Connect
Learn

¥ Succeed”

J

Chapter 6

DC-DC
CONVERTERS

Copyright © The McGraw-Hill Companies, Inc. Permission required for reproduction or display.



DC-DC CONVERTERS

Basic Switching Converters
Buck (Step-Down) Converter
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Cuk Converter

Discontinuous Current
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Basic Switching Converter

Electronic switching ON or OFF
“DC Chopper”
Switching Period: T
Switching Frequency: f
Duty ratio: D
I

IUII on .
= - - "nnf

Lon + 'fnft‘ r

Average (dc) Output voltage: Vo

r DT
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(1-D)T




THE BUCK (STEP-DOWN) CONVERTER —7{0—'—+fﬂ_ﬂf * li"
I l I
» Insertion of an inductor after the S/W o + ) +
«  Low-pass filtering Vs <> LAV, ~ § Vo
* Insertion of LC filter s - =
« Step-down (“buck’) converter
« \Vo=D*Vs = "

(a)

* Free-wheeling diode

vx = Vs when SW is closed (Diode open ckt)
vx =0 when SW is open (Diode short ckt)

» Analysis focus: Examination of inductor voltage and current
» Analysis assumptions:

Circuit is in steady-state

Inductor current is continuous and positive (CCM)
Capacitor is large enough to hold Vo constant

Switch period is T; SW is closed for D*T and opened for (1-
D)*T duration

Components are ideal
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Figure 6.3

N ot iy
THE BUCK (STEP-DOWN) CONVERTER e llfc. ik
»  General Properties of DC-DC Converters - ) g:
« Operate in steady-state " _<> _ _’
* Inductor current is periodic
i(t+T7T)=1i.(t) (a)
t+T
« Average inductor voltage is zero = % / v (A)dA = 0
t+T

. : i 1
Average capacitor current is zero. o= / i(A\)dA =0

'

« Power supplied by the source is the same as the power
delivered to the load

Sy
|
U

: 1deal

~ 0

= P, + losses nonideal
* Analysis focus

* Inductor current and voltage
* The net change of inductor current (over one period) =0
« Average inductor voltage = 0
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Switch Closed, Diode Off Switch Open, Diode ON

_?{ Vi | v, = _Vi
; i IU«: O O o
O T A e &
(a) - (©) .
 \oltage across the inductor  \oltage across the inductor
di, di,
VL:VS_VO:LE VL:—VOZLE
di :AiL :AiL :Vs_vo Al Al V,
d At DT L At (1-D)T L
: (Vs -V,
(AIL)closed _E L jDT (Ail—)open :—(%j(l— D)T
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Analysis Combined
* Inductor current is periodic i+ T) =100
* Net change of inductor current =0

(Ai L )closed * (AI L )open =0

(VS LV")DT—(%j(l—D)T:O

« Buck Converter Output voltage: 'V, =V;D

« Alternative Approach for output voltage:
 Average inductor voltage =0

Vo=V ——

Vo= = V)DT+ (V)1 —D)T=0

DT

V,=V,D -+
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Figure 6.4

e Maximum and minimum Inductor Current

 Average current equation
=1y + I,

* Average capacitor current 7. = 0

- v,
« Average current equation: IL=Ik="%
- - 1 N
« Max and Min inductor current; DT T ,
(b)
P Tyt L —5+1[5(1 —D)T}— V<l+ l _D>
max ~ L+ 2 R 2 L 0 R 2Lf
v, 1 i 1—D
Iminzll__ﬂ :l__[_()(l_D)T]:VO<_— )
2 R 2L R 2Lf

* CCM condition: Imin>=0 ~ _ 0— ( 11— D)
min ~ — Fo R 2Lf
 Minimum inductance for CCM
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 Inductance determination by the peak-to-peak inductor
current requirement (as a design criterion)

» Peak-to-peak inductor current

max [~

A”L: L DT = - D = .

