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Synthesis of Dissipative Nonlinear Controllers for
Series Resonant DC/DC Converters

Aleksandar M. Stankogi'Member, IEEE,David J. Perreaultember, IEEEand Kenji SatoMember, IEEE

Abstract—This paper describes analytical advances and practi- matrices that often require design iterations. A controller based
cal experiences in a nonlinear controller design methodology for on fuzzy logic is reported in [12]; it is based on gain scheduling
series resonant dc/dc converters. The control goal is to maintain to distinguish between small- and large-load changes, and

the output voltage (which is the only measured variable) in the . . . T
presence of large-load perturbations by varying the switching fre- '€quires a fast microcontroller. The use of physical and circuit-

quency. The proposed methodology utilizes large-scale, nonlinear theoretic properties such as dissipativity in control design
switched, and generalized averaged models, and the resultingof switched-mode power converters (buck, boost, etc.) has
perating condiions. The designer has a dircst nandle. over the DS Suggested in [13] and [14], together with Lyapunov-
convergence rate, and the nonlinear controller requires only the based techniques utilizing “energy in the increment. .The'
usual output voltage measurements, while the load variations are Same approach was extended to state and parameter.estlmatlon
estimated. The control structure allows for variations in both and applied to switched-mode converters in [15]. This paper
resistive and current loads. The dissipativity-based nonlinear proceeds along a similar direction, and combines control
controller is |mplemented in affordable analog circuitry and and estimation of unknown load parameters using a time-
evaluated experimentally. o
T . . scale decomposition. The procedure presented here employs a
Indelx Termsf—D:jsslpitlve control, large-signal modeling and  generalization of the dissipativity-based design procedure for
control, output feedback, resonant converters. series resonant dc/dc converters given in [16] and [17]. The
procedure described in this paper allows for both resistive and
I. INTRODUCTION current loads and is verified in laboratory experiments that

HE LITERATURE on modeling and control of res-employ simple anglog hardware. )

onant converters is voluminous, and only references 1 N€ standard smgle—lopp cpntro!ler structure' for a series
directly related to the development presented here will gesonant dc/dc Convertgr is a.flxed Imear. propo.rtlonal—mtegral
reviewed. The task of modeling of a dynamic system that {§1) controller whose input is the deviation in the output
to be controlled is often closely intertwined with the controY©!tage, and whose output s the change in switching frequency
synthesis approach, and this is especially true in the cd§gnoted as “frequency control” in [10]). A linear single-
of resonant dc/dc converters. Control-oriented modeling K0P controller has the advantages of being simple to design
resonant converters was the subject of [1]—[3] (for an eaﬁa}nd easy to implement. Its main disadvantage is a fairly
review, see [4]). The use of generalized averaging for tiw-closed-loop bandwidth (for converters with switching
purpose of modeling series resonant dc/dc converters tigfluency of the order of 50 kHz and with wide-load variation,
been addressed in [5]-[7]. Small-signal models for series atft¢ closed-loop bandwidth is often of the order of 20-40 Hz).
parallel resonant converters have been derived and verifiedtifvas shown in [18] that this problem is not accidental,
[8]. A linear control law using the energy stored in the resona@® uncertainties introduced by load variations prevent the
tank has been developed in [9]. A controller that travers&d structure (and other fixed linear controllers of reasonable
an optimal trajectory in terms of the resonant tank variablé®@mplexity) from providing both robust stability and robust
has been described in [10]. Sampled-data modeling and digie&rformance. Bode plots presented in the next section will
control of a series resonant converter has been addressed inquantify this difficulty. High-performance solutions reported
Robust controller design for series resonant dc/dc convertérshe literature [4], [9], [10] require additional measurements
has been addressed in [11] within a linear guadratic-lo@f the variables in the resonant tank to overcome the problem.
transfer recovery (LQG/LTR) methodology. The difficulty withThis paper proposes a control structure consisting of a pro-
this type of approach is in the specifications of the weightingprtional and integral part combined with a nonlinear gain to

improve performance of single-loop controllers.
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L=197uH  C=100nF [19], [20] using the state vector = [{ v )%, and the
= ]I control inputu = [w, V;]7

v Di+C(x)x + Re = M(u) + F. 2

Vs I, In this representatiorf) andR are diagonal matrices

14 st
T}H( V4 e D = diag(L C Cy) R =diag0 0 1/R)  (3)
=1m
t (’1} and

| U U - 1_\|,0__ V4 M(u) =[V, sgn(sin(w,t)) 0 0]"
F=[00 —I"

g, R while C(x) is skew symmetric
0 1 sgn(é)
C= -1 0 0
—sgn(i) 0 0

Fig. 1. Circuit schematic of a series resonant converter. .
as it corresponds to the terms that do not affect energy storage,

