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Abstract. This article presents an outline of Elec-
tric Transient Disturbances (ETDs), represented by
the ElectroStatic Discharge (ESD) in accordance with
the Human-Body Model (HBM), on the AC-DC trans-
fer measurement standard, represented by the Single-
Junction Thermal Converter (SJTC) Thermal Ele-
ment (TE). Mitigation technique against the power
dissipation build-up, higher than the operational mar-
gins recommended by a manufacturer, on the TE were
proposed and modelled using Laplace Transform (LT)
analysis. A mathematical model and an optimiza-
tion algorithm were developed to determine the equiva-
lent circuit model parameters of a Transient Overload
Protection Module (TOPM) that would offer adequate
protection against destructive power dissipation levels
build-up on the TE. The mathematical model was de-
veloped using an 8 kV ESD, which was expected to de-
liver short-circuit current with a peak value of approz-
imately 5.33 A through a load impedance of approxi-
mately 1 m{2. The ESD stress signal was injected into
the TOPM connected in parallel with the TE. The ac-
tive power dissipated by the SJTC TE per period of
transient response was calculated from the current and
voltage obtained from the mathematical analysis, and
the results indicate a power dissipation of 10 mW by
the TE. From the algorithm, the model parameter that
noticeably influences the power dissipation capabilities
of the TOPM 1is the inductance and it must be smaller
than 1.2 nH. A CAD based simulation model was devel-
oped and analysed. The simulation results agreed with
the mathematical model.
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1. Introduction

The increasing trend of advancements in electronic de-
vices has increased their susceptibility to momentary
harmful voltage and current stresses [1], [2], [3], [4]
and [5]. These stresses are related to ElectroStatic
Discharge (ESD) and the switching mechanisms of the
circuit. Injection of ESD stress into a circuit can cause
a short time change in the circuit conditions, creat-
ing a transient overload (overvoltage and/or overcur-
rent) event [6]. A Human-Body Model (HBM), used
in this work, is a component-level ESD standard that
simulates a human being whose body was charged and
discharged through a fingertip to a component being
tested [7].

The Single-Junction Thermal Converter (SJTC) is
one of the Alternating Current-Direct Current (AC-
DC) transfer standards used for high-accuracy SI trace-
able measurements of alternating voltage [8], [9], [10],
[11], [I2] and [I3]. The robustness of the SJTC Ther-
mal Element (TE) is questioned when a signal of mag-
nitude above the maximum operating threshold is in-
jected through its input circuit [II]. In the AC-DC
transfer measurement system, the ESD stress could be
generated by laboratory personnel (whose clothes or
body were not discharged before handling equipment)
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and frequent disconnections or (re)connections of the
AC-DC transfer standard to a charged cable, equip-
ment, or measurement circuit. The sensitivity of an
SJTC to transient overload stress requires the imple-
mentation of a transient overload protection measure.
Devices having the properties of fast response, high en-
ergy absorption capability, and absolute discreteness
are desired.

The study of HBM ESD signals in the SJITC and
implementation of transient overload stress mitigation
methods is important to always ensure the standard’s
calibration state and safety. In this paper, mathemati-
cal models are developed using Laplace Transform (LT)
techniques to determine the response of a 5 mA rated
SJTC (with 90 €2 heater resistance) and a generic Tran-
sient Overload Protection Module (TOPM) to human-
body ESD. CAD based simulation models are devel-
oped as part of the verification process.

2.  Human Body Model for

Electrostatic Discharge

The ESD HBM is represented by a series RLC circuit
shown in Fig. 1] [I] and [2], in which Ryp is the human
body resistance, Lyp is the corresponding human body
inductance, required to deliver the standard waveform
with specified rise time, and Cyp is the ability of the
body to store static charges, called human body ca-
pacitance. The HBM is characterized by fast rise time
(about 10 ns) and slow decay time (about 150 ns) [I].

Fig. 1: Circuit diagram used to model the human body model
of electrostatic discharge. Ry is the resistance of the
device being tested.

