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This paper consists of eight questions over two sections. All questions carry equal marks.

Answer five questions selecting at least two questions from section B

Section A

Ql. The c1rcu1t shown in the ﬁgure Ql represenr_s small signal equivalent circuit of an FET
amphﬁer .' ’

"R, = C

Figure Q1

(2) Wirite staii‘xiﬁs of the capacitor Cy, resistor Ry, and volatge control voltage source which
‘ repfeser‘l‘tls‘__operatioﬁal charaterisctics of the JFET.

(b) Formulate the circuit with help of stamps of the circuits

(c) Briefly explain the importance of using proper data structures to represent circuit

equations for efficient circuit simulation
Q2. A simple circuit having a non linear resistor is shown in the figure Q2.
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Figure Q2

(a) Represent the given circuit with help of companion network model of the non linear

circuit element



\
00056}

A
Y,

(b) Formulate the circuit for DC steady state simulation
(c) Find the DC steady state voltage across the non linear element of the circuit by

performing two iterations.( ['ake initial guess for the voltage across non linear element
as ten volts )

Q3. Use companion network approach to find the step response of the circuit shown in the
figure Q3.
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Figure Q3

(a) Determine the companion network models of capcitors using backward Euler formular.

(b) Obtain a formulation for the circuit by replacing capcitors by their campanion network
models derived in Q3.(a).

(c) Find numerical solution to the voltages at node I and node 2 at 200 ms and 400 ms
after aan unit step current input at the input by assuming initial capacitor voltages as
zero and taking 200ms time steps.

Q4 Stare space formulation is extensively used to represent dynamical systems analysis.
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Figure Q4

(a) Formulate the node I and 2 voltages with help of nodal equations
(b) Obrain state space representation of the given circuit by selecting node volatge Viand
V31 as state variables .

(c) Find the transfer function between the current source and output voltage
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QS An operational amplifier based amplifying circuit is depicted in the figure QS, given that
. the operational amplifier is ideal.
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Figure Q5

(a) Draw the adjoint network model of the circuit given in Figure QS.
(b) Obtain solutions for the circuit shown in figure QS and adjoint network model of the

circuit:

(c) Hence calculate the sensitivity of the output voltage Vo with respect to all elements.
Section B

First four pages of a research paper which summarize the current starues of power electronic
devices modeling is attached at the end of this question paper Refer the article before

answering followmg questions.

Q6. There are some differences and similarities of the process of simulating standard low
power electronic circuit and power electronic device/circuit. Answer following questions
with reference to the power electronic device/circuit simulation.

(a) Distinguish power electronic circuit simulation from standard low power circuit
simulation.

(b) Briefly exphun the role of power electronic device/ circuit simulation in the power
industry.

(c) Briefly describe the necessity of more advanced device models for present power
electronic circuit simulation. -

Q7. Modeling is the first step of simulation which significantly determines the overall accuracy
7 as well as the speed of simulation. Answer following question with reference to the

modeling phenomena’s occurred within devices which are explained in the article.

(a) Distinguish charge storage effect from the MOS capacitive effect of the semiconductor
devices .

(b) Briefly describe the most specific effect that is to be modeled in power electronic device
simulation which is usually ignored in the standard low power device/circuit simulation

(c) List the phenomena/(s) that have to be modeled in steady state simulation of a power
electronics circuits
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QS.Efﬁciency of simularion is not just depend on modeled effeét.; and accuracy of modeling.
Modeling approach considerably determines the efficiency.

(a) Compare sub circuit modeling with mathematical functional modeling of

semiconductor devices

(b) Briefly describe why lookup table method is unsuitable for dynamic effect
simulation |

(c) Briefly explain advantage of using empirical equations to simulate device
responses.
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Status and Trends of Power Semiconductor
Device Models for Circuit Simulation

