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The resonant switch concept

A quite general idea:

1. PWM switch network is replaced by a resonant switch network
2. This |leads to a quasi-resonant version of the original PWM converter

Example: realization of the switch cell in the buck converter
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Two quasi-resonant switch cells

Half-wave ZCS quasi-resonant switch cell

Insert either of the above switch
cells into the buck converter, to
obtain a ZCS gquasi-resonant
version of the buck converter. L,
and C, are small in value, and
their resonant frequency f, is
greater than the switching
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20.1 The zero-current-switching
quasi-resonant switch cell

Tank inductor L, in series with transistor:

transistor switches at zero crossings of inductor
current waveform
_ _ _ _ _ vy(t) Vlr(t)g D, A L G — Vy(t)
Tank capacitor C, in parallel with diode D, : diode
switches at zero crossings of capacitor voltage - — e
waveform . Switch network |
T drant itch i uired . Half-wave ZCS quasi-resonant switch cell
wo-quadrant switch is req L
Half-Wave Ql and Dl |n Ser|eS, tranS|St0r g
turns off at first zero crossing of current " L . D, € » 0 éi 0
hy i IZL A
waveform —— - s > —
Full-wave: Q; and D, in parallel, transistor Q | |
turns off at second zero crossing of current ~ :® Vi (), D, X C == V0
waveform | 5 | :
Performances of half-wave and full-wave cells ... Switch network |
differ significantly. .. Full-wave ZCS quasi-resonant switch ce]
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Averaged switch modeling of ZCS cells

It is assumed that the converter filter elements are large, such that their
switching ripples are small. Hence, we can make the small ripple
approximation as usual, for these elements:

0 = (i0),
vy(t) = <V1(t)>TS

In steady state, we can further approximate these quantities by their dc
values: :
(1) =1,

v,(t) =V,
Modeling objective: find the average values of the terminal waveforms

Ov,(t) 4, and i (t) B
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The switch conversion ratio U

A generalization of the duty cycle
d(t)

The switch conversion ratio [ is
the ratio of the average terminal
voltages of the switch network. It
can be applied to non-PWM switch
networks. For the CCM PWM
case, U =d.

If VIV, =M(d) for a PWM CCM
converter, then V/V, = M(y) for the
same converter with a switch
network having conversion ratio .

Generalized switch averaging, and
U, are defined and discussed in
Section 10.3.
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=), (a0, (),
wO=MwO), (WO),  (i0),

In steady state:

L) =1,
v,(t) =V, A7 P
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20.1.1 Waveforms of the half-wave ZCS
quasi-resonant switch cell

The half-wave ZCS guasi-resonant switch Waveforms:
cell, driven by the terminal quantities
Dvl(t) DTs andljlz(t) DTS' i,(t) 4

: : 1,

Subinterval:

%05, = (Do, 0

Conducting Q; Q, X D,

Each switching period contains four devices: p, D,
subintervals D,
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Subinterval 1

Diode D, is initially conducting the filter Circuit equations:
inductor current |,. Transistor Q, turns on, di,(t) _V, with i.(0) = 0
. . — 1 -
and the tank inductor current i, starts to dt L,
iIncrease. So all semiconductor devices
conduct during this subinterval, and the Solution: i,(t) = 1 t — Vl

circuit reduces to:

where
L Ro =1 /

—— 800 —> n

- This subinterval ends when diode D,
Vi C—) vo(0) D 2 becomes reverse-biased. This occurs
at time wqt = a, when i,(t) =1L..

il(a):a%:lz a=3
1

Fundamentals of Power Electronics 8 Chapter 20: Quasi-Resonant Converters



Subinterval 2

Diode D, is off. Transistor Q, conducts, and

_ _ _ The solution is
the tank inductor and tank capacitor ring

sinusoidally. The circuit reduces to: () =1, + % sin ((Dot _ g)
L
__rzmr\ﬁ(i) - j_i(t) V,(,t) :V1(1—Cos(w0t—0())
v, C) W) = C Q L,

The dc components of these
_ waveforms are the dc
solution of the circuit, while

The circuit equations are the sinusoidal components
di () have magnitudes that depend
Lo —qr = Va—Va(wot) v,(a) = 0 on the initial conditions and
dv,(w,t) _ . : — on the characteristic
C, Zé(t%) = Iy (ut) — 1 (@) =1, impedance R,.
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Subinterval 2
continued

