CHAPTER 2

Sinusoidal Approximations

I n this chapterthe properties of theeries,parallel, and other resonant converters are
investigated using the sinusoidal approximation. Harmonics of the switching frequency are

neglected, and the tankaveformsare assumed to be purely sinusoidal. This allosimple
equivalent circuits to be derived for the bridge invettank, rectifier,and output filter portions of
the converter, whoseperation can beinderstood and solved using standimdar acanalysis.
This intuitive approach is quite accurdt operation in thecontinuous conduction mode with a
high-Q response, bitecomedessaccuratevhenthe tank is operatedith a low Q-factor or for
operation in or near the discontinuous conduction mode.

The important result of this approach is that the dc voltage convegdiorof a continuous
conduction mode resonant converter is given approximately by tharafer function othe tank
circuit, evaluated at the switching frequency. The tank is loaded by the effectiverestpiance,
nearly equal to the output voltage divided by the outputent. It is thugjuite easy taletermine
how the tank components anmicuit connections affect the convertezhavior. The influence of
tank componentosses,transformer nonidealitiesetc., onthe output voltage and converter
efficiency can also be found.

It is found that the series resonant converter operates stpadownvoltage conversion
ratio. With al:1 transformer turns ratidhe dc output voltage igleally equal to the dc input
voltage when the transistor switching frequency equal to the tankesonant frequency. The
output voltage is reduced as tlsavitching frequency is increased or decreased away from
resonance. On the other hand, plagallelresonant converter isapable otboth step-up and step-
down of voltage levels, depending on the switching frequency and the effective tank Q-factor.

Switching loss mechanisms are also considered in this chapter. “Zero voltage switching” is
a propertythat can be obtained iresonant converters whenewe tankpresents dagging
(inductive) load to theswitch network. This occurs fayperation above resonance in teries
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resonant converter, and it can lead to elimination of the switching loss which arises from the switch
output capacitances. Likewise, “zero current switching” can be obtaihedthe tankpresents a
leading (capacitive) load to the switch network, as in the series resonant converter operation below
resonance. This property allowatural commutation ahyristors,andelimination of switching

loss mechanisms associated with package and other parasitic inductances.

2.1. First Order Network Models

Considerthe class of resonant converters whicbntain a controlledwitch network N
and drive a linearesonant tank network-N The latter inturn is connected to an uncontrolled
rectifier Ng, filter Nr and load R, which is illustrated Fig. 2.1. Many well-known converters
can be represented in this form, including the series, parallel, LCC, et al.
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ig(t)
q q - Nr Nr  Nr
| Is : Ir |
Vg ® =55 |—= > J_ =
. . Vs VR -|- V'SR
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power controlled resonant uncontrolled low load
input switch tank rectifier pass
network network filter

Fig. 2.1. Aclass of resonant converters which consist of cascaded switch, tank,
rectifier, and filter networks. A series resonant converter example is
shown.

In the most common modes afperation.the controlledswitch network produces a square wave
voltage output ¥t) whosefrequency § is close to the tanketwork resonant frequency.f In
response, the tank network rings wapproximately sinusoidataveforms of frequencysf The
tank output waveformgvor ig is then rectified by network iNand filtered by network N to
produce the dc load voltage V and current |. By changingwlitehing frequencyd (closer to or
farther from resonancg)f the magnitude of the tank ringing responaa bemodified,andhence
the dc output voltage can be controlled.
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f)\l/JvtI;)Cur'][ In the casavherethe resonanttank
voltage responds primarily to the fundamental
spectrum 1 A » component § of the switch waveform
fs 3§ fs f vg(t), and hasnegligible response at the
/ harmonic frequencies gfn =3, 5, 7, ...,
resonant
tank then the tank waveforms are well
response approximated by their fundamental
fq 3% 5 § components. As shown in Fig.2, this is
4 indeed the casevhen the tank network
tank contains a high-Q resonance at or near the
current is o :
spectrum switching frequency, and alow-pass
» Characteristic at higher frequenciedence,

fs 3§ fs f let us neglecharmonics, anctompute the

Fig. 2.2.The tank responds primarily to the relationships  between the fundamental
fundamental component of the applied components of the tank terminal waveforms
waveforms. vs(®), is(t), ir(®. and w(®), and the

converter dc terminal quantitieg,W, and I.
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Fig. 2.3. Anideal sWetvvo_rk. Fig. 2.4. Controlled switch network output
voltage ¥(t) and its fundamental
component y(t).

Controlled Switch Network

If the switch of Fig. 2.3 igontrolled to produce a square wave of freques@sfin Fig.
2.4, then its output voltage waveforg(ty can be expressed in the Fourier series

vs(t):4an > 1 sin(amig) (2-1)

n=1,3,5,...
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The fundamental component is

%m:4fgmm@ (2-2)

which has a peak amplitude of @times the dc input voltagegvand is in phase witthe original
square wavegft). Hence the switch network outputerminal is modeled as @anusoidalvoltage
generator, y;(t).

It is interesting to model the converter mput. This requirescomputation of the dc
componentd of the switch input curreng(t). The switch input curreniyt) is equal tahe output
current g(t) whenthe switchesare inposition 1, and its inversesft) when the switchesare in
position 2. Undethe conditions describeabove,the tankrings sinusoidally andsft) is well
approximated by a sinusoid of some peak amplitygdarid phasés:

is(t) O lsysin (2dst —¢g) (2-3)
The input current waveform is shown in Fig. 2.5.

