DC-DC Converters

Typical uses: Types of converters
* DC Power supplies  Step-down (buck)
* DC Motor drives  Step-up (boost)
* Portable Electronics * Buck-boost
* Cuk
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Figure 7-1 A dc—dc converter system.



Ideal concept of step-down

converter with PWM* switching
v, (¥ Pulse Width Modulation)

+ ! t t
Input output | « || ;t:,
Va L " 0 l i —i

%R Vo 3 for o —]

. load _ T, .
" L
“ | Vo =Vq %
Figure 7-2 Switch-mode dc—dc conversion. S

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



Step-down (buck) converter

DC power supplies, DC motor drives --V_ <V,

Low-pass filter keeps Ja
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e |
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Continuous-conduction mode

Currentin L is always >0 f Is = ton + Loff

il Vg-V,
* ton: 7= 0 o =
dt L
dl v, _
* Lopri —= —— ‘ ‘
off dt L i_f r, ‘i :J:
At steady state: I(t + T,) = I(t). {* === 1 -
Therefore i | e
Va— Vo Vo | |
I ton — Itoff = ton e ton—|
Vo ton i / \ L,

Va I ++:L_ l M ) :?:"J:
Va c RV, Va c
L
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Limit of continuous conduction
If the ripple amplitude I; 5 = I’“’Tak = [,, the converter is at the limit

of continuous conduction (i.e. min{l; } = 0)
[ = Ipeak _ ton(Vd _ Vo) _ DTSVd(l _ D)
BT 2L 2L

— ILBmax4‘D(1 — D)

Ing =I,p V4 = Constant

TsVd
—_ILB, max = 8T,

|
0.5 1.0
st Ts -.I
(a) {b)

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




Limits of continuous-discontinuous
conduction (constant V,)

Continuous

V4 = Constant

' I
1.|5 2l.o "(Iw,omax)

TsVd
ILB, max = B,

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



Discontinuous-conduction mode

with constant V, W

. (Va = Vo)DTy _ Vol T, v,
pea L L =; v, D+ Al)
VT, DA, '

I —
( peak = "7 H AL
DA

I _ 1

peak — 8ILBmaxrAl

Ipeak(D + Al)TS

I,T, = > —— DTy ——+  r &
< T, 1%s

Figure 7-7 Discontinuous conduction in step-down converter.
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Limits of continuous-discontinuous
conduction (constant Vd)

Continuous Vo
Va
V4 = Constant
> 4D(1 — D) D =10
| LBmax 0.9
0.75 0.7
Yo S
=D \ 05
/ 0.3
. . 0.25
Discontinuous 0.1
0 _’f" | L |5 2|O ’_(I I )
05 1.0 1. . LB, max
r < 4D(1— D) o
LBmax TLB, max = g7
VO D 2 Figure 7-8 Step-down converter characteristics keeping ¥; constant.
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Discontinuous-conduction with

constant Vom

At the limit of continuous conduction

V,Ts(1—D)
ILB — > ZL — ILBmaX(l — D)
We can write D explicitly from:
V,A4T.
Ipeak = = I > = 211 BmaxQ1
Ieaic(D + Ay) Va D+
I, = peax ~ = I BmaxA1(D + Ay) 7 = D
2 0

v, I, (1 Vd)‘l
VdILBmax Vo




Discontinuous-conduction with

constant Vom

Continuous: [, > I; g

l ¥
0
D>1- ILBmax 1.ok V, = Constant
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Discontinuous: [, < I;
0.50
I,
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Figure 7-9 Step-down converter characteristics keeping 7,
constant.



First order calculation: T

The average iL flows in the
load, and the ripple
component in C.

Additional charge:

AO =
¢ 2 2 2
Current ripple:

Al = (V,/L)(1 — D)T,

Voltage ripple:
A
AV, = —

Output voltage ripple

(Va — v,)
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1Al 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

Switch off 2 diode on, load
receives energy from input
and from L




Continuous-conduction mode

Periodic conditions:

toan toff(Vd o Vo) — 0

_I_
L L

if t,n, = DT and
tofr = (1 — D)T;

TV, + T:(1 = D)V, = 0

W 1 / \
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Continuous-discontinuous boundary

Average currentin L

- ripple . V, = Constant
Vit T,V,
ILB — le?n ————ILB max = 8L
V(1= D)T,D
B 2L

Average output
current at the limit:

Iog = 1;5(1 — D)
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Discontinuous conduction mode
(constant V)

Periodic conditions:
DTV N MT;(Vag = V)

L L
Vo _ . D _ g

I/v_d - Al Io
Average current in L o= v,
-
[qTs = DT;SJVd < +2A1)TS L—DT,—-|~A1T -—|—+A2T
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Continuous-discontinuous mode
(constant V)

Continuous mode:
Io > IoB
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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

_AQ I,DTs  V,DT;
~C €  RC

AV,



Buck-boost converter

Negative DC power supply

Switch on: inductance —

accumulates energy, diode off, ' /

C supplies the load

Switch off: diode on, Va o, _
inductance transfers energy to oL E llL C v, ?R
the capacitance and to the load I I .

