CHAPTER 5

The Parallel Resonant Converter

he objective of this chapter is to describe the operation of the parallel resonant converter in

detail. The concepts developed in chapter 3uaesl toderive closed-fornsolutions for

the output characteristics and steady-state control characteristics, to determine operating mode

boundaries, and to findeak componerdtresses.General resultare presentedsing frequency
control for both the continuous andhe discontinuous conductiomodes. Thischapter also
explains the origin of thdiscontinuous conductiomode, which is irnanywaysthe dual of the
series resonant discontinuous conduction mode.

The characteristics of the paraliesonant convertaare quite differenfrom those of the
series resonant converter, and from those of conventional PWM converteraralletopology
canboth step up and stagown the dcvoltage. Although the output characteristics amgain
elliptical, near resonance they exhibit a current-source characteristic. diShentinuous
conduction mode occurs under heavy loading short-circuit conditions, inthe limit). The
transistor currenstressesand conductiorloss depend on the outputoltage, andare nearly
independent of load current.

Although these features mayake the parallekesonant converter ill-suited to some
conventional power supply applicatiorisey can beised toadvantage irothers. Anexample is
given in section 5.4, in which the parallel resonant converter is used to con2Axt18kV high
voltage power supply with current source characteristics. Design considesaganslined, and
the near-ideal operation of an experimental circuttascribed. A secondpplication example is

also explored, in which the parallel resonant converter is used as an off-line low harmonic rectifier.

The converter input characteristics are found, and the advantages and disadvantageRofithe
this application are discussed.
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5.1. Ideal Steady-State Characteristics in the Continuous @duction Mode

A full bridge isolated version dahe paralleresonant converter is given ig. 5.1. For
this discussion, dl.:1 turnsratio is assumed. The converterdiffers from the series resonant
converter because it is the tank capacitatage,rather than the tank inducteurrent, which is
rectified and filtered to produce the dc loaditage. A two-pole L-C lowpassfilter (L and G)
performs this filter function. Hence, we have

V=<l (5-1)

by use ofthe flux-linkage balance principle (Chapter 3) on inducter LThe magnitude of the
guasi-sinusoidaloltage (t) is controllable by variation of thewitching frequency —

becomes large in amplitude neasonance. Hencéhe dc output voltage V is controllable by
variation of the normalized switching frequency #f.
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Fig. 5.1. Full bridge realization of the parallel resonant converter.

The Lr and G filter elements are “largel,e., their switching ripple componenge small
compared to their respective dc components in a well-desigmecerter. Hence,land V are
essentially dc. Also, by charge balance envi have in steady-state

Il = | (5'2)

Typical waveforms are drawn Irig. 5.2 forabove-resonance operation with zeaitage
switching. The input bridge produces a square wave ougiiaige \+(t), which isappliedacross
the LC tankcircuit. In responsethe tank current and tank capacitor voltagg with quasi-
sinusoidal voltages. The bridge rectifier now switches when the tank vpliages throughero.
The peak values of the tank wavefornggtiyand i (t) do not, in generalpccur at thdransistor or
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Fig. 5.2. Typical waveforms for the parallel resonant 1.
converter operating in continuous conduction mode.

diode switching times. In the
continuous conductiommode, four
subintervals occur duringeach
switching period. The circuit
topologies during these subintervals
depend on the conducting states of
the input and outputridges, which

in turn depend orthe input bridge
drive signal and the polarity of the
tank capacitor voltage.

The tank circuits during
each of thefour subintervals are
drawn in Figs. 5.3 5.6. Ineach
case, the tank circuittopology is
identical to that of Fig. 3.15,
repeated inFig. 5.7. The applied
tank voltage ¥ is Vg, depending
on the conducting states of the input
bridge switches, and the applied
tank current ¢ is xlg (= I),
depending on the polarity of the
tank capacitor voltage.  These
voltages are summarized ihable

Table 5.1. Applied tank voltages and cunents for the parallel resonant converter
operating in continuous conduction mode

Interval VT M+t It JT
1 +Vg +1 | -J
2 +Vy +1 + +J
3 —Vg -1 + +J
4 —Vyg -1 —I -J
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Subinterval 1 Q1, Q4, D6, D7 condic

Ve <0
O<wot<a
iL iT:_I
T —"m\l T =
Vg VT:+Vg _|_Vc<0 |

Fig. 5.3. Tank circuit during subinterval 1.

Q2, Q3, D5, D8 conduc
V. >0
Y <wot<y+a

Subinterval 3

T

Ve>0 |

Vg VT =—Vg Jr

Fig. 5.5. Tank circuit during subinterval 3.

Q1, Q4, D5, D8 condic
ve >0
Oa<wot<a+f=y

Subinterval 2

iL iT:+I
. afmnr\l =
Vg VT:+Vg _|_Vc>0 |

Fig. 5.4. Tank circuit during subinterval 2.

Q2, Q3, D6, D7 conduc
Ve <0
y+o < wo t< 2y

Subinterval 4

i iT=-l
T

Fig. 5.6. Tank circuit during subinterval 4.
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Fig. 5.7. General form of tank circuit

topology .
_ Jr
State plane portrait

The normalized state plane trajectéoy the
circuit of Figs. 5.7and3.15 isderived in section
3.3. As Dbefore, the tank waveforms are
normalized according to the definitionsft) = vc(t) / Vg and () = i(t) Ro / V4. The result is
plotted inFig. 3.16and reproduced ifig. 5.8. The tank circuitsolutions followcircular arcs,
centered at the applied tank voltage and current values ji)n= (Mr, Jr), and with radius
dependent on the initial values ogrand | .

One cannow construct the state plane trajectdoy a completeswitching period in the
continuous conduction mode. As shown in Fig. 5.9 tthjectorybegins atogt = 0, at the initial
point (mc(0),j.(0)) = (—~Mco,—J o) for subinterval 1. The tank capacitor voltagaust benegative
(so that output diodesgand By conduct and the circuit of Fig. 5.3 applies), #mel tank inductor

Fig. 5.8. State plane trajectory, for the
circuit of Fig. 5.7.

4
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current is alsodrawn initially
negative for this exampleFrom
Table 5.1 and Fig. 5.8, the
normalized state plane trajectory
follows acircular arc centered at
(mc, ju) = (+1,-J). The radius
of this arc r is the distance
between thanitial point and the
center, and remains constant. As
the tankrings duringthe first |
subintervalthe trajectorymoves

in the clockwise direction around

the center. The first subinterval
ends atot = a, whenthe tank JL(
voltage passes throughzero
(i.e., when nt reacheszero).

The normalized tank current at!
this point is denoted 4.

When the tank capacitofig. 5.9. Typical state plane trajectory, for the parallel resonant
V0|tage passes throughzerol converter Operatlng in COI‘]'[iﬂUOUS CondUCtiOI‘l mOde

output diodes B and Oy turn
off, and diodes Band [y turnon. The circuit ofFig. 5.4 isthenobtained, andhe normalized
state plane trajectory thdallows acircular arc centered at @nj.) = (+1,+J). Theradius p of
this arc is the distance between tingial point (0,J 1) and the centef+1,+J). The trajectory
moves inthe clockwise directiomroundthe center. This subinterval ends @aft = (a+p) =,
when the transistors;@nd Q are turned off and £and @ are turned on.

