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Introduction to Resonant Cﬂnversigp
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Resonant power converters contain resonant whose ] 1]
voltage and current wavelorma vy sinusaidaly auring one o mare & S
subintervals of each switching period. These sipu: al variations are | ™

Mln magnitude, and the small ripple approximation do

Some types of resonant converters: N" ‘
* De-to-high-frequency-ac inverters A% 211%)19, bo oo M HE
* Resonant dc-dcconverters QA€ Pocisle / éw"‘ Plos
* Resonant inverters or rectifiers producing line-frequency ac u ‘]
"

Cycoconverkers 1 LoMg

Fundamentals af Power Electronics Chaptar 19: Resomant Conversion
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A basic class of resonant inverters

Basic circuit
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Several resonant tank nelworks
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Fundamentals of Power Electronics

Chapier 19; Resonant Coversion
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['rends in the powel electronies held

Improved packaging of semiconductors, to reduce
size of control circuitry and power switches. Use of
application-specitic 1Cs (ASICs)

swilching O reduce size of
magneltcs
System integration, leading to distributed power
supplies having high density

Much R&D effort has been devoted to
 INCluding resonant converters and

lechniques
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Introductiun to Resonant Conversion
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Resonant power converters contain resonant L-C networks whose
voltage and current waveforms vary sinusoidally during one or more
subintervals of each swilching period. These sinusoidal variations are
large in magnitude, and the small ripple approximation does not apply.
Some types of resonant converters: w 4 5

. Dc-to-hlgh-frequmny-ac invertars ‘D(' £ “‘F

4
* Resonant de-dc converters e e -~ P4
* Resonant Invertgrs or rectifiers producing line-frequency ac
Dc —> boHE S
4

Fundamemtals of Power Electronics Chapter 19: Resonant Conversion
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An electronic ballast Tnetank . s‘hi‘l
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* Must produce _|
controllable high-
frequency (50 kHz)

S;LWW C-D f _I_ ‘1‘"
e | 3 T

by a low-harmonic
rectifier ;

* Similar to resonant Half-bridge, driving LCC tank Gircult and gas
de-de converter, ETW:;?E;.TE o
but output-side

rectifier is omitted =
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Switching loss
(Section 4.3 of Power Electronics 1 text) R

. Energy is lost during the semiconductor swltmlng nsitions, via
several mechanisms:

* Transistor switching times
* Diode stored charge "

* Energy stored in device capacitances and parasitic inductances
* Semiconductor devices are charge controlled

. TimE required to insert or remove the i:nntrolling charge determines
switching times

o
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Eig.1, The dajncaf synch;anous buck gonverter
uses two switching MOSFETs: the high-side
(control) device, QHS, and the low-side
synchronous rectifier, QLS




4.3.4. Efficiency vs. switching frequency ™

L]

Add up all of the ene

rgies lost during the switching transitions of one
switching period: :

Wea=W_ + W+ W,+ W, + W, + ..

Average switcring power loss is g
Total converter loss can be expressed as Kq,? -
P.Ifw: = covnd +P Sixed .
'
where

Prueq = fixed losses (independent of load and PR
P ..na = cOnduction losses
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s. switching frequency ¢

100kH=

IMHz

Switching losses are equal to

the other converter Ioaags at the

critical frequency

fo= Poadt Pri
oriy W

Ll '\“

This can be taken as a rough
upper limit on the switcHing
frequency of a practical

converter. Forf >f .. the
sticincy oo apily

with frﬂugm.

Unless w-b&:? .
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Resonant conversion: disadvantages

TETE AT Uy e —— = - i - y R L — 'l-:ll-r'-- T
Can gl;ﬂmizg performance at ti int, but not with wide
range of input voltage and load power v 5

Significant currents may circulate through the tank elements, even ™

when the load is disconnected, leading to Wiam:z at i‘ght load
337 %

Quasi-sinusoidal waveforms exhibit higher peak values than
equivalent rectangular waveforms J Fﬂ Vvl

Pmi\yt‘l'.f
These considerations lead to increased conduction losses, which can
-offset the reduction in switching loss

Resonant converters are usually controlled bE EF@m of switching N 01-3
%ﬂw. In some schemes, the range o ng frequencies can V_‘
e very large

Gnm‘t_)lexim of apalysis _ 61“?’

