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Expression Abbrevation
Continuous Conduction Mode CCM
Discontinuous Conduction Mode DCM
Alternating Current AC
Root Mean Square RMS
Synchronous Rectifier SR
Right Half Plane Zero RHPZ
Input Voltage Vi
Output Voltage Vout
Output Current Lot
Diode Forward Voltage Vi
Switching frequency of the power supply’s FET Sswitch
Switching period Towitch = fswlitch =t +ta+13
Time, when the FET is conducting and current in ;

the inductor is increasing. 1
Time, when the FET is not conducting and current in "

the inductor is decreasing. 2
Time, when the FET is not conducting and constant ts
current or no current flows through the inductor for

non-interleaved switching topologies. For interleaved

switching topologies (e.g. Push-Pull) the current will

decrease to 0A during that time.

Phase Shift Time tph
Demagnetization Time tq

Time after demagnetization. Time period between td and tad

t1 in DCM. Only applies for Single Switch Forward and

Two Switch Forward.

Duty Cycle D =11 fowiten
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About Discontinuous Conduction Mode

A switch mode power supply enters Discontinuous Conduction Mode when half the inductor current ripple ex-
ceeds the average inductor current. Respectively the relative inductor current ripple will have a value of 200% or
greater in DCM and the current will have a minimum value of OA during ¢;. An exception is the synchronous Buck
converter without diode emulation, where the inductor current can also become negative, because it remains in
CCM under conditions a non-sychronous Buck regulator enters DCM. In case of the SEPIC, Cuk and Zeta topol-
ogies the before mentioned conditions for DCM are a little bit different as those topologies contain two inductors.
The inductor currents both have an offset in relationship to the input and output current. DCM is entered when
both offsets have the same absolute value and sum up to zero. The relative inductor current ripple in DCM is also
200% or greater for SEPIC, Cuk and Zeta converters and the current during ¢; will equal the value of the offset.

About Inductors and Transformers

Coupling between coupled inductors and for transformer windings is assumed to be ideal. The equations

for SEPIC, Cuk and Zeta converters are for uncoupled inductors: When calculating with coupled inductors for
those topologies use double the value of the component’s inductance. This also means that for the same ripple
requirement a coupled inductor with half the inductance of a single inductor solution is sufficient. Another benefit
of using coupled inductors for Cuk, SEPIC and Zeta is that the resonant frequency between inductors and cou-
pling capacitor does not have an effect on the power supply’s frequency response, but does with single inductors.

About Diodes

The forward voltage drop of rectifier and freewheeling diodes (D, and D., as well as D, for the Weinberg) is taken
into account for all calculations. It is assumed that the forward voltage drop is identical for those. The forward
voltage drop for demagnetization diodes (D5 and D,) is neglected for all equations.

About How waveforms are being displayed

The voltage and current waveforms of components are displayed in the direction the current is flowing through
them. Exceptions are the secondaries of transformers and coupled inductors, because they are considered to be
current sources. This results in the signs of current and voltage being inverse. For Inverting Buck-Boost and

Cuk output voltage and current have to be negative values for calculations. The direction of voltage and current
waveforms for the synchronous rectifier in the synchronous Buck regulator point to the opposite direction com-
pared to the diode in the non-synchronous Buck regulator, because the voltage is measured from Drain to Source
in this special case.

—
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Figure 1.0.1.Example of how the waveforms of a Flyback converter are displayed.

About Right Half Plane Zero

For Boost, Inverting Buck-Boost, Cuk, SEPIC, Flyback and Two Switch Flyback topologies the equations for the
right half plane zero are very simplified and thus give the designer only an estimation of the frequency. Please
consider that SEPIC and Cuk converters have more than one RHPZ and only one of them can be calculated to
a certain extent.
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2.1. Positive triangular waveforms without offset

A A A
max : max ; LS A
0 > 0 > 0 : : >
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Figure 2.1.1. Positive triangular waveforms without offset
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Figure 2.1.2. Positive triangular waveforms without offset

Average:

ng — 7 1 fOTswitch Z (t) . dt

switch
__ mazx t1+t2
avg = —&5— - 7m
g 2 Tswitch,

RMS:

Tswitch /-
rms =\ J ()2 -t

— ./ _titts
rms = maxr 3T witon

AC:

ac = \/rms? — avg?

10 | Power Topologies Handbook



Tl.com/powertopologies General Equations for Calculating RMS and AC Currents

2.2. Positive triangular waveforms with offset
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Figure 2.2.2. Positive triangular waveforms with offset

Average:

fTswitch Z (t) . dt

_ 1
avg = T 0

switch

_ mintmax | _t;+to
avg = 2 Tswitch

RMS:

Tswitc .
rms = \/Tswlit.ch, fO ' h(z (t))2 ' dt

. — ; 2
rms = \/—Ttl‘”z - (min - max + (maz—min)? 3mm) )
switch

AC:

ac = \/rms? — avg?
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2.3. Positive and negative triangular waveforms without offset

max ‘ max

0 , ‘ > 0 \J >
min : min '

t1 t2 t1 t2
b -yt >

Figure 2.3.1. Positive and negative triangular waveforms without offset
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Figure 2.3.2. Positive and negative triangular waveforms without offset

Average:
avg = fTswitch 'L (t) . dt
9= Toizen Jo
_ min t1 max | to
G/Ug - 2 Tswit,ch 2 Tswitch
RMS:

Tswitch -
rms = \/Tswlmh fo ()2 - dt

2 2
_ . ty . to
rms = \/(mln 3'Tswitch) + (maa: 3'Tswitch>

AC:

ac = \/rms? — avg?

12 | Power Topologies Handbook



Tl.com/powertopologies General Equations for Calculating RMS and AC Currents

2.4. Positive and negative triangular waveforms with offset

fnaxs fmaxz \
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Figure 2.4.1. Positive and negative triangular waveforms with offset
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Figure 2.4.2. Positive and negative triangular waveforms with offset

Average:

o 1 Tswitch - .
avg - TS’ itch f() ¢ (t) dt

_ mi'n,l-l—maacl . t] minl-i—maacg . t2
avg = Tswitch + 2 Tswitch
RMS:

rms = \/ 1 fOTswitc’L (’L (t)>2 . dt

Tswitch
rms = b [mazy - ming 4 T ming® L [maxy - ming + (MeT2—ming)?
Tswituh 1 1 3 Tswitch 2 2 3

AC:

ac = /rms? — avg?
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2.5. Universal equations for positive and negative triangular waveforms with Offset and
three time components

A
maxz
min,
maxs
ming \J - i\J i >

t3
Pl i

Figure 2.5.1. Positive and negative triangular waveforms with offset

Average:

avg = mini;+mazr; t1 mina+mazrsy | to minz+mazrs | t3
Tswitch 2 Tswitch 2 Tswitch

RMS:

rms = \/Zi_l [fswitch “tp (mamn -ming, + (maz, — minn)zﬂ

AC:

ac = \/rms? — avg?
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A Buck converter steps down an input voltage to a lower output voltage level. The energy is transferred to the
output when the FET is conducting.

L1

- GCi A D1 == Co

Figure 3.0.1. Schematic of a non-synchronous Buck converter

For calculating a synchronous Buck converter set V¢ = oV. The waveforms for the synchronous Buck converter
show the operation in a forced PWM scenario, where a non-synchronous Buck converter would enter DCM.

For normal operation there is an additional positive DC offset for the current of FET and Inductor. The CCM wave-
forms can be used as reference. In case of the synchronous rectifier current the additional DC offset is negative.

L1

—
— Ci JH’ Q2 - Co
—

Figure 3.0.2. Schematic of a synchronous Buck converter
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Buck Converter

3.1. General

Inductor Current Ripple: Iripple = L% - (Vin — Vour) - t1

3.1.1. Continuous Conduction Mode & Synchronous forced PWM.

FET on, increasing current: ¢, = fwlwl : “//”n'—:‘yff
FET off, decreasing current: t» = ;—— —t;
Min. Inductor Current: Inin = Loput — Trizete
Max. Inductor Current: Iaz = Tou + 752
Average Input Current: Tin,avg = Youglont 4 GO Lusntmaz oty - £,
3.1.2. Discontinuous Conduction Mode.
Vour 17

FET on, increasing current: ¢ = \/2 “Tout - Ly -

Vin+Vy

Fswiten (Vin—Vout)-(Vin+Vy)

FET off, decreasing current:  #2 =t - o7 —
FET off, no current: t3 = ﬁ —t1 —t2
Min. Inductor Current: Lnin = 0A
Max. Inductor Current: Ipaw = %1 * (Vin — Vout) - ta
Average Input Current: Linavg = % “//—’ cAmindlmas gy foien
3.2. Inductor L,
3.2.1. CCM, DCM & Synchronous forced PWM.
A A A
Vmax Vmax Vmax
Vmin Vmin Vmin
oo t ot tz ts 1 poteo t2 :
< >ie > e e

Figure 3.2.1. Buck - Inductor L, Voltage Waveforms in CCM, DCM and synchronous forced PWM
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Imax Imax Imax

Imin

> Imin

t

—
9
—
&

Figure 3.2.2. Buck - Inductor L, Current Waveforms in CCM, DCM and synchronous forced PWM

Average Inductor Current: I g = fmindlmes (4 4 t5) - fouiren
Min. Inductor Voltage: Viimin = —Vour — V5
Max. Inductor Voltage: Vi maz = Vin — Vour

Inductor Voltage during t3: Vg, ,, =0V

3.3. FET Q,

3.3.1. CCM, DCM & Synchronous forced PWM.

Vmax Vmax

Vmax

Imax Imax Imax

Imin

> Imin > Imin

t t

—
—
9
—
—
9
—
&

Figure 3.3.2. Buck - FET Q. Current Waveforms in CCM, DCM and synchronous forced PWM
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Average FET Current: 1, avg = Tmintlmar 4y fo 0
Min. FET Voltage: Vo, min = 0V

Max. FET Voltage: Vo, maz = Vin + V5

FET Voltage during t; (DCM): Vauits = Vin — Vour

3.4. Diode D,

3.4.1. CCM & DCM.

Vmax Vinax

Vmin Vmin :_L

o IR

—P——>! —Pi— DD

i l 1 v l " |

Figure 3.4.1. Buck - Diode D, Voltage Waveforms in CCM and DCM

Imax Imax

Imin

T T Imin T T
b IRTLIRAR
e e

Figure 3.4.2. Buck - Diode D, Current Waveforms in CCM and DCM

Average Diode Current: Ip, avg = W ~to - fswitch
Min. Diode Voltage: Vb1, min = —Vin
Max. Diode Voltage: Vb, maz = Vi

Diode Voltage during ¢;: Vbits = —Vout
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3.4.2. Synchronous Rectifier FET (), - forced PWM.

Vs Vinax

Vi > Viin >
LA I

—Pi—>! P>

Figure 3.4.3. Synchronous Buck - Synchronous Rectifier FET Q- Voltage Waveforms in CCM and forced
PWM mode

- A .

Imin

' B R

—Pi—>! P>

Figure 3.4.4. Synchronous Buck - Synchronous Rectifier FET Q. Current Waveforms in CCM and forced
PWM mode

. ImintImas
Average SR Current: I, 4y = fmindlmee 4y 00,

Min. SR Voltage: Vs, min = 0V

Max. SR Voltage: VQs,maz = Vin
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3.5. Input Capacitor C;

3.5.1. CCM, DCM & Synchronous forced PWM.

Vmax Vmax Vmax

v

Vmin > Vmin

T
|
'
'
'
'
'
'
'
'
'
'
'
'
'
'
'
T
'
'
'

! t1 tz tz t3 tZ

—Pi—>! P>

Imax Imax Imax

Imin Imin

B
v
RS —— 7
y

bt & Pt Lt
——P———» —P—P—> —— PP

Figure 3.5.2. Buck - Input Capacitor C; Current Waveforms in CCM, DCM and synchronous forced PWM

Min. Input Capacitor Current during t.: Ic, mint: = —Imaz + Lin,avg
Max. Input Capacitor Current during t: Ic, maz,t: = —Imin + Lin,avg
Input Capacitor Current during ¢. and ¢5: ICi,tg/g = Lin,avg

Average Input Capacitor Current: Ic; avg = 0A

Input Capacitor Voltage: Vo, = Vin
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3.6. Output Capacitor C,

3.6.1. CCM, DCM & Synchronous forced PWM.

Vmax T T Vmax T T T Vinax

> Vinin

> Vmin

. to t ty t

Figure 3.6.1. Buck - Output Capacitor C, Voltage Waveforms in CCM, DCM and synchro-nous forced PWM

A A A

VoN T

Imin 1 min v 1
Pty | Pt b it Pty

—Pi——>! P> P>

Figure 3.6.2. Buck - Output Capacitor C, Current Waveforms in CCM, DCM and synchro-nous forced PWM

Min. Output Capacitor Current: Ic, min = Imin — Iout
Max. Output Capacitor Current: Ic, maz = Imaz — Lout
Average Output Capacitor Current: Ic, avg =0A

Output Capacitor Voltage: Ve, = Vout

22 | Power Topologies Handbook
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Boost Converter
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A Boost converter steps up an input voltage to a higher output voltage level. The energy is transferred to the
output when the FET is not conducting.

L1

D1

'_
— Ci JK—
—

Q1 —_— Co

Figure 4.0.1. Schematic of a Boost converter

4.1. General

Inductor Current Ripple:  Irippie = L% Vin -t

Right Half Plane Zero: fripz =

4.1.1. CCM.

FET on, increasing current:

FET off, decreasing current:

Average Input Current:
Min. Inductor Current:

Max. Inductor Current:

4.1.2. DCM.

FET on, increasing current:

FET off, decreasing current:

FET off, no current:
Average Input Current:
Min. Inductor Current:

Max. Inductor Current:

24 | Power Topologies Handbook

Vout-(1—D)?
2Ly Loyt
t — 1 . Vout+vf_‘/11n
1 fsumitch Vout+vf
— 1 _
te=goom —h
I = . Vout+Vy
n out Vin
Iripple
[min = Lin — ;p

I,
Imax = Izn + T"L;ple

Vout+Vi—Vin
tlz\/2'Iout'Ll'%2_y

fswiten Vi,

_ Vout+Vy
ta =11 Vout tVi—Vin bt

3= —1— —t; —ty

fswiten

Vout -V
Iin = Lout * Vi
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4.2. Inductor L,

4.2.1. CCM & DCM.

LV Vinax

me Vmin

Imax Imax

Imin

t2

Figure 4.2.2. Boost - Inductor L, Current Waveforms in CCM and DCM

Average Inductor Current: I, gy = Lmindlmas (4 4+ 10) - fooiten
Min. Inductor Voltage: Vi ,min = Vin — Vouwr — Vs
Max. Inductor Voltage: Vi1 maz = Vin

Inductor Voltage during t5: Vi, ¢, =0V
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4.3. FET Q,

4.3.1. CCM & DCM.

Miviesc Vinax

Vmin > Vmin

Figure 4.3.1. Boost - FET Q. Voltage Waveforms in CCM and DCM

Imax Imax

Imin

> Imin

—_
—
S
sz
—
S
—_
&

Figure 4.3.2. Boost - FET Q. Current Waveforms in CCM and DCM

Average FET Current: I, 4y = Lmindlmes oy fo 0,
Min. FET Voltage: Vai,min =0V
Max. FET Voltage: Vo1 maz = Vour + V5

FET Voltage during t,: Vaits = Vin
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4.4, Diode D,

4.4.1. CCM & DCM.

Vmax

Vmax

me Vmin

e & bk LR

——p—>! P>

i T I v v T |

Figure 4.4.1. Boost - Diode D, Voltage Waveforms in CCM and DCM

Imax Imax

Imin

l
l

Figure 4.4.2. Boost - Diode D; Current Waveforms in CCM and DCM

Average Diode Current: I, 4,y = Loindlmes gy £ 00,
Min. Diode Voltage: Vb, min = —Vout
Max. Diode Voltage: VD1 maz = Vy

Diode Voltage during ¢5: Vbi,ts = Vin — Vour
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4.5. Input Capacitor C;

4.5.1. CCM & DCM.

28

Vi T T Vinax

> Vmin

Figure 4.5.1. Boost - Input Capacitor C; Voltage Waveforms in CCM and DCM

- /\ / | lmax‘
AR

LN [

Imin

—
9

Y

l
l

Figure 4.5.2. Boost - Input Capacitor C; Current Waveforms in CCM and DCM

Min. Input Capacitor Current: Ic; min = —Imaz + Lin
Max. Input Capacitor Current: I, maz = —Imin + Lin
Average Input Capacitor Current: I, 4,y = 04

Input Capacitor Voltage: Ve, = Vin

Power Topologies Handbook
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Boost Converter

4.6. Output Capacitor C,

4.6.1. CCM & DCM.

Vmax T T Vmax

> Vmin

t

Figure 4.6.1. Boost - Output Capacitor C, Voltage Waveforms in CCM and DCM

Imax Imax

Figure 4.6.2. Boost - Output Capacitor C, Current Waveforms in CCM and DCM

Output Capacitor Current during #,: Ic, 1, = —1out

Min. Output Capacitor Current during ¢, and ts: Ico,,m-n,tw3 = Lmin — Lout
Max. Output Capacitor Current during ¢, and ¢, IC,,,mam,t2/3 = Inaz — Lout
Average Output Capacitor Current: Ic, avg = 0A

= Vout

Output Capacitor Voltage: Ve

o
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Tl.com/powertopologies

An Inverting Buck-Boost regulator converts a positive input voltage to a higher or lower negative output voltage
level. The energy is transferred to the output when the FET is not conducting.