) ) ) aszTCxz = 0 (often denoted as “workless” terms in control
the model structure in a fundamental way, as it consists ‘H{'erature).
1) specification of the desired (target) energy function of the An application of the dissipativity-based control is not
closed-loop system (which contains incremental terms aroug'ﬁiaightforward, however, as the choice of nominal, periodic
the intended operating mode, i.e., desired output voltage te waveforms that achieve the desired behavior of the
estimated load), and desired (periodic) steady-state trajector %?put voltage is not apparent. To continue development of

that provide output voltage regulation and 2) addition control-oriented model, at the next step the generalized

dampmg_ around .th'.s nominal trajectory (i.e., dISSIIOatIorf!lveraglng procedure introduced in [5] is applied to model (1).
of undesirable deviations of stored energy) that assures ex- = o . . i
: ) . n particular, it is assumed that bothrand: are described with
ponential convergence toward the nominal trajectory, thus_. . L . . _
. . X . sufficient accuracy when their first (time-varying) harmonics
guaranteeing robust operation. This control design approdac . . :
] PR . . are retained (denoted withy and; = |I;|¢’¥, respectively),
is denoted as “dissipativity based” in control and robotlcsh_I . dtob d tity. It has b b d
literature [19]; while the basic version of this control delVNI'€ vo IS assumed to be a dc quantly. as been observe

sign methodology assumes measurements of all states QRH‘ experimentally and in n.umerical s?mulations that _these
disturbances, an improvement that estimates the unknossumptions are reasonable in well-designed dc/dc series res

but constant (parametric) disturbance [16], [19] is applied f§1ant converters [5], [18]. (In this derivation, it is assumed
resonant dc/dc converters in this paper. that the converter switching frequency is maintained above

The paper is organized as follows. In Section II, a matfine tank resonant frequency, so the tank curre_nt is continuous,
ematical model of the series resonant converter is present&gl e resonant waveforms do not have the time to complete
In Section Ill, a dissipativity-based control law is designed cycle before the next switching period begins [21].)
Simulations and laboratory tests are described in Section Iv,The key relationship that will enable a derivation of a
while conclusions are outlined in Section V. A particular strudhonlinear) model for the dynamics of harmonics (illustrated
tural property of dynamical systems that makes them amenaBfe for the case of the tank capacitor voltage) is [5]

to dissipativity-based design (differential flatness) is described d (#) = dv (#) = jwsVa(6) @)
and applied to series resonant converters in the Appendix. de N T\ dt L JWs 1
Il MODELING A SERIES RESONANT CONVERTER \;vtr;zr?rvgmdenotes the time-varying Fourier coefficient evalu-
A series resonant dc/dc converter is shown in Fig. 1. Using 1t '
the notation given in the figure, a state-space model can be Vi(t) = (v)1(t) = T / v(r)e 7T dr (5)
written as 5 =T
di andw, = 2 /T, corresponds to the fundamental frequency
L — =—v — vosgn(i) + V; sgn(sin(w;t)) of excitation.
dt : . . .
dv A (nonlinear) model for the dynamics of time-varying
ik harmonics [evaluated “locally” in time, i.e., at timeusing
o o (5)], and assuming that the switching frequency varies slowly
Co v = abs(i) — i Io (1) from one switching cycle to the next, is then obtained as [5]
wherew, denotes the switching frequency in radisand ¢ ﬂ = —jw,I1 + 1 <—V1 _2 Voel¥ — 4 2Vs>
are the resonant tank voltage and current, respectivelyy@nd dt L i i
is the output voltage supplying the load comprising a resistor ﬂ . 1
. it st‘/l + Il
R and a current sink,. dt C
The model (1) can be rewritten in the form that is standardin =~ @Yo _ 4 abs(I) — Voo ﬁ. (6)
the literature on dissipative Lagrangian (Hamiltonian) systems  dt  Com RCy Gy
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This model can be written in the form of a fifth-order model