[y
~
~+
S
>
>

. V, .
Peak inductor current: | (@) =l + ¢ sin |t —al

| 1k = I2 + % V,(wt) =V, (1—cos(w0t—0()) 2 [ 1 /

L
, : _ Subinterval: 1 r 2 3. 4 | 0=
This subinterval ends at the first zero al g isi &
crossing of i,(t). Define 3 = angular length of "*é‘—’w T‘—“—’
subinterval 2. Then oS
i1(0(+B):I2+%Sin(B)=O Hence
. 1 [ 1,Ry
. LR, B=m+sin'|-2 )
sin(B) =- 7 V,
_legnt? It
Must use care to select the correct ) <sn (X) < >
branch of the arcsine function. Note
(from the i,(t) waveform) that g > 1t | < Vi
2
Ro
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Boundary of zero current switching

If the requirement

IS violated, then the inductor current never reaches zero. In
consequence, the transistor cannot switch off at zero current.

The resonant switch operates with zero current switching only for load
currents less than the above value. The characteristic impedance
must be sufficiently small, so that the ringing component of the current
IS greater than the dc load current.

Capacitor voltage at the end of subinterval 2 is

V(o +B)=Vy=V, 1+\/1_(|</R0)2

1
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Subinterval 3

All semiconductor devices are off. The Subinterval 3 ends when the
circuit reduces to: tank capacitor voltage
+ reaches zero, and diode D,
becomes forward-biased.
V() == C, Q 1, Define o = angular length of
subinterval 3. Then

Vy(a+B+0) =V, —1,R0=0
The circuit equations are

dv,(wyt) _ 2
Cr dt ——|2 5= Vcl — Vl 1_\/1_(|2R0)
v,(a +B) = V., 1,R, I,R, Vi

The solution is
Vo(04f) = Ve = 1Ry [t — )
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Subinterval 4

Subinterval 4, of angular length ¢, is identical to the diode conduction
interval of the conventional PWM switch network.

Diode D, conducts the filter inductor current I,
The tank capacitor voltage v,(t) is equal to zero.
Transistor Q, is off, and the input current i (t) is equal to zero.

The length of subinterval 4 can be used as a control variable.
Increasing the length of this interval reduces the average output
voltage.
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Maximum switching frequency

The length of the fourth subinterval cannot be negative, and the
switching period must be at least long enough for the tank current and
voltage to return to zero by the end of the switching period.

The angular length of the switching period is

WT,=a+B+d0+¢&= 211':[]‘0: 2|:T[
where the normalized switching frequency F is defined as
_
"1
So the minimum switching period is
wWl2a+pB+0

Substitute previous solutions for subinterval lengths:
2
om LRy +n+g.n_1(l2Ro)+ vy 1_¢1_(|2R0)
F V, V, 1,R, V,;
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20.1.2 The average terminal waveforms

Averaged switch modeling:

we need to determine the

average values of i,(t) and L i

v,(t). The average switch s, C_) Vlr(t)é > A EVZ(O : T CD O

input current is given by _ - f
5 Switch network

(), =3 [Tio=GF% et ccswos e snenca
S Jt s

g, and g, are the areas under
the current waveform during
subintervals 1 and 2. g, is given
by the triangle area formula:

...........................................................

a

g = f‘*’o 1Odt=3 (&) (12) %O a(':oB

0

~y
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Charge arguments: computation of g,

a+p 1,(t) 4

— wo 1
0= | " i@ 4 )
Wo |
2 1 0,0,
Node equation for subinterval 2: AT TN
i,(t) =i(t) + | | . /o
(O =ict) + 1, PRI :
Substitute: “o 0o
S S
0= | " idt + [ 7 1 - i
[B%) [B%) + i:(t)
Second term is integral of constant |.,:
i VA C) W) == C, Q ,
“dt= 1, b
o 2 2 Q)O —
Wo

Circuit during subinterval 2
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Charge arguments

continued
GJOB | aJOB V,(t) 1
qZ:f (Ot + f |t
g g
First term: integral of the capacitor .

current over subinterval 2. This can be
related to the change in capacitor

voltage :

ap Substitute results for the two

@ . + Integrals:

i = € VZ(O(—%B) _vz((go)) J s

"o qzzcvcl"'lzq

GJOB _ Substitute into expression for

o le(dt = C (Vcl —O) =CVy average switch input current:
o

o _al, CV, Bl
WO = 20T, " T, .
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Switch conversion ratio 4

{L®),

CV,

B

+

Eliminate a, (3, V_, using previous results:

u =
- 1l
“_FZH
where
P
=57
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Analysis result: switch conversion ratio U