D1

Figure 5.0.1. Schematic of an Inverting Buck-Boost converter

5.1. General

Inductor Current Ripple:  I,.ippie = S Vin - t1
. : Vour (1=D)?
Right Half Plane Zero:  frip= = 3225
5.1.1. CCM.
, , . _ 1 . —Vout+Vs
FET on, increasing current:  #; = 5—"-— B VAR v v
FET off, decreasing current: ¢, = 7 ?f - t1
. Vin+Vy—Vs, Lripple
Min. Inductor Current: Loin = —Iout - L+Vf ot — T
VintVi—Vou Iripple
Max. Inductor Current: Iz = —ITout - +Vf s o
A I tC t: I = Vouttgus | Vi | ImintImas t .
verage Input Current: in = oot 4 ol - “ta + fwitch
5.1.2. DCM.
. . out+V,
FET on, increasing current: t1 = \/—2 Tows - L1 - féwmt:‘,f
. ) _ —Vout+Vin+Vy
FET off, decreasing current: o = t; - —2y- 25— — 1
FET off, no current: ty = Fooo t1 —to
Min. Inductor Current: Lpin =0A
Max. Inductor Current: Iaz = %1 “Vin -t
. %
Average Input Current: Lip = Yewgdour 4 2L Dmaz o - foinen
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5.2. Inductor L,

5.2.1. CCM & DCM.

LV Vinax

me Vmin

Figure 5.2.1. Inverting Buck Boost - Inductor L, Voltage Waveforms in CCM and DCM

Imax Imax

Imin

t2

l
l

Figure 5.2.2. Inverting Buck Boost - Inductor L, Current Waveforms in CCM and DCM

Average Inductor Current: Iy, .,y = Lemtlnas (4 415 - fouiten
Min. Inductor Voltage: Vi min = Vour — Vi
Max. Inductor Voltage: Viimaz = Vi

Inductor Voltage during ¢5: Vi, =0V
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5.3. FET Q.

5.3.1. CCM & DCM.

Miviesc Vinax

Vmin > Vmin >

Figure 5.3.1. Inverting Buck Boost - FET @, Voltage Waveforms in CCM and DCM

Imax Imax

Imin

> Imin

—_
—
S
sz
—
S
—_
&

Figure 5.3.2. Inverting Buck Boost - FET @, Current Waveforms in CCM and DCM

Average FET Current: g, qug = Lmindlmae o4y 000
Min. FET Voltage: Vo, min =0V
Max. FET Voltage: Vo, maz = Vin + Vi — Vour

FET Voltage during t3: Vg, 1, = Vin
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5.4. Diode D,

5.4.1. CCM & DCM.

Vmax

Vmax

me Vmin

LA LR
——>! PP

h 0 (d v v T |

Figure 5.4.1. Inverting Buck Boost - Diode D, Voltage Waveforms in CCM and DCM

Imax Imax

Imin

{
l

Figure 5.4.2. Inverting Buck Boost - Diode D; Current Waveforms in CCM and DCM

Average Diode Current:  Ip, 49 = W “ta - fswiteh
Min. Diode Voltage: VDy min = Vour — Vi
Max. Diode Voltage: VD1 maz = V¥

Diode Voltage during t3:  Vp, 1, = Vous

Power Topologies Handbook | 35



Inverting Buck-Boost Converter

Tl.com/powertopologies

5.5. Input Capacitor C;

5.5.1. CCM & DCM.

Vmax

Vmax

Vmin

t

t2 t3

Figure 5.5.1. Inverting Buck Boost - Input Capacitor C; Voltage Waveforms in CCM and DCM

Imax

Imax

Imin

B o

ta

Figure 5.5.2. Inverting Buck Boost - Input Capacitor C; Current Waveforms in CCM and DCM

Min. Input Capacitor Current during ¢.:

Max. Input Capacitor Current during t,:

Input Capacitor current during ¢. and ¢;:
Average Input Capacitor Current:

Input Capacitor Voltage:

36 | Power Topologies Handbook

ICi,min,tl = —Inae + Iin

ICi,maw,tl =
TCi,t2/3 = IZTL
IC,;,avg =0A
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5.6. Output Capacitor C,

5.6.1. CCM & DCM.

Vmax > Vmax >

Vmin

Imax Imax

Imin

it s s e e

Figure 5.6.2. Inverting Buck Boost - Output Capacitor C, Current Waveforms in CCM and DCM

Output Capacitor Current during ¢,: Ic, 1, = —1out

Min. Output Capacitor Current during ¢. and ts: [Co,min,tg/g = —ITnin — Lout
Max. Output Capacitor Current during t. and 5 IcmthQ/3 = —TInaz — Lout
Average Output Capacitor Current: Ic, avg = 0A

Output Capacitor Voltage: Vo, = Vout

o
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A Single Ended Primary Inductor Converter (SEPIC) steps up/down an input voltage to a higher/lower output
voltage level. The energy is transferred to the output when the FET is not conducting.

L1 c1 D1
+ Y Il > +

|_
— Ci Jw Q1 L2 —— Co
|_.

Figure 6.0.1. Schematic of a SEPIC converter

6.1. General

(1 2
Right Half Plane Zero:  frip: = 325 r 7 —

6.1.1. Continuous Conduction Mode.

FET on, increasing current: t = fl” . v‘jﬁvwivf
FET off, decreasing current: ty = flth -t
Average Input Current: Lin.avg = Wg/#
Inductor L, Ripple: In, rippie = Vin - %11
Inductor L. Ripple: I, vippte = Vin - 15

Coupling Capacitor C, Voltage Ripple: Ve, rippte = Lin,avg = grip—ir

6.1.2. Discontinuous Conduction Mode.

/2 Towr-L1- Lo (Vour+Vy) - fewiten (L1+L2)

FET on, increasing current: t o I (TS 7Y
FET of, decreasing ourrent: ta = ey
FET off, constant current: ty = fwlmh —t1 — 1o

Average Input Current: Linavg = %

Inductor L, Ripple: I, rippte = Vin - £+

Inductor L, Ripple: I, ripple = Vin + 25

Coupling Capacitor C: Voltage Ripple: Ve, vippte = Lin,avg - Cllf‘%
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6.2. Inductor L,

6.2.1. CCM & DCM.

Vmax ‘ Vmax

Imax

Imin

Figure 6.2.2. SEPIC - Inductor L, Current Waveforms in CCM and DCM

H . 1
Min. Inductor Current: IL1,77Lin = Iin,(wg — 3" ILl,ripple . (tl + t?) : fswit(:h
Max. Inductor Current: It maz = I, min + 1L, ripple

Average Inductor Current: It avg = Linavg

Inductor Voltage during ¢,: Vit =Vi

Min. Inductor Voltage during t.: Vi minits = —Vout — Vi — E%’”
Max. Inductor Voltage during t.: Viimazts = —Vour — Vi + VclT“”
Inductor Voltage during ¢5: Vi, =0V

The offset in DCM during t; is dependent on the input voltage and can be positive or negative.
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6.3. Inductor L,
6.3.1. CCM.

h

S

A
Imax !
1
i
Imin '

Figure 6.3.2. SEPIC - Inductor L, Current Waveform in CCM

Min. Inductor Current: Tpy min = Loyt — arivete
Max. Inductor Current: I, maz = Iy min + Iy ripple

Average Inductor Current: Ity 009 = Lout

Min. Inductor Voltage during ta: Vi, iy, = Vip — ~Clpizete

Max. Inductor Voltage during t1: Vi, saat, = Vin + Vclfp"‘

Inductor Voltage during t.: Vigts = —Vour — Vi
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6.3.2. DCM.

Vmax

Viin

Figure 6.3.3. SEPIC - Inductor L. Voltage Waveform in DCM

Imax

Figure 6.3.4. SEPIC - Inductor L, Current Waveform in DCM

Min. Inductor Current: Ity min = —IL, min
Max. Inductor Current: I1y maz = L0y min + ILo ripple
Average Inductor Current: I, .avg = Lout

Min. Inductor Voltage during ¢.: Vg mints = Vin — VclT“’l
Max. Inductor Voltage during ¢:: Vi, mazt; = Vin + VCIT””
Inductor Voltage during t.: Viots = —Vour — V5
Inductor Voltage during ts: Vipts =0V

The offset in DCM during ¢4 is dependent on the input voltage and can be positive or negative.
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6.4. FET Q.

6.4.1. CCM & DCM.

Vmax Vmax

Vmin

v

Figure 6.4.1. SEPIC - FET @, Voltage Waveforms in CCM and DCM

Imax Imax

Imin

> Imin

—
—
9
Ky
—
9
—
&

Figure 6.4.2. SEPIC - FET Q. Current Waveforms in CCM and DCM

Min. FET Current: IQl,min = ILl,min + ILQA,min

Max. FET Current: IQl,eraz = ILl,maz + [Lg,maz

Average FET Current:
IQl,avg = Iin,avg

FET Voltage during ¢.:
Vthl = OV

Min. FET Voltage during ¢.:

VQl,min,tg = szn + Vout + Vf - w
Max. FET Voltage during t.:

V =V Vo, ripple
I i Q1,maz,ty in + Vour + Vi + —L522
FET Voltage during t5: , it t f3 5

VOu ta = ‘/in
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6.5. Diode D,

6.5.1. CCM & DCM.

Vmax

Vmax

A e

Figure 6.5.1. SEPIC - Diode D, Voltage Waveforms in CCM and DCM

Imax Imax

Imin

Lrog
—
9
Ery
—
9
—
&

Figure 6.5.2. SEPIC - Diode D; Current Waveforms in CCM and DCM

Min. Diode Current: Ip, . min = I, min + Iy min

Max. Diode Current: Ip, . maz = I, maz + 1Ly max
Average Diode Current: Ip, avg = Lout

Min. Diode Voltage during t:: Vi, mint; = —Vin — Vout — w
Max. Diode Voltage during t.: Vb, maz.t; = —Vin — Vour + w
Diode Voltage during t.: VDt = Vs

Diode Voltage during t5: Vb ts = —Vout
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6.6. Coupling Capacitor C,

6.6.1. CCM & DCM.

46

Vmax

Vinin

Figure 6.6.1. SEPIC - Coupling Capacitor C, Voltage Waveforms in CCM and DCM

h

Imin

SR

[ [\| | Imax‘ [\ N |

ta

A,

Figure 6.6.2. SEPIC - Coupling Capacitor C; Current Waveforms in CCM and DCM

Min. Coupling Capacitor Current during ¢,:
Max. Coupling Capacitor Current during ¢:
Min. Coupling Capacitor Current during t.:
Max. Coupling Capacitor Current during t.:
Coupling Capacitor Current during t5:
Average Coupling Capacitor Current:

Min. Coupling Capacitor Voltage:

Max. Coupling Capacitor Voltage:

Coupling Capacitor Voltage during ts:

Power Topologies Handbook

ICl,min,tl = ILl,maz - Ifet,ma:v
Icl,maz,tl = ILl,min - Ifet,min
ICl,min,tz = ILl,min

]Cl,maz,tg = ILl,maz

IC1 3 — IL1 ,min

Ic, avg =04

VC1,7nin = ‘/in - %

Ve !
_ 1.ripple
Vcl,maa: = va + P}

Vcl 3 — szn
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6.7. Input Capacitor C;

6.7.1. CCM & DCM.

LV T T Vinax

> Vmin

t

Imax /\ / | Imax‘ /—\ /7 :

Imin

N
<

Figure 6.7.2. SEPIC - Input Capacitor C; Current Waveforms in CCM and DCM

Min. Input Capacitor Current: Ic; min = Lin.avg — L0y max
Max. Input Capacitor Current: Ic, maz = Lin,avg — 101 min

Average Input Capacitor Current: Ic,.avg = 0A

Input Capacitor Voltage: Ve, = Vin
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6.8. Output Capacitor C,

6.8.1. CCM & DCM.

48

Vi T T Vinax

> Vmin

t t2 t3

Figure 6.8.1. SEPIC - Output Capacitor C, Voltage Waveforms in CCM and DCM

Imax Imax

Imin Imin

—
—
9
Ky
—
9
—
&

Figure 6.8.2. SEPIC - Output Capacitor C, Current Waveforms in CCM and DCM

Output Capacitor Current during ¢,: Ic,+, = —Iout

Min. Output Capacitor Current during ¢. and t5: Ic, mintyys = Ly min + 1Lymin — Tout
Max. Output Capacitor Current during t. and ¢s: Ic, maz,ts)s = Iy maz + 1Ly maz — Lout
Average Output Capacitor Current: Ic, avg = 0A

Output Capacitor Voltage: Ve, = Vour

o
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A Cuk regulator converts a positive input voltage to a higher or lower negative output voltage level.
The energy is transferred to the output when the FET is not conducting.

L1 Cc1 L2
+ YN I YL -
—
—_— Ci J: Ql VY b1 — Co
Figure 7.0.1. Schematic of a Cuk converter
7.1. General
Right Half Plane Zero:  frnp: = 5= - \/ 20
7.1.1. Continuous Conduction Mode.
. . . _ 1 —Vout+Vy
FET on, increasing current: 0= f e TV Vi,
FET off, decreasing current: ta =3 1
Vour=Vy) - Tout
Average Input Current: Tinavg = ('V#

Inductor L, Ripple:
Inductor L. Ripple:

Coupling Capacitor C; Voltage Ripple:

7.1.2. Discontinuous Conduction Mode.
FET on, increasing current:
FET off, decreasing current:
FET off, constant current:
Average Input Current:
Inductor L, Ripple:
Inductor L. Ripple:

Coupling Capacitor C; Voltage Ripple:
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t
ILl,ripple = Vin - 711

IL2,7'ipple = Vv@n : L*l2

1-D

VCl,m'pple = Im,avg " C1 - Fawiteh

Vin /2 (—Tout) [Vout =V |- (Vin—Vour+ Vi) Fswiten (L1 +L2)-(Vin+|Vour —V¢|)-L1-La

t1 =
1 (Vﬁ,%vfn'\vom*vf‘)‘fswitch'(LHrLQ)
. Li-Lo/2-(~Tout) Vour =Vi |- (Vin—Vour Vi) Fewiten-(L1+L2)- (Vin +Vour =V ) 1715
2= [Vout =V |- fowiten-(L1+L2)-(Vin+|Vou: —V5|)
— 1 4
ts = Fswitch t1—t2
IA — (Voutfvf)‘lout
mn,avg — T

t
ILl,ripple =Vin - fll

t
ILQA,r'ippl(z = ‘/in . f;

1-D

Vcl.rvipple = Iin,(wg " Ci fawiten
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7.2. Inductor L,

7.2.1. CCM & DCM.

Vmax ‘ Vmax

Imax

Imin

Figure 7.2.2. Cuk - Inductor L, Current Waveforms in CCM and DCM

Min. Inductor Current: I, min = Linjavg — 5 * Iy ripple - (t1 +t2) * Fowiten
Max. Inductor Current: Ir, maz = I, min + 1L, ripple

Average Inductor Current: I1, avg = Lin,avg

Inductor Voltage during ¢.: Vi =Vi

Min. Inductor Voltage during t2: Vi, mints = Vour — Vi — Vcl%”“’
Max. Inductor Voltage during t>: Vi, maa,ts = Vour — Vi + Vcl%

Inductor Voltage during t5: Vi, =0V

The offset in DCM during t; is dependent on the input voltage and can be positive or negative.
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7.3. Inductor L,
7.3.1. CCM.

h

A
Imax
'
'
i
Imin 1

Figure 7.3.2. Cuk - Inductor L. Current Waveform in CCM

Max. Inductor Current:

Min. Inductor Current:

Average Inductor Current:
Min. Inductor Voltage during ¢.:
Max. Inductor Voltage during ¢.:

Inductor Voltage during t.:
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Ip,, ripple
2

ILQ,maw - Iout +
ILQ,min = IL2,maz - ]Lg,ripple

]Lg,a’ug = Iout

v Ve, ripple
mn

VLzymin,h = - 2

Vo, ,ripple

VLz,maz,tl =—Vin+ 3

VLQ,tg = Vout — Vf
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Cuk Converter

7.3.2. DCM.

Vmax

Viin

Figure 7.3.3. Cuk - Inductor L. Voltage Waveform in DCM

Imax

Figure 7.3.4. Cuk - Inductor L, Current Waveform in DCM

Min. Inductor Current: I1y min = =1Ly min

Max. Inductor Current: It, maz = Ip; min + I, ripple
Average Inductor Current: I1y.0v9 = Lout

Min. Inductor Voltage during ¢.: Viamingts = —Vin— Vcl%”’
Max. Inductor Voltage during t:: Vi, maz.t, = —Vin+ Vcl%
Inductor Voltage during ¢.: Vigta = Vour — V5

Inductor Voltage during ¢5: Vigt, =0V

The offset of the current in DCM during ¢; is dependent on the input voltage and can be positive or negative.
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7.4.FET Q,

7.4.1. CCM & DCM.

Miviesc Vinax

Vmin

v

Figure 7.4.1. Cuk - FET @, Voltage Waveforms in CCM and DCM

Imax Imax

Imin

> Imin

—_
—
S
sz
—
S
—_
&

Figure 7.4.2. Cuk - FET Q. Current Waveforms in CCM and DCM

Min. FET Current: 1o, min = Iy min — L0y max
Max. FET Current: 16, maz = Iy maz — ILs,min
Average FET Current: 16, ,avg = Lin,avg

FET Voltage during t.: Vo, =0V

Min. FET Voltage during txi Vi, ity = Vin — Vit + Vj — “Srzizete

Max. FET Voltage during t2: Vo, maz,ts = Vin — Vour + V5 + Vclf”’

FET Voltage during t5: Voits = Vin
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7.5. Diode D,

7.5.1. CCM & DCM.

Vmax

Vmax

N = I R

Figure 7.5.1. Cuk - Diode D, Voltage Waveforms in CCM and DCM

Imax Imax

Imin

l
l

Figure 7.5.2. Cuk - Diode D; Current Waveforms in CCM and DCM

Min. Diode Current: Ip, min = 10y min — LLy,maz
Max. Diode Current: Ip, maz = I, maz — 1Ly min
Average Diode Current: Ip, avg = Lout

Min. Diode Voltage during t.:  Vp, min,t; = —Vin + Vout — w
Max. Diode Voltage during t.: Vb, maz,t; = —Vin + Vour + w
Diode Voltage during t.: Vb1, = Vs

Diode Voltage during t5: Vb, ts = Vout
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7.6. Coupling Capacitor C,

7.6.1. CCM & DCM.

56

Vmax

Vmin

Figure 7.6.1. Cuk - Coupling Capacitor C, Voltage Waveforms in CCM and DCM

A A
Imax l\ [\ Imax [\ [
Imin \I. i\l Imin ! E E ’
L u e ERERER
I b

Figure 7.6.2. Cuk - Coupling Capacitor C; Current Waveforms in CCM and DCM

Min. Coupling Capacitor Current during ¢,:
Max. Coupling Capacitor Current during ¢,:
Min. Coupling Capacitor Current during t.:
Max. Coupling Capacitor Current during t.:
Average Coupling Capacitor Current:

Min. Coupling Capacitor Voltage:

Max. Coupling Capacitor Voltage:

Coupling Capacitor Voltage during ts:

Power Topologies Handbook

Icl,min,tl = ILl,maw - Ifet,ma:c
Icl,maac,tl = ILl,min - Ifet,min

Icl ,min,ts — ILl ,min

Icl ,max,te — IL1 ,mazx

Ic, ,avg = 0A
Ve, ,ripple
VCl,min = Vin — Vout - 1 5
Ve, ripple
VCI,mam = V; - Vout + 1 )
V _ V V Vcl,ripple
Cy,ts — Vin — Vout + P}
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7.7. Input Capacitor C;

7.7.1. CCM & DCM.

LV T T Vinax

> Vmin

tz t1

Figure 7.7.1. Cuk - Input Capacitor C; Voltage Waveforms in CCM and DCM

. /\ / | Imax‘
\VARY

Figure 7.7.2. Cuk - Input Capacitor C; Current Waveforms in CCM and DCM

-

[ .

