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Abstract. The method of immediate analysis of periodic
steady states in switched DC-DC converters operating in
the continuous current mode is described. The initial con-
ditions, which correspond to the periodic steady state, are
found in the first step. They are used consequently for the
conventional transient analysis. A special SPICE model of
the converter finds automatically these initial conditions,
which are then available within the transient analysis. The
method works both for the well-known behavioral models
of switched converters and also for models which employ
complex nonlinear SPICE models of semiconductor
switches.
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1. Introduction

The analysis of periodic steady states (PSS) in
switched DC-DC converters via SPICE-family programs
belongs to rather problematic tasks [1]-[3]. Most of these
programs do not provide the algorithms of automated
steady-state computation. The transient analysis of wave-
forms, consisting of a mix of slow and fast phenomena, is
time-consuming and it can also lead to accumulation of
numerical errors. The initial transients in switched convert-
ers can persist over hundreds or even thousands of switch-
ing periods. This fact complicates, for example, the steady-
state analysis in the well-known OrCAD PSpice programs.
Note that the PPS waveforms are important from the view-
point of reading key values such as the DC components of
voltages and currents and powers and efficiency, the volt-
age- and current- ripple, and other parameters derived from
these components.

Some special programs, for example HSpice RF [4]
or Micro-Cap 10 [5], are equipped with algorithms fixing
the periodic steady states. However, such algorithms are
intended primarily for analyzing time-invariant systems,
thus they do not work properly for switched circuits.

Averaging modeling of switched converters can
speed-up their transient analysis considerably [6]-[8], and
it can be also used for DC and AC analyses. These tech-
niques enable, among other things, fast analysis of DC
components of the PSS. However, the averaging models
leave out fast phenomena coming from the switching proc-
esses. That is why we cannot get detailed waveforms which
would give information about voltage ripple and other
important parameters.

Other methods such as the method of generalized
transfer functions [9]-[10] can model the switching effects
but only in the frequency and not the time domain. More-
over, their implementation in the SPICE-family programs
is not trouble-free [10].

For the above reasons, the steady-state analysis of
switched DC-DC converters in SPICE is commonly per-
formed via the successive and time-consuming transient
analysis.

A method for the analysis of switching effects in DC-
DC converters via DC bias point computation in SPICE is
described in [11]. The reactance elements of the converter
are replaced by their so-called DC equivalents. The coordi-
nates of the PSS are obtained at four boundary points of
the switching diagram through DC bias point computation.
n [11], this method is described for simple behavioral
models of switches where the active and passive switches
are characterized by linear resistors, modeling the on-
states. The open switches are modeled by open circuits.

The method of immediate PSS analysis, described
here, consists of two phases. With respect to the funda-
mental limitations of SPICE, they must overlap each other.
A special sub-model of switched converter, working on the
basis of the method from [11] but generalized for nonlinear
models of semiconductor switches (transistors and diodes),
serves for predicting the PSS coordinates. The initial con-
ditions of the PSS are extracted from this model in the
form of state variables of the converter, i.e. capacitor volt-
age and inductor current. These initial conditions are im-
plemented in the conventional SPICE model of the DC-DC
converter via additional controlled sources. The following
transient analysis is performed under the condition of si-
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multaneous analysis of both models — the converter model
and its special sub-model.

The paper is organized as follows: Section 2, which
follows this Introduction, summarizes the main idea of the
method of immediate computation of the PSS coordinates
from [11], and its generalization for nonlinear switch
models is given. The connection of the corresponding sub-
model with the respective converter model is explained in
Section 3. Section 4 demonstrates some results of the
simulation of boost converter.

2. Immediate Computation of PSS
Coordinates

Consider a DC-DC converter in the continuous cur-
rent mode with a switching period T which is subdivided
into the switching phases 1 and 2 of lengths d7s and
d’Ts= (1-d)Ts , where d is the duty ratio. Phase 1/2 corre-
sponds to the active switch (transistor) in on/off state.