When the converter operates in steady-stdiie symmetricaltransistor drivewaveforms,
the state-plane trajectory is symmetrical. During the third subinterval, the trajectory is a circular arc
centered at (—1,+J) which ends when the tank capacitor voltage passes through thexmaipait
diodes switch. The trajectory then continues in the fourth subinterval with the center (-1,-J). This
subinterval ends when transistors §d Q are turnedff, ending theswitching period atogt =
2y. If the converter operates in steady-state, therending point ((2y), j_(2y)) coincides with
the initial point (ng(0), j_(0)), and the state plane trajectory is closed.
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Averaging and flux linkage arguments

It is desired to solve fothe converter steady-state output characterigtigtied by the
closed state-plane trajectory &fig. 5.9. This task can involve quite a bit of algebraic
manipulations, but is considerably simplifiedhen the averaging and flux-linkage arguments of
chapter 3 araised first. Asimple relation between the converter dc output voltage and the
normalized tank current boundary valye i3 found here, which then is usedtire next section to
determine the converter output characteristics.

A simplified schematic of the parallel resonant converter is given irbF@, inwhich the
input voltage \, and bridge transistors and dioda® replaced by an equivalesfjuare-wave
voltage source ¥(t). The voltagewaveform w(t), aswell as the tank capacitor and inductor
voltage waveformsg(t) and v (t) are plotted in Fig. 5.11 for a typical steady-state operating point.
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Fig. 5.10. Simplified diagram of the parallel resonant converter, illustrating use of
averaging and flux linkage arguments.

As described irEq. (5-1), insteady-state there is no dc component of volagess the
output filter inductor Iz, and hence the dc output voltage V is equal to the average value of the
rectified tank capacitor voltage <f }». As seen in Fig. 5.11, the tac&pacitor voltage is positive
overthe second and thirdubintervals, and isegative but symmetriduring the fourth and first
subintervals. Hencehe averagever the second and third subintervals tife tank capacitor
voltage must also equal the output voltage, and Eq. (5-1) becomes

tat1Ts
v:2f ve(t) dt (5-3)
Ts ),

where } = a/wyg is the time at thdeginning of thesecond subinterval Equation(5-3) can be

rewritten
V= 2\ (5-4)

where

tatiTs
Ac = f ve(t) dt (5-5)
t
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is the tank capacitor volt-seconds over the second and third subintervals, as illustrated in Fig. 5.11.
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Fig. 5.11. Tank waveforms and flux linkages, over one switching period.
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We can now use Kirchoff's Laws integralform, asdescribed in Chapter 3, to solve the
tank circuit of Fig. 5.10, and hence relateto the tank inductor curremiaveform. In particular,
by Kirchoff's voltagelaw, we have \(t) = v (t) — v (t). Uponintegration ovethe second and

third subintervals, this becomes

)\C = )\T_}\L (5'6)
where

ta+%TS

At = f vr(t) dt (5-7)
ta
ta+%Ts

AL :f v (t) dt (5-8)
ta

Substitution of Eq. (5-6) into Eq. (5-4) yields
V = TL(AT—)\L) (5'9)
s
The quantitiea\.r andA_ can now be found using some simple arguments.

The applied voltage\(t) is a square wave, and hence evaluation of the integead.ir{5-7)
leads to

M o= Vy(@Ts—2) = Vg (B(;OO‘) (5-10)

The quantityA_ is the volt-secondsapplied to the tank inductoover the second and third
subintervals, andan be related to the tank curreisingthe tank inductofflux linkage variation
arguments of Chapter 3. From Fig. 5.2, over these two intervals the tank inductor current changes
from the value +l; to —I 4, for a total change of -2I. This change iselated to the applied volt-
seconds or flux linkages (see Eq. 3-7) by

AL = L (=2L) (5-11)
Substitution of Egs. (5-10) and (5-11) into Eq. (5-9) gives

_ 2|y P-«a

=1

Vg

+ 2L||_1) (5-12)

Normalization of this expression yields
— = (0 +14) (5-13)

where
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_B-a
$=" (5-14)
This is the desired result. Equation (5-13) is used in the next sectelat®otheconverter voltage
conversion ratio M to the state plane diagram via the inductor current boundary yalue J

Solution of state plane diagram

The somewhat lengthy details dfie solution ofthe state plane diagrafor the closed
trajectory in steady state are outlined here for the interested student. The results of this analysis are
closed-form expressions for;Jand ¢ in terms of the normalized load current J and angular
switching half-period, which can be substituted into Eq. (5-13) to determine the converter steady-
state output characteristicther quantities of interest asdsofound, whichallow determination
of peak component stresses and zero-current- / zero-voltage-switching boundaries.

In steady state, the state plane trajectory of Fig. 5.9 is clasddthe ending poirfor wgt
= 2y coincides withthe initial point atwgt = 0. For agiven converter operatingoint, there is a
unigue set of values of anglasand, radii b and B, and boundary values 1] J o, and Mco.

These quantities are found by equating the initial and final points. Because of the symmetry of the
state plane trajectory, an equivalent steady-state condititratghesecond subinterval (which
begins atut = a at the point (04})) should end adgt =y at point (Mco,J o), coinciding with the
beginning point of the third subintervélvhich ends athe point(0,—J]1)). This steady-state
boundary condition is matched below. First, theradii r; and p arefound. The tank capacitor
voltageboundary condition My and the tank inductor currebbundary condition§ are then
matched. The quantities,J and j are thefiound, and are substituted inteq. (5-13) togive the
closed-form converter output characteristic.
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Determine ac radif; 1

An expanded view ofhe upperleft J'L“
portion of the state plane diagram is given
in Fig. 5.12. Fronthe solution oftriangle
ABC, we have

rpsing = (11 - J) (5-15) . 1Uu-b
peost =1 19 +1 (Ja+J) -
Likewise, from the solution of triangle mc

F
DN
DEC, we have g oo TN L Y

rysing = (31 +J) (5-17)

(5-18) Fig. 5.12. Magnified view of state plane trajectory,

rpcos¢ = 1 - : h
illustrating arc radii.
Meaich boundary coriidn on Jo
The right half of the state plane trajectory JJ" 4
LO

is redrawn in Fig. 5.13 fathe above resonance-g---------"-1
case. Atwgt = y (after one half switching
period),the normalized tank inductor current is
jLv) = do-

Subinterval 2 begins at(p) = J1. The )
trajectory travelsaroundthe arc ofradius p Y ’0(’ _}\

centered af{+1,+J). The final value ofj for -~ ‘Q]----
&

this subinterval is J +arsin (1—B—-0), as 4
shown in Fig. 5.13. Bgquating this value to —7 %
J.o, We have N
Jo = J+psin [T-B-) "1
= J+psin @B+ (5-19) \\‘

In steady state, subinterval 3 ends at the \

point j (y+a) = =] 1. The trajectory is an arc \
centered at (-1, +J) with radius rUnderthese
conditions, the initial value of tankinductor
currentisj(y) =J + g sin @ —¢§), by solution