Fundamentals of Power Electronics 9 Chapter 19: Resonant Conversion
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Introduction to Resonant Conversion . _
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Resonant power converters contain

Tesonant L:C netwarks whose
voltage and current WW. idally during one or more
subintervals of each switching period. These sinusoidal variations are. "
large in magnitude, and the small ripple approximation does not apply.

Some types of resonant converters: :
: ; Iy —» WL e
. Dp-tu-h:gh-fraqumcy-ac inverters 1
* Resonant de-dc converters f‘;ﬂﬂ; dﬁ
* Resonant inverters or rectifiers producing line-frequency ac Rbs k“’

Fundamentals ef Power Electronies Chapigr 19 Rexomnans Ga:rr#.r:mu
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Derivation of a resonant dc-dc converter

*A
T

Rectify and filter the output of a de-high-frequency-ac inverter
Transfer function

! |

de b [ i oq
FONFCE V(1) :!

v} | | ;
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Switch network Rezonant tank network

The series resonant de-dc converter
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Tank network responds only to fundamentil

Swirch
ouiput
valtage
Spectrum

Resonans

- FEsponge

Tank
current
Spectrum

-

¥,

=

3,

¥,

S,

component of switched waveforms *#

Tank current and output
voltage are essentiglly
sinusoids at the switching
frequency f.

Output can be controlled
by variation of switthing
frequency, closer to or
away from the tanks
resonant frequency
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AEROJET
vereees =aoooi - Three-Phase Resonant Converter PPU

Colerado Power Becturies. - 1 0KW Breadboard

il -
Magnetics development -{v‘r’ SANV 60188 15 U"“tﬂ .
Two magnetic designs are being :
developed . The candidate E
with the best combination of
efficiency and specific mass
will be chosen.

Critical attention is needed for
larger magnetic structures due
to eddy current losses in the
ferrite. The larger structures
have an increased volts per
turn which causes loss factors
not prevalent in lower power
magnetic structures.
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Effect of switching frequency on transformer size
for this P-material Cuk converter example

4226 A
s
0.1
% 0.08 o
5 3
2 :
8_ 0.06 "g]”
‘E 0.04 5
0oz *
= 0
25 kHz 50 kHz 100kHz  200kHz 250 kHz ) 400kHz  S500kHz 1000 kHz
Switching frequency” )
. 1Y
* As switching frequency is * As switching frequency is .
increased from 25 kHz to increased from 400 kHz 1o -
250 kHz, core size is 1 MHz, core size
dramatically reduced increases
Fundamentals of Power Electronics : 36

Chapter 14: Transformer design

L)

" sa



| VgL, at]™
50 Loy ~ [ g1 LI 1

1 Tovles Temery v\-u .

Lt TN ‘ '

Switching loss »

(Section 4.3 of Power Electronics 1 text)

Lil

* Energy is lost during the semiconductor switching transitions, via p
several mechanisms:
. Tﬁnsistur switching times
* Diode stored charge
* Energy stored in device capacitances and parasitic mductannes
* Semiconductor devices are charge controlled e

* Time required to insert or remove the controlling charge determines
switching times
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4.3.4. Efficiency vs. switching frequency -,

e _i-nnﬂ__‘u_

Add up all of the energies lost durtng the switching transitions of one
switching period:

W= Wt Wy + Wpt Wet Wy + ... Whai { V9 1"“65“5_
Average switching power loss is

P.=W.1L.
Total converter loss can be expressed &5 Y n

Pross = Pous ¥ Ppua+ W, L Cem

where Pp.q = fixed losses (independent of load and )
P._... = conduction losses

Fundamentals of Power Electronics 12 Chapter 4: Switch realization
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Efficiency vs. switching frequency £ 4w 245 kH