Rainer Kraus and Hans Jiirgen Mattausch, Member, IEEE

Abstrace—The current status of research in the field of power
semiconductor device maodels is reviewed. For this purpose, the
basic modeling problems and research issues, which have to
be overcome in this field, are discussed. Recenily, some new
and quite promising medeling concepis have been proposed,
which are compared with more traditionzl ways of achieving
an cfficient tradeoff between the necessary accuracy, required
simulation speed, and feasibility of parameter determination.
From this comparison, a-prediction of the future evolution of
circuit simulation modecls for power semiconductor devices nat-
urafly emerges. Many of the different concepts are expected to
survive anly in an application niche, where their specific poinis

of strength are important. However, three modeling concepts

have already been proven to be sucecssfully applicable to the
complete spectrum of power semiconductor devices and . have
their strength for differeni grades of complexity of the power
circuit. A revolutionary devclopment from anticipated or long-
due breakthroughs is on the other hand not expected in the
forescenble future. :

Index Terins— CAD, circuit simulation, modeling, parameter
extraction, power semiconductor devices.

I. INTRODUCTION

N RECENT years, research on power semiconductor de-

vice models for circuit simulation has intensified, Several
research groups throughout the world have tried to advance
the state of the art with respect to the status summarized in
previous review articles [1], [2]. A number of new concepts
for trimming the basic physical equations to the requirements
of 2 power semiconductor device model for circuit simulation
have been proposed [42], [43], [53], [69], [75], [101], [117],
[119], [122], [129], [134], [140]. The special challenge in
developing such models for circuit simulation results from the
need to simultaneously fulfill contradicting requirements like
high quantitative accuracy, low demand of computation power,
and physical and easy accessible model parameters. At least
4 Tavarable tradeolT between these contradicting requirements
is necessary.

Responsible for the above development are the general
economical boundary conditions, which also demand an im-
proved efficiency and reliability in the design and realization
of power electronic circuits. Such an improvement can only be
achieved through an upgrading of the computer-aided design
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{CAD) methodology and their application from the beginning
of the develoepment phase of a power electronic circuit. A key
element for achieving such an upgrade in CAD methodology
is the availability of high-quality power device models for
circuit simulation.

Traditionally, the design tools for power circuits have em-
ployed very simple power semiconductor models, which only
featured a digital switching {abrupt or linear) behavior as well
as a fixed resistance in the conducting state, This standard
is far below the state of the art In the design of integrated
circuits and was acceptable in the past because power circuits
used to be operated at small switching frequencies. Therefore,
the detailed switching characteristics of the active power
semiconductor devices were of second-order importance, and
the tradeoffs in the power circuit design were dominated to
a large extent by capacitances and inductances. The situation
has changed as applications tend to move to power circuits
operated at higher switching frequencies. From this trend, the
oppartunities of reduced power losses and reduced sizes for
the complete power system result. Moreover, international
competition is forcing companies to speed up introduction
of new products in the different applications fields of power
electronic cireuits without sacrificing product quality and reli-
ability. The best way to take advantage of those opportunities
to increase product innovation, reduce prototyping, and cope
with economical pressure is, of course, to employ a CAD
methodolegy, which accurately predicts the functionality and
reliability of a specific power circuit design. This again means
that high-quality power semiconductor device models for
circuit simulation are required. ,

The trends and requirements for an upgrade of the CAD
methodelegy for power circuit design as well as the necessity
of improved power semiconductor device madels for circuit
simulation have not only been recognized on the academic
side, but by the sofiware industry too. A few specialized soft-
ware vendors (like Analogy, Anacad, Mentor, Meta-Software,
MicroSim, and Intusof) have already reacted to these market
opportunities and are offering enhanced support for the design
of power electronic circuits. This includes also improved

power device models incorporating many of the recent ad- -

vances of the ongoing research. In fact, the software vendors
are participating to some extent in these research activities
on power device models for circuit simulation and pushing
them ahead. In this paper, we will not discuss in detail the
different models, which each of the vendors is offering, but
restrict ourselves to the basic problems of modeling power
semicenductor devices for circuit simulation and the status of
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TABLE [
RELEVANCE OF BASIC PHYSICAL PHENOMENA FOR DIFFERENT POWER DEVICES (++ VERY
IMPORTANT, + IMPORTANT, O TO BE INCLUBED, - LESS IMPORTANT, - - Not APPLICABLE)

Dicde BJT ThyristariGTO MOSFET 1GBT, MCT
Moduisiion - - - a *
gﬁ;ggea ++ —+ -+ - -+
ggssa;:llances - - mT H ++
Breakdown o o . o o

the research efforts for overcoming these problems. However,
the reader can be sure that software companies are eager to
incorporate these research advances into their products and
that he will be able to get CAD support for his practical design
problems, which reflects the current state of the art.