Imin

J
l

Min. Input Capacitor Current: Ic; min = Lin,avg — 101 ,max
Max. Input Capacitor Current: Ic; maz = Lin,avg — L0, ,min
Average Input Capacitor Current: I, avg = 0A

Input Capacitor Voltage: Vo, = Vin
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7.8. Output Capacitor C,

7.8.1. CCM & DCM.

58

Vi T T Vinax

> Vmin

t t2 t3

Figure 7.8.1. Cuk - Output Capacitor C, Voltage Waveforms in CCM and DCM

Imax /\ / | Imax‘ /—\ /— :
VAR

Figure 7.8.2. Cuk - Output Capacitor C, Current Waveforms in CCM and DCM

Imin

TR

Min. Output Capacitor Current: Ic, min = —Iout + L1y min
Max. Output Capacitor Current: Ic, maz = —Iout + 11y max
Average Output Capacitor Current: I, 4,9 = 04

Output Capacitor Voltage: Ve, = Vout
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A Zeta converter steps up/down an input voltage to a higher/lower output voltage level.
The energy is transferred to the output when the switch is conducting.

Figure 8.0.1. Schematic of a Zeta converter

8.1. General

8.1.1. Continuous Conduction Mode.

FET on, increasing current: t, = fwlm . V‘;f‘j‘gvf
FET off, decreasing current: to = fml“ch —t
Average Input Current: Linavg = oty Tout
Inductor L, Ripple: Ity rippte = Vin - 1=
Inductor L. Ripple: IL rippte = Vin * 2=

Coupling Capacitor C, Voltage Ripple: Ve, rippte = Lin,avg * ﬁ

8.1.2. Discontinuous Conduction Mode.

/2 Tout-L1-La-(Vour +Vy) - fswiten-(L1+L2)

FET on, increasing current: t1 Vin Towiton(Li+L2)
. ) _ \/2'Iout'L1'L2'(Vout+vf)'fsu'itch'(Ll+L2)
FET off, decreasing current: ty = Vourt V) Fowiren-(Li+ L2)
FET off, constant current: ty = —— —t1 — 1o
fswitcn

) Vout +V¢) Tou
Average Input Current: Lin,avg = %
Inductor L, Ripple: Iy, rippte = Vin %11
Inductor L., Ripple: I, rippte = Vin %
Coupling Capacitor C; Voltage Ripple: Ve, rippte = Linavg * or s
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8.2. Inductor L,

8.2.1. CCM & DCM.

Vmax ‘ Vmax

Imax

Imin

Figure 8.2.2. Zeta - Inductor L, Current Waveforms in CCM and DCM

Min. Inductor Current: Ity min = Linavg — 5 * Loy vippie - (01 + 2) * fswiten
Max. Inductor Current: 11, maz = Iry min + ILy ripple

Average Inductor Current: I, avg = Lin,avg

Inductor Voltage during t,: Vii,on = Vin

Min. Inductor Voltage during t.: Vi mingts = —Vout — Vi — Vclf”’
Max. Inductor Voltage during ta: Vi, max.ts = —Vout — Vi + Vclf”’

Inductor Voltage during ¢5: Vi, =0V

The offset of the current in DCM during ¢; is dependent on the input voltage and can be positive or negative.
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8.3. Inductor L,
8.3.1. CCM.

h

A
Imax !
1
i
Imin '

Figure 8.3.2. Zeta - Inductor L. Current Waveform in CCM

. I, ripple
Min. Inductor Current: Iy min = Tour — =252
Max. Inductor Current: Ity maz = Iny,min + 1Ly ripple
Average Inductor Current: Ity .avg = Lout

Vo, ripple

Min. Inductor Voltage during ¢.: Vi, ming, = Vin — 5
Max. Inductor Voltage during ¢:: Vi, maz,t, = Vin + w

Inductor Voltage during t.: Viots = —Vour = Vi
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Zeta Converter

8.3.2. DCM.

Vmax

Viin

Figure 8.3.3. Zeta - Inductor L. Voltage Waveform in DCM

Imax

Figure 8.3.4. Zeta - Inductor L, Current Waveform in DCM

Min. Inductor Current: I, min = =1L, min

Max. Inductor Current: I1y maz = ILy,min + ILy ripple
Average Inductor Current: I1,y.avg = Lout

Min. Inductor Voltage during ¢.: Vi mint, = Vin — VCI%
Max. Inductor Voltage during t1: Vi, .maz.t, = Vin+ Vcl%
Inductor Voltage during ¢.: Viats = —Vour — V¥
Inductor Voltage during ts: Vigts =0V

The offset of the current in DCM during ¢; is dependent on the input voltage and can be positive or negative.
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8.4. FET Q,

8.4.1. CCM & DCM.

Vmax

Vmax

B B
>

i T

Figure 8.4.1. Zeta - FET Q. Voltage Waveforms in CCM and DCM

Imax

Imin

v

Vmin

Imax

IR
P>

bt

—P—>!

Figure 8.4.2. Zeta - FET Q. Current Waveforms in CCM and DCM

Min. FET Current:
Max. FET Current:
Average FET Current:
FET Voltage during t;:

Min. FET Voltage during t.:

Max. FET Voltage during t.:

FET Voltage during t5:
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IQl,min = ILl,min + [Lg,min

IQl,maw = ILl,mam + ILz,maw

Imin

IR

—Pi—Pi—>

1Q,,avg = Tin,avg

VQMtl = OV

V -V Ve ripple
Quymin,ts in + Vour + Vy — —SLpee
V =V. +V. Ve, ripple

Q1,maz,ts in out + Vi + %

VthS =

‘/;TL
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8.5. Diode D,

8.5.1. CCM & DCM.

Vmax

Vmax

A e

Figure 8.5.1. Zeta - Diode D, Voltage Waveforms in CCM and DCM

Imax Imax
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Figure 8.5.2. Zeta - Diode D, Current Waveforms in CCM and DCM

Min. Diode Current: Ipy . min = 10y min + 1ymin

Max. Diode Current: Ip, maz = I, maz + I0y,max

Average Diode Current: Ip, avg = Lout

Min. Diode Voltage during t.: Vi, min.ty = —Vin — Vut — —Crizete
Max. Diode Voltage during t.: Vb, maz,t; = —Vin — Vour + w
Diode Voltage during t.: Vbit, = V5

Diode Voltage during t5: Vbits = —Vour
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8.6. Coupling Capacitor C,

8.6.1. CCM & DCM.

—

—
(9
Ly

—
9

Imax Imax

< <
T

Imin

ta

Figure 8.6.2. Zeta - Coupling Capacitor C; Current Waveforms in CCM and DCM

Min. Coupling Capacitor Current during ¢,:
Max. Coupling Capacitor Current during ¢,:
Min. Coupling Capacitor Current during t.:
Max. Coupling Capacitor Current during t.:
Coupling Capacitor Current during t5:
Average Coupling Capacitor Current:

Min. Coupling Capacitor Voltage:

Max. Coupling Capacitor Voltage:

Coupling Capacitor Voltage during ts:
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ICl,min,tl = _ILl,min + Ifet,min
Icl,maz,tl = _ILl,maz + Ifet,maz
ICl,min,tg = 7IL1,max

ICl,maa:,tz = _ILl,min

Icy ity = =1L, min

ICl,avg =0A

VCl,min = _Vout - VCIY;ipplE
VC1,maz = —Vout + VCI,;pple
Vet = —Vou — Zomgote
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8.7. Input Capacitor C;

8.7.1. CCM & DCM.

Vmax T T Vmax

> Vmin

tz t1

Figure 8.7.1. Zeta - Input Capacitor C; Voltage Waveforms in CCM and DCM

Imax Imax

Imin

e
4

Figure 8.7.2. Zeta - Input Capacitor C; Current Waveforms in CCM and DCM

Min. Input Capacitor Current during ¢: Ic; mint: = Lin,avg — Lfet,maa
Max. Input Capacitor Current during t.: Ic, max.t: = Lin,avg — Lfet,min
Input Capacitor Current during t. and t5: I(;m/3 = Iin avg

Average Input Capacitor Current: Ic, avg = 0A

Input Capacitor Voltage: Vo, = Vin
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8.8. Output Capacitor C,

8.8.1. CCM & DCM.

68

Vi T T Vinax

> Vmin

ty it

Figure 8.8.1. Zeta - Output Capacitor C, Voltage Waveforms in CCM and DCM

h A

/NN

1 tz
R

Imin Imin

Figure 8.8.2. Zeta - Output Capacitor C, Current Waveforms in CCM and DCM

Min. Output Capacitor Current: Ic, min = Iy min — Lout
Max. Output Capacitor Current: Ic, maz = I1,,maz — Lout
Average Output Capacitor Current: I, 4,4 = 04

Output Capacitor Voltage: Ve, = Vour

Power Topologies Handbook



CHAPTER 9

Flyback Converter



Flyback Converter

A Flyback regulator converts an input voltage to a higher or lower, positive or negative output voltage level.

The energy is transferred to the output when the FET is not conducting.

D1

+ > +
L]
Np Ns —_— Co
L]
—_— GCi
|_
4
ar |
Figure 9.0.1. Schematic of a Flyback converter
9.1. General
J— LP
Secondary Inductance: Ls = =)
Primary Current Ripple:  Ijppie = 7= Vin - 11
p
. . _ Vnut'(l_D)Z
Right Half Plane Zero: Jrhpz = 27D LaToun:
9.1.1. Continuous Conduction Mode.
np
. . _ 1 s
FET on, increasing current:  t1 = —— - (Vout + V) - Vo (Vous TV, Z
FET off, decreasing current: 15 = 7. 1_t - t1
. . Vout+ Vi) Iou
Min. Primary Current: Lorismin = W — 3 Lripple
Max. Primary Current: Lprimaz = Tprimin + Iripple
Min. Secondary Current: Isec,min = Iprimin - %

Max. Secondary Current:

Average Input Current: Iin,avg =

70 | Power Topologies Handbook

Isec,maa: = (Ipri,min + Iripple) " hs

Np

(Vout+Vs) - Tout

Vin
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9.1.2. Discontinuous Conduction Mode.

FET on, increasing current: t1 = \/2 Tout - Ly f:ﬁr‘\/f'i
FET off, decreasing current:  ty =ty - % -t
FET off, no current: ts = fswlitch —t; —to

Min. Primary Current: Iprimin = 0A

Max. Primary Current: Iprimaz = Iripple

Min. Secondary Current: Tsecmin = 0A

Max. Secondary Current: Lsce.maz = Ipri,max - %

(Vout +Vf)'Iout,

Vin

Average Input Current: Linavg =

9.1.3. Transition Mode.
Average Input Current: Lin.avg = (V"“H{/M
mn
SWitChing frequency: fswitch,transition = s Vin )
\7
2 <-n—vu+1) il
: : 2-Tin.avg - Lyp- v
FET on, increasing current: b = —=—t [n;/g Vin 4 1]
in n—S'ﬂ"Vouf,
FET off, decreasing current: I T —
fswitch,transition
Min. Primary Current: Ipri,min = 0A
Max. Primary Current: Lprimaz = Tripple
Min. Secondary Current: Tsee.min = 0A
Max. Secondary Current: Lsee,maz = Iprimaz - Z—”
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9.2. Primary Side Inductor N,

9.2.1. CCM, DCM and Transition Mode.

72

Vmax Vmax

Vmax

len Vmin

Imax Imax

Imin

Imax

> Imin

Ky
—
9
—
&
rog
—
9

Figure 9.2.2. Flyback - Primary Side Inductor N, Current Waveforms in CCM, DCM and Transition Mode

Average Primary Inductor Current:
Min. Primary Inductor Current:
Max. Primary Inductor Current:
Min. Primary Inductor Voltage:
Max. Primary Inductor Voltage:

Primary Inductor Voltage during ¢;:

Power Topologies Handbook

Ipm,,nm,n.-iz-fpri.mux - fswitch

INp,avg =
INP‘,min = Ipmﬂ,min

INp max — Ipri,maax

VNp,min = - (Vout + Vf) gL

ng
VNP ,max — ‘/'m

VN

pst3

=0V
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9.3. Secondary Side Inductor N,

9.3.1. CCM.

Vmax

Figure 9.3.1. Flyback - Secondary Side Inductor N; Voltage Waveform in CCM

Imax

Imin

Lrog
—
9

Figure 9.3.2. Flyback - Secondary Side Inductor N; Current Waveform in CCM

Average Secondary Inductor Current: Iy, 40,9 = % . (Ismmax + Isec,mm) to - fswitch

Min. Secondary Inductor Current: IN, min = Lsec,min
Max. Secondary Inductor Current: IN, maz = Lsec,max
Min. Secondary Inductor Voltage: VN, min = —Vin - Z—p
Max. Secondary Inductor Voltage: VN, maz = Vour + V5
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9.3.2. DCM.

Vmax

Figure 9.3.3. Flyback - Secondary Side Inductor N; Voltage Waveform in DCM

Imax

Imin

Figure 9.3.4. Flyback - Secondary Side Inductor N; Current Waveform in DCM

Average Secondary Inductor Current: IN, avg = % seemaz * t2 * fswitch

Min. Secondary Inductor Current:

INH,min = Ismz,min

Max. Secondary Inductor Current: In, maz = Lseemaz

Min. Secondary Inductor Voltage: VN, min = —Vin - 2=
’ P

Max. Secondary Inductor Voltage: VN, maz = Vout + V5

Secondary Inductor Voltage during t3: Vi, ¢, =0V
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9.3.3. Transition Mode.

Vmax

Viin

Figure 9.3.5. Flyback - Secondary Side Inductor N; Voltage Waveform in Transition Mode

Imax

Figure 9.3.6. Flyback - Secondary Side Inductor N; Current Waveform in Transition Mode

Average Secondary Inductor Current: IN, avg = 5 Lsceman - t2 * fswitch,transiti

Min. Secondary Inductor Current:

INS ,min — Isec,'min

Max. Secondary Inductor Current: IN, maz = Lsec,maz

Min. Secondary Inductor Voltage: VN, min = —Vin - 7=
P

Max. Secondary Inductor Voltage: VN, maz = Vout + Vy
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9.4. FET Q,

9.4.1. CCM, DCM and Transition Mode.

Vmax Vmax Vmax

Vmin > Vmin

Imax Imax Imax

Imin

> Imin

—_
—
S
sz
—
S
—_
&
Lrog
—
S

Figure 9.4.2. Flyback - FET @, Current Waveforms in CCM, DCM and Transition Mode

Average FET Current: 14, ,avg = IN, avg

Min. FET Current: 19, min = Iprimin

Max. FET Current: 19, maz = Iprimax

Min .FET Voltage: Vo, min =0V

Max. FET Voltage: Vor,maz = Vin + Vouwr + Vy) - Z_v

FET Voltage during t5: Vg, 1, = Vip,
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9.5. Diode D,

9.5.1. CCM, DCM and Transition Mode.

A A A
Vmax > Vmax > Vmax >
me Vmin Vmin
e & bk LR e b & B o4
e e e
Figure 9.5.1. Flyback - Diode D, Voltage Waveforms in CCM, DCM and Transition Mode
A A A
Imax Imax Imax

Imin

> Imin

Lrog
—
9
Ery
—
9
—
&
rog
—
9

Figure 9.5.2. Flyback - Diode D; Current Waveforms in CCM, DCM and Transition Mode

Average Diode Current:  Ip, 4u9 = IN, avg

Min. Diode Current: Ip, min = Lsec,min

Max. Diode Current: Ip, maz = Lsee,maz

Min. Diode Voltage: Vg min = —Vout — Vin 27
Max. Diode Voltage: Vb, maz = Vy

Diode Voltage during t3:  Vp, 1, = —Vout
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9.6. Input Capacitor C;

9.6.1. CCM.

Vimax H T Vinax T T T Vinax

> Vmin

t t t3 I t

Figure 9.6.1. Flyback - Input Capacitor C; Voltage Waveforms in CCM, DCM and Transition Mode

Imax Imax

Imin

B o
4

Imax ;\

'

> '
h >
T
'
'
'
'
'
'
'
'
'
'
'
'
'
'
'
'

ta

Figure 9.6.2. Flyback - Input Capacitor C; Current Waveforms in CCM, DCM and Transition Mode

Min. Input Capacitor Current during ¢: Ic, mint, = —Ipri;maz + Lin,avg
Max. Input Capacitor Current during ¢,: Ic, maz,t, = —Ipri;min + Lin,avg
Input Capacitor Current during ¢. and ts: ICi,tm = Lin,avg

Average Input Capacitor Current: Ic, avg = 0A

Input Capacitor Voltage: Ve, = Vin

i
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Flyback Converter

9.7. Output Capacitor C,

9.7.1. CCM, DCM & Transition Mode.

Vmax

Vmax

Vmax

tz

Imax

Vmin

Imax

t

Imax

Figure 9.7.2. Flyback - Output Capacitor C, Current Waveforms in CCM, DCM and Transition Mode

Output Capacitor Current during ¢,:

Min. Output Capacitor Current during ¢. and t5:

Max. Output Capacitor Current during t. and ¢s:

Average Output Capacitor Current:

Output Capacitor Voltage:

ICO,tl = _Iout

ICo,min,t2/3 = Isec,min — Lout
ICo,maz,tz/g, = Isec,max - Iout
Ic, avg = 0A

VCO = Vout

Power Topologies Handbook
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A Two Switch Flyback regulator converts an input voltage to a higher or lower, positive or negative output
voltage level. The energy is transferred to the output when the FETs are not conducting.

