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1 INTRODUCTION

1.1 Formulating the problem

SPICE is the most used program to simulate electronic components. Currently, almost all
component manufacturers offer SPICE models for their products. SPICE is simple to use and
quick to learn. Another advantage of this tool is that it is easy to create your own SPICE
model when it is not available in the standard library or from the component manufacturer.
But in addition to numerous advantages there are also disadvantages created especially by
SPICE models. One disadvantage is the orientation of the simulation towards the nominal
operation of the component, another disadvantage is the accuracy of the SPICE model
depending on the program in which it runs or perhaps the limitations of the respective
program (generally the operation of the program is not visible to us). In my experience, I have
noticed that a SPICE model can perform differently depending on the simulation program
used. A personal opinion would be that a simulation program using SPICE is better (operates
closer to reality or catalog data) the higher the price.

1.2 Structure and content of the thesis

The doctoral thesis is structured in 6 chapters as follows:

In Chapter 1 — Introduction, general aspects about the idea of this thesis are presented. Where
did the author's desire for this work come from, the objectives of this work, the structure of
the thesis and the works published during the years of preparation for the doctorate.

In Chapter 2 — The current state of simulation in SPICE is oriented towards the current
description of simulation in SPICE. Advantages and disadvantages of using simulation in
SPICE.

In Chapter 3 — Contributions regarding the simulation of capacitors, coils and non-linear
resistors in SPICE, new and high-performance SPICE models for the most used electronic
components (capacitor, coil, resistor) are presented. These models are compared with already
existing SPICE models and with the real behavior in various circuits of the studied
component.

In Chapter 4 - Contributions regarding the simulation of diodes and transistors in SPICE,
new equivalent models of diodes and transistors are presented, after which new and high-
performance SPICE models are created for the most used electronic components (rectifier
diode, stabilizer diode, bipolar transistor and MOS-FET transistor ). These models are
compared with already existing SPICE models and with the real behavior in various circuits
of the studied component.

Chapter 5 - Conclusions presents the original contributions on the analysis of complex
nonlinear circuits that can be analyzed in the SPICE programming environment and some

future research directions.

In Chapter 6 — Bibliography.
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1.3. Dissemination of results

There are 8 works published during the approximately 5 years of doctoral training, of which 4
as first author and 4 as co-author, as follows:

L.

Marius Florin Staniloiu, Horatiu Samir Popescu, Bogdan Glod, Mihai lordache, “SPICE
model of a real capacitor: Capacitive feature analysis with voltage variation” (EPE2020),
lasi ROMANIA, Date of Conferences: 22-23 October 2020, Iasi Romania, Added to IEEE
Xplore: 18 February 2021, DOI: 10.1109/EPE50722.2020.9305554, INSPEC Accession
Number: 20470036, 978-1-7281-8126-4/20/$31.00 ©2020 European  Union,
Publisher: IEEE, pp. 333 —338.

Marius Florin Staniloiu, Horatiu Samir Popescu, Bogdan Glod, Mihai lordache, “SPICE
model of a Real Coil. Inductance feature analysis with current variation” (EPE2020), lasi
ROMANIA, Date of Conferences: 22-23 October 2020, Iasi Roméania, Added to IEEE
Xplore: 18 February 2021, DOI: 10.1109/EPE50722.2020.9305677, INSPEC Accession
Number: 20470072,  978-1-7281-8126-4/20/$31.00  ©2020  European  Union,
Publisher: IEEE, pp. 442 — 446.

. Mihai lordache, Horatiu Samir Popescu, lonela Vlad, Marius Florin Staniloiu, “ACAP —

Analogic Circuit Analysis Program” (Bucuresti 2021), Date of Conferences: 25-27 March
2021, 12" International Symposium on Advanced Topics in Electrical Engineering
(ATEE), Added to IEEE Xplore: 12 May 2021, DOI: 10.1109/ATEES2255.2021.9425307,
INSPEC Accession Number: 20691709, ISBN: 978-1-6654-1878-2/21/$31.00 ©2021
IEEE, WOS:000676164800143, Publisher: IEEE, 6 pages.

Marius Florin Staniloiu, Horatiu Samir Popescu, Georgiana Rezmerita, Mihai lordache
“The Equivalent Circuits Thevenin and Norton”, Scientific Bulletin of the Electrical
Engineering Faculty — Year 21 No.2 (45), Sciendo, ISSN 2286-2455, DOI:
10.2478/sbeef-2021-0021, pp. 40-48.

Victor Bucata, Mihai lordache, Ionela Vlad, Horatiu Popescu, Marius Florin Staniloiu
“Wireless Power Transfer Systems: Thevenin Equivalent Circuits for Parallel-Series and
Paralle-Parallel Magnetic Resonator Configurations” (ICATE 2021), Craiova
ROMANIA, Date of Conferences: 27-29 May 2021, Added to IEEE Xplore: 28 June 2021,
DOIL: 10.1109/ICATE49685.2021.9464974, INSPEC Accession Number: 20780269,
978-1-7281-8035-9/21/$31.00 ©2021 IEEE, INSPEC Accession Number: 20895674,
Publisher: IEEE, 6 pages.

Victor Bucata, Mihai lordache, Ionela Vlad, Horatiu Popescu, Marius Florin Staniloiu
“Thevenin Equivalent Circuits for Magnetic Coupling Rezonators (Series-Series, Series-
Parallel) in Wireless Power Transfer System” (ICATE 2021), Craiova ROMANIA, Date of
Conferences: 27-29 May 2021, Added to IEEE Xplore: 28 June 2021, DOI:
10.1109/ICATE49685.2021.9464933, INSPEC Accession Number: 20895674, 978-1-
7281-8035-9/21/$31.00 c2021 IEEE, INSPEC Accession Number: 20895674,
Publisher: IEEE, 6 pages.

Mihaela Grib, Mihai lordache, Alexandru Radu Grib, Horatiu Popescu, Ovidiu Laudatu,
Marius Staniloiu “The Use of Thevenin, Norton and Hybrid Equivalent Circuits in The
Analysis and Polarization of Nonliniar Analog Circuits” (EPE 2022), lasi Romania, Date
of Conferences: 20-22 October 2022, Added to IEEE Xplore: 25 November 2022, DOI:

10.1109/EPE56121.2022.9959871, INSPEC Accession Number: 22330770, 978-1-6654-
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8994-2/22/$31.00 ©2022 European Union, WO0S:000709089900011. Publisher: IEEE,
pp. 198-207.

. Marius Florin Staniloiu, Horatiu Samir Popescu, Georgiana Rezmerita, lonela Vlad,
Mihai lordache, “SPICE model of a real Zener diode tested at room temperature”
(EPE2022), lasi Romania, Date of Conferences: 20-22 October 2022, Added to IEEE
Xplore: 25 November 2022, DOI: 10.1109/EPE56121.2022.9959871, INSPEC Accession
Number: 22330715,  978-1-6654-8994-2/22/$31.00  ©2022  European  Union,
Publisher: IEEE, WOS:000709089900001, pp. 182-186.
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2 CURRENT STATE OF SIMULATION IN SPICE

2.1 History of SPICE

Today, SPICE is a program that runs on a computer, it is designed to simulate analog
electronic circuits. But it was originally designed to simulate integrated circuits, hence its
name: "Simulation Program with Integrated Circuit Emphasis" - simulation program for
integrated electronic circuits.

A first version was released into the public domain in May 1972. An improved version
was later released in 1975.

A third version appeared in March 1985 which was a major improvement of SPICE
(this was also available in the public domain). This was written in C and not FORTRAN (like
the other two versions), the third version incorporated additional types of transistors (E.x.:
MOSFET) and switching elements.

2.2 Fundamentals of SPICE Programming

Using a graphical interface, the user is allowed to draw a circuit diagram and then
have the computer analyze that circuit, with the results displayed graphically.

This is a very fast and valuable analysis tool, but it is not perfect and has its
shortcomings. First, it and other graphics programs like it tend to be unreliable when
analyzing complex circuits, because the translation from image to computer code isn't quite
the science we'd like it to be (or at least not yet). Second, due to its graphics requirements, it
sometimes tends to need a significant amount of computing power to run and a computer
operating system that supports graphics. Third, these graphics programs can be expensive.

Despite all these weaknesses, underneath the graphics lies a robust (and not least free)
program called SPICE, which analyzes a circuit based on a text file description of the circuit's
components and connections.

2.3 Advantages and disadvantages of using SPICE simulation

The advantages and disadvantages of using simulation in SPICE have been observed over a
period of about 20 years of use. Using numerous programs based on SPICE simulation.
Benefits:

- fast simulation.

- large number of SPICE models available directly from electronic component developers.
- easy-to-use tools are already on the market.

- free availability of simulation tools with graphical interface.

Disadvantages:

- malfunction of the models depending on the temperature.

- many SPICE models do not take temperature into account.

- SPICE models focus on the nominal operation of components being more of a tool to see
how an electronic circuit works. In most cases, the operation of electronic circuits must be
found out towards the limits.

- linear components (resistor, capacitor, coil, ...) are considered as if they had 100% ideal
operation.
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3 CONTRIBUTIONS TO THE SIMULATION OF NONLINIAR
CAPACITORS, COILS AND RESISTORS IN THE SPICE

Taking into account the disadvantages discovered over time in simulating circuits
using SPICE, the author creates new SPICE models starting from existing models and the
operation declared in the catalog data of electronic components. The result of the study was
the development of new high-performance models that reflect the functioning of electronic
components closer to reality. So after creating a new model, it will be tested with the existing
model in the SPICE database and with the behavior of the component in real circuits.

3.1 SPICE model of a real capacitor

In this chapter, starting from the equivalent circuit of a real capacitor, a SPICE model is
created in which the static capacitance varies with the voltage at the capacitor's terminals,
with the temperature of the ambient environment in which the capacitor operates, and with its
aging. Ideal voltage controlled current sources and ideal voltage sources are used in creating
the SPICE model.

3.1.1 The equivalent circuit of a real capacitor

The equivalent circuit of a real capacitor is shown in figure 3.1.1.

ESR ‘T c 7| ESL
\ |
IR
1
| |
{
CREAL

Fig. 3.1.1. The equivalent circuit of a real capacitor.