, =P+ Pru+ W, L, Niw: - ,,7,?“

P
100% ~

Switching losses are equal to
the other converter lossed &t the

.J rand +.|‘. fied

f:ru = ww

This can be taken as a Toygh

upper limit on the Mﬂg
uency of

POLT, > f o tha
efficiency decreases raau:miu:||3,,r
with frequency. 2 ‘VS

100kH:z IMHz
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f\pp!imtinnh of resonant and

soft-switching converters

toni baliasts for gas-discharge lamps
— Produce high-frequency ac
High-frequency high-density
- Reduce switching loss and improve efficiency
High-voltage and other specialized converters
Transformer nonidealities lead to
Converters using {GH

— =

Converters using piezoelectric transformers

— Converter is designed to excite one mode of piezo
Low-harmonic rectifiers

— Mitigate switching loss caused by diode stored charge
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10 BASIC SWITCHING REGULATOR
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Interleaved ZCT Buck 1:»55 \.,
]

* Two small inductors (L;. L) added to achieve zgro-current-_
transition tyrn on of the switches S, and S,

* Out-of-phase operation of S, and S,, as in two-phase conviftters

+ Significant reduction of losses associated with diode reverse
recovery

*» Simple operation, no resonant circuit




Comparison of Losses

(%9 Ohﬂy for ‘\'urnl_ ~0N

Powerex: CM1500DU-24NFH Hard switched Mew circuit
Turn-on loss {m.d) 4.0 0.4
Turn off loss {mdJ) 38 38
Conduction loss (one sw. period) {md) 6.1 6.1
Loss per swilch (32 kHz) (W) ddd. 2 164.5
Diode recovery loss {mJ) 12.0 2.0
Diode conduction loss (one sw. per.) (mdJ) as s
Diode loss (32 kHz) W) 496,68 88.3 .
Aux switch, eq (101" in [2] (md)

Total foss (32 kHz) (W) 940 8 5056

*mel 5, Toad us, =2 Ves 10V

"

0%
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Examples of Other Interleaved ZCT Converters
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One leg of an
interleaved ZCT bridge®
or three-phase invertgg
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Soft SWltChmg 1 or ‘1&,: a ?11-'7

Zero-voltage and zero-current switching 4y 44

Soft switchipg can mitigate some of the mechanisms of switching loss and - {_ h
possibly refluce the generation of EMI U ﬂ

Semiconglctor devices are switched on or off at the zero crossing of their

voltage gr current waveforms L 4 1 5
le. €zo051 ) ; * '
n Hj ife) | E;_* oy L Eq ﬂ_? : ST
"’ 1 ﬁ it g~ - | |
b =T x v i)
2o/ TN T apnd ylfyle
. i By - R
(3, i “h¥| “h7
: L
i Q: / Conduction sequence: D,~Q,~D,-Q,
“Hard™ Q, is turmed on during D, conduction
lua-'o;e. Mg:g‘ﬂf - "-'E:g‘“‘ interval, without loss

—wf
St

T Dleading v, forces I
k’\!;?z)hlam- 3isde) 4 Yo A ew X



Lo 16® a4 Showw =D dutes 2 andy are ow

Forces \l' andN, =0 evem i1 f ﬁﬂ*ﬁ
L‘r&uas 'tf—q &1 and a, otf

#Vawot 26 =4
i Ql. qam”?fgwﬂcﬁ\mg % - bu”

Lm tﬂ't
Zern-vnltage and zero-current swit

T Bolw ZVT Aua-ow o *%

Soft switching can mitigate some of the mechanisms of swltchlng luss and
Possibly reduce the generation of EMI

Semiconductor devices are switched on or off
voltage or current waveforms

at the zero crossing of their

i

Conducting
devices:

Conduction sequence: D-Q-bBy2,

Q, Is turned on during D, conduction
" “‘“’ '““H’"’ interval, without loss




L 15@ =D Diodes 1 andn on
Forces V, ‘.Vai =0

evew f g £
==y 05 L i Q‘ ANCTONG T ‘.Q E:zuq";'rﬁ,‘ 1“.--C..“-

Soft swi
Zero-voltage and zero-current switching

'-sw@ = Disdes Land3 on %

Soft switching can mitigate some of the mechanisms of switching loss and
possibly reduce the generation of EMI

