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Fig. 1. Conceptual diagram of the PDN in a smartphone platform.
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Typical uses:

* DC Power supplies
* DC Motor drives
e Portable electronics
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Figure 7-1 A dc-dc converter system.
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Ideal concept of step-down
converter with PWM* switching
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Assumptions: Switches, L, C are lossless, DC input has zero internal
impedance, load is an equivalent R
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Assumptions: Switches, L, C are lossless, DC input has zero internal
impedance, load is an equivalent R

This cannot work: 1. Load is inductive and can destroy switch by
dissipating all stored energy, 2. output voltage must be continuous
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Continuous-conduction mode
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Continuous-conduction mode
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Limit of continuous conduction

I . -
If the ripple amplitude I, 5 = p;“k = I,, the converter is at the limit

of continuous conduction (i.e. min{I; } = 0)
Ipeak _ ton(Vd - Vo) _

lis = 2L
|
YL Va-Ve)
/ihy iL iLB ~ ToB
o= T e
]
(-Vo
ton _J!___ l3oﬂ—'|
n T, s

{a) {b)

Figure 7-6 Current at the boundary of continuous—discontinuous conduction: (@} current
waveform; (b) I, 5 versus D keeping ¥, constant.

Limit of continuous conduction

I . -
If the ripple amplitude I, 5 = %ak = I,, the converter is at the limit

of continuous conduction (i.e. min{I; } = 0)
Ipeak _ ton(Vd - Vo) _ DTsVd(l - D)

Iip =
L= 2 2L 2L
|
L (Va - Vo
iL, peak i Ip = Iop
. el il
0/ ?’ f >t
(=Vo)
ton ‘Jr‘- toff—'i
- 2 .

fa) (b)

Figure 7-6 Current at the boundary of continuous—discontinuous conduction: (@} current
waveform; (b) I; g versus D keeping ¥, constant.



Limit of continuous conduction

If the ripple amplitude I, 5 = Ip‘;“k = I,, the converter is at the limit
of continuous conduction (i.e. min{I; } = 0)
_ Ipeak _ ton(Vd B Vo) _ DTsVd(1 _ D)

I1p = 2 21 5 = ILBmax4D(1 - D)

V4 = Constant

‘L Va-Ve) I = Iop

i , Iig =1, J
%—. -_— IL__ —_— _LLB -
0 =L 1.V,

— _ILB, max = "8F,

0
|

le
r~ T, =~ |
{a) {b)

Figure 7-6 Current at the boundary of continuous—discontinuous conduction: (@} current
waveform; (b) I, 5 versus D keeping ¥, constant.

Limits of continuous-discontinuous
conduction (constant V)

Continuous

V4 = Constant

' ()

15 2.0 IB, max

TsVd
Ipp, max = g7~

Figure 7-8 Step-down converter characteristics keeping ¥, constant.



Discontinuous-conduction mode

with constant V, w

(V4= V)DTs _ Vo T,
Ipeak - L - L

[ e b N ——— I

Va=V, IL1,

F——DTs —+ , 1 bl
= 1, s ]

Figure 7-7 Discontinuous conduction in step-down converter.

Discontinuous-conduction mode

with constant V, w

1 (Va = Vo)DT; _ VoAyT, v,
peak = L L ﬁ v, D+ Al)

=", M SN, I
Vg —- V, I-“—'-I
L Ly,

— DTs —+ , ; kal
I 1, s 24

Figure 7-7 Discontinuous conduction in step-down converter.




Discontinuous-conduction mode

with constant V, W

(V, —V,)DT, V,AT v D
Ineak = LO S:"LS ﬁ o _-__ -
Vg (D+A4p)

I _ VaTs DAy =
peak = 1 D A, E——— ay I Ep—

Va=V, IL1,

F——DTs —+ , 1 bl
a T, s —

Figure 7-7 Discontinuous conduction in step-down converter.

Discontinuous-conduction mode

with constant V, W

Vg —V,)DT,  V,AT. |74 D
Ipeax = LO S=OLS ﬁ A —
Vg (D+A4)

L V,T, DA, ) =
(peak L D+4, % e N i B el
Vd; V, I} I'Lt
I = 8] D—Al ° i
peak LBmaxD + Al

— DT, ——F 7 b
. T, 13_,{

Figure 7-7 Discontinuous conduction in step-down converter.




