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Abstract. The paper explains basic ideas how to model and analyze the AC behavior of circuits containing analog switches,
controlled by periodical external clock, namely Sample-Hold circuits and switched capacitor filters. A procedure of making up the
so-called s-zmodelsis described as well astheir implementation in PSPICE.
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INTRODUCTION available (with the exception of special RF simoiat

. . which do not target the switched circuits).
In the area of analog signal processing, the term

“switched circuit” denotes a circuit, containingatog In the past, a number of methods have been dewklope
switches with the possibility of controlling thestates for computer modeling and simulation of switched
electronically. A number of circuits from various Circuits with negligible ratios of time constants o
applications belong to this group. Let us mentiontransient phenomena and Iength; of switching phases
switched capacitor filters, Sample-Hold circuitseag  1hese methods were created particularly for thdyaisa
detectors, mixers, modulators of shift-keying tégnas, ~Of circuits with capacitors “charged in jumps”,.ifer
a wide range of switch-mode power supplies, swidche SWitched capacitor filters. The We_ll-known paperg b
DC-DC converters, etc. The switch state can bé/lachetal. [1], [2], [3] and his special prograsich as
controlled either by an independent clock sigriaé @ase SWANN [2] should be mentioned here. The above
of switched capacitor circuits), or it depends dre t Programs work on quite a different principle thel GE-
internal state of the circuit (e.g. the feedbackiage COMPpatible programs. They employ ideal models of
regulator of DC-DC converter). Then we talk aboutCircuit elements: !degl _swnches (short connect!mnhe
circuits with external and internal switching [1]. on-state, open circuit in the off-state), capasitoand
Switched circuits belong to systems in which theideal t_ransformm_g cells (con_troll_ed sources angkald
processes have very dissimilar time scales (thegsmof OPerational amplifiers). The circuit equations, evhiare
switch action on the one hand, and the envelope dpade up from the switched circuit topology and are
average value of the signal on the other hand)inguhe ~ Subsequently solved by special algorithms, are sie
transient analysis, the program must control tiietstep ~ called z-domain charge equations, where z is theeatpr
according to the fast phenomena, which resultsoig| ©f the z-transform.
simulating runs. Another problem is associated il A certain progress in the computer simulation of
ineffective process of the time step control whenswitched circuits was achieved during the 1980e ais
simplified (behavioral) models of idealized switshere our country: The first COCOSC and MINICOCOSC
used. programs for the symbolic analysis of idealizedtshed
The conventional circuit analysis programs do notapacitor filters in the world were developed in
provide any support for an effective analysis ofts@ cooperation between Technical University of Brna an
kind of networks. The only tool is represented bg t Military Academy Brno [4-7]. Subsequently, the firs
transient analysis, whose time step is determinethb  program for semisymbolic analysis of switched nekso
switching frequency. Also, the direct computatidntt,e SCSK [8] and the first program for time-domain asé
periodical steady state as well as the AC analigsisot SCC [9] were developed. The latter provided (onthiesn