The method of immediate computation of the PSS co-
ordinates, described in [11], is based on the assumption
that the waveforms of the converter state variable deriva-
tives with respect to time can be truly approximated by
piece-wise-linear (PWL) functions according to Fig. 1. The
state variables are here the capacitor voltages v¢ and in-
ductor currents i;, and thus their derivatives are propor-
tional to capacitor currents ic and inductor voltages v;.
Such assumption means that the state variable waveforms
can be truly approximated by parabolic curves. This hy-
pothesis is based on the fact that a well-designed converter
exhibits pretty long time constants of transients as a neces-
sity of high-quality filtration of the voltage ripple. The
good linearity of the above derivatives can be observed
also in the case of inconveniently small and in practice
untypical time constants [11]. A steady-state analysis based
on such assumptions then leads to results with an accuracy
which is acceptable for a large scale of the parameters of
converter components.
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Fig. 1. Piece-wise-linear approximation of the state variable
derivatives with respect to time [11].

Four points, denoted 1-, 1+, 2-, and 2+, which corre-
spond to left- and right-side limits at time instants of the
end of switching phases 1 and 2, are characteristic of the
steady-state waveforms in Fig. 1. Let us denote Ic+, Ic1.,
etc. the corresponding limits of the circuit variables. Then
the following equations can be derived for the voltage of

capacitor with the capacitance C and for the current
through inductor with the inductance L, considering the
assumption of the PWL approximation [11]:

Vor =Ver + 58 Uen +1o)- O
I, =1, Jrciyg(lfm+ +V,)> 2)
Vo Ve + 55 Ua, o) O)
1, =1,, +dz'§S(VLH +V,,)- C))

The state variables are continuous functions of time, thus
Va=Ves=Ven, Va=Ve=Ve, In= 1=, 1= 1=,

Equations (1) and (2) were derived via integration of
the waveforms in Fig. 1 within switching phase 1. That is
why they represent mathematical models of the capacitor
and the inductor for this switching phase.
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Fig.2. (a) Symbolic representation of switched DC-DC
converter which contains an active (transistor) and a
passive (diode) switch, inductor, and capacitor; (b)
sub-model for computing the PSS co-ordinates.

The corresponding model of the converter is demon-
strated in Fig. 2 (b), upper section, with on-state active
switch, open passive switch, the capacitor modeled via
a controlled voltage source according to (1), and the in-
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ductor modeled via a controlled current source according
to (2). The DC bias point computation will give the circuit
variables as limit values at point 1- (i.e. the left-side limits).

Accordingly, formulae (3) and (4) represent models
of the capacitor and inductor in switching phase 2. By
analyzing the corresponding converter model, the limit
values of the circuit variables at point 2- can be obtained.

However, the right-side limits of the circuit variables
also appear in the formulae for modeling the controlled
sources. They can be obtained, with the help of the conti-
nuity of state variables, via solving another two sub-models
of the converter. The sub-model in phase 1, where the
capacitor and inductor are modeled as the controlled source
of voltage V. and current /;,., provides the solution at
point 2+. Similarly, the sub-model in phase 2 with the
voltage source V. instead of capacitor and with the cur-
rent I;,. replacing the inductor provides the solution at
point 1+.

Subsequently, the four partial sub-models in Fig. 2 (b)
are analyzed instead of the original switched-level model
of the converter. Then a simple DC bias point calculation
provides automatically the left- and right-side limits of
each circuit variable at time instants which correspond to
the modifications of the switch states. These limits are
available as computed DC voltages and currents in the
individual sub-model sections in Fig. 2 (b).

Note that it is not necessary to model the switches,
used in the sub-models in Fig. 2 (b), by the simple behav-
ioral method as described in [11]. The on-state active
switch from sections no. 1 and 4 can be modeled directly
by the nonlinear SPICE model of the transistor, with DC
voltage of V,, level applied to its gate. The open active
switch can be modeled in a similar way but with V,; level
of the DC controlled voltage, or, more preferably, via re-
moving the non-conducting MOSFET from the model. The
latter method can be successfully used also for modeling
the off-state diode. Omitting the corresponding models
results in decreasing the computational cost and also in
preventing potential convergence problems.