‘ ig (1) The dc component, or average value, of the
input current can béound byaveraging {(t) over
/m one half switching period:
% Ts/2
ﬁ ot @:éf ig(t)dt
| V\/ * oo
o - is(t [ -I?Sf Is1sin (2t - ¢s) dt
2

0

= ls1cosds (2-4)
Thus, the dc component of the converter input

current depends directly on the peak amplitude of the tank input cgantl on the cosine of its

phase shifths.

Fig. 2.5.Switch terminal current =
waveforms(t) andig(t).

An equivalent circuitfor the switch is given inFig. 2.6. This circuit models the basic
energy conversion properties thie switch: the dpower supplied byhe voltagesource \, is
converted into ac power at the switch output. Note that the dc potersaturce is Vgimes the
dc component ofg(t), andthe acpower atthe switch is the average of t) times K(t).
Furthermore, ifthe harmonics of &t) are negligible, then thewitch outputvoltage can be
represented by its fundamental, a sinuseigt)of peak amplitude 4yt
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Fig. 2.6. Anequivalent circuit for the switch network which models the
fundamental component of the output voltage waveform and the dc
component of the input current waveform.

Uncontrolled rectifier with capacitive filter network

In the series resonant converter, the output rectifier is driven by the (nearly sinuaaklal)
output currentg(t) and a large capacitor=@ placed at the doutput, sothat theoutput voltage V
contains negligible harmonics of tewitching frequencyd, as shown in Fig. 2.8.The diode
rectifiers switch wheng(t) passes through zero, as shown in g/, and the rectifier input
voltage (t) is essentially a squareave, equal to +Vwhen k(t) is positive and -Mvhen k(1) is
negative. Note that(t) is in phase withg(t).

! RO 5 IO |
. 5

IR]_ B IF’(t) — ’: = —
/\ /\ - g IR

+V = \VR(t) VR(t) D _|_ V § R

gt

V1 . _K uncontrolled low pass load

>, - rectifier filter
br
: e Fig 2.8 Uncontrolled rectifier with
Fig. 2.7 Rectifier input waveformg(t) capacitive filter network, as in the series

and \R(t). resonant converter. The diodes switch
when R(t) passes through zero.

If the tank output currenkft) is a sinusoid with peak amplitudg, land phase shitig:
ir(t) = Ir1 sin (2fst - OR) (2-5)
then the rectifier input voltage may be expressed in the Fourier series

VR(®) =4 3 [Lsin (2mfst—¢p) (2-6)
n=1,3,5,...
wheredr is the phase shift og(t). This voltage waveform is impressed tre outputterminal of
the resonant tanketwork. Again, ifthe tanknetwork respondgrimarily to the fundamental
component of § of vg(t), and hasnegligible response athe harmonic frequencies $)fn =

5
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3,5,7..., then the harmonics ofg{t) can beignored. w(t) is then well approximated by its
fundamental componenk(l):

Vr(®) = 4V sin (2nfst ) (2-7)
The fundamental voltage componeng1(¥) has apeak value of (41) times the dc output voltage
V, and it is in phase with the currep(t).
The rectified tank outpudurrent, | k(t) |, is filtered by capacitor £ Since no dc current
can pass throughgCthe dc component of g(t) | must be equal tthe steady-state load current 1.
Equating dc components yields:

Tg2
| = 2f Ir1 | sin (2fgt - og) |dt
Ts
) 0

"R (2-8)
Therefore the load current and the tank output current amplitudes are direlzted insteady-
state.

Since \k1(t), the fundamental component ok(Y), is in phase withg(t), the rectifier
presents aeffective resistive load &o the tankcircuit. The value of Ris equal to the ratio of
Vr1(t) to ir(t). Division of Eq. (2-7) by Eqg. (2-5), and elimination gf Using Eq. (2-8) yields

_Vri) _ 8 Vv
€ ir(t) m | (2-9)
With a resistive load, R = V/I, this equation reduces to

_ 8 p -
Re = > R = 0.8106 R (2-10)

Thus, the tank network is damped by an effective load resistarempuB to 81% of the actual load
resistance RAN equivalent circuit is given in Fig. 2.9.

ir(t) = lr1sin(2tfst - 1) I

—

+

+
VRra(t) § Rezﬁz R % |R1|:T:| \% § R

Fig. 2.9. Anequivalent circuit for the uncontrolled rectifier with capacitive filter
network, which models the fundamental components of the tank
output waveforms(t) and \k1(t), and the dc components of the load
waveforms | and V. The rectifier presents an effective resistive load
Re to the tank network.
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Resonant tank network

We have postulated that the effects ldirmonics can be neglected, and we have
consequenthshownthat thebridge behavelke a fundamental voltageource ¥;(t) andthat the
rectifier behavedike a resistor ofvalue R. We cannow solvethe resonant tank network by

standard linear analysis.