This circuit has the following components:

ESR - represents a parasitic resistor inserted in series with the capacitance component C, this
represents losses due to dielectric substances, electrodes or other components;

ESL - is a parasitic coil inserted in series with the capacitance component C, it is due to the
electrodes, cables and other components;

IR - represents a parasitic current drain resistor between the capacitor terminals;

C —is a capacitor that represents the static capacitance of the capacitor, which is dependent on
voltage variation, temperature variation, and capacitor aging.
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3.1.2 SPICE model of a nonlinear capacitor controlled in voltage and
varying with temperature and aging

Given the real capacitor model and the capacitor equations, a SPICE model of the real
nonlinear voltage-controlled capacitor will be created. In this model, the variation of static
capacitance with voltage, temperature and aging is considered. Also, the variation of
impedance and series resistance (ESR) with frequency is taken into account in this model (fig.
3.1.2)).

ic ESR K KCTens
| ——
i y E? R2
Crza B G SET D ?1 i
ESL
% 25 A p— e 2 | 3
Gi = K'C*dVe/dt Bt = KCrens "% KCrams* %KCTime B2 = TABTens = T(Vc)
KCreme KC1img Vemo Vimo
[ 3 - L 3 »
R2 E3 R3 R4 Q)w RS V2 R6
10 10 10 10 10
F ; ;

Ez = TABtemp = f{(V12mg) E4=TABTme = f{VTime)

Fig. 3.1.2. SPICE model of a real nonlinear voltage-controlled capacitor.

In figure 3.1.2. G1 is a voltage-controlled current source, using the SPICE property of the
source to vary the current output according to an integrated expression:

G, = KCZ< (3.1
dt

The following parameters are found in this expression: K represents the percentage variation

of the static capacity according to voltage, temperature and aging;

C represents the static capacity of the capacitor (the nominal capacity declared by the

component manufacturer);

Vc represents the voltage at the capacitor terminals as a function of time;

E1 is a controlled voltage source, the output value depends on the variation of static

capacitance with voltage, temperature and aging.
E1 = KCTens X %KCTemp X %KCTimp (312)

KCrens represents the percentage variation of static capacity with voltage variation;

KCremp represents the percentage variation of static capacity with temperature variation;
KCrimp represents the percentage variation of the static capacity with aging;

E> is a controlled voltage source, whose output value depends on the percentage variation of
the static capacity declared by the component manufacturer with the voltage, the input of the
source depending on the value of the voltage at the input of the capacitor.
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E; = TABrens = f(Vc) (3.1.3)

E;3 is a controlled voltage source, the output value depends on the component manufacturer's
declared percentage variation of static capacitance with temperature, the source input depends
on the component manufacturer's declared voltage value that varies with temperature (V1).

E; = TABTemp - f(VTemp) (3.1.4)

E4 is a controlled voltage source, the output value depends on the component manufacturer's
declared percent change in static capacitance with age, the source's input depends on the
component manufacturer's declared age-varying voltage value (V>) .

E, = TABTimp - f(VTimp) (3.1.5)

3.1.3 Comparison of a non-linear capacitor model modeled in SPICE, of a
capacitor from the standard library and the real capacitor at 25°C and an
operating age of less than 10 hours

To verify the accuracy of the SPICE model a comparison of the SPICE model of the
capacitor will be made with the behavior of the actual capacitor and with the behavior of the
SPICE capacitor proposed by the component manufacturer for various circuits.

3.1.3.1 Charging and discharging the capacitor

Figure 3.1.3. shows the schematic of a circuit for charging and discharging a capacitor, which
was practically realized. The charging and discharging voltage of the capacitor at the V_Real
point was measured using an oscilloscope (Tektronix Model DPO 5104B).

The waveform was saved in .CSV format for later use in SPICE.

LV Reg)

Vi C) Creal ==

Fig. 3.1.3. Charging and discharging circuit of a practically made capacitor.

In figure 3.1.3. V1 is a step voltage source with a voltage increase from 0V to 10V (TDK-
Lambda voltage source).

In figure 3.1.3. Creal is a 10pF capacitor (KEMET, Y5V Dielectric) and R1 a 180kOhm
resistor.

Figure 3.1.4. shows a capacitor charging and discharging circuit modeled in SPICE.
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R1 R2

Cmodelat

R3

ui

i
Fig. 3.1.4. Charge and discharge circuit of a capacitor made in SPICE.

V1 is a voltage source with a step-up from 0V to 10V.

Cl1 is a capacitor from the SPICE library, model proposed by the manufacturer of the 10 pF
component.

Cmodelat is a real nonlinear capacitor modeled in SPICE with a variation of static capacitance
as a function of voltage.

Ul is a user source from the SPICE library that allows voltage waveform loading in .USR
format.

The voltage value is taken with an oscilloscope (Tektronix Model DPO 5104B), with which
the charging and discharging of a real capacitor was measured.

Following the simulation of the circuit in figure 3.1.4 using SPICE, the graph in figure 3.1.5
was obtained, when the capacitors are charged and the graph in figure 3.1.6. when the
capacitors discharge. R1, R2 and R3 are resistors from the standard SPICE library of 180kQ.

11.00

8.00

y e
v

4.00

0'062 00 320 4.80 6.40 8.00 10.00

v(C_Real) (V) v(C_Modelat) (V)
v(C_Spice) (V,

T (Secs)
Fig. 3.1.5. Time variation of the charge of a real capacitor compared to a model modeled in SPICE and
a SPICE model.
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11.00

10.00

2\
-\
RN

N

g OGO 00 2.00 4.00 6.00 8.00 10.00
v(C_Real) (V. v(C_Modelat) (V)
v(C_Spice) (V)

T (Secs)
Fig. 3.1.6. Time variation of the discharge of a real capacitor compared to a model modeled in SPICE
and a SPICE model.

The red color graph indicates the voltage variation on the SPICE capacitor, the blue color
graph indicates the voltage variation on the nonlinear capacitor modeled in SPICE and the
green color graph indicates the voltage variation on the real capacitor (measured with the
oscilloscope).

Comparing the two graphs, it can be seen that the model of the nonlinear capacitor modeled in
SPICE is very close to the behavior of the real capacitor.

3.1.3.2 Oscillating circuit

Figure 3.1.7 shows the scheme of an oscillating circuit consisting of a coil, a resistor and a
capacitor, which was practically realized and the variation of the voltage on the capacitor at
the V_Real point was measured using an oscilloscope (Tektronix Model DPO 5104B). The
waveform was saved in .CSV format for later use in SPICE. This circuit is used to see the
variation of static capacitance in an oscillating circuit.

L1
R1 V_Re

V1 () Creal =

Fig. 3.1.7. Oscillating circuit made practically.

In figure 3.1.7. V1 is a voltage source with a step-up from 0V to 10V (TDK-Lambda Voltage
Source). Cl1 is a capacitor (KEMET, Y5V Dielectric) with a capacitance of 10uF and L1 is a
coil with an inductance of 33uH. R1 is a 1Q resistor.

Figure 3.1.8 shows an oscillating circuit modeled in SPICE.

11
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L1 L2
Spi il i rEE Y Mgdelat
+

Cmodelat

U1

L
Fig. 3.1.8. Oscillating circuit made in SPICE.

V1 is a step voltage source with a rise from OV to 10V, C1 is a capacitor from the SPICE
library, model proposed by the component manufacturer of 10uF, C2 is a non-linear capacitor
modeled in SPICE with a variation of static capacitance according to voltage, temperature and
age, L1 and L2 are coils from the SPICE library with an inductance of 33pH , R1 and R2 are
resistors from the SPICE library with a resistance of 1 Q.

Ul is a user source from the SPICE library that allows voltage waveform loading in .USR
format.

The voltage waveform is taken from an oscilloscope (Tektronix Model DPO 5104B), with
which the voltage variation on the actual capacitor was measured.

After simulating the circuit in figure 3.1.8. from SPICE, the graph in figure 3.1.9 was
obtained, where the voltage variation on the capacitors can be observed.

11.00

10.00

7.50

2.50

0.00

"70.00u 120.00u 240.00u 360.00u 480.00u 600.00u
V(C_Real) (V v(C_Modelat) (V)
v(C_Spice) (V)
T (Secs)

Fig. 3.1.9. Time variation of the voltage of a real capacitor compared to a nonlinear model modeled in
SPICE and a SPICE model in an oscillating circuit.

The red color graph indicates the voltage variation on the SPICE capacitor, the blue color
graph indicates the voltage variation on the nonlinear capacitor modeled in SPICE and the

12
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green color graph indicates the voltage variation on the real capacitor (measured with the
oscilloscope).

Comparing the signals on the graph, it can be seen that the model of the nonlinear capacitor
modeled in SPICE is very close to the behavior of the real capacitor.

3.2 SPICE model of a real coil

In this chapter, starting from the equivalent circuit of a real coil, a SPICE model is created in
which the inductance varies with the value of the current through the coil, with the
temperature of the ambient environment in which the coil operates and with its aging.

In creating the SPICE model, ideal current-controlled voltage sources and ideal voltage
sources are used.

3.2.1 The equivalent circuit of a real coil

The equivalent circuit of a real coil is shown in figure 3.2.1.

LREAL

Fig. 3.2.1. The equivalent circuit of a real coil.

This circuit has the following components:

Rpc - represents a parasitic resistor inserted in series with the inductance component L,
represents the losses due to the copper wire of the coil in direct current.

Cpr - represents a parasitic capacitance in parallel with the inductance L, this is determined by
the different potentials of the neighboring turns.

Rp - represents a parasitic resistor inserted in parallel with the inductance component L,
represents the losses in the electromagnetic core.

L - represents the inductance of the coil, which depends on the current variation and the
temperature variation.

13
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3.2.2 SPICE of a nonlinear coil controlled in current and varying with
temperature

Given the real coil model and the coil equations, a SPICE model of the real nonlinear current
controlled coil will be created. In this model the variation of inductance with variation of
current and temperature is taken into account. Also, in this model, the variation of inductance
with frequency and resistance in parallel (RP) are taken into account (fig. 3.2.2).

~

iL ESR

LreaL —]

D O ||

H1 = K*L*dIu/dt F1=%KL *% KLTemp
KL KLTemp

|Temp

O [z O ||z O ||

F2 = TABcurent 2> f(lL) F3 = TABtemp 2 f(lTemp)
Fig. 3.2.2. SPICE model of a real nonlinear current-controlled coil.

