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DC-DC CONVERTERS

Power Supply Topologies
© Texas Instruments, the Power Behind Your Designs
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BUCK-BOOST CONVERTER

Non-isolated step-up-down DC-DC converter

E P :: L EE-365 Power Electronics Laboratory



BUCK-BOOST CONVERTER - STEP-UP/STEP-DOWN CONVERTER

Third basic non-isolated converter is Buck-Boost:
» asthe name indicates, output voltage can be lower or higher than input voltage
» polarity of output voltage is reversed
» itis used for many battery powered devices
» Buck-Boost converter could be obtained by cascade connection of Buck and Boost

» conversion ratio is then product of two converter ratios in cascade

This allows for output voltage to be lower or higher than input voltage

Vo 1
v, Pi—p
During the t,,,, e Dt =
» Switch is ON and Diode is OFF (reverse biased) ﬁ ol R:& ;
» input voltage source V; provides the energy to the inductor Vf 1 -

» output capacitor is supplying the load
Duringthe ¢, 5 ¢

» Switch is OFF and Diode is ON

» energy stored in inductor is released to the load

» no energy is supplied by the input V;

Figure 4 Buck Converter.
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BUCK-BOOST CONVERTER - CCM

During the CCM:
» inductor current i , is flowing continuously (it never reaches zero value) y

» the average inductor currentisequalto I, = I4 + I,

For the Buck-Boost converter we have:

di . dV, . . . . .
UL:L(TtL, ic=C—% iLlton) =ia iLltoss) =ic+ir=C—>+ 5

During the t,,,, - Switch is ON and Diode is OFF

v =Va, ip=ia, ic=C%e =i, =

Vo
R

- Va + -
E R o ?l.,, = Vv

vy, =-V,, iL:iC_"iO:CdC‘l;o"'% @ ®

During the ¢, 5 s - Switch is OFF and Diode is ON

Figure 5 Buck-Boost Converter during CCM.
Considering the steady state, the average voltage across the inductor is zero

Ts ton Ts . .
/ vrdt=0 = / v dt +/ vrdt=0 = Viton — Votoff -0 Neglecting the power losses:
0 0 ton
Pd = Po = VdId = VOIO
Finally, input-output voltage relation (transfer function) of a Boost converter is:
V, ton D I, Vg 1-D

D

Va toff 1-D .-V,

Power Electronics Laboratory
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BUCK-BOOST CONVERTER - BOUNDARY BETWEEN CCM AND DCM

At the boundary condition, inductor current goes to zero at the of a period (note that I, = I, — Iy = (1 — D)IL):

1. V. TSV, TV, TV,
Inpg = QZL,peak taon = %D 2L (1 D) = Iop= oL

°(1-D)?
With constant V,,, I, g can be plotted as function of duty cycle D, and we can calculate:

TV,
Ie mar(D O) 2Lo =Irp= (1 - D)]LB,manm I, maT(D O)

TV, 2
2Lo =lIl,p = (I_D) IoB,mam

For a given D with constant V,,: if I, drops below I, g (or I, drops below I, g) Buck-Boost converter changes its mode from CCM to
DCM

10
075 V, = Constant
TV,
ILB, max = IoB, max = _-Z’ZL
iL, peak 0.50- \\
vL iL
—— _T_ r__ - \\ 11.8/ILB, max
° P 025~ AN
I=Ip Log/la, max—" N,
~
(=Vo % 0% o o 10 ?
f——D7,———01-D)T,~— ) ’ ’ '

(a) (b)

Figure 6 Current waveform at the boundary of CCM and DCM.
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BUCK-BOOST CONVERTER - DCM - CONSTANT V/,

We assume that Buck-Boost converter:
» operates with constant V;; and D when aload decreases

» while D would be modified by control, we assume that is not changed

» decrease of load (P, = Py) reduces inductor average current o

> tof f intervalis splitinto two sub-intervals

» during AT the inductor current is reducing to zero

» during A5 T the inductor current/voltage is zero and load is supplied by capacitor