H(9
—
is1 IR1 As shown in Fig. 2-10the tank circuit is a
| + linear network with the voltage transfer function:
v 1 Zi tank v
St | —| [0 |network | YRI>Re VRi(S) _ H(s)
| - Vsi(s) (2-11)

Fig. 2.10. The linear tank network, excitetHence,the ratio of the peak magnitudes qf;(t)
by an effective sinusoidal input source d vt b
and driving an effective resistive load. and \s1(t) is given by:

peak magnitude ofgpd(t) _ ]
peak magnitude ofsq(t) | b2 (2-12)

In addition, kis given by:

ir(s) = YRLS) = BO) ) (2-13)
Re Re
So the peak magnitude @fis:
IrR1= | H(S)FL'S:m [{peak magnitude ofg4(t)) (2-14)
e

Solution of converter voltage conversion ratio V/Vg

An equivalent circuit of a completeesonant converter is depicted Fiig. 2.11. The
complete voltage conversion ratio of the resonant converter can now be found:

- o) o) o (II'ﬂS)lls—mrrs)D n)
(V) 2Gip (n”vlilu <'fTth"R D("Vv?”)

Simplification by use of Eq. (2-10) yields the final result:

(2-15)
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v = Pl @16)

Eq. (2-16) isthe desiredesult. Itstatesthat the dcconversionratio of the resonant
converter is approximately the same as therawnsfer function ofthe resonant tank circuit,
evaluated at thewitching frequencyd This intuitive result can be applied twnverters with
many different types of tank circuits. However, it should be re-emphasized that Eq. (2-I&) is
only if the response othe tank circuit to thdvarmonics of ¥(t) is negligible compared to the
fundamentatesponse, an assumption whicmat always valid. In addition, wikave assumed
that the switch network is controlled to produce a square wavthanthe rectifienetwork drives
a capacitive-type network. Finally, the transfer functit{s) is evaluatedassuminghat theload,
Re, Is effectively resistive, and it is given by Eq. (2-10).

controlled rectifier with
dc input switch ac tank network capacitive filter  dc output
~ H(9) ~
- m
g Is1 IRy
+

I +

Vg O L] Vst

Zi tank 12 i
0 | network VR §Re IRl §R

. , 4Vy —
ig=2lisill cosps)  Vsi= —sin(as)  Re =5 R

Fig. 2.11. Steady-state equivalent circuit which models the dc and
fundamental components of resonant converter waveforms.

Converter efficiency

The effects of tank componelatssescanalso be easilgstimatedusingthe model ofFig.
2.11. The converter input power is

) 2-17
Pn = Vglg = Vg%”'S“COSq)S (217

Note that |H|| cospsis equal to the real part g{$). In addition,d(s) is equal tadhe switch output

voltage \1(s) divided by the tank input impedancésy:
- _ Vsis) _ (2-18)
Is(s) = =Yi(s) vsi(s
o) = 2ig) = YiS) ¥6i(s)

Hence, the real part of(s) is:
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: 4V, 2-19
Real(is(s) = IVsisl| Real¥i(s) = “¥9 tRealYi (5) (#19)
and the input power is:
Pin =8 V¢? Real(¥{(s)) (2-20)
e
The converter output power is:
Pout = IV = ”;Réilz (2-21)
But Vry(S) = \1(s) H(s), and henddvralf = [Msy(s)IF [H(s)IF. So
HSIBE  TRV2 (2-22)
Poui= Ivs(@I? IO = T4 (o)
Hence, the converter efficiency is:
- Pout — ”H(S)”Z
n= = -
P~ ReReal(¥(s)) 29

This expression modetbe lossesassociated witlthe tanknetwork in a simplegircuit-oriented
way. Tank network efficiency can lestimated by computing the tatransfer functiorH(s) and
the tank inputadmittance Y(s), and then evaluatingq. (2-23). Anexample is given in the
following section, in which the influence of tank inductor clmgs and capacitoesr onconverter
efficiency is determined.

2.2. Series Resonant Converter Example

The series resonant converter with switching frequency contsblawn in Fig. 2.1. For
this circuit, the tank networkonsists of a series L-C circuit, afty. 2.11can beredrawn as in
Fig. 2.12.

Is1 L C IR1 The transfer function H(s) is therefore:
R R
v, [F] & ) HE) =79 = L1
S1| — O VR1 § Re i Re + sL +§
; [
Fig. 2.12. Equivalent circuit which models _ Qe
the fundamental components of the tank 1+(.S \+ ( s )2 (2-24)
waveforms in the series resonant (Qewo) (A%

converter.
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1
where w,= —— = 21t f
el 0

L
ROZ 6
QezRO/Re

The magnitude oH(j21fs), which coincides witlthe converter dconversionratio M =
VIVg, is

M = || H(2tg) || = 1 (2-25)

y1r@[E-f

where F =1fs/ fg

Zis)=sL+1 +Rg
1Z (@) |l sC

SO

I HG) | 0. = Ro

) =209

Fig. 2.13. Construction of the Bode diagrams ¢fsf and H(s) for the series
resonant converter.

The Bode diagrams of j#s) and H(s) are constructed ifrig. 2.13. Equation(2-25) is
plotted inFigs. 2.14and 2.15 for variousvalues of Q and of switching frequency, and the
approximateresultsare comparedvith the exactesults ofchapter 3. It can bseenthat the dc
conversionratio is unitywhenthe converter is excited e¢sonance, regardless of load. This is
true because theeries L-Ccircuit behaves as a shanrcuit at resonance: the impedances of the

10
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tank inductor and capacitor are equal in magnitudeopposite inphase,and theirsum is zero.
The voltages y and \, are therefore theame. Itcanalso be seethat a decrease in the load

resistance R, which increases the effective quality fagioc&dses a more peakezsponse in the

vicinity of resonance.