In Figure 3.2.2 H1 is a current-controlled voltage source, using the SPICE property of the
source to vary the output voltage according to an integrated expression:

diL
Hy = KL (3.2.1)

The following parameters can be found in the above expression: K represents the percentage
variation of the inductance according to current and temperature. L represents the inductance
of the coil (the nominal inductance declared by the component manufacturer). iL represents
the current through the coil as a function of time.

Fi is a controlled current source whose output value depends on the variation of inductance
with variation of current and temperature.

F1 = %KLI X %KLTemp (322)

KL represents the percentage variation of inductance with variation of current.

14
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KLTemp represents the percentage variation of inductance with temperature variation.

F» is a controlled current source, the output of which depends on the percentage variation in
inductance declared by the component manufacturer with the current variation, the input of
the source depending on the value of the current through the coil.

F, = TABcyrent = f(IL) (3.2.3)

F3 is a controlled current source, whose output value depends on the percentage variation of
inductance declared by the component manufacturer with temperature, the source input
depending on the value of a current that varies with temperature declared by the component
manufacturer.

3.2.3 Comparison of the Spice model of a non-linear coil, a standard library
coil and the real coil at 25°C and an operating age of less than 10 hours

3.2.2.1 Oscillating circuit

To verify the accuracy of the modeled SPICE model a comparison of the SPICE model of the
coil will be made with the behavior of the actual coil and with the behavior of the SPICE coil
proposed by the component manufacturer.

Figure 3.2.3 shows the scheme of an oscillating circuit made with a coil, a resistor and a
capacitor, which was studied experimentally.

R1 Lreal
— oo Real
L 1 of g

G =

sl

VIC

Fig. 3.2.3. Oscillating circuit made practically.

The variation of current through the circuit at the I Real point was measured using an
oscilloscope (Tektronix Model DPO 5104B) and a current probe (Model TCP0150). The
waveform was saved in .CSV format for later use in SPICE.

In Figure 3.2.3 V1 is a voltage source with a step-type increase from 0V to 10V (TDK-
Lambda Voltage Source).

In figure 3.2.3 Cl1 is a capacitor (C3225X7R1E106MTJY AN) with a capacity of 10uF and L1
is a coil with an inductance of 100uH from the manufacturer MURATA
(LQH32PZ101MNO).

Figure 3.2.4 shows an oscillating circuit modeled in SPICE.
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Fig. 3.2.4. Oscillating circuit made in SPICE.

V1 is a voltage source with a step-up from 0V to 10V.

C1 and C2 are capacitors from the SPICE library, model proposed by the manufacturer of the
10uF components.

L1 is a coil from the SPICE library, model proposed by the manufacturer of the 100puH
component.

L2 is a real nonlinear coil modeled in SPICE with a variation of inductance as a function of
current.

R1 and R2 are 1Q SPICE library resistors.

Ul is a user source from the SPICE library that allows the voltage waveform to be loaded in
.USR format.

The waveform acquired using an oscilloscope (Tektronix Model DPO 5104B) and a current
probe (Model TCP0150) was used in the simulation.

Following the simulation of the circuit in figure 3.2.4 using SPICE, the graph in figure 3.2.5
was obtained, where the current variation can be observed.
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Fig. 3.2.5. Time variation of current through a real coil compared to a nonlinear model modeled in
SPICE and a SPICE model in an oscillating circuit.

The red plot shows the variation of current through the SPICE coil, the blue plot shows the
variation of current through the SPICE modeled nonlinear coil and the green plot shows the
variation of current through the real coil (measured with the oscilloscope).

Comparing the graphs, it can be seen that the nonlinear coil model made in SPICE is very
close to the behavior of the real coil.

3.3 SPICE model of a real resistor

In this paragraph, starting from the equivalent circuit of a real resistor, a SPICE model is
created in which the resistance varies with the frequency at the resistor's terminals, with the
temperature of the ambient environment in which the resistor operates, and with its aging.
Ideal voltage controlled current sources and ideal voltage sources are used in the creation of
the SPICE model.

3.3.1 The equivalent circuit of a real resistor

The equivalent circuit of a real resistor is shown in figure 3.3.1.

Ce
||
|
R
o | :|_’_._ﬂ/\m o
|
RREAL

Fig. 3.3.1. The equivalent circuit of a real resistor.

This circuit has the following components:

Cp - represents a parasitic capacitor inserted in parallel with the resistance component R, it is
due to the electrodes, cables and other components.

Lp - is a parasitic inductor in series with the resistance component R, it is due to the
electrodes, cables and other components.

R — represents the electrical resistance of the resistor, which is dependent on frequency
variation and temperature variation.

17
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3.3.2 SPICE model of a nonlinear resistor raying with temperature and
aging

Given the real resistor model and the resistor equations, a SPICE model of the real non-
linear resistor will be created. The variation of resistance with temperature and aging is taken
into account in this model. Also, in this model, the variation of the parasitic capacitance in
parallel with the resistor and of the inductance in series with the resistor is taken into account
(fig. 3.3.2).

RREAL—]

>F1 R1
10

X1 = K*R F1 =% KRTemp*%KRrimp

KRTemp KRTimp VTemp VTimp

CD F2 {

33
-
5

F2 = TABtemp 2> f('Temp) Fs = TABtimp > f(lTimp)

Fig. 3.3.2. SPICE model of a real non-linear resistor.

In Figure 3.3.2 X1 is a voltage-controlled variable resistor, using the SPICE source
property to vary the resistance according to an integrated expression:

X, = KR (3.3.1)

The following parameters are found in this expression: K represents the percentage variation
of the resistance as a function of temperature and aging.

R represents the resistance of the resistor (the nominal resistance declared by the component
manufacturer).

F1 is a controlled voltage source, the output value depends on the resistance variation with
temperature and aging.

Fy = %RCremp X %RCrimp (3.3.2)

KCremp represents the percentage variation in resistance with temperature variation.
18
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KCrimp represents the percentage change in resistance with aging.

F» is a controlled voltage source, the output value depends on the percentage variation of
resistance with temperature declared by the component manufacturer, the source input
depends on the value of a voltage that varies with temperature declared by the component
manufacturer (V).

F, = TABTemp - f(VTemp) (3.3.3)

F3 is a controlled voltage source, the output value depends on the component manufacturer's
declared percentage change in resistance with aging, the source's input depends on the
component manufacturer's declared voltage-varying-with-aging value (V2).

E; = TABTimp - f(VTimp) (3.3.4)
3.3.3 Comparison of the SPICE model of a non-linear resistor, a resistor

from the standard library and the real resistor at an operating age of less
than 10 hours

To verify the accuracy of the SPICE model a comparison of the SPICE model of the

resistor will be made with the behavior of the actual resistor and with the behavior of the
SPICE resistor proposed by the component manufacturer for various circuits.

3.3.3.1 Resistive divider at 25°C

Figure 3.3.3 shows the scheme of a resistive divider, which was practically made. The voltage
was measured at the V_Real point using an oscilloscope (Tektronix Model DPO 5104B).
The waveform was saved in .CSV format for later use in SPICE.

,\R}\r \' Rea‘

gl ) Rreal

Fig. 3.3.3. Practically made resistive divider.

In figure 3.3.3 V1 is a step voltage source with a step from 0OV to 10V (TDK-Lambda voltage
source).

In figure 3.3.3 R1 is a 1 kQ metal foil resistor. R2 is a 1kQ metal glaze resistor (this model
pattern was chosen because it has a large resistance variation with frequency and temperature)

Figure 3.3.4 shows a circuit modeled in SPICE.
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Fig. 3.3.4. Resistive divider made in SPICE.

V1 is a step voltage source with an increase from 0OV to 10V or a sinusoidal voltage source

with a frequency of SOMHz.

R1, R2, R3, R4 are resistors from the SPICE library with a value of 1kOhm.
Rmodelat is a real nonlinear resistor modeled in SPICE with a resistance variation as a

function of temperature and frequency.

Ul is a user source from the SPICE library that allows voltage waveform loading in .USR

format.

Voltage taken from an oscilloscope (Tektronix Model DPO 5104B), with which the voltage

drop across a real resistor was measured.

Following the simulation of the circuit in figure 3.3.4 using SPICE, the graph in figure 3.3.5,
figure 3.3.6 and figure 3.3.7 was obtained, where the voltage variation and the resistance
value for the three studied resistors can be observed.
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Fig. 3.3.5. Time variation of the voltage drop
across a real resistor compared to a nonlinear
model modeled in SPICE and a SPICE model to a
ramping increase in supply voltage.

Fig. 3.3.6. The resistance value of a real resistor
compared to a non-linear model modeled in
SPICE and a SPICE model to a ramping increase
in supply voltage.
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Fig. 3.3.7. Time variation of the voltage drop across a real resistor compared to a nonlinear model
modeled in SPICE and a SPICE model at a frequency of S0OMHz.

4 CONTRIBUTIONS ON THE SIMULATION OF DIODES AND
TRANSISTORS IN SPICE

The author creates new equivalent models of diodes and transistors after which new and high-
performance SPICE models are created for the most used electronic components (rectifier
diode, stabilizer diode, bipolar transistor and MOS-FET transistor). These models are
compared with already existing SPICE models and with the real behavior in various circuits
of the studied component.

4.1 SPICE model of a real rectifier diode

In this paragraph, starting from the equivalent circuit of a real rectifier diode, a SPICE model
is created in which the voltage drop across the diode varies with the value of the current
through the diode and with the temperature of the ambient environment in which the diode
operates.

In creating the SPICE model, ideal current-controlled voltage sources and ideal voltage
sources are used

4.1.1 The equivalent circuit of a real rectifier diode

Taking into account these operating ranges and the fact that the diode is not ideal,
figure 4.1.1 shows the model of a real rectifier diode.
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Fig. 4.1.1. The equivalent circuit of a real rectifier diode.

This circuit has the following components:

Rserie — parasitic resistor in series with the ideal diode
Cp — parasitic resistor in series with the ideal diode
Dvers — 1deal rectifier diode to achieve reverse current
Rinvers — resistor to limit the reverse current

V — current-dependent voltage source through the diode (Digeal) and diode temperature
(Dldeal)

Dsi — the ideal rectifier diode used to simulate the reverse voltage

DZs: — ideal Zener diode used to simulate the reverse voltage

4.1.2 SPICE model of a real rectifier diode

Given the model of the real diode next a SPICE model of the real diode will be created whose
voltage drop varies with the variation of the current through the diode and with the
temperature of the diode. Also, series resistance (Rseric) and parasitic capacitance with
frequency (Cp) are taken into account in this model (fig. 4.1.2).
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Fig. 4.1.2. SPICE model of a real rectifier diode.