The average voltage across the inductor is zero

Ts
/ ’ULdt =0 = VdDTS + —VoAlTS =0 =
0

Inductor peak current and average currents are:

. V.
tL,peak = deTs

Finally D as function of load current for various V,, /V is:

EPFL ==

. D+A
= Ip= ZL,peakT1 =

Vo _ D _Ia
Ve AL,
v
5 DTo(D + Aq)

L

| =]

L o L
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Tos.max = 7

Figure 8 Buck-Boost characteristic with constant V.
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BUCK-BOOST CONVERTER - INDUCTOR CURRENT RIPPLE - OUTPUT VOLTAGE RIPPLE

Considering the CCM operation, we can derive sizing rules for the L and C'

During t,,, = DT} interval, currentrise for A, (peak-to-peak ripple)

v
Al = TdDTS
Inductor average current is:
_ D 1 Vo 1 Vg D

IL—Id+Io—1 DI +1, 7—DI°_R71—D_R(17D)2

L can be selected as:
Va _V
L= AILDT AlL (1-D)T

Output capacitor voltage ripple:

From here we have:

Vy —

V)
i

/ I, =u}+1,,)

l_or, a-or,_|

(= ton) (= torf)

Figure 9 Buck-Boost converter inductor current rip-
ple.

Ip=1,

be—t———]

——b1,—-a-ny7,~

Figure 10  Buck-Boost converter output voltage ripple.
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FLYBACK CONVERTER

Using coupled inductors and air-gap for energy exchange...

Power Electronics Laboratory



FLYBACK CONVERTER

Flyback converter is derived from the Buck-Boost converter
» second winding is added to the inductor to achieve galvanic isolation

» thisis not truly a transformer, but a two-winding inductor (observe the dots and secondary diode)

» primary current and secondary current do not flow at the same time - as in regular transformer

v

v

v

v

energy is stored in the air gap and released to the output

we can still analyse circuit using the transformer notion

two-winding inductor thus achieves energy storage and galvanic isolation, at the same time

magnetizing inductance design will not aim for the highest possible value

» Flyback converter is widely used SMPS topology for low power applications

D

Va

-1

(a)

Figure 11 Flyback converter.
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FLYBACK CONVERTER - CCM ()

Using transformer representation for two winding inductor:

During the t,,,,
» Switchis ON

» Diode is OFF (reverse biased due to winding polarities)

» output capacitor is supplying the load

» CCM mode implies incomplete demagnetization of the core

» inductor core flux increases linearly from the initial value

V. N v .
®(t) = @(0) + ﬁt = d=d(t,,) =D+ W‘iton VT
Duri o J_ ™ "
uringthe ¢, 5 ¢ n
» Switch is OFF and Diode is ON e ton—>———tor ——

» voltage accross secondary windingis vo = —V/,

Ty
N
)
o /\/\/

> energy is released to the secondary side

» inductor core flux decreases from the initial value

V. V. V.
Wz(t - ton) = ‘I)(Ts) =g+ Wdlton - W(;(Ts - ton) _____ ‘lhj__-fl__%__
0 = t

Figure 13  Flyback converter waveforms.

D(t)=d -
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FLYBACK CONVERTER - CCM (ll)

Considering that net change of flux through the core iz zero in steady state:

Vo _Na2 D

Vi N 1-D

Voltage transfer ratio of Flyback converter:
» depends on duty cycle D as for Buck-Boost converter

» transformer turns ratio allow for additional voltage adaptation

During the t,,,, we have v1 = Vz and rise of inductor current:

. . V. 2 2 |2 —
im(t) = i (t) = I (0) + 75t = Iy = Lo = In(0) + 7% ton j
m m Vld
0 t
Duringthe t, ¢ 5 we have vy = —(N1/N3)V, andigy,, =0 l- 2
Inductor current ¢,,, and diode current iz , can be expressed as: " 7 -