When limiting the analysis aims to the coordinates of
the PPS points 1-, 1+, 2-, and 2+, and omitting the steady-
state waveforms of the circuit variables as functions of
continuous time, then it would be enough to compile only
the sub-model in Fig. 2 (b), and to run the DC bias point
computation. Note that SPICE computes the limit values of
all circuit variables of the converter, not only those men-
tioned in (1) to (4). This is to say that, for example, the
limit values of the output voltage or inductor current for
computing the voltage and current ripples will also be
available within a fraction of a second. Results obtained in
this way can be affected by two types of error. The first
one can be caused by violating the assumption of PWL
waveforms in Fig. 1. The second source of errors can be in
dynamic phenomena when switches change their states,
which cannot be considered in the “DC models” (for
example, logic feedthrough). Nevertheless, experience

shows that these errors are not significant and that the
above procedure approaches the proximity of the real
steady state. When the computed limit values are used as
the initial conditions of the conventional transient analysis,
then the possible deviations from the real steady state are
corrected within several switching periods.

The next section gives an explanation of the mecha-
nism of connecting the sub-model for computing the PSS
coordinates from Fig. 1 (b) to the switch-level model of the
converter.

3. Complete Model of Switched DC-
DC Converter for Immediate PSS
Analysis

When the initial conditions, for example capacitor
voltages and inductor currents which correspond to the
PSS, are known, they can be assigned to the IC attributes
of capacitor and inductor SPICE models or entered as
general initial conditions using the .IC command. Then the
subsequent transient analysis would lead directly to the
periodic steady state.

However, this procedure cannot be used directly
because the initial conditions are present in the form of
voltages and currents of the sub-model, computed via
an iteration process, and they cannot be transferred to IC
attributes. Such a transfer can be done indirectly via con-
trolled sources, particularly via a current source in parallel
to the inductor and via a voltage source in series with the
capacitor. Such a co-operation of the auxiliary sub-model
and the switched model of the converter will be explained
on the example of the DC-DC buck converter in Fig. 3
[12]. The values of the parameters of passive elements
were taken from [13].

MBRS140LT3

out
‘ J L.
Ve Vpulse jJRFO45 Re

Rout

PULSE 0 8V 0 10n 10n {d*Ts} {Ts}

Vg =60V Rout=60Ohms L=6mH C=1000puF
RL=3Ohms Rc=10Ohm d=0.25 Ts=100psec

Fig. 3. Switched boost converter, switch-level model with
semiconductor switches [12].

The IRF045 transistor is controlled by rectangular
waveform with levels 0 V and 8 V, 0.25 duty ratio, and
a frequency of 10 kHz. The transient analysis of this con-
verter was performed via switched-level and averaging
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models in [12]. The results given in Fig. 4, adopted from
[12], demonstrate that the converter approaches the steady
state after more than 20 ms, which represents more than
200 switching periods. However, in order to obtain the
steady-state waveforms with a reasonable precision, the
simulation time should be extended to ca 500 periods. It is
obvious that such a procedure is time-consuming and im-
practicable, particularly for a repetitive PSS analysis with
various parameters of the circuit components.

The complete converter model in Fig. 5 contains the
respective switched-level model, and the auxiliary four-
section sub-model for computing the coordinates of PSS,
which are transferred to the switched model in the form of
initial conditions. As is obvious from the waveform of the
switching signal, it is necessary to transfer the inductor
current and capacitor voltage at time point 2+, which cor-
responds to the starting point of the transient analysis. Both
models are solved simultaneously during this analysis,
whereas the behavior of the auxiliary circuit is the same at
each step. That is why the extracted values 1(G4) and
V(E4) behave like fixed initial conditions during the entire
analysis run, and the analysis of the PSS is performed
around them.
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Fig. 4. Starting the converter from Fig. 3 to the PSS. Results

of conventional transient analysis for switched (with
emphasized switching effects) and averaged (with
smoothed switching effects) converter model [12].
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Fig.5. Complete model of the converter for PSS transient
analysis
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4. Example of Simulation

The complete circuit file for PSPICE analysis, written

on the basis of Fig. 5, is listed below:

