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Envelope Simulation by SPICE-Compatible Models
of Linear Electric Circuits Driven
by Modulated Signals
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Abstract—SPICE-compatible equivalent circuits were devel- Mﬂm Iamp
oped to facilitate the analysis and envelope simulation of electric Electronic YV >
circuits driven by modulated signals. The circuits are based on Power Driver FM
a novel complex phasor-domain transformation. The proposed — input vV
method facilitates simulation of any general linear circuit driven signal lamp ]
by a modulated signal such as amplitude modulation, frequency JuL Wmmm
modulation, or phase modulation. Simulation time by the proposed
envelope simulation is much faster than the full cycle-by-cycle Freq
simulation of the original circuit and excitation. ‘ Feedback

Index Terms—Amplitude modulation, computer-aided analysis, +
envelope detection, inverters, modeling, modulation, phase modu- Vref
lation, power system simulation, resonant power conversion, sim-
ulation, SPICE. ) . ) . ) .

Fig. 1. Fluorescent lamp, driven by a high-frequency source in series with an
inductor which controls the current.

I. INTRODUCTION

ODULATED signals play an important role in pc)Werfrequency modulation S|gnr_;1ls. In this transformation, the resis-
tance components are equivalent to themselves, but the equiva-

electron!cs. Fore>_<amp|e, frequency modulation (FM) 9ent circuits of the reactive components include the component
phase modulation (PM) is related to resonant power convertﬁrss

[1] and electronic ballasts of discharge lamps [2]. Furthermore elf_ plu_s an ‘imaginary resistor e_zle_ment. This technique was
. . : : applied in limited studies for specialized cases, e.g., when the
amplitude modulation (AM) plays an important role in deter-_ ", L
carrier frequency equals the resonant frequency of the circuit

mining the stability of high-frequency electronic baIIastsfordls—nder examination [3], [4]. Still lacking thus far is a method

Ch"’?rge lamps [3], [4]. In t_hese _syste_ms, the lamp is d_nven tﬁ)(at would facilitate envelope simulation by SPICE-based gen-
a high-frequency source in series with an inductor which con-

trols the current (Fig. 1). Power level is normally regulated eral-purpose circuit simulator such as PSPICE (MicroSim Inc.,

g . . eaverton, OR USA).
shifting the frequency of the source and thereby increasing or .
decreasing the current. Hence, current level can be closely ¢ nl—n this study, we developed a compllex phasor transform_a-

' ' fon approach that was then used to derive a SPICE-compatible

trolled by a feedback network connected to a controlled OSCILOdeI transparent to the high-frequency carrier. The proposed

lator that feeds the power stage. It should be noted that when he o . : . A
: . . method facilitates envelope simulation of any linear electric cir-

FM signal passes through reactive elements it would be trans- : . .
. . . . clits by any general-purpose simulator. This approach differs

lated to an amplitude-modulated FM signal. Direct analysis . : . . .

. s . Trom earlier solutions to envelope simulation which rely on spe-
the response of such an electrical circuit to a modulated carrier IS,.
. . . clalized computer programs [6].
thus complex while cycle-by-cycle simulation of such a system

is very lengthy due to the presence of the high-frequency com-
ponent.

The method proposed in [5] is based on a phasor transformaAny analog modulated signal (AM, FM, or PM) can be de-
tion by which the original circuit of the high-frequency moduscribed by the following general expression:
lated carrier is transformed into an equivalent circuit of the low- w(t) = Uy (t) - cos(wet) + Us(t) - sin(wet) 1)

Il. COMPLEX PHASOR TRANSFORMATION APPROACH

wherel/; (¢) andl/»(¢) are the modulation signals and is the
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proved for publication in the IEEERANSACTIONS ONINDUSTRY APPLICATIONS Expression (1) could also be written as
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Expression (3) implies that the modulated signal in the time R L
domainu(t) can be represented by a generalized phasor that "(t) e
both its magnitude and phase are time dependent. The expres- it)
sion of the complex phasdr(t) is @
U(t) = Ui(t) — jUs(t). 4) T L
[N, joeL
The magnitude 0
0] = [U2(8) + U5 (£)]/2 ©) ®
is equal to the modulation envelope of the original sign@) R L
(3) \" 0 C\' -|2"(Dc‘L
_As will be shown next, the complex phasor representation h
U(t) = Ui(t) — jU(¢), introduced here, can be used to drive R L
the low-frequency equivalent circuits that represent the envelope EVA L@l
. . . . . 1
behavior of the system without involving the high frequency car- @, Q v
rier. This would shorten simulation time considerably since the 2
time-domain analysis does not include the high-frequency com- ©

ponent. The equivalent circuit is obtained similarly to [5] by a
phasor transformation of the electric compondnt€”’, andR. Fig.2. SPICE model for a circuit with an "imaginary” resistor. (a) Origifial
AninductorZ in the original circuit becomes an inductive com-L circuit driven by a modulated voltage source. (b) Equivalent circuit of (a) in