+
—
D4 Jl-d- Q2
- D1
+
1 g
L]
_— GCi Np Ns —_— Co
L]
|_
D3 A JH— Q1
—

Figure 10.0.1. Schematic of a Two Switch Flyback converter

10.1. General

Secondary Inductance: L, ==
Primary Current Ripple:  I,.;,0c = 2=« Vin - t1
P

Right Half Plane Zero: fripz = ijr“b(ii_?)i
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Two Switch Flyback Converter

10.1.1. Continuous Conduction Mode.

FETs on, increasing current:
FETs off, decreasing current:
Min. Primary Current:

Max. Primary Current:

Min. Secondary Current:
Max. Secondary Current:

Average Input Current:

np
=__1 . . s

b= Fswitcn (V;mt + Vf) Vin+(Vour+V5) 72
_ 1 _

ty = Fswitch ty

) AT— (Vout+Vi)-Tout _ 1. I.:

primin = V. foicen-ti 2 Cripple

Ipri,max = Ipri,min + I'ripple

I I AL )

sec,min pri;min T
I = (Ipri.min + Lrippie) - p
sec,max pri,min ripple s
I _ (Vour+Vi)-Tout

in,avg Vin

10.1.2. Discontinuous Conduction Mode.

FETs on, increasing current:
FETs off, decreasing current:
FETs o, no current:

Min. Primary Current:

Max. Primary Current:

Min. Secondary Current:
Max. Secondary Current:

Average Input Current:

_ Vout+Vy
b= \/2 Tout Lp Fswiteh Vi,

t2 = tl (Vout“l‘vf)‘:% - tl
ts = Jomm ~ 12
Ipri,min =04
Ipri,mam = Lripple
Isec,min =04
_ . . Dp
Isec,maa; = Ipm,max s
I — (Vout+Vy)-Iout
in,avg —

in
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10.2. Primary Side Inductor NV,

10.2.1. CCM & DCM.

Vmax Vmax

len Vmin

Figure 10.2.1. Two Switch Flyback - Primary Side Inductor N, Voltage Waveforms in CCM and DCM

Imax Imax

Imin

> Imin

—
—
9
Ky
—
9
—
&

Figure 10.2.2. Two Switch Flyback - Primary Side Inductor N, Current Waveforms in CCM and DCM

; Ipri,mintIpri,maz
Average Primary Inductor Current: IN, avg = % “t1+ fswiteh

Min. Primary Inductor Current: In, min = Iprimin

Max. Primary Inductor Current: IN, maz = Ipriymaz
Min. Primary Inductor Voltage: VN, min = = Vout + V) - 32
Max. Primary Inductor Voltage: VN, mae = Vi

Primary Inductor Voltage during t3: Vi, ¢, = 0V
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Two Switch Flyback Converter

10.3. Secondary Side Inductor N;

10.3.1. CCM & DCM.

Vmax

Vmax

Vmin

Figure 10.3.1. Two Switch Flyback - Secondary Side Inductor N; VoltageWaveforms in CCM and DCM

Imax Imax

Imin

—

—
9
Ery
—
9

Figure 10.3.2. Two Switch Flyback - Secondary Side Inductor N; Current Waveforms in CCM and DCM

Tsce,maz+1sec,min

Average Secondary Inductor Current: I 409 = 5 b2+ fswitch
Min. Secondary Inductor Current: IN, min = Lsec,min

Max. Secondary Inductor Current: IN, maz = Isec,max

Min. Secondary Inductor Voltage: VN, min = —Vin - Z—p

Max. Secondary Inductor Voltage:

Secondary Inductor Voltage during t5: VNs,t3

VNS,maw = Vout + Vf

=0V
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10.4. FET Q. / Q,

10.4.1. CCM & DCM.

Vi Vinax

Vmin Vmin

Figure 10.4.1. Two Switch Flyback - FET Q. / Q. Voltage Waveforms in CCM and DCM

Imax Imax

Imin

> Imin

—
—
9
Ky
—
9
—
&

Figure 10.4.2. Two Switch Flyback - FET Q. / Q- Current Waveforms in CCM and DCM

Average FET Current: 1, 1, avg = Lin,avg

Min. FET Current: 1q, )5,min = Tprimin
Max. FET Current: 1Q, )2,maz = Iprimaaz
Min. FET Voltage: V@, jamin = 0V

Vint+Vour+Vy)- 22

Max. FET Voltage: V@, 2maz = o)

FET Voltage during t3: V@, ,t; = Vin
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10.5. Diode D,

10.5.1. CCM & DCM.

Vmax

Vmax

me Vmin

Figure 10.5.1. Two Switch Flyback - Diode D, VoltageWaveforms in CCM and DCM

Imax Imax

Imin

l
l

Figure 10.5.2. Two Switch Flyback - Diode D, Current Waveforms in CCM and DCM

Average Diode Current: Ip, avg = Lind,sec,avg

Min. Diode Current: ID, min = Lsec,min
Max. Diode Current: IDl,max = Isec,maac
Diode Voltage during ¢: Voit, = —Vout — Vi - ns

Diode Voltage during t.:  Vp, :, =V}

Diode Voltage during ts:  Vp, ¢+, = —Vow
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10.6. Input Capacitor C;

10.6.1. CCM & DCM.

Vi T T Vinax

> Vmin

ty it

Figure 10.6.1. Two Switch Flyback - Input Capacitor C; Voltage Waveforms in CCM and DCM

Imax Imax

Imin

B o
4

ts

Figure 10.6.2. Two Switch Flyback - Input Capacitor C; Current Waveforms in CCM and DCM

Min. Input Capacitor Current during ¢,: Ic, mint, = —Ipri;maz + Lin,avg
Max. Input Capacitor Current during ¢,: Ic, maz.t: = —Lprimin + Iin,avg
Input Capacitor Current during t. and t: e, 1, 5 = Lin,avg

Average Input Capacitor Current: Ic, avg = 0A

Input Capacitor Voltage: Ve, = Vin
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10.7. Output Capacitor C,

10.7.1. CCM & DCM.

LV T T Vinax

> Vmin

tz t1

Figure 10.7.1. Two Switch Flyback - Output Capacitor C, Voltage Waveforms in CCM and DCM

Imax Imax

Figure 10.7.2. Two Switch Flyback - Output Capacitor C, Current Waveforms in CCM and DCM

Output Capacitor Current during t.: Ic,t, = —ITout

Min. Output Capacitor Current during ¢. and ¢s: Ico,mm,tz/g = Lsee.min — Lout
Max. Output Capacitor Current during ¢. and t: ICanaI’tW3 = Isec,maz — Lout
Average Output Capacitor Current: Ic, avg = 0A

Output Capacitor Voltage: Ve, = Vout
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An Active Clamp Forward regulator converts an input voltage to a higher or lower, positive or negative output
voltage level. The energy is transferred to the output when the FET is conducting.

D1 L1

4 Q1

Figure 11.0.1. Schematic of an Active Clamp Forward converter

11.1. General

Secondary Side Inductance: Ly= 2

Inductor Current Ripple: Lripple = L% . (Vi CRe TV — Vout) -t

np
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11.1.1. Continuous Conduction Mode.

FET on, increasing current: t1 = fswlum : ‘@Ll‘:’

FET off, decreasing current: ¢, = flfh -t

Magnetization Current: Irag = Vg—l“

Min. Secondary Current: Lsee.min = Lout — % “Lripple

Max. Secondary Current: Tsce,maz = Lout + % Lripple

Min. Primary Current: Irismin = Lsecomin = 5% = 5 * Imag
Max. Primary Current: Iriymas = Isecymaz * 2= + % * Imag
Average Input Current: Lin,avg = (V"“J;w

Clamping Voltage: g fepiten 7

Vclamp T 1—t1 fewitch

11.1.2. Discontinuous Conduction Mode.

. . Vout+V,
FET on, increasing current: ti1= /2 - Toyt- L1 - — L e
Fowiten-(Vin- 25 =Vy=Vour ) -(Vin+ 22)

FET off, decreasing current: to =1t - (‘YTE{’,H — 1

FET off, no current: ty = fswlmh —t1 — 1o
Magnetization Current: Inag = Vg—pt‘

Min. Secondary Current: Isee,min = 04

Max. Secondary Current: Tsee,maz = Iripple

Min. Primary Current: Iprimin = 0A

Max. Primary Current: Lprismaz = Lsce.maz - Z—p + 3 Imag
Average Input Current: Tinavg = W/w

Clamping Voltage: Vetamp = 1t—1t1ff—f,hh Vi
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11.2. Primary Side Transformer Winding N,

11.2.1. CCM & DCM.

94

Vmax

Imax

Imin

Vmax

Vmin

Figure 11.2.1. Active Clamp Forward - Primary Side Transformer Winding Voltage N, Waveforms in CCM and DCM

Imax

—

—
9
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—
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Figure 11.2.2. Active Clamp Forward - Primary Side Transformer Winding N, Current Waveforms in CCM and DCM

Average Primary Side Transformer Current:
Min. Primary Side Transformer Current during t.:

Max. Primary Side Transformer Current during #.:

Min. Primary Side Transformer Current during ¢. and ¢5:

Max. Primary Side Transformer Current during ¢ and ¢s:

Min. Primary Side Transformer Voltage:
Max. Primary Side Transformer Voltage:

Primary Side Transformer Voltage during ¢5:

Power Topologies Handbook

Ipri,min+Ipri,maz

INp,avg - 2 - fswitch

INp,min,tl = Ipri,min

INp,maz,tl = Ipri,mam

1
INp,min,tQ/g - 2 Imag

_ 1
INp,maw,t2/3 — 3" Imag

Vi, min = 7‘/clamp

P
VNp,maac = Vin

VN, t, =0V

patS
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Active Clamp Forward Converter

11.3. Secondary Side Transformer Winding N,

11.3.1. CCM & DCM.

Vmax Vmax

me Vmin

Figure 11.3.1. Active Clamp Forward - Secondary Side Transformer Winding N; Voltage Waveforms in CCM and DCM

Imax Imax

Imin

J
J

Figure 11.3.2. Active Clamp Forward - Secondary Side Transformer Winding N; Current Waveforms in CCM and DCM

Average Secondary Side Transformer Current:
Min. Secondary Side Transformer Current:
Max. Secondary Side Transformer Current:
Secondary Side Transformer Voltage during ¢.:

Secondary Side Transformer Voltage during t2/s:

Isec,mintIsec,max

INS,avg > 'tl . fswitch
INS,min = Isec,min

INS,maac = Isec,max

VNS,tl = _chlamp : Z_;

VNs,tz/s = Vin - Z_Z
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11.4. Inductor L,

11.4.1. CCM & DCM.

Vmax

Vmax

Imax

Imin

Vmin

—
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Figure 11.4.2. Active Clamp Forward - Inductor L, Current Waveforms in CCM and DCM

Average Inductor Current:
Min. Inductor Current:
Max. Inductor Current:
Min. Inductor Voltage:
Max. Inductor Voltage:

Inductor Voltage during t5:
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ILI;G'UQ = Locomastlocomin (tl + t2) : fswitch
ILl,min = Itrans,sec,min
ILl,mam = Itrans,sec,maz
VLl,min = *‘/out - Vf
VLl,maz = V;, : % — Vout — Vf
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11.5. FET Q.

11.5.1. CCM & DCM.

LV Vinax

me > Vmin

Figure 11.5.1. Active Clamp Forward - FET @, Voltage Waveforms in CCM and DCM

Imax Imax

Imin

l
J

Figure 11.5.2. Active Clamp Forward - FET @, Current Waveforms in CCM and DCM

Average FET Current: 1, qug = IN, avg

Min. FET Current: 1g, min = Iprimin
Max. FET Current: 19, maz = Iprimaz
Min. FET Voltage: Vo, min =0V
Max. FET Voltage: Var,maz = 195

FET Voltage during t3: Vg, 4, = 0V
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11.6. Clamping FET Q.

11.6.1. CCM & DCM.

Vmax > Vmax >

len Vmin
[ PR R PR [ R 0

tgi

Figure 11.6.1. Active Clamp Forward - Clamping FET Q- Voltage Waveforms in CCM and DCM

TN TN N
AR N

1 tz
Figure 11.6.2. Active Clamp Forward - Clamping FET Q. Current Waveforms in CCM and DCM

Imin Imin

—
9
—
&

Y

—P—>!

J

Average Clamping FET Current: I, .avg = 0A
Clamping FET Current during t,: IQ27t1 =0A4
Min. Clamping FET Current during ta/3: I, min = —% “Imag

Max. Clamping FET Curren during t2/3: 10, maz = % “Tnag

Min. Clamping FET Voltage: Vs, min = —Vin — Veiamp
Max. Clamping FET Voltage: Vs maz = 0V
Clamping FETVoltage during ts: VQo,ts = 0V
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11.7. Clamping Capacitor C,

11.7.1. CCM & DCM.

LV T T Vinax

> Vmin

t tz

Figure 11.7.1. Active Clamp Forward - Clamping Capacitor C, Voltage Waveforms in CCM and DCM

3 4
Imax N N Imax
[ vt

H t2 ' tz
R I

N
\

Figure 11.7.2. Active Clamp Forward - Clamping Capacitor C; Current Waveforms in CCM and DCM

Imin Imin

—
&

Average Clamping Capacitor Current: Ic, avg =04
Clamping Capacitor Current during t,: Ic,+, =04

Min. Clamping Capacitor Current during t./5: ICl,min = Ianm
Max. Clamping Capacitor Curren during ¢,/5: Ic, maz = 1Qs,max
Clamping Capacitor Voltage: Ve, = Vetamp
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11.8. Rectifier Diode D,

11.8.1. CCM & DCM.

Vmax

> Vmax | >

Vimin Vinin j

Figure 11.8.1. Active Clamp Forward - Rectifier Diode D, Voltage Waveforms in CCM and DCM
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Figure 11.8.2. Active Clamp Forward - Rectifier Diode D, Current Waveforms in CCM and DCM

INS,min+INS,ma:n

Average Rectifier Diode Current:  Ip, 49 = ) “t2 " fswitch
Min. Rectifier Diode Current: Ip, min = Itrans,sec,min

Max. Rectifier Diode Current: Ip, maz = Itrans,sec,max

Min. Rectifier Diode Voltage: VDymin = —=Vetamp - 3= + Vs

Max. Rectifier Diode Voltage: Vb1 maz = V5

Rectifier Diode Voltage during t;: ~ Vp, t, = —Vout
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Active Clamp Forward Converter

11.9. Freewheeling Diode D.

11.9.1. CCM & DCM.

Vmax

Vmax

len Vmin

I

Figure 11.9.1. Active Clamp Forward - Freewheeling Diode D, Voltage Waveforms in CCM and DCM

Imax Imax

Imin

Lrog
—
9

Figure 11.9.2. Active Clamp Forward - Freewheeling Diode D, Current Waveforms in CCM and DCM

Average Freewheeling Diode Current:
Min. Freewheeling Diode Current:
Max. Freewheeling Diode Current:
Min. Freewheeling Diode Voltage:

Max. Freewheeling Diode Voltage:

Freewheeling Diode Voltage during t5:

IDQ,U/UQ = INS,avg
IDz,min = INS,min

IDg,maz = INS,maz

n
VDQ,min = _V;n : n_; + Vf
VDg,max = Vf

_ n
VDQ,tg - _‘/clamp . n_: — Vout
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11.10. Input Capacitor C;

11.10.1. CCM & DCM.

Vi T T Vinax

> Vmin

ty

Figure 11.10.1. Active Clamp Forward - Input Capacitor C; Voltage Waveforms in CCM and DCM

Imax Imax

Imin

B o
4

Figure 11.10.2. Active Clamp Forward - Input Capacitor C; Current Waveforms in CCM and DCM

Min. Input Capacitor Current during t,: Ic, mint; = IN,,avg — Ltrans,pri;maz
Max. Input Capacitor Current during £,: Ic, maz,t, = Ipr,wg — Lirans,pri,min
Input Capacitor Current during ¢- and ts: Ic,-,,tz/g = INmm,g

Average Input Capacitor Current: Ic, avg = 0A

Input Capacitor Voltage: Ve, = Vin
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11.11. Output Capacitor C,

11.11.1. CCM & DCM.

LV T T Vinax

> Vmin

t tz

Figure 11.11.1. Active Clamp Forward - Output Capacitor C, Voltage Waveforms in CCM and DCM

A A

v N ARV

. t | b
“« ke T

Imin Imin

Figure 11.11.2. Active Clamp Forward - Output Capacitor C, Current Waveforms in CCM and DCM

Min. Output Capacitor Current: Ic, min = I, min — Lout
Max. Output Capacitor Current: Ic, maz = 10, maz — Lout
Output Capacitor Current during t,: Ic,ts = I, min — Lout
Average Output Capacitor Current: Ic, avg = 0A

Output Capacitor Voltage: Ve, = Vour
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A Single Switch Forward regulator converts an input voltage to a higher or lower, positive or negative output
voltage level. The energy is transferred to the output when the FET is conducting. The turns ratio between
Np and Ny is assumed to be 1:1.

D1 L1
+ — YN +

Nd

os Jﬁ ar

Figure 12.0.1. Schematic of a Single Switch Forward converter

Np

Ci —/—

12.1. General

Secondary Side Inductance: L, = 2

()
Inductor Current Ripple: Lipple = - - <Vm o Vaut> 1

n
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12.1.1. Continuous Conduction Mode.

