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The end-user seeking to protect sensitive industrial electronics faces the
daunting task of selecting the SPD that provides the best bigh-energy and
low-energy transient and EMI attenuation.

Electromagnetic
Interference

EMI is the exposure and disruption of a
system when subjected to different
types and magnitudes of electromag-
netic energy. Electromagnetic expo-
sure can be either conducted or radi-
ated. Conducted electromagnetic en-
ergy is coupled to the system through
power or data transmission lines.
Radiated electromagnetic energy is
transmitted through the air. It is im-
portant to note that given the proper
geometry of the power or data trans-
mission lines, these transmission lines
canactually act like antennae, thereby
coupling the radiated electromagnetic
energy to the equipment by the trans-
mission lines.

To eliminate or attenuate radiated
and conducted EMI, an in-depth
knowledge of the system in question
is required. The elimination of radi-
ated EMI can be achieved by proper
shielding, grounding, and termina-
tion of all conductors. The theory and
analysis of radiated EMI suppression
is beyond the scope of this paper.
Electromagnetic theory is described
by Paul,! and is presented in many
governmental, industrial, and aca-
demic publications.

The attenuation of conducted EMI
can be achieved by proper ground-
ing, component layout and wiring,
along with a multitude of filtering
techniques and circuits. Among these
filtering techniques are the strategic
placement of one-port and two-port
SPDs within the facility.
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SPDs

This article analyzes the frequency at-
tenuation characteristics of one-port
surge protection devices (SPDs) and
two-port SPDs. The low-frequency
response analysis is obtained between
the one-port and two-port SPDs by
use of mathematical modeling tech-
niques.

The one-port SPD is a parallel type
device. These SPDs connect to the
facility’s power grid such that only the
power of the SPD flows into the SPD.
The one-port SPD has no compo-
nents connected in series with the
power grid of the facility. Addition-
ally, with only minimal operating
current and no series components,
the one-port SPD can be applied to
the power grid with little regard to the
magnitude of the series current. Also,
the one-port SPD can be connected to
the power grid using various diam-
eters of conductors.

A one-port SPD configured in Kelvin
with the facility’s power grid utilizes
the building wiring to connect di-
rectly to the SPD. Although no series
current flows through the one-port
SPD itself, the Kelvin-connected de-
vice must have connectors and/or
wiring capable of handling the full
magnitude of the facility power grid
to which it is connected.

A two-port SPD, like the Kelvin-
connected one-port SPD, connects
directly to the facility power grid.
However, a two-port SPD allows full
phase current to pass through not only
the connection devices, but also a se-

ries componentsuch as an inductor. A
two-port SPD utilizes the high-energy
surge current components found in the
one-port SPDs, and it also incorporates
alow-pass filter for additional transient
attenuation. Therefore, the two-port
SPD must be capable of handling the
total current of the power grid to which
it is connected.

The heightened awareness of elec-
tromagnetic interference through the
requirements of the Federal Communi-
cations Commission (FCC) and the
European Union’s EN requirements has
made the immunity or the ability to
attenuate various types of electromag-
netic interference (EMI) very impor-
tant to manufacturers and end-users of
all types of industrial devices. Addition-
ally, many end-users are looking to the
manufacturers of SPDs to help meet
the requirements of the FCC and EU. In
particular, an SPD is designed to at-
tenuate the low- and high-energy
caused by the indirect effects of light-
ning and the lower-energy transients
caused by induced power line distur-
bances. Examples of theses transients
are the combination wave transient,
the ring wave transient, and the electri-
cal fast transient.2

With the aforementioned types of
SPDs and connection configurations
available, the end-user seeking to pro-
tect sensitive industrial electronics faces
the daunting task of selecting the SPD
that provides the best high-energy and
low-energy transient and EMI attenua-
tion.
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ONE-PORT SPD FREQUENCY
ANALYSIS

When capacitors or high frequency
snubber circuits are placed in one-
port SPDs, their effectiveness is deter-
mined by the frequency response of
that particular component plus any
associated parasitic parameters. These
parasitic parameters include any se-
ries inductance or resistance resulting
from the connection of the SPD to the
facility power grid.