8-bit computers) for the analysis of forced circuitmodifying and redistributing them. This is in
responses to various signals from the library armhdor  contradiction with our needs for a direct integratiof
the analysis of the periodical steady state. Anothenew methods of modeling and analysis into the saou)
important contribution by the present applicantsthe In this paper, we describe a possibility of diréc
theory and praxis of switched circuit modeling andanalysis of switched circuits in PSpice, withoutyan
simulation is the so-called theory of generalizethsfer limitations to the values of time constants in tieuit
functions (GTF) [10], which enabled the AC analysfs being analyzed. The mathematical tool which will be
real switched networks. used is the GTF approach. Note that we limit our
At that time, as a consequence of the development @onsiderations to the AC analysis. The discussibn o
switched circuit applications in power electroni@m  other types of Spice analyses is beyond the scbp@so
urgent necessity of computer simulation appeared fgpaper.
circuits which were a sort of opposite to the shgid
capacitor circuits. The switched DC-DC converterais 1 GENERALIZED TRANSFER FUNCTIONS
typical representative: the time constants of thagients ) )
are longer (much longer in the ideal case) than the Consider a simple model of Sample-Hold (S-H)
duration of the switching phases. The methods ofircuit in Fig. 1 (a) and the corresponding waveferin
modeling switched circuits with negligible time atants ~ Fig. 1 (b). At any moment, the circuit operateire of
cannot be used in such cases. That is why new migtho tWO possible phases, denoted in Fig. 1 as phagbel (
based on the so-called averaging approach, have beglock signalgis HIGH and the switch is closed), and
developed [13], [14], which replace the switchedtwit, phase 2 (the clock signagis LOW and the switch is
at the cost of certain simplification, by an eqliva open). The ratice of duration of phases 1 and 2 can be
model for the signal envelope or its average value. from 0 to 1. In real S-H circuitgis below %, typicallys
great advantage consists in the easy integratiothef =0.1.
averaged models into the SPICE-compatible programs, Due to nonzero time constant of charging the
but on the assumption that the user is familiahvifte  capacitor through the nonzero switch on-resistatioe,
technique of averaged modeling. There are also sontput voltage at time instardT+£T of finalizing the
drawbacks in this approach. The averaged modefs st@ample selection will not exactly equal to the inpu
working for phenomena that are fast in comparisith w voltage. Analyzing this dynamical error of sample
the switching period. That is why the frequencymses selection, we concern not in the entire output aligbut
of DC-DC converters, used e.g. in the design andnly in its discrete values at the end of switchiigases
optimization of feedback regulators of the outpoltage, 1. The corresponding dots are marked in Fig. 1bgb)
provide relevant results only up to one half of theunfilled rings. Dependence of the “quality” of teample
switching frequency. Also, there are no knownselection on the frequency of sampled signal can be
procedures of how to extract information from theevaluated as follows:
averaged model about the side effects, which datece 1. We excite the S-H circuit by a harmonic voltagjeh
to aliasing in the frequency domain. a certain frequency. This signal will gradually et
The averaging also smoothes all the informatioruabo  circuit in the (quasi)periodic steady state.
the switching character of the signals. That is wimg 2. In the output signal we identify points whicle \are

cannot find, for example, the steady-state voltagple concern in. In our case, these points lie at erfds o
from the averaged model. Such characteristics ahg o switching phases 1.
available via time-consuming transient analysis. 3. The points from step 2 we interleave with anfamic

Our preliminary analyses [15] indicate that some of signal with the frequency equal to those of theutnp
the above problems should be overcome using therythe signal. This task is unambiguous [10]. We obtain a
of generalized transfer functions, because modeling signal called equivalent signaf to signalv [10].
based on GTF, sets no limits to the length of fmmis 4. Comparing two harmonic signaig® and v yields
phenomena in the circuit. That is why the GTFs woul  values of generalized amplitude and phase frequency
offer a more universal methodology for modeling the responses of the circuit on the concrete frequericy
switching phenomena either in the circuits of power input signal.

electronics or in the switch capacitor networks. 5. We repeat the above steps for various frequsrafie
Let us conclude that the algorithms hitherto depetb excited signal, taking them from required limitsthe
for an effective analysis of switched circuits, wanbe frequency axis in order to obtain generalized

conventionally implemented in SPICE-compatible  frequency responses.

programs in most cases. There is no universal rdetho Note that just the GTFK(s2) is a compact
simultaneously applicable for the analysis of shé® mathematical description of the generalized freqyen
circuits with small time constants (switched cafmaci response. The frequency responses can be acquired f
circuits), and with large time constants (switcil®d-DC  GTF after well-known substitutions = jwand z =
converters), and thus for the hybrid circuits «it(eg. exp(j &), whereT is the switching period.

the Sample-Hold circuits, which combine the extrsme |t stands for reason that frequency responses will
small and large time constants). That is why a rema#h  gepend on how to choose the “points of interest'tten
special programs with different internal algorithendst,  output waveform. As an example, the second equivale
which enable the analysis of circuits from limited signalv?®is shown in Fig. 1 (b), which is interleaved with
application groups. The source codes of these anagr crosses at the ends of phase 2. Another point, edai
are not freely available and there is no legal ibd&g of  filled circle T, seconds after end of phase 1, contains



information about the value of output voltage anhei
instant of finishing AD conversion by convertertaghed

t

- - -1 u. 3
n=R.&RC.T, =RC.GM = e (3)

to the S-H output. Another equivalent signal and n

frequency response will be assigned to these points

Comparing it with the signa*® and the corresponding
frequency response, one can deduce an amounttafyeol
drop of the output voltage during the AD conversion

the HOLD state.

