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Computer-Aided Small-Signal Analysis Based on
Impulse Response of DC/DC Switching Power
Converters

Dragan MaksimovicMember, IEEE

Abstract—The paper describes a method for automated small- algorithm similar to the algorithms presented in [4], [5], [7].
signal frequency response analysis based on transient response obin this algorithm, steady-state time-domain solution (named
tained using a general-purpose simulation tool such as simulation “small-signal steady-state”) is found for the case when inputs

program with integrated circuit emphasis (SPICE). The method is h ll-si I si idal ¢ fth
based on using the simulation tool to evaluate the converter impulse ave one or more small-signal sinusoidal sources on top of the

response. The main advantage of the proposed method as a desigrlarge-signal, steady-state waveforms. However, the algorithm
verification tool is that frequency responses can be generated effi- was based on the assumption that the system can be modeled

ciently for any converter configuration and any model complexity as piecewise linear, and the implementation was tied to a
supported by the general-purpose simulator. Application exam- gyacia|.nurpose switched-circuit simulator. In [9], small-signal

ples are included to demonstrate very good correlation between - L . .
the generated responses and experimental data, and to Comloa“retransfer functions of switching converters were obtained using

the results with predictions of approximate analytical methods. In  System identification techniques. A pseudorandom perturbation
particular, the method is applied to investigate high-frequency dy- signal with the spectrum spanning the entire range of frequencies

namics of pulse width modulation (PWM) converters operating in  of interest is added to an input. The system is then simulated
discontinuous conduction mode, and the results are used to com- time domain using a general-purpose simulator to generate
pare and validate several existing analytical modeling approaches. . . .
output responses. Finally, the simulation results are used as
_ Index Terms—DC-DC power conversion, discontinuous conduc- jnnts to the identification algorithm to determine parameters in
gomnam ;gia:n;ndeﬁggig&of pulse width modulated power converters, a smal!—signal model of ;elected order. The approach. does meet
our objectives of obtaining frequency responses using results
from a time-domain general-purpose simulator, but is empirical
I. INTRODUCTION in nature, and may require experimenting with the assumed

UMEROUS analytical techniques have been develop&YStem order, perturbation signal or length of simulation.

for small-signal, frequency-domain analysis of power The smgll-3|gnal control-to-output frgquency response of
electronic systems, including approximate continuous-tinfedc/dc switch-mode power converter is usually obtained by
(averaged) and sampled-data models, which are now waiiving a control input with a small-amphtude voltage source
described in textbooks [1]-[3], as well as more accurate aRfiangular frequency on top of a dc bias. The components of
general but more complex models (such as [4], [5], [7]ponverter voltages or currerds the S|gnal-|njec;t|on frequency
In practice, however, there are often configurations, contrgl@re then measured through a band-pass filter centered at
methods, or operating modes where appropriate small-sigh¥ Sweeping the signal-injection frequency, magnitude and
models are not available or are difficult to derive. In theg@hase responses are then obtained as functions of frequency.
cases, and also for general design verification where effects'éiS measurement process implicitly assumes that the con-
parasitics, snubbers, auxiliary circuits for soft switching etc, a¥€"er can be considered linear, time-invariant system if the
considered, computer-aided analysis tools are indispensafignal amplitudes are sufficiently small. This assumption is
This paper describes an automated method to obtain syst@@de in all analytical techniques developed over the years for
control-to-output frequency responses using a general-purp8§eall-signal analysis of switching power converters.
time-domain simulation tool (such as PSPICE) or any other The most popular, averaging techniques, result in continuous-
SPICE derivative) for any circuit configuration supported by théme, large-signal, nonlinear models. From these models, stan-
simulator. The approach to finding system frequency responéj@é’d perturbationandlinearizationtechniquesleadtolinear, time-
via time-domain responses generated by a genera|_purpg§/@riant,small-signal modelsthat canin mostcases successfully
simulator was reported in [6]. The method described in [6] waxedict converter frequency responses at least at frequencies suf-
based on a basic sampled-data model which may fail to pred‘jgently smaller than the switching frequency. It has been shown
observed responses in some cases. An automated sma”_sig?%modelsthat recognize sampled-data nature of switching con-

frequency-domain analyzer was described in [8] based on V&fters can extend the range of frequencies where model predic-
Manuscript received July 29, 1998; revised August 14, 2000. This work WHQ”S match measurement results. In some cases, most nOtably In
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match measurement results exactly (and at all frequencies) have
beendeveloped[4],[5], [7]. All of these analytical modelsrely on
the simplifying assumption that switching converters can be mod-
eled as switched piecewise-linear systems. Furthermore, since
these most general and theoretically most accurate methods most
oftenyieldanalyticalresultsthatofferverylittle insight, itappears
that such methods are well suited mainly for design verification
purposes via computer-implemented tools.

