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Abstract.—The Asymmetrical Half-Bridge converter
(AHBC) has many advantages over other PWM converter
The possibility of soft switching in primary switches and
reduced switching losses in the secondary ones irgd that the
AHBC is a suitable topology for many high-performarce
applications. Besides, the lack of dead times, exytethose
needed for achieving soft switching, is a very intesting
feature to implement self-driven synchronous rectitation.
Moreover, the small size of its output filter is ado a remarkable
advantage in some fields (e.g., LED lighting). On thether
hand, it also has some disadvantages. One of themthe short
range of the duty cycle (lower than 0.5) and the ber one is the
difficult regulation due to a complex transfer fundion. The
Two-Transformer AHBC (TTAHBC) solves the first problem
as it enlarges the duty cycle range making its topmit higher
than 0.5. Nevertheless, the regulation of this coexter is still
very complex and, besides, the transfer functions fothe
standard AHBC are not valid for the TTAHBC. As a
consequence, the small- and large-signal models fayet to be
studied. In this paper, the complete small-signal rd large-
signal analysis of the TTAHBC operating in Continuous
Conduction Mode is provided. The large-signal and sail-
signal models are developed taking into account thenain
parasitic components that affect the transient respnse of this
converter. The validation of the resulting model iscarried out
by means of both, simulation and experimental rests. The
prototype is a 60-W TTAHBC designed for an input volage of
400 V and an output voltage of 48 V.

Keywords: Asymmetrical Half Bridge, Half Bridge with
Complementary Control, Small signal, large signal.

|. INTRODUCTION

Due to its many advantages, the use of the
Asymmetrical Half Bridge (AHBC) [1], [2] has expaed
over many fields of application, such as lighti, [4], PC
power supplies [5], Power Factor Correction [6]],[7
telecommunication and computer server applicati8hq9]
and, in general, low-to-medium power applicatiod]]
One of its advantages is that the voltage withstbpdhe
primary switches is limited to the input voltageesiles,
Zero Voltage Switching (ZVS) [11]-[15] can be acked in
these switches thanks to the energy stored in ébkabe
inductance of the transformer and to the rightteda of
short dead times, strongly reducing switching lesgis]-
[18]. Moreover, the achievement of ZVS and a deegyais
of the switching process [19]-[21] also reduce todtage
and current spikes in the rectifier diodes (boaséfficiency
as well). The output filter of the AHBC, for apitons
with a narrow output voltage range, can be veryllsma
reducing cost and size and allowing the developnuént
topologies without electrolytic capacitor, somethimery
important in, for instance, long-lifespam lighting
applications [3], [22]-[23]. Besides, the aforemenéd

dead times used in the driving signals are verytsimd, as

a consequence, energy is transferred from inpuiutput
almost all the time, boosting the power-size rgid].
Finally, the AHBC is a perfect candidate for Sehin@n
(SD) Synchronous Rectification (SR) technique [@5ow-
output-voltage applications, boosting efficiency ilwhthe
driver of the secondary MOSFETs can be strongly
simplified [11], [26]-[28].

It should be mentioned that, due to its many
advantages, some topologies derived from the AHBGh
been also presented in literature: the AHBC basedhe
flyback topology [8], [28], the resonant AHBC [13R9],
the AHBC with tapped inductor [10], the AHBC with
unbalanced turns ratios in the transformer [30§ ttvo-
transformer forward-flyback converter [9], or thewd-
Transformer AHBC (TTAHBC) [31]-[32]. Each of thenaé
some advantages and disadvantages in comparistime to
standard AHBC (lower number of components, extended
duty cycle range, low-profile magnetics, etc.).

Obviously, the AHBC also has some disadvantages.
First of all, the maximum duty cycle is 0.5. Thenef, if a
wide output voltage and/or input voltage range ésikd,
the limitation in the maximum duty cycle impliesaththe
converter will have to work with low duty cycles der
certain conditions, with the associate problemsufrent
ripple, losses, etc. Another problem is that iaisonverter
difficult to control [33]-[38]. The transfer funcih between
the output voltage and the control variable is regtp
conditioned by the resonance of the magnetizingdtahce
with the input capacitors [34]. This resonance adds
complexity to the task of designing a stable cdlerd37],

[38] and makes virtually impossible to achieve high
bandwidths. Therefore, the AHBC is normally relegato
applications with relaxed requirements regardingeti
response.

Regarding the stability problems and the desigthef
closed-loop controllers, [35]-[38] present the drsanal
analysis of the standard AHBC while [33] presehtssame
analysis but when a voltage doubler is used. Margdd4]
explains the advantages of including a feedforwaog in
the standard AHBC. These small-signal models altbes
designers to adjust the phase margin of the AHBCldse
loop without instability risks (even though the totier still
cannot be very fast). References [39]-[41] presemtiarge-
signal and small-signal models of the current-modetrol
of the standard AHBC while [30] presents the sanogleh
but with unbalanced turns ratios in the transformer
Although bandwidth can be boosted, the inner loay tead
to fast variations of the duty cycle and, as a eqnence, to



large and uncontrolled currents through primary NF@%s
due to energy exchange between the input capacitors

The problem with the maximum duty cycle can be
solved by using a Two-Transformer AHBC (TTAHBC) in
series-series connection as explained in [31] dad-[4],
which is different from other configurations, sua$ series-
parallel [45], parallel-parallel [46] or paralletiies [8]
connections. In the TTAHBC with series-series catioa,
the proper selection of the turns ratios of eaangformer
allows the maximum duty cycle to be higher than @hs
will be fully explained later in this paper). Netlegless,
adding the second transformer invalidates the emnst
obtained in [33]-[38] for the standard-AHBC smaltizal
analysis. Hence, obtaining the transfer functidva telates
the output voltage with the control variable (dagele) and
with the input voltage (audiosusceptibility) havet yo be
studied in the TTAHBC. In this paper, the smallrsiband
large-signal models of this converter are preserded
deeply analysed. The results show that the TTAHBeh
is completely different and more complex than thedel of
the standard AHBC due to the interaction of both
transformers.

This paper is organized as follows. A brief degaip
of the TTAHBC is presented in section Il in ordemprovide
some background to the next sections. The smaibsig
analysis is explained in section Ill. This sectia@tso
includes some useful hints in order to simplify theulting
quartic equations in the denominator of the transfe
functions. Besides, the large-signal and smallaign
equivalent circuits are presented in section Orédepto ease
the addition of parasitic components to the analysi
Although it is not the main purpose of the papetrief
guideline for the design of the closed-loop comérolis
presented in section V, focusing on the influentsystem
parameters in stability. Finally, the experimemtsults will
be provided in section VI in order to validate theoretical
models and calculations and all the conclusion il
gathered in section VII.

Il. SHORT DESCRIPTION OF THE TAHBC. STEADY-STATE
ANALYSIS

It is not the purpose of this paper to explain thi
static analysis of the TTAHBC as it is already dam¢31],
[42]-[44]. Only a brief description of its principl of
operation and its main features will be providedider to
give support to the small-signal analysis.

The schematic of the TTAHBC is shown in Fig. 1. As
can be seen, the driving signals of both MOSFETes ar
complementary (i.e., asymmetrical), so one of thengry
MOSFETSs is always turned on. If the converter israfing

in Continuous Conduction Mode (CCM), diode; s
directly biased all the time Ms turned on while diode Ds
directly biased all the time MOSFET Nk turned on. As a
consequence, and taking into account that the semlond
balance in the magnetizing inductances of the toamers
has to be maintained, the voltages of the inpuaciaprs
depend on the duty cycle:

Ve =@-D)V, (1)

Ve, =DV, 2)

where \t; and \¢, are the voltages of the input capacitors
C, and G, D is the duty cycle of MOSFET Mand V is the
input voltage. As can be seen, these voltages iffiereht
except when D=0.5.
The static transfer ratio can be also obtained ftben
volt-second balance applied to the transformerk [42
D-(1- D)
V0 =V  — 7
°D,1-D (3)
r-]l n2
where \} is the output voltage of the TTAHBC ang and
n, the turns ratios of the two transformers. Diffaraing

equation (3) it is possible to obtain the value Dfthat
maximizes the static transfer ratio:

__n
Dmax - m (4)

and substituting (4) into (3) the value of that imaxm static
transfer ratio can be obtained:

\Y n,-n,

o]

Valwar (Y0 ) ©

Fig. 2 shows the representation of equation (3) for
different values of the ratio between and B (X=n,/ny).
Depending on this ratio, the maximum static gairesched
for a different value of R, which is always higher than 0.5
if ny is higher than n(or equal to 0.5 whenan,). This
represents one of the main advantages of this aggollt
should be noted that, thas to be modified in order to reach
the same maximum static gain for different ratigénn
Besides, the voltage withstood by the output riectfcan
also be tailored [31], allowing a better desigméomade.