Now consider harmonic input signal, described by a
complex phasor

4
Left sides of (1) and (2) describe samples of autpu

w(t) =We*, s= jw.

~ Let us conclude that an infinity set of equivalentygltage at the ends of switching phases 1 and atHar
signals can be assorted to single signal of switchewords, they are samples of equivalent signdig) and

circuit, and one GTF to any relation of input-eguént
output signal. In this way, one can model the dwett
circuit from more points of view, depending on aitc
features we are interested in.

-
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Fig. 1: (a) Model of the Sample-Hold circuit, (b) the

corresponding waveforms.

2 EXAMPLE OF GTF EVALUATION FOR S-H
CIrRCUIT

Consider the model of S-H circuit in Fig. 1 (a) lwit
nonzero and signal independent on-resistaRge and
infinity off-resistance of the switch. Then theatiit is
described by linear equations in each switchingspha
The following equations evaluate output voltagethet
ends of given phases. Index of this phase is mabyed
the superscript.

Phase 1KT <t < KT+ &£T

T

V(KT +€T) =V*(KT)e ™ + [ g (EW(KT +£T -&dé (1)

Phase 2KT+ T <t < KT+T

_=aT
V(KT+T)=VI(KT +€T)e = (2)

where

VZ(t) from 1 (b), which nature is also harmonic. Let us
describe these signals by complex phasors

Ve (t) :VAleeSt ’ v2e (t) :VA et (5)

Substituting (4) and (5) to (1) and (2) and
arrangement yield the resulting form of Egs. (1d &2):

T

Ve =g ny=s 4 G, (s, W, (6)
(@)1
V2e e T, VleZ_(l_E), (7)
where
z=¢", 8)
_er
T [
_ R 1-e ™z
G(s,2) = e¥dé = . (9
(52 = [o,(@eaf =g o=

Egs. (6) and (7) get formulas for phasors of both
equivalent signals:

VI =Ki(s W,V =K?(s,2)W, (10)
where
G, (s z
K'(s,2) = _gll(_(l—Z)T '
l-e"e = 77
(@71

K2(s,2)=K'(s,2e = z7®9

are generalized transfer functions of S-H circuit,
corresponding to the above equivalent signdig) and

VE(1).

3 GTFIMPLEMENTATION IN PSPICE

Equations (6) and (7) can be easily implemented in
PSpice program for a direct AC analysis of S-H i
Below is a complete list of the circuit file for piSe
analysis:

S-H circuit, sampling frequency 100kHz, GTF modglin
*

.param C=10nF R=100kOhm Ron=500hm fs=100kHz ep=0.1
+Ts={1/fs} RonR={Ron*R/(Ron+R)}

+taul={C*RonR} tau2={C*R}

+expl={exp(-ep*Ts/taul)} exp2={exp((ep-1)*Ts/tau2)}

Kokkkkk

Vinin 0 AC=1

Eoutl outl x LAPLACE=

+HV(in)} {R/(R+Ron)*(1-expl*exp(-s*ep*Ts))/(1+taul*s)
Ex x 0 LAPLACE={V(out2)} {expl*exp(-s*ep*Ts)}

Eout2 out2 0 LAPLACE={V(outl)} {exp2*exp((ep-1)*s* T3}



Fokkokkk

simplification enables easy PSpice modeling, bawsed

.step param Ron list 10 20 50 100 the numerical approach, avoiding the expensiveytinal
\AC dec 100 100 500k reprocessin
.probe Prep o