The frequency analysis and testing
of any EMI filter should be modeled
and performed as described in MIL-
STD-220A.3 It is common to express
the insertion loss IL and attenuation A,
of a device in decibels, or dB. Math-
ematically, the voltage attenuation in
decibels A (dB) of a device is defined
as

AV(dB) = 20LogV @) (1)

where

V(t) = Voltage ratio of the output
to the input voltage of the
device in question

The voltage ratio V(O is the ratio
between the voltage drop of the se-
ries components and the parallel com-
ponents at a specified frequency. This
ratio is defined by

e, (t)
VOo @
where
e () = Output voltage of the
system
e,() = Input voltage of the
system

The output voltage e (1) of the cir-
cuit in Figure 1 is easily defined as

Z
V() = 7+ Z; 3
where
e ) = Input voltage
Z, = Impedance of the series
components at the desired
frequency
Z, = Impedance of the parallel
components at the desired
frequency
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As shown in Figure 1, the series
impedance of the one-port SPD con-
nected to a 50-ohm spectrum ana-
lyzer is simply Z; = R,. The parallel
impedance of the one-port SPD, Z, is

_ o'l C+wRC +1

Z, wC,

€))

where

L, = Inductance due towiring
between the surge diversion
component or module and
the facility power grid

R; = Resistance of the wiring
between that same surge
diversion module and the
facility power grid

C, = Total capacitance of the one-
port SPD

The angular frequency @ isinradians/
second and is related to frequency in
Hertz by w=2nf.

A 50-ohm source is utilized for two
purposes. First, many manufacturers
of network analyzers, spectrum ana-
lyzers, and discrete frequency gen-
erators and receivers have a source
and matching load impedance of 50
ohms. Secondly, data shows? that the
impedance of the power grid con-
verges to 50 ohms.
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Figure 1. Series Impedance of a One-
port SPD Connected to a 50-obm
Spectrum Analyzer.

CONVENTIONAL
CONNECTED ONE-PORT SPD

An installation of a one-port SPD can be
up to six feet (1.83 meters) from the
main conductors of the facility power
grid. Using #8 American Wire Gauge
(AWG) for connection, this configura-
tion produces an ideal series induc-
tance of approximately 0.5 WH/meter,
and a series resistance of 2.0 mohm/
meter per conductor. The ideal induc-
tance only accounts for the internal
inductance. This example does not
include any external inductance de-
rived from the coupling of the electro-
magnetic fields in the two conductors.
Utilizing the line conductor and the
neutral conductor, the total series in-
ductance, L, is 1.8 uH. The series
resistance, Ry, is 7.32 mohm.

With a total one-port SPD capaci-
tance of 4UF, and inserting all the
values into Equation 1 through Equa-
tion 4 yields the frequency response
shown in Figure 2. The frequencies
calculated are from 1 Hz to 100 MHz
and the input (reference) voltage is
1.0 volt.

KELVIN-CONNECTED ONE-
PORT SPD

In the Kelvin-connected configuration,
the conductors of the facility power
grid enter and exit the enclosure of the
one-port SPD. Although the facility
conductors are large, usually greater
than #2 AWG, there are many advan-
tages with respect to frequency re-
sponse. Because the facility conduc-
tors are connected directly to the surge
protection module, a minimal induc-
tance, L, of 200 nH, and a resistance,
Rj, of 1.0 pohm are realized.

Inserting these values into Equations
1 through 4 yields the frequency re-
sponse shown in Figure 3. As previ-
ously stated, the frequencies calcu-
lated are from 1 Hz to 100 MHz, and
the input voltage is 1.0 volt.

TWO-PORT SPD FREQUENCY
ANALYSIS

Determining the attenuation charac-
teristics of a two-port SPD is more
complicated than the aforementioned
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Figure 2. Conventionally-connected One-port SPD Frequency
Response (Connected 1.82 m from the Facility Power Grid).

one-port SPD. Equations 1 and 2 accurately describe the
gain (attenuation) of the SPD or filter over the specified
frequency range. However, the difference between deter-
mining the response of a one-port or two-port SPD is in the
modeling technique and the mathematics. A simplified
derivation will be shown, although a more detailed deriva-
tion is available.>

In determining the frequency response of the one-port
SPD, one simply inserts the given values into the equa-
tions. However, because of the presence of inductors and
capacitors which have imaginary components, the low-
frequency response of the two-port SPD must be ascer-
tained by examining specific points. Finally, once these
points are determined, one must apply known response
characteristics to obtain a graphical representation of the
low-frequency response.