. . Vout+V,
FET on, increasing current: t = ——- %
fswiten  Vin o
Demagnetization Time: tqg =11
FET off, decreasing current: to = 7 1_t - t1
Magnetization Current: Inag = %
p
Min. Secondary Current: Lseemin = Lout — % “Tripple
Max. Secondary Current: Tsee,maz = Lout + % Tripple
Min. Primary Current: Lprismin = Iseemin + 22
P
Max. Primary Current: Lprimaz = Lsee,maz pr + Inag
Vou \% ‘Iou
Average Input Current: Lin,avg = %
12.1.2. Discontinuous Conduction Mode.
FET on, increasing current: t1= /2 Tout-Ly- Vou £V7
Fowiten: (Vin+ 22 =V =Vour ) (Vin - 22)
Demagnetization Time: tg =1t
. Vin- i
FET off, decreasing current: ta=t w4
FET off, no current (if t2>ta):  t3=5—— ~t1 —t»
FET off, no current (if tg=t.): ty = ﬁ —t —tg
Min. Secondary Current: Isecmin = 0A
Max. Secondary Current: Lsec.maz = Iripple
Min. Primary Current: Lprimin = 0A
Max. Pl’imary Current: Ipri,maw = Ise.c,muw . :Z_; + Imug
Average Input Current: Iin,avg = Mﬂ
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12.2. Primary Side Transformer Winding N,

12.2.1. CCM & DCM.

Vmax ‘ Vmax _‘ ﬂ ‘
Viin i Viin

Figure 12.2.1. Single Switch Forward - Primary Side Transformer Winding N, Voltage Waveforms in CCM and DCM

Imax Imax

|min

=
o
N

=
o
2

Figure 12.2.2. Single Switch Forward - Primary Side Transformer Winding Ny Current Waveforms in CCM and DCM

Average Primary Transformer Current: IN, avg = (W “t1) * fswiten
Min. Primary Transformer Current: In, min = Iprimin

Max. Primary Transformer Current: In, maz = Iprimae

Min. Primary Transformer Voltage: VNP,min =—Vin

Max. Primary Transformer Voltage: VNP,mM =V

Primary Transformer Voltage after ¢4: VN taa =0V

Primary Transformer Voltage during ¢,: VN,t5 = 0V
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12.3. Secondary Side Transformer Winding N,

12.3.1. CCM & DCM.

A A

Vmax ‘ Vrnax _‘ ’_‘ ‘
tq
Vanin i Vinin

Figure 12.3.1. Single Switch Forward - Secondary Side Transformer Winding N; Voltage Waveforms in CCM and DCM

Imax Imax

|min

Figure 12.3.2. Single Switch Forward - Secondary Side Transformer Winding N; Current Waveforms in CCM and DCM

Average Secondary Transformer Current: IN, avg = M 11+ fswitch
Min. Secondary Transformer Current: IN, min = Lsce,min

Max. Secondary Transformer Current: IN, maz = Lsec,max

Min. Secondary Transformer Voltage: VN, min = —Vin - %s - Vy

Max. Secondary Transformer Voltage: VN, maz = Vin - Z—:

Secondary Transformer Voltage after t4: VN, teg =0V

Secondary Transformer Voltage during t;: V1, =0V
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12.4. Inductor L,

12.4.1. CCM & DCM.

Vmax Vmax 1

Vmin Vmin

Imax H Imax
'
'
1
I
|min !

t2

—
&

Figure 12.4.2. Single Switch Forward - Inductor L, Current Waveforms in CCM and DCM

Average Inductor Current: Iy, 4, = Lcemestlocemin (g gy fo 0
Min. Inductor Current: I, min = Isec,min

Max. Inductor Current: I, maz = Lsec,max

Min. Inductor Voltage: Vi min = —Vour — Vi

Max. Inductor Voltage: Vi maz = Vin - e Vour — Vy

Inductor Voltage during ts: Vi, =0V
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12.5. FET Q.

12.5.1. CCM & DCM.

A A
Vmax Vmax
| |
[ |
me : T L Vmin T i >
g & RN
> L g

Figure 12.5.1. Single Switch Forward - FET Q. Voltage Waveforms in CCM and DCM

Imax Imax

|min

T T > Imin T T
i t1 i tz E ' t1 s T‘t1 i
—— > >

Figure 12.5.2. Single Switch Forward - FET Q. Current Waveforms in CCM and DCM

Average FET Current: 1, avg = IN, avg

Min. FET Current: 10, min = Iprimin
Max. FET Current: 19, maz = Lprimas

Min. FET Voltage: Vo, ,min =0V

Max. FET Voltage: Voimaz =2 Vin +Vf
FET Voltage after t4: Voi.tua = Vin

FET Voltage during t3: Vg, 4, = Vi
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12.6. Demagnetization Winding N,

12.6.1. CCM & DCM.

Vmax ‘ Vmax _‘

- E u u
len i Vmin

Figure 12.6.1. Single Switch Forward - Demagnetization Winding N4 Voltage Waveforms in CCM and DCM

Imax Imax

T T LS Imin
[ i to E vt

&

Figure 12.6.2. Single Switch Forward - Demagnetization Winding Vg Current Waveforms in CCM and DCM

Average Demagnetization Winding Current:

Min. Demagnetization Winding Current:
Max. Demagnetization Winding Current:
Min. Demagnetization Winding Voltage:
Max. Demagnetization Winding Voltage:

Demagnetization Winding Voltage after t4:

Demagnetization Winding Voltage during t,:
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INd,avg = "o & tq - fswitch
INd,min =04

IN,i,maz = Imag

VNymin = —Vin
Vs maz = Vi
VN tea =0V
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Single Switch Forward Converter

12.7. Demagnetization Diode D,

12.7.1. CCM & DCM.

Vmax

Vmax

len _L

Figure 12.7.1. Single Switch Forward - Demagnetization Diode D; Voltage Waveforms in CCM and DCM

A

4
|max N N |max
> |

min
Pl

Imin
! t to
—— >

ty

P

Figure 12.7.2. Single Switch Forward - Demagnetization Diode D3 Current Waveforms in CCM and DCM

Average Demagnetization Diode Current:

Min. Demagnetization Diode Current:
Max. Demagnetization Diode Current:
Min. Demagnetization Diode Voltage:
Max. Demagnetization Diode Voltage:

Demagnetization Diode Voltage after t4:

Demagnetization Diode Voltage during ¢s:

I
]Dg,avg = mzag “tq - fswitch
]Dg,min =04

]Dg,maz = Imag

VDg,min =—-2- Vtm,

VDg,maz = Vf
Vs tea = —Vin
VDg,tg = _‘/ZTL
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12.8. Rectifier Diode D,

12.8.1. CCM & DCM.

Vmax

» VYmax— — »

len Vmin

ts

Figure 12.8.1. Single Switch Forward - Rectifier Diode D, Voltage Waveforms in CCM and DCM

Imax Imax

|min

=
o
N

=
o
2

Figure 12.8.2. Single Switch Forward - Rectifier Diode D, Current Waveforms in CCM and DCM

e . ]sec min Isec max
Average Rectifier Diode Current:  Ip, 409 = Zscomintloco,man . ¢, fswiteh

2
Min. Rectifier Diode Current: Ip, min = Ltrans,sec,min
Max. Rectifier Diode Current: I, maz = Itrans,sec,maz
Min. Rectifier Diode Voltage : Vb, min = —(Vin + V) - Z—; + Vs
Max. Rectifier Diode Voltage: Vb1 maz = Vi
Rectifier Diode Voltage after ta: VD1 tea = V5

Rectifier Diode Voltage during 31 Vp, 1, = —Vou
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Single Switch Forward Converter

12.9. Freewheeling Diode D,

12.8.1. CCM & DCM.

Vmax

Vmax

me Vmin

IR Ot

P Pi—>
f

t2 t3

Figure 12.9.1. Single Switch Forward - Freewheeling Diode D. Voltage Waveforms in CCM and DCM

Imax Imax

|min

Figure 12.9.2. Single Switch Forward - Freewheeling Diode D, Current Waveforms in CCM and DCM

Average Freewheeling Diode Current:

Min. Freewheeling Diode Current:
Max. Freewheeling Diode Current:
Min. Freewheeling Diode Voltage:

Max. Freewheeling Diode Voltage:

Freewheeling Diode Voltage during ¢5:

Ip,,avg = IN, avg

IDg,min = Isec,min
IDg,max = lsec,mazx
VDz,min = _V;n . Zi + Vf
VDQ,mam = Vf

VDg,tg = _Vout
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12.10. Input Capacitor C;

12.10.1. CCM & DCM.

Vi T T Vinax

Viin

t

Imax H N Imax

-
&

Figure 12.10.2. Single Switch Forward - Input Capacitor C; Current Waveforms in CCM and DCM

Min. Input Capacitor Current during ¢: Ic, mint, = INp)avg — Ipriymaz — 1Dy ,avg
Max. Input Capacitor Current during t: Ic; maz,t, = IN,avg — Lpri;min — 1Dy avg
Min. Input Capacitor Current during tq4: Ic; minty = IN,,avg — IDs,avg

Max. Input Capacitor Current during t4: Ic; maz,ta = IN, avg — IDg,avg + Iimag

Input Capacitor Current after ¢4: Ic; t.a = IN,,avg — IDj,avg
Input Capacitor Current during ¢s: I, t; = IN,,avg — IDs,avg
Average Input Capacitor Current: Ic, avg = 0A

Input Capacitor Voltage: Ve, = Vin
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12.11. Output Capacitor C,

12.11.1. CCM & DCM.

Vmax T T Vmax

Viin

> Vmin

t

|max /\ /\ |max
'
'
'
'
'
1
I >

Imin

min

Figure 12.11.2. Single Switch Forward - Output Capacitor C, Current Waveforms in CCM and DCM

Min. Output Capacitor Current: Ic, min = 1L, min — Lout
Max. Output Capacitor Current: Ic, maz = I, maz — Lout
Average Output Capacitor Current: I, 4,0 = 0A

Output Capacitor Voltage: Ve, = Vout
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A Two Switch Forward regulator converts an input voltage to a higher or lower, positive or negative output
voltage level. The energy is transferred to the output when the FETs are conducting.

_+_
—
D4 Jﬁ Q2 D1 1
+ +
L] L]
—_ Ci Np Ns D2 —_— Co
|_
D3 A JH— Q1
'_‘,

Figure 13.0.1. Schematic of a Two Switch Forward converter

13.1. General

Secondary Side Inductance: L, = 25

Inductor Current Ripple: Loippie = 7 - (% R Vm) t
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Two Switch Forward Converter

13.1.1. Continuous Conduction Mode.

FETs on, increasing current:
Demagnetization Time:

FETs off, decreasing current:
Magnetization Current:

Min. Secondary Current:
Max. Secondary Current:
Min. Primary Current:

Max. Primary Current:

Average Input Current:

t — 1 . Vout+vf
1= fswitch Vi

.28
Lo

_ 1
t2 - fswitch tl

Vin-t

|
\'3\(
S.

3

53
®

Isec,min = Iout -
Isec,maz = lout + % ' Iripple
Ipri,max = Isec,min .
Ipri,max = lsec,mazx * Z_; + Imag

Vou V 'Iou
I _( t+'f) t

n,avg — .

13.1.2. Discontinuous Conduction Mode.

FETs on, increasing current:

Demagnetization Time:

FETs off, decreasing current:
FETs off, no current (if 5> tq):
FETs off, no current (if tq=t.):
Magnetization Current:

Min. Secondary Current:
Max. Secondary Current:
Min. Primary Current:

Max. Primary Current:

Average Input Current:

"'n;,

Vout+V]
t1= (2 -Ipu-Li- - L -
Fowiten* (Vin- 22 =V =Vour ) -(Vin- 22

ta =11

by =t - ey
27N otV — U
_ 1 _ _
t5 - fswztch tl t2
-1 4
ts = fswitch tr—ta
I _ Vinta
mag L,
Isec,min =04
]sec,maz = ]ripple
Ipri,maac =04
Ng
Ip'ri,maz = Isec,maz . ﬁ: + Imag
I _ (Vouwt+Vs) - Tout
in,avg — Vin
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13.2. Primary Side Transformer Winding N,

13.2.1. CCM & DCM.

A A
Vmax ‘ Vmax _‘ ’_‘ ‘
Vanin i Vain | +—

LI A

N—N—P‘I N——N—P}

Figure 13.2.1. Two Switch Forward - Primary Side Transformer Winding N, Voltage Waveforms in CCM and DCM

Imax

|min

Imax

ty

Figure 13.2.2. Two Switch Forward - Primary Side Transformer Winding N, Current Waveforms in CCM and DCM

Average Primary Transformer Current:

Min. Primary Transformer Current during t.:

Max. Primary Transformer Current during ¢.:

Min. Primary Transformer Current during t.:

Max. Primary Transformer Current during t.:

Min. Primary Transformer Voltage:

Max. Primary Transformer Voltage:

Primary Transformer Voltage after tg4:

Primary Transformer Voltage during t;:
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IN, avg =
INp,min,tl = Ipri,min
= Ipri,max

INp,max,tl

INp,min,tQ =0V

INp,maw,tg = Imag

VNp,min =—-Vip—2- Vf

VNp,maac =V

(Ipri,mm;rlpn,mam ty 17712(1_9 'td)

' fswitch
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Two Switch Forward Converter

13.3. Secondary Side Transformer Winding N,

13.3.1. CCM & DCM.

Vmax

Viin

Imax

Imin

h A

‘ Vrnax

Vmin

N 0|
REIEEE

Figure 13.3.1. Two Switch Forward - Secondary Side Transformer Winding N; VoltageWaveforms in CCM and DCM

Imax

Figure 13.3.2. Two Switch Forward - Secondary Side Transformer Winding N; Current Waveforms in CCM and DCM

Average Secondary Transformer Current:

Min. Secondary Transformer Current:
Max. Secondary Transformer Current:
Min. Secondary Transformer Voltage:
Max. Secondary Transformer Voltage:

Secondary Transformer Voltage after t¢4:

Secondary Transformer Voltage during t;:

INs,avg = M RS fswitch
INS,min = Isecnnin

INS,maz = Isec,mam

VNs,min = - (‘/zn +2- Vf) . Z;

Ns

VNS,max = ‘/;n : E
VN tag = OV

VNS,t;; = OV
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13.4. Inductor L,

13.4.1. CCM & DCM.

Vmax Vmax 1

Vmin Vmin é

Imax H Imax
'
'
1
I
|min !

t2

—
&

Figure 13.4.2. Two Switch Forward - Inductor L, Current Waveforms in CCM and DCM

Average Inductor Current: Tind.avg = M (1 4+ t2) + fswitch
Min. Inductor Current: Lind,min = Itrans, sec,min

Max. Inductor Current: Lind,maz = Itrans,sec,mas

Min. Inductor Voltage: Vind,min = —Vout — Vy

Max. Inductor Voltage: Vind,maz = Vin - Z—: — Vout — Vf

Inductor Voltage during t3: ~ Vind,t, = OV
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Two Switch Forward Converter

13.5. FET Q./ .

13.5.1. CCM & DCM.

A A
Vmax Vmax
| s
[ H
me 4 i > Vmin T t >
t b bt
e " L
Figure 13.5.1. Two Switch Forward - FET Q./Q- Voltage Waveforms in CCM and DCM
A A
Imax Imax
|min
T T > Imin T >
IR N
—p———p P

Figure 13.5.2. Two Switch Forward - FET Q./Q- Current Waveforms in CCM and DCM

Average FET Current:

Min. FET Current:
Max. FET Current:
Min. FET Voltage:
Max. FET Voltage:

FET Voltage after t4:

FET Voltage during t5:

IQ1/27aUg = Ivaavg
IQI/Z,min = Ipri,min
IQl/z,maz = dpri,max
VQl/g,min =0V
VQl/z,mam = ‘/zn + Vf
\Y =1V
Q1,tad — 2 7

7 — 1 v
\Q1/2’t3_2 VZ
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13.6. Demagnetization Diode D,/D,

13.6.1. CCM & DCM.

Vmax

Vmax

|

Viin

-

Figure 13.6.1. Two Switch Forward - Demagnetization Diode D3/ D, Voltage Waveforms in CCM and DCM

h
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th

bt
<« ke

to |

PP

Figure 13.6.2. Two Switch Forward - Demagnetization Diode D;/D, Current Waveforms in CCM and DCM

Average Demagnetization Diode Current:

Min. Demagnetization Diode Current:
Max. Demagnetization Diode Current:
Min. Demagnetization Diode Voltage:
Max. Demagnetization Diode Voltage:

Demagnetization Diode Voltage after tg4:

Demagnetization Diode Voltage during ¢s:
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ID3/4,avg = "3 Ltg - fswitch
ID3/4,min =04
ID3/4,maz = Imag
VDg/q,min = _‘/in
VD3/4,7naw = Vf
V) =-1.V

D3/ystad — 2 in
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VD3/4,t3 =—5 " Vin
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13.7.

Rectifier Diode D,

13.7.1. CCM & DCM.

Vmax

Viin

Imax

|min

A A
T — & Vinax — [ — — — >
by i P
: Vinin o i
& e il
! e

Figure 13.7.1. Two Switch Forward - Rectifier Diode D, Voltage Waveforms in CCM and DCM

Imax

Figure 13.7.2. Two Switch Forward - Rectifier Diode D; Current Waveforms in CCM and DCM

Average Rectifier Diode Current: Ip, avg = W “to - fewitch
Min. Rectifier Diode Current: Ip, min = IN, min

Max. Rectifier Diode Current: Ip, maz = IN, maz

Min. Rectifier Diode Voltage: Voymin = —(Vin +2- V) - Z—P + V5
Max. Rectifier Diode Voltage: VD, ,maz = Vi

Rectifier Diode Voltage after tg: VD1t = V5

Rectifier Diode Voltage during t3:  Vp, 1, = —Vour
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13.8. Freewheeling Diode D,

13.8.1. CCM & DCM.

Vmax

Vmax — >

len Vmin_
Pl bt ] b

' t3
> i

Figure 13.8.1. Two Switch Forward - Freewheeling Diode D. Voltage Waveforms in CCM and DCM

Imax Imax

|min

Figure 13.8.2. Two Switch Forward - Freewheeling Diode D. Current Waveforms in CCM and DCM

Average Freewheeling Diode Current: Ip,.avg = IN, avg

Min. Freewheeling Diode Current: Ip, min = IN, min

Max. Freewheeling Diode Current: Ip, maz = IN, max

Min. Freewheeling Diode Voltage: Vb, min = —Vin - Z—; +Vy
Max. Freewheeling Diode Voltage: VDy,maz = Vi
Freewheeling Diode Voltage during ts: ~ Vp, ¢, = —Vour
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13.9. Input Capacitor C;

13.9.1. CCM & DCM.

LV T T Vinax

Viin

t2

lmax x‘ N Imax
1
1
1

Imin

=t

ta

l
|

Figure 13.9.2. Two Switch Forward - Input Capacitor C; Current Waveforms in CCM and DCM

Min. Input Capacitor Current during ¢,: Ic; mint, = IN, ,avg — IN, maz — ID3/4,m,g
Max. Input Capacitor Current during ¢,: Ic; mazt, = IN, ,avg — IN, min — ID3/4,avg
Min. Input Capacitor Current during tg: ICi,min,t2/3 = IN, avg — ID3/4,avg

Max. Input Capacitor Current during ¢4 ICi,maw,tz/s = 1IN, avg — ID3/4,avg + Inag
Input Capacitor Current after tq: Ic; t.y = IN, avg — ID3/4,avg

Input Capacitor Current during ts: Ic;t; = IN, avg — ID3/47m,g

Average Input Capacitor Current: ICi,avg =04

Input Capacitor Voltage: Ve, = Vin
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13.10. Output Capacitor C,

13.10.1. CCM & DCM.

Vma

Viin
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Figure 13.10.1. Two Switch Forward - Output Capacitor C, Voltage Waveforms in CCM and DCM

Imax

min

Figure 13.10.2. Two Switch Forward - Output Capacitor C, Current Waveforms in CCM and DCM

Min. Output Capacitor Current:

Max. Output Capacitor Current:

Average Output Capacitor Current:

Output Capacitor Voltage:

Power Topologies Handbook

ICo,min = ILl,min - Iout
ICO,’ITL(Z.’L' = ILl,maz - Iout
Ic, avg = 0A

VCD = Vout
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A Push-Pull regulator converts an input voltage to a higher or lower, positive or negative output voltage level.
The energy is transferred to the output when the FETs are conducting.