Let us consider that the input signa(t) remains
constant within the individual switching phases.eiih

Results of the AC analysis for four different switc €duations (1) and (2) can be written as follows:

.end

on-resistances are in Fig. 2. The resulting frequen 1 a2
responses were carefully checked with the results o s v (kT+ET1)_a1V (KT) +b,w(kT). (11)
steady-state transient analysis of the switchedtev V(KT +T) =a,v (KT +£T) +b,w(kT +£T) . (12)

”?Ode' of S-H circuit in Fig. 1 _(a). The negllglple Here the coefficientsy, by, a, andb, depend on the
differences were caused mainly by numerical

inaccuracies of expensive transient analysis circuit topology in phases 1 and 2 and on the duraaf
P ysis. switching phases. It is obvious that = O if the switch

has an infinite off-resistance. The remaining doafhts
can be computed in PSpice during the transientyaisal
by the following method.

The coefficients from Eq. (11) / (12) will be evated
via the transient analysis of the circuit, which is
simplified for the switching phase 1/ 2, withiretlength
T, / T, of the simulation run. Her€,=€T andT,=(1-€)T.

The “a” coefficient is given by the natural response to
the initial voltage 1V of the capacitor for the ip
voltage to be zero at the end of transient analysis

The ‘b" coefficient is equal to the final value of
forced response to the input voltage of 1V withozer
initial condition.

Knowing these coefficients, the frequency response
will be computed from the set efdomain equations

Ve =(aVZ®+bW)z~, (13)

V"Ze - (a2 71e +b2W)Z—(l—£) ) (14)
However, there are two fundamental problems when
implementing the above procedures in PSpice:
1 Repeated transient analysis is required in order t
obtain results of these analyses for the subsequent
analysis. OrCad PSpice does not allow this.
2 After the transient analysis, the AC analysis $thdoe
) executed, processing the data from the transiealysis.
100Hz 1. OKHz 10KHz 100KHz  500KHz However, PSpice does not support such data sharing.
P(V(out1)) Fr equency Problem 1 can be overcome by executing one
transient run of lengtff,>T,. The auxiliary models for
phases 1 and 2 are analyzed simultaneously.aJ lzad
b, coefficients are evaluated at time point thea, and

The necessity of analytical derivation of equationsb2 coefficients at the end of analysis run. To keee t

. . : : C . “values of all the coefficients at the end of thalgsis, we
(1)-(10) prior their modeling in PSpice is a sesou X . i ;
drawback of this method, particularly in the casenore vrr\:il:r?ttr?grzglﬁtelirfhlsacstﬁ)hne;etir%élld'?ﬁle T/:)al‘f; ';2:? tri(i)fk
complicated switched circuits. The alternative rodth ping ‘ 9

described below overcomes this difficulty by meafis outputs W'." then f:qrrespond to va_lua5 and by, To
: : . o .__ensure a high precision of the sampling at timeve use
special numerical computations within the convenien

: ; a special BREAK function which is implemented in
transient analysis. OrCad PSpice 15.7. Similarly, the ideal Track-Holock
can be modeled, combining the new BREAK and STATE
functions for behavioral modeling.

4 SIMPLIFIED Z-DOMAIN GTF Problem 2 must be solved on the platform of trartsie

IMPLEMENTATION IN PSPICE analysis. For a particular angular frequengycomplex

The GTF approach truly models the switched circui€quations (1?)_and (14) can be rewritten as foud re
behavior also in the frequency region above oné dfal equations, utilizing the e_ql_Jahty
the switching frequency. However, in many casesg onl ~ Z=€'“" =cos@T) + jsin(r).
the analysis below Nyquist's frequency is normally The frequency will be defined as a global parameter
performed without the necessity to utilize thisque by the .param statement, with the possibility efpging
feature. Then a simplifietddomain modeling can be used it within the required frequency range. The aboeedd
instead of the more genera-z description. This equations must be solved simultaneously with eqnati

Fig. 2: Amplitude and phase frequency responses of SH
circuit for equivalent signal v*.



(11) and (12). For a given frequency, the correttie of
frequency response is available at the end ofrtresient
run.