e |nductance determination

_(E— K’)D— Vo(1 — D)
Aipf Aipf




Output voltage ripple (when capacitance Is not large)
Output voltage Is not constant —> voltage variation
Voltage ripple calculation ic=i.~ix

— If i positive, C charges

E Q=CF
= idt
Q J.to AQ = CAV, N/;=£

o L(T\(Ai,\ _TAi
AQ_z(z)(z)_ 8

Ripple equation  ,,, _ TAi

o SC
I'v, V(1 — D)

Capacitance determination by ripple requirement

| - D
C= =
8L(AV,/Vo) S~




Example 6-1
The buck dc-de converter of Fig. 6-3a has the

following parameters:

V=50V D=04 L=400pH C=100pF f=20kHz R=200

Assuming ideal components, calculate (a) the output voltage V,, () the maximum and

minimum inductor current, and (c¢) the output voltage ripple.

A

6 —;‘c . +w“;_ o
Vs=50 D=0.4 R:=20 1 T, B -6 I ic
L=400-10  ~_100.10 + =" J}
3 v, v,
f=20-10 _C> i ’J‘
output wvoltage Vo=D-Vs=20 (a)
' Imax=Vo 1+[1_DJ—1 75
max 1nductor current : R 51 .
i i Imin=Vo L [I_D] =0.25
min i1nductor current = R 2L fl "

Imax+Imin

Average inductor current IL= 2
AlL AliL=TImax-Imin=1.5

Ripple voltage rate: AVo/Vo

1

. 1-D
Rlpple==———2= 0.0046875

8-L-C- £



+  Example 6-2 (Buck Converter Design)
Design a buck converter to produce an output voltage of 18 V across a 10-() load resistor.
The output voltage ripple must not exceed 0.5 percent. The dc supply is 48 V. Design for
continuous inductor current. Specify the duty ratio, the switching frequency, the values of
the inductor and capacitor, the peak voltage rating of each device, and the rms current in
the inductor and capacitor. Assume ideal components.

Vo=18 R=10 Vs=48  Ripple=0.005 dlidto - 1 L
i I
Vo + P
Duty Rate D= =0.375 1 -5 v . -~ §‘
s T=—=2.510 ~ X% Yo
(1 —D)R | 1-D|'R _ -
‘ a)
Selected inductance (with 25% larger) L=Lmin-1.25=9.?65625-10—5
Vo
Average inductor current IL“‘E"l'a
. Vs-Vo
AL AiL=|———| D T=2.88
: AiL min inductor current i AiL
max inductor current Imax=IL+ -3.24 ITmin:= IL'—ET"0-36
- 2.
RMS inductor current 5 Q;L

ILrms=| IL +F =1.9827254

Selection of capacitance
- (1-D]

= | 6
=(0:0001 c-10 =100 UuF

8:-L:Ripple £

Inductor voltage VL=Vs-Vo-=30



Simulation of Example 6-2 (Buck Converter Design) using LTSpice

.model vSW sw({Ron=0.0001 Roff=1MEG, Vt=0.1 Vh=0)

tran 20m
2
a3 L2
/Ii
2 &
100p
I +
D1 §:; This is load.
L. V4 ZE
() D ci
= Br
PULSE(0 12 0 1u 1u {DT} {T}) 100
param f=40K
.param T=1/f
L .param D= 0.375
=D*
C —,)“ .param DT=D*T




Simulation of Example 6-2 (Buck Converter Design) using LTSpice

50V

V(n001) V(nD04) V(n003) (L2) I(R1) 5A
: i i i : i i i : ~4A
; 3JA

10V-1

9.06ms

]
9.09ms

]
9.12ms

L
9.15ms

L]
9.18ms

T
9.21ms

1
9.24ms

L]
9.2Tms

L]
9.30ms

L
9.33ms

T
9.36ms

0A




THE BOOST (Step-up) CONVERTER

zzlf;-

==

v, C

/
|
7 |
MWW

* Analysis assumptions: (@)
« Circuit is in steady-state
« Inductor current is continuous and positive (CCM)
« Capacitor is large enough to hold Vo constant
« Switch period is T; SW is closed for D*T and opened for (1-D)*T duration
e Components are ideal