3. Thermal Converter

The TE of an SJTC having a UHF pattern, presented
in Fig. [2[ [8], [9], [10] and [IT], is a short fine resis-
tive Nichrome heater wire with length and diameter
of about 5 mm and 10 pm, respectively [12] and [I4].
Attached to the midpoint of the heater wire is a Ther-

mal Sensor (TS), a thermocouple junction, with an in-
sulating bead, where the Seebeck effects take place and
the output is measured as voltage, providing electrical
isolation between the TE and TS. The TE and the TS
are attached to conductive input and output support
leads, respectively. A vacuum glass bulb encloses the
whole structure, thus providing thermal insulation.
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Fig. 2: Schematic diagram of a UHF pattern single-junction
thermal converter [11] and [23].

The relationship between ac and dc signals is estab-
lished by comparing the power effects produced by an
unknown rms value of ac signal to those produced by
a known dc signal on the TE when an electric signal
is applied through the input support leads and the
TE. A temperature rise (power dissipation) is gener-
ated along the TE, which is then detected by the ther-
mocouple as the output thermal voltage (EMF) and
recorded on a nanovolt detector connected to the TS
through the output support leads [9], [10], [15], [16]
and [I7]. Since thermal resistance is inversely propor-
tional to the cross-sectional area [I8] and [19], and the
support leads are of thickness greater than that of the
TE, it can be deduced that Joule heating occurs al-
most entirely on the heater leaving support leads rel-
atively cooler [6] and [12], therefore, power dissipation
becomes negligible on the support leads. The term de-
scribing the deviation between the rms value of the ac
signal and stable dc signal (owing to thermoelectric ef-
fects and frequency response of the TE) that is required
to produce the same power effects in a TE, is the ac-dc
transfer difference, which is expressed as [§], [12], [20],
[21] and [22]:

Sac - Sdc

dac-DC = g ;
de Eoc=3(Ede—+Eacy)

(1)

where S, is the rms value of the applied ac signal,
Sqc 1s the average value of the magnitudes of positive
and negative applied dc signals, F,. and E4. are the
output EMF responses to the ac and dc input signals,
respectively.

For a 5 mA rated vacuum UHF-pattern SJTC, the
Nichrome (80 % Ni and 20 % Cr) TE has resistance
of Rrr(Th) = 90 Q, which corresponds to the room
temperature, Tp = 293 K [1I] and [23]. This TE has
a 250 % maximum input margin for safe operation,
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thus it can only allow a maximum of I, = 12.5 mA
input current. Any current input greater than the
set threshold constitutes an energy level that could
potentially damage or destroy the TE. The midpoint
temperature rise of the TE of this SJTC can be as
high as T,,, = 423 K [I0] and its corresponding tem-
perature coefficient of electrical resistivity is given as
arg = +0.0001 K=t [I1]. Thus, using the known rela-
tionship between the dependence of a conductor (TE
in this case) and temperature variations expressed as:

RTE(T) = Rrg (To) (1 + OzTEAT) , (2)

where AT = 423 — 293 = 130 K, the resistance of this
TE corresponding to the maximum temperature rise
of T,, is Rrg (Th,) = 91.17 . The power dissipation
by the TE energised to a maximum operating tem-
perature by the maximum permissible input current is
14.25 mW, which can be calculated as:

Prg,.. = I Rre (Tn) - (3)

Consequently, the power dissipation by the TE ener-
gised to a maximum operating temperature Rrg (Ty,)
by the maximum permissible input voltage, i.e.,
Vinax = Imax - BTE (T) = 1.14 V| is also calculated
to be 14.25 mW, which is calculated as:
Vnglax
P8 = Roog (T

(4)

Therefore, it can be deduced from these results that
the setting the input current or voltage to a value
greater than 12.5 mA or 1.14 V, respectively, would
generate a temperature rise greater than T,, at the
midpoint of the TE. Therefore, this would cause
a power dissipation greater than 14.25 mW on the
TE, and could result in damage or complete destruc-
tion [23].