- -

exact M, Q=2
approx M, Q=2
exact M, Q=10
approx M, Q=10
exact M, Q=0.5
approx M, Q=0.5

M = V/Vg
=N I -

0.5 0.6 0.7 0.8 0.9 1.0
=

Fig. 2.14. Comparison of exact and approximate series resonant converter
characteristics, below resonance.

exact M, Q=0.5
approx M, Q=0.5
exact M, Q=10
approx M, Q=10
exact M, Q=2
approx M, Q=2

M=V/Vg

R KA R

Fig. 2.15. Comparison of approximate and exact series resonant converter
characteristics, above resonance.

Over what range of switching frequencies is Eq. (2-25) accurate? The resptrns¢aak
to the fundamental component of(ty must be sufficientlygreater than theesponse to the

11
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harmonics of ¥t). This iscertainly truefor operation above resonance becadés contains a
bandpass characteristic which decreases with a single pole sloge fgr f Forthe sameaeason,
Eq. (2-25) is valid when the switching frequency is below but near resonance.

However, forswitching frequenciessfmuch less than theresonant frequencyp,f the
sinusoidal approximation breaks down completely because thedspéndsnore strongly to the
harmonics of ¥(t) than to its fundamental. For example gt fy/3, the third harmonic of ¢t) is
equal to § and directly excites the tamksonance. Somaher type of analysis must bsed to
understand what happens at these lower frequengiss, in the low-Qcase,the approximation
is less accurate because the filter response is less peaked, and hence does not favor the fundamental
component astrongly. As shown in kater chapter, discontinuous conduction moadesy then
occur whose waveforms are highly non sinusoidal.

Efficiency

A similar analysis can be used to compute the converter efficiency. Let us model the effects
of tank inductor cordoss by aresistance R and tank inductor winding resistance amadk

capacitor equivalent series resistance (esr) by an effective resistamsesRown in Fig. 2.16.
Standard circuit analysis can bsed to showhat the tankransfer functiorH(s) isgiven

w** )

QEETERTEY

by

(2-26)

where

v C Rp+RS+Re

ReC

_Re
“P=TL
1 _Ro,Re*Rs
Qe Rp Ro

/L Rst Re
Ro=yc Wi+ g
The efficiency is found by evaluation of Eq. (2-23). For the circuit of Fig. 2.16, the efficiency is:
(1 +(2my? f2)
R Rp’ S
— e
1= [roer) @-27)
Rs + (1 . (2T[L)2 f2)
Re (Re |l (Rs+ R9) °

12
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H(9 A sketch of tank network efficiencys. switching
— frequency is given in FigR.17. Tothe extent that
the sinusoidal approximation is valid, the efficiency
Re at low frequency is asymptotic to the valug/RRs
| | }’\ij, + Ro). The tank esr Ris effectively inseries with

the load, and leads to gpower loss indirect
L ¢ * proportion tothe loadcurrent. Hence, tmbtain
VR1§ Re high efficiency, one should choose<RRe.

As the switching frequency is increased,
the inductor coreloss begins todegrade the
Fig. 2.16 Equivalent circuit used to model efficiency. This occurs whetine denominator of

tank component losses. Eq. (2-27) begins to increase. @awoid this, the
switching frequency should be restricted to

Vsi1| =

CIN

fs << L TR (Rell (Ro+ RY) (2:28)
Alternatively, given a maximum desired switching frequency, Eq. (Z&8)beused todetermine
a lower bound on R

]
v RP (R P” (RS+R e)) &
2mL 21
Fig. 2.17. Tank network efficiency vs. switching frequency.

Thus, sinusoidal approximations give affective means of estimating thesses and
efficiency degradations which arise owing to tank component nonidealities.

13
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2.3. Subharmonic Modes of the Series Resonant Converter

switch

output 4 If the nth harmonic of theswitch output
voltage “ waveform (t) is close tothe resonant tank
spectrum 1 A frequency, n§ ~ fp, and if the tanleffective quality
fs 3fs 5fs f factor Q is sufficiently largethen asshown in
resonant 4 Fig. 2.18, the tank respongsimarily to harmonic
tank n. All other components of the tankaveforms
response . can then be neglected, and it is good
fs 3fs 5fs f approximation to replacesft) with its ri" harmonic
component:
tank A P
current i
spectrum T _
fs 3fg 5fg  f

Fig 2.18 When the tank responds primarily
to the third harmonic of the switching
frequency, then frequency components
other than the third harmonic may be
neglected.

4\Vg _. i
—— sin (mwst)  (2-29)

vs(t) Ovsi(t) =

This differs from Eq. (2-2) because the amplitude is reduced by a factén,@&nd the frequency
is nfg rather thand.

14



Chapter 2.  Sinusoidal Approximations

Uil wl-

- ¢ho 3fo fo fs

Fig. 2.19 The subharmonic modes of the series resonant converter. These modes occur
when the harmonics of the switching frequency excite the tank resonance.

The argumentsised tomodel the tank and rectifier/filteretworksare unchanged from
section 2.1. The rectifier presents an effective resistive lothe tank, ofvalue R = 8R/2. In

consequence, the converter dc conversion ratio is given by

_|IH G2mfs) ||

=V -
M Vg = (2-30)
This is a good approximation provided thag isfclose to{, i.e.,
(n-1) fs<fp<(n+l) g (2-31)

and Q is sufficiently large. Typical characteristics are plotted in Fig. 2.19.