 Analysis focus: Examination of inductor voltage and current



Switch Closed, Diode Off

L L —
LLIILN . >}
— .
iy l l’(
+ ks

[/:\+
et
—
| =

(b)

di_ Al i

v, =V,=L
dt At DT

: V.DT
(AIL)cIosed - SL

SW Open, Diode ON

t‘r;“ ‘LE‘L— ‘,:
Q T
v =V, -v, =L 9 Al AL
dt At (1-D)T

Closed Open

DT r t
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Combined Analysis
 Inductor current net change = 0 In steady-state

(‘&f.’.)cloﬁcd T (Ai:’,)opcn =0
DT | (= V)(1 = D)T _
L L

0

V(D+1—-D)— V(1 —-D)=0 y =

 Alternative derivation
« Average inductor voltage in periodic steady-state = 0
« Sum(\Voltage*time) =0

Vi

V ——

Vp=VD+ (-1l —-D)=0

Closed Open

DT r

y
I/;): : v_v L
|1 —D C




Combined Analysis

10
%
V,=—>
| —D ;
6

/V.

4
;l'.'

V,/V.vs. D

Nonideal

0.4 0.6

0.8

1.0



Max & Min inductor current

« Average power supplied by the source =
absorbed by the resistor (output)

Output Power

_v
R

=K1,

()

Input Power=0utput Power
Ve _ %/ -D)J _

average power

Vi, = =
st L R R

V.

S

Average Inductor Current

V.s‘]x - V‘JIL
V,=—"
| —D
y2
(1 —D)*
- V{f I{II{}

I

Max and Min Inductor Current

I =1 + g Vo o 101
e 2V 9 d—DPPR- 21
Ai, v V.DT
Imin m— IL - = s
2  (1-D¥R 2L

“(I-DPR VR

max [~ T
/\/ Aij
‘fnun _L

1 1
DT T t

V.DT

Ai =
( IL)closcd I




« CCM Condition: Imin>=0

_ v KDT
(1— DR 2L

Imin =0

* Minimum Inductance for CCM

- D(1 — D)°R

L. . =
min zhf

 Inductance in terms of the ripple current

V.DT

Ai =
( I.-’_)-:loscd L

VDT VD
Aip  Aigf

L

111111




Output Voltage Ripple

 Case for finite capacitance and output voltage not constant

« \oltage ripple is calculated from Capacitor Current
« Change in capacitor charge (shaded area)

\..

V
A0 = (f)ph AV,

DT

. 7 2
* Ripple voltage f
V _ I{JDT_ I/:.ID ‘&V;? — D
° RC RCf V,  RCY

« Determination of Capacitance by the ripple voltage

D
A IATAY;




Example 6-4 Boost Converter Design

Design a boost converter that will have an output of 30 V from a 12-V source. Design for
continuous inductor current and an output ripple voltage of less than one percent. The
load is a resistance of 50 ). Assume ideal components for this design.

Vs=12 Vo=30 R=50 Vripe=ploy | BYO
Vo
Duty Rate
DLl-Lo 0.6
From Vo = Vs/ (1 - D) Vo

f=25:10 - example

2
D(1-D] ‘R -5

1 Lmin - -9.6:10

£

T:=

L=Lmin-1.25=0.00012

IL:-V—52=1.5 TRARLLEIPY
(1-D] ‘R
Imax==IL+A;L=2.7 Imin==IL—A;L=O.3
; -5
Cmin:= 4,8:10