In examining the two-port SPD shown in Figure 4, one
notes that there are no impedances in the circuit that
represent the source and load impedance of the network
analyzers. It can be shown through analysis and experi-
ment that the 50 ohm of the source and load cancel.

Therefore, applying Kirchoff’s voltage law to the circuit
shown in Figure 2 and transforming from the time domain
to the frequency domain using LaPlace transforms, the
input, E(s), and the output, E (s), the voltage ratio of the
two-port SPD is

E, (s) _ R,Gs +1
E,(s) LGS +R+R)Cs+1

6))

where

L, = Seriesinductance

R, = Series resistance associated with the winding of
the inductor

C, = Parallel capacitance

R, = Damping resistance of the filter circuit

To obtain the low-frequency response of the two-port
SPD, the lead circuit is set to zero.

LC,s" +R+R)Cs+1=0 Q)
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Figure 3. Kelvin-connected One-port SPD Frequency Response
(Connected Directly to the Facility Power Grid).

The specific points that must be determined are the -3 dB
point, and the point at maximum gain. An important
characteristic of an L-C low-pass filter is that after cut-off,
the gain of the filter is —40 dB per decade. This occurs until
the effects of the lag circuit and the parasitic elements of
modeled components become dominant.

As shown in Figure 4, the series inductance, L, is 100 uH,
the series resistance of the inductor due to wiring, R, is
0.01 ohm, the capacitance, C, is 10 uF, and the damping
resistor of the two-port SPD, R, , is 2.5 ohm. The frequency
at which the maximum gain of the filter occurs is deter-

mined by
w, Y1 -2¢
=2 @)
27
where ® _ is the natural frequency of the two-port SPD and

{ is the damping coefficient of the two-port SPD. Utilizing
the values given, the frequency at which the maximum gain
occurs is 4163 Hz.

The peak gain in decibels, m, of the two-port SPD at the
frequency, f, is determined by

m, = 20Log

Zg 1- gz (8)

Again, utilizing the values shown in Figure 4, the maxi-
mum gain of the two-port SPD at a frequency of 4163 Hz
is 2.7 dB.

The cutoff frequency, the -3 dB point, or the half-power
point, is determined by

f= wn\/ﬂ —2g) + Y4+ 4gT+ 2
- 2m

©)

Inserting the values as shown in Figure 2 yields a cutoff
frequency of 7700 Hz. At this frequency, the gain of the
two-port SPD is -3 dB.

Plotting the points f and f, and with the knowledge that
the two-port SPD has a roll-off rate of —40 dB per decade
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Figure 4. Two-port SPD.

beyond the cutoff frequency, the low-frequency graphical
representation of a two-port SPD is shown in Figure 5.

Conclusion

With the increased awareness of electromagnetic interfer-
ence and the requirements of the FCC and the EU, many
end-users of facility-grade surge protection devices are
looking for a product that not only attenuates the high-
energy effects due to indirect lightning strikes to the utility
power grid, but also the indirect effects of electromagnetic
energy being produced or coupled to the power grid by
industrial equipment.

There are currently two different connection schemes for
the one-port SPD and one connection scheme for the two-
port SPD which the customer can utilize. Each device and
connection configuration have their own benefits and limi-
tations.

Comparing the frequency response of the conventionally
connected one-port to the Kelvin-connected one-port, it is
obvious that the Kelvin-connected one-port SPD provides
greater frequency attenuation over the span of 1 Hz to 100
MHz. This increase in performance is a direct result of the
decrease in lead length, which involves the series induc-
tance and resistance between the SPD and the facility
power grid.

The frequency response comparison between the con-
ventionally connected one-port SPD and the two-port SPD,
shows that the two-port provides greater attenuation of
electromagnetic energy as the frequency increases.
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Figure 5. Two-port Frequency Response (Directly Connected to
the Facility Power Grid).

In comparing the frequency response of the Kelvin-
connected one-port SPD to the two-port SPD, it is again
apparent that as the frequency increases, the attenuation of
the one-port SPD decreases, whereas, the attenuation of the
two-port SPD continues to increase as frequency increases.

This article shows that the frequency response of a two-
port SPD has the ability to surpass the frequency response
performance of a one-port SPD in either wiring configura-
tion. However, to determine the actual frequency response
characteristics of any SPD, the analysis or testing should
represent the actual connection to the facility power grid,
taking into account all impedances such as inductance,
resistance, and capacitance.
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