I1l. SVALL SIGNAL ANALYSIS

I11.1. Calculation of transfer functions: output voltagetd
cycle and output voltage-input voltage

The nomenclature followed in this paper is as fofio
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Fig. 1. Schematic of the TTAHBC



M - - - - (v, (1))
Ve (Vina()y, = == (1= (d(t),, )+
max 2
________ ()
| (vo(D)
Lo + (Vg (1), ————= [{d(t). -
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_\5'7’ : : : where wri(t) and wry(t) are the voltages applied to the
RN transformers. From the inductors and the capacitbrhe
i I il I | circuit:
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Fig. 2. Static gain for different values of X#m. Turns ) !
ratio i has been adjusted in each case in order torothtai d(lLml ('[)>TS
same maximum static gain. <VTR1(t)>TS =L ml'T (10)

* Instantaneous quantities are represented with d(i (t))
lower-case letters and as a function of time. E.g., (v (t)) =L 2 tm22 T (11)
. TR2 Ts m2 dt
ic1(t), Vrra(t)- :

« Average quantities in a switching period are ~ Where i, and i; are the currents of the input capacitors, C
represented with the corresponding and G their capacitance,.vand \, their voltages, L; and

instantaneous quantities inside ‘<> E.g., < _Lmz are t_he magnet_izing inductances of the transfosaard
ic1(t)>1s < VrRa(D)>Ts. iLm1 and | are their currents.
« Steady-state values of average quantities are Applying Kirchhoff's current law and Kirchhoff's
represented with capital letters. E.gs, Vrri. voltage law to the circuit:
« Small-signal perturbations of the average (i) 5o+ D)7 =0 D ) 1 (12)
quantities are represented with lower-case letters ,
i AN 1 \7/ . . .
iR " .9 b Vo )y =)+ o)), 13)
e Therefore, any average quantity is equal to the i i _ '
corresponding steady-state value plus the <IC(t)>Ts :<' LmZ(t)>Ts_<| r4l) >T5 (14)
corresponding small-signal perturbation. E.g, ;
A <|Cl(t)_>TS: IC1+ If:l. ) ) . <V9 (t)>Ts = <Vcl(t)>T5 +<ch(t)>'rs (15)
Besides, this analysis is made assuming the fotigwi o ! )
considerations: where ¢ is the current that goes to the input capacitocs a
itr1 @and iro are the currents through the ideal transformers.

e The converter operates in Continuous ) ) ]
Conduction Mode (CCM). Analysing the primary and the secondary side of the

. ideal transformers:
e« All components are ideal. For the sake of

simplicity, none of the parasitic components are (irra()r, =ny{ipy(D),, (16)
going to be considered in this analysis. . . '
Nevertheless, as their final influence may be (irr2(1))7, =N {ipa(1)) (17)

relevant, the small-signal and large-signal circuit _ ) _ .
models (see section 0) will include these where p; and p, are the currents driven by the diodes D

parasitic components as a way of taking its and D.

influence into account. Considering the output current as a variable of the
«  The effect of dead times is neglected. It should system so that the analysis is independent fronkiting of

be highlighted that ZVS in this topology can be  0ad connected to the output:

achieved by adding small dead times between ' ' d(vo(t)>

the turning-off of one MOSFET and the turning- (in®), =] (i 0(t)>TS+CO-d—TS (18)

on of the other. These dead times are very short t

and, as a consequence, they do not affect the where G is the capacitance of the output capacitor aftJl i

small-signal analysis substantially. is the output current.
The equations used for carrying out the average Finally, two additional equations should be conside
techniques [47], [48] are obtained from Fig. 1. The W) =40 +h(t
following two equations can be obtained analysihg t (o), = (o) s, odD)) -, (19)
average voltage of the magnetizing inductances haf t ) ; . '
transformers: (ic(0)rg = (im0 (d(O) 1o+ (FLmD) Ts'(l_< d(t) TJ (20)
RGN |
<VTRl(t)>Ts " Th < (t)>Ts The last equation is valid as long as the converter
! (6) operates in CCM, which is one of the aforementioned

_ <v (t)) _<V0(t)>TS -(1—<d(t)) ) assumptions. Besides, this equation is obtainedidering
ezt /Ts n, Ts that, due to the way this topology works, only mfethe



ideal transformers is driving current at the sameet(i.e.,
either ir; Or g2 iS always equal to zero).

Perturbing equations (6)-(20) and taking Laplace
transforms, the following equations can be obtained

Vrpy = Vo) Df ———[+— |+
n nj m

(21)
+a{v{i—i]+ vcz}‘vcz-(l— D)
n.n,
- N 1 1 1
Vir2 = Vo'|: D(n_ _Fj _F:|
2 1 2
(22)
+a|: Vo (i __1j + \/cl:| + vcl'D'
n, n
i,=sG Y, (23)
’i\02 =sC,°\, (24)
VTRl = S'Lml'iLml, (25)
VTRZ = S'Lmz'iLmZ, (26)
’i\cl + i\C = iAcZ (27)
Ic =iLm1+iTR1, (28)
i(: =i|_m2 _iTRZ, (29)
\7g = \7c1+002' (30)
Itr1 :nl'iDl, (31)
1r2 :nZ'iDZ, (32)
ip =ig +C 48V, (33)
iD :im"'ioz, (34)
iAc :fLm2'D +a'|Lm2+’i\Lm1' a- D)_a'll_ml_ (35)

With these equations, it is possible to obtain the
control-to-output-voltage transfer function, the
audiosusceptibility and the output impedance of the
TTAHBC:

\%
Gvofd (S): TO

d |%=0
o=0 (36)
_ BeiA(S)'NeiA (S)+ N373 (S)'%Ja (S),

M G_A(S)'BG_A (S)"' MG_B (S)'Bs_s (S)

V
Gvoivg (S): A_O
9

& 37)
_ BG_A(S)'NG_C (S)"' NG_D (S)'%_B (S).

B MGfA(S)'BefA (5)+ MGfB (S)'BLB (S)

Gvo io(S):Y_O -
- lg [94=0
®lao (38)
__ n1'Befa(S) y
MG_A(S)'BG_A (5)"' MG_B(S)'%_B (S)
where,
D n 1-D
B (S):[C S+ j——l—[ Cs j 39
oA “TL,,s)n, L,,-S ' (39)
(1-p)°, p?
Bs s(8)=—"—+—+GC s
GiB() Lml'S Lmz's Q (40)
DV
NGfA(S): (ILmz= Timd) * L .Cl +
m2 (41)
(1-D)-V, 1-D D
+ C2 +V n -
O "'di12 !
LS LS LS
NG_B(S): ch _ n1'V01 +
Lml's nz'Lmz'S (42)
1 n,
+Vo'nd12 L -S+ n Lm -S,
ml 2 2
1-D D
Mg A(S)=n [—- ] 43
G_A dd Ls LS | (43)
1 n
Mg o(s)=n,-C, s Q"[L _S+L—_S—rﬂ (44)
ml m2
N (ﬁ—CSJPDf (45)
G_C 2 Lml's |
n,-n,  (1-D)
N (s)=C,.s-2—21+ 46
G_D 2 n, LS . (46)
n __+1—D
dd n, n, 47
1 1
ndlZ:n__n_ (48)
1 2
C=G+G (49)
n,-n,
[ | = 1
Lm2 Lml nl (1_ D)+ nz D o (50)
Hence:
U =G 4(8) U Gy (SFY+ G, o O)d (51

Considering that the load connected to the outglit w
present its own transfer function,£s), which relates
output voltage and output current:

\70 = Gvo_d(s)'a+ Gvo_Vg (S)’:\é+ Q/o_io (Svho(s) (52)
Therefore: '
%, = G al® &, Gww®
1.8 0®)) (1 G 0G)) 7 (53)
GIoad (S) Gload (S)