In the following sections, we will first (Section II) give an
overview of the basic problems, which have to be overcome
in the development phase of a useful circuit simulation model
for a power semiconductor device. We will then (Section
III) concenirate on the various attempts and ideas applied
in the past to solve these basic problems and group them
into catepories of similar modeling concepts. Emphasis is
put on the new concepts, introduced in recent years, which
helped to advance the state of the art significantly. The
subject of the subsequent section (Section IV) is the issue
of parameter definition and determination, which emerges as
one of the crucial remaining challenges for achieving a wide
acceptance and application of the intended upgrade in the CAD
methodology for the design of power elecironic circuits. On
the basis of the material presented and discussed, we then try
(Section V) to give e comparison and relative evaluation of
the known modeling concepts and finally (Section VI) discuss
especially the possible trends of further future development
and improvement of the present state of the art. It is of course
unavoidable that these last two sections will reflect to some
extent personal views and opinions of the authors.

II. BASIC PHYSICAL PHENOMENA AND MODELING PROBLEMS

For the development of power semiconductor device mod-
els, several effects have to be considered with high priority
since they dominate the static and dynamic device character-
istics. These effects are not described correctly by standard
device models (or they are not included at all) because
their influence on low-power. devices is less impertant or
neglectable. An accurnte description, however, is cssential for
power devices.

Table 1 gives an overview of the main effects and their
importance for the different power devices.

Modeling of these effects is based on one-dimensional
(1-D) calculations in most cases. The majority of power
semiconductor devices, however, have a structure with distinct
two-dimensional (2-D) or three-dimensional (3-D) features,
and, therefore, the 1-D idealization can be insufficient to
describe the effects accurately. But more dimensional cal-

culations increase the difficulty and complexity of finding
solutions by such a drastic amount that they are applied only
exceptionally.

A. Resistivity Modulation

To sustain high blocking voltages, power semiconductor
devices have a thick lightly doped semiconductor layer, The
resistance of this region determines the voltape drop and
power loss when the device is in its conduction mode. This
resistance is variable and its dependence on voltage or current
can be highly nonlinear. In unipolar devices (MOSFET), the
variations are caused by variations of the effective current-
conducting area and by the mobility degradation with an in-
creasing electric field. In bipolar devices [diode, bipolar junc-
tion transistor (BJT), thyristor, gate turn-off thyristor (GTO),
insulated gate bipolar transistor (IGBT), and MOS-controlled
thyristor (MCT)], the low-doped layer is swamped by electrons
and holes when the device is in its on state. The density of
the injected charge carriers can be much higher than the level
of the doping concentration, and the resistivity of the region
is significantly reduced.

The resistance of a region with the boundaries z; and =,
and the area A is given by

R= [T B
- Tt qA(,u“n+u,;p)

where n and p are the densities of clectrons and holes,
respectively, and p, and g, are the mobilities of the charge
carriers. In most cases, the charge carriers are not distributed
homogeneously, and their density depends on pesition, and
in some cases, the mobilities also cannot be regarded as
constants. During transient operation, the variation of the
resistivity does not follow the changing current instanta-
neously—ithis effect can influence the switching behavior {(e.g.,
forward recovery of power diodes), and in order to take it into
account, & dynamic description of the charge distribution is
necessary. Even if a solution of the time-dependent charge
densities is found, the calculation of the resistance remains
difficult since the integration in (1) is nol possible without
simplifications.