Switch conversion ratio: M =F %T 3 I+ T+sinT(JY + Jl (1 +yv1 —Jg)
. 1,R, .
with J_ = -2 10
Js V, Py(J,)
This is of the form 8 1
= FPy(J,
1= FPy(J,) |
Py(d) = 2 |33, +m+sin @)+ 1 (1+ 1—J§)‘

0 0.2 0.4 0.6 0.8 1
J

S
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Characteristics of the half-wave ZCS resonant switch

L ZCS boundary
Switch
9\ . characteristics:
0.8 -
.3 _
i H=FPyJ,)
0.6 - 2
Ve
L3 Mode boundary:
0.4 o
‘ J=1
0.2 7 J.F
‘= ML=
0 I I I I I
0 0.2 0.4 0.6 0.8 1
U
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Buck converter containing half-wave ZCS quasi-resonant switch

Conversion ratio of the buck converter is (from inductor volt-second balance):

ZCS boundary
= g RSSO AT ———
Vg

For the buck converter, 08
=
3y = IR, L%
sT V. .
9 0.6 g
i
J 3
ZCS occurs when s L
i

V 0.4 -

| < W?
. 0.2
Output voltage varies over the
range
J FIR,
O S V S Vg - 4— O [ [ [ [ |
n 0 0.2 0.4 0.6 0.8 1
VI
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Boost converter example

For the boost converter,

M=V o 1
Vy 1-n

JZIZROZIQRO

STV, TV

|:I—

g 1_u

Half-wave ZCS equations:

i =FPy(J)

Py(dy) = 5

N[~

Fundamentals of Power Electronics
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20.1.3 The full-wave ZCS quasi-resonant switch cell

Half t _
5'25) HOR
.
vy(t) Vi (1) D, A C == W) ?
i : i Vi
' L, , _
- — : T Subinterval: 1§ 2 '3 4 0 =yt
_______ Switch network , ' ' :
_______ H f'?‘_'_f_')’.‘.’?_‘_’_?_.?9?.99_f'?‘ﬁ_i.'..r.‘_??t?ﬂ‘?_‘_'_‘__t_:“?.‘.’Y?_t_?h_...‘?_??'
wave i1(t) r () i) iy(t) 4
+ + ] | ¥ 1 o C o+
Q | P /
Vl(t) V1r(t)§ D, x C, p— Vz(t) V,
s a i [ :
- - — Subinterval: 1 | 2 \/ 31 4 8=t
______ Switch network | | T
._______'fH!_'_'_Y‘.’."??.‘.’.?_E.‘E?__‘F!HS'?‘.??If?ﬁ?.??ﬂ?.?‘ﬁ’.i??h.?.?!'
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Analysis: full-wave ZCS

Analysis in the full-wave case is nearly the same as in the half-wave
case. The second subinterval ends at the second zero crossing of the
tank inductor current waveform. The following quantities differ:

/n+ sn"'(J,)  (half wave)
\ 2r—sin™* (Jg)  (full wave)

fv1(1+«/1—3§) (half wave)
\Vl (1—«/ 1—J§) (full wave)

In either case, [ is given by

O, _ o ,CVa, B

I 2 - 200OTS I 2Ts (*)OTS
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Full-wave cell: switch conversion ratio U

P(3)= 3 |3 3+ 2n—sin(3) + 3 (1-v1- 32
U= FP (J ) L ZCS boundary
1 S T T
Full-wave case: P, can be 08 13
approximated as F=02l o4 o4 op B
¢ M
_ 0.6 - 8
P(Jg) =1 § L
SO _I: 0.4 -~ 2
~F=_3 |
M f
0.2 -
0
0 0.2 0.4 0.6 0.8 1
I}
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20.2 Resonant switch topologies

Basic ZCS switch cell: _ L -
S\ |

vy(t) vlr(t)é D, & C == v

Switch network -

SPST switch SW
» Voltage-bidirectional two-quadrant switch for half-wave cell

« Current-bidirectional two-quadrant switch for full-wave cell

Connection of resonant elements:
Can be connected in other ways that preserve high-frequency
components of tank waveforms
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Connection of tank capacitor

Cr
: I
Connection of tank B |
capacitor to two (t) L W o L
) AR 1.7, WD A 7.7,
other points at ac B +
round.
° Vg C_) D, X Va(0) C=—= RSV
This simply
Changes the dc . ZCS quasi-resonant swﬂch
component of tank oo
capacitor voltage. ¢
: I
The ac high- | ' |
frequency ol v S o L
1\ A
components of the sl s T .
tank waveforms I
are unchanged. %O X v == REV
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A test to determine the topology
of a resonant switch network

Replace converter elements by their high-frequency equivalents:
* Independent voltage source V,: short circuit
 Filter capacitors: short circuits
 Filter inductors: open circuits

The resonant switch network remains.