L1

D1
Ay, T
L] L]
Np2 Ns2 —_— Co
+
[ ] [ ]
Np1 Ns1
_— Ci
1 D2

— -
Q2 J" Ju— Q
— —

Figure 14.0.1. Schematic of a Push-Pull converter

14.1. General

Ly

Secondary Side Inductance: L= €3k
Inductor Current Ripple: Leipple = %1 - (Vin - Z—p Vi —Vour) -t
Magnetization Current: Iag = Y1

P
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14.1.1. Continuous Conduction Mode.

. . Vout+V,
FET on, increasing current: o= gt gl

FET off, decreasing current: to = ﬁ — 1

Min. Secondary Current: Isee,min = Tout — % Lripple

Max. Secondary Current: Lsce,maz = Tout + % Tripple

Min. Primary Current: Tpri,min = Iseemin 22 = 3 Iiag
Max. Primary Current: Lyriymas = Lsecmas * 5= + L Tag
Average Input Current: Lin.avg = W,&
14.1.2. Discontinuous Conduction Mode.
FET on, increasing current: ty= [2-Tpu- Ly - Vous +Vy
\/ 2 fowiten (Vin' 22 = Vi =Vout ) (Vi 22)
FET off, decreasing current: to =11 - (‘ZTZ—;’%) -t
FET off, demagnetization: ty = ﬁ —t —ty
Min. Secondary Current: Tsec.min = 0A
Max. Secondary Current: Isee,maz = Iripple
Min. Primary Current: Iprimaz = 0A
Max. Primary Current: Iprimaz = Lseeman - Z—p + % Imag
Average Input Current: Lin,avg = _(Vttvf)lf
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14.2. Primary Side Transformer Windings NV,, and N,

14.2.1. CCM.

Vimax Vimax

Viin

Vmin

t

Figure 14.2.1. Push-Pull - Primary Side Transformer Windings Np; and N,. Voltage Waveforms in CCM

Imax Imax

Imin Imin

=
-
I
I

Figure 14.2.2. Push-Pull - Primary Side Transformer Windings Np; and Np. Current Waveforms in CCM

Average Primary Side Transformer Current: Iy, , avg = 2romintlerimes ) f oy
Min. Primary Side Transformer Current: IN,, p2smin = Lprimin

Max. Primary Side Transformer Current: IN,: p2maz = Tprimaz

Min. Primary Side Transformer Voltage: VN1 jp2,min = —Vin

Max. Primary Side Transformer Voltage: VN1 jp2maz = Vin
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14.2.2. DCM.

A A

Vinax Vinax

len i :_‘_ Vmin i E
RN RN
P> '4—"4—’:4—):

Figure 14.2.3. Push-Pull - Primary Side Transformer Windings Np, and Np. Voltage Waveforms in DCM

Imax Imax

Lo
—
9
—
&
—
—
9
—
&

Figure 14.2.4. Push-Pull - Primary Side Transformer Windings Np;: and Np. Current Waveforms in DCM

Average Primary Transformer Current: IN,)l/,,z,avg = I‘T b1+ fswitch
Min. Primary Transformer Current: IN,,  p2min = Iprimin

Max. Primary Transformer Current: IN,, p2smaz = Iprimaa

Min. Primary Transformer Voltage: VNpl/pQ,mm =—Vin

Max. Primary Transformer Voltage: VNm Jp2maz = Vin

Min. Primary Transformer Voltage during t,: VN pzimingts = Vout + Vi) - Z—’
Min. Primary Transformer Voltage during t5: VN p2mazits = —(Vout + Vi) - Z—”
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14.3. Secondary Side Transformer Windings N;, and N,,

14.3.1. CCM & DCM.

Vimax Vimax

Viin

Vmin

Figure 14.3.1. Push-Pull - Secondary Side Transformer Windings N;; and N, Voltage Waveforms in CCM

A A
Imax Imax
Imin lmin
: :\‘
' '
: ;
| i
| n : .
] ] Ll " T L g
' ]
LI LI
P ——P I<—"

Vnes I Viar
; : —
- ;

Vmin

Vmin i

Figure 14.3.3. Push-Pull - Secondary Side Transformer Windings N;; and N;. Voltage Waveforms in DCM

Imax Imax

Figure 14.3.4. Push-Pull - Secondary Side Transformer Windings N;; and N;, Current Waveforms in DCM
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Push-Pull Converter

Average Secondary Transformer Current:
Min. Secondary Transformer Current (¢, of FET):
Max. Secondary Transformer Current (¢, of FET):

Min. Secondary Transformer Current (¢, of other FET):

Max. Secondary Transformer Current (¢, of other FET):
Min. Secondary Transformer Current (¢, of FET, CCM):

Min. Secondary Transformer Current (¢, of FET, DCM):

Max. Secondary Transformer Current (¢, of FET):
Min. Secondary Transformer Current during t,:
Max. Secondary Transformer Current during t5:
Min. Secondary Transformer Voltage:

Max. Secondary Transformer Voltage:

Min. Secondary Transformer Voltage during t5:

Max. Secondary Transformer Voltage during ¢s:

IN.;1/327¢1U9 -
IN_.;I/,»Q,/’n‘i/"‘ = [,sec,min

INsl/yQ ,maxr — Isﬁc,maz

I _ 1
Ng1/s2,min,ta,other — ~ 5 ns
np

I _ I])r’h?nu;r
Ng1/s2,maw,ta,other = ~ g s

np

Tsec,mintIsec,max

pri,max

: tl : fswitch

Iripple

2

IN_,\l/Sz,min,t,g = Iscc,min - IN_,.l/Q2,77Li7l,t2,0t}107‘

‘[N.q/xzymi”ytz =04

IN_,\l/Sz,mam,t,g = Iscc,max - IN_,.I/_Qg,maa:,tg,othcr

-[N_wl/gz ymin,ty — 0A

IN.;1/.42,7"GTJ/3 = IN.n/szJ"ﬂ?f,tz,OthCT - IN_;l/sg,nL(lili,f,g

Ns
np

VN“/SQ,WL'Ln =—Vin -

Ngi/s2.maz = Vin np
VN“/Sz,m’in,t;; = —Vour — Vf

VNSI/SQJnam,f,g = Vout + Vf

Power Topologies Handbook

137



Push-Pull Converter

Tl.com/powertopologies

14.4. Inductor L,

14.4.1. CCM & DCM.

Vinax Vinax

h A
Imax Imax
/\/\ A
i 1
| 1
. | 1
e 1 | |
: : 1
| | 1
i | H
1 | H
| i |
| | I H
H H > lmin HE, >
] ] Vel |
IR o o
—— > P P—

Figure 14.4.2. Push-Pull - Inductor L, Current Waveforms in CCM and DCM

Average Inductor Current: It avg = %

Min. Inductor Current: I, min = Lsecmin

Max. Inductor Current: It maz = Isee,maa

Min. Inductor Current during t,: Iny mingts = IN,, g mints
Max. Inductor Current during t5: In, mazits = IN,, o maz ts

Min. Inductor Voltage: Vi min = —Vour — Vs

Max. Inductor Voltage: Vi, maz = Vin - Z—p — Vout = Vs
Inductor Voltage during ts: Vi, =0V
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14.5. FET Q. & Q.

14.5.1. CCM.

Vmax Vmax

Viin

|
Y
e >

| v | |

Figure 14.5.1. Push-Pull - FETs @, and Q- Voltage Waveforms in CCM

Imax Imax

Imin Imin

IR Pt
: > >

Figure 14.5.2. Push-Pull - FETs Q; & Q- Current Waveforms in CCM

Average FET Current: 1Q, /3,avg = IN,y ) pa,avg

Min. FET Current: 1Q, )3,min = Iprimin
Max. FET Current:

IQl/z,maz = Ipri,maz

Min. FET Voltage during t.: V@, jamint, = 0V
Max. FET Voltage during ¢, (t. of other FET): Va. 2 mazts =2 Vi

FET Voltage during t.: V@, ats = Vin
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14.5.2. DCM.

140

Vmax

Vimin

ikl
—ieDe—>

Figure 14.5.3. Push-Pull - FETs Q. and Q- Voltage Waveforms in DCM

Imax

Imax

Imin

Imin

vt itzi ty !
b

Figure 14.5.4. Push-Pull - FETs Q. and Q- Current Waveforms in DCM

Average FET Current:
Min. FET Current:
Max. FET Current:

Min. FET Voltage during t.:

IQI/Qva'U.q = [Npl/pz:(“/.(l
IQI/Q,UL'L'IL = [pri,min

IQI/Z,max = Ipm’,maz

VQI/Z‘m'invtl =0V

Max. FET Voltage during ¢, (¢, of other FET): Vo jsmaziy =2 Vin

FET Voltage during t.:

VQl/Z‘tZ = Vi"l

Min. FET Voltage during t; (¢5 of other FET): Vau aminits = Vin — Vour + V) -

Max. FET Voltage during ¢s:

Power Topologies Handbook
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14.6. Rectifier Diode D, & D,

14.6.1. CCM & DCM.

Vmax Vmax

Figure 14.6.1. Push-Pull - Rectifier Diodes D; and D, Voltage Waveforms in CCM

A A

Imax Imax

|min I\l Imin
t2

Pt TR

P ——> P>

Figure 14.6.2. Push-Pull - Rectifier Diodes D; and D, Current Waveforms in CCM

Vmax — Vmax —1

Vmin

Vmin
Ptoitl ty ] .
P>

Imax Imax

\
.
:
.
.
.
(- ' [\\ I
min : > min
!
.
.

Figure 14.6.4. Push-Pull - Rectifier Diodes D, and D. Current Waveforms in DCM
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Average Rectifier Diode Current:

Min. Rectifier Diode Current (¢, of FET):

Max. Rectifier Diode Current (¢, of FET):

Min. Rectifier Diode Current (¢, of other FET):

Max. Rectifier Diode Current (¢, of other FET):

Min. Rectifier Diode Current (¢, of FET):
Max. Rectifier Diode Current (¢, of FET):

Min. Rectifier Diode Current (t; of other FET):

Max. Rectifier Diode Current (¢5 of other FET):

Rectifier Diode Current (¢5 of FET):
Min. Rectifier Diode Voltage:
Max. Rectifier Diode Voltage:

Rectifier Diode Voltage during ts:
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ID1/21<1”U9 = INsl/Sz,avg
ID1/21mi7‘L,t1 = Isec,min

IDl/g,maw,tl = Isec,maw

IDl/Q,min,tg,other = ng.i%n;z - Irigple

P
IDl/Q,maz,tQ,other = Ip;y%

np
IDl/Q,min,tz = Isec,min - INS,min,tz,other
IDl/Q,maa:,tz = Isec,maa: - INS,mam,tz,other

IDl/g,min,t3,other = INS,min,tg
IDl/g,max,t3,other = INS,max,tg
ID1/2,t3 =0A

VDI/Q,mz’n =-2- ‘/in ) Z_:; + Vf
VDI/Q,max = Vf

VDl/z,tg = _V:)ut
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14.7. Input Capacitor C;

14.7.1. CCM & DCM.

LV T T Vinax

Viin

t2

Figure 14.7.1. Push-Pull - Input Capacitor C; Voltage Waveforms in CCM and DCM

Imax

Imax

ts

Figure 14.7.2. Push-Pull - Input Capacitor C; Current Waveforms in CCM and DCM

Min. Input Capacitor Current during t,: Ic; mint, = IN,,avg — IN, max
Max. Input Capacitor Current during ¢,: Ic; maz.t, = IN, avg — IN, min
Input Capacitor Current during ¢, and ¢5: IC@,tQ/g = IN, avg

Average Input Capacitor Current: Ic, avg = 0A

Input Capacitor Voltage: Ve, = Vin
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14.8. Output Capacitor C,

14.8.1. CCM & DCM.

Vma

Viin

144

X T T Vmax

> Vmin

t

|max /\ /\ Imax
! >

A

Figure 14.8.2. Push-Pull - Output Capacitor C, Current Waveforms in CCM and DCM

Min. Output Capacitor Current:

Max. Output Capacitor Current:

]Co.min = ]sec,min out

ICo,macc = Isec,maz - Iout

Min. Output Capacitor Current during t5: Ic, mints = Lsec,min — Lout

Max. Output Capacitor Current during t3:  Ic, maw,ts = IN. maz,ts — Lout

Average Output Capacitor Current:

Output Capacitor Voltage:

Power Topologies Handbook
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A Weinberg regulator is a Flyback current fed Push-Pull regulator and converts an input voltage to a higher or

lower, positive or negative output voltage level. The energy is transferred to the output both when the FETs
are conducting and not conducting.

D3

P—
D1
+
1 g
L]
Ns Np2 Ns2 == co
L]
+ A
L]
Np .
Np1 Ns1
D2
= i
—
Q2 Ju J at
’_‘ q

Figure 15.0.1. Schematic of a Weinberg converter

15.1. General

Secondary Side Inductance (Push-Pull):

Secondary Side Inductance (Flyback):

Inductor Current Ripple:

Magnetization Current:

15.1.1. Continuous Conduction Mode.

FET on, increasing current:

FET off, decreasing current:

Average Input Pulse Current:

Min. Primary Current:

Max. Primary Current:
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s

_ Lp pushputl
Ls,pushpull = %
ns
Ly, fiyback
quflyback = W
ns
I.  (Vin=(Vour+Vy)- 22)-t
rivpte = Ly, fiyback
I - Wourt Vi) ghta
mag Ly, pushpull
t1 = 1  Vour+Vy
! 2 fswitch Vin- 22
P
1
to = —2 ¢
27 2 witen 1
I; = (VourtVp)Jour |
in,pulse,avg — Vo
Ipri,min = Iin,pulse,avg — —RpRe

I
Ipri,max = Lin,pulse,avg +
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Weinberg Converter

15.2. Primary Side Flyback Inductor N,

15.2.1. CCM.

Vmax

Figure 15.2.1. Weinberg - Primary Side Flyback Inductor N, Voltage Waveform in CCM

Imax

Imin

Figure 15.2.2. Weinberg - Primary Side Flyback Inductor N, Current Waveform in CCM

Average Primary Flyback Inductor Current:

Min. Primary Flyback Inductor Current:

Max. Primary Flyback Inductor Current:

Min. Primary Flyback Inductor Voltage:

Max. Primary Flyback Inductor Voltage:

=1

Ipri,mintIprimas
B m2 brme 't1'2'fswitch

pri,min

= Ipri,max

= _(Vout + Vf) . Z_Z

VNpi,maz - ‘/in - (Vout + Vf) . Z_Z
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15.3. Secondary Side Flyback Inductor N,

15.3.1. CCM.

Vmax

Figure 15.3.1. Weinberg - Secondary Side Flyback Inductor N; Voltage Waveform in CCM

h

i h h |

I
>

Figure 15.3.2. Weinberg - Secondary Side Flyback Inductor N; Current Waveform in CCM

Min. Secondary Flyback Transformer Current: In, min = Iprimin Z—IS’

Max. Secondary Flyback Transformer Current: IN, maz = Iprimaz - %

Average Secondary Flyback Transformer Current: Iy 49 = W ty -2 fswitch
Min. Secondary Flyback Transformer Voltage: VN, min = —VN, maz Z_:

Max. Secondary Flyback Transformer Voltage: VN, ,maz = —VN, min - Z_;
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Weinberg Converter

15.4. Primary Side Push-Pull Transformer Windings N,

15.4.1. CCM.

Vimax

Viin

Imax

Imin

Vimax

& N,

Vmin

Figure 15.4.1. Weinberg - Primary Side Push-Pull Transformer Windings Np, and Np. Voltage Waveforms in CCM

Imax

Imin

Figure 15.4.2. Weinberg - Primary Side Push-Pull Transformer Windings Np: and Np. Current Waveforms in CCM

Average Primary Push-Pull Transformer Current:

Min. Primary Push-Pull Transformer Current:

Max. Primary Push-Pull Transformer Current:

Min. Primary Push-Pull Transformer Voltage:

Max. Primary Push-Pull Transformer Voltage:

Ipri,min+1pri,maz

INpl/p2»avg = 2 : 751 : fswitch
INpl/pz,min = Lpri,min

INpl/pg,max - Ipri,mal‘

VNpl/pz»mm = - (Vout + Vf) : Z—Z

VN

pl/p2,MaAT

= (Vout + Vy) - Z_:
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15.5. Secondary Side Push-Pull Transformer Windings N;, & N;,

15.5.1. CCM.

Vimax

150

Viin

Vinax

Vmin

Figure 15.5.1. Weinberg - Secondary Side Push-Pull Transformer Windings Ns, and N;, Voltage Waveforms in CCM

Imax

Imin

Imax

Imin

Ky
—
9

Figure 15.5.2. Weinberg - Secondary Side Push-Pull Transformer Windings N;; and N;s. Current Waveforms in CCM

Min. Secondary Push-Pull Transformer Current during ¢.:

Max. Secondary Push-Pull Transformer Current during ¢,:

Min. Secondary Push-Pull Transformer Current during ¢.:

Max. Secondary Push-Pull Transformer Current during ¢.:

Average Secondary Push-Pull Transformer Current:

INsl/szv’"i"v"l +1Ns1/52=m‘nvt1

(1-D)-I,, n
[Nsl/sg,min,tl = (Ipri,min + D) mg) e

- (14D)-Tnag | . 1
INSl/Sz,max,tl - (Ipri,min — fq) )

INS]/SZwmin7t2 = IN51/52>min1t1 - ]N.gymin

[Nsl/sz>ma1>t2 = INs1/52’maw’t1 — IN, min

Ngp/sg-min.ta +1N51/52,mam,,,2

I
“ty - fswitch +

IN51/527avg =

2

Min. Secondary Push-Pull Transformer Voltage:

Max. Secondary Push-Pull Transformer Voltage:
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2 g - fswitch
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VNsl/s2vmin - VNpl/p2>min ",

—s
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15.6. FET Q, & Q.