In order to go in depth in the analysis of the TTRE]
a pure resistive load [G4s)=R] is going to be considered
as example and the corresponding transfer functigthde
obtained, using them for analysing the main pararsethat
contribute to the resonances that will appear éntthnsient



response. With equation (53), and nulling the pbad The denominator of (54) and (65) and the numerattor
value of v, it is possible to obtain the transfer function (54), which are fourth- and third-order equationsl] be
Gyo_«s) between the output voltage and the controlatdei simplified in section 111.3. Before, the analysiétbhe output
(i.e., the duty cycle): voltage-duty cycle transfer function will be pretash

A _ I11.2. Analysis of the transfer function,(s)
Gvofd (S)_ ? - -

E . (54) The analysis of @ (s) is fundamental in order to
SN, +S-N+ sN+ N , design the TTAHBC and its closed-loop controlleheT
M, +sM+<-M+sM+ M location of the poles and zeros of (54) in the clemplane
being, s=o+j-® is shown in Fig. 3 for the whole duty cycle range
(from Dp,;n=0 to D=0.633 in this design example). As can
N, =L L C-(I, ,~1..) Ny be seen, the transfer function presents two pdicomplex
A 1 bm2 e Ulme™ Tem (55) )
Nyg poles and three zeros, one of them always locatethe
_ : a ' right half-plane (adding complexity when designitige
Ng =C, [ Lml( Vo Vo'”dlZ) L m2( Vgt Vgn dl)] , (56) closed-loop controller). Besides, this zero is glsveeal and,
- ( 1-D D for low values of D, its value is considerably heghthan
N, =-tmz tml) | -L_— 57 2-10 (therefore, not shown in Fig. 3). Although the gise
C k m2 ml ( ) .
Nyq n, nJ. location of poles and zeros depends not only orvéhee of
N.=(1-DW{V.-V.-n.)=-D(V.+V.n the duty cycle, but also on other parameters,(Lmnz, Vg
o = (A= D){ V= Vo) = D(Ver+ Vs ’”), (58) etc.), it is possible to analyse the example shiowfig. 3 in
M, =L L, C-CR (59) order to explain some useful hints for the desigramy
’ TTAHBC (in the next section, the simplified expriessof
M; =L.,L,.»C, (60) Gyo_«s) will allow us to precisely determine which dtee
' main variables that determine the location of eaale and
M¢ :R-[CO( L, D+ Lmz( + [)2)+ LG FAJ (61) zero)_..ThE:‘ system pole-zero patterns Corregpontdjrig\/o
. specific situations of the previously mentioned rapée
M, =L, D*+L (1~ D)2 (62) (D=0.2 ar_ld_ D:O.5)_ are presented in Fig. 4. Withséhe
' patterns, it is possible to determine the bodesptdtthe
M. =n?R (63) converter (see Fig. 5) when the duty cycle is e¢uél2 and
' when is equal to 0.5. In these bode plots, the nasce
L =L tL m2, (64) frequency, the peak value of the resonances, tpes) the
phase, etc. can be obtained attending to the \@&flweand
j-® of each pole and zero.

= ndd'

Nulling the perturbed value of d, the transfer fimc
Guo_vds) between the input and the output voltage can be

obtained: If the duty cycle is _Iimited to_low values (see F@
. when D=0.2), the moduli (or magnitudes) of the ¢hreros
G (S):ﬁ - are higher than the moduli of the four poles. Besjgoles 1
- Vo liss and 2 have the same modulus, whose value is hitjaer
ot (65) the one corresponding to poles 3 and 4. Theretbee;40
—n..R> [LnGD* Lo G- O+ D-@& D) dB/dec slope introduced by poles 3 and 4 in theebholdt
YUSM S M S M SN N ,
. T T T T
i T T T T T o D=0.2 . Zero 2° ! Pole 1
rw Poles location Dinin . FISLSD (-84.0, j70327)
Polel/ 5.10° } |
Pole 3 |
5-10° 7 ; | Zero 1
Pole 3 e (-506.9, 18357.2)* (13150, )0}
D. — 2D O - —
0 ———":"—:1:—:——"‘—ax ———————————————————————— Pole4T
D i .
min’—3' Dimax (-506.9, -j8357.2) |
Pole 4 Dimax -5.10° | :
-5.10* ’\ ‘ Zero 3 % Pole 2
Dpnin=0.0 (-80251, -j94940) | (-84.0,-j70327)
Dinax=0.633 PoleZ Vki5. -1-10° = e . '
L L L s - -2:10 -1-10 0 o
-500 -400 -300 -200 -100 c
rw " Zeros location | Iol b0s ' | '
: : Pole 1
1.10° F a2 . 4 5.10° | (-103.6,46177) ]
f I Zero 3 Zero 2 :Pole3 )
Dimax Zero 3 Dmax ! Dmax ~ Zero1 (-287020, j0) (-23438,j0) § (-487.3,9816.9)
o= # < oro-----—————-—---"-———- —r-—p-————————
| Pole 4
\)'D v Zero 1 | (-487.3,-19816.9)
1-10°F T s 5.10%} (25906, j0) ¥ Pole 2 1
| Dpnin=0.0 | (-103.6, -j46177)
. ! Dimax=0.633 . |
s S _1.10 1 1 I 1
-4-10 -2:10 0 c -2:10° -1-10° 0 o
Fig. 3. Location of poles and zeros for a TTAHBG,#280 pH, L=3800 Fig. 4. System pole-zero pattern when D is equal2d]eft) and to 0.5

MH, V=300 V, G=6x4.7 uF m=1.085, n=0.366, G=C,=270 nF, R=3® (right).
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Fig. 5. Bode plots for the proposed TTAHBC (sameditions as Fig. 3). a) D=0.2; b) D=0.5.

makes the resonance due to poles 1 and 2 reachowea
gain (see Fig. 5a) and, as a consequence, it Hawex
impact on the design of the controller and on tiadikty.
Nevertheless, it should be noted that one of thénma
advantages of the topology (reaching duty cyclghdri than
0.5) has been lost in this case.

When the duty cycle increases, the complex zeros
become real (see Fig. 4 when D=0.5). Besides, tiautnof
zeros 1 and 2 decreases and become lower thanoithelus
of poles 1 and 2. Besides, the modulus of poleadB4is
nearly unchanged while the modulus of poles 1 and 2
becomes smaller. As a consequence (see Fig. Sh)4th
dB/dec introduced by poles 3 and 4 is partiallycedled by
the +40 dB/dec slope introduced by zeros 1 andn2 (@f
them located in the right half-plane). Thereforde t
resonance due to poles 1 and 2 reaches a higher gai
Moreover, this resonance is located at a lowerueeqy
and, consequently, its effect on stability is ewsarse.
Although this situation may seem to be consideraimyse
than the previous one, the duty cycle is closé g, taking
advantage of an extended duty cycle range.

[11.3. Simplification of G, {s)

The analysis of (54) (i.e.,/&4S)) in order to determine
the influence of each parameter on stability and tloa
design of the regulator is not easy as has beenrshothe
previous section. The wuse of these equations for
implementing an adaptive controller or an obseligenot
easy either due to limitations in computing power i
standard microcontrollers of FPGAs. The denominator
(54) is a fourth-degree (quartic or biquadraticuatépn
whose solution is not easy to obtain by analytioathods
(i.e., Ferrari’s solution). In (65), the transfemttion also
presents the same four poles and, as a consequiece,
same problem. Due to the topology of the standafB @,
with just one transformer and one output inductbmvas
possible to divide the denominator into two seconder
equations, one defined by the output filter anddtier one
defined by the input capacitors and the magnetizing

inductance of the transformer. Therefore, it wassfiae to
obtain the poles by analytical methods and anadfjls¢he
possible situations [37]. Nevertheless, in the cakdhe
TTAHBC, this is not possible. During D- T, energystsred
in one of the magnetizing inductancegflLand, at the same
time, the other one ;) transfers its energy to the output.
During (1-D)-T, the first inductance (}) is the one to
transfer energy to the output while the second @ng)
stores energy (i.e., they can be considered as'fttige
transformer” of a Flyback). Therefore, it is notspible to
analytically split the denominator because the retigimg
and demagnetizing processes of one transformectatie
other.

