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Abstract—A new public-domain simulator for power electronic
circuits is described. The organization of the simulator is briefly
discussed. The most important feature of the simulator is that the
user can define new elements in a flexible manner. The differences
between the new simulator and other simulators are enumerated.
Some simulation examples are discussed to demonstrate the applications of the simulator. It is pointed out that the new simulator
is particularly attractive for engineering institutes in developing
countries where access to expensive commercial packages with similar capabilities may be difficult.
Index Terms—Circuit simulation, power electronics, publicdomain package.

I. INTRODUCTION

C

IRCUIT simulation is a powerful tool for circuit design
and evaluation, and, over the years, many computer programs have been developed for this purpose [1]–[10]. Most of
these programs are designed so that the commonly used circuit
elements are incorporated within the program, and the user can
call them in the circuit file following certain syntax rules and
keywords specified by the program designer. However, incorporation of a new element by the user is generally impossible, or
only allowed in a limited manner by modification of the model
equations of an existing element. This situation reduces the flexibility offered to the user for solving new problems.
The simulation package SABER [11] was developed to give
the user the capability to add new elements to the simulation
package with ease and flexibility. In SABER, a new element
could be added by creating a template following certain syntax
rules, and the model equations could either be written in a specially designed language called MAST or supplied using a C or
FORTRAN routine. The user does not need to know the details
about how the templates are interpreted by the program; she or
he must simply describe the element behavior in a high-level
language. Because this is a relatively straightforward exercise,
it is not surprising that SABER has now become popular and is
used for many applications.
The purpose of this paper is to present a Solver for circuit
EQuations with User-defined ELements (SEQUEL), which, like
SABER, has been developed with the emphasis on user-defined
elements. Apart from some major differences in terms of
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technical capabilities, SEQUEL is a public-domain program,
as opposed to SABER. SEQUEL can be downloaded from the
Internet [12], and it can run on a personal computer (PC) with
Linux 6.0. From the educational point of view, SEQUEL offers
the following advantages. First, the program can be installed on
any number of computers, making it simultaneously accessible
to a large number of students. In fact, with this advantage
of the program in mind, we recently conducted a course for
teachers of engineering colleges in India, where the idea of using
SEQUEL for teaching purposes was well appreciated by the
participants. Second, vendors of commercial packages usually
tend to keep the implementation concealed from the user so
that other vendors do not benefit from their implementation.
For example, one finds that most of the templates (excluding
the trivial ones like a resistor) in SABER are coded so that
the user has no idea of how a particular element has been
implemented. This concealment means that the user is not fully
aware of the equations that are being solved, which is clearly
an impediment for academic work. On the other hand, all of
the templates in SEQUEL are available in source code form so
that the user can easily see which equations are being solved
and how they have been implemented, making the package
much more interesting for teaching.
The paper is organized as follows. Section II describes the
organization of SEQUEL from the user’s point of view. Some
simulation examples are presented in Section III, each bringing
out some unique feature of the program. Because a comprehensive manual is available for SEQUEL [12], some aspects of the
package, such as syntax rules, have not been described here.
However, some representative templates and a circuit file have
been included in the Appendix.
II. SEQUEL ORGANIZATION
SEQUEL has been developed with the emphasis on model
development by the user. A simplified block diagram of the program [12] is shown in Fig. 1. Here, the block on the left, which
includes basic element templates (BETs), compound element
templates (CETs), and circuit file, is completely user definable.
Basic elements are individual elements at the lowest level. The
model equations describing the behavior of the element are to
be included in the BET. From the BETs, the user can make
up a CET; however, a CET can also include another CET, thus
making it a recursive definition (this is similar to the subcircuit
idea in SPICE [9]). In other words, BETs describe the equations,
and CETs may be thought of simply as connections. The actual
organization of SEQUEL is a little more complicated because
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Fig. 1. Simplified block diagram of SEQUEL.