15.6.1. CCM.

Vmax Vmax “
N R I —
Vinin i > Vin : >
LI LI
> R e

| v | |

Figure 15.6.1. Weinberg - FET Q. and Q. Voltage Waveforms in CCM

Imax Imax

Imin Imin

T i ot Pt
e — >

Figure 15.6.2. Weinberg - FET Q. and Q- Current Waveforms in CCM

Average FET Current: 19, )09 = IN, avg
Min. FET Current: 1Q, 5,min = Tpri,min
Max. FET Current: 19, )3maz = Iprimaz
Min. FET Voltage: V@, 2,min = 0V

FET Voltage (t. of other FET): VQ. s.otheroff = Vin

FET Voltage (. of other FET): Vo, , otheron =2+ 22+ (Vout + Vy)

ns

Max. FET Voltage (t- of FET): Vo, ,maz = Vin +2- 22 - (Vour + V)
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15.7. Push-Pull Rectifier Diodes D, & D,

15.7.1. CCM.

Vmax — Vmax

R Lt | B

Figure 15.7.1. Weinberg - Push-Pull Rectifier Diodes D, and D, Voltage Waveforms in CCM

Imax Imax

Imin Imin

R TR
> —pi—>

Figure 15.7.2. Weinberg - Push-Pull Rectifier Diodes D, and D, Current Waveforms in CCM

Average Rectifier Diode Current: Ip, 5 ,avg = Ipushpull,sec,avg
Min. Rectifier Diode Current during ¢.: Ip, ,ymints = IN, o min,ts
Max. Rectifier Diode Current during t:: Ip, , maz,t; = IN,;).r,maz,ts
Min. Rectifier Diode Current during ¢.: Ip, ,mints = IN, ) unmin,ts
Max. Rectifier Diode Current during ¢.: IDl/z,ma:t,tz = INsl/sz,ma:c,tz
Min. Rectifier Diode Voltage: VD1/2,min =2. VNpl/pz,mm . Z_;

Max. Rectifier Diode Voltage: VD, jp.maz =V
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15.8. Flyback Demagnetization Diode D,

15.8.1. CCM.

Vmax

Figure 15.8.1. Weinberg - Flyback Demagnetization Diode D; Voltage Waveform in CCM

A

Imax
Imin h

I
>

Figure 15.8.2. Weinberg - Flyback Demagnetization Diode D3 Current Waveform in CCM

Average Demagnetization Diode Current: Ip,.avg = IN, avg
Demagnetization Diode Current during ¢,: Ip,+, =0A

Min. Demagnetization Diode Current during t.: Ip,y min,ts = IN, min

Max. Demagnetization Diode Current during ¢.: Ip,s maz,ts = IN, max

Min. Demagnetization Diode Voltage: Vs min = VN, min — Vout
Max. Demagnetization Diode Voltage: VD3 maz = V¥
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15.9. Input Capacitor C;

15.9.1. CCM.

Vmax

Viin

t

Figure 15.9.1. Weinberg - Input Capacitor C; Voltage Waveform in CCM

Imax

I
s

Figure 15.9.2. Weinberg - Input Capacitor C; Current Waveform in CCM

Min. Input Capacitor Current during ¢.: Ic; mints = IN,,avg = INyy  pa,maz

Max. Input Capacitor Current during ¢.: Ic; max,ty = IN, avg — IN

p1/p2,Min
Input Capacitor Current during t.: Ity = IN, avg
Average Input Capacitor Current: Ic, avg = 0A
Input Capacitor Voltage: Ve, = Vin
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15.10. Output Capacitor C,

15.10.1. CCM.

Vmax

Viin

Figure 15.10.1. Weinberg - Output Capacitor C, Voltage Waveform in CCM

Imax

i

Figure 15.10.2. Weinberg - Output Capacitor C, Current Waveform in CCM

Min. Output Capacitor Current during ¢;: Ic, minty = ID, o min,t; — Lout

Max. Output Capacitor Current during t.: Ic, mazts = 1D, jymaz,ty — Lout

Min. Output Capacitor Current during t.: Ic,mints = IDg,min,ts + 1D, jy,mints — Lout
Max. Output Capacitor Current during 21 Ic, maz.ts = IDgmaxts + Ip, )y mazts — Lout
Average Output Capacitor Current: I, .avg = 0A

Output Capacitor Voltage: Ve, = Vour
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A Half-Bridge regulator converts an input voltage to a higher or lower, positive or negative output voltage level.
The energy is transferred to the output when the FETs are conducting.

_+_
—
c2 —— JH- Q2 D1 L1
— + +
L] |
- Ns1 T Co
Np o
Ns2
—
C1 — JH— Q1 D2
—

Figure 16.0.1. Schematic of a Half-Bridge converter

15.1. General

Secondary Side Inductance: L, =

Inductor Current Ripple: Lippte = LL . (% Vin 22 =V = Vour) -t
»

Magnetization Current: Loy = 1 - Yinha
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16.1.1. Continuous Conduction Mode.

FET on, increasing current: t1=7 ?f - ‘;jt%
FET off, decreasing current: to = ﬁ —t

Min. Secondary Current: Tseemin = Lout — % ripple

Max. Secondary Current: Lcemaz = Tout + % Tripple

N 1

Min. Primary Current: ol “Imag

Ip'ri,min = Isec,min .

Max. Primary Current: Lpriimaz = Lseesman = 2 + & Iag

np
Average Input Current: Tinang = ewet Vo) Tou
16.1.2. Discontinuous Conduction Mode.
i i Vout+Vy
FET on, increasing current: tv= (2 T,y L - outT Vf
9 ! \/ P Fawiren (3 Vin 22 Vi —Voue) - (3 Vin-22)
. %Avm.ﬂis
FET off, decreasing current: to =t - o — 1t

(Vout+Vy)

FET off, demagnetization: ts = ﬁ —ty — 1y

Min. Secondary Current: Isecmin = 0A

Max. Secondary Current: Lsecmaz = Lripple

Min. Primary Current: Iprimaz = 0A

Max. Primary Current: Ipriimaz = Isecmas * 7= + 2 Lag
Average Input Current: Lin,avg = %
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16.2. Primary Side Transformer Winding N,

16.2.1. CCM & DCM.

Vimax Vimax

Vrin i Virin =
SN P bkt b
> P>

Figure 16.2.1. Half-Bridge - Primary Side Transformer Winding N, Voltage Waveforms in CCM and DCM

Imax Imax
Imin

Imin

Figure 16.2.2. Half-Bridge - Primary Side Transformer Winding N, Current Waveforms in CCM and DCM

Average Primary Transformer Current: Iy, avg =0A

Min. Primary Transformer Current:

INp,min = Ipri,min

Max. Primary Transformer Current: IN, maz = Iprimas
Min. Primary Transformer Voltage: VN, min = —3% Vi
Max. Primary Transformer Voltage: VN, maz = 1.V

Min. Primary Transformer Voltage during t5: Vi, 1, = (Vour + Vy) - 22
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16.3. Secondary Side Transformer Winding Ns, & Ns.

16.3.1. CCM & DCM.

Vimax Vimax

Vmin

Imax Imax
i I\l -

.

:

]

.

.

.

. . . .

, >

,

,

.

Figure 16.3.2. Half-Bridge - Secondary Side Transformer Windings N;; and N;. Current Waveforms in CCM

Vmin

Vmax

Vinax
Vmin i _‘_ Vmin i E

Imax Imax

I
'
'
'
'
1
I i H l\\ |
min L > min
'
'
'

Figure 16.3.4. Half-Bridge - Secondary Side Transformer Windings N;; and N;. Current Waveforms in DCM
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Min. Secondary Current (¢, of FET):

Max. Secondary Current (¢, of FET):

Min. Secondary Current (¢, of other FET):
Max. Secondary Current (¢, of other FET):
Min. Secondary Current (¢, of FET, CCM):
Min. Secondary Current (¢, of FET, DCM):
Max. Secondary Current (t, of FET):

Min. Secondary Current (t; of other FET):
Max. Secondary Current (¢; of other FET):
Secondary Current (¢5 of FET):

Average Secondary Current:

Iripple

INHL/SQ,TVLZ.'"/,tl = -[sec,min
IN51/5277na1‘,t1 = Isec,mam
T . _ Iprijmaz
Ng1/s2,min,ta,other — ~ 5 s

np
I _ Ipriymaan
Ngi/s2,max,tz,other — TS

np
INSI/S2,min,t2 = Isec,min -

INSL/HQ smin,te — 0A

INSI/S2 ,min,ty,other

INsl/Sz,maz,tg = Isec,maz - ]Nsl/ég,maz,tg,ather

INHJ./S2 ,min,ts,other — 0A

INSI/SQ,maz,tg,other = [N_,l/sg,maz,tg,other - INSI/SQ,maz,tz

INHL/QJ:; =04

Ng1/s2:mazty +INSI/SQ ,min,tg,other

I _ Lce.mintlsce.mar 4 o 1
Ng1/s2,av9 — fswitch : 2 11+

Min. Secondary Voltage:
Max. Secondary Voltage:

Secondary Voltage during t5:
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Ng1/s2,min — 2 in i,
Ngi/s2,maz = 3 z np
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INsl/SQ ,min,to +IN51/52 ymaw,ty,other
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16.4. Inductor L,

16.4.1. CCM & DCM.

LV Vinax

len Vmin |
Pt Lot Pttty |
> P Pi—>

Imax Imax
1
i

Imin :

Figure 16.4.2. Half-Bridge - Inductor L, Current Waveforms in CCM and DCM

Average Inductor Current: IL, .avg = —I”“;I
Min. Inductor Current: 11, min = Lsec,min
Max. Inductor Current: 11, maz = Isec,max

Min. Inductor Current during t5: I, mingts = IN,, o min.ts

Max. Inductor Current during t5:

ILL maz,ts — [NSI/SZA,maz,tLg

Min. Inductor Voltage: Vi min = —Vour — Vy

Max. Inductor Voltage: Viimaz =5+ Vin - 25 = Vi — Vo
»

Inductor Voltage during ¢5: Vigas =0V

Power Topologies Handbook | 163



Half-Bridge Converter

Tl.com/powertopologies

16.5. FET Q. & Q-

16.5.1. CCM & DCM.

Vmax

Vmin

Imax

Imin

Vmax

Vmin

Imax

Imin

Vmax

LI
>

Figure 16.5.1. Half-Bridge - FETs @, and @ Voltage Waveforms in CCM

Imax

Imin

Figure 16.5.2. Half-Bridge - FETs Q. and Q- Current Waveforms in CCM

Vmax

t

|
]

ta

toitl t

Figure 16.5.3. Half-Bridge - FETs @ and Q- Voltage Waveforms in DCM

Imax

RO
; >

Figure 16.5.4. Half-Bridge - FETs Q. and Q- Current Waveforms in DCM
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Half-Bridge Converter

Average FET Current:
Min. FET Current:
Max. FET Current:

Min. FET Voltage during ¢,:

Max. FET Voltage during ¢;:

FET Voltage during t.:

Min. FET Voltage during ¢5:

Max. FET Voltage during ts:

IQl/z,avg =
IQl/g,min = Ipri,min
IQl/«z,max = Ip'r'i,mam
VQ1/21min,t1 =0V
VQl/zyma%h = ‘/177

_1 1
VQ1/2vt2 -2 Vin

=

Vauamints = % = (Vous + Vy) - 22

Iprimin+Ipri,maz

iy fswitch

Vin np
Vayemazts = 5% + Vour + Vi) - 22

Power Topologies Handbook | 165



Half-Bridge Converter

Tl.com/powertopologies

16.6. Rectifier Diode D, & D,

16.6.1. CCM & DCM.

Vmax

Vmax

Imax

Imin

t2

Figure 16.6.2. Half-Bridge - Rectifier Diodes D, and D, Current Waveforms in CCM

Vmax

Vmax

Vmin

bl t
P!

Figure 16.6.3. Half-Bridge - Rectifier Diodes D, and D. Voltage Waveforms in DCM

Imax

Vmin

.
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Figure 16.6.4. Half-Bridge - Rectifier Diodes D, and D. Current Waveforms in DCM
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Half-Bridge Converter

Average Rectifier Diode Current:
Min. Rectifier Diode Current (¢, of FET):
Max. Rectifier Diode Current (¢, of FET):

Min. Rectifier Diode Current (¢, of other FET):

Max. Rectifier Diode Current (¢, of other FET):

Min. Rectifier Diode Current (¢, of FET):
Max. Rectifier Diode Current (¢, of FET):

Min. Rectifier Diode Current (t; of other FET):

Max. Rectifier Diode Current (¢5 of other FET):

Rectifier Diode Current (¢; of FET):
Min. Rectifier Diode Voltage:
Max. Rectifier Diode Voltage:

Rectifier Diode Voltage during ts:

ID1/2allUfJ = [Nal/327a/’u.(7

IDI/Z,m'm = ]N,,l/ﬂ,min

ID]/ZJVL(I(L' = INsl/sz,maz
IDI/Z,m,'i,n,tz,ut,h,er = INsl/524,'m’i,'n,,t24}!,}:,617'
IDl/z,ma:u,tz.nther = IN“/*Z,ma:u,tz.nther
IDI/Z,m'm,Q = IN‘,I/Nz,min,tg
IDl/g,maz,tg = IN51/52,771(11,£2
ID1/2,min,t3,uf,her = IN“/‘Q;nLin,tg
IDl/z,nLa,:r,,tg.nther = IN_gl/‘z,nLa,:r,,tg
IDI/thii =04

VDI/Z,m'm = _‘/in . Z_; + Vf
VDl/sza:l; = Vf

n
7‘/1',11, -k

VDl/z,tx = s
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16.7. Input Capacitor C, & C,

16.7.1. CCM & DCM.

Vmax T T Vmax

Viin

> Vmin

t1 t1

t2 i

|
|

Figure 16.7.1. Half-Bridge - Input Capacitor C; and C. Voltage Waveforms in CCM

Imax Imax

Vmax T T T Vmax

Vmin

> Vmin

t3

Figure 16.7.3. Half-Bridge - Input Capacitor C; and C. Voltage Waveforms in DCM

Imax 1 Imax

Imin

Figure 16.7.4. Half-Bridge - Input Capacitor C; and C- Current Waveforms in DCM
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Min. Input Capacitor Current during ¢.: I,y minty = 1Q, j.a0g — IN, maz
Max. Input Capacitor Current during ¢.: Ic, )y mazty = 1Q, 2,009 — IN, min
Input Capacitor Current during ¢. and ¢: Ic, )y a5 = 1Q, 3,009

Average Input Capacitor Current: Ic, ) avg = 0A

Input Capacitor Voltage: Ve s = Vin

16.8. Output Capacitor C,

16.8.1. CCM & DCM.

Vinax Vinax

Vmin

tz t2 t3
—— > Pt P—

Figure 16.8.1. Half-Bridge - Output Capacitor C, Voltage Waveforms in CCM and DCM

A A

In A dh o
NA

Figure 16.8.2. Half-Bridge - Output Capacitor C, Current Waveforms in CCM and DCM

Imin :
ts
!

Min. Output Capacitor Current:

ICo,min = [sec,min - Iout

Max. Output Capacitor Current:

IC(,;maz = ISBC,TTLLII - Iaut

Min. Output Capacitor Current during t;:

ICo,min,tg, = Isec,min - Iout

Max. Output Capacitor Current during ts: 16, mazts = IN., uzimaz.ts — Tout
Average Output Capacitor Current: I, avg = 0A
Output Capacitor Voltage: Ve, = Vout
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A Full-Bridge regulator converts an input voltage to a higher or lower, positive or negative output voltage level.
The energy is transferred to the output when the FETs are conducting.

+
— J
a3 Jw Jn« Q2 D1 L1
4 — + +
* I
- Ns1 T Co
—_— Ci Np -
Ns2
— —
Q4 JH— JH— Q1 D2
— —

Figure 17.0.1. Schematic of a Full-Bridge converter

17.1. General

Secondary Side Inductance: L, = (an")z

Inductor Current Ripple: Lippte = 77 - (Vin - 22 = Vi = Vour) - 1
P

Magnetization Current: Iinag = Vfiptl
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17.1.1. Continuous Conduction Mode.