. . Vo(Ny/N. :
lm(t):Im7 %(titon) ‘,(o)/\/\/
I 1 I 1 .
. N . Nir;  Vo(Ny/N. °
in(t) = Nhim(t) = {21 - L)y )]
With average diode current being I, we have switch stressesas:  ~ F————A kﬂ-- T’T_I_"\__
fm — fsw _ % T —1D]O + % %Vm Vo = Vi + %Vo = 1‘_/7dDFigure 15  Flyback converter waveforms.
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VOLTAGE TRANSFER FUNCTION, DUTY CYCLE RANGE

» Input-output voltage transfer function % = f (D) of aFlyback converter is already derived

> itis easy to solve it for the duty cycle D = f (Ui, Uout)
» IC PWM controller has limited maximum duty cycle
» Input voltage has minimum, rated and maximum value

.
Unn @ foay—

Cout Uout

T

Figure 17 Current of the Flyback Converter.

EPFL ==

Blue - Primary MOSFET current waveform

Green - Secondary DIODE current waveform

Magnetizing current - triangular current waveform with ripple A,

While the structured looks like a transformer, these are coupled inductors

Power Electronics Laboratory



MAGNETIZING INDUCTANCE, CCM, DCM

Flyback should operate in CCM until Pyt min,ccM

DCM operation below that power is OK

Recall equations for primary side current (at CCM-DCM border it starts from zero)

Recall simple geometry of a triangle - relation between average and peak value of current

L Cout Uout

n
.

Usn @ o

5

Figure 18 The power path of a Flyback Converter (leakage inductance and auxiliary supply windings are now shown).

I (T
& Magnetizing current peak and Average value are:

Uin U’L . D Pout l

Al = Lo “lon = L Fow Im,a'ug = U, D

Im,avg

L, can be calculated considering current shape at the CCM-DCM border and:

t ¥
D 1

Fsw Fow AI’m =2 Im,a'vg

Figure 19  Inductor curent i ,, (¢)atthe border
to discontinuous conduction mode.
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OUTPUT CAPACITANCE

v

Output capacitance C,,,; should fulfill requested ripple requirements

v

Usat Worst operating conditions should be considered

v

In the steady state, the capacitor voltage uc oyt = rorm 1 L f{icout}dt has periodic ripple -
ou
net voltage gain should be zero

Figure 20 The secondary side with
the relevant currents.

v

voltage also has average value - output voltage

v

Two shaded areas, representing charge, have to be identical - choose one

QC 1= I A — Pout . Uout/Uin L
out, out fsw Uout Uout/Uin + l/N fsw
QCout,l Pout . Uout/Uin 1

Cout = —AT ~ =

Uout Uout/Uin + 1/N A fsw ! AUout

» the charge @ - and thus the ripple - increase with P,,,,+ - Choose correctly power for design

calculations!
Figure 21 Kirchhoff’s current low for

the output capacitor. > Input voltage U;,, also has an effect one the C,,,,+ - Choose correctly input voltage for
design calculations!

» You should fulfill requirements under all operating conditions

E P F L EE-365 Power Electronics Laboratory



INPUT CAPACITANCE, HOLD-UP TIME, SAFETY DISCHARGE

DC-DC converters are often part of a larger power supply system connected to the AC supply through a rectifier

v

input rectifier is connected to AC supply line (50 H z) and provides DC voltage as input to DC-DC stage

v

rectifier normally has Capacitor at the output, smoothing DC voltage at the input od DC-DC converter

v

DC-DC stage regulates the output DC voltage, and operates correctly with defined input voltage range (V;—min s Vin-maz)

v

AC network may have problems, and there may be complete loss of AC power supply for some time

v

often, a loss of a half-cycle (10ms) of AC supply, should not be visible at the output of DC-DC converter

v

HOLD-UP time is defined as the time required for the output voltage to remain within regulation after the AC input voltage is removed

v

capacitor between AC-DC and DC-DC stage must be sized to buffer loss of AC supply during half-cycle (t;y p = 10ms)

v

Your task 1: Calculate C for scenario "adapted” for your problem (simplified problem, since efficiency is considered as 100%)

v

Your task 2: Calculate R to discharge C, in defined time, once we turn off everything (7 = RC, it takes roughly 57 to discharge)
Energy stored in capacitor C at voltage V:

1 2
o \J'ﬁll:ge E= j CV
é“'*' Energy difference in capacitor C' due to voltage drop:
Acline Pl 1 2 2
AE = QC(Vhigh - Vvlow)
. T ! Energy needed to supply output rated power:

Figure 22 Simplified illustration of DC-DC converter fed from a AC-DC converter AE =Poyt-tup
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MOSFET AND DIODE V-l STRESS, RMS AND AVG CALCULATIONS

Adequate MOSFET and DIODE should be selected considering: Expressions for RMS and AVERAGE current can be easily derived

» Maximum voltage stress of the MOSFET in the circuit
» Maximum current of the MOSFET in the circuit
» Maximum voltage stress of the DIODE in the circuit

» Maximum current stress of the DIODE in the circuit

v

Calculate theoretically from the circuit
» Use PLECS to verify (if in doubt)

Determined values are minimum requirements

v

» List of devicesis provided to you
» Choose final devices accordingly

io 4

Lmax

Lmin

0

Figure 23  Current waveform of the MOSFET in the steady-state

EPFL ==

» recall basic definition for RMS calculation

1 (T,
Iems =\ 72 / i2(t)dt

» recall basic definition for AVG calculation

1 [Ts

Lavg = 77 | ilt)at

0

» from the typical current waveforms define i(t) for MOSFET
» from the typical current waveforms define i(¢) for DIODE
» these calculations are available in many textbooks

ip 4

Lmax

Lmin

0 T t

Figure 24  Current waveforms of the diode in the steady-state
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OTHER FLYBACK CONVERTER TOPOLOGIES

Two-Switch Flyback Converter
» T and T5 are turned ON and OFF simultaneously
» voltage ratings of switches is one half of the the single-switch version
» diodes provide freewheeling path to dissipate energy stored in leakage inductance

Paralleling Flyback Converters
» added redundancy in the system
» increased effective switching frequency seen at the output
» modularity of design

i,
d Ny iNp fo
e + . 7 +
= Ty = <V
N1:Np . -
ot
L]
. < Va
va = 2
. |
N1 Ny
Ty .
- -
.
(a)

(b}

Figure 25 a) Two-switch Flyback converter; b) paralleled Flyback converters.
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TWO-SWITCH FLYBACK
CONVERTER
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2-SWITCH FLYBACK CONVERTER

Single-switch Flyback suffers from:
» high turn-off voltage stress of primary switch
» ringing due to leakage inductance and switch output capacitance

» energy stored in the leakage inductance

» increased switching loss

» need for RCD clamp, further increasing complexity and losses

Two-switch Flyback:
> increased complexity: 2 MOSFETSs, 2 Diodes
» diodes effectively clamp and reduce switching overvoltages
» diodes provide return path for the leakage inductance discharge
» MOSFET turn off loss is reduced

Material is adopted from the paper:

D. Murthy-Bellur, M.K. Kazimierczuk, "Two-switch flypack PWM DC-DC con-
verter in continuous-conduction mode”, Int. J. Circ. Theor. Appl. 2011; 39:
1145-1160

Figure 26 (a) two-switch flyback; (b) single-switch flyback;(c) single-
switch flyback PWM DC-DC converter with RCD clamp.
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2-SWITCH FLYBACK CONVERTER - CCM

Relevant waveforms in CCM in steady state 6 stages (intervals) during the switching period
VGsis V(:&2O D, “’l Ca D,
Vim ¢ 1 SoC A N
o : 233 fir e w37 w3,
itm e L jj 7 L
D, s Con
= [T«
Vpsis Vnszo Vi 4 l
isi, 1'59 , @ O]
Vo3 4
0 t 4oy N
RZV, ] RV,
ipy] -\ v -
™ \ A
0 » jj
V1, Vo2 r
'D1s VD 0,,\ :
iﬂlv iDZ/’\
¢ t rZV, RV,
m’[ /\ o o
ot .
Lty e L s
[Stagc 1] Stage? | Stage3 | Staged | Stages5 | Stages | © )