it distinguishes between electrical, thermal, general, and digital
elements, and correspondingly, there are BETs and CETs of four
different types. However, those details are described in [12].
The circuit file appearing in Fig. 1 is a description of the circuit being simulated. The circuit may have elements of one or
more of the four types, electrical, thermal, general, and digital.
The main program reads the circuit file and picks out the required CETs and BETs from the library. This information is
used in parsing [8], i.e., decomposition of the entire circuit into
basic elements. The SEQUEL preprocessor also reads the circuit file and prepares the required basic element (BE) routines
(in FORTRAN), which are to be called by the main program in
the course of the simulation. In doing so, the preprocessor transfers the user’s description of model behavior verbatim from the
BET to the BE routine. The important issue of how the equations
are to be entered by the user will now be addressed, but first, the
type of equations being solved and the method for solving them
will be briefly discussed.
SEQUEL is intended for solving a generally nonlinear system
of equations of the form

where
or
. The method employed by
SEQUEL to solve the nonlinear equations is the well-known
Newton–Raphson (NR) iterative method [6]. To go from one
NR iteration to the next, each of the functions and its derivatives must be evaluated with respect to each of the unknowns
involved. Thus, if the user supplies routines (in the form of
BETs) to compute the functions and derivatives, SEQUEL can
assemble the equations together and find the solution. In the case
of an electrical circuit, some of the equations (Kirchhoff’s current law and Kirchholff’s voltage law) depend only on the circuit topology. These equations are assembled automatically by
SEQUEL like any other circuit simulation program. The rest of
the equations are element-dependent and will be called the basic
element constitutive equations (BECE). The sparse tableau [13]
approach is used in SEQUEL for writing the BECEs.
A resistor is an example. The BECE in this case is
where
and are the basic element voltage (BEV)
and basic element current (BEC), respectively. For a resistor,
there is only one BEV and BEC; however, the subscripts on
and will be required in general. In Appendix A, a BET
for the resistor is shown. This BE has two nodes
and

IEEE TRANSACTIONS ON EDUCATION, VOL. 45, NO. 1, FEBRUARY 2002

, and one real parameter (
indicates that its de) is defined as the difference
fault value is 0). The BEV
and
. This BE has
between the node voltages at
one function (i.e., one BECE) that depends upon the BEV
and the current (from
to
). The square brackets
indicate that the derivative of this function with reafter
is always a constant ( 1), independent of any paspect to
rameter or variable. The FORTRAN lines are used to calculate
the function and the derivative with respect to the current. The
need
logical flags
some explanation.
As previously mentioned, the SEQUEL preprocessor prepares a BE routine, where the FORTRAN section of the BET
is copied as is to the BE routine. Now, this routine, in the
course of the simulation, may be called by the main program
in a variety of situations such as direct current (dc), transient,
function evaluation, Jacobian calculation, and sensitivity calcu, are passed down from
lation. The flags, such as
the main program to indicate the simulation stage. The user,
while writing the FORTRAN section of the BET, anticipates
the different situations and includes suitable calculations as
required. When these are understood, the functioning of the resistor template should be self-explanatory. A more complicated
BET, for an induction motor, is given in the Appendix; it will
be discussed in Section III. There are a large number of other
templates available to the user [12].
Described above is the basic idea behind SEQUEL, and it differs from SABER in the following major aspects. First, in SEQUEL, the user is asked to provide the function values and the
derivatives in the BE template. If the number of equations is
large (about 10), the exercise of writing the derivatives is somewhat cumbersome. However, from the computational point of
view, a routine that provides function values and their derivatives in a single call is far more efficient. Imagine a routine that
only gives the function values. To compute the derivatives required by the Newton–Raphson method, this routine would have
to be called repeatedly (with slightly different solution vectors)
to get approximate derivative values. This is clearly a computationally expensive procedure. Second, in SEQUEL, the concept of through and across variables [11] is not required because
it is based on the sparse tableau approach [13]. A given functhrough
, which
tion is simply a function of variables
are all treated in the same manner. The user only has to specify
how the functions and the nonzero derivatives are to be evaluated, given the solution vector. This approach gives the user
greater flexibility in writing the BE equations. Note that the NR
method does not require the equations to be written in terms of
through and across variables; the need to cast the equations in
that form arises because of the modified nodal analysis [6] approach used in SABER. Third, if the user is interested in developing a new template, SABER requires the knowledge of the
hardware description language called MAST [11], which can
prove to be an impediment. On the other hand, writing a template in SEQUEL requires knowledge of FORTRAN. Because
FORTRAN is a general-purpose computer language, students
are likely to have learned it in the first year of their engineering
curriculum. Finally, SEQUEL provides very efficient computation of steady-state quantities, as is illustrated in Section III.
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Three-phase rectifier circuit.