FETs on, increasing current: =5 ‘?;”:7:‘:"

FETs off, decreasing current: ty =57 — —t

Min. Secondary Current: Licemin = Tout — 5 - Tripple

Max. Secondary Current: Lcemar = Tout + 5 + Tripple

Min. Primary Current: Lprimin = Tsecymin = 22 — 1 Lag

Max. Primary Current: Lyrismaz = Lsee,maz - Z—p + 3 Ionag
Average Input Current: Tinavg = (V""‘J;w

17.1.2. Discontinuous Conduction Mode.
FETs on, increasing current: t1= [2-Iout - L1 - Vour +V7
\/ 2 fowiten (Vin: 22 =Vy=Vour ) -(Vin+ 22
. Vin 22

FETs off, decreasing current: to =11 - m — 1t

FETs off, demagnetization: tz = T A t1 — to

Min. Secondary Current: Tseemin = 0A

Max. Secondary Current: Tseemar = Iripple

Min. Primary Current: Iprimaz = 04

Max. Primary Current: Iprimaz = Lsee,mag - 2_,, + % “Jnag
Average Input Current: Tin,avg = (V"“‘t/w
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17.2. Primary Side Transformer Winding N,

17.2.1. CCM & DCM.

h A

Vmax Vmax

Vrin i Virin =
SN P bkt b
> P>

Figure 17.2.1. Full-Bridge - Primary Side Transformer Winding N, Voltage Waveforms in CCM and DCM

Imax Imax

Imin

Imin

N

>

Figure 17.2.2. Full-Bridge - Primary Side Transformer Winding N, Current Waveforms in CCM and DCM

Average Primary Transformer Current:
Min. Primary Transformer Current:
Max. Primary Transformer Current:
Min. Primary Transformer Voltage:

Max. Primary Transformer Voltage:

Primary Transformer Voltage during ¢,:
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INp,avg =04

IN,,,min = Ipri,nLin
IN,,,maw = Ipri,maw
VNp,min = _‘/in
VNp,maz‘ = ‘/;n

VNp,tg = (Vout + Vf) : Z_f
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Full-Bridge Converter

17.3. Secondary Side Transformer Winding N;, & N;,

17.3.1. CCM & DCM.

Vimax

Vimax

Viin

Imax

Imin

Vmin

Figure 17.3.2. Full-Bridge - Secondary Side Transformer Windings N;; and N;, Current Waveforms in CCM

Vinax

Vmax

’_l

Vmin

Imax

Vmin

i >
'
1
'
'
'
'
'
'
'
'
'
1

|
'

'

'

I H
min L
'

'

'

Figure 17.3.4. Full-Bridge - Secondary Side Transformer Windings Ns; and N;. Current Waveforms in DCM
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Min. Secondary Transformer Current (¢, of FET): IN,:  s2imin = Lsecmin
Max. Secondary Transformer Current (¢, of FET): IN, amaz = Lsec,maz

; Ipri,maz Iripple
Min. Secondary Transformer Current (¢, of other FET): IN,, ) uasmin,ts,other = ~grms™™ — —ripple

np

Max. Secondary Transformer Current (¢. of other FET): IN,, ) somaz ts,0ther = IITT

np

Min. Secondary Transformer Current (¢, of FET, CCM): IN,, s min,ts = Lsec,min — INW,.Z,min,tz,other

Min. Secondary Transformer Current (¢- of FET, DCM): IN,, sz min,t, = 0A

Max. Secondary Transformer Current (¢, of FET): 11\,‘“/_‘2,7”%,52 = Lsecomaz — ]N“/_‘wm’tz’Ot,m,

Min. Secondary Transformer Current (¢ of other FET): IN ., ) asmin,ts,other = 0A

Max. Secondary Transformer Current (¢5 of other FET): IN,, ) so.maz ts,other = IN,, ) ypmaz ts other — trans,secmaz,ts
Secondary Transformer Current (t; of FET): IN,  arts = 0A

Average Secondary Current:

IN31/S2,a1)g = f,swiu;h . (W -t + IN“/-‘Z""'“'"""Z+I‘2V81/s2""""‘"‘v'?v"""“" o 4 INsl/.;Qv'"”’”wfrz +11\27S1/32,rn,aw.tz.ui,h,g'yv -t2>
Min. Secondary Transformer Voltage: VN1 )2min = —Vin - Zj

Max. Secondary Transformer Voltage: VNo)uaimaz = Vin - 22

Secondary Transformer Voltage during t,: VN1 ezimazits = —Vout — V¥
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17.4. Inductor L,

17.4.1. CCM & DCM.

LV Vinax

len Vmin |
I Pttt
> P Pi—>

Imax Imax

> Imin

b < > :< t1 ,:2.‘ ta_’,:

Figure 17.4.2. Full-Bridge - Inductor L, Current Waveforms in CCM and DCM

Average Inductor Current: In, vy = Loeemeatlocomin ) 4 4oy foiin
Min. Inductor Current: It min = Lsee,min

Max. Inductor Current: I, maz = Lsec,max

Min. Inductor Current during t5: I, mints = IN,, )upsmin,ts

Max. Inductor Current during ¢5: I, mazits = IN,,  nmaz,ts

Min. Inductor Voltage: Vi min = —Vour — Vs
Max. Inductor Voltage: Viy,maz = Vin - ZT, — Vi —Vou
Inductor Voltage during ¢5: Vi, =0V
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17.5. FET Q., Q», Q; & Q,

17.5.1. CCM & DCM.

Vmax Vmax

Vi t > Viin >
b E t2 i I ] ' b
> >

Figure 17.5.1. Full-Bridge - FETs Q1/Q3 and Q=/Q, Voltage Waveforms in CCM

Imax Imax

Imin Imin

=
I
<
I

Figure 17.5.2. Full-Bridge - FETs Q1/Q3 and Q2/Q, Current Waveforms in CCM

A A
Vimax Vinax
Vmin ! E i > Vmin E T >
it b | RN
e e

Figure 17.5.3. Full-Bridge - FETs Q.1/Q3 and Q-/Q, Voltage Waveforms in DCM

Imax Imax

Imin

Pt ;tzf ty ! b étzi ty |
> «—>!

Figure 17.5.4. Full-Bridge - FETs Q./Q3 and Q»/Q, Current Waveforms in DCM
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Average FET Current:

LprismintIpri,maz
2

IQ,/«Z/_}/‘,,(),W] = - fs‘um‘,tch

Min. FET Current:

IQ] /2/3/4,MAN = IpW‘i,m/ﬁn

Max. FET Current:

IQ]/z/x/q ,mazr — Ipri,m,a:n

Min. FET Voltage during ¢,: VoL ajsjamingts =0V

Max. FET Voltage during t, (¢, of other FET):

VQI/Q/;;M,m,aa;,f,l = Vin,

FET Voltage during t.: Var apaats = 5+ Vin
Min. FET Voltage during t; (¢; of other FET): VQuj/ayamints = 5 - [V,:,,, — (Vouwr + V) - :’L—']
Max. FET Voltage during t,: VQu 0 japamazits = Vin — 5 - [V},n + (Vout + Vi) - Z—’}
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17.6. Rectifier Diode D, & D,

17.6.1. CCM & DCM.

Vmax

Vmax

Imax

Imin

tz

Figure 17.6.2. Full-Bridge - Rectifier Diodes D, and D, Current Waveforms in CCM

Vmax

Vmax

Vmin

bl t
P!

Figure 17.6.3. Full-Bridge - Rectifier Diodes D, and D, Voltage Waveforms in DCM

Imax

Vmin

.

)
'

'

'

I H
min L
'
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Figure 17.6.4. Full-Bridge - Rectifier Diodes D, and D, Current Waveforms in DCM
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Full-Bridge Converter

Average Rectifier Diode Current:
Min. Rectifier Diode Current (¢, of FET):
Max. Rectifier Diode Current (¢, of FET):

Min. Rectifier Diode Current (¢, of other FET):

Max. Rectifier Diode Current (¢, of other FET):

Min. Rectifier Diode Current (¢, of FET):
Max. Rectifier Diode Current (¢, of FET):

Min. Rectifier Diode Current (t; of other FET):

Max. Rectifier Diode Current (t5 of other FET):

Rectifier Diode Current (¢; of FET):
Min. Rectifier Diode Voltage:
Max. Rectifier Diode Voltage:

Rectifier Diode Voltage during t5:

IDL/z;fW!] = INsl/.sz«,aU!]

IDl/g,min = IN‘\.l/_,.g,min

[Dl/g,maz = INEI/SQ,maa:
ID1/2.Trl,iTL.f,g,(]thET = INsl/SQ,min“,tz,uther
IDl/Z,maa:,tz,other = [Nsl/sz‘maa:,tz,other
IDl/g,min,tg = IN‘,.l/_,,Q,min,tz
IDl/Q,maz,tg = INsl/sgnnaz,t;
IDI/.Z,min.t,g,uthzr = INSI/SQ,min#tg

IDl/g.mam,tg,other = INsl/sg.mam,tg
ID1/2J'3 =04

Ns
VDl/g,min =-2. ‘/in . TTP + Vf

VDI/Q,max = Vf

VD1/2,f,3 =2 Vou
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17.7. Input Capacitor C;

17.7.1. CCM & DCM.

Vi T T Vinax

Viin

> Vmin

t

Figure 17.7.1. Full-Bridge - Input Capacitor C; Voltage Waveforms in CCM and DCM

Imax Imax

Imin

I
s

Figure 17.7.2. Full-Bridge - Input Capacitor C; Current Waveforms in CCM and DCM

Min. Input Capacitor Current during ¢,: Ie, mints = 21Q, 12/5/0,av9 — Lprimax
Max. Input Capacitor Current during ¢.: Ic; mawts =2 1Q, 554,009 — Iprimin
Input Capacitor Current during ¢. and ts: Icitys =2 1Q1,5)34,0v9

Average Input Capacitor Current: Ic,,avg = 0A

Input Capacitor Voltage: Vo, = Vin
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17.8. Output Capacitor C,

17.8.1. CCM & DCM.

LV T T Vinax

Viin

t2

Figure 17.8.1. Full-Bridge - Output Capacitor C, Voltage Waveforms in CCM and DCM

A A

IAA A A

P4 t i ]
i i

Imin

Figure 17.8.2. Full-Bridge - Output Capacitor C;, Current Waveforms in CCM and DCM

Min. Output Capacitor Current: I, min = Lsec,min — Lout

Max. Output Capacitor Current: Ic, maz = Lsec,maz — Lout

Min. Output Capacitor Current during t5: Ic, mints = Lsee.min — Lout
Max. Output Capacitor Current during t5: Ic, mazts = IN,, jugimaz,ts — Lout
Average Output Capacitor Current: Ic, .avg = 0A

Output Capacitor Voltage: Ve, = Vout
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Phase-Shifted Full-Bridge Converter
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A Phase-Shifted Full-Bridge regulator converts an input voltage to a higher or lower, positive or negative
output voltage level. The energy is transferred to the output when the switches in one leg are both conducting.
Calculations are made for Zero Voltage Switching (ZVS) between 50% and 100% load.

+
Q3 JH— JH— Q2 D1 L1
— — + +
Lsh 0 r‘
LYY Y\
r Ns1 Co
_— Ci Np o
Ns2
— —
o e e @ D2
— —

Figure 18.0.1. Schematic of a Phase-Shifted Full-Bridge converter

18.1. General

in

Power Topologies Handbook

Secondary Side Inductance: L= (i;’)z
: ; R Ly,
Voltage across primary Transformer Main Winding: VN, = Vin " 55
Inductor Current Ripple: Lipple L% (VN - 2= = Vi — Vou)
18.1.1. Continuous Conduction Mode.
. _ Vour+Vy
Duty Cycle Transformer: D=t
e
The duty cycle of the FETs is 50%.
H i . _ 1 D
FETs on, increasing current: ti=y-— 3
FETs off, decreasing current: tr = ?_r - —1
Phaseshift-time: ty = ﬁ —t
izati . _ Vit
Magnetization Current: Imag = 7,275
Min. Secondary Current: Lsce,min = Tout — & Iripple
Max. Secondary Current: Lcemaz = Tout + 5+ Lipple
Min. Primary Current: Lprimin = Lsecmin o3  Imag
Max. Primary Current: Iprimaz = Tsecymas - 5= + 3 Iinag
Average Input Current: Linang = Souet Vi) loue

-t
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Phase-Shifted Full-Bridge Converter

18.2. Primary Side Transformer Winding N,

18.2.1. CCM.

Vimax

Viin

Imax

Imin

v

Figure 18.2.2. Phase-Shifted Full-Bridge - Primary Side Transformer Winding N, Current Waveform in CCM

Average Primary Transformer Current:
Min. Primary Transformer Current:

Max. Primary Transformer Current:

Primary Transformer Current (freewheeling):

Min. Primary Transformer Voltage:

Max. Primary Transformer Voltage:

I, avg = 0A

]Np min — Ipri,min

INp,maw = Ipri,muw

Iripple
INp,min,fw = ]Np,maz - 2?1:3;

ng

VN min — 7VNI,

P

VNp,mu:E = VNP
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18.3. Secondary Side Transformer Winding N;, & N,

18.3.1. CCM.

. A
Vimax Vinax
tph , tph
[—> = > -
o ton ;
> ) :
len | Vmin H
LR IR
> [ —— 0 ——]

Figure 18.3.1. Phase-Shifted Full-Bridge - Secondary Side Transformer Windings N;;, and N, Voltage Waveforms

in CCM

A A
Imax ; Imax
Imin E Imin

ton ! ton ton ton
(>
! t i t2 5 ' ty : to :
——P—————»! ——p———————p

Figure 18.3.2. Phase-Shifted Full-Bridge - Secondary Side Transformer Windings Ns; and Ns. Current Waveforms

in CCM
Min. Secondary Transformer Current: IN,, amin = Isec,min
Max. Secondary Transformer Current: I]\;Sl/s%magC = Tsee,maz

Average Secondary Transformer Current:

IN oo iminTIN ) o maz IN i joimaz TIN5 min

INsl/s27avg = fswitch : ( 2 . (tl - tph) + 3 . tph)
Min. Secondary Transformer Voltage: VN51/525min = _VNp . Z—;
Max. Secondary Transformer Voltage: VNsl/sz,ma:c =V, - ZP
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18.4. Inductor L,

18.4.1. CCM.

Vmax

Viin

' t

3z
Imax 1
1
'
'
'
'

Imin

Figure 18.4.2. Phase-Shifted Full-Bridge - Inductor L, Current Waveform in CCM

Average Inductor Current: I, 40 = Locemas +lacemin

2
Min. Inductor Current: I, min = Lsec,min

Max. Inductor Current: 11, maz = Isec,max

Min. Inductor Voltage: Vii,min = —Vour — Vi

Max. Inductor Voltage: Vit maz = Vin - Z—p — Vi — Vour
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18.5. FET Q., Q., Q; & Q,

18.5.1. CCM.
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Figure 18.5.1. Phase-Shifted Full-Bridge - FETs @, and Q. Voltage Waveforms in CCM
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Figure 18.5.4. Phase-Shifted Full-Bridge - FETs Q3 and Q, Current Waveforms in CCM
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Min. FET Current (t, of FET, all FETs): 1, 2/3/4min = Tprismin
Max. FET Current (t, of FET, all FETs): 19, 2/3)a:maz = Lprimaz
Min. FET Current (freewheeling, Q3 & Q4):  1q,,,min,t,n = IN,min
Max. FET Current (freewheeling, Q3 & Q):  1q,,,,max,t,, = IN, max
Min. FET Current (freewheeling, Q. & Q2): 1Q, 5 min,ty, = —IN, maz
Max. FET Current (freewheeling, Q. & Qz): 1, maz.tp, = —IN,.min

Average FET Current (Q; & Q,):

1Q1/2/3/4.mzn+IQ1/2/3/4.ma:c ) (t 4 )+ IQ3/44m‘1n.tPh+IQ3/4.mu:DAi,ph
2 1 ph D)

IQ3/4-¢W§ = ( : tph) : fswitch

Average FET Current (Q: & Q2):

Ig 574 mintlQ 3/4-maz 1Q, ;o min,t,, T1Qq o maz,t,y,
IQ1/2>GU9 = ( MR 2 L2 ) (tl - tph) + 12 2t 2 12 Lo tph) : fswitch
Min. FET Voltage: V@1 ay3amin = 0V
Max. FET Voltage: V@ 2/374maz = Vin
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18.6. Rectifier Diodes D, & D,

18.6.1. CCM.

A
.

. A
Vimax 0 > Vimax = — >
it ton |
P [ :
len i ! Vmin 1 E
S R "N L

Imax Imax

|min Imin

tph Itph
> n— >
i S
[ o e am—— ———p——————p

Figure 18.6.2. Phase-Shifted Full-Bridge - Rectifier Diodes D; and D- Current Waveforms in CCM

Average Rectifier Diode Current: IDI/ng = INsl/sz,avg

Min. Rectifier Diode Current: Ip, pmin = IN, 0 min

Max. Rectifier Diode Current: IDI/%mM = INsl/sg,max

Min. Rectifier Diode Voltage: VD, psmin = =2 VN, - Z—p +Vy
Max. Rectifier Diode Voltage: VD, )y maz = V¥
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18.7. Input Capacitor C;

18.7.1. CCM.

Vmax

Viin

Figure 18.7.2. Phase-Shifted Full-Bridge - Input Capacitor C; Current Waveform in CCM

Min. Input Capacitor Current during ¢,: Ic; minty =2+ Iinavg — IN, max

Max. Input Capacitor Current during t.: I, maz,t; = 2 Lin,avg — IN, min

Input Capacitor Current during ¢.: Ic,t, =2 Linavg
Average Input Capacitor Current: Ic, avg = 0A
Input Capacitor Voltage: Ve, = Vin
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18.8.

Output Capacitor C,

18.8.1. CCM.

Vmax

Viin

Imax

Imin

t

Figure 18.8.2. Phase-Shifted Full-Bridge - Output Capacitor C, Current Waveform in CCM

Min. Output Capacitor Current: Ic, min = Lout — Isec,man
Max. Output Capacitor Current: Ic, maz = Lout — Lsecmin
Average Output Capacitor Current: Ic, avg = 0A

Output Capacitor Voltage: Ve, = Vour
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Speed time to market with powerful, easy-to-use design tools

Power Stage Designer
This tool helps design the power stage of switch mode power supply (SMPS) very quickly, and easily select
components for it even for beginner designers.

To download Power Stage Designer visit ti.com/powerstagedesigner.

WEBENCH?® Design Center
Use powerful WEBENCH design tools to create custom circuits. These easy-to-use tools deliver customized
power, lighting, filtering, clocking and sensing designs in seconds.

To learn more about WEBENCH visit ti.com/webench.

TI Designs library

Engineers can jump-start their system designs with the Tl Designs library of more than 2,000 reference designs.
Our experts use Tl integrated circuits to create innovative subsystem designs for industrial, automotive and
personal electronics end equipment.

Search for your design at ti.com/tidesigns.

Tl Training portal

For power training and technical content, visit ti.com/powertraining. This series of on-demand training provides
an overview of the World of Power by Market, by Standard, by Product Type and Topology.

It also provides an overview of the design tips and tools related to power design decisions.
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