In this paper, we approach the problem of finding converter
small-signal frequency responses with two objectives: 1) to ob-
tain results that can match measurement results in general, and

at all relevant frequencies and 2) to facilitate practical imple- i
mentation of the small-signal analysis using a general-purpose
time-domain simulation tool. With these objectives in mind we ~

start from a fundamental relation between time-domain and fre-
guency-domain responses: in a linear, time-invariant system, a

system transfer function is the Laplace transform of the system Viry 5 _

impulse response, i.e., the Laplace transform of the system tran- : : !

sient response obtained when the input is excited by a delta ; —H—/C}T ; ; ;

function. One could therefore obtain a system transfer function DT D,T Y I DTIDT

by running transient simulation for sufficiently long time, and e

by evaluating the Laplace transform of the transient response. =0 : :

In this paper, we show that this approach can be implemented « r e r .

without the need '_[O ggnerate and process the impulse reSpqﬂgel. Simple converter example used to introduce the impulse-response
over a very long time interval. based small-signal analysis method, together with typical steady-state and

The approach to finding the converter small-signal frequencyansient waveforms. Parameters die= 100 pH, V, = 12V, Vo = 34V,
domain responses via evaluation of the system impulse respofise 0-6: Dz = 0.327, f. = 1/T" = 25 kHz.
in time c_iomaln is f|rs_t introduced in Section Il using a smplqhe control-to-output “transfer function” is then
pulse width modulation (PWM) converter example operating A _
o ) ) . . ir(s) V, 1— e 30T
in discontinuous conduction mode (DCM). Section llI gives a G.(s) = = —
S

general formulation of the method. Practical implementation of Td 8

the method using a general-purpose simulator is described{jere/s = 1/1'is the switching frequency. The corresponding
Section IV. Application examples are given in Section V. magnitude|Ge(jw)|| and phase G (jw) responses are shown
in Fig. 2(a). The result (2) reveals that the high-frequency dy-

namics of DCM converters are directly related to sampling of
the control input, and to the delayed response of the inductor
current. These effects can only approximately be described by
a continuous-time model.

In this section, we introduce the impulse-response based analFrom (2), an approximate continuous-time model can be ob-
ysis method using a PWM converter operating in DCM. Thigined directly using Padé expansion:
example is then used to evaluate and compare several existing 1

Il. CASE StuDY: HIGH-FREQUENCY DYNAMICS OF PWM
CONVERTERSOPERATING IN DISCONTINUOUS CONDUCTION
MODE

analytical approaches to modeling PWM converters in DCM. Gels) ~ GC(O)m ©)
Consider the simple inductor-only boost converter in Fig. Jyhere the low-frequency gaifi.(0) is

Both input and output are constant dc voltage sources, and the V, Do

converter is operated in DCM, with typical converter waveforms G.(0) = ? (4)

shown in Fig. 1. The control input is the length of the switch ., the pole frequency is given bys

on-time, i.e., the switch duty ratié. The output is the inductor £l

currentiz,. This example is constructed so that we can examine o= ; D—2 )

onlythe hi_gh-frequency _effects due to the inductor dynamics.l,__\S shown in Fig. 2(b), the magnitude and phase responses cor-
_To obtain the system impulse response, the switch duty rafjgs,,nging to (3) agree very well with the exact responses ob-

dis perturbed td)+d only at the initial sample instant, && 0. tained from (2) in a wide range of frequencies. Although the re-

Since the converter operates in DCM, the resulting output pelit (5 was derived for a specific converter configuration shown

turbation:;, reduces to 0 and stays 0 for- D>T. As a resul_t, in Fig. 1, using the unified analysis approach from [16], it can

the Laplace transform of the output can be evaluated easily po <hown that the same expression for the high-frequency pole
R . oo D,T holds for all basic PWM converters operating in DCM. It is in-
in(s) =L [iL(t)} = /0 ig(t)e™" dt = Ai /0 ¢™*"dt  teresting to note that the pole frequency predicted by (5) is al-