10

y < Tt case

—JL1

Fig. 5.13. Magnified view of right half portion
of state plane trajectory, illustrating boundary
conditions on .
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of Fig 5.13. By equating this value tgJwe have

Jo = J+gsin(@=¢) (5-20)
One can now equate Egs. (5-19) and (5-20) to obtain

rpsin@B+q) = nsin@-=¢) (5-21)
Use of a trigonometric identity for the sine of the sum of angles yields

rz(sinB cos( + cosB sinZ) = rl(sina cosé — cosa sinE) (5-22)

The quantities ocos{, r»sin{, r, cosg, and § sing may now be eliminated using Egs. (5-15)
- (5-18). The resultis

sina — (J1+J)coxx = sinB + (J1-J) coP (5-23)

By now collecting terms, using trigonometric identities, and noting the3)(2 = y/2 and —a)/2
= ¢, one obtains the result

—sind (cos% +J sir%) = J1 cos% coso (5-24)

11
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Maich boundary coridns on My

The capacitor voltage boundary
conditions arematched in a similaway. Refer
to Fig. 5.14. Atwot = y (after one half
switching period), thewormalized tank capacitor
voltage is na(y) = Mco.

Subinterval 2 begins atgo) = 0. The
trajectory travelsaroundthe arc ofradius p
centered a{+1,+J). Itcan beseen fromFig.
5.14 that the final value of @ for this
subinterval is 1 +xcos t — B— (). By
eqguating this value to pb, we have

Mco = 1 +pcos i—-B—{)

5-25

= 1-pcosPB+{) (5-29)
\ 1
\ 1
In steady state, subinterval 3 ends at the N\ :
point me(y+a) = 0. The trajectory is an arci ‘\ '
centered at (-1, +J) with radius rUnderthese E —JL1 '
conditions, the initial value of tank capacitor ' r, cos—-p-¢9

voltage is na(y) = r cos & — &) — 1, BY kig 514 Magnified view of right half portion

solution of Fig5.14. Equating this value to  Of state plane trajectory, illustrating
Mo yields boundary conditions on i,

Mco = L cos (X —E) -1 (5-26)
One can now equate Egs. (5-25) and (5-26) to obtain
l1-pcosB+0 =ncosfi—¢& -1 (5-27)

The solution for Mcg follows the samesteps andusesthe same trigonometric identities as the
solution for Jo, and it yields the following result:

cosd (cos%h] sir%) = 11 cosg sing + 1 (5-28)

12
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L

Fig. 5.15. Two possible trajectories for a given value of M and J, corresponding to angle
¢ of equal magnitude and opposite polarity.

Find solution

An expression fop is now found byeliminating the termd cos{/2) from Eqs. (5-24)
and (5-28). By multiplying Eqg. (5-24) by sin multiplying Eg. (5-28) by co$, and subtracting,
one obtains

cos¢p = cos% +J sir% (5-29)

One can now solve fdr in terms ofy and J, to obtain

¢ == cosl(cos\zl +J sir% (5-30)

with  0<cosl(s) <

Which sign should be chosen in Eqg. (5-30) fbe arc cosine function?For a given
equilibrium choice of M and J, there are two possible valugs pé., the same output abtained
at one value of above resonance and at another valug lzélow resonance. This behavior has
previously been observed ftre paralleresonant converter in Chapter 2. Figbr#5 illustrates
state plane trajectoriger two such solutions, in which is equal in magnitude but opposite in
polarity. The two trajectories have the same values of J gnd JFor the above resonance

13
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trajectory,b, = (B1 —a1)/2 is negative, whilé, = (B> —a5)/2 is positive forthe below resonance
trajectory. It can be shown thiatis zero at resonance, and hence we obtain

Y =Y
f— cosl(cos2 + Jsi 5
Y Y
\+ cosl(cos2 + Jsi 5

) , for 0 <y<Tm (above resonance)

¢ = (5-31)

), formm<y< 2t (below resonance)

This is the desired closed-form solution ¢grin terms ofy and J.

This expression fop can now be substitutednto the previous boundarycondition
equations to find similar solutions for the other quantities of interest. The results are

3= —S'”"\’/ (5-32)
COSE
Jo = —(F-1) tar% (5-33)
Mo = —> S'”j’ (5-34)
COSE

These are the desiretbsed-form solutions for d, J o, and Mco. They are valid ircontinuous
conduction mode, both above and below resonance.
Finally, one can now substitute Eq. (5-32) into Eq. (5-13) to obtain

_ (2} _SIN® i
M (y)(q) COSV) (5-35)
2

This is the desired closed-form solution for the converter steady-state output characteristics.

the normalized load current J and the half-switching-period-gnglee carevaluateEq. (5-31) to
find ¢, and therevaluateEq. (5-35) tofind the converter voltageonversionratio M. In other
words, the output voltage can be found fagivzen load current and switchirigequency, without
need for computer iteration.

14
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Output characteristics

The steady-state output characteristics of ghrallel resonant converter operating above
and below resonance in the continuous conductiode,are plotted inFig. 5.16. This plot was
generated using Egs. (5-31) and (5-35). gigen values of normalized switching frequency F =
fs/ fo = 1t/ g, the relation between the normalized output current J and the normalized output
voltage M is approximately elliptical. At resonance (F=1), the ellipse degenerates to the horizontal
line J=1, and the converter exhibits curresburce characteristics Above resonance, the

converter can both

3
I \ F=0.5 step upthe voltage
25 0.6 (M>1) and step
5 1 \ down the voltage

0.7\ (M<1). The

= 157 '0'8\-$\ normalized  load
0.9 . :
1 1.0—— \\ \\ current is restricted
] 1.1
I 1.2- T~ to J<1,

7”\2 N1 1-3‘\‘ \ corresponding to

0 +—+—+— St o S 1<V ¢/Ro. For a

0 0.5 1 15 2 2.5 given switching
M

frequency  greater

Fig. 5.16. Output characteristics of the parallel resonant converter in thghan the resonant
continuous conduction mode. The solid portions of the lines are v?lid
CCM characteristics; shaded portions are invalid. requency the actual

limit on maximum

load current is even more restrictive than this limit. Belesonancethe converter caalso step
up and steglown the voltage. Normalized load currents J greater than arealso obtainable,
depending on M and F. However, no solutions occur when M and J are simultaneously large.

For sufficiently large J, both above armklow resonance, a discontinuocgnduction
mode can occur (th&®CM) which causesthe characteristics to deviafeom the preceding
equations. Thisnode isdiscussed irBection5.2. In consequencehe dashed portions of the
lines in Fig. 5.16 are invalid.

The characteristics of Fig. 5.16 look remarkalikg ellipses. In factthese characteristics
can be well-approximated by ellipses of the form

'\"22+$ =1 (5-36)
[,

1 Actually the converter functions as a gyrator (Fig. 4.36), with gyration conductance g = 1/Ry.

15
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These approximating ellipses are centered abtlggn. The parameters a and b canfbend by
evaluating the open-circuit voltage and closed-circuit current predictédjdy(5—31)and(5-35).
The result is

@ =M _ = 1—(\2/) tan(;’) (5-37)
1—coe(y) ’
b2 =R, -, = Sm(Z)Z (5-38)

Note that b is not theactual converter short-circuit current because of the existence of the
discontinuous conduction mode described latéfowever, tothe extent that theutput filter
inductor Lr contains negligible current ripple, it is trthet the value is the open-circuivoltage.