(1

B. Charge Storage

The charge carriers, which are stored in the lightly doped
region of bipolar devices during the conduction mode, must be
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extracted before the device can reach its blocking state. This
effect causes switching delays and switching energy losses.
Standard device models for circuit simulation use a quasi-static
description of the charge carriers. It means that the charge
distribution is always a function of the instantanecus vollages
at the device terminals. This method is completely insufficient
for power devices. A real dynamic description derived from
the basic physical equations is required instead,

The charge stored in a low-doped region of a power device
varies, under transient operation, with both time and posi-
tion. This variation is determined by the ambipolar diffusion
equation

dp _ p  d%p
a = 7t P& @

where p(z,1) is the density of the charge carriers, 7 is the
charge carrier lifetime, and D is the diffusion coefficient. This
equation is valid in the case of high-level injection when hole
and electron densities are approximately equal. _

The slope of the charge carrier distribution is related to the
currents-—this relation is described by the transport equation

(128N __inde
(o)) o

where I, is the electron current and I is the total current, the
sum of electron and hole current. The integral of (2) together
with the condition of (3) yields the charge control equation

@wQ__9

dt = 7
where . and z; are the boundaries of the considered region
and € is the charge in this region.

One current component at each border is determined by the
neighboring region. The total current is then obtained with
(3), but this requires a solution of (2). Unfortunately, an exact
analytical solution is not possible in the peneral case,

+In($r) - Iu(m!) . . (4)

C.- MOS Capacitances

Devices with isolated gate (MOSFET, IGBT, and MCT)
have large capacitances which vary strongly with voltage
in the different regions of operation. The capacitance of
greatest importance is that between anode and gate. These
are normally the output and input terminals of the device,
and the resulting feedback has a dominating influence on
the switching behavior. The capacitor is formed by the
metal-oxide-semiconductor (MOS) structure resulting from
the isolation of the gate from the semiconductor region. The
value of the gate-anode capacitance Cga can be calculated
from the gate charge Qg

dQa Vi :

CGA = dVGA - C"ox dVGA (5)
where Cqy is the capacitance of the plate capacitor which is
determined by oxide thickness and area of the structure. The
voltage Vox across the oxide is a highly nonlinear function
of the pate-anode voltage VoA since at the surface of the
semiconductor, below the gate, different states of the charge
are possible. These states are called accumulation, depletion

00056

IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 13, NO. 3, MAY 1998

and inversion. Depending on the state, the derivative in (3
can vary between one and zero. Solutions of (5) are usually
obtained with approximations treating the states separately, but
this can lead to problems of abrupt changes in the capacitance
ar its derivative at transitions between different regimes of
operation. Furthermore, dynamic transition states are possible.

D. Electrothermal Interaction

Due to high energy losses, power devices can heat up sig-
nificantly during operation. The device characteristics depend
strongly on the device temperature, therefore, the changing
temperature influences the device behavior. To consider this
interaction between thermal and electrical characteristics, elec-
trothermal device models are required.

The device temperature T is calculated with the equation
of heat transport

dl A &7 P
oty ©

th

where G}y, is the thermal capacitance per volume, X is the

- thermal conductivity of the material, and /' is the penerated

thermal energy per volume. Thermal models usually use an
average device temperature, which is then applied to the
temperature-dependent parameters of the model equations. The
temperature, however, is distributed inside the device and high
temperature peaks can be focalized in small regions.

E. Breakdown

Breakdown in power semiconductor devices occurs not
only in the case of failure; in many applications breakdown
happens during regular operation of the device (e.g., at turn
off of GTO’s). The most common breakdown mechanism
is the avalanche effect due to impact ionization, but Zener
breakdown and punchthrough are also possible.

The current increase due to the generation of charge carriers
by impact ionization can be expressed by a multiplication
factor M,

15(0)
I = 0= P
p(w). My15(0) 1- fopexp [{om —ap) do' dx
where @, and a, are ionization coefficients which depend on
the electric field E(x)

— bP - bn.

omser(-gy) oemnn{ )
The integral in (7) cannot be solved analytically since the
electrical field is not constant. Furthermore, there is a feedback
of the generated charge carriers on the electric field and during
transient operation, the onset of the avalanche breakdown can
be shified significantly by the current flowing through the high-
field region (dynamic avalanche). Usually, however, a constant
breakdown voliage is used to model breakdown.