R-Vrip-f-



Example 6-4 Simulation

.model vSW sw({Ron=0.0001 Roff=1MEG, Vt=0.1 Vh=0)

ran 20m
L2 D1
212 ) .
120p 3]
R1
- S1 { This is load.
(N < 50
+
vSW c1

(:ﬁ" - S0p
S .param f=25K

PULSE(0(12 0 1u 1u {DT} {T}) param T=1/f

Vi .param D= 0.6

12
(_j .param DT=D*T




At R oooa

L
10.64ms

L|
10.57ms

1
10.50ms

L
10.43ms

L
10.36ms

LI
10.29ms

Li
10.22ms

T
10.15ms

LI
10.08ms

LI
10.01ms




THE BUCK-BOOST CONVERTER x
—o0

* Vo>Vs or Vo<Vs:Dutyrate control + + I G
» Voltage polarity is opposite Ve C) I l v
« Source not directly connected to Load
« Energy stored in the inductor

* Energy is transferred to the load

Ay
/|

« Analysis assumptions:
« Circuit is in steady-state
« Inductor current is continuous and positive (CCM)
« Capacitor is large enough to hold Vo constant
« Switch period is T; SW is closed for D*T and opened for (1-D)*T duration
e Components are ideal

« Analysis focus: Examination of inductor voltage and current



Switch Closed, Diode Off

| (b) )
di
v, =V.=L—&
L S dt
di, Ai, A,V

dt At DT L

: V.DT
(AIL)cIosed - SL

I/\\+

Switch Open, Diode On

O O
> %_"1 =Y, ~ §_‘/
di
v, =V, :Ld_tL
di, A, A,V
dt At (1-D)T L
V,(1-D)T

(Ail—)open: : L

Vol

Copyright © The McC
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Steady-State. Combined Analysis

(Ai L )closed + (AI L )open =0

 Alternatively, using the average
Inductor current=0

Vy=VD+ V(1 —-D)=0

= —n(25)
‘\1—D

Duty Rate expression:
v,

n|

Vot 1]

D>0.5 Boost
D<0.5 Buck

Copyright © The McGraw-Hill Companies, Inc. Permission required for reproduction or display.



Buck-Boost Converter (Power, Current, VVoltage)
Power absorbed by the load = Power supplied by the source
Average source current 7 =7, p

I: V., =VI.D
Average inductor current
vy _ P, _ VD
V.RD V.D R(1 — D)

IL:

Max & Min inductor currents

Ai, V.D V.DT
Imax = ]L + = 2 *
2 R(1 — D)° 2L
Ai, V.D V.DT
Inin =11 — o

2  RA-DP 2L
Condition for CCM (Imin >=0)

~(1-D)R
min 2f

o _R
F= V¥l
vz
o=,



Output Voltage Ripple for the Buck-Boost

‘ ,\ ,\ e Change in charge
““““ I . N A

AQ| _( jDT CAV,

. | AV, = V,DT _V,D
- RC RCf

Ripple ol AV, _ D

Ipple Voltage V, RCf
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Example 6-6 Buck-Boost Converter

The buck-boost circuit of Fig. 6-11 has these parameters:
V.=24V D =04 R =50Q
L =20pH C=80pF f = 100kHz

Determine the output voltage, inductor current average, maximum and minimum values,
and the output voltage ripple.

D==004 - 3

R=5 Vs=24 Rlpplel-0.005 f=100-10 T,_l_llo_S

- f

=20 -6
L=go 1o C=80-10
Output woltage Vo=—Vs-1D -—-16
-D
: AiL~|—2|D.T-4.8
Vs:D Al1L |l e
Inductor Current ILE‘_____7§=5°3333333 =
R:(1-D]

max inductor current Imax=IL+6lL=7.?333333

AL

min inductor current Tpin=|IL- =2.9333333

Output Ripple (AVo / Vo) D

Vripple:= =0.01

R:-C- £ +




Example 6-6 Simulation

model vSW sw({Ron=0.0001 Roff=1MEG, Vt=0.1 Vh=0)

tran 20m

D1
11
I

1]

R1
%LZ §5 This is load.