Approximation (5-36) is surprisingly accurate.
Control plane characteristics

One cannow alsoplot the control plane characteristiag®. the outputvs. switching
frequency for a linear resistive load R. Define the converter Q factor as

Q = Rﬂo (5-39)

The normalized load current J is then related to M by

J=M 5-40
0 (5-40)
This equation isqow used teeliminate Jfrom the output characteristics. Tl&act control plane
characteristics can be plotted by computer iteratiogd. (5-31), (5-35)and (5-40) ifdesired.
Alternatively, the approximate elliptical characteristic of Eq. (5-36) can be used in conjunction with
Eq. (5-40) to plot the contrgllane characteristics in closéam. Substitution ofEq. (5-40)into
Eq. (5-36) and solution for M yields
M= 1 5-41
1, 1 ( )
2 Q2
wherea andb are functions of switching frequency and are given by Egs. (5-37) and (5-38).

The exact control plane characteristics are plotted in Fig. 5.17 for various values of Q. The
exact solution at resonanfle=1) is M=Q. Loading theconverter, corresponding to reducing the
values of Q and R, causes the output voltage to decrease, and results jpeakedscharacteristic
nearresonance.Equation(5-41) gives a goodpproximationfor thesecurves, except attow Q

16



Chapter 5, The Parallel Resonant Converter

(high current) and at low F (approachifgb) because of the existence of tHescontinuous
conduction mode. This figure was plotted by computer iteration of Egs. (5-35) and (5-45).

3.0

S

204 \

AN

0.5 | \\
%‘k§%
0.0 : : : : —
0.0 0.5 1.0 15 2.0 25 3.0

F

Fig. 5.17. Exact control characteristics of the parallel resonant converter, for F>0.5.

5.2. Discontinuous Conduction Mode (DCM)

A discontinuous conduction modreechanismoccurs inthe parallelresonant converter
which is the dual of thediscontinuous conduction mod®&echanism of theseries resonant
converter. In this mode, a discontinuosisbinterval occurs in whiclall four output bridge
rectifier diodesare forward-biased, andhe tank capacitor voltage remainszato. Thismode
occurs both above and below resonance when the converter is headdg. In this section, the
operation of the converter in the DCM is explained, mode boundagésund, and the converter
output plane characteristics are modified to account for this mode.

Reason for occurence of DCM
The parallel resonant converter circuit isdrawn in Fig. 5.18(a)with the inputswitches
replaced by an equivalestjuare-wavevoltage source. Typical tank inductor curreng (t), tank

capacitor voltage(t), tank capacitor curreng(t), and bridge rectifier current(t) waveforms for

17
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the continuous conduction mode are sketched in Fig. 5.18(b). During the first subintsrvat O
< a, the tank capacitor voltage is negative, and hdmmoes @ and [y conduct. Neathe end of

this subinterval, the tankapacitor current is positive and is equalda=ii_ + I. This causes the
tank capacitor voltage to increase towards zero.

Let us consider what happens at timg wa. The tank capacitor voltage reacheso, and
hence the bridge rectifier diodes attempt to swaigbhthat D5 and [y arereverse-biased, andsD
and Oy conduct. The tank capacitor current would then becemae,i— |. Provided that this new
value of ¢ is still positive,the capacitor voltage then continuesriorease. This isndeed what
happens in the continuous conduction mode, as represented by the waveforms of Fig. 5.18(b).

However, if g(a*) = i. — | is negativdi.e., if ii(a) < I) then the capacitor voltageould
decrease after thdiodes switch. The capacitor voltagevould therefore again becommeegative.

But this cannohappen because thdiodes do not switch unlesg \becomespositive. Hence,
diodes @ and Oy cannot turn off at yt = a, and a new discontinuous subinterval occurs in which
all four diodes [3-Dg conduct.

18
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Fig. 5.18. Parallel resonant converter continuous conduction mode operation, near the
discontinuous conduction mode boundary: (a) simplified circuit, (b) tank waveforms.
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A state-plane interpretation of the A
reason forthe DCM is given in Fig. 5.19.
An invalid CCM trajectory isdrawn, for
which J; < J. The trajectoryfor the
second subinterval, corresponding to
conduction of diodes Dand I, is a
circular arc centered atgx 1,j =J. This
can occuronly for mg > 0, yet the

Invalid!

geometry of the state plarslhowsthat the
circular arc must extend into negative
values of m@. Hence the CCM cannot

occur for the operating point illustrated in
Fig. 5.19.

Mc

CCM-DCM bounday

As discussed abovehe condition
for operation in the DCM is

iL@-1<0 (5-42)

In normalizedterms, j(a) is J;. The Fig. 5.19. Aninvalid state plane trajectory, predicted
by the CCM analysis.

closed-form expression fof Jis given in
Eq. (5-32). Hence, Eq. (5-42) can be written

J1<J (5-43)
for operation in DCM. Substitution of Eq. (5-32) into Eq. (5-43) and solution for J yields

J >3t for DCM

J < it for CCM (5-44)

where it = —% sin(y) +\/sin?(\2/) +i Sire (y)
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Fig. 5.20. Boundary between the continuous and discontinuous conduction
modes (bold line), superimposed on the CCM elliptical characteristics.

The boundary J =¢g; is plotted as a dotted line iig. 5.20. For aiven switchingfrequency,

Jerit IS evaluatedfrom Eq. (5-44). The correspondingvalue of M on theboundary isthen
evaluated using Egs. (5-31) and (5-35). DCM occurs for values of J above the boundary and M to
the left of the boundary. ¢4} is equal to zero at F 8.5, with M=1; hencehe convertealways
operates irbCM for F = 0.5. Atresonance, J is unitgnd one carshow that the converter
operates in DCM for M < 2 For frequencies approachinginity (y-0), k. and M approach

zero and the convert@lways operates iICCM. The double-valued nature of tiRRC output
characteristics makdsig. 5.20somewhat confusing becauge output characteristics apparently
crossthe 4t vs. Mcurve twice; however, for agiven frequency only one of theseossings
corresponds to J =zl

DCM solution

The waveforms for the DCM are given in Fig21. During thediscontinuous subinterval
(a< wot < d), the tank capacitor voltage remainszato,andall four bridgerectifier diodes 3 —
Dg conduct. The inductor current increases with constant slgfhe dhtil, at wet = d, i(d) = 1.
At this time, diodes Pand [ become reverse-biased, aheé third subintervabegins. The state
plane diagram for the DCM is given in Fig. 5.22.

By state-plananalysis,the steady-stateolution for thismode can bealetermined. The
result is the following set of equations:
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Fig. 5.22. State plane diagram, discontinuous conduction mode.

Unfortunately,the solution to this set of equations is rkoiown in closedform, because of the
mixture of linear and trigonometriterms. In consequencdhe equationsmust be solved
iteratively. For a given g and J, a computer is used to iterativelyifendngles a, b, and d. M s
then evaluated, and the output plane characteristics can be plotted. The result iskjiyeh.23.
The dotted lines are tH2CM solutions,and thesolid linesare the valid CCMsolutions. Figure
5.23 describesthe complete ddehavior of theparallel resonant convertefor all switching
frequencies above/R.