involving real-valued quantities, for example, by taking real v "
and imaginary parts of the first two equations. Ligt = :
x1 + jxo, Vi = x3 + jzy, andVy = z5. The control input
is the switching frequency, = u; (and possibly the supply b
voltageV, = u,); the outputs of interest are the magnitude of
the dc outputy; (and possibly magnitudes of the series tank YN Re
current, denoted by, and voltage, denoted hby). Then the
model (6) becomes ;
1
e I B N S V,(1-LCO )
dt L 7I'L .’L'% —+ x% . ZVS
dao _ T4 2x5 T2 2uo - T
e T N = T AT %voe""’
d.’]?g - T
% =X4U71 + 6
% = —zauy + L2 Fig. 2. Current and voltage phasor diagram at an equilibrium.
dt C
da?;, 4 s I
dt  7Cy x%+$%_COR_UZ . N _
v =5 loads, an_d by conS|der|ng the map frof tq 1. The
loads of interest are maximalR(= 1 2), nominal & =
yo =/a] + 23 1.6 ), a typical low load R = 6 ), and the minimal
2 2 (R = 50 €, “no-load” condition). Large variations in the
Yz =/ L3 + 25 (") linearized model due to loading changes should be noted,

For control design purposes, the linearization of this modelotivating the use of robust controller design techniques.
(denoted withz, @, and 3) will be considered around anThese variations prevent simple fixed linear compensators
equilibrium operating point (denoted wifki, I/, andY") corre- from achieving good performance over the whole operating
sponding to fixed switching frequency and supply voltage. iange. Observe that the resonant peaks in the magnitude plots
the calculation of equilibrium quantities, the phasor diagragerrespond to the difference of the resonant frequengy
given in Fig. 2 is useful. Analysis of (6) in a steady state yield&d the switching frequency,, emphasizing the need for

AR considering performance robustness.
Vo =— |L1]. (8)
v
Application of the Pythagoras theorem in the phasor diagram lll. DESIGN OF A CONTROL LAW
in Fig. 2 results in The qualitative analysis of dynamics of a series resonant

v\ 2 dc/dc converter adopted here is based on the fact that variations
= < S) (9) in the tank variables are usually much faster than changes
4 in the output voltage. This time-separation property can be

or in terms of the steady-state tank current (assuming that figaplished for the linearized system by using the participation

switching frequency is above the tank resonant frequency) factors [22], [23]. Qualitatively, the participation of tih
variable in thefth mode of a linear system as the amount

|L|(LCw? — 1) = 2w,C vz — V2. (10) of that mode that appears in the response ofittievariable
@ due to an initial condition perturbation in that variable. The
A key simplification for implementation of the proposecalculation of participation factors involves left and right
control policy will involve the additional assumption that oveeigenvectors of the system matrix, as participation factors are
time horizons of interest in closed-loop contiq)(t) ~ V, 4, entries of the matrix obtained bgntry-wisemultiplication of
where Vy 4 is the desired value of the output voltage. Thithe matrix of left eigenvectors (arranged in rows) and the
assumption is satisfied to a large degree because of the simdrix of right eigenvectors (arranged in columns). In the so-
of the output capacito€, and because of the bandwidth ofcalculated matrix of participation factors, columns correspond
the controller. Now the small-signal model corresponding to various modes and rows correspond to different states.
(7) can be derived around any equilibrium point by standal key property of these factors is their invariance under
linearization procedures. similarity transformations of the state vector (e.g., due to a
In Figs. 3 and 4, the Bode magnitude and phase plotéfferent choice of units). Atk = 1.6 Q and f,, = 38
respectively, are presented from the deviations in switchit¢iz, the eigenvalues arg; » = —1630 & 513433, A3 4 =
frequency (expressed in per unit of the resonant frequencey)646 4+ 7464050, and A; = —657. The variablesi;—z4
to the deviations in the output dc voltage (these plots aparticipate approximately equally in the complex poles (i.e.,
very similar to those reported in [8]). These plots are obtaine@ry close to 0.25 in all cases), while the output voltage
by linearizing (7) around equilibria corresponding to varioug; participation equals 0.989 in the slowest modge A

2
|- 0w+ (55 o)
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Bode magnitude plot, R=1, 1.6, 6, 50 Ohm

R=50 Ohm
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Fig. 3. Bode magnitude plots for various loads.