If the converter contains a ZCS L, SW
guasi-resonant switch, then the — s— o
result of these operations is

t Q)
D, A —=C. V(1)
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Zero-current and zero-voltage switching

ZCS quasi-resonant switch:

 Tank inductor is in series with
switch: hence SWswitches at
Zero current

e Tank capacitor is in parallel with
diode D,; hence D, switches at
zero voltage

Discussion

« Zero voltage switching of D, eliminates switching loss arising from D,
stored charge.

 Zero current switching of SW: device Q, and D, output capacitances lead
to switching loss. In full-wave case, stored charge of diode D, leads to
switching loss.

* Peak transistor current is (1 +J9 V/R,, or more than twice the PWM value.
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20.2.1 The zero-voltage-switching
quasi-resonant switch cell

Cr
When the previously-described operations ”
are followed, then the converter reduces to P PSS
SW L,
D, ‘A
A full-wave version based on the
PWM buck converter:
+ VCr(t) -
1
. C:r I . . L
i1(t) _ D1K L i (D) i(é)r_rm L .
14T r
v, Cj) o Q] D,AV%H C== RSV
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ZVS quasi-resonant switch cell

Switch conversion ratio

u=1-F P%(Ji) half-wave
u=1-F Pl(%) full-wave

ZV'S boundary
J.=1

peak transistor voltage V= (1+Jy) V,

A problem with the quasi-resonant ZVS
switch cell: peak transistor voltage
becomes very large when zero voltage

switching is required for a large range of
load currents.
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Tank waveforms

VCl’(t) A
Vl ------- H /
Subinterval: 1 | 2 3 4 8=
ey

o B 3 ¢

— T, —————
Conducting
devices: X D,Q Q
D2 D2
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20.2.2 The ZVS multiresonant switch

CS
When the previously-described operations “
are followed, then the converter reduces to A P
SW L,
D, A =—/—Cq
A half-wave version based on the
PWM buck converter:
"""""""" —
C s
i (t) s iy L |
1,+ D1K fstm -— T s
14T r
vV, C+> v, (1) Q, D, ACi== ) C=——= RgV
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20.2.3 Quasi-square-wave resonant switches

When the previously- ZCS
described operations Y S 7.7, ”
are followed, then the SW L, C
converter reduces to r >, &
2
ZVS
\ SW I—r == Cr : D2
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A quasi-square-wave ZCS buck with input filter

L, D
e, 7.7,

+
vgc

1

Q
HJ_LI_ O,
BT,
L

LI’
W N C = R§V
CI’

T - -

The basic ZCS QSW switch cell is restrictedto0<pu < 0.5

Peak transistor current is equal to peak transistor current of PWM
cell

Peak transistor voltage is increased

Zero-current switching in all semiconductor devices
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A quasi-square-wave ZVS buck

D, L, i) 4
40 ¢ 0 | |
—— s —— ’ ——
Q |
vy O wo T D,Z& ==C v C== RSV

: : ' ’ :
D — ons —> 0

Conducting :

devices:;DlQlE X D2 X

* The basic ZVS QSW switch cell is restricted to 0.5su<1

« Peak transistor voltage is equal to peak transistor voltage of PWM
cell

 Peak transistor current is increased

« Zero-voltage switching in all semiconductor devices
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20.3 Ac modeling of quasi-resonant converters

Use averaged switch modeling technique: apply averaged PWM
model, with d replaced by p

Buck example with full-wave ZCS quasi-resonant cell:

Full-wave ZCS quasi-resonant switch cei;l n=F
0,
R P ¢ L0 L0 L i
:- ; + | ¥ 1 > éZL:anan_¢ +
Q |
vg(D) C) vy(t) vy, (1) ' D, A C ——= V,(t) C == RS M

Gate
driver

Frequency | Ve()
modulator [*
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Small-signal ac model

Averaged switch equations:

<V2(t)> 1.~ H <Vlr(t)> T,
(1.0, =1 (i2(0),

Resulting ac model:

Linearize:

0= 0 ¢

F e V
U,(t) = TOS vy, (1) + () Tol

Lr rl 1 F m i,\2I’ L
G 1. p— ( +) > LD ¥
¢ Vi
S
v, CD o | £l CD fo ——C % C== RSV
0
_ I f
L=F ) Ve
| G, (9) j¢&—
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Low-frequency model

Tank dynamics occur only at frequency near or greater than switching
frequency —discard tank elements

"1 1:F ~
— {1 +) - 560 N

£ Va

fo

N
@)

l
11

RSV

<
O
i
T
N\

f
G, (8) le——

—same as PWM buck, with d replaced by F
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Example 2: Half-wave Z(CS quasi-resonant buck

(ia(®),.