Vo — 7Pt IThe first-order Padé expansion és P27 w (1 — sD>T/2)/(1 +

~ 1
= pdr—————. 1) sp,1/2)



MAKSIMOVIC : COMPUTER-AIDED SMALL SIGNAL ANALYSIS 1185

Averaging of the converter waveforms, usually performed

14 over a switching period, yields approximate, continuous-time
G @B] “ models where some of the sampling effects are ignored. In
" T T the basic reduced-order model [14], the inductor dynamics are
\ DN neglected, anc_i the model res_ults(ﬁg =V,D,/Lfs; = const. _
© at all frequencies. This value is equal to the low-frequency gain
10 G.(0) given by (4). However, the high-frequency pole and
the phase lag, which can be significant even at relatively low
8 frequencies, are not predicted.
The inductor current dynamics are included in the full-order
6 averaged models for converters operating in DCM [15], [16].
In one form of the full-order model, the switching devices are
0 = grouped into a switch network and averaging over a switching
G [T~ T perioc is used to determine average terminal voltages/currents
-10 RSN of the switch network.
N \\ In the example of Fig. 1, we have for voltages
-20
(vp)r =dV, — do(V, = V,) =0, @)
-30
o (viyr =daVo + (1 — d — da)Vy, (8)
) (ahr =dVo+ (1 =d=d)(Vo = V) (9)
© ]
-50 and for currents
(ir) Vo d(d + da) (20)
0.01 0.02 0.05 0.1 0.2 05 1 LT = 2Lf, 2
s v
Lo (i) = 7% &° (11)
Fig. 2. Comparison of magnitude and phase responsés of :;, /d in the 2Lfs
converter of Fig. 1 as functions of the normalized frequefi¢y.,, obtained
using the result of (a) impulse-response-based analysis (2); (b) approximate <id>T dds (12)
continuous-time model (3)—(5), and (c) full-order approximate continuous-time 2LfS
models [15], [16]. The responses predicted by corrected average models [1%
[20] are the same as (b). (9) give
o . d
ways greater thaff; /=, and that it is inversely proportional to (va)yr = d—<Ut>T (13)
2

the length of the interval when the diode is conducting. This is
not surprising becaude, 7" is exactly the length of the convertenyhile (10)—(12) result in
impulse response, i.e., the length of the delayed response in the
inductor current. (i) = d —{ig)7. (14)
The results (2) and (3)—(5) can be now be used to examine and da
compare several existing approaches to modeling convertergie relations (13) and (14) correspond to the large-signal aver-
DCM. aged switch model shown in Fig. 3(a). In the averaged switch
In the basic sampled-data model (which was applied in [Ghodel, the switches are replaced by controlled sources that de-
and elsewhere), samples of the state variables at the sampfisgid on the control input (duty rati) and the average terminal
instant in thekth switching period are related to the samples afoltages/currents of the switch network. In the model of Fig. 3,
the control inputs in the same switching period and the sampté# lengthd, 7" of the interval when the diode is conducting is
of the state variables in the previous switching period. The timgyund from (10) wheré/, is eliminated using (7)
domain responses between the sampling instants are ignored. In

the example of Fig. 2, the basic sample-data model is do = M (15)
V,d
irk = L;S dy. ®) The averaged-switch model of Fig. 3(a) is identical to the PWM

gwtch model described in [15], and is equivalent to the models
ased on the equivalent duty ratio [16], or the loss-free resistor
, ch. 10]. These full-order models have been successfully used
in practice, although some inconsistencies between model as-
(? imptions, predictions and experimental results were noted in

The corresponding frequency response is constant at all
guencies, in contrast to the results shown in Fig. 2. This ex-
ample illustrates the importance of taking into account not on
sampling of the control inputs but also tbentinuous-timena-
ture of the converter outputs, i.e., the responses of the ¢
verter state variabldsetweerthe samples. Limitations of basic
sampled-data models in predicting small-signal frequency resayerage of a variablex(t) over a switching period is{z)r =
sponses have been pointed out in [4] and [17]. (1/T) T (1) dt.
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o Fig.4. Boostconverter example operating in DCM: switching frequefocy
switch network 1/T = 25 kHz, dc output voltagd’s = 33.6 V, amplitude of the saw-tooth
waveform in the pulse width modulation (PWW),, = 5 V, input to the PWM

(b) Vi = 3V, duty ratioD = V,,./Vy, = 0.6, load resistanc& = 67.5 2.