*Boost converter - immediate steady state
.param Vg 60 RL 3 C 1000u Rc 1 Rout 60 L 6m
+d 0.25 fs 10k

*immediate SS computation

skskeskosksk

Vgl-inl-0 {Vg}

RL1-inl-rl1- {RL}

G1 rll- swl- value={-I(Vg2+)+(V(rI2+,sw2+)+
+ V(rl1-,swl-))*d/2/L/fs}

E1 outl- crl- value={V(out2+,cr2+)+(I(E4)+1(E1))*
+ d/2/C/fs}

Rcl-crl- 0 {Rc}

Routl- outl- 0 {Rout}

Mswitchl- swl- switchl- 0 0 IRF045
Vswitchl- switchl- 0 8V

skokokkok

Vgl+inl+ 0 {Vg}

RLI+ inl+ rl1+ {RL}

G2 rl1+ swl+ value={-I(Vgl-)}

E2 outl+ crl+ value={V(outl-,crl-)}
Rcl+crl+ 0 {Rc}

Routl+ outl+ 0 {Rout}

Diodel+ swl+ outl+ MBRS140LT3 ON
ok kokok

Vg2-in2- 0 {Vg}

RL2- in2- r12- {RL}

G3 r12- sw2- value={-1(Vgl+)+(V(rll+,swl+)+
+ V(1r12-,sw2-))*(1-d)/2/L/fs}

E3 out2- cr2- value={V(outl+,crl1+)+(I(E3)+I(E2))*
+ (1-d)/2/C/fs}

Re2- cr2- 0 {Rc}

Rout2- out2- 0 {Rout}

Diode2- sw2- out2- MBRS140LT3 ON
skskoskoskok

Vg2+ in2+ 0 {Vg}

RL2+ in2+ rl2+ {RL}

G4 112+ sw2+ value={-1(Vg2-)}

E4 out2+ cr2+ value={V(out2-,cr2-)}
Re2+ cr2+ 0 {Rc}

Rout2+ out2+ 0 {Rout}

Mswitch2+ sw2+ switch2+ 0 0 IRF045
Vswitch2+ switch2+ 0 8V

sk okokok

*end of immediate SS computation
*switched model with SS initial conditions
Vgin 0 {Vg}

RL inrl {RL}

Lrlsw {L}

Gini 1l sw value={-1(Vg2-)}

C outS crx {C}

Eini crx cr value={V(out2+,cr2+)}

Rccr 0 {Rc}

Rout outS 0 {Rout}

Mswitch sw switch 0 0 IRF045

Diode sw outS MBRS140LT3 ON

Vswitch switch 0 PULSE 0 8 0 10n 10n {d/fs} {1/fs}
*end of switched model with SS initial conditions
lib

.tran 0 1m 0 10n skipbp

.probe

.end

The simulation was performed in OrCAD PSpice
v. 16.1, with the results given in Fig. 6. The low value of
the Step Ceiling (10ns) was chosen with the aim of having
a detailed analysis of the spikes present in the output volt-
age, caused by the logic feedthrough. The follow-up analy-
sis has shown that the algorithm identified the PSS
perfectly.

74V

72V

71V

1.8A

1.6A

SEL >

1.4A
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Fig. 6. Results of the transient analysis via immediate transi-
tion to PSS: output voltage (top), inductor current
(bottom).
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5. Conclusions

The proposed method of modeling switched DC-DC
converters speeds- up considerably their steady-state tran-
sient analyses. When the condition of piece-wise-linear
character of the waveforms of inductor voltage and ca-
pacitor current according to Fig. 1 is fulfilled, then the
periodic steady state can be found not only “immediately”
but also accurately. This method is useful for the analysis
of switched converters of arbitrary topologies, working in
the continuous current mode. The switches can be modeled
with increased accuracy by nonlinear SPICE models of
transistors and diodes rather than by commonly used sim-
ple and inaccurate behavioral models. A certain drawback
is the necessity of building an auxiliary sub-model for
computing the PSS coordinates. However, this discomfort
is fully compensated by highly efficient transient analysis
which is supported by the auxiliary four-section sub-
model.
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