Nevertheless, the denominator of (54) and (65) lwan
strongly simplified by non-analytical methods payin
attention to the relevance of each addend (e.g.sMor
Mc:S) around the frequency of each double pole. As a
consequence, the denominator of (54) and (65) aan b
rewritten as:

Den(s), = ¢ b b C G R
+SREG bt LG R

for frequencies around the frequency of the fimille pole,
at which the terms in’ss" and § can be neglected. Around
the frequency of the second double pole, the téms§, &
and $ can be disregarded and, therefore:

Den(s}polesa-zl: § F{ I‘ p @-‘- (p 'EQ"' Rip

(66)

(67)

where lp is:
Lo =L,sD*+L 5 (1~ D)’ (68)

The accuracy of this simplification will be shovatdr.
As can be seen, the denominator is now presentad/as
independent equations which can be easily solved.
Therefore, poles can be easily obtained from (68) &7),
which can be used also in adaptive controllers and
observers:



C|LoCoorty + G Ly
S, oles., = i]- —t ~t dd 0 D 69
Poles Lml'Lmz'Co'Ct ( )
S S (70)
- Lt'Ct'rﬁd + Co LD )

Each of these equations provides a pair of the four
poles that equations (54) and (65) present. Besithis
result can be even more simplified attending togghetient:

L.C, 1t
K -t t d
s Co-Lp (71)
If K<<1, equations (69) and (70) can be rewritten as:
S =z Lo 72
Poles-2 L m1 L m2'Ct ( )
I,.]2
=+ dd
SPoleg,4 J CO . LD (73)

On the other hand, whengk>1, equations (69) and
(70) are rewritten as:

Sppeg, =4y | (74)
. m1 Lmz'co
L1
sPoIeg,4 =% ﬁ (75)

Although equations for both cases are provided, (i.e
Ks>>1 and K<<1), it should be mentioned that standard
designs of a TTAHBC normally imply a value of Kwer
than 1 (see Annex I). Therefore, many times (72) &i8)
may be used in order to ease the calculation ofptiles.
Paying attention to these equations, it is possitde
summarize the following:

e The TTAHBC always presents complex poles.
As a consequence, the bode plots @f ) and
Gyo vi(S) present two resonances located at
frequencies that can be easily calculated with
(72) and (73).

e One pair of complex poles is due to the
resonance between,L and L, with the input
capacitance C

e The other pair of complex poles is due to the
resonance between the magnetizing inductance
of the transformers and the output capacitor.

« The location of the poles is not affected by the
output load.

* The location of the poles, on the other hand, is
affected by the duty cycle D. Nevertheless, this
influence is very slight in comparison to the
influence of D in the location of the zeros, as can
be seen in Fig. 3, Fig. 4 and Fig. 5. Poles 3-4 are
nearly unaffected while poles 1-2 change their
location, although they are always located at a
frequency higher than poles 3-4. On the other
hand, zeros 1 and 2 move from a frequency
higher than poles 1-2 to a frequency located
between the two pair of complex poles. Zero 3
moves from a frequency close to the complex
pole 1-2 to a frequency even higher.

Regarding numerators, the one of equation (65) is a

simple second-order equation that does not need
simplification. Nevertheless, the numerator of amua(54)

is a third-order equation which can be simplifiedrheans
of a method similar to the one used for obtainiggagions
(66) and (67). At frequencies around zeros 2 andh8,
terms in $and $ can be disregarded:

Num(sjzerosZ— 3:
ZSZ'QE Lml( N Vo'ndlz)_ Lmz( A Vo'ndl):|+
+(1_ D)( Vcl - Vo'ndlz) - D( ch+ Vo'”dlg

In the same way, the terms it and § can be

disregarded at frequencies around the zero locimtettie
right half plane

Num(sjzeml: S$-l,L,C (- Lt r:]dlz +

(76)

dd - (77)
+s° G |: Lml( Vi- V, 'rlnz) - Lmz( Voot Vo'ndl)]
Therefore:
| a- D){ Vi = Vo'Nusz) = D( Vet V)
Seeoss : J\/Ct { Lml( A Vo'ndlz) -L mZ( Vet Vgn dl)] (78)
s - Lmz'(vc2+vo'nd12)_ L mi(vcl_v on dl)
zeros L .-L Ny1o n,-n, (79)

e Nyq nl'(l_ D)+ n, DIO
It should be taken into account that these equstitm
not depend on K As can be seen:

* S, Which is the one located in the right half-
plane, does not depend on either the input
capacitor (Q or the filter capacitor (§, as
occurs in any Boost or Flyback converter.

*  Seos2.3does not depend on the output capacitor
but only on the input capacitors (apart from the
magnetizing inductances of the transformers).

In order to analyse the accuracy of the simplified
equations, Table 1 shows the location of poles zewbs
according to (54), (72) and (73). In the first faxamples,
the output capacitor is lower or the input capacitors {(C
and G) are higher than the values resulting from a stashd
design. These four examples can be then considerdate
worst possible situation for the validity of themgilified
equations as Kis not significantly lower than one. It can be
seen that the approximation provided by the sirngalif
equations is still accurate (the error is alwaywdo than
10%). In the fifth example, the value of,Gs higher in
comparison to the second example and, as a conmssgjue
Ks is considerably lower than one, obtaining a highegree
of accuracy in the calculation of the poles frequen

It should be mentioned that the Bode plots shown in

Fig. 5 are obtained by using equation (54) andrefoee,
without considering the effect of the parasitic poments,
which tend to attenuate the effects of the resocemndence,
using this equation, or the simplified ones, fosigaing the
compensator adds a security factor from the stahploint
of view, but also implies a non-real situation whiends to
drastically reduce the attainable bandwidth. Theresf
before suggesting a possible guideline for thegaesf the
compensator, closer-to-real transfer functions wile
provided in the next section as they take into antdhe
main parasitic components that affect the TTAHBGe t
parasitic resistors of the transformers and thgoRRof the
MOSFETSs.



Table 1. Poles and zeros location for differenigieswith the complete equations and with the sifiepl ones.

fpoes(Hz) | Error fzeros(HZ) | Error

Design Ks o f'l’gstsiéﬂzé 2) equations | faopes o fﬁ;f,((ﬂz()s 2 equations | f,eros

d (72 @3) | () | *° (78) (79) | (%)

V=48 V, P=60 W, {}=300 V oo ol by 3730 3939 | 5.6
Lm=280 pH, Lp=3800 pH, G=6x4.7 uF, | 0.256 7249 6706 g 4123 3939 4.4
n;=1.085, n=0.366, G=C,=270 nF, D=0.5 7349 6706 8.7 45680 45390 0.6
V=600V, P=60 W, ¥=300 V igig igjg gg 3830 3981 3.9
Lmi=280 pH, Lyx=3800 pH, G=0.20 pF, 0.237 7201 6706 o1 4118 3981 3.3
n=13.51, B=4.5, G=C,=270 nF, D=0.5 7301 6706 8.1 58480 58190 0.5
V=48 V, P=300 W, ¥=300 V o e | o3 5750 5660 | 1.5
Lmi=250 pH, Lyp=1000 pH, G=6x22 WF, 0.303 Py 3240 60 5750 5660 1.5
n,=1.085, R=0.366, G=C,=1500 nF, D=0.5 3456 3249 6.0 4167 4301 3.2
V=600 V, P=300 W, Y300 V 1322 1??2 gg 5784 5821 0.6
Lmi=250 pH, Lyp=1000 pH, G=1 UF, n=13.51, | 0.263 3420 3249 o1 5784 5821 0.6
n,=4.5, G=C,=1500 nF, D=0.5 3425 3249 5:1 4230 4176 1.3
V=600V, P=60 W, ¥=300 V ;gg ;g; ig 3830 3981 3.9

L =280 pH, L,x=3800 pH, G=1 pF, n=13.51, | 0.047 6824 6706 17 4118 3981 3.3
n,=4.5, G=C,=270 nF, D=0.5 6824 6706 1:7 58480 58190 0.5

IV. AVERAGE LARGE-SIGNAL AND SMALL-SIGNAL

EQUIVALENT CIRCUITS.