Note that the DCM solutions curve up sharply near the J-axis. The short-circuit current can
be shown to be

Jsc = J| =% (5-46)

M=0

This current is somewhat greater th#re value (incorrectly) predicted by thsontinuous
conduction mode solution.

It should be notedhat there is another type discontinuous conduction mode which can
occur in the parallel resonant converter. This mode occurs due to the switching ripple in the output
filter inductor current, and is similar to the discontinuous conduction mode in EMuérters. It
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occurs atlight load (low J), whenthe dc component of output current less than the peak
magnitude of the filter inductor currenipple. Thiscondition leads to an additional subinterval
during which all four output rectifier diodes are reverse-biased. Iteffect on the output
characteristics is to cause the output voltage to increase at light load.
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0.00 0.50 1.00 1.50 2.00 2.50

M

Fig. 5.23. Complete output characteristics of the parallel resonant converter, valid in both CCM
and DCM, for F>0.5. Solid curves: CCM. Dotted curves: DCM.

5.3. Design Considerations

In this section, the analyses and results of the previous two sections are extendeddo
componenstresses.Some simple argumenése given, whichexplainhow the peak component
stresses of the parallel resonant converter in the CCM depend on load voltage but ootréred
These results are applieddesign a simple off-line dc-dc convertedgetailed sample calculations
are given.

Peak component stresses

It can be shown that the normalized peak tank capacitor voltage is

[V(Mco+ 1P+ (I - 3% -1 whe(o > J
Wi+ @-p+1 when o)< J

for the continuous conductiormode, and is given by thefollowing expression for the
discontinuous conduction mode:

Mcp = (5-47)
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V(Mo + 1P+ (202 -1 whefdo> )
ML wheg <)

It also can be shown that the normalized peak tank inductor current, which coincidtee vadiak
transistor current, is

(5-48)

J|_p _ /‘JLO WhQMCO <1 and & > 0) (5_49)
\J +4/ (J1—=JF+1 when(Myop>1 or Jp<0
This expression is valid only for CCM. For DCM, the corresponding expression is
wheny -6 <1/2
3y = f Jdo y ) (5-50)

|3+1  whefy-82m2)

The derivation of these results, by state plane analysisnitted here. The normalized peak tank
inductor current is plotted ifrig. 5.25(a)and 5.25(b), for both CCM and DCM, and the
normalized peak tank capacitor voltage is plotted in Fig. 5.26. It can be seen thaC @M, the
peak tank inductor current characteristics are nealical lines; i.e., the peakcurrents are
approximately proportional to the output voltage, and are nearly independent of muteuat. In

the DCM, the situation iseversedand peak current is approximately proportional to load current
instead of load voltage.

This behavior is quite unusual, because it implies that in CCM, decreases in load current do
not cause corresponding decreases in transistor currents or in conthsgeEs [trigin can be
understood usinthe approximateinusoidal arguments of chapter 2. &se ofthe volt-second
balance principle on theutput filterinductor, we knowthat the doutput voltage is equal to the
average rectified tank capacitor voltage:

V =<kl (5-51)

If the vc(t) waveform is sinusoidalthen the relation between its peak value and its average
rectified value is

Mcp O glvl (5-52)

Equation(5-52) is aquite good approximationexcept in thediscontinuous conduction mode or
near the modéoundary. Itstatesthat the peak capacitor voltage is directly related to the load
voltage, and there is veligtle dependence on the loadrrent. Indeedthe peak-to-average ratio

of the exact tank capacitor ac voltagaveform exhibits only a second-order dependence on the
load current in the continuous conduction mode.

25



Principles of Resonant Power Conversion

MNormalized Output Current, J

Fig. 5.25(a)
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Curves of constant Jy p, valid for both CCM and DCM, in the single frequency

region of the output plane and above the peak frequency in the double frequency region.
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Fig. 5.25(b)  Curves of constant Jy,, valid for both CCM and DCM, below the peak frequency in the
double frequency region of the output plane.

27



Principles of Resonant Power Conversion

— Exact Analysis
...... _Appr aximate

Boundary Of Allowed
ﬂl{:-&rminn For Fz0.5

T

I'

53.:3 35 40 45

Normaolized Output Current, J

Normalized Qufput Voltoge, M

Fig. 5.26(a) Curves of constant Mcp, valid for both CCM and DCM, in the single

frequency region of the output plane and above the peak frequency in the
double frequency region.
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Fig. 5.26(b)  Curves of constant Mcp, valid for both CCM and DCM, below the peak frequency in
the double frequency region of the output plane.

So to maintain the output voltage, the tank capacitor must be charged each cycle to a peak
value of Vcp = Vr/2.. This charge must be supplied by the tank inductor, and hence the peak tank

inductor current (with transformer turns ratio of 1:1) is approximately

I, = %% (5-53)

or in normalized form,

I =2 M (5-54)

Again, these approximations are reasonably accurate only for the continuous conduction mode.
Hence, the peak inductor and transistor currents are also proportional to the output voltage, and
exhibit only a second-order dependence on the load current.

For the usual dc voltage regulator application, it is unfortunate that Eq. (5-53) is true. In

this application, the output voltage V is regulated to be constant and independent of load current.
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The peak transistor current therefore is essentially independent of the load current. The
characteristic impedance Ry must be chosen such that the desired full-load output current is
obtained; if the worst-case operating point (maximum load current I,,x and minimum input voltage

Vemin) 18 chosen to correspond to the output plane point (Mpax, Jmax), then Ry must be chosen as

V .
Ro = Jpax (5-55)

According to Fig. 5.24, operation of the converter with large values of J is not possible, and typical
values of Jy,ax are close to unity. In consequence, according to Eq. (5-55), for a specified Vgmin
and I,,,,x the maximum allowable value of Ry is limited.

The peak transistor current (with a 1:1 transformer turns ratio) at this operating point can

now be estimated by plugging Eq. (5-55) into Eq. (5-53), to obtain

VI
I, = & _ Y max (5-56)
Lp 2 ngin Jimax

This predicts that the peak transistor current does not vary with I or Vg, but depends only on the
worst-case values Ijyax and Vgmin. To the extent that Eq. (5-53) is a good approximation, the peak
current is essentially unchanged as the load current is reduced. In fact, depending on the design, the
exact peak current given by Eq. (5-49) may even increase somewhat as the load current is reduced.
Furthermore, it can be seen from Eq. (5-56) that, to minimize Iy , J;ax should be chosen as large as

possible.
Design example: Off-line dc-dc converter

Let us next consider the design of a transformer-isolated dc-dc parallel resonant converter,

to meet the following specifications:

input voltage: Vg, = 270Vdc +20%
with  Vgpax = 324V
emin = 216V

output voltage:regulated SVdc

SO V =5V
load current: max. load current I,,x = 40A
min. load current I,;, = 4A
SO Liax = I = Lain
maximum switching frequency: fsmax = 1 MHz

Operate MOSFET devices with zero voltage switching.
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As in the case of the series resonant converter, these specifications imply that the locus of

possible operating points is the trapezoid of Fig. 5.27. The voltage conversion ratio M can vary

over the range

Mpax =2 M = My
where
Mpax = —V—
max anmin
Mmin = —Y—
min anmax

and the transformer turns ratio is 1:n

(5-57)