Semiconductor devices are switched on or off at the zero crossing of their
voltage or current waveforms

i

- - .‘
Conduction sequence: » —2,-D,-Q,

“Soft"  “Hand™  eSofyr e Q, is turned on during D, conduction
tum-on of  twm-off of tum-on of oY of lﬁtBﬂl“ﬂ| Wiﬁ'!ﬁlut loss

=1 )
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19.1 Sinusoidal analysis of resonant mnverte
Swi l'nus g

A resonant{dc-dc converte m:fﬁ{f;mm V g _“hg“@ .F‘“
-~

T ey i)
3 ) i "l— DC
| & |

caf ‘ W o Wi SR OUL'

vt | |
| LI T|
) ] n sl e
_____ S B ;
Swirch network Resonant tank netwiork de
lewaned

'E( C ﬂn’t"r‘o-\ Yo 4 ‘{'
f tank responds primarily to fundamental cmnpanmt of switch
network output voltage waveform, then harmonics can be neglected.

Let us model all ac waveforms by their fundamental camponents.
£ : s
oW deker mANCS \ Le)

Fundamentaly af Power Electronics “ 11 Chaprer 19: Resonani Comversion
: !

bupeise: Va anwd Vg Lot O-waves
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Standard DC/LF/MF Topologies (3-10kW)

« Offline pulse width modulated full-bridge
+ MDX (DC) "
+ MDXII (DC)
+ Offline phase-modulated full-bridge for greater dynamic range
- PE (LF)
. PDX (MF) 6 ~%0 Wwi
* Promising results in the HF range (3-30MHz) ' -
. Q;_]E DJE ac .
SﬂCos_ﬁ Xo \bﬂ“'ﬂ% ?C . TE 'KF

_3,_.5 |
Vin

"

g Re




The sinusoidal approximation

Switeh ] ~wonNe _
e ] 5?.. L rum
il t s 4
e % y, sf, f
Arenest H ‘ﬁ“- Q
|\ =%
5 ¥, s, f
Tank ‘_
CHFFEn
spectrim ]
1 3, sf, ;
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Tank current and output

voltage are essentially =
sinusoids at the switc,I}ing

frequency f,.

Neglect harmonics of

switch output voltage
waveform, and model_only
the fundamental n

component. o

Remaining ac waveforms
can be found via phasor
analysis.
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19.1.1 Controlled switch network mode T‘"‘

aV
 peak 13V
v i ﬂ]‘éumﬂ;mrfr?mwnrﬁ:' \

' 5 quu
v}
. \ " Ximg

p "‘5
= z
’ \_f" a
v
If the switch network produces a The fundamental comEo_r_ltent is
square wave, then its output 4V
voltage has the following Fourier vlr) = == sin (w,0) = V,, sin (1)
series: i
4V, ) So model switch network output port’
vty =g N E! A Sin (no,1) with voltage source of value v, (1) .
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Model of switch network input pnrt ?::.7;

— /v\ / /\ gﬂ.‘
of L Pw L
0 é o

u.

b

{' LG /L\' 56‘\' 37 L t
* ‘Assume that switch network Q £
=N output current is (i), = % J‘ i (D : W
g_ i(0)=1, sin(wt—-@,) : + UWJ
%l It is desired to model the dc % J- .1 Sin (@, T - ¢ it
@ U ‘51 component (average value)
Q of the switch network input =% 1, cos (@)
current

Fundamentals of Power Electronicy
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Switch network: equivalent circuit

L]
i - i T— .,

— ——
* ign="*

4] H . !sl sin {ij -,

()=
| AR R . PM@

V6 £ sin (w,1)
e .
L] wﬁw

*a

Switch network converts dc to ac
* Dc components of input port waveforms are modeled
Fundamental ac components of output port waveforms are modeled

* Model is power conservative: predicted average input and output ~ +#
powers are equal

L
T4 Vossless $wikohes and lossless ¢

Fundamentals of Power Electronics [~ Chapter 19 Resonant Conversion
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Sw1tcl\neh«vork equivalent circuit

'.f'

- "'-l-"—-—_l-"-m

l——#—-—

'I'” "f’(‘ | ; MOE u 51:1 {[gr ) Ea@
AN i“' : ' E;ilm%) i:i sin (w,0) =T yv ]st
08 ~ e 2102,