20p __{:1
PULSE(D 12 0 1u 1u {DTH{T} ) __BUII
Jparam f=100K
.param T=1/f
vl ~param D= 0.4

C_>14 Jparam DT=D*T
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THE CUK CONVERTER

L,

« Vo>Vs orVo<Vs @)

« Qutput polarity reversal

« L1:working as a filter to prevent source harmonics

« Energy transfer is associated with C1

« Analysis assumptions: Ve, =V.— V,
» Circuit in steady-state and periodic
* Inductors (L1 and L2) large — constant current
» Capacitors (C1 and C2) are large enough to hold V¢l and Vc2 constant
» Switch period is T; SW closed for D*T and opened for (1-D)*T duration
« Components ideal
 Analysis focus: Examination of Capacitor voltage and current
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Switch Closed, Diode Off

lr =—1
L G b Ly

LILIN €

—— -
i, G l i,

>
MWW

Voo (iC])clmed - _ILZ

(b)
Switch Open, Diode On
L, i(-l = ""1 L,
P ——9—| R
Lw s = (et ) =1
t Cl - TL1
"() Cims R§Vn open
I [(]
(c) ;
Lr
Closed Open
DT T f
I, L
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(i('|)cluscd: _]1,2 (lfl )Qpen ~ ILl

Average capacitor current =0 [(ic,), DT +| (icy)p, |(1-D)T=0

~1,,DT+1,,(1-D)=0

l, _ D
l,, 1-D
Average power supplied by the b _p
source = Average power absorbed by S
the load: VAEEVA
Output-Input Relationship: V, =—Vs|£=—Vs (Lj
|, 1-D
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Example 6-7 Simulation

model vSW sw{Ron=0.0001 Roff=1MEG, Vt=0.1 Vh=0)

tran 200m
|
432p " 650u
51 D1
e 7
3 1N914
V4

N

)

LSE(D 5 0 1u 1u {DT} {T})

3p

Rl rhis is load.
8.1

param f=50K
Jparam T=1/f
Jparam D= 0.6

Jparam DT=0*T



£ Ex67asc B Bx6-7maw

V(n004) V(n005) I(L2) o

12v

--2.52A

9V

--2.55A

E1TA | £ MU, N -2.58A

-2.61A

v+

= {-2.64A

e ST & -1-267A
-9v-- ~1-2.70A
[T.,1 8 PRUNARRR RN S w2738
[ 7178 IS - -2 76A
[RT:\TS PSR 1 - -2 79A
B AR i : “T-282A
24V : . i . : 2.85A

L) L] ] ] L
56.44ms 56.46ms 56.48ms 56.50ms 56.52ms 56.54ms 56.56ms 56.58ms 56.60ms 56.62ms



Switched-Capacitor Converters

Capacitors are charged in one configuration and
discharges in another

No inductor involved: Inductor-less Converter,
Charge Pump

Advantage: Make into smaller size converter
Disadvantage: Limit in current (by capacitor size) :
150 mA

3 types. Step-up, Inverted, and Step-down
Application: RS-232 logic level, Flash Memory erase
(large negative voltage), drivers for LED and LCD
displays




Step-Up Converter

v,
= ek
P + 5 ' g +
v, ® T % 2V,
(a) ) .
1 « Switch pairs Open
< o and Close alternately
2 2
® /C ” L/O— 1
l b a Pair 1  Pair2
vl L1 ON OFF
1 ( T 5" oOFF ON

(b)
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3 Vs step-up converter

2 v
- | I
l b 1 ¢
46 ZT = nO
) (a)
|
< o .
|
< o
2 ) d
[
< o !

20

(h)

Pair 1
ON
OFF

Pair 2

OFF
ON



Inverting Converter

N I
N L - b )
Vs () Bl Vs ¥y R:D — 7, Vo ==V, Pair 1 Pair 2
a1+ ON OFF
. OFF ON

(B)



Step-Down Converter

al|+ -
—_— /M i O
2oy S E
1 Al Pﬂ. :ZI’FE ::Iig
— ¥V b d
d| * Pair1  Pair2
ON OFF
(a) OFF ON
1 2

4/ i » O — —----- +
al 1 )

LAY - ]
Vs ( J b ‘ Y — -~ R= V,=V,/2
-

2

4

(b)