For a given value of M, the normalized load current J can vary over the range

T I
M2RM5JSM2RM
n OV n OV

or,
M 7 M
anax Qmin
with
Q=R
n? R()

(5-58)

Equations (5-57) and (5-58) describe the trapezoid of Fig. 5.27. The maximum value of J is

therefore

Jmax = Mmax n? R Imax/V = nRg Imax/ngin

(5-59)

The converter design problem involves choice of L, C, and n, such that the specifications are
met and a good design is obtained. This is equivalent to selecting n, Ry, and fy, or alternatively

M nax, Jmax, and fo, since these quantities are all related by the following equations and definitions:

27 f()
— 1

€= 27 f() R()
f,

f, = Ismax

0 Finax

n = v
Minax ngin
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2
Ry = Jmax ngin = Jax Minax ngin
n Imax \% Imax

Hence, the designer is free to choose Mpax and J,,x to be any point in the output plane for which
the converter has a solution. The converter steady-state output characteristics can then be used to
find F at this point, and Egs. (5-60) can be used to determine L, C, and n. Thus the design problem
is reduced to selection of M,,x and J,x.

As with all design problems, there is no single correct answer, and the engineer must
evaluate several tradeoffs. It is generally desired to select Mp,,x and J,x such that (1) the peak
component stresses are low, (2) the range of switching frequency variations is moderate, (3) the
converter is able to operate with the specified range of variations in I and V,, (4) zero voltage
switching is obtained throughout the specified range, and (5) the converter is tolerant of expected
parasitic element values. One good approach to arrive at a suitable tradeoff is to use a computer
spreadsheet for evaluation of component values and stresses as a function of the choice of My,
and J.x. Several values can be tried, and the best tradeoff can usually be quickly found. A sample
set of calculations which illustrates how to set up such a spreadsheet is given here.

Zero current switching occurs for operation below resonance with J < 1. Zero voltage
switching occurs when the converter operates above resonance, or below resonance with J > 1.
Since for this example it is specified that the converter should operate with zero voltage switching,
let us choose to operate the converter above resonance, i.e., with F > 1.

As noted previously, the above-resonance CCM characteristics are restricted to J < 1. It was
also previously noted that peak current stresses are minimized by maximizing J. Hence, Jax
should be chosen close to unity. To allow a small margin to account for tolerances in the tank
element values, let us choose J;,x = 0.9.

The choice of M,ax 1s more dependent on the specific application requirements. Increasing
Max causes the converter switching frequency to be closer to resonance. In consequence, the
converter effective Q-factor is increased, the tank characteristic impedance is decreased, and the
range of switching frequency variations required to regulate the load voltage is reduced. The
resulting design will exhibit a smaller tank inductance, a larger tank capacitance, and a lower
transformer turns ratio. These points are discussed in more detail later in this section.

Let us make the somewhat arbitrary choice Mp3x = 1.2. The converter operating region is
then as shown in Fig. 5.28. The values of normalized switching frequency F at the various
operating points can now be estimated graphically from this figure, or they can be solved exactly by
numerical iteration of Egs. (5-31) and (5-35) to solve for g = s/F at the various given values of M
and J. The results are listed in Table 5.2.
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Table 5.2.Design example: summary of converter behavior at various operating points

point | Vo, { T i M { J i F |, kHz | Ipk i Vepk |

A |216 0 40 P 12 1090 1 106 : 746 ‘202 : 437 | ZNS

.B .26 ;o4 i 12 ¢ 009 : 129 & . Oll 228 : 400 @ ZVS

LCo|.324 0 4 0 08 © 006 : 142 i 1000 : 256 ! 398 :ZVS.
D | 324 i 40 i 08 | 060 : 126 : 884 L 46 | 7VS

It can be seen from Fig. 5.28 and Table 5.2 that the maximum value of F occurs at point C,
for which F = 1.42. Since the maximum switching frequency is specified to be 1 MHz, we should

therefore choose the tank resonant frequency fj to be

f, 1 MHz
f, = Lsmax = 704 kH 561
0= E T 142 g (>-61)

The minimum switching frequency occurs at point A, where Fa = 1.06. The value is
fsmin = fo FA = (704 kHz) (1.06) = 746 kHz (5-62)

The transformer and filter components must be sized to operate at this minimum frequency.
The characteristic impedance Ry is found by evaluation of Eq. (5-55):

V..
R0 = JmaX R = (0'9) (216V)

= 252Q 5-63
Imax (40A) 69

The values of L, C, and n can also now be evaluated using Eq. (5-60):
Ry _  (252Q)

L = = = H -64
oy - 2m(104kHz) - M (5-64)
c=_—1_ = 1 = 900 pF
dnfy Ry  2m (704 kHz) (252Q)
n A\ = (5V) = 0.0193

" Muax Vgmin ~ (1.2) 216V)

An NPO-type multilayer ceramic capacitor would typically be used in this application.

The peak tank inductor current and peak tank capacitor voltage, both referred to the
transformer primary, are computed next. These quantities can be calculated at each operating point
by evaluation of Eqgs. (5-47) and (5-49), and by use of Egs. (5-31) through (5-34) to find the
intermediate variables j, Ji 1, JL0, and M. For example, at point A, we have

yv=2

E = (I.T(§6) = 2.96 radians (5-65)
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— cos! (cos (;) +J sin (Y))

(P =
2
— _ coc-l 2.96 rad in [2.96 rad
= —Cos (cos( ) )+ (0.9) sm( ) ))
= —0.17 radians
L = - Smcs _ _sin (‘3'9167;:‘? = 1.95
cos (2) cos (?)
o = —(J2—1)tan(Y) = —((0.9)2- 1) tan (M) = 2.14
2 2
Meo = —Jsing _ —(0.9) sin (-0.17 rad) - 176
y) cos (2.96 rad)
COS 5 2

Jip = T+V AL -D2+1 since Mo > 1

0.9 + «/((1 95)-(0.9))> + 1
2.35

V. 216V
Ip = JipIbase = JLpﬁ = (2.35) ((252 93 = 2.02A

Mcp = V(Mco + D2+ (J =T -1 since Jpg>J
= /((1.76) + 12 + ((0.9) - (2.14))* -1
= 2.02

Vep = Mcp Viase = Mcp Vg = (2.02) (216V) = 436.89V

Similar computations can be performed to find the peak stresses at other operating points. The
results are summarized in Table 5.2. It can be seen that the peak current occurs at point C, and is
equal to 2.56A, while the peak tank capacitor voltage occurs at point A, and is equal to about 437V.
The minimum switching frequency is 746kHz.

For comparison, designs using the same specifications but different choices of M;,,x and/or
Jmax are summarized in Table 5.3. The first line is a summary of the design given above, with
Mpax = 1.2 and J ;a5 = 0.9. In the second line, the effect of increasing M.« to 2.5 is given. It can
be seen that this results in reduced switching frequency variation, as well as a small reduction in
peak current. However, this performance comes at the expense of a substantial increase in peak
tank capacitor voltage. In a similar manner, as seen on the third line of the table, decreasing M,ax

to 0.5 causes the switching frequency variation and peak current to be increased, but allows
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reduction of the peak tank capacitor voltage. The fourth and fifth lines reveal the effect of
decreasing J,,x. It can be seen that this causes the peak current to be increased, with very little
influence on the peak tank capacitor voltage. The minimum switching frequency is increased
slightly.