This feature is not available in any other general-purpose circuit
simulation program. There are, of course, many other aspects
of SEQUEL which deserve explanation; however, those aspects
can be found in [12].

Fig. 3. Steady-state current through

D1 (amperes) for the circuit of Fig. 2.

III. SIMULATION EXAMPLES
In this section, simulation examples of typical power electronic circuits are presented. The circuit files for these examples are available, and the reader can simply run the program on
these to get the results that are described here; also, the reader
can simulate other circuits of interest by modifying the circuit
files or writing new files. The detailed syntax rules for writing
circuit files can be found in the SEQUEL manual [12].
A. Three-Phase Rectifier
Fig. 2 shows a six-diode bridge connected to a three-phase
alternating current (ac) supply with a source inductance . The
load. The output voltage
has a dc
bridge supplies an
[
being the root mean square
component equal to 1.35
] if ideal operation of the bridge is assumed.
(rms) value of
However, because of the inductance , the conducting intervals
may overlap, resulting in modes when more than two diodes are
conducting at the same time. The number of devices conducting
at a time and the average output voltage depend on the load
current , which can be adjusted by changing while keeping
constant. From a simulation point of view, this circuit may
be considered difficult due to the presence of highly nonlinear
switching elements such as diodes. For simulation of this circuit,
the diodes were represented as hard switches with ON and OFF
resistances
m and
M , respectively.
Transient simulation is performed for a sufficiently long time
interval in order to reach a steady state. The parameters used
V,
Hz,
in the simulation are
H,
, and
mH. The source
voltages shown in Fig. 2 are given by
, and
. Fig. 3 shows
, and Fig. 4 shows the load
the steady-state current through
current as a function of time.
Fig. 4 illustrates very effectively how computation of steadystate quantities may take several cycles of transient simulation;
in this example, it has taken four seconds or 200 cycles. In reality, only the steady-state results (i.e., one cycle) may be of

Fig. 4.

Load current for the three-phase diode bridge rectifier.

interest. SEQUEL provides an efficient way to do this computation. Although the details of the procedure will be described
separately, the basic idea can be explained as follows [14]. The
state of a circuit is completely determined if the values of all
state variables (in our example, the inductor currents) are known
at a given time. Thus, the steady-state computation problem reduces to finding a state (i.e., a state vector) such that, after integrating for one cycle, the system is back in the same state. This
can be achieved very effectively by employing the NR method
[14]. In the three-phase rectifier example, the steady-state results were obtained in only four NR iterations with this method,
which is equivalent to four cycles of the source voltage. This
method will be referred to as the steady-state waveform (SSW)
method.
Because the SSW method is essentially an NR method, it
exhibits quadratic convergence. To appreciate this property, a
norm must first be defined. The equations being solved in the
, where is the current for inSSW method are
ductor and represents the period. A norm is now defined as
. The dramatic reduction in the norm with respect to the iteration number for this example can be observed
in Fig. 5. Here and in many other examples, a computational
advantage of an order of magnitude or more is easily obtained
with the SSW method over the conventional transient simulation method.
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Fig. 5. Steady-state computation: norm versus iteration number for the
diode-bridge rectifier example.

B. Induction Motor Examples
Induction motor model in the stationary – reference frame
is a highly nonlinear system. The system behavior is described
by the following equations [15]:
(1)
(2)
(3)
(4)
(5)
(6)
(7)
(8)
(9)
(10)
(11)
Equations (7)–(10) correspond to a variation of electrical quantities, and (11) relates the electromagnetic torque developed
by the motor with the motor speed. Equations (1)–(11) must
be solved simultaneously to yield the currents and speed of
the induction motor. A basic element template that implements
these equations is shown in Appendix B. The induction motor
is treated as a general element for which the derivatives are
supplied with respect to the general variables (listed under
) rather than electrical currents and voltages. In the
template, the variables involved in each equation must be indicated, and the evaluation of the function and Jacobian values
must be incorporated in the form of FORTRAN statements.
denotes the derivative of function
Note that
with respect to variable . In the course of the simulation, the

Fig. 6. Transient torque-speed characteristics of induction motor under free
acceleration.