In figure 4.1.2 H1 is a current controlled voltage source, using the SPICE property of
the source to vary the voltage output according to an integrated expression:

_ g din
Hy = K= 4.1.1)

In this expression there are the following parameters: K represents the percentage variation of
voltage as a function of diode current and diode temperature. Ip represents the current through
the rectifier diode.

Fi is a controlled current source whose output value depends on the variation of the voltage as
a function of the current through the diode and the temperature of the diode.

F; = %KD; X %KDremy (4.1.2)
KDi represents the percentage variation of the voltage drop with the variation of the current

through the diode.
KDremp represents the percentage variation of voltage drop with temperature variation.
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F» is a controlled current source, whose output value depends on the percentage variation of
the voltage drop declared by the component manufacturer with the current intensity, the input
of the source being a function of the current value through the diode.

F, = TABcyrent = f(DI) (4.1.3)

F3 is a controlled current source whose output value depends on the percentage
variation of the voltage drop declared by the manufacturer with temperature.

F; = TABTemp - f(ITemp) (4.1.4)

4.1.3 SPICE model comparison of a SPICE-modeled rectifier diode, a
standard library rectifier diode, and a real rectifier diode at 25°C and an
operating age of less than 10 hours

To verify the accuracy of the SPICE model, a comparison of the SPICE model of the
rectifier diode will be made with the behavior of the actual rectifier diode and with the
behavior of the SPICE rectifier diode proposed by the component manufacturer in various
circuits.

4.1.3.1 SPICE model validation — forward voltage (I~1mA)

Figure 4.1.3 represents the circuit diagram of a forward-conducting rectifier diode,
which has been practically realized. The voltage drop at the V_Real point was measured using
an oscilloscope (Tektronix Model DPO 5104B).

The waveform was saved in .CSV format for later use in SPICE.

In figure 4.1.3 V1 is a ramp voltage source with an increase from 0V to 10V (TDK-
Lambda voltage source).

In figure 4.1.3 Dreal is a diode (BAV99) and R1 a 10kOhm resistor.

R1
M \ Rea‘

Vi () Dreal &

Fig. 4.1.3. Voltage drop across a real diode — practical circuit.

Figure 4.1.4 shows an operating circuit of a conducting rectifier diode modeled in
SPICE.

V1 is a voltage source with a ramp-up from 0V to 10V.

D1 is a diode from the SPICE library, a model proposed by the component
manufacturer.
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Dmodelat is a real rectifier diode modeled in SPICE with a variation of voltage as a

function of current through the diode.

R1, R2, R3 are 10kOhm resistors from the SPICE library.

Ul is a user source from the SPICE library that allows voltage waveform loading in
.USR format.

Voltage taken from an oscilloscope (Tektronix Model DPO 5104B), with which the

voltage drop across a real diode was measured.

+
D1 Vi Dmodelat
+
Ul

Fig. 4.1.4. Voltage drop across a diode (modeled in SPICE, SPICE, Real) — circuit made in SPICE.

After simulating the circuit in figure 4.1.4 using SPICE, the graph in figure 4.1.5 was
obtained.
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Fig. 4.1.5. Voltage drop across a real diode compared to a SPICE modeled nonlinear diode and a
SPICE model diode.

The red graph indicates the voltage drop across the SPICE rectifier diode, the blue
graph indicates the voltage drop across the SPICE modeled rectifier diode, and the green
graph indicates the voltage drop across the real diode (measured with the oscilloscope).
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Comparing the three graphs, it can be seen that the model of the real diode modeled in
SPICE is very close to the behavior of the real diode and represents a worse case than the real
diode.

4.1.3.2 SPICE model validation — forward voltage (I~10mA, I~100mA)

In figure 4.1.3 and in figure 4.1.4 respectively, the values of resistors R1, R2 and R3
will be changed so that we have a circuit current of 10mA and 100mA respectively. The
simulation results are presented in figure 4.1.6 for a current of 10mA and in figure 4.1.7 for a
current of 100mA.
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Fig. 4.1.6. Voltage drop across a real diode compared to a SPICE modeled nonlinear diode and a
SPICE model diode (I=10mA).
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Fig. 4.1.7. Voltage drop across a real diode compared to a SPICE modeled diode and a SPICE model
diode (I=100mA).

4.1.3.3 SPICE Model Validation — Inverse Voltage

Figure 4.1.8 represents the circuit diagram of the operation of a reverse-conduction
rectifier diode, which was practically realized, and the variation of the current through the
diode at the I Real point was measured using an oscilloscope (Tektronix Model DPO 5104B)
and a current probe (Model TCP0150). The waveform was saved in .CSV format for later use
in SPICE.

In figure 4.1.8 V1 is a DC voltage source (TDK-Lambda voltage source). D _Real is a
diode (BAV99) and R1 a 10kOhm resistor.

A I Re

Dreal

Aers

v1<

Fig. 4.1.81. Circuit to check the leakage current through a real diode - practical circuit.

Figure 4.1.9 shows a reverse conduction rectifier diode operating circuit modeled in
SPICE, D1 is a diode from the SPICE library, a model proposed by the component
manufacturer. V2 is a DC voltage source.

D Modelat is a real rectifier diode modeled in SPICE with a voltage variation as a
function of current.

Ul is a user source from the SPICE library that allows the current waveform to be
loaded in .USR format.

The value of the electric current taken using an oscilloscope (Model Tektronix DPO
5104B) and a current probe (Model TCP0150), with which the current through a real diode
was measured.
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Fig. 4.1.9. Circuit to Check Current Through a Diode (Modeled in SPICE, SPICE, Real) — circuit
made in SPICE.

After simulating the circuit in figure 4.1.9, using SPICE, the graph in figure 4.1.10 was

obtained.
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Fig. 4.1.10. Current through a real diode compared to a SPICE modeled diode and a SPICE model
diode.

The red graph shows the current through a SPICE rectifier diode, the blue graph shows
the current through a SPICE modeled rectifier diode and the green graph shows the current
through a real diode (measured with the oscilloscope).

Comparing the three graphs, it can be seen that the diode model modeled in SPICE
represents the worst case (where the loss current is 150nA, a value also found in the
component's catalog data). This SPICE model helps to calculate the maximum leakage current
in a complex circuit.
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4.2 SPICE model of a real stabilizer diode

In this paragraph, starting from the equivalent circuit of a real stabilizer diode, a SPICE model
is created in which the voltage drop on the diode varies with the value of the current through
the diode and with the temperature of the ambient environment in which the diode operates.

In creating the SPICE model, ideal current-controlled voltage sources and ideal voltage
sources are used.

4.2.1 The equivalent circuit of a real stabilizer diode

Taking into account these operating ranges and the fact that the diode is not ideal, figure 4.2.1
shows the model of a real stabilizer diode.
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Fig. 4.2.1. The equivalent circuit of a real stabilizer diode.
This circuit has the following components:
Rserie — parasitic resistor in series with the ideal Zener diode
Cpz — parasitic capacitor in series with the ideal Zener diode
DZinvers — ideal diode to achieve reverse current

VDivers — Voltage source dependent on diode current (Digear) and diode temperature
(Dideal) to achieve reverse current

VZ — voltage source dependent on diode current (DZigea) and diode temperature
(DZ1geal) to realize diode current

DZigea — ideal Zener diode used to simulate the forward voltage

4.2.2 SPICE model of a real stabilizer diode

Given the model of the real diode next a SPICE model of the real stabilizer diode will be
created whose voltage drop varies with the variation of the current through the diode and with
the temperature of the diode. Also, in this model, series resistance (Rseric) and parasitic
capacitance with frequency (Cp) are taken into account (fig. 4.2.2).
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Fig. 4.2.2. SPICE model of a real stabilizer diode.

In Figure 4.2.2 H1 and H2 represent current controlled voltage sources, using the
SPICE source property to vary the voltage output according to an integrated expression:

In this expression there are the following parameters: K1 and K2 represent the
percentage variation of voltage as a function of diode current and diode temperature. ID

H, = K192
dt
diD

Hyo = K257

represents the current through the Zener diode.
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Fi and F4 are controlled current sources, whose output value depends on the variation of
voltage across the diode with variation of current and temperature.

Fy = %KD; X %K Dyemy (4.2.3)
Fy = %KDZ; X %KDZzremp (4.2.4)

KD; and KDZ; represents the percentage variation of the voltage drop with the variation of
current through the diode (forward and reverse conduction).

KDremp represents the percentage variation of voltage drop with temperature variation.

F> and F4 are controlled current sources, whose output value depends on the percentage
variation of the voltage drop declared by the manufacturer of the component with the current
intensity, the input of the sources being according to the value of the current through the
diode (direct and reverse conduction).

F, = TABcyrent = f(DI) (4.2.5)

Fs = TABzrcurent = f (Dpz) (4.2.6)

F3 and Fs are controlled current sources, whose output value depends on the percentage
variation of the voltage drop declared by the manufacturer with temperature.

F; = TABTemp - f(ITemp) (4.2.7)

Fg = TABTemp - f(IZTTemp) (4.2.8)

4.2.3 Comparison of the proposed SPICE model of a stabilizer diode with a
stabilizer diode from the standard library and with a real stabilizer diode at
25°C and an operating age of less than 10 hours

To verify the accuracy of the SPICE model a comparison of the SPICE model of the
stabilizer diode will be made with the behavior of the actual stabilizer diode and with the
SPICE behavior of the stabilizer diode proposed by the component manufacturer.

4.2.3.1 Spice model validation — forward voltage (I~SmA)

Figure 4.2.3 represents the circuit diagram of the operation of a stabilizer diode in
direct conduction, which was practically realized. The voltage drop at the V_Real point was
measured using an oscilloscope (Tektronix Model DPO 5104B).

The waveform was saved in .CSV format for later use in SPICE.
In figure 4.2.3 V1 is a 10V DC voltage source (TDK-Lambda voltage source).
In figure 4.2.3 D_Real is a stabilizer diode (BZX84 C5V1) and R1 is a 10kOhm resistor.
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AW YR

Vi C) Dreal

Fig. 4.2.3. Voltage drop across a real stabilizer diode - practical circuit.