Due to the principle of operation explained in B@ct
II, it is possible to define the two circuits (sEgy. 6) that
define the TTAHBC during D-T and during (1-D)- T. tWi
these two circuits, it is possible to obtain therage large-

signal and small-signal equivalent circuits of ThHeAHBC,

which are shown in Fig. 7 and Fig. 8 respectivélg. has
been said, the main advantage of these circuitsaisit is
very easy to include parasitic components and apatlyeir
effect on the dynamics of the system. The serisistags of
the transformers and the;&y of the MOSFETs have been
included (R, and R, as they are the more relevant
parasitic components of the proposed design. Nasieds,
others could be added, such as the parasitic oesistd

parasitic inductance of the capacitors.

ici
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The analysis of the circuit shown in Fig. 8 leadlghe
following transfer functions:

1 ND,A(S)'BD,A (s)y %75 (S)"\LB (s)

Gvofd (S):

where,

Nyq M p_A(S)'Bp_A (S)+ Bp_B (S)'NL_B (S),
NP_C'BP_A(S)_ Bp_c(s)'Np_D (s)
Nyq Mpic(s)'BpiA (si Bp,C(S)'MpiD (S),

1

Gvo_vg (S): -

(80)

N, w(8)=V; o(8) Zy(S)} c- (¢ D)

B, (=1-Dr 7, €
B, 4(5)=D+52,6)C

N, )=V, LS D, Z,(6)

ILm2

Vo' Ngd

Vc1'D

I—mZ

Rm2

T—WW

Fig. 7. Average large-signal model of the TTAHBGhthe most-relevant parasitic components.

(iLm2-iLm1)Nag

b)
Fig. 6. Operational stages of the TTAHBC that leathe small- and large signal models; a) duringnd b) during 1-D.
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Fig. 8. Small-signal model of the ATHBTT with theost-relevant parasitic components.

Z,(8)+ Z,(s)- (X D)

M, a(8) = 86
p_ Zp (S) , ( )
_Z,(8)+Z,,(s)-D
M p_B(S) - Zp (S) | (87)
Ny c=D-@=D) (88)
B, (8)=Z, D7 (F D), (89)
Np o(8)=sG-( D) (90)
_2,(8)* Z,,(5) (= D)
M p_C(S) - Zp (S) , (91)
D-4- D)- 57 (5)€
M, o(8)= 92
p_ Zp(S) , ( )
Z.,(s)=sL,+ le, (93)
Z.,(S)=sl,+ Rmz, (94)
R
Z(s)= 1+sG R (95)
V, A(8)=V, D+ vo-nlz—%g(s) | (96)
Vp_B(S) =Vy (- D)- Vo'”ﬂ"‘LmZ(S) (97)
|p7C=(| Lm2~ Lm)'nlz_(]I.L_mE)-l'lLSZj'ndd (98)
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Ro1= (RTR71+ R 2t R DSON) (& D) (99)

R, 2= (RTR71+ R 2t R DSON) -D 100

where Rr 1 and Rgr . are the series resistance of the
transformers (referred to their primary side) anddR ;and
Roson 2 are the parasitic resistance of the primary
MOSFETSs. It should be highlighted that due to thHagiple

of operation of the TTAHBC, Ron : is included in the
equation that defines R, and vice versa. Normally, dead
times are very short and they can be disregardethen
small-signal analysis. If they have to be takeno int
consideration, they can be modeled as loss-frestoes that
should be included in series with,Rand R, ». It should be
said that the value of these resistors is not gasalculate
and is out of the scope of this paper. Besideq] tiewes are
typically negligible in comparison to switching put.

The comparison of both transfer functions, with and
without parasitic components, is shown in Fig. 8.can be
seen, the frequency location of poles and zerosos
affected but the peak value of the resonancesedswted.

The validation of the proposed models and transfer
functions is carried out by both, simulation angenmental
results. The latter are shown in section VI. Irsthéction,
the simulation results obtained using PSim® sofewaill
be discussed. In these results, the transient mespof the
simulated real TTAHBC (i.e., switching model) isigg to
be compared with the one obtained with the avelagge-
signal model. In both models, the parasitic comptsmbave
been included. The TTAHBC that is going to be st
designed for an input voltage of 400 V. The nomimatiput
voltage is around 48 V. The turns ratios of bo#msformers

(dB)
50 T
0— +
sok Without With
- ¥ o) parasitics parasitics
Vo_Vg S | |
10 100 1k f (Hz)
(deg)
0 il
-45}+ With Il
parasitics
-90 | M
145 Without
- - iti il
iGVo_Vg(s) p:llraSI ics
10 100 1k f (Hz)

. 9. Comparison between the two models, withsitidout parasitic components (same conditionsigs3and D=0.5).
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Fig. 10. Comparison of the transient responsele§imulated real model and the simulated averagiehfor a:a) 5% input voltage step; b) £
duty cycle step; and c) 5% load step. The threelsitions are carried out considering parasitic conents.

are 1.085 and 0.366 and[) is equal to 0.633. The
magnetizing inductances of the transformers are28@nd
3800 uH. The input capacitors have a capacitan@y @hF
and the output capacitor has a capacitance of 6xB.The
switching frequency is 100 kHz.

As can be seen in Fig. 10, the accuracy obtainea fo
duty cycle step, an input-voltage step and a lotap s
(obviously, the three of them in open-loop) is higiven
when the parasitic components are taken into adcun
both models.

V. DESIGN OF THE CLOSEELOOP CONTROLLER USEFUL
HINTS.

The main purpose of this paper is providing the
TTAHBC small-signal analysis so it can be direaiBed in
any project in which the TTAHBC is going to be usst
its close-loop controller has to be designed. Rliagi a full
design guideline of a specific or optimum closedgo
controller is out of the scope of this paper duehi large
variety of controllers and its specific target penfiance
depending on the final application. Nevertheleds,isi
possible to provide some general useful hints mayin
attention to the small-signal analysis of the TTAE|Bso it
can be seen the influence of the parameters of TWRHBC
in stability.

The TTAHBC presents a bode plot with two
resonances (as shown in Fig. 5 and Fig. 9). Thexef®
type-3 regulator (three poles, one of them in thgim and
two zeros) may be a suitable option if the maximum
bandwidth has to be obtained [37] (however, thidd
always possible and that is the reason for not quing a
specific design guideline). When designing any leigu,
the following hints should be taken into accourde(sig.
11, where H(s) is the transfer function for thetcolter and
the corresponding sensor of the output voltage):

» The two zeros of the regulator should be placed
at frequencies around the first complex pole of
the TTAHBC (see (62), (72) or (74)). In this
way, the 180° phase lag of this double pole is
compensated by the phase boost introduced by
the two zeros. The key point is taking into
account that this poles location is nearly not

affected by variations in the duty cycle, as has
been mentioned before. Hence, the location of
the zeros is straightforward.

The two poles of the controller are normally
placed at the lowest of the following frequencies:

o The frequency of the second resonance
of the TTAHBC.

o The frequency of the zeros of the
controller plus one decade.

o In both cases, the main purpose is
obtaining the maximum advantage of
the phase boost introduced by the two
zeros of the controller. In the first case,
this is achieved by not introducing a
phase lag until the second resonance is
reached (which introduces a -£80
phase lag that limits the maximum
attainable bandwidth). In the second
case, by letting the phase boost
introduced by the zeros of the controller
reaching its maximum value (i.e.,
+180). It should be taken into account
that, in many designs, the difference
between the frequency of the first
resonance (poles 3-4) and the frequency
of the second one (poles 1-2) is always
lower than one decade. Therefore, the
two poles of the controller should be
located close to the second resonance.
Besides, the location of the zeros may
imply a small modification of the
location of the two poles of the
controller in order to obtain optimum
results.

The zero located in the right-half plane should be
taken into account as the bandwidth of the
control loop should be always lower than the
frequency at which this zero is located.

The gain is adjusted in order to have the desired
bandwidth under stability conditions. Here, the
complex transfer function of the TTAHBC does
not lead to any specific hint or recommendation.
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Fig. 11. Bode plot of (3 {s), the compensator H(s) and
Guo_d(S)-H(s).

To sum up, when designing the closed-loop controlle
designers should take into account the following:

e Poles location in the TTAHBC bode plot is
nearly not affected by the load.

« Both resonances are normally close to each other
(lower than one decade).

* The influence of the zeros should be considered.