Discontinuous-conduction mode

with constant V, W

. (Va = Vo)DTy _ Voly Ty v,
pea L L ;; v, (D+A1)

. _Vals DA ) =
( peak =D A, e wpaen B N et
m;n &Tﬁﬂ
Ji —gJ D_Al ° j
peak LBmaxD + Al

Ipeak(D + A1)Ts

1T, = — DT, —F . ks
o 2 - SRR L Juie

Figure 7-7 Discontinuous conduction in step-down converter.

Discontinuous-conduction mode
with constant V, Sl

Vg —V,)DT,  V,AT. |74 D
Ipeax = LO S=OLS ﬁ A —
Vg (D+A4)

; _ VaTs DA, ) =
( peak L D+4, % e N i B el
n;n QTﬁﬂ
I = 8] _BAL_ ° i
peak LBmaxD + Al

I D + AT
peak( 1) S | DTS | AT |ZZ_T'|
2 =4 T, 1 S _.I

Figure 7-7 Discontinuous conduction in step-down converter.

I, = 4l gmaxD A \

I,Ts =




Discontinuous-conduction mode

with constant V, w

. (Va = Vo)DTs _ Vol Ty A
pea L L E; v, (D+A1)

I _ Vde D Al o oy '
( peak =D A, e wpaen B N et
Vd; Vo Ir, :'_. I°kt
I =8I _ba, o j
peak LBmaxD + Al

Ipeak(D + Al)Ts

I,T, = — DT, —+ -
0o*S 2 =4 S " AlTS_I;l

Figure 7-7 Discontinuous conduction in step-down converter.

I, = 4‘ILBmaxDAl\‘ o D?

Vd DZ + Io/(4ILBmax)

Limits of continuous-discontinuous
conduction (constant Vd)

Continuous Y
Va
V4 = Constant
> 4D(1 — D) D =10
I LBmax 0.9
0.7
V;) 0.75
—=D 05
Discontinuous 03
. . 0.25 -7
Discontinuous - 0.1
—"' L I 1 L :(1 1, )
05 10 1.5 2.0 LB, max
—— < 4D(1 - D) ° o
LBmax TLB, max = g7~
VO D 2 Figure 7-8 Step-down converter characteristics keeping ¥, constant.
Vd D 2 I

4ILBmax



Discontinuous-conduction with

DC voltage
constant Vo supply
At the limit of continuous conduction
V,Ts(1 —D)
LB — > 2L = ILBmax(l - D)

Discontinuous-conduction with

DC voltage
constant Vo supply
At the limit of continuous conduction
V,T,(1 — D)
LB — 2= 21 = ILBmax(]- - D)

We can write D explicitly from:

V,A T
Ipeak =2 L = = 211, BmaxQ1




Discontinuous-conduction with
constant Vo T b

At the limit of continuous conduction

V,Ts(1 —D)
LB — . 2L = I gmax(1 — D)
We can write D explicitly from:

V,A4T.
Ipeak = % = 2I1,Bmax21

_ Ipeak(D +44) Va D+

I, 2 = ILBmaxAl(D + Al) 70 = D

Discontinuous-conduction with
constant Vo

At the limit of continuous conduction

L/ vV U

V,T,(1 — D)
LB — £e 21 = ILBmax(l — D)
We can write D explicitly from:
V,A4T.
Ipeak =2 L = = 211, BmaxQ1
Lyear(D + A1) Va D+
I, = 2= 2 = ILBmaXAl(D + Aq) 7 )
(0]




Discontinuous-conduction with

constant Vo‘m

At the limit of continuous conduction

V,Ts(1 —D)
LB — 2> 2L = I gmax(1 — D)
We can write D explicitly from:
VAT,
Ipeak = % = 2I1,Bmax21
Iyear(D + A7) Va D+
I, = 2= 2 = ILBmaxAl(D + Ay) 7 )
(0]

[ =

2

Vo I, (1 Vd>‘1
VdILBmax Vo

Va Va ﬁ
ILBmax Vo Vo

Discontinuous-conduction with

constant Vom

Continuous: [, > I;p

D
I ;
D > 1 - 10k V, = Constant
LBmax
p=le
Vd 0.75

0.50

0.25

(. Lo
0 \7
0 0.25 0.50 0.75 10 1.25 LB, max

TIVO
T

Figure 7-9 Step-down converter characteristics keeping 7,
constant.