Figure 4.2.4 shows an operating circuit of a direct conduction stabilizer diode modeled
in SPICE.

V1 is a 10V DC voltage source.

D1 is a stabilizer diode from the SPICE library, a model proposed by the component
manufacturer.

Dmodelat max and Dmodelat min are real stabilizer diodes modeled in SPICE with a
voltage variation as a function of the current through them.

Ul is a user source from the SPICE library that allows the voltage waveform to be
loaded in .USR format.

R1, R2, R3, R4 and R5 are resistors from the standard SPICE library with a resistance
value of 1kQ.

Voltage acquired using an oscilloscope (Tektronix Model DPO 5104B), with which
the voltage drop across a real diode was measured.

é R3 | M :
$/Spice ARy AAA V_Mod b

' D1 Vi (‘) Dmodelat max Dmodelat min ‘2

R5

Fig. 4.2.4. Voltage drop across a stabilizer diode (modeled in SPICE, SPICE, Real) — circuit made in
SPICE.

Following the simulation of the circuit in figure 4.2.4 using SPICE, the graph in figure 4.2.5
was obtained.
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Fig. 4.2.5. Voltage drop across a real Zenner diode compared to a SPICE-modeled nonlinear Zenner
diode and a SPICE-modeled Zenner diode.

The red graph shows the voltage drop on the SPICE stabilizer diode, the blue graph
shows the voltage drop on the SPICE modeled stabilizer diode (minimum and maximum) and
the green graph shows the voltage drop on the real diode (measured with the oscilloscope) .

Comparing the four graphs, it can be seen that the real diode model modeled in SPICE
represents the worst cases (maximum and minimum).

4.2.3.2 SPICE model validation — reverse voltage (I~1mA)

Figure 4.2.6 represents the circuit diagram of a reverse conduction Zener diode, which
was practically realized, and the variation of the diode voltage at the V_Real point was
measured using an oscilloscope (Tektronix Model DPO 5104B). The waveform was saved in
.CSV format for later use in SPICE.

In figure 4.2.6 V1 is a ramp voltage source from 0V to 10V (TDK-Lambda voltage
source). Dreal is a diode (BZX84 C5V1) and R1 a 10kOhm resistor.

R1
AN V_Regl

Vi C) Dreal &

Fig. 4.2.6. Voltage drop across a real Zenner diode - practical circuit.
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Figure 4.2.7 shows an operating circuit of a reverse conduction Zener diode modeled
in SPICE, D1 is a diode from the SPICE library, a model proposed by the component
manufacturer. V1 is a ramp voltage source from 0OV to 10V.

Dmodelat is a real rectifier diode modeled in SPICE with a variation of voltage as a
function of current.

Ul is a user source from the SPICE library that allows the voltage waveform to be
loaded in .USR format.

Voltage taken from an oscilloscope (Tektronix Model DPO 5104B), with which the
voltage drop across a real diode was measured.

R1 R2

Spice AAY . AN V_Modela
+
D1 Vi () Dmodelat
:
R3
A V_Re
it
Ul

Fig. 4.2.7. Voltage drop across a stabilizer diode (modeled in SPICE, SPICE, Real) — circuit made in
SPICE.

After simulating the circuit in figure 4.2.7 in SPICE, the graph in figure 4.2.8 was
obtained, where you can see the voltage variation on the diodes.

The red graph shows the SPICE Zenner diode voltage drop, the blue graph shows the
SPICE modeled Zenner diode voltage drop and the green graph shows the real Zenner diode
voltage drop (measured with the oscilloscope).

Comparing the three graphs, it can be seen that the model of the real diode made in
SPICE is very close to the behavior of the real diode representing a worse case than the diode
in the SPICE library.
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Fig. 4.2.8. Voltage drop across a real Zenner diode compared to a SPICE modeled Zenner diode and a
SPICE model Zenner diode.

4.3 SPICE model of a NPN bipolar transistor

In this chapter, starting from a model already existing in the SPICE library of a NPN
bipolar transistor, the parameters of this model are checked and some models for extracting
these parameters from the catalog data are proposed. The validation of these parameters is
done in SPICE simulations comparing the results with the information from the catalog data.

4.3.1 Circuit topology for checking and modifying the parameters of an
NPN bipolar transistor

Figure 4.3.1 shows a circuit architecture that helps to manually check some electrical
parameters of an NPN bipolar transistor such as: Hrg, hrg FT, Rss, Reg, Rec, ect. This data
will be compared to the data published by the component manufacturer, then this data will be
modified to see if a model is achieved that is closer to the behavior described in the catalog
data of the electronic component.
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Fig. 4.3.1. Architecture of a circuit that helps to check the parameters of an NPN bipolar transistor.

Figure 4.3.1 uses ideal current-controlled voltage sources and ideal voltage-controlled
current sources to monitor or inject test signals. Note that these ideal voltage and current
sources are not in the real world but exist in the simulation environment. They allow studying
a circuit without affecting its operation.

In figure 4.3.1 are the following components:
e VI continuous voltage source.

V2 alternating voltage source.

G1 voltage controlled current source.

Ig current source.

H2 current controlled voltage source.

H1 current controlled voltage source.

QI bipolar transistor.

Also in this architecture certain points in the circuit are highlighted which help to
approximate the parameters of the bipolar transistor, thus:

e (H2=1*Ig+1*Gl) allows monitoring the base current and using it in future
calculation formulas.

e (GI=1*V2) allows measuring the base voltage and using it in future
calculation formulas.

e (H1=1*V1) allows monitoring the collector current, it is represented as a
voltage with a ratio of 1 and its use in future calculation formulas.

e (V2) allows a current to be injected into the base of the transistor under study
through an ideal voltage controlled current source to allow the current gain to
be measured as a voltage ratio.
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4.3.1.1 DC simulation of NPN bipolar transistor

Figure 4.3.2 shows the direct current gain (HFE) for the BC817 NPN bipolar transistor [32]. It
can be seen that the maximum value of direct current gain (HFE) is about 270 and is constant
from 0.1mA to about 100mA where it starts to decrease.

1 3
T
he > [100°C
i 25°C
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| -50°C
N
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IOU =1 0 li 2 3
10" 10 10" 10° mA 10

et

Fig. 4.3.2. Variation of the HFE amplification factor as a function of the collector current for a DC
BC817 transistor [32].

The SPICE model proposed by the component manufacturer will be further studied. Thus, the
electronic circuit proposed in figure 4.3.6 is made in SPICE. An NPN BC817 bipolar
transistor is chosen to be studied. The direct current analysis of the SPICE simulator is run
(result in fig. 4.3.3). The graph in Figure 4.3.3 is configured to show Hrg on the y-axis and Ic
collector current in mA on the x-axis. It can be seen that the maximum value of direct current
gain (Hrg) is about 300 and is constant from 0.1mA to about 20mA where it starts to decrease.
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Fig. 4.3.3. DC analysis of Hrg gain factor as a function of collector current for a BC817 transistor

[circuit simulated in SPICE].

Remarks:

e In the catalog data for the BC817 transistor, the maximum direct current gain (Hgg)
value is about 270, but after simulation this gain is 300, resulting in a different
amplification factor in the SPICE model than in the catalog.

e [t is observed that the amplification factor starts to decrease much earlier than in the
catalog data (it decreases from 20mA compared to the catalog information to about
100mA) resulting in the IKF parameter being different from the one in the catalog (the
parameter responsible for changing the "high angle current").

Taking into account the two observations, the parameter BF (the maximum value of direct

current gain in direct conduction) is changed to the value of 270 and the parameter IKF to

the value of 900mA. Running the DC analysis of the SPICE simulator again yields the

graph in figure 4.3.4.
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Fig. 4.3.4. DC analysis of HFE amplification factor as a function of collector current for a BC817
transistor [circuit made in SPICE, BF=270, IKF=900mA].
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As can be seen in the graph in figure 4.3.4, the maximum value of direct current gain (Hrg) is
about 270 but this amplification factor starts to decrease much earlier than the value in the
catalog with increasing collector current (about 70mA ). Thus some more tests are done,
modifying this parameter (IKF), it is observed that at a value of approximately 1800mA, the
graph looks the closest to the one in the catalog (but this contradicts the definition of this
parameter). In the graph in figure 4.3.5 we have BF=270 and IKF=1800mA.
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Fig. 4.3.5. DC analysis of HFE amplification factor as a function of collector current for a BC817
transistor [circuit made in SPICE, BF=270, IKF=1800mA].

4.3.1.2 Transient simulation of the NPN bipolar transistor

It is carried out in SPICE, the electronic circuit proposed in figure 4.3.1 The transient analysis
of the SPICE simulator is run (the result in figure 4.3.6), it produces an output like an
oscilloscope. We apply to the base of the BC817 NPN bipolar transistor a sinusoidal signal
with a peak of 10pA and a frequency of 1kHz, corresponding to a period of 1ms, with the
help of an ideal sinusoidal voltage source from the SPICE library. This signal is superimposed
on a 10uA DC signal. Keep the values found in the previous chapter, BF=270, IKF=1800mA
(blue graph.
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Fig. 4.3.6. Transient analysis for a BC817 transistor [circuit made in SPICE, BF=270, IKF=1800mA].

In the graph in figure 4.3.6, the base current of the bipolar NPN BC817 transistor (displayed
in pA) is shown in red color, the collector current of the bipolar transistor is displayed in blue
color (displayed in mA). It is observed that at a base current of 20pA we have a collector
current of 5.4mA thus we have a transient amplification factor of:

Ic _ 5.4mA

hoo = 1€ —
FE = 1, 7 20p4

=270 4.3.1)

The one that corresponds to the value from the catalog data, respectively to the value of the
amplification factor proposed in (BF=270). We have to take into account that the initial
SPICE model value of the amplification factor was BF=300.

4.3.1.3 AC simulation of NPN bipolar transistor

It is done in SPICE, the electronic circuit proposed in figure 4.3.1 The AC Analysis of
the SPICE simulator (AC Analysis) is run to display the hrg using a variable frequency from
1kHz to 100MHz and a base current of 10uA.