. . . . . . . . the generalized phasor domain. (c) Cross-coupled equivalent circuits based on
ponentL in series with an imaginary resistpr. L in the equiv- 11y and (12) that replace (b).

alent circuit, a capacitive compone@t becomes a capacitor

C in parallel to an imaginary resistay/(jw.C), and aresistor 14 facilitate analysis by general-purpose circuit simulators,

componenti is equivalent to the same resistor compon&nt e divide the complex (10) into real and imaginary parts
Therefore, the equivalent circuit in the generalized phasor do-

S . . . ) . . dl
main will consist of inductors, capacitors, and resistors in series Vi =RIL + Ld—tl —w.LIy (real) (12)
or in parallel to “imaginary” resistors. Such a circuit is not com- dl
patible with SPICE simulators and, consequently, an additional —Vo =Rl + Ld_t2 +wc.LI;  (imaginary) (12)

transformation is needed to permit simulation by common cir-
cuit simulators. This additional step is described in the followinlgv
section.

The two equations, (11) and (12), can now be emulated by
o0 interconnected circuits [Fig. 2(c)]. Notice that this represen-
tation does not involve imaginary resistors and that last terms in
(11) and (12) are emulated by cross-coupled dependent voltage
sources (a voltage source whose magnitude is a linear function
of the currentin the cross circuit). The newly developed equiva-
The proposed methodology is demonstrated by considerilegt circuits of Fig. 2(c) contain only conventional electric com-
an L, R circuit [Fig. 2(a)] driven by a generalized modulateghonents and are, therefore, SPICE compatible. A similar but

I1l. SPICE MoODELS FOR CIRCUITS
WITH IMAGINARY RESISTORS

signal dual thinking can be followed for a capacitor in parallel with the
“imaginary” resistor. For example, the equations for a capacitor
v(t) = Vi(t) cos(wct) 4 Va(t) sin(wt). (6) Cin parallel to a conductana®, fed by a current-source mod-
ulated signal, will be
The equivalent circuit in the generalized phasor domain v
[Fig. 2(b)] can be described by I =GVi + C% —w.CV, (real) (13)
V() = RI(t) + 7@ + jweLE(t) Ko —I, =GVa + C% +w.CVi (imaginary)  (14)

_ dt _ _ Following this approach, SPICE-compatible circuits could be
where the last term could be interpreted as an “imaginary” reeveloped for more involved circuit configurations.
sistor of the “value”jw. L. V (t) andI(t) are the complex pha-  The usefulness of the proposed simulation method is fur-

sors that prevail in the equivalent circuit of Fig. 2(b) ther demonstrated by considering the case of a phase-modulated
_ . voltage source driving the circuit of Fig. 2(a). The source is as-
V() =vi(t) — jVa(®) (8)  sumed to be of the form
I(t) =1 (t) + i 12(2)- 9 v(t) = Acosfwet + my sin(wit)]. (15)

Applying (8) and (9), (7) can be rewritten as Therefore, the equivalent circuit of Fig. 2(b) is driven by the
A1 + 1) generalized voltage phasor
) ) J .
Vi—jVa=R(IL +jl2) + L% V(t) = Acos[m sin(wyt)]

+jwcL(ly + jl2). (10) +jAsin[mp sin(wmt)]. (16)
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-

Consequently, the SPICE-compatible equivalent circuits o sooma
Fig. 2(c) are driven by the sources

V1 =Acos[my sin(wyy,t)] a7
—V3 =Asinmy sin(wmt)]. (18) oA '

300mA
The circuits of Fig. 2(c) were fed to a PSPICE simulator

(evaluation version 8) via the Schematics Capture front end b
using the appropriate symbols (dependent voltage sources ¢
represented by EVALUE symbols). The simulation was run fol

the following values:k = 10 Q, L = 7mH, A = 200 V, 0A P P P
fe =we/2m =40 kHz, my, = 10, fin = wim/27 = 2 kHz. Time
Fig. 3(a) shows the original currenthrough the circuit of (@)

Fig. 2 (upper trace) and the envelope of the current, obtained k sgoma
the circuits of Fig. 2(c) and applying (5) (lower trace). Fig. 3(b)
compares the results of cycle-by-cycle simulation and envelop
simulation. Fig. 3(c) depicts the voltage phasor compongnts
and—Vj3, while Fig. 3(d) depicts the current phasor components