Table 5.3.Converter performance vs. My, ax and Jyax

Mimax  Jmax min. f L C 1/n pril,i  pri Vepk
1.2 0.9 746 kHz 57 uH 900 pF 52 2.56 A 437V
2.5 0.9 856 kHz 102 uH 370 pF 107 2.12 A 871V

0.5 0.9 577 kHz 31 uH 2.8 nF 22 431 A 213V

1.2

1.2

0.75 800 kHz 48 uH 1.1 nF 52 3.07A 427V
0.5 846 kHz 32 uH 1.6 nF 52 4.60 A 412V

54. A high voltage paralld resonant converter

The parallel resonant converter is particularly well suited to applications involving high
voltage dc outputs. In this application, the winding capacitance and leakage inductance of the step-
up transformer, as well as secondary-side capacitances, typically have a profound effect on the
converter behavior. In switched-mode converters, the leakage inductance causes undesirable voltage
spikes during the transistor turn-off transition, which can damage circuit components. Also, the
winding capacitance leads to current spikes at the transistor turn-on transition and slow voltage rise
times. Both nonidealities typically lead to greatly increased switching and/or snubber losses, with
reduced converter efficiency and reliability. The parallel resonant converter avoids these problems,
because the transformer leakage inductance and winding capacitance can be incorporated directly
into the basic converter operation, and can wholly or partially replace the resonant tank elements.
The converter waveforms then closely follow their ideal textbook shapes, and the converter operates
efficiently and reliably. Indeed, other topologies such as PWM or even the series resonant
converter, when used in a high voltage application with a non ideal transformer, are likely to exhibit
parallel resonant converter behavior, whether intended or not. This is true because the transformer
nonidealities form a parallel tank circuit.

The design and operation of a high voltage parallel resonant converter is outlined here, for

the following specifications:

input voltage 24 volts
output voltage 8kV
output current 1 mA
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Simple high voltage transformer model and its implications for the PRC

The experimentally measured impedance of a high voltage transformer, designed for use in
a 24V input, 8kV at ImA output dc-dc converter, is shown in Fig. 5.29. The measurement was
made at the primary winding, with the secondary open-circuited. The transformer has a turns ratio
of 1:68.75. The Bode plot shows the transformer primary self-inductance at frequencies below
15kHz. Evaluation of the low frequency asymptote yields the value 1.86mH, essentially equal to
the magnetizing inductance referred to the primary side. Between 15kHz and 200kHz, the
impedance appears capacitive. By evaluation of the asymptote, this effective winding capacitance is
approximately 12pF referred to the secondary, or 0.055uF referred to the primary. This is a quite
substantial amount of capacitance, and can severely degrade the operation of a PWM converter.
The effects of the leakage inductance can be seen above 200kHz, where the impedance is again
inductive. The asymptote predicts a total leakage inductance of 11xH referred to the primary.
Additional resonances occur at yet higher frequencies.

This suggests that the transformer can be modelled by the lumped element circuit of Fig.
5.30. This model is valid for the given transformer at frequencies up to 400kHz, but breaks down
at higher frequencies because the leakage inductance and winding capacitance are actually
distributed parameters. However, this model does predict the behavior of a high voltage parallel
resonant converter quite accurately.

Insertion of the transformer model into a half-bridge parallel resonant converter yields the
circuit of Fig. 5.31. It can be seen that the leakage inductance is effectively in series with the tank
inductance, and the winding capacitance is effectively in parallel with the tank capacitance. Provided
that the parallel resonant converter can be designed to operate well with tank component values
equal to or greater than the transformer model values, then transformer nonidealities do not degrade
the operation of the circuit.

A voltage multiplier can easily be incorporated into the circuit, as shown in Fig. 5.31. The
multiplier is current-driven, and allows reduction of the transformer turns ratio and diode voltage
ratings, at the expense of increased output filter capacitance.

The output filter inductor L¢ of the parallel resonant converter can become a large and
expensive element in high voltage applications, comparable in size to the high voltage transformer.
Fortunately, it is possible to remove this component altogether, without degrading the performance
of the converter. Although this leads to a qualitative change in converter operation, it is still possible
to obtain a good design, without increasing component size or peak currents. This is an important

option for high voltage applications, and is incorporated into the converter of Fig. 5.31.
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The parallel resonant converter with no output filter inductor

With the output filter inductor removed, the tank waveforms are modified as illustrated in
Fig. 5.32. Several modes of operation can occur, depending on the order in which the
semiconductor devices switch. A new analysis must be performed to solve this case, although the
results do not differ greatly from those of sections 5.1 and 5.2. Such an analysis is given in [1] and

is not repeated here. The result for one of the most important modes, mode 1, is

J = iB—(l—Mz) (y—00)? + 2 (=) (14+M)VM — 2M} (5-66)

with

This mode occurs provided that

sin (o) + (y—a) cos (o) > 0 (5-67)
and

Y > o+ sin ()

Otherwise, the converter may operate in mode 2, mode 3, or another mode. The output
characteristics for modes 1, 2, and 3 are plotted in Fig. 5.33. The converter operates in mode 1
under short-circuit conditions, and hence the short-circuit output current can be found by
substitution of M=0 into Eq. (5-66). The result is Jsc = g/4 = m/4F. The converter is again
capable of both increase and decrease of the output voltage with respect to the input voltage, and
large output voltages with near current-source characteristics are obtained near resonance. Analysis
of modes 1, 2, and 3, including output characteristics, mode boundaries, conduction losses, and peak

component stresses, is given in [1].

5.5. A Low Harmonic Rectifier

Another application of the parallel resonant converter is as a low harmonic rectifier, in which
the converter input voltage vy(t) is a rectified ac line voltage of the form Vgpy Isin wtl, and the

converter input current is controlled, by variation of the switching frequency, to follow the input
voltage. The input current ig(t) is then of the form vg(t) / Re, where R¢ is the “emulated resistance™

of the input port. The output is an essentially constant dc voltage V.
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The use of the parallel resonant converter in this application has several advantages. The
use of zero-current- or zero-voltage-switching allows the use of IGBT’s at switching frequencies of
20-200kHz with high efficiency. A 1.4kW transformer-isolated PRC rectifier has been reported
using IGBT’s switching at 45-75kHz, with a full-load efficiency of 93.8% [8]. When operated
above resonance, the converter can operate with both buck and boost voltage conversion ratios, and
hence inrush current limiting is possible. Transformer isolation is easily obtained, and the converter
can operate ideally with significant transformer leakage inductance. The output rectifier diodes
switch at zero voltage, and also do not lead to switching loss. The converter naturally exhibits a
high impedance input, and hence the open-loop input current waveforms are closer to sinusoidal [7]
than are the peak-detection-type waveforms of the open-loop PWM boost converter. Hence, the
converter is easier to control, and a high quality input current waveform can be obtained with a
simple and lower-bandwidth control loop. The converter output current is nonpulsating.