Fig. 3. Large-signal averaged switch models for the converter example of. ~ : ; ; ; o :
Fig. 1: (a) full-order model Withls = 2L, (i)r/(V.d) [15], [16] and (b) &so include the inductor in the switch network. It is interesting

corrected full-order model with, = 2L, (i1 )7 /(V,d) — d [19], [20]. to note that the corrected averaged-switch model can retain the

form shown in Fig. 3(a) if we use (17) and allow the apparent
inductance value to vary with operating conditions, as shown in
Eig. 3(b).

Perturbation of the corrected full-order averaged-switch
model gives a single-pole response, where the low-frequency
£ = fs 1 (16) gain and the pole frequency ddenticalto the values obtained

P by Padé expansion of the exact response (2) we found by

w (D+D2)2
Note that the predicted pole frequency is different from (5)_Theevaluat|ng the converter impulse response. Thu_s, the exact
ulse-response based method, which takes into account

predicted magnitude and phase responses are shown in Fig. " d del frects. directl lidates th ted
comparison with the responses obtained from (2) and (3)_(5)ﬁﬁmp|ng and defay etiects, directly valdates the correcte

this example, the full-order, continuous-time models [15], [1?1\4;"’“3]e modeling approach. A more det_ailed description of the
clearly over-estimate the phase lag and the drop in magnit rected full-order model can be found in [20], [21]
introduced by the inductor dynamics.
The errors in the predictions of the full-order models can'll: SMALL -SIGNAL FREQUENCY-DOMAIN ANALYSIS BASED
be traced back to the relation (7) used to derive the voltage ON THE CONVERTER IMPULSE-RESPONSE
relation (13) and the lengtt, 7" of the interval when the diode  In the example of Fig. 1, evaluation of the frequency response
is conducting given by (15). Since the inductor current staf®m the system’s time-domain impulse response was simple
from zero, and it returns to zero in each switching periognd easy because the impulse response is of finite dut&tiéh
the average inductor voltagepmputed over one switchingin general, this is not the case. Nevertheless, we will show that
period is indeed equal to zero. However, in the averagethe same approach can be applied in general, based on the time-
continuous-time model, the existence of inductor dynamig®main responses evaluated over several switching cycles only.
implies that the voltage across the inductor cannot always ben the derivation that follows, we assume that the system is
zero. This “averaging paradox” has been discussed in [18kerated in steady-state for< 0, and that a small perturba-
where it was concluded that averaging over a switching perigédn Aw is added to the steady-state control inputluring the
may result in modeling errors because of violations of thewitching period) < t < 7.
Nyquist Sampling Theorem. The boost converter in Fig. 4, and the waveforms of Fig. 5
More recently, DCM models were proposed where the relare used to illustrate the discussion. In this example, the control
tion (7) isnot usedand the length of the intervab7" is com- input « is the input voltage,,, to the pulse-width modulator.

Perturbation of the model in Fig. 3(a) results in single-pol
small-signal respongg.(s) whereG,(0) is identical to the gain
given by (4), but the pole frequency is

puted directly from (10) [19]-[21] During the initial switching perio® < t < T, the control input
OLf,(ir)r is perturbedy,,, = Vi, + Awv,,. As a result, the duty ratio in
do = T —d. (17) this interval is slightly greater than in steady state and the cor-
g

responding perturbations can be observed in the state variables
In addition, the voltage sourde,)r replacing the diode in the x7'(¢) = [v.(t) i1 (¢)] in Fig. 5.

averaged-switch model is computed directly from (9). Notice In general, the vector of small-signal perturbations of the state
that without (7) it is no longer possible to elimindtg and ex- variables with respect to the steady-state trajectdigs is de-
press the sources in the averaged-switch model only in termsyeted by

the averaged terminal voltages/currents of the switch network.

