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Abstract: - The existing IEC Standard for Electrostatic Discharge (ESD) contains a general and simplified circuit
for the generator that produces ESD discharges, without entering into details. The present work tries to fill this
gap and proposes a circuit which will generate the ESD current in the limits that the current Standard defines.
Two circuit models are examined through simulations with SPICE software, with the one to be the most suitable.
This circuit model is also examined for various loads that simulate the Equipment under Test (EUT) and useful
conclusions derive up to what type and size of equipment can be safely tested by ESD generators so that the test
results are reliable.
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1 Introduction There have been various publications which
The abrupt transfer of charge between objects at propose an enhanced circuit for ESD generators [8-
various electrostatic potentials is known as 12]. A modified ESD generator and an equation ff’r
Electrostatic Discharge (ESD) [1]. Triboelectric the reference Waveform have both been proposed in
charging is the process of creating electrostatic [9]. The redemgned ESD generator has a reference
charge through the contact and separation of waveform that is quite similar to the one specified by
materials. It entails the transfer of electrons among the IEC Standard. Another study uses SPICE
various materials. ESD is clearly a transient software to the accepted HBM, which is broken down
overvoltage pulse with a sharp rising edge, a large into 11 basic building pieces [10]. The factors that
current amplitude, and little energy. ESD has a great control the dlschqrge current wayeforms of ESD
impact on electronic equipment, which may be generators are glarl.ﬁed in [11], which also proposes
destroyed if it not shielded and designed properly [2]. an analogous circuit model based on the design and
The majority of ESD procedures are referred to dimensions of the ESD generator. Two precise
the most recent version of the IEC Standard 61000- models for electrostatic discharge generators are put
4-2 [3]. The purpose of this Standard is to create a out in [12] and a.llow for the reproductign of Fhe
consistent and repeatable framework for assessing discharge current in the contact mode while taking
how electrical and electronic equipment performs the load effect into account. _ .
when exposed to electrostatic discharges. The There have also been studies of finding an
Human Body Model (HBM), which simulates the accurate equation that can degcrlbe the ESD current’s
electrostatic discharge of the human body on waveform as it is described in the IEC Standqrd [3].
electrical or electronic equipment, is the starting The ESD current can be appfOX%Iﬂated using an
point of this Standard. The study of the ESD current equation separate from the circuits for the ESD
waveforms has involved an in depth investigation. generators. The ESD generator can be correctly
The amplitudes and rise times of ESD current described using this equation in modeling software.
waveforms have been demonstrated to change with These studies enable a Genetic Algorithm by 'WI:IOI’I’I
charging voltages, approach speeds, electrode types, the ESD current’s equation parameters are optimized
and humidity [4-7]. [13-15]. Also, there have been previous works that

describe the procedure where the ESD circuit can
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derive from this accurate equation using the Prony’s
method [16].

Another crucial issue in the ESD study is the
electromagnetic field that the ESD generators
produce, which may affect in various ways the
equipment they test each time affecting the test result
[17-19]. This is something that is still studied and it
is mentioned without certain directions in the current
IEC Standard for ESD [3].

In this paper a new circuit for the ESD generator
is proposed according to the IEC Standard. After
simulations in the SPICE program the waveform of
the ESD current that derives from the proposed
circuit it is found that is in the specified limits by the
Standard.

2 The IEC 61000-4-2

The current that the ESD generators have to produce
is depicted in Figure 1, according to the IEC 61000-
4-2 [3]. There are four parameters whose values have
to be in specific limits: the rise time (t;), the peak
discharge current (I,), the current at 30 ns (I30) and
the current at 60 ns (Is). These two current values I3o
and I¢o are determined for a period of 30 ns and 60 ns,
respectively, commencing at the time point when the
current equals 10% of the peak current, as shown in
Figure 1. These parameters’ limits, as given in Table
1, are valid only for contact discharges.

Discharge Current [A]

— 0.1, )

-10 10 20 30 40 50 60 70 80 90

Time [ns]

5
Figure 1 Typical waveform of the output current of
the ESD gun for contact discharges.

A simplified diagram of the test generator is
presented in Figure 2 and it consists, in its main parts:
the charging resistor R., the energy-storage capacitor
C,, the distributed capacitance Cq4, the discharge
resistor Ry, the voltage indicator, the discharge
switch, the charge switch, the interchangeable tips of
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the discharge electrode, the discharge return cable
and the power supply unit.

Table 1 Waveform parameters of the ESD current
for contact discharges according to the IEC 61000-
4-2.