LUFAITG)
: (Var ().

Now, p depends onj u(t) = f

Js() = Ro

Half-wave ZCS quasi-resonant switch ceil

L D, | L
J'rl(l) fzsm o — 2 i'i(tinsmﬂ .
Q |
O @ N vy, () D, X C o= w) C== RS WO

Frequency | Ve
modulator
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Small-signal modeling

Perturbation and linearization of p(vy,, i, f):

A(t) = K, (1) + KT, (1) + K (1)

with sz_g_HR';'ZZ
: JSROVl op _ F, (1_1+«/1—J§)
_ o 0], 2mf, |2 J?
=5y, o :
K, = Ho

Linearized terminal equations of switch network:

I»1(’[) =) I, + IAzr(t) Ho
U,(t) = KoV, () + A(D) V,

Fundamentals of Power Electronics 40 Chapter 20: Quasi-Resonant Converters



Equivalent circuit model

2r

——— 300\
@_'e_" + +
v,

| 1
I
O
=
O
|1
1l
Py
N\
<

1y,
T
Qv O % -
%ﬂ
\Ug o
— K, Ki e
K

c 45— Gm(S) —

YV

—h)
<

Fundamentals of Power Electronics 41 Chapter 20: Quasi-Resonant Converters



Low frequency model: set tank elements to zero

-
|_\

-

—

BN

£

A
A i
—— » K, Ki e
f 0,
Ko |e———— G5 |e———
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Predicted small-signal transfer functions
Half-wave ZCS buck

_ 1 + KV
G,4(9) Ggo]_+li+(i)2 GgO:Uo K.Vg
QW |Wy ||:zg
KV
G.(9 =G 1 Go= 1\
VC Col+li+(i)2 1
Q W " |

Full-wave: poles and zeroes are same

as PWM \/
Half-wave: effective feedback reduces R
B + K
L,
R=y/ ¢

Q-factor and dc gains
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20.4 Summary of key points

1. In a resonant switch converter, the switch network of a PWM converter
Is replaced by a switch network containing resonant elements. The
resulting hybrid converter combines the properties of the resonant
switch network and the parent PWM converter.

2. Analysis of a resonant switch cell involves determination of the switch
conversion ratio 4. The resonant switch waveforms are determined, and
are then averaged. The switch conversion ratio u is a generalization of
the PWM CCM duty cycle d. The results of the averaged analysis of
PWM converters operating in CCM can be directly adapted to the
related resonant switch converter, simply by replacing d with L.

3. In the zero-current-switching quasi-resonant switch, diode D, operates
with zero-voltage switching, while transistor Q, and diode D, operate
with zero-current switching.
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Summary of key points

4. In the zero-voltage-switching quasi-resonant switch, the transistor Q,
and diode D, operate with zero-voltage switching, while diode D,
operates with zero-current switching.

5. Full-wave versions of the quasi-resonant switches exhibit very simple
control characteristics: the conversion ratio u is essentially independent
of load current. However, these converters exhibit reduced efficiency at
light load, due to the large circulating currents. In addition, significant
switching loss is incurred due to the recovered charge of diode D,.

6. Half-wave versions of the quasi-resonant switch exhibit conversion
ratios that are strongly dependent on the load current. These
converters typically operate with wide variations of switching frequency.

7. In the zero-voltage-switching multiresonant switch, all semiconductor
devices operate with zero-voltage switching. In consequence, very low
switching loss is observed.
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Summary of key points

8. In the guasi-square-wave zero-voltage-switching resonant switches, all
semiconductor devices operate with zero-voltage switching, and with
peak voltages equal to those of the parent PWM converter. The switch
conversion ratio is restricted to the range 0.5 p < 1.

9. The small-signal ac models of converters containing resonant switches
are similar to the small-signal models of their parent PWM converters.
The averaged switch modeling approach can be employed to show that
the quantity d(t) is simply replaced by p(t).

10.In the case of full-wave quasi-resonant switches, u depends only on the
switching frequency, and therefore the transfer function poles and
zeroes are identical to those of the parent PWM converter.

11.In the case of half-wave quasi-resonant switches, as well as other
types of resonant switches, the conversion ratio U is a strong function of
the switch terminal quantities v, and i,. This leads to effective feedback,
which modifies the poles, zeroes, and gains of the transfer functions.
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