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ABSTRACT

The Switched Inductor Model (SIM) is
rigorously developed by considering the
average voltages and currents in PWM
converters. The limitations and error bounds of
the SIM are examined and compared to those of
the State Space Average model. The two model
are found to be identical when the parasitic
resistances are negligibly small. These errors
are relatively small in practical converters.
Good agreement was also found between
computer simulations based on the proposed SIM
and experimental results.

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]. The latter is
an equivalent circuit approach rather than a
State Space presentation. The equivalent circuit
representation has may practical advantages
over the State Space description mainly due to
the fact that it is compatible with current practice
of most if not all electronic circuit designers.

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.

INTRODUCTION

Switch mode DC-DC converters include, in
general, three major blocks (Fig. I): a power
stage, an error amplifier and a duty cycle
generator. Such a system is clearly non linear
control systems. The non linearity stems from
the switch action which is normally realized by
solid state devices such as BJT transistors,
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Close examination of the power stage of
common switch mode topologies reveals that
they all include an indictor which is switched at
one hand between two points (Fig. 2). This
witching action is usually carried out by a
transistor and a steering diode. The net
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
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MOSFET transistors and diodes. Since the
switching action is carried out at a frequency



circuit which emulate the average behavior of
the three terminals. Once this switching
module is modelled, by a linear average model,
the complete system becomes linear and can be
handled by readily available tool.

The SIM model is developed by considering the
average voltage and current of each port of the
switched inductor module. It can be shown [17]
that the average behavior of the SIM can be
represented by the following three port 'H'
parameter matrix: Fig. 2 .Basic switched inductor assembly of

PWM converters (shown here for
the Buck topology).
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Where the operation 8 on on a variable (X) is
defined as:

8on(x) ~ ~ J(x)dt

Ton

(2)

That is, 8 on 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:

xSon (x) = DON (3)

8 off (x) = DOFF .i (4)

linear dependent sources. This feature is
usually implemented by the POLY parameter.
Furthermore, the 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

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 .The
equivalent circuit includes 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 modem
electronic circuit simulators (such as SPICE)
have a built in capability to deal with such non
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of switch mode systems by the SIM model does
not call for any analytical calculations. All
that has to be done is to feed to the simulator the
net-Iist of the system including the SIM model
which replaces the switching part of the system.
The simulation can be carried out both in open
loop configuration as well as in closed loop
configuration. Hence, the SIM model in
conjunction with a general purpose circuit
simulator constitute a powerful analysis and
design tool of switch mode systems. This
simplicity is illustrated by presenting the
equivalent circuit of a BUCK converter (Fig. 5)
, in which parasitic resistances were included.

D%(P)=ll-? lOO (5)

The deviations were calculated for a buck
converter [18], as a function of the ratio (X)
between the parasitic resistance (Rp) and the
load resistance (Ro) and under the assumption
that all the parasitic resistances are of equal
value:

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. The approximation of equations 3 and 4
implicitly assume that the instantaneous
voltages and currents that the inductor sees are
linearly proportional to their average values.
This assumption may not be valid if the
converter include large un-bypassed parasitic
resistances which may cause large
instantaneous voltage drops as a function of the
currents flowing thru them. This point can be
examined in a rigorous way by comparing the
analytical transfer functions obtained thru the
SIM model to those derived from the State Space
Average Model. This can e accomplished by
representing the SIM's equivalent circuit by
sate space equation and evaluating the various
transfer functions. These can then be compared
to the ones which are directly obtained from the
State Space Average Model. The details of this
comparison will be given elsewhere.

RESULTS AND DISCUSSION

The error analysis that was carried out seem
to suggest that the SIM approach and the State
Space Average methods are identical for all
practical purposes when the parasitic
resistances are small. As the parasitic
resistances increase, the discrepancy between
the two models widens. To gain a better insight
into the nature and magnitude of this
discrepancy, we have calculated the relative
deviation of key parameters. The relative
percent deviation (D%) between a SIM
parameter (P) and a State Space Average model
parameter (p*) is defined as:
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The calculations, which were carried out for
specific numerical parameters [18] and
compared to the State Space Averaging Model
results [17], suggest that the deviations is rather
small for reasonable (X), say X < 0.1. However,
considering the fact that in most applications
x< 0.1, the practical difference between the two
models is negligibly small as compared to other
modelling inaccuracies such as uncertainties
in components' values.

The proposed model was also checked against
experimental data. Experiments were carried
out on PWM topologies [14], current mode [15],
and quasi resonant [16] for steady state,
transient (large signal) and small 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. A typical example [14] of a comparison
between a SPICE simulation run and measured
control to output small signal signal transfer
function is shown in Fig. 5.

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].
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Fig. 7. Control-to-Output frequency response of
a boost converter operating in inductor
current continuous mode. Continuous
lines: experimental data. Dashed lines:
USIM simulation results. L= 254 ~H ,
RL = 0.4.0, C=516~F, Rc = 0.07 .0 , Ho
= 20.0, Vg = 10V.
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