Indicate Imax tr I30 l6o
d [A] [ns] [A] [Al
Voltage | (£15% | (£25% | (£30% | (+30%
[kV] ) ) ) )
2 7.5 0.8 4 2
4 15 0.8 8 4
6 22.5 0.8 12 6
8 30 0.8 16 8
m R:5 R:d m O Discharge tip
N N

Charge switch

DC HV
supply == Cs+Cyq

Discharge switch

Discharge return
connection

Figure 2 A simplified diagram of the ESD generator
according to the IEC 61000-4-2.

The generator must comply with the requirements
given the IEC 61000-4-2. Therefore, neither the
diagram in Figure 2, nor the element values are
specified in detail. This significant gap of the IEC
Standard need to be investigates and this is the main
objective of this work.

3 ESD circuit for SPICE simulations

For the needs of SPICE simulation it is necessary to
find an equivalent discharge circuit for the ESD
generator. Next, the individual elements of which the
electrostatic discharge generator was composed
during the SPICE simulation are presented.
According to the Standard [3] the ESD gun and the
Equipment under Test (EUT) are connected via the
electrode and the 2m long ground wire permitting the
current return. The cable is twisted and covered with
insulating material designed to have reduced
resistance and inductance. Its resistance has a very
small value and can be neglected compared to the
resistance of the discharge circuit and the resistance
of the load.

3.1 Calculation of inductive elements

The value of the inductance of the ground wire
mainly affects the response of the circuit. For a cable
of length 1 and permittivity p, with width w and

Volume 21, 2022



WSEAS TRANSACTIONS on CIRCUITS and SYSTEMS
DOI: 10.37394/23201.2022.21.22

density t, the following formula is proposed for the
inductance L, in pH [8], [20]:

= 2t wit | uT(x)
L, = 0.002 [1n (WH) +0.25049 + 2 4 1 ] (1)

where T(x) is a frequency dependent function and
in the case of high frequencies T(x)=0.

When designing a high frequency circuit there is
difficulty in directly calculating the line inductance
due to the non-uniform distribution of the charge on
the line. In practice, the value of cable inductance is
not affected by the type of cable cross-section. This
is how a cable with a circular cross-section is studied.
Since the wire is twisted, the angle is smooth, so the
circular cross-section assumption facilitates the
analysis. Considering a straight conductor of length 1
with a circular cross-section of radius a, the
inductance Ls is given by the sum of the conductor's
internal inductance Ly and the external inductance
Lse:

L = Lsil+ Lge (2)
Ly =52 3)

L =2 (1m® Va7 12 +a) (@)
se 2T a

Equation (4) gives only the contribution of the
magnetic field around the conductor and does not
take into account the effect of other conductors. The
test to check the immunity of equipment to
electrostatic discharge currents is done inside an
anechoic chamber and the equipment is placed on a
conductive plate. Since the current flows on the
conductive floor due to the magnetic field of the
ground wire, the inductance cannot be neglected.
Assuming that the distance between the floor and the
center of the conductor is h with h<<I, the inductance
Lsm of the ground wire is:

Loy = Lsr?i + Lgme S

Lgmi = 2= (6)
l 2h—

Lsme = l;_onln p - (7

In the high frequency region, the magnetic field
inside the conductor is zero and the inductances L
and Lgmi of equations (3) and (6) can be ignored.

3.2 The ground wire as a transmission line

In equation (5) it is assumed that the ground wire is
placed above the conductive surface. Then a
transmission line is created, which has the ground as
its return path. Although the ground wire has an
insulating sheath, which is some kind of dielectric,
this layer is thin and does not affect the dielectric
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constant of the overall system. Therefore, the
dielectric material can be neglected. Then, the
transfer line satisfies (5) and (7). The characteristic
resistance Zn, is given by the formula:

Z,, =59.9521In <g + (g)2 - 1> [2] (8)

3.3 ESD generator’s capacity

The construction of the gun as well as the capacitance
Cn to earth can be represented by a metal sphere of
radius a. If the distance of the center of the sphere
from the floor is h, the capacitance can be calculated
by considering its mirror image. The resulting
expression is a series from which, ignoring terms of
higher order, the following approximate formula is
obtained:

__ 8mgpah

Cm =0 €

3.4 Electrostatic discharge generator models
for numerical analysis

The design of electronic automation is an ongoing
development in electronics design, and methods for
the numerical analysis of circuit response are already
established. SPICE software for circuit analysis, is
widely used to overcome many problems such as
convergence [21]. In addition, models for integrated
circuits are provided in SPICE. There are still models
that describe various electromagnetic phenomena
[22].

As can be seen from Figure 3, the construction of
the equivalent circuit is complicated by the parasitic
elements in the experimental space. For the existence
of distributed capacitances, which are not included in
the equivalent circuit, reference is made to the
Standard but they are not shown in the circuit. If the
allocated capacity does not exist, the initial maximum
is not produced.