I, and I,. The spectrum of the current of the original circuit 1soma+-
[Fig. 2(a)] is shown in Fig. 4(a), while the spectrum of the re-
constructed currentis given in Fig. 4(b). The reconstruction wa:
calculated by

i(t) = I1 (t) cos(wct) + Ix(t) sin(wct) (29) oA | :
8.6ms 8.8ms Ims

applying the original carrier frequency and the envelope Time
component(/, I>) of the SPICE simulation results based on (b)
Fig. 3(c). It is evident that both the envelope signals (Fig. 3 300V
and the spectra (Fig. 4) obtained by the proposed simulatic
method are identical to the original ones. v ove

IV. GENERAL CASE 300V

300V

Consider a genera®, L, C circuit that is driven by a modu-
lated carriens(¢). The matrix state-space equation of the syster

1S -V, ov-+!
8.6ms 9.6ms S.ims
By expressing: as the complex excitation (4), inserting it Time
in (20) and breaking the resulting complex state-space equatinn ©

400mA:

into real and imaginary parts, one obtains

X, =A-X; - A, - Xo+B-U; (21)

. I
Xo=A-Xo+ A, - X1 — B-Up @2

whereX; and X, are the complex state variables of the phasc -400mA
domain circuitl/; andl/; are the source complex phasors, anc 400mA
A; is the matrix of the imaginary resistorgy.L associated

with each inductor and/jw.C associated with each capacitor {, oa-
(w¢ is the carrier frequency). The cross-coupled tertpd’, in
(21) and4, X, in (22) can be represented as dependent source

voltage source in the inductor case and current source for the ¢ -400mA 8.6ms 9.0ms 9.4ms
pacitor case. Original resistors are left as is. Equations (21) al Time
(22) can now be simulated as two circuits that include dependent (d)

sources that are a function of the state variables of the cross €ig- 3.  Simulation results on the circuit of Fig. 2. (a) Currénhrough the

cuits. Note that (21) and (22) include only the Iow-frequendy'g'”a'C'rc,“” ofl_:|g.2(a) (upperprace) and envelope of the current, obtained by
. . T nvelope simulation based on Fig. 2(c) (lower trace). (b) Traces in (a) zoomed

component while the high-frequency carrier is present only gsy superimposed. (c) Voltage phasor componghtand — V5. (d) Current

an algebraic coefficient..). phasor components andIo.
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Fig. 4. Signal spectra. (a) Current in the original circuit [Fig. 2(a)]. (b) (b) Li
Reconstructed current spectrum . See text for details. oul
Vi -letic o gL
—<—>——-—>|1Ll Q
V. IMPLEMENTATION V1 ViLi<— l1Li
. . —<>—=>l1ci
Preparation of (21) and (22) for analysis by general-purpos Vicie l1ci Vici
analog circuit simulator can proceed by translating the equi ViR =>|1Ri <> ;4 <u
tions into equivalent circuits. Matrix4” is that of the original Ri Ci Vovi*@ +Ci
circuit, whereas 4;” is a new matrix representing the coupled © ¢
dependent sources. Here, we describe a direct method that | Li
passes the need for constructing the new matrix. Starting with VoL lir@ gL
generalR, L, C circuit [Fig. 5(a)] that is driven by a modulated —g—t—> I1ui
carrierv(t), we first replace the reactive elements by depender ~ 2 Vi |
sources. An inductak; is replaced by a current sourtg and V1ci<—o il l2ci
a capacitotC; is replaced by a voltage souree, [Fig. 5(b)]. VF'\N\r——_?hRi A VZC;;T A
The magnitude of the dependent sources is linked to auxilial : Ri Gi V1Lt @ *Ci
circuits that emulate the behavior of the elements. That is, tt ¢

auxiliary circuit for L; comprises a dependent voltage source @

VL, that forces the in-circuit VOltage on the inductby. The Fig. 5. Derivation of phasor equivalent circuits. (a) Original circuit. (b)
current generated in the auxiliary circuit is then fed back to thplacing reactive elements by dependent sources. (c) Real part of phasor
main circuit by the dependent current souigethat represents equivalent circuit. (d) Imaginary part of phasor equivalent circuit.

the inductor. In a similar way, dependent voltage sourgese-

place capacitors in the main circuit. This separation step is rastd for the imaginary part [Fig. 5(d)]

crucial but is used to streamline the structure of the equivalent

circuits that will later evolve and allow automatization of the C; - dVac,
process. dt