Figure 27 Voltage and current waveforms of the two-switch flyback in CCM  Figure 28  Equivalent circuits of the two-switch flyback
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2-SWITCH FLYBACK CONVERTER - CCM

Nomenclature

v

Active switches: S and Sy
Diodes: D1, Do and D3

Magnetizing inductance: L,,,

v

v

v

Total leakage inductance: L;

v

Output capacitor: C'

6 stages (intervals) during the switching period

+ Vi
Vo

ml Co D,
n1
L%
+ < L.
Vin f‘-’“ %V'"J" c== R3V,

v

Output capacitance of switches: C o1 and Cpo

(a)

v

Transformer turns ratio: n

v

Input DC voltage: V7

v

Output DC voltage: Vo

v

Load resistance: Ry,

v

Switching period: T's

(e)

(b)

3
Vo

L
+ Vi

Tl

i1 vuszj:r Con

RigVo

Figure 29 Equivalent circuits of the two-switch flyback
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2-SWITCH FLYBACK CONVERTER - STAGE 1

During the time interval [t < t < ¢ ]

» D1 and D, are OFF, D3 is ON (conducting) and S and Sy are turned ON D i,,l Con >,

» due to leakage inductance L;, magnetizi.ng currentiy, - cannot be instantaneously ot @’ - ml R J_ .
transferred from the secondary to the primary T Vi l“ virln ¢ RZV,

» voltage across clamping diodes D1 and Dy is: vpy = vps = =V _ r L T

» D; and D, are reversed biased (blocking), hence: i p1 (t) = i pa(t) = 0 D: in| [T e

> the voltage across magnetizing inductance L.y, is: vy, = —nV.Hence:

Figure 30 Equivalent circuit during the Stage 1

. nV . . L
i, (t)= To(t —to)+ir,,(to), iL,,(to)=init.w.(CCM)
m
U >‘
— g
im L —r—
> the voltage across leakage inductance L;is V,, = Vi + nVp I TR :
» the leakage inductance L; limits the rise of current through S1 and So s 59T d
V V vmnA i
. . . 7tn . . N
lsl<t):lsz<t):1Ll(t): To(t*to)JrlLL(to), ZLl(to):O “"\ --\\
e e vor, v :
slope 0 1
» the current through Dy is: o g

) ) ) ViLy, +nVo(Ly, + L ) -
iy (0) = ~nlin, (1) iz, (0) = -n VLEm I VO Em S0 )iy (1) Coartr e

Fi 31 Volt: d t f
EPI:L cE365 igure ‘oltage and current waveforms...

Power Electronics Laborawry



2-SWITCH FLYBACK CONVERTER - STAGE 1(CONT.)

During the time interval [t < t < ¢ ]

» the current through D3 is:

iD3 (t) = 7”(7;[41 (t)

» inagooddesign L,,

—iL,,(t) =

V[L + TLVo(L + Ll)

Lo L

>> [; and simplification yields:

iD3(t) =-n
-

VI + nVO
L,

slope

> the voltages across switches are: vg, =vg, =0

> thestage Tendsatthetimet = t; whentheir, =4y, andip,(t)

> substituting i p, (t1) =

EPFL ==

Atl = tl

_ L .
TV Anvo !

L (to)

(t

(t —to) +nig,, (to)

—to) +nir,, (to)

=0

0 into simplified expression yields duration of the stage as:

D iml Con Dy
Il
. il
n iy "
Vi ; | N
T Vim f‘"‘ Viln ¢ RV,
- - | <
ol ‘
D, Ml Cor
[T

Figure 32 Equivalent circuit during the Stage 1

Vasis Vasz
Wt %
o t
itm L
0 =
Vosi, Vos2 Vi 4
0
it is2] t
0.
Vo3 '
[} t
[ r——
\
0
Vou, Vo2 G
0 [
tm,luzT
t
i L
'
Wy e 1yl [