This is why the averaged-switch models described in [19], [21] x(t) = x(t) — X(t). (18)



MAKSIMOVIC : COMPUTER-AIDED SMALL SIGNAL ANALYSIS 1187

34V : : - By change of variables = ¢ — k1, using
33V and by changing the order of integration and summation, we
have
: . . . . . . k—oo  (k4+1)T
32V ) : . i X(S) :XO(S) + Z / q)(t - /%‘T))A(kcist dt
4A 1T k=1 KT
) . . . ) ) .
=X,(s)+ / B(7)e " dr
2A 0
k—oo
. < Z q,’i;le—skT> %1
0A k=1
12Vy- R k—o0
w : ~ ~ : =X,(s)+ ®(s) | Y R | (26)
8V . S R R A, k=1
)47 : . Here
v ; : : )
B(s) = / B(r)e dr 27)
ov L 0
v . : _ . .
> v+ Ay, " is the equivalent holdfirst introduced in [4]. This part of the
j ’ v ’ ' response, which is due to evaluating the converter time-domain
responsebetween the samplgds often missing in various sam-
" pled-data models.
Vi The summation ovek can be performed as follows:
ov . k—oo k—oo X
0 T 2T 3T Z @lflcwfle—skT :C_ST Z (@TC_ST)
k= k=
Fig.5. Steady-state and transient simulation waveforms that illustrate impulse ' T 0 ey —1
response of the capacitor voltage and the inductor current in the boost converter =c (I —®re )
of Fig. 4. T 1
= (65 I- @T) (28)
We seek the Laplace transform of the perturbed state variabl8ich gives the final result
~ ° < < sT -1
X(s) = LIx(1)] = / %(t)e™" dt. (19) X(s) = Xo(s) + &(s) ("I -@1) X1 (29)
0 i _tO- — /4
First, the switching period < ¢ < 7, when the control input Usmg (29), the control-to-state respond#ts) = %/ can be
. : obtained as
is perturbed, is evaluated
" T oo _ 1 <> Sts
X(s) = / (t)e="" dt + / %(t)etdt (20) H(s) = 77 X(s)e (30)
0 T
. k=00  (k+1)T where sampling of the control input gives the scale fatiof
=X,(s) + / X(t)e ™ dt (21) (see, forexample, [22, Sect. 8.1]). Since sampling of the control
k=1 7T input and the corresponding changes in the state variables occur
where att = ¢, after the beginning of the initial switching period at
. T t = 0, the shift in time byt, is accounted for by the facterts.
X,(s) = / x(t)e™" dt (22) If the response of outputg other than state variablesis
0

desired, it is necessary to replake(s) and®(s) with the re-
is the result of evaluating the impulse response over the figgonses obtained by evaluating the time-domain transients of
switching period, fromt = 0 to ¢ = 7'. Next, we note that the the specified outputs. From the response in the initial switching
response in théth switching periodik7 < ¢ < (k + 1)T can period
be written as

T
R(t) = B(t — KT)%y, (23) Yols) = /0 y(#)e™" dt. (31)

wherex,, is the vector of perturbed state variables sampled attAs in (23), the output response in tigh switching period,
beginning of the:th switching period, an@(¢) is the transition k7" <t < (k4 1)1 can be written as

matrix. So o ey y(t) = It — kT)%y, (32)
X(s) = X,(s) + Z / S(t — kT)xpe " dt. (24) 3Assuming that the sum is convergent, we make use of the maitrix identity
b1 YT (I—A)'=I+A+A?2+..., whereA = ®re—°7
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and the equivalent hold for the selected outputs becomes Run transient simulation

T l <
I'(s) = L(r)e " dr. 33 11-signal | %(%) : ;
(s) /0 (1) (33) small-signe o

In general, in a state-space description of a system, the ¢
. . . . x(t)

puts are functions of states and inputs. Except during the init | (Mathematica) (PSpice or PETS)

switching period which is evaluated in (31), the input perturbe.

tionis zero, so that the relation (32) which gives outputsin temﬂ% 6. Implementation setuMathematicaupdates the circuit netlist file with

of states only holds true in general for our purposes. initial conditionsx(0), and launches the simulator (PSpice or PETS) to obtain
Finally the responsex(t) over the switching period. The response data are used to

N N —1 ., generate small-signal frequency responsddathematica
Y(s) =Y, (s) +L(s) (I - ®7) %4 (34)

and the desired control-to-output respon€és) = y/i are  pspice and PETS [12]. The functions of updating the inputs and
obtained as initial conditions in the circuit netlist file, launching the simu-
1 & st lator, as well as performing all manipulations on the data col-
G(s) = 75, Y(s)e™. (35 ected from simulation have been writtenMathematic13].