The next step applies the transformation of the circuit into 1 equivalent circuits of Fig. 5(c) and (d) are now SPICE
two phasor circuits per (21) and (22). Now, we apply the Wy mpatible. They include the origin&l, L, ¢ components and

phasor sourceg; and—V; (as shown in Section IIl) and imple- yependent sources. It should be noted that the dependent sources
ment the dependent sourcdsX, and4, X, . These are shown 4.6 5 function of the signals in the cross circuits. That is, the

schematically in Fig. 5(c) (real part) and Fig. 5(d) (imagi”arMependent sources in the real sectieddy, - we - L;, —Vac, -

part) for a specific inducto; and a capacitof. we - Cy, Fig. 5(c)] depend on the corresponding signals in the
The state equations that represent an original induttor imaginary part [Fig. 5(d)] and vice versa.

[Fig. 5(a)] are, thus, for the real part [Fig. 5(c)]

= Ire, — Vig, - we - Ch. (26)

The circuits of Fig. 5(c) and (d) are compatible with any
dlr, modern circuit simulator. In the followings we present an ex-

Li- a Vir, + bop, - we - L (23) ample that was run on PSPICE (MicroSim Inc., Beaverton, OR
and for the imaginary part [Fig. 5(d)] USA, evaluation version 8), but any other simulator will do.
dlsp,
L;- ;th = Var, — Lz, -we - Li. (24) VI. EXAMPLE

We demonstrate the technique outlined above by considering
The state equations that represent an original capa€itor 5 resonant circuit (Fig. 6). It is assumed that the circuit is driven
[Fig. 5(a)] are for the real part [Fig. 5(c)] by PM-modulated carrier of the form given above (15). The cir-
dVic. cuit was transformed according to the guidelines given above
Cir = =i, + Vo, - we - G (25)  and the equivalent circuits (a total of six independent circuits)
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L R 7kV
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V(t
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ov
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gnd <
Fig. 6. lllustrative circuit.

oV

38KkHz 40kHz 42kHz 44kHz
Frequency

@

20kV-

12ms 18ms 24ms 30ms 10KV -
Time

20k’

ov

10kV-
Fig. 8. Simulation results. (a) Spectrum of original circuit (upper trace) and
reconstructed from envelope simulation (lower trace). (b) Envelope simulation
of capacitor voltage (Fig. 6) for various modulating signals.

gree of matching between the real signal and the results of en-
velope simulation [Fig. 7(a)] demonstrate the agreement that is
obtained. The perfect match is illustrated in the zoomed por-
(b tion [Fig. 7(b)]. Furthermore, the original spectrum of the signal
and the one reconstructed from the envelope simulation results
Fig. 7. Simulation results. (a) Real component of capacitor voltage (Fig. 8f€ identical [Fig. 8(a)]. The simulation time for envelope sim-
(upper trace) and envelope as obtained by envelope simulation (lower tracdation was 0.5 s as compared to 300 s with full simulation on
(b) Zoomed portion of (a). circuit and modulated carrier. The CPU used was a 333-MHz
_ Pentium.
were run on PSPICE. The phasor-domain sources are (17) anftpyelope simulation offers large flexibility and access to a
(18). For the purpose of illustration, we chose the carrier frgzeath of information in a short simulation time. For example,
quency(fe = wc/2m) to be 40.55 kHz equal to the circuit resothe effect of the sweep speed on the capacitor voltage was ex-
nant frequency /2+/LC. In the first run to be illustrated, the pjored by parametric simulation in which the modulating fre-

modulation parameters wergk = 200 V, fm = wm/27 = quency was stepped from 50 to 200 Hz in 50-Hz steps while
100 Hz andm,, = 20. See the Appendix for netlist of the illus-keeping the depth of modulatiom,, - f,, = 4000 constant
trative circuit. [Fig. 8(b)]. Simulation time for this run was 10 s (on the same

Once the time-domain simulation is done, any of the enver).
lope signals can be displayed. For example, the envelope of the
capacitor voltagéV,-) is reconstructed by the expression

VII. DIScussION ANDCONCLUSIONS
Ve = (VIC)2 +(V20)2 (27) The general and systematic approach developed here of-
fers a simple and straightforward procedure for generating
where Vi and V, are the envelope simulation results obSPICE-compatible phasor equivalent circuits of dyL, C
tained for the real and imaginary parts, respectively. The dgrcuit driven by any modulated signal. The proposed equiv-
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10V

of its envelope simulation model. If run together, the original

gty ‘ ' : circuit slows the simulation time.
(@) ’\/\/I The corresponding .sch file can be unloaded from:
ov ’ ' ' http://lwww.ee.bgu.ac.il/~pel/Envelope_Simulation/RLC.htm
v