Ls

N

Figure 3 An ESD generator during discharges in a
laboratory environment.
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First, the values of the circuit constants are
determined. Figure 4 shows the first circuit model
used for the analysis. The circuit constants are
interpreted as follows: Ry, R» and C; are defined by
the Standard. For the determination of the remaining
circuit elements, the parasitic elements should also be
taken into account.

23
—AN——— b—F
o=
2 "A%%
é R
C ==
C =1

—
o

H i_ NN,
o

2uH

. L
C>|||—‘||
=2 &
o
=}

Figure 4 A proposed circuit model for the ESD
generator (Circuit Model 1).

The value of the inductance should be determined
independently since there are no specifications. The
discharge gun electrode length is specified to be
50mm and the radius 6mm. Then, equation (4) is
applied assuming that there is no magnetic field
inside the conductor. Substituting 1=50mm and
o=6mm gives L;=0.0193puH. In practice the
discharge electrode and the discharge resistor are
connected by a common wire. Taking into account
the inductance of the cable, the value of L, is taken
as 0.04uH. The surface inductance of the conductive
target L, is sufficiently small and can be neglected
compared to the inductance of the ground wire as
long as it is 1m long and the surface is sufficiently
large.

We assume that the ground wire has a diameter of
10mm. Substituting in (8) 0=5 mm and h=6.84mm,
Zm=50Q results. Subtracting the radius a of the
conductor the ground wire is above the conductive
surface by 1.84mm. This situation corresponds to a
transmission line with a resistance of 502, consistent
with the real situation, if we also take into account the
insulating surface. When the wire is shorter, but still
considered a 50€ transmission line, the inductance
decreases more or less depending on the gap between
them. Inside the conductor it is assumed that there is
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no magnetic field. Applying (7) and substituting
h=6.84mm, I=1m it follows that L3 of the conductive
plate is equal to 0.11pH.

Equation (7) is not valid for calculating L, if the
ground wire is more than 30cm from the metal plate
on the target side. Applying (4) and substituting I=1m
we get L4=0.861uH. The inductances L3 and L4 differ
by a factor greater than 8, even though they have the
same lengths. This happens because the distances
from the metal plate are different.

R, is the target resistance. The inductance Ls of
the ground wire is equal to the sum of L, L3 and L,
so Ls=1uH.

Equation (9) 1is applied to calculate the
capacitance of the cable to earth. For a=3cm and
h=20cm from the floor it follows that C,=3.6pF. In
practice the gun is held by a person who has a
capacitance of Cs=150pF. Consequently it is not
sufficient to replace the target capacitance by Cn
alone. Thus C4=10pF is set, including the capacitance
of the human body.

Voltage V3 is the supply to charge capacitor C;.
SW1 is the charge switch which is closed for the first
9ns and then opens, while SW2 is the discharge
switch which is open for the first 10ns and then
closes. Capacitor C, represents the stray capacitance
around resistor R;, which corresponds to the surface
resistance. Capacitor Cs; simulates the parasitic
capacitance around the sensor of the discharge
current. L is the inductance of the external ground
wire connecting the supply to the gun. Finally, R; and
Rs are dummy resistors used to prevent oscillations.

In the equivalent circuit of Figure 5 the charge
switch and the discharge switch are connected
separately. They should be properly handled so that
they are not both open or closed at the same time. To
overcome this problem we proceed to redesign the
switch as shown in Figure 5.

In Figure 6 which models the circuit of Figure 5,
switch SW2 has been moved to the left of capacitor
C, and resistor R;. The circuit constants remain the
same.

R1=330 0
A SW1= SW2 :>

— C1=150 pF

|

Figure 5 Circuit diagram of actual charger.
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Figure 6 A proposed circuit model for the ESD
generator (Circuit Model 2).

4 Current waveform analysis
4.1 Effect of ground wire on current
waveforms
As demonstrated the ground wire inductance depends
on the relative position of the ground wire to the
ground plate. As previously mentioned it was
assumed that the ground wire is parallel to the ground
plate and Ls=1pH was calculated. When the ground
wire is remote from the ground plate or no ground
plate is present during the test then Ls;=Ls and
therefore Ls=2pH. Figures 7 and 8 show the
simulation results for Ls=1pH and Ls=2pH, for
charging voltages of +1kV for both circuit models.

6 T T T

I I
== V=1kV L5=1uH
=== \/=1kV L5=2pH

Discharge current [A]
»nN
»

s ——
1

0 L I
0 25 100 125 150 0

Time [ns]

Figure 7 The produced ESD current of the Circuit
Model 1.
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I
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=== V=1kV L5=2uH

35}

251

Discharge current [A]

05+
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0 25

1
125

160
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Figure 8 The produced ESD current of the Circuit
Model 2.