The impulse-response-based model (29), (30), (34), and (35%)’]3{'2_‘1'”9 the g_rﬁnSferm;“?ﬁt'O”?(s): G(s)aiynlzbolw_cqm-
in fact equivalent to the exact small-signal model described e |on_cg||oaA|| 1€s o ‘; lema |claar_e UISG‘;_ O keep = ﬂtuh
[4] for piecewise-linear switched systems, but the formulation fis a variable. As a resunly » + 1 simulation runs over the

changed to accommodate our objective of using a general-pﬁWitChing period and one symbolic matrix inversion are needed

pose simulator to numerically evaluate the required responsté) obtain and evaluate the frequency responses at all signal fre-
In addition, since the responses are obtained using numeri¢
time-domain simulation, the converter model need not be piece-

wise linear, and arbitrarily complex, nonlinear device models

y ncies.

V. APPLICATION EXAMPLES

supported by the simulator can be applied. The method described in Sections Il and IV is general in the
sense that control-to-output frequency responses can be gener-

IV. IMPLEMENTATION USING A GENERAL-PURPOSE ated for any circuit model supported by the selected time-do-

SIMULATION TooOL main simulator. Practical applications can be found in investiga-

In this section, we describe how the model based on the F@n of frequency responses pf systems where ar_lalytical mo_d (_als
sults of Section Ill can be implemented using a general-ptﬂfe unknown or where existing analytical technlques are diff-
pose time-domain simulation tool. The algorithm is describ It t_o apply, as well as for general computer-aided de_S|gn ver-
in steps: ification purposes when second-order effects may be included.

. . . . Two examples are included in this section: a DCM boost con-
1) Find steady-state initial conditiod§(0) for the state vari- b

verter, and a multiple-output flyback converter. Another appli-
ables. Here we use the methods for accelerated conver:. .

: ) r]e tion example was reported in [24].
gence to steady state described in [11]. In general, small-

signal responses can also be found around arbitrary, Rt goost Converter in Discontinuous Conduction Mode
necessarily steady-state, large-signal trajectories.

2) Run a transient simulation over the initial switching pe- 1€ first example that we consider is the boost converter
riod with an inputu perturbeds = U + Aw, Results SNOWn in Fig. 4. The converter operates in discontinuous con-

of this simulation are used to numerically obté(o,(s), duction mpde. This example is used to_validate numer.i.cal |m

v, (s), and the vector of perturbed state variabtgsat plementation pf the methpd and_ to provide another verification

the end of the period. of our conclusions regardlr?g various averaged_ models for DCM.
3) Runn transient simulationsl(< j < n, wheren is the The results obtained using the automated impulse-response-

number of state variables) over a switching period with@sed method are shown in Fig. 7:

the steady state input and a perturbed initial condi- 1) together with experimental data and predictions of the
tion z;(0) = X,(0) + Az; for the jth state variable. reduced-order [14];

The jth simulation is used to compute thith column of ~ 2) the full-order [15], [16];

®(s) andI'(s), and to determine thgth column of & 3) the corrected full-order [19]-{21];

asx(T)/Ax;. 4) approximate continuous-time analytical models.

4) The results of Steps 2 and 3 are combined to oliis) The automated small-signal analysis method (using PETS to
given by (30) andG(s) given by (35). Magnitude and generate time-domain responses) gives results in excellent
phase frequency responses can then be plotted for ggfeement with both experimental data and with the responses
output variables of interest. predicted by the corrected full-order model.