(b)

Ve(t) - cycle by eycle

* Envelope.sch
* Schematics Version 8.0 — July 1997

4?‘:' *Parameters of original RLC circuit
Ve(t) envelope *RI is pnlaced.in serieg with inductors in en-
(©) : velope simulation subcircuits)
.PARAM L=7m RI=1u
ov Py o PP .PARAM C=2.2n R=100 Rc=1el0
Time *Parameters of FM modulated signal

.PARAM Km=100 Am=200

Fig. 9. Simulation results. (a) Arbitrary modulation function. (b) CapacitotPARAM Fm=100 Fc=40.1k
voltage (Fig. 6) obtained by cycle-by-cycle simulation. (c) Capacitor voltage Analysis setup **
(Fig. 6) obtained by proposed envelope simulation. tran 20ns 15m O 0.1u

*Schematics Netlist *
alent circuits that were obtained by introducing the complé®riginal RLC network
phasor representation are SPICE compatible and can, thusRb& r ¢ {R}
run on any general-purpose circuit simulator. Since envelopeC c¢ 0 {C}
simulation involves only the low-frequency componentd, L in r {L} IC=0
simulation time will be much shorter than the full-signaE_Ein in 0 VALUE {
simulation. The time speedup will depend on the complexity §Am}*cos(6.2832*{Fc}*time+{Km}*cos(6.2832*
the circuit. For the simulation shown here, a speed up factor-dfFm}*time)) }
about 1000:1 was observed. Although illustrated for the PMEnvelope simulation subcircuits
modulation case, FM and AM can be easily implemented &3efinition of components: X_re=real part,
well. The FM case can be considered as a scaled case of BAMm=imaginary part;
while the AM case is a truncatedt) signal including only a EVL_re L_re 0 VALUE { V(in_re)-V(r_re) }
real partV; = Vi, - [L +m - cos(wit)]. Note, however, that even EVL_im L_im 0 VALUE { V(in_im)-V(r_im) }
in this case the imaginary equivalent circuit is still needed, bet_re 2 1 {RI}
with V2 = 0. It should be noted that the proposed simulatioRl_im 4 3 {Rl}
approach is not limited to sinusoidal modulation. Lre Lre 2 {L}

The proposed method is applicable to any modulation fune-im L_im 4 {L}
tion g(¢). To illustrate this, we run a simulation on the samB_re r_re cre {R}
resonant circuit (Fig. 6), but with an arbitrary modulation fund?_im r_im cim {R}
tion [Fig. 9(a)]. Matching between cycle-by-cycle simulatiofc_re 0 C_re {Rc}

[Fig. 9(b)] and envelope simulation [Fig. 9(c)] was again eXc_im 0 C_im {Rc}
cellent. The speedup factor was similar to the other cases (abéute C_re 0 {C}
1000:1). C_im C_im 0 {C}

The systematic method for generating the auxiliary circuit 8/C_re 0 C_re VALUE {-I(E_EC_re) }
based on simple rules that can be easily mechanized to fUf§c_im 0 C_im VALUE {-I(E_EC_im) }
automate the transformation. GXC_re 0 C_re VALUE {-{Fc}{C}*6.2832*V(C_im)}

It can, thus, be concluded that the proposed envelope sifXC_im 0 C_im VALUE {{Fc}*{C}*6.2832*V(C_re)}
lation is very efficient in terms of computer time. It should b&XL_re 1 0 VALUE {

noted that the method, as presented here, is applicable only{fs}6.2832*{L}*I(E_EVL_im) }
linear circuits. EXL_im 3 0 VALUE {{Fc}*6.2832*{L}*I(E_EVL_re)}

EC re cre 0 VALUE { -V(C_re) }
EC_im cim 0 VALUE { -V(C_im) }
Ein_re in_re 0 VALUE {
APPENDIX {Am}*cos({Km}*cos(6.2832*{Fm}*time)) }
GL_im in_im r_im VALUE { -I(E_EVL_im) }
Given below are the netlist, definition of parameters, an@L_re in_re r_re VALUE { -I(E_EVL_re) }
Analysis Setup used in the simulations that generated the pl&ts_im in_im 0 VALUE {
of this paper. The netlist is compatible with PSPICE VersiofAm}*sin({Km}*cos(6.2832* {Fm}*time)) }
8. It would run on the evaluation (Demo) version. The netlisprobe
includes both the originaRLC network and the subcircuits .END
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