Comparing Figures 7 and 8 we notice that the
change in the switch mechanism affected Imax and in
fact its value decreased. This is because the parasitic
capacitance C, has changed from source to load due
to the displacement of the discharge switch. For this
reason it is important to determine the conditions
under which the test is carried out so that all
parameters are adjusted in such a way that the value
of C, remains constant. It is also observed that the
value of Inax obtained from model 1 is very high. This
can be compensated by increasing the inductance L,
which is affected by the length of the discharge
electrode.

4.2 Comparison of the two electrostatic
discharge generator circuits

With the help of the SPICE program, the two circuits
of the electrostatic discharge generator (models 1 and
2) were implemented and a simulation was carried
out for charging voltage values of +2kV and +4kV.
Based on the results of the simulation it is possible to
check the satisfaction of the criteria of the
specifications by the parameters of the electrostatic
discharge current as recorded in Table 1. In Table 2
the values of the discharge current parameters for
model 1 and model 2 are presented for charging
voltages of +2kV and +4kV. The discharge current
for the two models and for the two charging voltages
from the SPICE simulation are presented in Figures
9-12.
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Figure 11 Response of the circuit model 2 for +2kV

Figure 9 Response of the circuit model 1 for +2kV _
charging voltage.
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Figure 10 Response of the circuit model 1 for +4kV

charging voltage.

Figure 12 Response of the circuit model 2 for +4kV

charging voltage.

Observing the values of Table 2 and comparing
them with the limits of Table 1 we conclude that the
specification limits met only for model 2, since the
values of model 1 are out of the specified limits of the

IEC Standard.
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Table 2 Values of the discharge current parameters for model 1 and model 2.

Vﬁit\‘j‘]ge Ls [uH] T [A] t [ns] I [A] leo [A]
5 1 10.72 0.261 3.49 1.91
2 10.72 0.265 4.34 2.05
Model 1
4 1 21.21 0.235 6.95 3.82
2 21.11 0.237 8.71 4.10
5 1 7.25 0.621 3.48 1.91
2 7.28 0.635 4.37 2.05
Model 2
4 1 14.49 0.637 6.96 3.81
2 14.56 0.658 8.73 4.09
4.3 Testing the circuit for different EUT s —
For the circuit of model 2, which simulates the Reton i?gﬁﬁh
electrostatic discharge generator and for a value of 5
Ls=1pH and a charging voltage of +2kV we have
replaced the 2Q) target with resistive probes of a 4t
higher resistance value, with inductive as well as z
capacitive probes. The resulting waveforms are 7§ 3
shown in the following Figures 13-15. In Table 3 the 5
values of the critical parameters of the waveforms g2
depicted in Figures 13-15 are listed so that it is -
possible to check whether their limits are satisfied. g ]
From Figures 13-15 we notice that an increase in yd
the resistance value of the EUT affects the waveform 0 nis =
of the current and in fact as the value increases the
waveform of the Standard ceases to be valid. Mo s0 100 150 200 250 300 3% 400 450 500
Time [ns]

Tr T
=+ R=100hm
R=2000hm

Discharge current [A]

75 100

Time [nsl

Figure 13 Simulation results for resistive EUT.

25 50 125
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Figure 14 Simulation results for RL EUT.
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Figure 15 Simulation results for RC EUT.
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Table 3 Current’s parameter values for the circuit model 2 for various EUT types.

EUT Type R L C ITnax tr I30 l6o
[] | [wH] | [pF] [A] [ns] [A] [A]
Ohmic 10 0 0 6.9713 0.3883 3.3676 1.9145
(R) 200 0 0 2.6068 0.5473 2.4678 1.8532
1000 0 0 Current waveform out of limits
Ohmic — 10 1 0 4.2086 | 07402 | 3.5315 | 2.5203
Inductive 10 20 0 Current waveform out of limits
(RL) 10 100 0 Current waveform out of limits
Ohmic — 10 0 10 0.6E-09 0.3788 -5.9608E-11 | -8.8058E-11
Cal(’;gwe 100 0 10 9.0734E-09 0.3631 4.6569E-09 | 2.5975E-09

5. Conclusions

Electrostatic discharge is a potential danger for
electronics and this is the reason that an electronic
device must be tested by ESD generators before its
massive production. The inner circuit of these
generators must fulfill the specifications of the
current Standard [3]. Although, this circuit is
described in the Standard there is a gap on its specific
constructional details and this is what this paper tried
to fill.

A new circuit model for the ESD generator is
proposed and simulations via SPICE software were
conducted proving that the ESD current fulfills the
Standard’s specifications. Also, other simulations for
various EUT, proved that an increase in the resistance
value of the EUT affects the waveform of the current.
This remark proves that a further investigation up to
what type and size of equipment can be safely tested
by ESD generators so that the test results are reliable
must be made. The upcoming revision of the IEC
Standard possibly should include these remarks.
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