Periodic conditions in

continuous conduction mode: :> Yo _ D _ Iq
DTsVq V,(1—-D)Ts 0 |

L L I
I; =1 I; =




Continuous-discontinuous boundary

Current in L at the boundary
DTV,
ILp = 2] Ig = ILgmax(1 — D)

Output current at the boundary:

T.V, lop = oB'max(1 — D)z
Iop =1 ,5(1—D) = I (1- D)z +o

2

0.75
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Discontinuous conduction

Periodic conditions: |
DVaTs _ VoluTs _ - ) "
L L i /.
Ww D Iy °
Va A D,
Average current in L: v

ILTS — L 2 }" DT, 'l' a7, ’l' "l AT,
Therefore: Figure 7-21 Buck—boost converter waveforms in a

discontinuous-conduction mode.
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Continuous-discontinuous mode

Continuous operation

Iy > Ip = IoBmax(l — D)ZD
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Figure 7-22 Buck—boost converter characteristics keeping ¥, constant.



Output voltage ripple

When the switch is ON, C is discharged through the load

AQ DTV, Al Is
= — = - =D —

C  RC v, 1

AV,



Cuk DC-DC converter

Negative DC power supply
DC analysis: Vo = V43 + 1V, note: (Vo1 > Vy)
Assumption: Large C1 (Voltage almost constant)

Switch OFF: C1 is charged through L1 and the input, Diode ON,
L2 supplies energy to R (currents in L1 and L2 decrease)

Switch ON: L1 receives energy, Diode OFF, C supplies current to
R, C1 gives energy to L2 (currents in L1 and L2 increase)

i o
—Lio- + V1 - -422—
— A —— -
+ v % S +
n - L2
Va /T ¥ D 2c RV,
- y e - & +

Figure 7-25 Cik converter.



Periodic conditions in L1 .
VaDTs + (1 = D)Ts(Vg — V1) =0 | o

Ver =

Periodic conditions in L2
(Ver = Vo)DTs —Vo(1 —D)Ts =0

Vg
1—-D

Vo
Vo = —
1=
Therefore
VO_ D
V, 1-D

Pro: currents
in L1 and L2 ripple free
Con: C1 must be large
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Figure 7-26 Cik converter waveforms: (a) switch off; (b) switch on.



Full bridge DC-DC converter

td
—_—

Applications:
* DC motor drives L

* Ty, / Dy, % TB+/ Dg,
\IA 4

N

Jay

T\,

DC-motor load

e DCto AC conversion
in UPS v,

e DCto AC conversion
in transformer
isolated power supply Ta/

Dy N

"+

UAN

)

o—4

i

+
UBN

ol

Fixed V. - y
Control polarity and
amplitude of Vo

N

Figure 7-27 Full-bridge dc—dc converter.

Two legs: A and B. Only one switch in each leg is ON at any time



Full bridge DC-DC converter

When switch TA+ is on:

id
o > 0:10, through TA+ — — v
. . TA+/ DA,,% TB*/ Dg, K i, DC-motor load
I, < 0:1, through DA+ . A o T — {
Vuany = Vydutycycle(TA™) I+ + i .
|
v, | Vo (= vaAN - BN) | L,
When switch TB+ is on: VAN |
I €,
i, < 0:i, through TB+ LB : - !
+ P
ip, > 0:1i, through DB+ _ TA‘/l Dy B _TB-/ DB_% R :
Veny = Vydutycycle(TBY) ¢ 1?,_1

Figure 7-27 Full-bridge dc—dc converter.
Vo = Van — Vin
Four quadrant operation
onV,, I,



PWM with bipolar e

voltage switching. _

When Vcontrol > Utri,

TA+ and TB- are ON

Duty cycle

1 Vcontrol 1 VAN

D1:_+

—

2 Vtri
When Veontror < Veri,

TA- and TB+ are ON

D2=1_D1

I
Vo=V — Vgy = D1Vy — D,V ) |

(2D — DVy
Vd

— VUcontrol
Vm

2

'BN I

AN~ UBN)}+ —— 4+ —— —
fv. %

-t {

e

n-state: (T4 _, Tg4)
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PWM with unipolar |,
voltage switching

A\ /..

— Vcontrol
tri

{a) 0
When Vcontrol > Utri, ' | \\//\
TA+ and TB' are ON 1 1 t1't1| = Vcontrol
e I s B
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D —_ + e —{b) 0 1 i : | | > ¢
2 Viri 2 o L i
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fc) 0 Y ' [ -t
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SR NI SN S _
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— D]_Vd _ DZ Vd Or't—state (TA| +
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l
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PWM signal generation

V, (desired) + ’
‘ Amplifier control —ne Switch
V, (actual) - Comparator =3 control
signal
Repetitive
wavetorm
(a)

vee = Sawtooth voltage
Ucontrol
(amplified error)

I

|
‘_‘l'___/li—vcontrol > Vg

— v w— — ——

_ On On
Switch"’
control
signal
Off Off
—ton toft ~Ucontrol < Vgt
e
(switching frequency f, = TL)
8
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