Discontinuous-conduction with

constant Vow

Continuous: [, > [;p

I D
0 [
D>1- I 10k V, = Constant
LBmax
Vo
D = V_d 0.75

Discontinuous: [, < I; g
0.50

lo

D<1-

0.25

ILBmax

Vo I (1 Vd>‘1
VdILBmax Vo

(Lo
0 \7
0 0.25 0.50 0.75 10 1.25 LB, max

T'VO
1B, mex = 577

Figure 7-9 Step-down converter characteristics keeping 7,
constant.

Output voltage ripple

First order calculation: L
The average /, flows in the a = v —,
load, and the ripple
component in C. (~vo)
Additional charge: L -
1AILT, | ////// o
AQ = ——LZS | P = N .

222

- ___¥__
=
&~

I
|
-
|
|
|
|
I
|



Output voltage ripple

First order calculation: L
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Output voltage ripple

First order calculation: Iy
The average iL flows in the Va v t
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Step-up (boost) converter

* DC power supplies

* Regenerative breaking of
DC motors

Output voltage always larger
than the input

Switch on = diode off, output
isolated, L accumulates energy
from input
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Continuous-conduction mode
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Continuous-conduction mode
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Continuous-discontinuous boundary

Average currentinL
=ripple : V, = Constant

ILB — thon
2L
Vo(l - D)TSD
2L
Average output
current at the limit:

Iop = 1,5(1—D)
_Wra-0yp ° %

B 2L

ey
(4]
~
Wi——— — — ——
o
(4]
o
4
(4]
[y
o

Continuous-discontinuous boundary

Average currentinL
=ripple : V, = Constant

2L
Average output
current at the limit:

lop = ILB(l - D)

(=
o
[4)]
Wh——— — — ——
o
o
o
~l
wn
[
o

_ WIa-D)*p ° B
B 2L
Vo Ts

l,gis max if D=0.5 2 [} pax = —

[o0]
~



Continuous-discontinuous boundary
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Discontinuous conduction mode
(constant V)
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Discontinuous conduction mode
(constant V)

Periodic conditions:

DTVy AT (Vg —Vp) o |
+ == 0 iy,
Ly b1 s IZ
Z=1+—==2 0 t
Vd Al Io
Average currentinL
DTsVd (D + A1)TS Va = Vo)
IgTs = I > - DT, >i- A1T3—+-|—_J AT,
Average output current = T, "1
A1 _ TsVd

I, =1 = DA
°Tdp A, 2L 1

Discontinuous conduction mode
(constant V)

Periodic conditions:

DTVq  DTs(Vg — V) L _
+ == 0 iy,
L L v, I .
& — 1 _I_ 2 — I_d 0 § —p £
Vd Al Io
Average currentinL
I T _ DTSVd (D + Al)TS | (Vd - Vo)
als =—7 5 E——DT,—FAIT,-i-j AT,
Average output current = T, g
A1 TsVd
I, =1 = DA
°Tdp 4, 2L 1
27 V4 Vy

=—1 —D?
4 oBmaxVO [/Z)_Vd



Discontinuous conduction mode
(constant V)
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Figure 7-15 Step-up converter characteristics keeping 7, constant.



Continuous-discontinuous mode
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Figure 7-15 Step-up converter characteristics keeping 7, constant.

Losses and ripple

Losses: inductor, capacitor, switch, diode

Ripple: first order assumption: when the switch is on the Cis
discharged through the load
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Buck-boost converter

Negative DC power supply

Switch on: inductance
accumulates energy, diode off,
C supplies the load

Buck-boost converter

Negative DC power supply

Switch on: inductance
accumulates energy, diode off,
C supplies the load

Switch off: diode on,
inductance transfers energy to
the capacitance and to the load




Buck-boost converter

Negative DC power supply

Switch on: inductance
accumulates energy, diode off, ' J
C supplies the load

Switch off: diode on, Va +
inductance transfers energy to oL
the capacitance and to the load

Periodic conditions in
continuous conduction mode:
DTVa _Vo(1—D)Ty _
L L B

Buck-boost converter

Negative DC power supply

Switch on: inductance
accumulates energy, diode off, ' J
C supplies the load

Switch off: diode on, Va +
inductance transfers energy to oL
the capacitance and to the load

Periodic conditions in
continuous conduction mode: i>
DTsVd '/;)(1 - D)Ts -0

L L




Continuous-discontinuous boundary

Current in L at the boundary
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Continuous-discontinuous boundary
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Discontinuous conduction
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Discontinuous conduction
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Continuous-discontinuous mode

Continuous operation
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Figure 7-22 Buck—boost converter characteristics keeping 7, constant.
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Figure 7-22 Buck—boost converter characteristics keeping 7, constant.