The series resonant converter is not generally designed to operate in a subharoadenic
since the fundamental modes yield greater output voltag@@ndr, and hence highesfficiency.
Nonetheless, the system designer should be aware of their existence, because inadvertent operation
in these modes can lead to large signal instabilities.

2.4. The Parallel Resonant Converter

The parallelresonant converter is diagrammedFig. 2.20. Itdiffers from the series
resonant converter itwo ways. Firstthe tank capacitor appears parallel with the rectifier
network rather than in series: this causestanktransfer functiorH(s) to have a differenform.
Secondthe rectifierdrives an inductive-inputow-pass filter. In consequencge value of the
effective resistance Rdiffers from that of the rectifierwith a capacitivefilter. Nonetheless,
sinusoidal approximationsan beused to understanthe operation of the parallekesonant
converter.

15
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ig(t) Ns
. Nt Nr NF
Vg ® =TT J_ 2T J_ =
] s LTI
[ - —

power controlled resonant uncontrolled low load
input switch tank rectifier pass
network network filter

Fig. 2.20. Block diagram of the parallel resonant converter.

As in theseries resonant converténge switch network is controlled to produce a square
wave \g(t). If the tanknetwork respondgrimarily to the fundamental component af(ty, then
argumentsidentical to those of section2.1 can beused tomodel the output fundamental
components and input dc components of the switch wavefofims.resulting equivalerdircuit is
identical to Fig. 2.6.

The uncontrolled rectifiewith inductive filternetworkcan be describedsingthe dual of
the arguments of Section 2.1. In the parallel resonant conwbeesutput rectifiers are driven by
the (nearlysinusoidal) tankcapacitor voltage p(t), and the diode rectifierswitch when w(t)
passes through zero as in Fig. 2.21. Tdwtifier input currentg(t) is therefore a square wave of

amplitude |, and it is in phase with the tank capacitor voltagg. v
The fundamental component gft) is
Ve 4 VR(D)

4 - /\ i) /\ ir®) = 2] sin (et 9r)  (2-32)

Hence,the rectifier agairpresents areffective
T T T > resistive load to the tank circuit, equal to

et
R, = VR _ Vg

_| n
. \ e~ 7 2-33
ol \/ IRl(t) 4| ( )
OR rectified tank

The ac components of the
capacitor voltage |pft) | are removed by the

Fig. 2.21. Parallel resonant converter

waveforms p(t) and g(t). output low pass filter. Insteady state, the
output voltage V is equal to the dc component aft) \:
Ts
2 |2 -
V=£ | Velsin @t ¢r) |t (2-34)
0

So the load voltage V and the tank capacitor voltage amplitude are directly related in steady state.
Substitution of Eq. (2-27) and resistive load characteristics V = IR into Eq. (2-26) yields:

16
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Re =T R = 1.2337R (2-35)
8
iRa(t) ! An equivalent circuit for the uncontrolled
+ + rectifier with inductive filteretwork is given inFig.

Vr(t) §Re =T_é2R E]VZTZ[VR1§ 2.22. This model is similar tahe oneused for the

series resonant convertdfijg. 2.9, except that the
roles of the rectifier input voltagez\and currenty are
VR (t) = \&; Sin(2dst - o) interchanged, andhe effective resistance cRhas a

differentvalue. The modelfor the complete converter

Fig. 2.22. Arequivalent circuit for the . . -
rectifier with inductive output filter, 'S 91Ven in Fig. 2.23.

which models the fundamental Solution of Fig. 2.23yields the converter dc

component of the ac side voltage,

and the dc component of the dc sideSOnversion ratio:

voltage, in the parallel resonant M=Y =8 |Hes) .
converter. Vg @ i, (2-36)
where H(s) is the tank transfer function
Z((s)
H(s) =292/
) ="g (2-37)
and Zds) = sLl| & IR (2-38)
controlled rectifier with
dc input switch ac tank network inductive filter  dc output
~— H(s) "
— A
ig ™ ir1(t) I
> = —
+ +
1z | tank 2 v =
Vg v Vs1| Z ' | hetwork VR(t) §Re:%R ] VRS R
T 4Vy

lg= 2 |[i;[lcoss) Ve1= T sin(argl) Ve = VkySIN(@dt - 0R)

Fig. 2.23. Equivalent circuit for the parallel resonant converter, which
models the fundamental components of the tank waveforms, and the
dc components of the input current and output voltage.

17
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1ZoGe) I

and Zo(joo)
1
IHG) 1] =1 ] 1

—_t —+ —
IRo o R

Fig. 2.24. Construction of Bode diagrams q{& and H(s) for the parallel resonant converter.

The Bode magnitude diagrams of H(s) a(sYare constructed iRig. 2.24. Z(s) is the
parallel combination of the impedance of the tarductor L, capacitor C, and effective load. R
The magnitude asymptote of the parallel combination of these components, at fiegjuency, is
equal to the smallest of the individual asymptabks 1/wC, and R. Hence, at lowfrequency
wherethe inductor impedance dominates gagallelcombination, || &s) || wL, while at high
frequency the capacitor dominates and o(E)Z|| 0 1/wC. At resonancethe impedances of the
inductor and capacitor are equal in magnitudedpytosite inphase, sdhat their effectscancel.
|| Zo|| is then equal to R

I “S 1 (2-39)
208 ey =1 W C + 1 =R
J'woL+J +Re
h =1
where ol Ro

The dc conversion ratio is therefore

18
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| |"
1 + + ( )2 =jorf's
Tt v 1-F2+ (F)2 -
1-P (Qe) (2-40)
Equation (2-40) is compared with the exact converter solution in Fig. 2.25.