Bode phase plot, R=1, 1.6, 6, 50 Ohm
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Fig. 4. Bode phase plots for various loads.

similar statement can be made for the nonlinear model (E)in parallel with a current sinly in (1). The control design
using a singular perturbation argument [25], @s is often problem under consideration is to synthesize a controller that
substantially larger thar. or C, as in the example below. will keep the dc output voltag&) fixed in the presence of
This is consistent with the observation that the energy storledd disturbances, i.e., changesAnand I,.
in the output capacitor is often an order of magnitude largerLet G = 1/R denote the conductance of the resistive load,
than the sum of average energies stored in the tank elemeatyd let B denote an estimate of a quantify. Then, for a
Motivated by this reasoning, the approach presented hegigen reference (desired) value of the output volt&ge;, the
follows [16] in assuming that the transients in the tankrror signal is defined as= (vy — Vj, 4), and the following
variables are instantaneous relative to the output voltage. Theadratic function which contains error terms in the state and
first step of control design is then to shape the energy storiadload parameters is considered:
in the output capacitor assuming the magnitude of the first s Vod, - , 1 )
harmonic of the tank current as a pseudocontrol input. GivenHa = (1/2)Coe” + j (G-G)y + % (Io—1o)” (11)
the required value of the tank current, on the second ste
the corresponding switching frequency is evaluated using t
steady-state relationship between the switching frequency
the magnitude of the tank current.
The main uncertainty in the operation of a series resonant dG (12)

dc/dc converter is the dc load that is modeled as a resistance o I

ereg andh are positive (design) constants that are used to
erate the load estimates from the available output voltage
measurement

~
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Fig. 5. Block diagram of the dissipative controller for a series resonant
converter.

and

dly

>

e. (13)

dt 12 V Ref

Given that the first term is dimensionally (incremental) energy,
the whole function is often referred to as an energy function; Sk
it may serve as a Lyapunov function if its derivative can be

shown to be uniformly negative (with standard nondegenera69~ 6. Circuit implementation of the dissipative controller for a series
conditions [24]). Recall that in this calculation we assum@§>°onant converter.
that the tank transient are instantaneous, so our model for

e includes only the third equation of (6), with the currenparameters is estimated (and the other one is known). If the
magnitudeabs(l1) = |I; 4| as the (pseudo) control input.supply voltageV; varies parametrically (e.g., in steps with
The control design task is thus to find the 4| to guarantee frequency that is lower than the closed-loop bandwidth), then
that the time derivative ofl; will be negative. Assuming the controller succeeds in maintaining the output voltage at
that the loadsG@ and I are constant (and unknown), aftefs 4. Under those conditions parameter estimaigd, may,
calculating the derivative of (11), and taking into account tHeowever, become unreliable.

48kQ

T
Elkn

third equation in (6), (12), and (13)
4

Hd = ; C|Il,d| — (%7dé+fo)e — Gé.

The block diagram in Fig. 5 shows that the proposed
controller has a structure of a Pl controller, with an added
static (memoryless) nonlinearity that mas, 4| to w,. This

_ ) _ ) suggests the possibility of an inexpensive implementation,
To make the right-hand side of (14) negatiik, 4| is selected 45 it will be demonstrated in the next section. Gainsh,

to cancel the sign-indefinite terms and to add a negative terfgyyq1,,.. - determine characteristics of transients following load
since|7}, 4| is nonnegative by definition, it has to be limited,ariations. A useful insight is obtained from the analysis of the
from below by zero linearized closed-loop system with neglected tank transients.
7r 5,7 Both the converter and the controller are first-order systems
I :((—VGI—IMS),O 15 ! _ . . S:
|1, af = max 4( 0,4&+ fo ais )¢ 0) (15) and the adjustable gains affecting transients are shown in
which results in Fig. 5. The characteristic polynomial for a resistive load
. ) (h = 0) is Cos? + (G + kais)s + Vo ag. The system has two
Hy = —(G + kais)e (16) real poles (for typical component values), and the dominant
wherek,;, is another positive design constant whose purpoB@!€ (i-e-, the one closer to the origin) approximately equals
is to improve the rate of convergence &f, to zero and —(Y0,49)/(kais + G). (The approximation is based on the
to make that rate less dependent on the I6adGiven the Taylor series expansion for the square root function qnd uses
pseudocontro|l; 4|, the actual control (switching frequency)ihe fact thatCy is much smaller than other terms in the
is evaluated using the relationship which follows from (10§haractenstlc equation.) This dominant pole should not be

with Vo ~ Vo g placed too far in the left-half plane, as tank transients may
’ become important (recall that the corresponding fast poles
|L|(LCw? — 1) = 2wsC vz — V2, (17) A1 — A4, i€, those corresponding to the tank variables, of

™ ’ the full model are atz —1600). Note also that an increase in

A schematic of the proposed controller is shown in Fig. 5. the proportional gairky;, will lead to smaller deviations in

Note that this control policy establishes exponential cotransients, but will at the same time mandate higher values of
vergence of the output voltage to its desired value. Due tioe integral gairy (for the same speed of response). Increase in
issues of observability, it is not possible to guarantee that theandk,; is limited by the quality of available measurements
estimates of load parametei& @nd I,) used in deriving the of the output voltage; in the experiments;, = 4/ and g
required control input will converge to their true values. Thigaries between 150-300 (so that the real part of the dominant
convergence does, however, take place when only one of tiie is approximately between500 and—250).
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Dissipative control, R steps from 1.6 to 5 Ohm
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: fDashed line — simulated, smooth nonlinéarity
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Fig. 7. Comparison between experimentally observed and simulated transiemfsfon a resistive load.