4. Modelling and Results

Discussion

The process of this study is outlined below:

e development of the mathematical model through
derivation and analysis, discussed in detail in Sub-

e implementation of the application model in CAD
based simulation and analysis, discussed in detail

in Subsec. [4.2]

4.1. Mathematical Modelling

Results and Discussion

Presented in Fig. is the test setup for the ESD
application in accordance with HBM to sensitive com-

ponents. In this section, the Device-Under-Test (DUT)
is a combination of a SJTC input circuit and a TOPM
generic circuit model shunt at the input of the SJTC
circuit. The application model in Fig. shows that
the SJTC input is modelled using an electrical equiv-
alent circuit which represents a parallel connection of
the capacitance (C'y) and a series of inductance (L)
and resistance (Ry) [10], [11], [14] and [24], whereas,
the TOPM is modelled using a generic equivalent cir-
cuit model which represents series connection of the
inductance (Lp) and a parallel of capacitance (Cp)
and resistance (Rp). The application model in the LT

domain is shown in Fig.
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(c) Application model in LT domain.

Fig. 3: Circuit model for the analysis of electrostatic discharge
current and voltage across the single-junction thermal
converter heater.

The determination of the TOPM equivalent circuit
model parameters which would be adequate to prevent
the build-up of the power dissipation in the SJTC to
a destructive level, which exceeds the maximum rating
indicated in the manufacturer’s specification, is carried
out using the following steps:

Step 1: analysis of the current through the SJTC
and voltage at the input using LT.
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Step 2: taking the Inverse Laplace Transform (ILT)
of the current and voltage, obtained in step 1, and
calculation of the active power dissipated over the du-
ration of the transient response.

Step 3: optimization of the power dissipation time
function.

The circuit model parameters of a complete appli-
cation model network (Fig. [3(b)) are [I], [2], [I1] and
[13]:

HBM: Vcus (07) = Vesp = 8 kV, Cus = 100 pF,
RHB =15 kQ, and LHB =75 LLH

SJTC TE: Cg = 0.3 pF, Ry =
LH:26 nH.

The 90 Q SJTC TE is rated for 5 mA current, thus
voltage rating is 0.45 V [11]. It has 250 % maximum
permissible load, therefore, 12.5 mA and 1.125 V set
the current and voltage threshold marks, respectively,
which corresponds to a 14.25 mW power dissipation.

TOPM: Cp = 10 pF, Rp = 100 mf2, and Lp = 1 nH
are selected to meet the protection requirements of the
SJTC TE.

Assuming that at ¢ < 0, switch S (Fig. is in
position 1, Cyg is charged to the desired voltage level
through the charging resistor, Rcpg. At the instance
t =0, S is moved to position 2 and Cyp is discharged
onto the DUT circuit through Ryp and Lyg. TOPM is
assumed to be activated instantaneously at ¢ = 0; how-
ever, real-world TOPM devices (TVS devices) tend to
have the latency to open after the excessive voltage is
sensed at their terminals. The conditions for the cur-
rent through the inductors and the voltage across ca-
pacitors in a complete application model network are:

iLys (07) =1, (07) =11, (07) =0,
iLus (0) = I, (0) = Ir, (0) =0,
Veyg (07) = voys (0) = Vesp,
vep (07) = vey, (07) = vep (0) = vey, (0) = 0.

Using these conditions and analyzing the impedance

of the application circuit model (Fig. [3(b)), a circuit
model in LT domain was developed (Fig. [3(c)]), where

the circuit impedances are:

90 Q, and

()

Z =R L
uB (S) uB + sLlup + sCrn’

(RH + SLH)

+RH+SLH

SCH

The ESD current applied to the input circuit is given
by Eq. and the voltage across the SJTC TE is given

by Eq. . Taking the ILT of Eq. (8) gives Eq. @,
where v; =1.2-1079 V, 19 = 3.9- 1072 V, v3 = 0.53 V
and vy =2.4-1073 V.

Using the voltage across the SJTC TE, as seen in
Eq. , the current through the SJTC TE is found
in LT domain as Eq. and in the time domain as
Eq. (1), where iy = 3.5- 10710 A, iy = 1.2- 1072 A,
i3 =62-1072 A, i4 =59-1072 A, i5 =4.4-107° A
and ig = 1.7-1072 A.

The transient current flowing through the SJTC
heater represents a damped sinusoid oscillation, the
frequency of fo = 9.4 GHz, which is determined by
finding the complex poles of the current function in
Eq. , hence, the oscillatory period is Ty = 0.11 ns.