Siage1[ Siage2 | Siaged [ Staged | Suages | Sume |

Figure 33 Voltage and current waveforms...
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2-SWITCH FLYBACK CONVERTER - STAGE 2

During the time interval [¢t1 < t < o]
S1 and S, are ON; all diodes D1, Dy and D3 are OFF
the output load R, is supplied by the output capacitor C'

v

v

v

the voltages across switches are: vg, = vg, =0

v

the primary side current is:

iy (6) = iy (6) = i, (t) = ip., (1) = %(t —t)+i,, ()

slope

v

the peak current of the magnetizing inductance L., is:
Vi DT, ViD
% t —— +1 t —_— +1 t
Ly (t2) = e L (t1) = Pl + L) i L (E1)
» the peak-to-peak value of the ripple current through magnetizing inductance is

Vi D

Aip,, =iL,,(t2) —iL,,(t1) = Follm ~ 1)

v

the stage 2 ends at the time ¢ = ¢5 when both switches S; and S5 are turned OFF

EPFL ==

Vs

T[T

s +El F
. .
Nl
~ 3
AN
AAAA
]
Ci;
=
VA'

D, ml } Cn

Figure 34 Equivalent circuit during the Stage 2

Vast, Vas2

wT

0

im

0
Vosi, Vos2

0%
sy, isy

0.

D3 4
0

ipy),

0o
Vo1, Vi p
0]

ip1, ipy T

iy

/

Wy

s g I

S

T] Stage2 [ Siages [ Staged | Suages | Sume |

Figure 35 Voltage and current waveforms...
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2-SWITCH FLYBACK CONVERTER - STAGE 3

During the time interval [to < t < t3]

"
» 51,55, D1, D3 and D3 are all OFF; the R, is supplied by the output capacitor C' D% 1
» the magnetizing current (equal to leakage current) is charging output capacitances C'o1 =L
and Cp5 of primary switches S7 and Ss T
» an LC resonant circuit is formed due to opening of switches S and Sa
» the primary side current is:
. . . . Vi . . ) ' R
10y (t) = icos(t) =i, (t) =ir,, (t) = 7, Sin wi(t —ta) + i, (t2) coswy(t —ta) Figure 36 Equivalent circuit during the Stage 3
VGsts "\(;\3]/\ >l
> where: 0,‘_ )
itm T_-'/ —_—
7, - V(Lm +L;)(Co1 + Coa) oy = Co1 +Conz oy t
Co1Co2 (Lm + L1)C01Co02 N
e :
» assuming identical output capacitances Cp1 = Coo = Co, the switch voltages are: -\\
ir,,(t2)Z1 \%s
vpsi(t) = vpsa(t) = voo, (H) = voo, (t) = =5 sinwi(t —ta) + 5 (t2) coswi (t — £2) |
i /
> the stage 3endsat the time ¢ = ¢3 when the voltage across each switch S and So equals e )

V7, resulting in clamping diodes D1, D5 (and D3) being turned ON

EPFL ==

Figure 37 Voltaggs and current waveforms...
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2-SWITCH FLYBACK CONVERTER - STAGE 4

During the time interval [t3 < t < t4]
S1, S5 are OFF, alldiodes D1, D5 and D3 are ON

the voltage across each switch is clamped to V; + Vg, where Vi is the forward voltage
drop across the clamping diode

v

v

v

v

v

v

reflected magnetizing current n.1 Lo

OFF

EPFL ==

ip1(t) = ipa(t) = ir,(t) = -

whereip, (t3)is the initial leakage inductance current

this is regenerative clamping mode

the current through the leakage inductance is charging the input voltage suource V7
through the diodes D4 and Do

(t—t3)+ig,(ts)

the stage 4 ends at the time ¢ = ¢, when the rectifier diode current i p3(t) equals the
which results in diodes D4 and D5 being turned

im

[
Vosi, Vos2

(3
sy, isy
0.