Linear controllers. R steps from 1.6 to 5 Ohm
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Fig. 8. Simulated responses with linear controllers: PI (solid line) and lead controller (dashed line).

IV. SIMULATIONS AND LABORATORY TESTS a pulse train, varying between 2£5 with the duty ratio 50%
and frequency 50 Hz. For simulation purposes, the nonlinear
model (6) has been implemented in the Simulink environment.
h e f 5 | q il h The controller requires load estimatésand , that can be
desi € examp eh ro_rtr;] [5] is utse tl(l)lel uitgr?tth g Brf(?ooser%adily produced with a single integrator, and the pseudocon-
€sign approach, with parameter valles: P~ = trol |11 can be calculated using simple circuit elements. The
nF (yielding the resonant frequency @of, = 27 - 35, 860), . . T S .
main challenge in a circuit implementation is in producing

Cyo = 1 mF, andV, = 14 V. In the case of purely resistive L
load, the nominal load resistance & = 1.6 Q2 andw, = the switching frequenc_yws from the known (second-order)
steady-state relationship (17).

27-38, 110 rad/s (corresponding tay = 3.26 V, |Vi| = 70.25 ) o
V, |I.| = 1.68 A, and+ = 194.1°). In the case of a mixed The experimental power circuit uses a MOSFET-based full-

load, Io = 1 A and R = 10 . It is assumed that the Systembridge inverter and a Schottky diode-based rectifier. Small-

initially operates at the nominal equilibrium, and then effecgeries/parallel-connected film capacitors are used for the res-
of changes in load from the nominal value are explored: @nant capacitance, and the resonant inductor is wound on a
large-load deviation R steps to 58, an~70% reduction in Powdered iron core. The output filter is composed of two 30-

terms of power (assuming a fixed output voltage)Josteps #F film capacitors in parallel with two 470F electrolytic

to 0.3 A, a 70% reduction]; 2) very large-load deviation igapacitors. A Hewlett-Packard 6632A dc power supply is used

which R steps to 502 (97% load power reduction, an almos@s an input source, and a Hewlett-Packard 6060B electronic
complete load rejection); and 3) resistive load represented lbad placed in parallel with power resistors is used as a

A. Test Setup
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Dissipative control, lo steps from 1 to 0.3 A, R=10 Ohm (constant)
3.6 T T T T T

3.55

3.35

Qutput Voltage Vo, Volis
»
1Y

3.25

sz ; ; ; ; ;
-2 o 2 4 6 8 10
Time, s x 102

Fig. 9. Comparison between experimentally observed and simulated transiegtfar a current load.

Dissipative control, R steps from 1.6 to 50 Ohm

4.2

I w
0 o A

Output violtage Vo, Volts

w
N

3.2

3 1 1 1 i
—0.01 o 0.01 0.02 0.03 0.04 0.05
Time, s

Fig. 10. Comparison between experimentally observed and simulated transientfon a very large change in resistive load.

load. The experimental control circuit is constructed usingxkperimental convenience; static nonlinearities of comparable
simple analog circuitry and closely mirrors the block diagramrecision can be constructed using a single amplifier and
structure of Fig. 5. A differential amplifier is used to senspassive components. As constructed, the control circuit re-
the output voltage, followed by an error amplifier whichguires only two quad opamp packages and a voltage-controlled
generates an error signal based on the difference betweendbeéllator and could be further simplified for commercial
reference voltage and the output voltage. A third opamp implementation. The required level of complexity is thus on
connected to act as an integrator stage, while a fourth opapar with that of other controllers for resonant converters and
(with a diode-clamped output) is connected to generate tees not appear to be a drawback of the approach.
pseudocontro|l; 4| from (17). The pseudocontrol current is

fed to the static nonlinearity circuit (described below), whicB- Results

generates a signal’y,), which is proportional to the desired In Fig. 7, the experimentalresults for the output voltage
switching frequency. This signal is in turn fed to a voltageisolid line, downloaded from a digitizing oscilloscope) are
controlled oscillator, whose output controls the power circustompared with simulation results [that are based on (17) and
gate drives. on three-line approximation], witp = 150 and kg;s = 4/=.

