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ABSTRACT

The Switched Inductor Model (SIM) is
developed by considering the average voltages
and currents in PWM converters. Good
agreement was found between computer
simulations based on the proposed SIM and
experimental results for PWM and Quasi-
Resonant Converters.

INTRODUCTION

Switch mode DC-DC converters include, in
general, three major blocks (Fig. 1): a power
stage, an error amplifier and a duty cycle
generator. Such a system is clearly non linear
control systems. The non linearity sterns from
the switch action which is normally realized
by solid state devices such as BJT transistors,

MOSFET transistors and diodes. Since the
switching action is carried out at a frequency
which is much higher than the useful
bandwidth of the system, one is normally
interested in the average performance of the
system rather than the intimate dynamics of
each switching cycle. The problem of
modelling the average behavior of switch
mode systems was investigated in previous
studies by applying the State Space Averaging
method [1-3] analytically or by computer
simulation based on special purpose programs
or on general purpose simulators [4- 7] such as
SPICE [9].

Another approach that has been suggested is
to model the average behavior of the switching
action of the switch itself [10-12].

As already shown in previous studies [13-17],
the average behavior of switch mode system
can easily, accurately and effectively be
modelled by switched inductor model (SIM)
which is compatible with general purpose
circuit simulators such as SPICE. The major
advantages of this new models its
universality: it is topology independent, is
applicability to voltage controlled PWM
converters both for continuous inductor
current and discontinuous operations, to
current mode systems and to quasi-resonant
converters. The objective of this paper is to
present the unified features of the SIM model
and to identify its limitations.

POWER STAGE

Vin vout
-0

Power

Input

MODEL DEVELOPMENT

Error Ampl Close examination of the power stage of
common switch mode topologies reveals that
they all include an indictor which is switched
at one end between two points (Fig. 2). This
witching action is usually carried out by a
transistor and a steering diode. The net
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General representation of a switch
mode DC-DC converter .
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behavior is that of a switch which toggles the
inductor between the two end points (Fig. 3).
The idea behind the Switched Inductor Model
(SIM) is to replace this switching part by an
equivalent circuit which emulate the average
behavior of the three terminals.

Consequently, the equivalent circuit of the SIM
model (equations 1-4) for the PWM case, will
be as shown in Fig. 4. This model is topology
independent except that it has to be placed in
proper orientation for any given topology.

It can further be shown [16] that the saine
approach can be used to model Quasi-Resonant
converters operating in the Zero-current-
Switching mode (QRC-ZCS). This stems from
the fact that the basic (QRC-ZCS) cell (Fig. 5) is
similar from the terminals point on view to the
PWM SIM. The resulting SPICE compatible
equivalent circuit (Fig. 6) include both the
basic SIM and an auxiliary circuit which
calculate the magnitude of the controlled
sources of the SIM.

Fig.2 Basic switched inductor assembly of
PWM converters (shown here for
the Buck topology).

Where the operation Son on a variable (X) is
defined as:

(2)

That is, 8on is an operator which signifies
integration over the period TON and
averaging over the switching period TS.

In the simple PWM case the integration has
to be carried out on trapezoid shaped current
and voltage signals. In such a case the
following relationships hold:

The equivalent circuit presented here include
non linear dependent voltage and current
sources. That is, sources which are dependent
on a product of two time dependent variables

(e.g. la and D). Fortunately however, most if
not all modern electronic circuit simulators
(such as SPICE) have a built in capability to
deal with such non linear dependent sources.
This feature is usually implemented by the
POLY parameter. Furthermore, the

8on (x) = DON. x
(3)

8 off (x) = DOFF .x
(4)
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simulators can carry out not only DC and
small signal analysis but also large-signal
transient analysis. The latter is carried out by
numerical solution of the non linear equation
of the model. A procedure which is built in into
all modern electronic circuit simulators.
Small signal analysis is carried out by first
calculating the operating point and then
evaluating the linearized model around the
quiescent point. Consequently, simulation of
switch mode systems by the SIM model does not
call for any analytical calculations. The
simulation can be carried out both in open loop
configuration as well as in closed loop
configura!!on.

signal analysis both in open and closed loop
operation. All of these results were in excellent
agreement with SPICE computer simulation
based on the SIM.
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Fig. 6. The ZCS-QRC equivalent circuit
model. See Table I for dependent
source definitions. All resistors
lM.Q.,unless otherwise specified.
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Fig. 5. The QRC-ZCS cell. The major conclusion of this study is that
the SIM and the State Space Average models
are in fact two facets of the same averaging
approach. The advantages of the SIM are of
practical rather then theoretical nature: it is
compatible with available electronic circuit
simulator and may therefore be easier to
apply. An important additional feature of the
SIM is its ability to handle large-signal
analysis in a straightforward manner [5,6,8].

ERROR ANALYSIS

The main sources of the SIM model errors
are the deviation of the actual system from the
fundamental underlying assumptions of the
model. This point can be examined in a
rigorous way by comparing the analytical
transfer functions obtained through the SIM
model to those derived from the State Space
Average Model [18].
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