3. Three systems 
In the comparison of three measuring systems, we assume a 
cable with£ = 60 mas at KHPL, and a resistive Z'tc of 4.4 
mO/m for the frequency range of interest. The characteristic 
impedance Zo = 50 0 and the dielectric constant of the 
insulation inside the cable er = 2. The HY arm Z1 always 
consists of R1 = 4 MO parallel to C1 = 150 pF. Resistance 
R3a terminates the signal cable into its characteristic 
impedance. 

I: A first divider component q = Z1/100 is placed under 
Z1• The LY arm ~ in the CR acts as a second 1: 100 
divider stage. The rationale of this system I is described in 
[5]. In fact, the cable input effectively shunts . .q; the value 
of Zi is not critical. 
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In Fig. 3I the HV source VHV is measured by a divider R1 
(Z1 >Zi), which can be represented by its Thevenin 
equivalent at the cable input in the DM loop. The 
disturbance voltage IcMZ'1e is distributed over the length £ 
of the cable. For wavelengths A long compared to £, the 
overall z, can be split in two parts, z,1 and Z12• For a very VHV 
short cable IcMZ'1e£ can be localized in series with the cable 
shield, e.g. at A in Fig. 31. The interference to signal ratio 
(ISR) over Zj due to Zll is then 

Zi1 is reduced when q increases. For a longer cable, but 
still £<A, a second effect sets in. The distributed voltage 
IcMZ'tc causes a current Jc through the distributed 
capacitance C's£ of the cable; Jc is shared by the 
impedances at both ends of the cable in parallel. The 
resulting part of the voltage over Zj becomes 

IcuZ:CZ j<.>c:zz,. 
=--.---
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provided that IJwC'c2x£ I < 1, where Zx is the smaller of 
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Fig. 3. Three voltage measurement systems. 



II: Zi is grounded via a capacitor C0 = 0.22 µF. A 
second cable [6] 'balances' the signal circuit at power 
frequencies; this cable is terminated by R,, = Zo to avoid 
resonances. Since the CM current in both cables are equal, 
a large reduction in the overall Z, results at power 
frequencies. 

III: We combine the advantages of I and II. The 
impedance Zi is omitted. One signal cable suffices again. 

Several versions of Z:i are possible. The pass band for the 
intended HV signal should extend from d.c. up to several 
MHz. For system I and II, the signal attenuation can be 
trimmed to an elegant number lo-4 by adjusting resistor R3b, 
which is about 400 O; the capacitor ~ is 1.5 µ.F. The small 
resistor Rx compensates the roll-off at high frequencies due 
to the time constant of RJa and c;. In system III, R3a 
terminates the cable; the subsequent passive integrator 
(R3b = 10 kO, C:i = 60 nF) contains only a small capacitor 
which can be· selected for proper behavior at high 
frequency. The signal attenuation is given by Rx)R1• 

4. Comparison based on Z,. 
In the actual comparison we used a full transmission line 
(TL) approach [7] which is also valid at high frequencies. 
The ground loop b) is regarded as a terminated TL through 
which a current wave ICM flows travelling at the speed of 
light. This TL couples to the signal cable(s) via Z',c· At low 
frequencies the TL results are in fu]) agreement with those 
obtained by the simple formulas of Sect. 2. 
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Fig. 4 . The interference to signal ratio (JSR) for the three messuring 
systems. A cable of 60 m length, an /°' of 1 A, and a HV signal of l V 
arc assumed. 

In Fig. 4 the calculated interference to signal ratio (JSR) 
is shown: the contribution Z/CM to the voltage V,,. at the 
output (see Fig. 3) caused by an /CM of 1 A through the 
signal cable, in comparison with the contribution to V,,. of a 

HV signal of 1 V at the input of the divider. In system II 
we assumed ICM = 1 A through each cable. 