Steps 1-4 have been completely automated using the setup ) .

shown in Fig. 6. The implementation setup is similar to thg: PYnamics of a Multiple-Output Flyback Converter

setups reported in [6], [10]: a front-end program manipulates theThe second example is motivated by an application where ap-
data and controls a general-purpose simulator which is usegtopriate analytical models are not readily available. The ex-
generate time-domain responses. Two simulators are supportatdple is an experimental three-output, 100 kHz flyback con-
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W,
Vy G== Ry 5 V.. H i i P
100WE o4 Magnetics models suitable for analysis of multiple-output
’ converters were discussed in [23]. In particular, a general
il - model that captures all details of magnetic couplings, and is

particularly well suited for simulation, is the N-port model
shown in Fig. 10, with the parameters shown for the flyback
transformer in Fig. 9. All parameters in this model are obtained
verter shown in Fig. 8. The input i§, = 30 V, and the nominal experimentally as described in [23].

outputs are¥,» = +12V, V,3 = —12V, V4, = 3.3 V. The In a multiple-output flyback converter, leakage inductances,
3.3 V (winding W) output is taken to be the main output thatvhich are usual considered second-order effects, very strongly
would be regulated by a feedback loop. The transformer waffect even the steady-state solution. The converter can operate
constructed on a ferrite EC41-3C80 core, having a 0.5 mm @ra number of different modes, depending on the values of the
gap in each leg. The winding configuration is shown in Fig. 9load currents, and transformer magnetizing and leakage induc-

Fig. 8. Experimental three-output flyback converter.
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Fig. 11. Waveforms in the flyback converter at two operating pointsiXag
0.52,Voe =135V, V,3 =142V, V,y, =34V, V, =71V, R,: = 150 Q,
R,s =170 Q,R,qs =5 Qand (b)D = 0.52,V,2 =12.1V, V,5 =123V,
Vos =34V, V, =75V, Ro2 =25 Q, Ro5 =508, Ros =10 Q.

tances. Because of the complex behavior, and the lack of si
able magnetics models in the past, very few analytical resu
are now available to predict steady-state or dynamic respon
of multiple-output flyback converters.

Here, the objective was to find the control-to-main output re
sponse&o4/c2. Of particular interest is the substantial chang
that occurs in the control-to main output response when auy
iary outputs change between continuous conduction and disc
tinuous conduction mode. The magnitude and phase respor
were measured at two different operating points: a) when bc
auxiliary outputs (winding$V,, W) operated in discontinuous
conduction mode, and b) with both auxiliary outputs operate
in continuous conduction mode. In both cases, the main outj
(winding W) operated in continuous conduction mode. Th
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Fig. 12. Magnitude and phase control-to-main output resporisegd
obtained using the automated impulse-response based analysis, with the main
W, output in CCM and (a) wittl’z andiV; outputs in DCM and (b) withV,

andW; outputs in CCM.
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operating points and the corresponding steady-state waveforms
obtained by PETS simulation are shown in Fig. 11. In the simpig. 13. Measured magnitude and phase control-to-main output responses
ulations, semiconductor conduction losses were modeled, the'd with the maini¥, output in CCM and (a) witiV, and W outputs in

transformer model was as shown in Fig. 10, while other nonid

B@M and (b) with1¥, andWW; outputs in CCM.

alities such as capacitor ESR, switching loss, and transformer

losses, were neglected. small-signal analysis method implemented as described in
Notice that the three-output flyback converter is relativel@ection IV converged quickly and easily. Predicted magnitude

complex, eight-order system. Nevertheless, the automatatt phase responses at the two operating points are illustrated

steady-state solver [11] and the impulse-response basedrig. 12. The measured small-signal responses are given in
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Fig. 13. The agreement is quite good. It is interesting to notLo]
that the change of operating mode on the auxiliary outputs has
quite noticeable effect on the main-output current waveformy,;
and also on small-signal control-to-main output frequency
response.
[12]

VI. CONCLUSIONS 13
The paper describes a method for automated small-signal fre-
quency response analysis based on the converter impulse &4
sponse obtained using a general purpose simulation tool. In our
implementation, two simulation tools are supported: PSpice and5]
PETS, while the functions of launching the simulator, collecting
and manipulating the data have been writteiMthematica [16]
The main advantage of the proposed method as a design
verification tool is that frequency responses can be generated’!
efficiently and accurately for any converter configuration
and any model complexity supported by the general-purposigs]
simulator. Selected application examples are included to
show good correlation between the generated responses afg)
experimental data, as well as to compare the results with pre-
dictions of approximate continuous-time models. In particular 20]
the impulse-response based method is applied to investigate
high-frequency dynamics of PWM converters operating in
discontinuous conduction mode, and the results are used !
evaluate and compare several existing analytical modeling,
approaches.
(23]
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