The average power dissipated in the SJTC is calcu-
lated over the transient oscillatory period, Tj, as:

t+T0o

pu (t)dt, (12)

1

)= —

PHa (1) T
t
where py (t) = vy - iy is the instantaneous power ap-
plied to the input of the SJTC. The transient response

observation time is determined as the largest time con-
stant, T,,, in the overall RLC network:

Tm = Imax (TCHB7TCP3TCH7TLHB)TLP7TLH) =

13
= 0.15 ps, (13)
with time constants:
RpRy
—Cus (R _WPitH
TCup HB< HB+RP+RH)7
o _C ( RupRpRpy >
Crp P RugRp + RugRy + RpRy ’
. —C ( RupRpRy )
“n "\ RupRp + RupRy + RpRy )’
RpRi 1 (14)
=1L R _ ,
TLup HB( HB + RP+RH>
RusRpu !
=Lp|R _— ,
TLp P( P+RHB+RH>
RpRus \
=Lg (R _—
TLy H( H+RP+RHB>

The results for the periodical damped oscillations
and transient response settling in the SJTC load are
shown in Fig. [f] and Fig. [5] respectively.

The last step is to determine the maximum power
dissipated in the SJITC (Fig. [f). Optimization algo-
rithm that searches for the global maximum of the ac-
tive power response was proposed as follows:

Step 1: count number of oscillation periods up to
the point where power peaks,

Step 2: double this value to set time variable range
over which search will be performed,
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Zp(s) + Zu(s)

ZP(S)ZHB(S) + ZH(S)ZHB(S) + ZP(S)ZH(S)’

Vi
I(s) = =2
VEsD
Vis) = —

Zup(s) + Zu(s) + Zun(8)Zu(s)Zp'(s)

12 9 8 6
Vg (1) = vpe 10t gyye=3310% 4 o (6—1.910 t 4 ¢—6.9:10 t) +

— (cos (5.9 -10'%¢) + vy sin (5.9 - 1010¢)) e~ 1110%

VEsD 1
In(s) = — (10)
s ZHB(S)-I-ZH(S)+ZHB(S)ZH(S)ZP1(S)
zH(t) _ _11671-101% N i2673.3~109t + 1-3671‘9-10% +1‘4676.9-106::+

— (i5 cos (5.9 - 10'0t) — ig sin (5.9 - 10'0¢) ) e~ 1110

(11)
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Fig. 4: Results for damped oscillations in the SJTC load.
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0.3
Time (ns)

0.4 0.5 0.1 0.3

Time (ns)

0.4 0.5

(c¢) Instantaneous power applied to the
SJTC input.

— TE current
= -£12.5m.

—— TE voltage

= -1125V

SJTC Voltage (V)
SJTC Current (mA)

0.5¢

N
S

=)

o

=)

Instantaneous Power Applied to SJTC (mVA)

— TE power
- - 1425 mwW

2 4 6 8 10 14

Number of Periods

(a) Voltage across the SITC input.

12

6
Number of Periods

(b) Current through the SJTC heater.

8 10 2 4 12 14 16

6 8 10
Number of Periods

(c) Instantaneous power applied to the
SJTC input.

Fig. 5: Results for the transient response settling observed in the SJTC load.

Step 3: perform linear interpolation of a power func-
tion with 4 equidistant line sections for the entire time
range to smoothen ripple of the function curve,

Step 4: decrement step size (i.e., increment number
of line sections) and perform interpolation again, re-
peat while a number of zero crossings by the gradient
function does not exceed unity,
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Step 5: calculate time value corresponding to the
last line section, at the ends of which zero-crossings
were detected.

From the algorithm, the maximum average power
dissipated is found to be pg,,, = 10 mW, correspond-
ing to a maximum time of ¢, = 0.82 ns.
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Fig. 6: Power dissipated in a SJTC heater.

4.2. CAD Based Simulation Results

and Discussion

The application model shown in Fig. was simu-
lated with the same parameters as described in Sub-
sec. [ 41. } however, the TOPM model parameters
were varied to determine their influence on the protec-
tion of the SJTC. The TOPM model parameters were
simulated as: Lp values were 0.5 nH, 0.8 nH, 1.2 nH,
1.3 nH and 1.5 nH, while keeping Rp and Cp constant
for each parametric sweep. Initially Rp = 10 m{2 and
Cp =10 pF, then Rp = 100 mQ2 and Cp = 10 pF, and
lastly Rp = 100 mf2 and Cp = 1000 pF. The power
dissipated by the SJTC for each parameter sweep is

presented in Fig. Fig. and Fig.