In figure 4.3.7 we have the "Y" axis displayed in logarithmic scale and we can see a
low frequency current gain (hrg) of about 270, implicitly a collector current,

Io = Ighgg = 10p %270 = 2.7mA 4.3.2)

It is also observed that hrg =1 at a frequency of approximately 60MHz (FT=60MHz).
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We have the drop point of the gain factor (hrg) starting at FT = 170kHz which is quite
reasonable. The "transit time" parameter in the SPICE model is TF= 738.663741ps, now if we
calculate this time as a function of the drop point, we have:

1 1
T 4mFT ~ 4%3.14159265%17%10%

TF

= 468.3402ps (4.3.3)

10K
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v(lc)v(lb_ac)
F (Hz)

Fig. 4.3.7. AC analysis for a BC817 transistor [circuit made in SPICE, BF=270, IKF=1800mA].

This parameter is highly dependent on the batch of "silicon" from which the transistor is
made.

Another important parameter in the small signal study of the transistor is the transconductance
(Gm). Next, the variation of transconductance with frequency will be studied for the same
bias current of 10uA.

Figure 4.3.8 shows the variation of transconductance (Gm) with frequency (the same variation
is used as in the case of determining the hrg parameter, from 1kHz to 100MHz), it should
decrease at a frequency of 170kHz (FT = 170kHz) but this is seen to increase which means
there is something wrong with the transistor design at a base current of 10pA.
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Fig. 4.3.8. AC analysis for a BC817 transistor to determine Gm [circuit made in SPICE, BF=270,
IKF=1800mA].

Checking the SPICE model parameters they show that the base resistance (Rgp=02), emitter
resistance Reg=401mQ and collector resistance Rcc=0Q. Considering that the
transconductance (Gm) should decrease at 170kHz but it increases, it means that these
parameters are not the correct ones. This means that the base resistance (Rgg) forms a low-
pass filter with the base capacitance (which is obviously much larger than a value of "zero"
and this causes the transconductance (Gm) to decrease. Taking into account the base current
and the maximum possible current through the collector, the base resistance (Rgp) and the
emitter resistance (Rgg) are chosen according to the calculation method presented previously,
thus we have:

Rgp=1400Q2

Ree=10Q

Applying the new values (TF, Rgg, Reg) in the SPICE model, we have the graph in figure
4.3.9, where the new values for current gain (hrg) and transconductance (Gm) can be
observed.

Note that changing the base resistance (Rpgp) also changes the current gain (hrg) but the
transistor operation is closer to reality considering that the transconductance starts to drop at
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about 170kHz. It is important to take into account this parameter (Rgg) because it affects the
power gain at high frequency.

10K

1K

100

10

100m

1K 10K 100K 1M Tdom  1oom
v(lc)/v(lb_ac)
60.00m T T

48.00m| el e =

36.00m L

24.00m oo et e

12.00m WEERR .

0.00mp——"""Jok 100K 1M _1oM _______ 100M

V(le)v(Vbe)
F (Hz)

Fig. 4.3.9. AC analysis for a BC817 transistor to determine hrg, Gm [circuit made in SPICE, BF=270,
IKF=1800mA, Rpp=1400Q, Ree=10 Q, TF=467ps].

4.4 SPICE model of a n-channel MOS-FET transistor

In this chapter, starting from the equivalent circuit of a real n-channel MOS-FET transistor, a
SPICE model is created in which the drain-source resistance of the transistor varies with the
change in the base-source voltage and with the temperature of the ambient environment in
which the transistor operates.

Creating the SPICE model uses ideal current-controlled voltage sources, ideal components,
and ideal voltage sources.

4.4.1 The equivalent circuit of a real n-channel MOS-FET transistor

Taking into account these operating regions, the variation of parameters with
temperature and that the n-channel MOS-FET is not ideal, a model of a real n-channel MOS-
FET is created in figure 4.4.1.
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Fig. 4.4.1. The equivalent circuit of a real MOS-FET transistor.

This circuit has the following components:

Vmversa — ideal voltage source to achieve the threshold voltage

Rg — parasitic resistor in the grid of the transistor

Ras — parasitic resistor between the grid and source of the transistor

DZgs1, DZgs>— Zener diodes between the grip and the source of the transistor
Cgs — parasitic capacitor in the grid of the transistor

Rps pierdere — resistor to ensure drain current between drain and source
DZinversa — Zener diode internal to the transistor

VDZbirect — ideal voltage source to provide the source-drain voltage.

Csp — parasitic capacitor between the drain and the source of the transistor
Rps— drain-source variable resistor

4.4.2 SPICE model of a real n-channel MOS-FET transistor

Given the model of the real n-channel MOS-FET next a SPICE model of the real n-channel
MOS-FET whose drain-source resistance varies with the value of the drain-source voltage,
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the value of the voltage of the grid, the value of the drain current and the variation of these
parameters with the temperature of the transistor is taken into account (fig. 4.4.2).
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Fig. 4.4.2. SPICE model of a 'n' channel MOSFET transistor.

DZgs2

In figure 4.4.2 X, and X» are voltage controlled variable resistors, using the SPICE source
property to vary the resistance according to an integrated expression:

X1 = KRps (4.4.1)
X2 = KTIDS (442)

In this expression there are the following parameters: K and KT which represent the
variation of the drain-source resistance depending on the drain-source voltage and the
temperature of the transistor respectively the variation of the drain-source loss current
depending on the temperature of the transistor. Rps represents the nominal drain-source
resistance. IDS represents the nominal leakage current.
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E1 is a controlled voltage source, the output value depends on the variation of drain-source
resistance as a function of variation of grid-source voltage and variation of temperature.

E1 = KVGS X %KVTemp (443)

E> is a controlled voltage source, the output value depends on the drain-source current
variation and the temperature variation.

Ez = KIDS X %KVTemp (444)

KVgs represents the percentage variation of the drain-source resistance with the variation of
the grid-source voltage.

KVremp represents the percentage variation of drain-source resistance with temperature
variation.

Klps represents the percentage variation of drain-source leakage current with temperature
variation.

E; is a controlled voltage source, whose output value depends on the variation of the drain-
source resistance declared by the component manufacturer with the variation of the grid-
source voltage.

E3 = TAB_VGS - f(Vas) (445)

E4 is a controlled voltage source, whose output value depends on the variation of the drain-
source resistance declared by the component manufacturer with temperature variation (V1).

E, = TABTemp - f(VTemp) (4.4.6)

F; is a controlled current source, whose output value depends on the percentage variation of
the drain-source loss current with temperature variation (V).

Fy, = TABcyrent — f(IDS) (4.4.7)

Vrrac — ideal voltage source to achieve the threshold voltage

RG — parasitic resistor in the transistor grid

Ras — parasitic resistor between the grid and the source of the transistor
DZgs1, DZgs>— Zener diodes between the grip and the source of the transistor
Cgs — parasitic capacitor between the grid and the source of the transistor

Caop — parasitic capacitor between the grid and the drain of the transistor

4.4.3 Comparison of the proposed SPICE model of a n-channel MOS-FET
with a standard library transistor and a real transistor at 25°C and an
operating age of less than 10 hours

To verify the accuracy of the SPICE model, a comparison of the SPICE model of an n-
channel MOS-FET with the behavior of the actual MOS-FET and with the SPICE behavior of
the MOS-FET proposed by the component manufacturer will be made.
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4.4.3.1 SPICE model validation

Figure 4.4.3 represents the circuit diagram of an n-channel MOS-FET transistor,
which has been practically realized. The voltage drop across V_Drain and V_Grid was
measured using an oscilloscope (Tektronix Model DPO 5104B).

The waveform was saved in .CSV format for later use in SPICE.

In figure 4.4.3 V1 is a voltage source (TDK-Lambda voltage source). Xreal is a "n"
channel MOS-FET transistor (IRFH3707). R1, R2, R3 are resistors having various electrical
resistance values (these resistors change depending on the application, the electrical resistance
values will be presented next). V2 DC voltage source (TDK-Lambda voltage source).

R2

" Drena_Real

R1
s —Y_Grilg Reallﬁ Xreal

all) .

IN_/+

vz(

Fig. 4.4.3. Practical circuit for the study of the "n" channel MOS-FET transistor (IRFH3707).

Figure 4.4.4 shows an operation circuit of a n-channel MOS-FET transistor modeled in
SPICE, a n-channel MOS-FET transistor from the SPICE library, and the results of a
practically studied transistor (IRFH3707).

V1 is a voltage source (depending on the studied parameter of the MOS-FET transistor
it can be: step, pulse, sinusoidal).

V2 DC voltage source.

X1 is an IRFH3707 MOS-FET transistor from the SPICE library, a model proposed by
the component manufacturer.

Xmodelat is a real MOS-FET transistor modeled in SPICE.

Ul, U2 are user sources from the SPICE library which allows voltage waveform to be
loaded in .USR format.

R1, R2, R3, R4, RS, R6, R7 R8 are ideal resistors from the SPICE library.
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Fig. 4.4.4. Circuit made in SPICE for the study of the "n" channel MOS-FET transistor (IRFH3707)

(Modeled, SPICE, Real).

4.4.3.2 Validation of the SPICE model — stray capacitance from the grid
(drain in “air”)

Using the circuit in figure 4.4.3, the grid-source capacity of a real MOS-FET transistor
(IRFH3707) is studied, under the following conditions:

The drain is in "air", R2 does not exist in the circuit.

The resistance value of resistor R1 is 100Q.

The resistance value of resistor R3 is zero Q.

V1 is a pulse type voltage source (Initial=0V, V1=5V, TD=50ns, Tr=0ns, Tf=0ns,
PW=800ns, PER=2000ns)

V2is a 10V DC voltage source

Xreal is a transistor MOS-FET (IRFH3707)

The voltage at point V_Grila was measured using an oscilloscope (Model
Tektronix DPO 5104B). The waveform was saved in .CSV format for later use in
SPICE.

Using the circuit in figure 4.4.4, the grid-source capacitance of a real MOS-FET
transistor (IRFH3707) is studied in comparison with a transistor from the SPICE library and a
transistor modeled in SPICE under the following conditions:

- The drain of transistor X1 and transistor Xmodeled are in "air", R2 and R5 do not

exist in the circuit

- The resistance value of resistors R1 and R4 is 100€.

- The resistance value of resistors R3 and R6 is zero Q.

- V1 is a pulse type voltage source from the SPICE library ( Vinitial=0V, V1=5V,

TD=50ns, Tr=0ns, Tf=0ns, PW=800ns, PER=2000ns).