LAWY = / E ¢
* \Switch network converts dc to ac > 4
. components of input port waveforms are modeled ’/{

* Fu tal ac components of output port wavqianns are mudelad

. Modallgpower conservative: predicted aw input and output
powers are equal
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19.1.3 Resonant tank network

- .= — 16 Hve
Tm:f?:‘ f:a;-wn'qn "'t L o 1' ‘,}
"""r.___'-_-_""‘i % 3 L2}

i11“'l'

Vg Lo

7 Resonani
vt E‘_-:] —e|  herwork

&
XoavX

Model of ac waveforms is now reduced to a linear circuit, Tank A
network is excited by effective sinusocidal voltage (switch network S w
output port), and is load by effective resistive load (rectifier input port). ] 5

Can solve for transfer function via conventional linear circuit analysis.

l

Chaprer 14 Rt‘.t;ll‘hdi;!’*ﬁ' e m .
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Solution of tank network waveforms "

Transfer function:

"’Rl[-f ) =
@ - HE)

Ratio of peak values of input and
output voltages:

F=Ho)....,

Solution for tank output current:
: vls) H
ins) = % = 2 v, ()
which has peak magnitude
I H{S} IJ = i
B= _ﬁ':—l i
Fundamentals of Power Electronics 21
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~ 19.1.4 Solution of converter K
voltage conversion ratioM = V/V,

S .- - Y -

-

Transfer function
His)

sunio]t uld) in® l’cf*#w ;e

{ +:] E.. m ¥l $R.r 'i"'rl[] V SR

":rmstw f:ii:ltm,ﬂ R“'?:E’R Rl
M= [R] “) [ ](IH{.?}I’_M) [%] Eliminate R :
S -—-|H{J|,,ﬁ.,
V
T)[ m](ﬁ) ( ll] (ﬁ:] o
Fundamenials of Power Electronics n
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Conversion ratio M

v =11

$ = jog

.So we have shown that the conversion ratio of a resonant converter,
having switch and rectifier networks as in previous slides, is equal to A
the magnitude of the tank network transfer function. This transfer .
function is evaluated with the tank loaded by the effective rectifier i
input resistance R,.

T

"y
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r dc output port model ’
Dutﬁut capacitor charge balance; dc
load current is equal to average
rectified tank output current . 4
(o), =1
Hence
T
= %—I 1y Ism (o, - r.p,,} [d:
- ,f'm - % T

i} W

IIGl g 1-., m:a
i T Rediber oN Vﬁ,.:W l
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19.1.2 Modeling the rectifier and capacitive v g7 we.

\

filter networks V1 4O ~WaVG

jlt:‘:l _..__..__! | id:_]:t ,r ...... — H:l-j_

Low-pass de
Silver load
Rerwork

Assume large output filter
capacitor, having small ripple.

vy(1) is a square wave, having
zero crossings in phase with tank

output current iy(r).

Fundamentals of Power Electronics

_}k;%i“
T b rectireY

V4 gees
. " 4\
ilt) L
o ol
S
% Set b

If ig(r) is a sinusoid: / X Aﬂ.k "e

iglt) = Iy, sin (W = @,)

Then v,(r) has the following 'ESI..} /{‘

Fourier series:

wlf) = -4!1'"- = 121-“. % sin (no,f =9
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inusoidal approximation: rectifier

1

Again, sinde tank responds only to fundamental components of applied .,

waveforms, IEnmmu:s in vg(t) can be neglected. v,(r) becomes

V() = 2 sin (@, = ) = Vy, sin (0,4 — 9,) Y
Actual waveforms
+ V {"' Ll
_:"m _ﬁrylrdamma-'
"
-V
r—
P
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Equivalent circuit of rectifie I‘Db =\ "f-\

Rectifier input port:
Fundamental components of
current and voltage are
sinusoids that are in phase *
Hence rectifier presents a
resistive load to tank network

_vul®) _8 V Rectifier equivalent circuit

With a resistive load R, this becomes

R,=%R=D,El{}ﬁﬂ “vq

Fundamentals of Power Electronics 19 Chapter 19 Resonant Converxion
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