* The influence of the zero located in the right-half
plane is especially important as it limits the
maximum bandwidth attainable by the control
loop.

Actually, the use of a type-1 compensator may ke al
necessary even when using the model including piaras
components. The reason can be found in Fig. 11cafisbe
seen, the phase margin is 45° approximately. Haidd to a
stable and valid design. Nevertheless, due to Horsl
resonance (double pole) and the zeros, when thsepisa
equal to -180°, the gain is lower than 0 dB (ifeepretically
stable) but is close to this value. Depending oe th
requirements, this may imply a non-valid design for
industrial purposes. Hence, a more conservatiee, (vith
smaller bandwidth but larger gain margin) desigry rha
necessary, making the type-1 compensator as uasftle
type-3 one. Finally, Fig. 11 also includes the Baqalet
Gvo_d exdS)-H(s), which is the loop gain of the prototype
presented in the next section when the proposetiatien is
used.

V1. EXPERIMENTAL RESULTS

A prototype has been built and tested in order to
analyse the accuracy of the proposed model (Fiy. T2

Fig. 12. Photo of the 60-W prototype,

prototype is a 60-W TTAHBC with a nominal input tage
of 400 V and a nominal output voltage of 48 Table 2
shows the other characteristics of the prototype.

Table 2. Prototype summary.

Design parameters Value
Vin 400 V
Vo 48V
Vo ripple 4%
Pout 60 W
Switching frequency 100 kHz
Transformer 1 Value
Core ETD34
ny 1.085
Leakage inductance 3 uH
Magnetizing inductance (l) 305 pH
Transformer 2
Core ETD34
n, 0.366
R 2 10
Leakage inductance 6 uH
Magnetizing inductance (l) 3460 puH
Semiconductors Value
MOSFETs STP12N65
Diodes MBRS3200T3G
(Schottky)
Capacitors Value
C, 270 nF (MKP)
C, 270 nF (MKP)
c 6x4.7 uF (MKP)
© (in parallel)

The comparison between the experimental results and
those predicted by the average large-signal maéetlzown
in Fig. 13. As can be seen, the accuracy is high arore
important, the parasitic components included in rtiadel
proposed in section 0 have proven to be the mdstaet
ones in order to achieve a high degree of accutashould
be taken into account that in the duty cycle steptae load
step, there is a small previous transitory causgdthe
contact bounce in the mechanical switches usec:tergte
the steps. These contact bounces could even bellethds
an additional load or duty-cycle step. Besideshibuld be
highlighted that, in certain TTAHBC designs, if thead
times introduced in order to achieve ZVS are toog]oit
might be necessary to add an additional loss-fes&stor in
order to take into account and to model the eftécthese
dead times, as explained in [49]. In broad outliits,
purpose is taking into consideration the outputtags
reduction caused by these dead times, bearing ridl thiat
they do not generate losses.

Finally, Fig. 14 shows the comparison of the Bolig p
obtained from the prototype using a HP 3589A spiectr
analyser with the Bode plot obtained using the 8qna
presented in section Il (small-signal model) artike t
equations presented in section 0 [small-signal médith
parasitic components)]. As can be seen, the resonan
frequencies are perfectly fitted. Moreover, boths sef
equations (equations of section Il and equationseation
0) have been independently obtained and, as coesegu
the fact that they fit helps to validate the praggbsodels. It
should be noted that there is a small differenddéngain of
the first resonance between the small-signal maddl the
experimental results. Nevertheless, this differenise
completely cancelled when the parasitic resistante
MOSFETs and transformers are considered. Finahg, t
Bode plots of G, vi(s).and G io(S) are presented in Annex
Il.
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Fig. 14. Comparison of the Bodes obtained withptitgotype and the
small-signal model proposed in the paper.

resonance between the same inductances and thet outp

capacitor. These equations also show that theeinfie of
the duty cycle in the location of the poles is lamd that the
influence of the load can be neglected. Regardiegzeros,
the TTAHBC presents three zeros, one of them lacate
the right half-plane and independent from the inpotd
output capacitors, duty cycle and load. The other zeros
are independent from the output capacitor anddhd,|but
they still depend on the input capacitor and thty dycle.

M Pos: 750.0 us

Obviously, all the zeros depend on the magnetizing
inductances of the transformers.

The design of the closed-loop controller of the
TTAHBC is as complex as in the standard AHBC. Thke u

48Vv-> Model (1V/div)
\-/\/\—_
; ) - 250 ps/div
CH1 1.00vey M 2505 CH1 7

Fig. 13. Comparison between the experimental pyptoaind the proposed
model for a a) input-voltage step, b) duty cyckpsand c) load step. In the
three snapshots, the 48 V level is highlighted.

VIIl. ConcLusions

The TTAHBC allows the duty cycle range to be wider,
this being the big difference in comparison to ¢hendard
AHBC. Nevertheless, it still has a complex trangterction
that needs to be wisely analysed in order to degvelo
successful designs. In fact, the transfer functiohsthe
TTAHBC are more complex than the transfer functiofis
the standard AHBC due to the impossibility of easil
separate the effect of the magnetizing inductarfceash
transformer (i.e., their operation is interrelated)

The small-signal analysis of the TTAHBC shows ihat
presents four poles (two resonances). The quagti@aten
that leads to these four poles can be simplifiedxadained
in this paper in order to obtain two simpler eqouagi These
equations show that one pair of poles is due tod¢benance
between the magnetizing inductances of the tramsfos
and the input capacitors. The other pair of pdeduie to the

of complex controllers is mandatory in order to rmegne
the inherent problem of having two resonances écls
each other) and a zero in the right half-plane.i@isly, it
is possible to use a simple controller if incregsitihe
bandwidth is not a strong requirement. Besides,ntlogel
that includes parasitic components allows a moexipe
design to be obtained (i.e., higher bandwidth).

Finally, it should be mentioned that all the theiced
results has been validated by means of simulatial) also,
by means of a 60-W prototype.

ANNEX |

For understanding why Kis usually, but not always,
lower than 1, it has to be taken into account ttne
necessary capacitor for keeping the voltage rippider a
desired limit is as follows:

c=__ P
2.21t-f-\V -Rpp (101)
where P is the power, V is the voltage of the capgdRpp

is the desired ripple in the voltage and f is tfegfiency of
the ripple.

Considering a 100% efficiency, the input power trel
output power are equal. Therefore:

Ct - Vg'an)
C, V,“Rpp
Admitting that the desired ripple in the input ceipars

is equal to the ripple in the output capacitor @this a very
conservative approach, as will be explained later):

102)
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Besides, the static gain transfer function of the
TTAHBC leads to the following equation (see (3)):

V, D-(1-D)
V_g Y - (104)
Also, Ks can be expressed as:
K = LG - (Logt Lmz)'ct'rfm
(105)

* Cply Co{L,, D+ L,, (- DJ)
Considering (103) and (104), (105) can. be rewrigien
__ (LytL,)ng D*(A-Dy _
= (I-ml'D2 +L (- D)z) néd B
_ L,,D?-(1- DY + L, D’ (& DY
Lml' D* + Lmz' (1_ D)2

Paying attention to the different addends of (106), the
following inequations can be obtained:

(106)

L, D*>L, D’ (- DY (107)
L,,1-Dy>L,,D* (1 D)Z_ (108)
Adding inequations (107) and (108):
L, D*+L, ;(1-D)y>
(109)

> I‘mllDZ'(l_ D)2 + I-m2'D2 (1_ Df

This inequation shows that the denominator of (106) is

always higher than its numerator. Therefore, it can be
concluded that:

Ko<l (110

Obviously, some particular designs may require higher
values of Cand lower values of & leading to designs in
which Kg is close to or is even higher than unity. In such a
case, the equations without the simplification, or even the
simplified ones for the case K1 may be used.
Nevertheless, it should be said that increasing the vdlue o
C, and G above the necessary value has an important
drawback. As can be seen from equations (1) anda(B),
variation in the duty cycle implies that the input capacitors
has to change their voltage in order to maintain the
volt-second balance in the transformers. As a conseguen
energy is transferred from one capacitor to the other ghrou
the MOSFETs and the magnetizing inductances. If their
capacitance is too high, the amount of energy is also too
high and the current driven by the MOSFETs may become
excessive, breaking them down. Therefore, in standard
designs, the relative ripple in the input capacitors is mighe
than in the output one, reducing the ratifiCg [see equation
(102)]. This reduction leads to low values af K

ANNEX I

In section VI, the G «s) Bodes obtained with the
prototype and the small-signal model were compared. Due
to the input voltage range, the Spectrum Analyzer could not
be used for obtaining the Bode of the audiosusceptibility
(Gvo_vi(s)) as any failure may lead to damage in the
measurement equipment. Therefore, the output voltage was
reduced to 100 V and the output voltage to 12 V (while
keeping the output current with a value of around 1 A) in
order to obtain the abovementioned Bode plot while
observing the laboratory rules regarding safety operafion o

its equipment. In these new conditions, the magnetizing
inductances were reduced to 150 and 900 pH. The other
parameters (switching frequency, capacitances, etc.§ wer
not modified.