- V2isa 10V DC voltage source.

- Ul is a user source from the SPICE library that allows loading the voltage waveform

in .USR format (the voltage acquired with an oscilloscope (Tektronix Model DPO

5104B), with which the grid-source voltage was measured on a real transistor).

After simulating the circuit in figure 4.4.4 using SPICE, the graph in figure 4.4.5 was

obtained.
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Fig. 4.4.5. Grid-source voltage of a real MOS-FET compared to a SPICE modeled MOS-FET and a
SPICE-model drain to “air” MOS-FET.

The red graph indicates the grid-source voltage of the SPICE transistor, the blue graph
indicates the grid-source voltage of the modeled transistor in SPICE, and the green graph
indicates the grid-source voltage of the real transistor (measured with the oscilloscope).

Comparing the three graphs, it can be seen that the actual transistor model modeled in
SPICE represents the worst case and the result is closer to the real one.

4.4.3.3 SPICE model validation — drain-source leakage current

Using the circuit in figure 4.4.3, the drain-source loss current of a real MOS-FET
transistor (IRFH3707) is studied, under the following conditions (imposed in the catalog
data):

- The voltage in the drain is 24V.

- QGrid-source voltage is OV.

- QGrid resistance is 1.3Q.

Thus in the circuit in figure 4.4.3 we have:

- The resistance value of resistor R2 is 10Q.

The grid is in "air", R1 does not exist in the circuit.
- The resistance value of resistor R3 is zero Q.
V2 is a 24V DC voltage source.

- Xreal is a MOS-FET transistor (IRFH3707).

The current through resistor R2 was measured using an oscilloscope (Tektronix DPO 5104B
Model). The waveform was saved in .CSV format for later use in SPICE.

Using the circuit in figure 4.4.4, the drain-source leakage current of a real MOS-FET
transistor (IRFH3707) is studied in comparison with a transistor from the SPICE library and a
transistor modeled in SPICE under the following conditions:

- The resistance value of resistors R2 and R5 is 10Q.

- The resistance value of resistors R1 and R4 is 1.3Q.

- The grids of the transistors are in "air", R1 and R4 do not exist in the circuit

- The resistance value of resistors R3 and R6 is zero Q.

- U2 is a user source from the SPICE library that allows loading the voltage

waveform in .USR format (the voltage acquired with an oscilloscope (Tektronix
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Model DPO 5104B), with which the grid-source voltage was measured on a real
transistor).
After simulating the circuit in figure 4.4.4 using SPICE, the graph in figure 4.4.6 was
obtained.
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Fig. 4.4.6. Drain-source leakage current of a real MOS-FET compared to a SPICE-modeled MOS-
FET and a SPICE MOS-FET.

The red graph indicates the drain-source current of the SPICE transistor, the blue
graph indicates the drain-source current of the transistor modeled in SPICE and the green
graph indicates the drain-source current of the real transistor (measured with the
oscilloscope). It can be seen that the value of the drain current for a real transistor is about
550nA, that of the SPICE library transistor is 254nA, and that of the nonlinear transistor is
1nA (value also found in the component catalog data). Comparing the three values, it can be
seen that the real transistor model modeled in SPICE represents the worst case. This helps in
calculating the maximum leakage current in a complex scheme.

4.4.3.4 Validation of the SPICE model — drain-source breakdown voltage

Using the circuit in figure 4.4.3, the drain-source breakdown voltage of a real MOS-
FET transistor (IRFH3707) is studied, under the following conditions (imposed in the catalog
data):

- Drain-source voltage greater than 30V.

- The drain resistance is 120kQ (ID=120pA for a drain-source voltage of 30V).

Thus in the circuit in figure 4.4.3 we have:

- The resistance value of resistor R2 is 120kQ.
- The grid is in "air", R1 does not exist in the circuit.
- The resistance value of resistor R3 is zero Q.

50



Contributions in the simulation of complex nonlinear circuits

- V2 is a step-type DC voltage source from OV to 80V (Initial=0V, V1=80V,
TD=100u, TR=400u, TF=0, PW==500u, PER=1m).
- Xreal is a MOS-FET transistor (IRFH3707).

- The voltage at the V_Drena Real point was measured using an oscilloscope
(Tektronix DPO 5104B Model). The waveform was saved in .CSV format for later use in
SPICE.

Using the circuit in figure 4.4.4, the breakdown voltage of a real MOS-FET transistor
(IRFH3707) is studied in comparison with a transistor from the SPICE library and a transistor
modeled in SPICE under the following conditions:

- The resistance value of resistors R2 and RS is 120kQ.
- Gridis in "air", R1 and R4 are in circuit.
- The resistance value of resistors R3 and R6 is zero Q.
-Vl is a pulse-type voltage source from the SPICE library (Vinitial=0V, V1=80V,
TD=100u, TR=400u, TF=0, PW==500u, PER=1m).
- Ul is a user source from the SPICE library that allows loading the voltage
waveform in .USR format (voltage acquired with an oscilloscope (Tektronix
Model DPO 5104B), with which the grid-source voltage was measured on a real
transistor).
After simulating the circuit in figure 4.4.4 using SPICE, the graph in figure 4.4.7 was
obtained for the drain-source breakdown voltage.
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Fig. 4.4.7. Drain-source breakdown voltage of a real MOSFET compared to a SPICE-modeled MOS-
FET and a SPICE MOS-FET.

The red graph indicates the drain-source voltage of the SPICE transistor, the blue
graph indicates the drain-source voltage of the transistor modeled in SPICE and the green
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graph indicates the drain-source voltage of the real transistor (measured with the
oscilloscope).

When applying a ramp voltage (with an increase from 0V to 80V) in the drain of the
transistors, it can be observed that the real transistor cuts the voltage around 37V, the modeled
one at 30V (value specified in the catalog data) and the transistor in the SPICE library does
not cut this voltage until reaching maximum values (80V). Also studied a higher voltage (up
to 1000V) on the transistor in the SPICE library and the result is the same.

4.4.3.5 Validation of the SPICE model — grid-source breakdown voltage

Using the circuit in figure 4.4.3, the grid-source breakdown voltage of a real MOS-
FET transistor (IRFH3707) is studied, under the following conditions (imposed in the catalog
data):
- Grid-source voltage greater than 20V.

Thus in the circuit in figure 4.4.3 we have:
- The drain is in "air", R2 does not exist in the circuit.
- The resistance value of resistor R1 is 1.3Q.
- The resistance value of resistor R3 is zero Q.
- V1 is a pulse type continuous voltage source from 0V to 80V (Initial=0V, V1=80V,
TD=100u, TR=400u, TF=0, PW==500u, PER=1m).
- Xreal is a MOS-FET transistor (IRFH3707).
The voltage at the V_Grila Real point was measured using an oscilloscope (Tektronix DPO
5104B model). The waveform was saved in .CSV format for later use in SPICE.

Using the circuit in figure 4.4.4, the breakdown voltage of a real MOS-FET transistor
(IRFH3707) is studied in comparison with a transistor from the SPICE library and a transistor
modeled in SPICE under the following conditions:

- The drain is in "air", R2 and R5 do not exist in the circuit.

- The resistance value of resistors R1 and R4 is 1.3 Q.

- The resistance value of resistors R3 and R6 is zero Q.

- V1 is a pulse-type voltage source from the SPICE library (Vinitial=0V, V1=80V,

TD=100u, TR=400u, TF=0, PW==500u, PER=1m)

- Ul is a user source from the SPICE library that allows loading the voltage waveform

in .USR format (voltage acquired with an oscilloscope (Tektronix Model DPO

5104B), with which the grid-source voltage was measured on a real transistor).
After simulating the circuit in figure 4.4.4 using SPICE, the graph in figure 4.4.8 was
obtained for the grid-source breakdown voltage.
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Fig. 4.4.8. Grid-source breakdown voltage of a real MOS-FET compared to a SPICE-modeled MOS-
FET and a SPICE MOS-FET.

The red graph indicates the grid-source voltage of the SPICE transistor, the blue graph
indicates the grid-source voltage of the modeled transistor in SPICE, and the green graph
indicates the grid-source voltage of the real transistor (measured with the oscilloscope).

When applying a pulse voltage (with an increase from 0V to 80V) in the transistor grid, it can
be observed that the real transistor cuts the voltage around 26V, the modeled one at 20V
(value specified in the catalog data) and the transistor in the SPICE library does not cut this
voltage until reaching maximum values (80V). A higher voltage (up to 1000V) was also
studied on the transistor in the SPICE library and the result is the same.

4.4.3.6 SPICE model validation — drain-source resistance (25°C)
Ambient temperature 25°C

Using the circuit in figure 4.4.3, the variation of the drain-source resistance of a real MOS-
FET transistor (IRFH3707) is studied according to the variation of the grid-source voltage and
the ambient temperature, under the following conditions (imposed in the catalog data):

- The drain current is 12A (ID=12A).

- The ambient temperature is 25°C.

Thus in the circuit in figure 4.4.3. we have:

- The resistance value of resistor R2 is 1Q

- The resistance value of resistor R1 is 1.3Q

- The resistance value of resistor R3 is zero Q.
-Vl is a continuous voltage source (V1=0V[110V)
- V2 is a continuous voltage source (V2=12V)

- Xreal is a MOS-FET transistor (IRFH3707)

53



Contributions in the simulation of complex nonlinear circuits

- The voltage at the V_Grila Real point was measured using an oscilloscope
(Tektronix DPO 5104B model). The waveform was saved in .CSV format for later
use in SPICE.

- The ambient temperature is 25°C (the circuit is inserted in a climatic chamber).

Measure and save (in .CSV format) the voltage at the point V_Grila Real at a variation of the
grid voltage from OV to 10V with a step of one volt.