The circuit that implements the static nonlinearity is ilThe transient is initialized by the load change fréin= 1.6
lustrated in Fig. 6 Three opamp circuits with fixed gaimo R =5 Q. A good overall agreement can be observed, with
and adjustable offset are joined via diodes in a logical OfRe differences being attributable to approximations used in
connection to form the three-line approximation to the deircuit implementation; the closed-loop bandwidth is in the
sired static nonlinearity. This implementation was selected forder of 300 Hz.
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Linear controllers, R steps from 1.6 to 50 Ohm
9 T T T T
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Fig. 11. Simulated responses of a very large transient with linear controllers: Pl (solid line) and lead controller (dashed line).

R steps from 2 €2 to 5 2, 50 Hz pulse train
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Fig. 12. Comparison between experimentally observed and simulated transignfana resistive 50-Hz pulse train loag & 300, k4, = 1).

Next, the performance of the dissipativity-based controllelownloaded from a digitizing oscilloscope) are compared with
is compared with simulations with two fixed linear controllersimulation results [that are based on (17), with= 500 and
from [18] that are presented in Fig. 8; simulations in this antl;;; = 1]. The transient is initialized by the load change
in remaining plots are based on (17). One of the controlleiom I, = 1 A to Iy = 0.3 A, with a constant resistive
is a PI controller with transfer functiot90/(s + 0.01), while part R = 10 €. A good overall agreement is noted, with
the other is a lead-type controller obtained through a quaritie differences again being attributable to approximations in
tative feedback theory (QFT) design methodol@®32(s + the circuit implementation. The closed-loop bandwidth is of
818.4) /(s + 0.01)(s + 233.3 x 10%). To make the comparisonthe order of 400 Hz.
fair, both designs aim to obtain a fast closed-loop responseNext, very large-load changes in which load steps from 1.6
over the whole assumed range of loads. Note that the speedb0 Q2 (97% load rejection) are considered. In Fig. 10, the
with which deviations in the output voltage can be eliminategkperimental results for the output voltage (solid line) are

is inherently limited by the output resistance forming a parallebmpared with simulation results [that are based on (17),

RC, combination, and this is especially pronounced for largeith ¢ = 150 and %k4s = 1, and not on the three-line

R. The PI controller results in a more oscillatory responsapproximation]. The overall agreement, especially in terms of
but with smaller excursions of the output voltage [18] (in botkoltage excursion, is quite good; the approximations used in
cases the closed-loop bandwidth is of the order of 50 Hz). the circuit implementation are observed in the second part

Turning the attention to the case of a mixed load, in Fig. & the transient. The closed-loop bandwidth is in the order
the experimental results for the output voltage (solid lin@f 100 Hz. Next, the performance of the dissipativity-based
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controller is compared with simulations using the two fixeth the case of linear systems, the differential flatness is
linear controllers that are presented in Fig. 11. Observe theguivalent to controllability. There are, however, no systematic
the closed-loop bandwidth of the linear controllers is belowrocedures for determining flatness of nonlinear dynamical
10 Hz. models at this time. The differential flathess of second-order
Finally, the case of a persistently changing load is comodels of switched mode converters (boost and buck—boost),
sidered, for which classical design procedures based on fixatl their cascades has been addressed in [27].
linear controllers can provide very little guidance. The caself the (linear) model of a series resonant converter in
of a resistive load pulse traiff{= R(¢) in (7)] that changes which resonant tank dynamics are assumed to be instantaneous
from 2 to 50 with the frequency of 50 Hz will be considered.(“singularly perturbed” case [16]) is considered, then it turns
The presented design procedure needs no modifications in thi$ to be differentially flat. The “flat” output is the output
case, and experimental and simulation results are presentetfage—with known parameters, from this output and its
in Fig. 12. The difference between the two traces is agailerivative, it is easy to recover the input. The more detailed
small, and attributable to the approximations involved iaveraged model (7) of the system is also flat if both frequency
the circuit implementation. For comparison, the PI controlles, andV, are assumed to be available control inputs (commu-
gives substantially inferior results in this case—output voltagecated to us by R. Ortega and E. Delaleau of Supelec-LSS,
transients are very oscillatory and span a 50% larger voltagence).

band.
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