main program passes down the values of the different variables
and parameters to the template, and the template conveys
to the main program function values and the corresponding
derivatives. There are no restrictions on the variables. This
situation must be contrasted with SABER templates, where it
is the user’s responsibility to identify certain variables as the
through variables and others as the across variables, an exercise
which can turn out to be rather tedious and unnatural.
Two examples will now be described to illustrate the applications of the induction machine template. In these examples,
other templates are also required; these are available [12] as
source code. It would be instructive to go through the concerned
templates for each example and see how the various quantities
are mapped at different levels.
As the first example, free acceleration of an induction motor
is considered. When an induction motor is accelerated from
standstill by applying a set of rated sinusoidal voltages, it goes
through a transient state and then reaches the steady state. Fig. 6
shows the simulated torque-speed transient. The machine parameters were taken from [15, Table 4.10-1, 3-hp machine]. The
result matches that given in [15, Fig. 4.10-1].
As the second example, indirect vector control of an induction motor is considered. Application of the well-established
vector control theory enables an induction motor to be controlled like a separately excited dc drive with torque and flux
decoupled. Fig. 7 shows the schematic diagram of an indirect
vector controlled induction motor drive. The inverter is operated under current controlled mode using three hysterisis current
controllers for the three phases. The complete closed loop control system was simulated. The following parameters were used:
;
H;
H;
H;
;
Kg-m ; number of poles 4;
A; (hysterisis band)
0.1 A;
V;
; and
/s. Fig. 8 shows the response of
the speed and the phase motor current to a step change of the
reference speed followed by a reversal.
In Appendix C, the circuit file used in the vector-controlled
induction motor example is reproduced. A close examination
of the block diagram (Fig. 7) and this circuit file will reveal
the correspondence between the variables and elements in
the two descriptions. Most of these are self-explanatory. The
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Fig. 7. Schematic diagram of an indirect vector-controlled induction motor drive.

(a)

(b)
Fig. 8. Speed (rad/s) and i (amperes) versus time (seconds) for the induction
motor drive of Fig. 7. K = 0:05; K = 0:02/s.

element

(a vector rotator) relates the variables
and as

The element
is like
, for the special case
. Again, as has been noted earlier, the corresponding templates clearly indicate the implementation of these equations.

The purpose of the two examples described here was primarily to demonstrate the capabilities of SEQUEL. The reader
should note, in particular, that a fairly complex model, such as
an induction motor, is available as a library element, and it can
be simply called from the user’s circuit file. Such a facility is not
available in other public-domain packages. Also, the reader will
find that the induction motor template involves a straightforward
translation of the model equations into FORTRAN statements.
If new templates must be written for teaching or research work,
the user could develop them easily, with the help of the manual.
In conclusion, a new public-domain simulator for simulation
of power electronic circuits has been presented. Some examples have been presented to describe the capabilities of the new
simulator. SEQUEL has many other interesting features and applications, such as electrothermal circuits, electronic circuits,
small-signal analysis, mixed-signal simulation, sensitivity calculation, and switched-capacitor circuit simulation. Details regarding these features and about the syntax used in SEQUEL
can be found in the manual [12]. The reader can reproduce all
of the results presented in the paper (and more) with the circuit
files provided in [12].
Although a limited number of examples have been described
here, SEQUEL already has a reasonably complete library for
power electronics applications. Circuit files for many other examples including converters, closed-loop control, inverters, and
power systems can be obtained from the authors. Because SEQUEL can be installed on any number of PCs, homework problems based on simulation can be assigned to students even in
large classes. Simulation has been found to help the students
greatly even for fairly simple circuits. With the appropriate circuit files available, the effort required on the part of the student
is greatly reduced. Apart from being completely free, SEQUEL
also allows the users to closely look at all of the templates involved in a given circuit. This enables the reader to understand
all aspects of the implementation, something that is not possible
with commercial packages. In our opinion, this is also of great
educational value.
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APPENDIX
Described here are two basic element templates and a circuit
file. Only the statements directly relevant to the discussion in
the paper are given below; the complete templates and files can
be obtained from the author [12].
A. Basic Element Template for a Resistor

B. Basic Element Template for an Induction Machine

C. Circuit File for Vector-Controlled Induction Motor Example
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