3.00 i

- Qe:5
2.50 \

ol Al
e wl /N

- Qe=1\\\
| -w\%

Q 02
000 — I 1 1 1 1 1 1 1 1 1 1 1 1 1 1 I

0.50 1.00 1.50 2.00 2.50 3.00

Fig. 2.25. Comparison of exact parallel resonant converter characteristics
(solid lines) vs. the approximate solution, Eg. (2-40) (shaded lines).
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Principles of Resonant Power Conversion

2.5. Switching at Zero Current or Zero Voltage

Operation of the Full Bridge Below Resonance

An advantage of resonant
Q- Vbs > Ds{"':’“—

converters is their reduced switchihgss. ;

. . lQiy_- + vs(t) -
When the series resonant converter 18/ CD i)
operated belowesonance, a phenomenon Q, _|E %Dz S
known as “zero current switching” can S
occur, in whichthe transistorsnaturally __full bridge & [ ___________

, , : remainder ©

switch off atzero current. With a simple

converte
circuit modification, thetransistor turn-on (series resonant

D% pli-

transition canalso be caused to occur at ~ €xample)
zero current. Let usconsiderthe operation
of the full bridge switch in more detalil.

A full bridge circuit, realizedusing

power MOSFET’s andntiparalleldiodes,
Fig. 2.26. Full bridge circuit implemented with

is shown in Fig. 2.26.The switch output power MOSFETSs and antiparallel diodes in a
voltage (), and its fundamental series resonant converter circuit.

component ¥y(t), as well as the A Vg, (t)

approximately sinusoidal tank current \
waveform g(t), are plotted in Fig. 2.27. At Vs (0
frequencies lesghan the tank resonant
frequency the input impedance of the tank
network Z4(s) is dominated by the tank

Vg-

o /
capacitor impedance. Hence, the tank lg1d -

presents areffective capacitive load to the
bridge, and switch currentg(t) leads the

switch voltage fundamental component
vsi(t), as shown in Fig. 2.27. In

consequencethe zero crossing of the Q
current waveform g(t) occurs before the Qa

zero crossing of the voltage(t). "hard;f "soft / "soft"
For the half cycle @ t< Tg/2, vg=  WM0 turn-offl  turn-on turn-off

N ofQ1,Qq  0ofQ;,Qq 0fQ2.Q3  0of Qy, Q3
+Vqy. For 0< t < tg the current 4(t) is _. .
o B N Fig. 2.27. Tank waveforms for the series resonant
positive and transistors;@nd Q conduct. converter, operatedbelow resonance. “Zero-

Then thediodes O and D, conductwhen current switching” aids the transistor turn off
transitions.
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: due to B
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|
|

is(t)

stored charg

L soft turn-off

0 tg! ETS T23+

1
|
:
. Q@ Dy Q@ Dy
resonant converter, operated below

resonance. “Zero-current switching” aids
the transistor turn off transitions.

Chapter 2.  Sinusoidal Approximations

is(t) is negative,d < t < Tg/2. The situation
during Tg/2<t < Tgis symmetrical. Sincesi
leads \&;, thetransistors conduct beforineir

respective antiparallel diodes. Note that, at any
given timeduring the D, conduction intervalgt

< t £ Tg/2, transistor @ can be turned off
without incurring switchingloss. The circuit
naturally causes the transistor turn off transition
to be losslessand long turn off switching
times can be tolerated.

In general, “zero current switching” can
occur when the resonant tankpresents an
effective capacitive load to thewitches, and
the switch current zera@rossingsoccur before
the switch voltage zerocrossings. In the
bridge configuration, zero current switching is
characterized by the conduction sequenge Q
D1-Q>-D», suchthat thetransistorsare turned

off while their respective antiparalldiodes conduct. It is possible, if desired, replace the

transistors withnaturally-commutatedhyristors

in +

Q11 Vos1Z Dy Dyx Qs

I—Ieg . (t) I—Ieg

S -
Ve © |
‘l is(t)

L|eg I—Ieg

QZ_I D2 D4 Q4
Ip2

nY

. 7
remamdel .

T

of converte] '

whenevelthe zero-current-switching property
occurs.
The transistor turn on transition

- in Fig. 2.28 is similar to that of a PWM

switch, and it is notlossless. During
the turn on transition of @ diode D
must turnoff. Neither the transistor
current nor the transistor voltage is
zero, Q passes through period of
high instantaneous power dissipation,
and switchingloss occurs. As in the

- PWM case, the reverse recovery current

of diode B flows through Q. This
current spike can be the largest
component of switchingloss. In

Fig. 2.29 Addition of small inductorgdg, which addition, the energy stored he drain-

effectively snub the transistor turn-on transition ando-source capacitances of Qand Q
reduce turn-on switching loss in the SRC operated

below resonance.
21
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A Vs(t)

Vg /\ vs(t) —/

iQa(t)

| | turn-on
commutation
| | interval

ip2(t) | g

Fig. 2.30. Waveforms for the circuit of Fig. 2.29.
During time g, the tank current commutes from D

to Q1.

and in the depletion layer capacitance of
D1 is lost when @turns on.