Using the circuit in figure 4.4.4. the drain-source resistance variation of a real MOS-
FET transistor (IRFH3707) is studied compared to a transistor from the SPICE library and a
transistor modeled in SPICE under the following conditions:
- The resistance value of resistors R2 and R5 is 1Q.
- The resistance value of resistors R1 and R4 is 1.3 Q.
- The resistance value of resistors R3 and R6 is zero Q.
-Vl is a continuous voltage source (V1=0V[110V)
- V2is a continuous voltage source (V2=12V)
- Ul is a user source from the SPICE library that allows loading the voltage
waveform in .USR format (the voltage acquired with an oscilloscope (Tektronix
Model DPO 5104B), with which the grid-source voltage was measured on a real
transistor).
After simulating the circuit in figure 4.4.4 using SPICE's "Transient" and "Stepping"
functions, the graph in figure 4.4.18 was obtained for the drain-source resistance variation.
Figure 4.4.9 uses a OmQ to 30mQ scale on the 'Y' axis to display most drain-source
resistances. For the real transistor and for the modeled one, a great closeness of the drain-
source resistance values is observed, in addition, there are several values of the drain-source
resistance below 2mQ. For the transistor in the SPICE library, the drain-source resistance
variation is between 12mQ and 17m€ (the nominal value declared in the catalog data is
9.4mQ).
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Fig. 4.4.9. Variation of drain-source resistance of a real MOS-FET compared to a SPICE-modeled
MOS-FET and a SPICE MOS-FET as a function of grid-source voltage (ambient temperature is
25°C).

S CONCLUSIONS

In this doctoral thesis, high-performance procedures for the simulation and analysis of
complex nonlinear electronic circuits were presented.

The world's most used SPICE circuit simulators have a large library of electrical and
electronic components, in addition, major electronic component manufacturers provide a
SPICE model for their components. But from the tests carried out in this paper, these
proposed SPICE models do not seem to be complete because the simulators are focused on
operating in the nominal area of the components. Another weak point observed in this study is
the variation of component parameters with temperature. They are SPICE models that do not
have a parameter variation with temperature or this variation is not similar to the variation
tested or declared in the component catalog data.

SPICE models proposed in this paper can be widely used in the automotive industry,
where the performance of components at the limit is much more important than in the
nominal mode of operation.

In the automotive field, circuit operation towards limits (upper and lower) is used to
calculate circuit protections. Due to the degree of safety required in the automotive field, most
circuits are protected when operating towards the limits.

New algorithms and computational programs dedicated to the analysis of nonlinear
analog circuits have been developed, based on original SPICE models with a high degree of
generality, and which can be widely used in the automotive industry, where the operation of
boundary components is much more important than in nominal operating mode.

5.1 The original contributions made by the author in this doctoral thesis

In the following, the main original contributions made by the author in this doctoral thesis

are presented:

e The paper begins with carefully selected and up-to-date documentation on the
operating principles and performance of SPICE models used in the automotive
industry. The main advantages and disadvantages of using SPICE programs are
presented.

e « In paragraph 3.1, starting from the equivalent circuit of a real capacitor, a new
SPICE model of the nonlinear voltage-controlled capacitor is created. In this model,
the variation of static capacitance with voltage, temperature and aging is considered.
The accuracy of the SPICE model created is done by comparing it to the behavior of
the actual capacitor and to the behavior of the SPICE capacitor proposed by the
component manufacturer for various circuits. It is tested in a charging, discharging and
oscillating circuit at a temperature of 25°C considering a component under 10 hours of
operation The following conclusions are observed after the tests:

o At a temperature of 25°C the operation of the created SPICE model is
closer to the operation of the real capacitor than the model available in the
SPICE library.

e In paragraph 3.2, starting from the equivalent circuit of a real coil, a new SPICE
model of the real nonlinear current-controlled coil is created. In this model, the

55



Contributions in the simulation of complex nonlinear circuits

variation of inductance with the variation of current through the coil and with
temperature is considered. The accuracy of the SPICE model created is done by
comparing it to the behavior of the actual coil and to the behavior of the SPICE coil
proposed by the component manufacturer for various circuits. It is tested in an
oscillating circuit at a temperature of 25°C considering a component under 10 hours of
operation. Following the tests, the following conclusions can be observed:

o At a temperature of 25°C, the operation of the created SPICE model is closer

to the operation of the real coil than the model available in the SPICE library.

In paragraph 3.3, starting from the equivalent circuit of a real resistor, a new SPICE
model of the non-linear resistor is created. The accuracy of the created SPICE model
is done by comparing it to the behavior of the real resistor and to the behavior of the
SPICE resistor in the component library for various circuits. The resistive divider is
tested in a circuit at a step voltage increase and at a sinusoidal voltage at a temperature
of 25°C considering a component under 10 hours of operation. Following the tests, the
following conclusions can be observed:

o At atemperature of 25°C and a step increase in supply voltage the behavior of
the created SPICE model and the model available in the SPICE library is
identical to the behavior of the real resistor.

o At a temperature of 25°C and a supply with a sinusoidal voltage of S0OMHz the
operation of the created SPICE model is closer to the operation of the real
resistor than the model available in the SPICE library and is a worse case of it.

In paragraph 4.1, starting from the working principle of a rectifier diode and
considering the information from the catalog data [31] of a rectifier diode, a new
equivalent model of a real rectifier diode was created. Based on this model, a new
SPICE model is created that contains all the parameters of the real diode model as
well as their variation with the variation of the current through the diode and with the
temperature of the diode. The accuracy of the SPICE model created is done by
comparing it to the behavior of the actual rectifier diode and to the diode behavior in
the SPICE library for various circuits. The SPICE model is validated in direct
conduction by applying a constant current and in forward conduction at a temperature
of 25°C. Following the tests, the following conclusions can be observed:

o The diode is tested in direct conduction at a current of approximately 1mA,
10mA and 100mA. In all three situations the voltage drop across the diode
created in SPICE represents a worse case than the voltage drop across the real
diode and the diode in the SPICE library. This model is particularly helpful in
the automotive industry where operating limits are a major factor in design. Of
course, the diode can be designed to have the lower limits as output (if they are
available in the catalog data).

o In reverse conduction it is observed that the value of the current through the
diode in the SPICE library is zero, the value of the current through the actual
diode is indeed of small value and much closer to zero than the value declared
in the catalog data. Of course the value of the current through the diode
modeled in SPICE has exactly the value declared in the catalog data which in
this case is much higher than the value of the current through the real diode.
But even in this case, the ability of the created model to be used in SPICE
simulations in the automotive industry to simulate the maximum loss current
of an electronic circuit is observed.
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In paragraph 4.2, starting from the working principle of a Zenner diode and
considering information from the catalog data [30] of a Zenner diode, a new
equivalent model of a real Zenner diode was created. Based on this model, a new
SPICE model is created that contains all the parameters of the real diode model as
well as their variation with the variation of the current through the diode and with the
temperature of the diode. The accuracy of the created SPICE model is done by
comparing it to the behavior of the real Zenner diode and to the diode behavior in the
SPICE library for various circuits. The SPICE model is validated in direct and indirect
conduction by applying a constant current at a temperature of 25°C. Following the
tests, the following conclusions can be observed:

o In direct conduction, the SPICE model created at the lower and upper limits is
tested, thus having two results. It is observed that the SPICE model indicates
the extremes of the Zenner diode behavior. Thus, in the given situation, we
obtain the worst possible lower and higher case.

o The diode is tested in indirect conduction at a current of approximately 1mA.
In this situation the voltage drop across the diode created in SPICE represents
a worse case than the voltage drop across the actual diode and the diode from
the SPICE library. This model is particularly helpful in the automotive industry
where operating limits are a major factor in design. Of course the diode can be
designed to have the lower limits as output (if they are available in the catalog
data).

In paragraph 4.3, starting from a model already existing in the SPICE library, the
model parameters are verified with a newly created test model and a method is
proposed for extracting the main parameters of the bipolar transistor from the catalog
data. Following the tests, the following conclusions can be observed:

o The collector and emitter resistances depend on the value of the collector
current. In the SPICE model these values are fixed. Thus if we know the
collector current we can modify these resistances creating a SPICE model
closer to reality.

o Base resistance has a large variation with input frequency and is important to
account for especially at high frequency.

o New values for BF and IKF parameters have been identified in DC analysis
and transient analysis that better respect the declared values in the catalog data.

o New values for Rgp, Ree and TF parameters were identified in the AC analysis
that better respect the declared values in the catalog data.

In paragraph 4.4, starting from the operating principle of an "n" channel MOS-FET
transistor and considering the information from the catalog data [35] of a MOS-FET
transistor, a new equivalent model of a MOS-FET transistor was created FET real.
Based on this model, a new SPICE model is created that contains all the parameters of
the real MOS-FET transistor model as well as their variation with the variation of the
current through the transistor and with the temperature of the transistor. Following the
tests, the following conclusions can be observed:

o The grid-source voltage shape of the created SPICE model is very close to the
real transistor voltage shape and represents a worse case. The transistor in the
SPICE library having a grid-source voltage with a more ideal ramp.

o The value of the drain-source leakage current at a temperature of 25°C for a
real transistor is about 550nA, the transistor in the SPICE library is 254nA and
the transistor modeled in SPICE is 1pA (value also found in the component
catalog data) . It can be seen that the transistor created in SPICE represents the
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worst case. This helps in calculating the maximum leakage current in a
complex scheme.

o The drain-source breakdown voltage of a real transistor is around 37V, the one
created in SPICE is 30V (value specified in the catalog data) and the transistor
in the SPICE library is infinite. In this situation we cannot see in the simulated
circuit a possible overvoltage that could affect the circuit.

o The grid-source breakdown voltage of a real transistor is around 26V, the one
created in SPICE is 20V (value specified in the catalog data) and the transistor
in the SPICE library is infinite. In this situation we cannot see in the simulated
circuit a possible overvoltage that could affect the circuit.

o When testing the grid-source resistance variation, a clustering of transistor
resistance values from the SPICE library is observed regardless of the applied
grid-source voltage. Noting that the smallest transistor resistance value in the
SPICE library is greater than the nominal value declared in the catalog data.
That's assuming a large simulation error using this SPICE model.

5.2 Future research directions

Considering what has already been studied in this thesis, several future directions for

further research can be identified:

(1]
(2]
(31

[10]
(11]

e Create and study a SPICE model of the real suppressor diode. Diode frequently
used in the automotive industry.

e Creation of a method for extracting the main parameters used in SPICE for a PNP

bipolar transistor.

Create and study a SPICE model for an NPN bipolar transistor.

Create and study a SPICE model for a PNP bipolar transistor.

Create and study a SPICE model for a "p" channel MOS-FET transistor.

Testing of components at a temperature of -60°C, -40°C, 125°C, 150°C depending

on the minimum or maximum operating temperature of each component.

e Creation of a tool to extract the operating limits of a circuit automatically using the
proposed SPICE models.
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