(N

IIl. MODELING CONCEPTS

To obtain moedels for the purpose of circuit simulations,
relatively compact descriptions of the relevant effects must be

-~
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TABLE 1T
MODELING OF BASIC PHYSICAL PHENOMENA WITH DIFFERENT APPROACHES (+ APPLIED, 0 POSSIBLE, - NOT APPLICABLE)
Funclional Approxdmate | Transforrnation Lurmped Numerical
Madel Solution Model Solution
Reasistivity
Modulation + + o + +
Charge
Storage 4+ + + + +
MOS- .
Capacitances + * - * °
Electro-
Thermal + + + + +
Breakdown + + . - o

found because of practical restrictions in computing power.
These descriptions must furthermore be implemented in the
programs for circuit simulation.

The implementation occurs mainly in two ways: by so-
called subcircuits or by mathematical functions. Mixed forms
are also possible.

Subcircuit models are constructed by using conventional
models -which are available in the circuit simulation program
and by combining them with passive components, switches,
and controlled voltage and current sources. This method can
lead to very complex and time-consuming models, and it is
therefore mainly used if the simulation program does not
provide the possibility to implement mathematical functions.

The much more efficient way is the insertion of model
equations into the simulation program. However, this requires
the respective capabilities to be available.

In most cases, it is not possible to obtain exact analytical
solutions of the physical semiconductor equations, which are
used as the basis [e.g., (1}-(7)]. Therefore, other methods
must be used for the derivation of model equations. A large
variety of approaches can be distinguished. Table II shows the
most important methods and their applications to the different
effects.

To explain the underlying ideas of the different approaches
the example of charge storage is used. Modeling this effect can
be regarded as the most challenging task in the construction
of power semiconductor device models for circuit simulation.

A. Functional Model

The approach of a functional model treats the device as
a “black box” and describes the externally observed behav-
ior without a detailed consideration of the physical effects
occurring inside the device [3]-[40].

1) Standard Low-Power Device Model: The standard low-
power device models, which are available in circuit simulators,
are adapted to power semiconductor devices by optimizing
their parameters. Thereby, the parameters and model equa-
tions can lose their physical meaning, and a pure functional
description may result. These models, however, are hardly able
lo simulate any high-voltage phenomena.

2) Lookup Table: In lockup tables, the dala resulting di-
rectly from measurements or from calculations are stored and
retrieved for simulation [18]). This method is well suited for
DC characteristics, but it is much more difficult to use it for

dynamic effects of the device in the environment of differ-
ent circuits. The transient behavior of power semiconductor
devices can depend on a large number of conditions which
result from the state of the device before switching and the
interactions of the device with other circuit elements during
switching. Therefore, the effort becomes very large to consider
all the situations caused by the varying conditions in many
different circuit topologies.

3) Empirical Expressions: The' equations of functional
models are not obtained by rigorous derivations from the
device physics. In many cases, they are selected arbitrary
mathematical expressions which describe the externally
observed behavior in a simplified- way. But considerations
of physical effects within the device can also be taken into
account. If it is possible, the currents and voltages of the
device terminals are approximated directly by straightforward
functions. For a description of dynamic effects, however, it
is often necessary to include additional variables into the
equation set. These variables can be (but are not restricted to)
internal variables of the device, e.g., the device charge. The
relations between them and the external current and voltage
waveforms are described by mathematical functions which are
mainly obtained by intuitive assumptions. (These assumptions
can be inspired by device physics, and, in some cases, they
can be confirmed by theoretical derivations.) For example,
the relation

Q) &

is used to approximate the reverse recovery of power diodes.
T is a time constant which determines how fast the tumn-
off reverse current of the diode decreases. A solution for
the current is obiained with this relation and the simplified
charge control equation (the difference of the electron currents
is replaced by the total current). This solution, however, is
valid only for the phase of turn off when the current decreases
from its reverse peak to zero. Other switching phases must be
described by other functions, and the solutions of the different
phases must be adjusted to guarantee continuity.

=—I{t)Tr

B. Approximate Safution

The model equations of this approach are based on the
device physics, but since exact solutions are not possible or
restricted to a few special cases, appropriate mathematical rep-
resentations are found to approximate the solution [41}-]115].