Due to the low Zi, system I shows a high ISR, nearly 
independent of frequency. However, this system I has a 
better ISR than the simplest divider. When Zi would be 
lowered by another factor Hf, in order to obtain the full 
1: 104 ratio by Z1 and Z2 alone, the ISR would worsen by the 
same factor Hf. Because of the high Z, at power frequency, 
system I does not allow grounding of the cable shield in the 
CR, which complicates signal handling. 

System II and III show comparably low ISR at power 
frequencies, due to the balancing in system II, and due to 
the omission of Z2 in system III. The cross-over frequency Ji 
is given by 2/(27'R1C'/.); at higher frequency Z12 dominates 
over Z,1• At fz = 1/(2-irR1C1) , Z1 drops. The balancing in 
system II becomes ineffective at .h which cannot be given in 
a simple expression for the actual parameters. System II 
converges with system I beyond frequency Ji = 1/(27rRbCJ . 
System II and III aUow the signal cable(s) to be grounded at 
both ends. 

We measured the Z, of Systems II and III in the 
Eindhoven HV Laboratory for 20 m long cables, using the 
signal cable termination Z:i of II in both systems. As Fig. 5 
shows, calculated and measured amplitudes agree to within 
15 percent. The rise of curve III above 20 kHz is caused by 
the small resistor Rx = 3.2 0 in the LV arm II. Other 
measurements (not shown) verified the £2 dependence above 
Ji for system III; for system II a more complicated behavior 
as function of length was expected and also found above A 
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Fig. 5. Calculated(-) and measured Z, for system II (X, left ordinate) and 
m (o, right ordinate) for a 20 m long cable. 



5. Selection of components 
A chopped HV waveform presents the highest voltage across 
the LV arm elements: a 500 kV drop in 100 ns results in 
pulse current of 750 A which predominantly flows through 
Ci in system I and II, and through R30 in system III. The 
resistor R30 should be selected for linear behavior during the 
pulse. The linearity requirements of R30 are relaxed when a 
lower value of C1 is chosen. We successfully tested system 
III with a well shielded compressed gas capacitor C1 
50 pF, C2 = 1.2 nF [4]; the absence of R1 can be 
compensated by an active integrator following -Z.J. 

Alternatively, a small parallel c2 of 1 nF (dashed in 
Fig. 3III), and a series resistor R2a of about 200 0 at B may 
be placed near the cable input. This still gives a reasonable 
ISR (see dashed line in Fig. 4), and resembles system II 
with a larger Zi· certainly at power frequency since R2 is 
removed. 

6. Conclusions 
Improvements with respect to EMC can be obtained with a 
HV divider component already present at KHPL. The 
principal LV divider arm -Z.J is placed at the end of the 
signal cable, near the registration equipment. Divider 
component Zi is omitted or largely increased in value, since 
a low Zi reduces the impedance seen by the cable input and 
increases the interferences coupled in. For sufficiently high 
Zi· the second cable of system II can be removed. 

With system II and III, a power frequency CM current of 
10 A per (60 m) cable results in an interference signal 
equivalent to a HV input of 1 V. Such currents have indeed 
been observed at KHPL. The equipment is readily protected 
against this current by the EMC cabinet discussed in 
Sect. 1. 

Additional measurements not reported here confirmed that 
stray capacitances between nearby circuits and the HV arm 
are the main source of interference now. This source 
remains the same for all three systems of this study. 

It is often assumed that a Zr coupling is proportional to 
the length of the cable. However, a e2-dependence exists 
above Ji. Metal conduits, braids or tubes around the cables 
divert the CM current from the cables. Even a shorter 
length of such additional grounded conductor is effective 
because of the e2-dependence. 

Good EMC practice calls for grounding the signal cable 
at both ends. Proper selection, placement and connection of 
divider components ensure 1) a well defined HV voltage to 
be measured, 2) a good immunity with respect to the CM 
currents, and 3) a reliable protection of the registration 
equipment. Mobile dividers can be connected similarly. 
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