The complete PSpice v. 15.7 input file is as fokklow

SH circuit, z-domain solution

.param C=10nF R=100kOhm Ron=500hm fs=1megHz
+ ep=0.1 ep2={1-ep}

+ T1={ep/fs} T2 {(ep2)/fs} T={1/fs} f=1k om={2*pi*f}
.param cosl={cos(om*ep*T)} sinl={sin(om*ep*T)}

+  cos2={cos(om*ep2*T)} sin2={sin(om*ep2*T)}
*precise computation of circuit values for t=0.1us

ex x 0 value={break(0.1u)}

*kkkkk

*computing al=voltage across C at the end of tihe T
Xal 0 outal SH1

XTHal outal a1l TH

IC V(outal)=1V

*kkkkk

*computing bl=voltage across C at the end of tirhe T
Vbl bel 0 1V

Xb1 bel outbl SH1

XTHb1 outbl bl TH

*kkkkk

*computing a2=voltage across C at the end of tiRe T
Xa2 outa2 SH2

ea2 a2 0 value={V(outa2)}

IC V(outa2)=1V

*kkkkk

*computing AC response via transient analysis!!!
Vwr wr 0 DC=1

Vwi wi 0 DC=0

Ecrl crl 0 value={(V(al)*V(cr2)+V(wr)*V(b1))*cosl+
+(V(al)*V(ci2)+V(wi)*V(b1))*sinl}

Ecil cil 0 value={-(V(al)*V(cr2)+V(wr)*V(b1))*sin1+
+(V(al)*V(ci2)+V(wi)*V(bl))*cosl}

Ecr2 cr2 0 value={V(a2)*V(crl)*cos2+
+V(a2)*V(cil)*sin2}

Eci2 ci2 0 value={-V(a2)*V(crl)*sin2+
+V(a2)*V(cil)*cos2}

Emod1 mod1 0 value={sqrt(V(cr1)*2+V(ci1)"2)}
Ephal phal 0 value={atan2(V(cil),V(crl))*180/pi}

*kkkkk

.step dec param f 1k 3meg 50
.tran 0 0.9u skipbp
.probe

*kkkkk

.Subckt SH1 in out
Ron in out {Ron}
Cout0{C}

Rload out 0 {R}
.ends

*kkkkk

.subckt SH2 out
Cout0{C}
Rload out 0 {R}
.ends

.Subckt TH in out
eTH out 0 value={if(time<=0.1u,v(in),state(0,V(op}
.ends

*kkkkk

.end
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Fig. 3: Frequency responses, computed by numerical z-
domain method (solid lines), compared to general s-z
method (dashed lines), fs= 1IMHz

The resulting frequency responses for a switching
frequency of 1MHz, computed via the transient asialy
are shown in Fig. 3. The standavdtLastX measuring
function is used in PROBE for evaluating the laztue
of circuit variable at the end of transient analysthe
dashed curves from the genesa analysis are added for
comparison. It should be noted that both resubsaarly
identical for the frequency range up to one half of
switching frequency.

5 CONCLUSIONS

A novel method of AC analysis of linear circuitsthvi
externally and periodically controlled analog swés is
described. This method utilizes the so-called gdired
s-z transfer functions. In comparison with the sikesl
methods based on averaged modeling, the advantages
consist in a more faithful modeling of circuit befa,
particularly in the frequency range around fswig;hds
well as in the ability to model correctly the tréers
above this border frequency. A drawback consisthén
necessity of analytical preprocessing of circuitdele
prior to their implementation in SPICE. An algorittof
automated building up of the corresponding circuit



matrices is published in [10]. However, it is inquetible
with the internal SPICE algorithms. That is whgdin be
implemented only in special-purpose programs. Taicav
this difficulty, an original method of AC analysisa

conventional transient analysis in PSpice has been

developed. This method is based on the assumgiain t
the input signal remains unchanged during the $ivite
phase. In spite of this simplification, the preaisiof AC
analysis is little affected for frequencies up tedalf of
the switching frequency.
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