The comparison of the experimental results with the
ones obtained with the small-signal model is presented in
Fig. 15. As can be seen, the accuracy is very high.
Moreover, this also implies that the proposed model has
been tested in two different conditions.

Finally, the output impedance was also obtained from
the experimental prototype and compared with the one
obtained with the small-signal model (see Fig. 16).

ACKNOWLEDGMENTS

This work has been supported by Spanish Government
under projects RUE-10-CSD2009-00046 FEDER Funds and
MICINN10-DPI2010-21110-C02-01.

REFERENCES

[1] P. Imbertson and N. Mohan, "Asymmetrical Duty Cyekrmits
Zero Switching Loss in PWM Circuits with No Condct Loss Penalty,”
Industry Applications, IEEE Transaction,orol. 29, p. 121, January 1993.

[2] J. A. Cobos, O. Garcia, J. Sebastian, J. UcedaFakdana,
"Optimized Synchronous Rectification Stage for L@utput Voltage (3.3
V) DC/DC Conversion," presented #ie Power Electronics Specialists

(dB) \

Small-signal
] |Gvo_vi(s)| model "
-50¢ Small-signal \
model (with Experimental
-100¢ parasitic
comp.)
10 100 1k f (Hz)
(degg(: Experimental Small-
- signal ]
M model
R Small-signal i
-135 model (with
parasitic
180+ comp.) |
10 100 1k f (Hz)

Fig. 15. Comparison of the Bodes(Gi(s)) obtained with the prototype
and the small-signal model proposed in the paper.

(dBQ) T ‘
Small-signal Experimental
50 model
0 |G\'0_io(s)| 1
Small-signal Y
-50 model (with |
parasitic
comp.) |
10 100 1k f (Hz)
(d_eggg ‘ S.mall- i
signal
model
-180 / T
Small-signal
model (with
Experimental parasitic
=270} comp.) i
10 100 1k f (Hz)

Fig. 16. Comparison of the Bodes/{Gy(s)) obtained with the prototype
and the small-signal model proposed in the paper.



Conference, 1994. PESC '94 Record., 25th AnnuakE|HRipei (Taiwan),
1994.

[3] M. Arias, D. G. Lamar, F. F. Linera, D. Balocco, A. Diallo,

and J. Sebastian, "Design of a Soft-Switching Aswtnival Half-Bridge
Converter as Second Stage of an LED Driver for ebtreighting

Application," Power Electronics, IEEE Transactions,orl. 27, pp. 1608-
1621, 2012.

[4] M. Arias, M. Fernndez, D. G. Lamar, D. Balocco, Aguissa
Diallo, and J. Sebastian, "High-Efficiency Asymnieat Half-Bridge
Converter Without Electrolytic Capacitor for Low-@ut-Voltage AC-DC
LED Drivers," Power Electronics, IEEE Transactions ,owol. 28, pp.
2539-2550, 2013.

[5] K. Jae-Kuk, L. Sung Sae, O. Won-Sik, K. Jung-Eun,®in-
Woo, G. Chang-Hyun, and C. Ja-Ryong, "Start-upsihreurrent reduction
technique of asymmetrical half-bridge DC/DC coneerfor PC power
supply,” in Power Electronics, 2007. ICPE '07. 7th Internatonal
Conference 02007, pp. 243-245.

[6] B. Lin and C. Chao, "Soft Switching Converter wittvo Series
Half-Bridge Legs to Reduce Voltage Stress of AcBwtches,"Industrial
Electronics, IEEE Transactions pwol. PP, pp. 1-1, 2012.

[7] S. Korotkov, V. Meleshin, R. Miftakhutdinov, A. Netminov,
and S. Fraidlin, "Integrated AC/DC converter witigth power factor,'in
Applied Power Electronics Conference and Expositit®98. APEC '98
Conference Proceedings 1998., Thirteenth Annu&@g.18p. 434-440 vol.1.

[8] H. Kim, J. Jung, and J. Baek, "Analysis and Desifja Multi-
output Converter using Asymmetrical PWM Half-bridggback Converter
Employing a Parallel-series Transformefidustrial Electronics, IEEE
Transactions onwvol. PP, pp. 1-1, 2012.

[9] K. Yonghan, C. Byungcho, and L. Wonseok, "Analyaisd
design of a forward-flyback converter employing twansformers,” in
Power Electronics Specialists Conference, 2001. ®EX01 IEEE32nd
Annual, 2001, pp. 357-362 vol. 1.

[10] Y. H. Leu and C. L. Chen, "Improved asymmetricdf-badge
converter using a tapped output inductor filtefflectric Power
Applications, IEE Proceedingsol. 150, pp. 417-424, 2003.

[11] O. Garcia, J. A. Cobos, J. Uceda, and J. Seba%Harg voltage
switching in the PWM half bridge topology with colementary control
and synchronous rectification,” inPower Electronics Specialists
Conference, 1995. PESC '®ecord., 26th Annual IEEE, 1995, pp. 286-
291 vol.1.

[12] L. Bor-Ren, C. Huann-Keng, T. Chao-Hsien, and G-Kheng,
"Analysis and Implementation of an asymmetricalf-baildge converter,"
in Power Electronics and Drives Systems, 2005. PE5.2@ternational
Conference 02005, pp. 407-412.

[13] R. Oruganti, H. Phua Chee, J. T. K. Guan, and @wLAh,
"Soft-switched DC/DC converter with PWM controRPbwer Electronics,
IEEE Transactions grvol. 13, pp. 102-114, 1998.

[14] X. Xu, A. M. Khambadkone, T. M. Leong, and R. Oraga"A
1-MHz Zero-Voltage-Switching Asymmetrical Half-Bgd DC/DC
Converter: Analysis and DesignPower Electronics, IEEE Transactions
on, vol. 21, pp. 105-113, 2006.

[15] R. C. Beltrame, J. R. R. Zientarski, M. L. da SiMartins, J. R.
Pinheiro, and H. L. Hey, "Simplified Zero-Voltageahsition Circuits
Applied to Bidirectional Poles: Concept and SyniheSlethodology,"
Power Electronics, IEEE Transactions on, vol. 26,5765-1176, 2011.

[16] Mishima , T.; Nakaoka , M.; , "Practical Evaluatsoof a ZVS-
PWM DC-DC Converter With Secondary-Side Phase-8giftActive
Rectifier," Power Electronics, IEEE Transactions ,owol.26, no.12,
pp-3896-3907, Dec. 2011.

[17] C. D. Townsend, T. J. Summers, J. Vodden, A. Js@/matR. E.
Betz, and J. C. Clare, "Optimization of Switchingskes and Capacitor
Voltage Ripple Using Model Predictive Control ofCascaded H-Bridge
Multilevel StatCom," Power Electronics, IEEE Tractians on, vol. 28, pp.
3077-3087, 2013.

[18] L. lI-Oun, C. Shin-Young, and M. Gun-Woo, "Intenea Buck
Converter Having Low Switching Losses and ImprovBtep-Down
Conversion Ratio," Power Electronics, IEEE Trarisact on, vol. 27, pp.
3664-3675, 2012.

[19] F. Jiangtao, H. Yuequan, C. Wei, and W. Chau-CHiN,S
analysis of asymmetrical half-bridge converter," Rower Electronics
Specialists Conference, 2001. PESC. 2001 |[EEE Fgwmdial, 2001, pp.
243-247 vol. 1

[20] M. Arias, D. G. Lamar, A. Vazquez, J. Sebastian,BBlocco,
and A. Diallo, "Analysis of the switching process the Asymmetrical
Half-Bridge converter for street led-lighting amaitions," in Applied
Power Electronics Conference and Exposition (AREZ)12 Twenty-
Seventh Annual IEEE, 2012, pp. 1210-1217.