With these advantages come some disadvantages. Many of the converter losses are
independent of the load current, and hence the converter efficiency at light load is relatively low.
The converter peak currents are higher than in PWM approaches. The converter requires a high-
quality tank capacitor, usually a multilayer ceramic of the NPO type. The input current is pulsating,
and hence an input EMI filter is required. For a given application, these disadvantages must be
weighed against the advantages listed above.

In this section, the behavior of the parallel resonant converter in low harmonic rectifier

applications is discussed.
Rectifier analysis

In design of a low harmonic rectifier, the converter input characteristic (input current ig vs.
input voltage Vv,) is of major interest. It is desired that this characteristic be linear and resistive in
nature. From this characteristic, one can deduce how the closed-loop switching frequency and other
quantities must vary as the ac input voltage changes, so that such a linear resistive characteristic is
attained. The analysis of the preceeding part of this chapter, in which the output characteristics are
determined, is not well-suited for rectifier design. Since the waveforms are normalized using the
input voltage v, (t) as the base voltage, all normalized quantities diverge at the zero crossings of the
input voltage waveform. Furthermore, since the base voltage vy(t) varies with time, the actual
waveforms do not have the same shape as the normalized quantities. Hence, the results of the
preceeding dc-dc converter analysis need to be adapted to be better suited for the ac-dc rectifier
case.

To avoid the problem of divergence at the input voltage zero crossings, it is necessary to
choose a different (constant) quantity as the base voltage for normalization. A suitable quantity is
the dc output voltage V. All other base quantities can then be defined as in Table 5.4. A
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transformer with 1:n turns ratio is assumed, and base quantities are given with respect to both the
transformer primary and secondary. The rectifier terminal waveforms are then as given in Table
5.5.

Table 5.4. Normalizing base quantities, rectifier applications

primary secondary
baseimpedance | Rg=VL/C i 2Ry
basevoltage e V/nV ...............................
basecurrent | V/imRy) i L NI@Ry
base power V2 /(n2 Ry) V2 /(n2 Ry)

Table 5.5. Definition of rectifier normalized terminal signals

normalized quantity basic quantity
acinputvolage | me®=nve®/V i w®=m(®V/n
acinputcurrent | O=1OMR/V  ©=jOV/Ry
deoutputvoltage | o R . A
dc output current j©) =n2Rqi(t)/ V i(t) = j(t) V/n2Rq

The definitions of Tables 5.4 and 5.5 can be substituted into the converter solution, Egs. (5-
31) and (5-35), to obtain the following expression for the rectifier normalized input characteristic in

the continuous conduction mode:

f— COoS

o Y Y
Jg sm(2)+cos(zﬂ forO<y<m

@ = (5-68)
\+cos jgsin% + cos ;} form<y<2m
mg =4 L (5-69)
2 sin @
P~ cos (v/2)
The rectifier operates in continuous conduction mode provided that
jg < jgcrit (5-70)

. . . Y .
where jgcrit = — 2l sin (y) + \/sm2 (2) + 4L sin? (y)
Equation (5-45) can be adapted in a similar manner to find the discontinuous conduction mode

rectifier characteristics.
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The complete parallel resonant converter input characteristics are plotted in Fig. 5.34. These
characteristics show how the input current will vary, as a function of the input voltage and switching

frequency. For example, consider the open loop case with F = 0.8. If the applied input voltage is a
rectified sinusoid, so that mg(t) = nvg(t)/V is of the form

my(t) = Mgpk | sin(wt) | (5-71)

then m, varies between zero and Mgpx. The F = 0.8 characteristic is used to find the resulting
open-loop input current. The result for Mgk = 0.9 is shown in Fig. 5.35. when my is less than
approximately 0.44, there is no converter solution and the input current remains at zero. The input
current then rises quickly, and the input current assumes the flattened shape shown in the figure.
While there are substantial harmonics in this waveform, their magnitudes are nonetheless much
lower than the peak-detection-type waveforms generated by open-loop PWM converters. As a
result, it is easier to correct the input current waveform of PRC-based rectifiers than PWM-based

rectifiers.

J 2.50 —
_ iy Ro/NV . F=0.55
g o 2.00 = 0.6
. 0.7
1.50 —: //”’ 08
] y 4 0.95 o'gi
1.00 -] F i i 1.0—
- To—17
] 1.3—
0.50 —
. /1.5—
OOO ] 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1
0.00 0.50 1.00 1.50 2.00

Fig. 5.34. Input characteristics of the parallel resonant converter. Solid lines: CCM solutions.
Shaded lines: DCM solutions.

Fig. 5.35. Normalized input current waveform of the open-loop parallel resonant rectifier, for the
case F'= 0.8, Mgy, = 0.9.

The input line current harmonics are improved by use of a feedback loop which varies the
switching frequency, to regulate the input current to be proportional to the input voltage. If this

loop works perfectly, then the input current becomes

(5-72)
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where R. is the emulated resistance. In normalized form, Eq. (5-72) can be written

Jg(©) = mg(t) % (5-73)

€

This desired closed-loop linear resistive input characteristic is overlayed on the normalized
converter input characteristics in Fig. 5.36. It can be seen from this plot how the switching

frequency must be varied by the feedback loop.
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Fig. 5.36. Overlaying the desired resistive input characteristic on the converter input
characteristics, to determine how the switching frequency will vary.

It can be seen that, if Mg,k and Ro/R. are large enough, then the converter will operate in the
discontinuous conduction mode near the peak of the input ac sinusoid. Also, there are no solutions
when m, is small and j; is large. In consequence, for a given specified R, the designer must
choose Ry sufficiently small, so that the converter operates in the valid range of converter solutions.

Zero current switching occurs for operation below resonance with j, < 1. Otherwise, the

converter operates with zero voltage switching. There are no solutions above resonance with jo > 1.
Rectifier component stresses

The peak tank inductor current and peak tank capacitor voltage can be found by adapting
Eqgs. (5-47) to (5-50).
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1.

2.

. sin 2o 2 . )
m, 1] i+ @Dl 1] when(- @G- Dan Y5
COS —
A%
N1+ J1 —J)2 +1 when (JLO<J)
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PROBLEMS

Derive the equations of the discontinuous conduction mode, Egs. (5-45).

A full-bridge parallel resonant converter is to be used in a transformer-isolated off-line application, with the

following specifications:

Input voltage Vyg: 270 — 390 volts
Output voltage V: 5 volts
Output power P: 50 — 500 watts
Maximum switching frequency: 1 MHz

MOSFET’s are to be used, with zero voltage switching.
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(@  Using the somewhat arbitrary choice Mpax = 1, Jmax = 0.9, design a converter to meet these

specifications. Specify: (i) the tank component values, referred to the primary side of the
transformer, (ii) the transformer turns ratio, and (iii) the minimum switching frequency.

(b)  For your design of part (a), determine the peak tank inductor current and peak tank capacitor voltage

at the four operating points
Vg = 270V, P = 500W

Vg = 270V, P = 50W
Vg = 390V, P = 500W
Vg = 390V, P = 50W

() By changing the choice of My, 4x and/or Jj4x, can you improve this design? How?
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