To assistthe transistor turn on
process, small inductors are often
introduced into thdegs of the bridge
(Fig. 2.29). During the normalQD;,
Q2, and B conduction intervalsthese
inductors appear in series witie tank
inductor L, andhence the effectiviotal
tank inductance is

Leffective = L + 2Lieg (2-41)

In addition, these leg inductors
introduce commutation intervals at
transistor turron. Atthe instantwhen
Q1 is turned on, the tank current
flowing through diode B begins to
shift to Q,, at a rate determined byyV
and 2leg. The transistor current
magnitude is thereforémited by Lieg,
rather than being determined by the
stored charge in diode;D Duringtime

ts,

= 2 Liegis(0)
Vg

where §(0) isthe tank current at the

ts (2-42)

beginning of the commutatioimterval,
the current in diode Preacheszero,
and D turns off. The leg inductance
Lieg is chosen such thafis longerthan

the gate-driver-limited MOSFETurn-

on time, but is much shorter than normal, @1, Q,, and B conduction intervals.Thus, the
MOSFET isswitched fully on beforghe drain currentisessignificantly abovezero, and nearly
lossless snubbing at turn-on occurs. This lossless snubbthg diode B stored charge during
the Q turn-on transition is probably the most common reason to use zero current switching.

A nonideality not considered in tliescussiorabove is the effect of other semiconductor

device capacitanceslransistor @ output capacitance,

diode; Dunction capacitance, and diode

D, stored charge can be modeled as effective parallel capaciv@mcbsare shorted out whenever
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Chapter 2.  Sinusoidal Approximations

transistor Q is turned on. In consequence, switching loss ocegual to the totadtored energy

in these capacitances times #witching frequency.Similar switchinglossesoccur in the other

three legs of théridge. This loss mechanisavhile not as great as thess owing tothe stored
charge in B, can nonetheless be quite significant in converters operating from high input voltages
and at high switching frequencies. It is often a significant disadvantage of zero current switching
schemes.

Operation of the Full Bridge Above Resonance

When theseries resonant converter

is operated aboveesonance, alifferent A Vsi(t)

phenomenon known aszero voltage Vg Vg ()

switching” can occur, in which the

transistors naturally switch on atzero >

voltage. With a simple circuit modification, E 7 t

the transistor turn-off transitiocanalso be Vg

caused to occur at zero voltage. Ideally, \_/

this process ishe dual of the “zero current |

switching” process described in the A :
I

previous section. isa(t)

For the full bridge circuit of Fig.
2.26, the switch outputvoltage \g(t), and
its fundamental componengit), as well /I t,

as the approximately sinusoidal tank current I
waveform g(t), are plotted in Fig. 2.31. At I
frequencies greater than the tank resonant I
frequency the input impedance of the tank I
network Z(s) is dominated by the tank Di. Q ID2
inductor impedance. Hence, the tank
presents areffective inductive load to the ot shard”
bridge, andhe switch currentd(t) lags the turn-on turn-off

switch voltage fundamental component ofQ,Q 0fQyQy

vsit), as shown in Fig. 2.31. IrI:ig. 2.31. Tank waveforms for the series resonant

consequencethe zero crossing of the  converter, operated above resonance. “Zero
voltage waveform (t) occurs before the voltage switching” aids the transistor turn-on

_ transitions.
current waveformg(t).
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For the half cycle & t< Tg/2, vg =
Vps1 A +Vg. For 0< t < ty, the current §(t) is
Vg positive and thetransistors @ and Q
] conduct, and the diodes; [and I conduct
when k(t) is negative,gd < t< Tg/2. The
situation during 2 < t < Tg is

> symmetrical. Since & leads &1, the
Ts 1 Ts t
2 I

in‘ soft __hard | antiparallel diodes. Note that, at agiyen
turn o 1™ turn- off time during the  conduction interval & t

< ty, transistor @ can be turned on without

: transistors conducafter their respective
|
|

incurring  switching loss. The circuit

naturally causes the transistor turn-on

' _ ' . transition to beossless,and long turn-on
Fig. 2.32. Detail of Q@ drain current and drain-

source voltage waveforms, SRC example,
operation above resonance. In general, “zero voltage switching”

can occuwhenthe resonant tank presents
an effective inductive load to thewitches,and hence thswitch voltage zerocrossingsoccur
before theswitch current zerarossings. Inthe bridgeconfiguration, zerovoltage switching is
characterized by the conduction sequengeQD,-Q,, suchthat thetransistorsare turned on

switching times can be tolerated.

while their respective antiparalldlodes conduct.Since thetransistorvoltage is zeraduring the
entire turn on transition, switching loss due to slow turnhores or due to energy storage in any
of the device capacitances does not occur at turn-on.
The transistor turn-off transition in Fig. 2.32 is similar to that of a PWM swateti,is not
lossless. During theturn-off transition of @, diode B must turnon. Neither thetransistor
currentnor the transistorvoltage iszero, Q

Cleg Clng_Dg‘ IQ_3 passes through period of high instantaneous
.’