[21] T. Tolle and T. Duerbaum, "Modelling of ZVS tranaits in
asymmetrical half-bridge PWM converters," iRower Electronics
Specialists Conferenc®001. PESC. 2001 IEEE 32nd Annual, 2001, pp.
308-313 vol. 1.

[22] M. Arias, A. Vazquez, and J. Sebastian, "An Ovewi the
AC-DC and DC-DC Converters for LED Lighting Appligans,”
Automatika —Journal for Control, Measurement, Electronics, Caipg
and Communicatigrvol. 53, p. 17, 2012.

[23] Z. Fanghua, N. Jianjun, and Y. Yijie, "High Poweackor
AC&#x2013;DC LED Driver With Film Capacitors,” Powé&lectronics,
IEEE Transactions on, vol. 28, pp. 4831-4840, 2013.

[24] I. D. Jitaru, "Education Seminar S.1.: Trends ift saitching
topologies," presented at th&pplied Power Eleectronics Conference,
APEG Orlando (FL), 2012.

[25] Zhiliang Zhang; Meyer, E.; Yan-Fei Liu; Sen, P.C.;"A
Nonisolated ZVS Self-Driven Current Tripler Topojofpr Low-Voltage
and High-Current ApplicationsPower Electronics, IEEE Transactions on
, vol.26, no.2, pp.512-522, Feb. 2011

[26] G. Y. Jeong, "High efficiency asymmetrical halfdge
converter using a self-driven synchronous rectlfi€ower Electronics,
IET, vol. 1, pp. 62-71, 2008.

[27] F. Weiyi, F. C. Lee, P. Mattavelli, and H. Daocherig\

Universal Adaptive Driving Scheme for Synchronowexfication in LLC
Resonant Converters," Power Electronics, IEEE Tetans on, vol. 27,
pp. 3775-3781, 2012.

[28] L. Bor-Ren, Y. Cheng-Chang, and D. Wang, "Analysissign
and implementation of an asymmetrical half-bridgeverter," inindustrial
Technology, 2005. ICIT 2005. IEEE International @ance on2005, pp.
1209-1214.

[29] P. K. Jain, A. St-Martin, and G. Edwards, "Asymricetf pulse-
width-modulated resonant DC/DC converter topologgiesPower
Electronics, IEEE Transactions pwol. 11, pp. 413-422, 1996.

[30] W. Eberle, H. Yongtao, L. Yan-Fei, and Y. Shengn"dverall
study of the asymmetrical half-bridge with unbakdhdransformer turns
under current mode control," Applied Power Electronics Conference and
Exposition, 2004. APEC 'OANineteenth Annual IEEE, 2004, pp. 1083-
1089 vol.2.

[31] L. Yi-Hsin, C. Tsou-Min, and C. Chern-Lin, "Analgsiand

design of the two-transformer asymmetrical halflge converter," in
Industrial Electronics Society, 2005. IECON 208%st Annual Conference
of IEEE, 2005, p. 6 pp.

[32] B. R. Lin and T. Chao-Hsien, "Analysis of Paralnnected
Asymmetrical Soft-Switching Converter,lhdustrial Electronics, IEEE
Transactions onwvol. 54, pp. 1642-1653, 2007.

[33] S. Abedinpour, R. Liu, G. Fasullo, and K. Shen8mall-signal
analysis of a new asymmetrical half-bridge DC-DQ@naster," in Power
Electronics Specialists Conference, 2000. PESC 200 |EEE 31st
Annual, 2000, pp. 843-847 vol.2.

[34] F. F. Linera, J. Sebastian, J. Diaz, and F. Nuro,nbvel
feedforward loop implementation for the half-bridg@mplementary-
control converter," in Applied Power Electronics Conference and
Exposition, 1998. APEC '98Conference Proceedings 1998., Thirteenth
Annual, 1998, pp. 363-368 vol.1.

[35] J. Sebastian, J. A. Cobos, O. Garcia, and J. U¢adapverall
study of the half-bridge complementary-control DEEXC converter,” in
Power Electronics Specialists Conference, 1995. ®E5 Record., 26th
Annual IEEE, 1995, pp. 1229-1235 vol.2.

[36] S. Korotkov, V. Meleshin, A. Nemchinov, and S. Hfam,
"Small-signal modeling of soft-switched asymmetricalf-bridge DC/DC
converter," inApplied Power Electronics Conference and Expositi®95.
APEC '95 Conference Proceedings 1995., Tenth Annual, 1pp5,707-
711 vol.2.

[37] B. Choi, W. Lim, B. Sanghyun, and C. Seungwon, "Bsignal

analysis and control design of asymmetrical haltiger DC-DC
converters,'Industrial Electronics, IEEE Transactions,orol. 53, pp. 511-
520, 2006.

[38] X. Xinyu, A. M. Khambadkone, and R. Oruganti, "An
asymmetrical half bridge DC-DC converter: closeplatesign in frequency
domain," in Power Electronics Specialists Conference, 2004. ®B&
2004 IEEE 35th Annual, 2004, pp. 1642-1647 Vol.2.

[39] C. Byungcho and L. Wonseok, "Current-mode control t
enhance closed-loop performance of asymmetrical-bnalge DC-DC
converters,'Electric Power Applications, IEE Proceedingsvol. 152, pp.
416-422, 2005.

[40] E. Wilson, L. Yan-Fei, and P. C. Sen, "A Simple daSignal
Model for Isolated DC-DC Converters," i&lectrical and Computer



Engineering, 2006. CCECE '06. Canadian Conferente2606, pp. 883-
886.

[41] C. Byungcho, L. Wonseok, C. Seungwon, and S. Jian,
"Comparative Performance Evaluation of Current-M@imtrol Schemes
Adapted to Asymmetrically Driven Bridge-Type Pulsathh Modulated
DC-to-DC Converters,Industrial Electronics, IEEE Transactions ,ovol.

55, pp. 2033-2042, 2008.

[42] L. Yi-Hsin and C. Chern-Lin, "Analysis and desigh tao-
transformer asymmetrical half-bridge converter," Rower Electronics
Specialists Conference, 2002. pesc 2202 IEEE 33rd Annual, 2002, pp.
943-948 vol.2.

[43] L. Krupskiy, V. Meleshin, and A. Nemchinov, "Uniflemodel
of the asymmetrical half-bridge converter for thiggortant topological
variations," inTelecommunication Energy Conference, 1999. INTEORC
The 21st International, 1999, p. 8 pp.

[44] R. Miftakhutdinov, A. Nemchinov, V. Meleshin, and Baidlin,
"Modified asymmetrical ZVS half-bridge DC-DC contex" in Applied
Power Electronics Conference and Exposition, 194®EC '99 Fourteenth
Annual, 1999, pp. 567-574 vol.1.

[45] L. Bor-Ren, H. Chien-Lan, and T. Chao-Hsien, "Ams#dyand
Design of Half-Bridge Converter with Two Current @ier Rectifiers," in
Industrial Electronics and Applications, 2006 1SHEE Conference on
2006, pp. 1-6.

[46] B. R. Lin, H. K. Chiang, J. J. Chen, J. J. Cheng &. Y.
Cheng, "Implementation of an interleaved ZVS fomvaronverter," in
Power Electronics and Drive Systems, 2009. PEDSD 2Qternational
Conference or2009, pp. 854-859.

[47] G. W. Wester and R. D. Middlebrook, "Low-Frequency
Characterization of Switched DC-to-DC Convertepgsented at th&EEE
Power Processing and Electronics Specialists Camies, Atlantic
City,NJ, 1972.

[48] R. D. Middlebrook and S. Cuk, "A general Unified gkpach to

Modelling Switching-Converter Power Stages,” préseénat thePower
Electronics Specialists Conference. PESC 1@iéveland, OH, 1976.

[49] Polivka, W. M.; Chetty, P. R. K.; Middlebrook, R.. CState-
space average modelling of converters with pacasiéind storage-time
modulation”,PESC '80; Power Electronics Specialists ConfereAtianta,
Ga., June 16-20, 1980.