From the simulation results presented in Fig. [7] it
can be noted that the value of Lp has a noticeable
influence on the power dissipation by the SJTC. Rp has
an influence on the duration of signal decay, whereas
Cp has no effect on the performance of the SJTC.

4.3. Analysis and Discussion of

Design Trends

With the power function optimization, marginal value
sets for TOPM parameters were analyzed for confor-
mance with the limit on the power dissipated in SJTC
heater (250 % of the rated current of 5 mA) as shown
in Tab. [I} These marginal values are known to be in-
herent to real-world TOPM devices.

Fig. [8| shows the influence of TOPM inductance and
resistance on the power dissipation by the SJTC, which

N
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Fig. 7: Results for power dissipated in a SJTC heater simu-
lated by varying Lp values while keeping Rp and Cp

constant.
0.5
are represented by Eq. , where: vL = 1],
1.5
0.0023 0.0031
UPIO mQ — 0.0092 s and ’UP100 mo = 0.01
0.021 0.022

With the adopted generic TOPM model, Lp is the
only parameter which noticeably influences energy ab-
sorption by the TOPM device. Rp should be designed
to be as low as possible to ensure adequate shorting
performance. If Rp is orders of magnitude less than
SJTC resistance, the peak power dissipation is not in-
fluenced. Higher Rp values facilitate larger time con-
stants and can, therefore, defer the peak in time that
might be useful to account for TOPM opening latency.
However, this observation holds true only if Lp value is
small enough (an order of pH), thus limiting the prac-
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Pig ma(L) = interp (1spline (vL, vPig ma) , vL, vPio ma, L),

Pioo mQ(L) = interp (lspline (UL, vPigo mQ) , L, vP1oo m@s L) .

(15)

Tab. 1: Analysis of TOPM parameter marginal values for power dissipation conformance.

Rp (mQ) [ Cp (pF) [ Lp (nH) [ tmax (ns) | pp,,, (mW)
0.5 0.66 2.3
10 10 I 0.57 9.2
15 0.64 21
0.5 1.9 3.1
100 10 I 0.82 10
1.5 0.68 22
0.5 2.8 3.1
100 1000 I 0.76 10
1.5 0.69 22

[
o
T

-
[$)]
T

-
o
T

Active Power Dissipated in SJTC (mW)

[$)]
T

0.6 0.8 1 1.2 1.4
TOPM Inductance (nH)

Fig. 8: Power dissipated in a SJTC heater as a function of the

TOPM inductance.

tical relevance. Cp was found to have no impact on
the transient response power curve. Similar to Rp, Cp
value has an ability to delay power peak if Lp is in the
small values range. Lp value has to be smaller than
1.2 nH to prevent overload of the SITC. Transient peak
power drops rapidly with Lp decreasing below 1 nH.
Leads and connectors contribute to inductance; there-
fore, TOPM shunting design should be as compact as
possible.

5. Conclusion

In this work, the operation principle and architec-
ture of the single-junction thermal converter were out-
lined. A mitigation technique by the implementation of
TVS devices was introduced, modelled and analysed.
A mathematical model for a generic transient overload
protection device was developed and modelled in order
to establish the protection device design targets to sat-
isfy the protection margins of the TE. The active power

dissipated by the SJTC TE per period of transient re-
sponse was calculated from the current and voltage ob-
tained from the mathematical analysis, and the results
indicated a power dissipation of 10 mW by the TE,
which is below the SJTC maximum power dissipation
threshhold value of a 14.25 mW. A CAD based simu-
lation model was developed, modelled and analysed to
verify the mathematical model. The simulation results
were in agreement with the mathematical model re-
sults. Results further indicate that the parasitic char-
acteristics such as inductance present the limitations
to the performance of the protection devices. The val-
ues of the inductance parameter must be chosen to be
smaller than 1.2 nH.
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