power dissipation, and switching loss occurs.
v C) v +vs() - To assist the transistor turn gffocess,
9 a . : .
small capacitors may be introduced into the legs

-L_Trﬂl— of the bridge, asdemonstrated irFig. 2.33.
C'eg\ C'eSI-D4 Q4 Alternatively, the existing device capacitances
i5(t)

L0

T
'P

':;I_

oL
&

D>
rem(%'rr‘]dg:tg i ' can be used. A delay is also introduced into the
\
gate drivesignals, sothat there is ashort

Fig. 2.33. Introduction of small capacitors)g, Ccommutation intervaivhen all four transistors

which effectively snub the transistor turn-ofaire off. During the normal QD;, @, and DB
t ransition and can reduce turn-off switching

loss in the SRC operated above resonanceconduction intervalsthe leg capacitors appear
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in parallel with the semiconductoswitches,and have no effect on the convertgperation.
However, these capacitors introduce commutation intervalsaasistor turn-off. When Q is
turned off, the tank current(iTg/2) flows throughthe switch capacitances |gy instead of @, and
the voltage across;@nd Gegincreases. Eventually, thveltageacross @ reaches Y, diode B
then becomes forward-biased. The length of this commutation interval is:

{, = 2Gea Ve
iL(Ts2)

where | (Tg/2) is the tank current at the beginning of the commutation intehealoltage reaches

zero,and B> becomedorward-biased. The leg capacitance{g is chosen sucthat t is longer

(2-43)

than the gate-driver-limited MOSFHIUrn-off time, but ismuch shorter than normal,QD1, Qo,
and B conduction intervals.Thus, the MOSFET isswitched fully off beforethe drain voltage
rises significantly above zero, and nearly lossless snubbing at turn-off odtwedact thanone
of the semiconductor device capacitancestored chargetead toswitching loss ighe major
advantage of zero-voltage switching, and is the most common motivation for its use.

+ng‘ vsa(t) An additonal advantage is the
vs(t) reduction of EMI associated withdevice
capacitances. In conventional PWM
convertersand, to a lesser extent, aero-
current switching converters, significant
high frequency ringing and currespikes
are generated by the rapid charging and
discharging ofthe semiconductordevice
capacitances aturn on and/or turnoff.
Converters in whichall semiconductor
devices switch at zero voltage inherently do

%
\/

<
«Q
N !
—
(2]

>
2
=
>

<

~Y

oY ]
A

| |
| | .
Vat)a | : not generate this type of EMI.
| — | A nonideality not considered in the
! /i ! : > discussion above is the effect of
conducting | I I It , .
devices:: | 81 Ix: 4 8 X 1 §em|conductor package |r_1duc_:tances. These
LAy 4 4 D3 1 "1 Da inductances are open-circuited whenever

commutation

interval the semiconductor device is turneff. In

consequence, switching loss occegual
Fig. 2.34. Waveforms for the circuit of Fig.

2.33. During the commutation interval &l .to the total_ stored _en(?rgy n - these
semiconductor devices are in the off state, arifductances times trewitching frequency.

the tank circuité(t) charges or discharges the This lossmechanism can be significant in

capacitors,
P Geg converters operating with high currents and

low input voltages and at high switching frequencies.
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PROBLEMS

Analysis of the LCC converter

Ve © o ——{——

Hf £ +

The “LCC” converter shown above contains both series and parallel tank capacitors.

a)

b)

c)

d)

Using the sinusoidal approximation methdiohd an expression for the dc conversion ratio M tbiis
converter.

For large G, the circuit becomes essentially a parallel resonanverterwith addedblocking capacitor G.

Use the approximate factorization method to approximate the ttankferfunction H(s) forthis case.
Show that your result of part (a) reduces to the parallel resonant converter M, \aidtedrolloff (inverted
pole) for low switching frequencies due tg.ddentify a resonant frequency and Q fhois case,and sketch

typical curves of M vs. F for a few values of Q>1.

Use the approximate factorization method to approximate thetraméferfunction H(s) forlarge G. For
this case, the resonance occurs at approximately
fo = 1

2V LCy

What is the Q?
For the case wheniG Cp = C, sketch typical [|[H(s)|| asymptotes for the high Q case, &.85 Ry where
RO = L
/' 2Cc

Identify salient features.

26



2.

a)

b)

c)

d)

e)

Chapter 2.  Sinusoidal Approximations

Dual of the series resonant converter

lg LF1
+ :’ICI(t)_—
VQCD VE1(t) 5 C -
g is®) _rzy%ay\_ =
) i (t)
L
- = Le I
_ 1 o =
fo = o1/LC IR(tY Cr R

# T

Lk, Leo, and G arelarge filter elements, whose switching ripplesesmall. Land C aretank elements,
whose waveforms iand  are nearly sinusoidal.

Using the sinusoidal approximation methdéyelop equivalentircuit models for the switch network, tank
network, and rectifier network.

Sketch a Bode diagram of the parallel LC parallel tank impedance.

Solve your model. Find an analyticgdlution for the convertervoltage conversion ratio M = V// as a
function of the effective Qand the normalized switching frequency F/&f Sketch M vs. F.

What can you say about the validity of the sinusoidal approximation focdmgerter? Which parts ofyour
M vs. F plot of part (c) are valid and accurate?

Below resonancedoesthe converter operatavith zero-voltageswitching or with zero-currentswitching?
What about above resonance?
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