D3 4
0

ipy),

0
Vo1, Vi
0]

ip1, ipy T

i

/

Wy

s g I

S

T] Stage2 | Siages [ Staged | Suages | Sume

Figure 39 \Voltage andocurrent waveforms...
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2-SWITCH FLYBACK CONVERTER - STAGE 5

During the time interval [t4 < t < ¢5]
> Sl, SQ, Dl,and D2 are all OFF; D3 isON
» the magnetizing inductance L., is clamped due to conduction of D3

» the resonant current on the the primary is:

in,(t) =ico, (t) = icp,(t) = ir, (ta) coswal(t — t4)

> whereig, (t4) is the initial leakage inductance current

» the voltage across the leakage inductance L; is

vp, (t) = —ig, (t4)Z2 sinwy(t — ty)

7. = |EilCo1+Co2) :W
2 Co1Co2 2 L;Co1C02

» assuming identical output capacitances Cp1 = Coo = C, the switch voltages are:

vpsi(t) = vpsa(t) = vog, (t) = vog, (t) = Vi —ir, (ta) sinwa(t - t4)

> the stage 5 ends atthe time ¢ = ¢5 when the leakage currents i, (t) drops to zero
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Figure 40 Equivalent circuit during the Stage 5
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Figure 41 \oltage and current waveforms...
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2-SWITCH FLYBACK CONVERTER - STAGE 6

During the time interval [t5 < ¢ < tg]

>

>

>

v

v

v

Sl, SQ, D1 and D2 are OFF, D3 is ON
resonance between L;, Cp1 and C o5 has stopped
the voltage across magnetizing inductance L, is: VL, = -nVo

Magnetizing current and rectifier diode D3 current are:

nV 2V,
ir,,(t)= Ln? (t—ts)+ir,, (ts),  ips(t)=— Lmo (t —ts5) +nir,, (ts)
slope slope

the voltages across the switches S and So, and clamping diodes D and D5, are:

nVo - Vi

vp1(t) = vpalt) = )

Vi +nV,
vpsi(t) = vpsa(t) = %{no

there are no currents on the primary side
the stage 6 ends at the time ¢ = tg when the switches S7 and S5 are turned ON
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Figure 42 Equivalent circuit during the Stage 6
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DC VOLTAGE TRANSFER FUNCTION

Relevant waveforms in CCM in steady state Input-output voltage relation:
» Applying the volt-second balance to the magnetizing
Vst Vosa inductance voltage
Vl.mU r
oF— i 0= V[(Atz — Atz — At4) - TLVO<At1 + Atg + AtG)
lm e
Vst Vnszo Vi 4 Vio _ Atg - At3 - At4
isn fsg) , Vi n(Atl + Ats + Atg)
Vo3 4
t » neglecting duration of stages 1, 3,4, and 5, as it is typically much
[-m,; | smaller in comparison to duration of stages 2 and 6, one has:
Vi, L’Juo,h r va — At? — D
0 [ Vi~ nlAtg  n(l-D)
iDlv iDZ/’\
( » the same voltage transfer function as for the single switch
int _— \ t flyback
ot .

A

B yls, 5
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Figure 44 Voltage and current waveforms of the two-switch flyback in CCM
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DEVICE STRESSES

Relevant waveforms in CCM in steady state

Vasis Vasz
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Figure 45 Voltage and current waveforms of the two-switch flyback in CCM
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Primary side switches S; and S5
» maximum voltage appears during the stage 4

» maximum current appears during the stage 2

Tomax + AILm
TL(l - Dmaz) 2

VSI,Q(maw) = VI(maw)’ ISI,Q(max) =

Clamping diodes D1 and Do
» maximum voltage appears during the stage 1and 2

» maximum current appears during the stage 4

IOmaz + AILm

VDl,Z(maz) = VI(maz)y IDI,Q(maz) =

n<17Dmaz) 2

Rectifier diode D3
» maximum voltage appears during the stage 2

> maximum current appears during the stage 4

IOma;v + nA[Lm

Vi
VDB(maz) = ﬁl + Vo, ID3(maz) = 1— Dz 2
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