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Key Points of Section 5.7

* With proper switch control, the four—quadrapt converte
flow in any of the four quadrants. For operation in the t
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58  SWITCHING-MODE REGULATORS

Dc converters can be used as switching-mode regulators to convert

mally unregulated, to a regulated dc output voltage. The regulation js normelly . *
by PWM at a fixed frequency and the switching device is normaj] il

y BIT, MOSFz; .
IGBT. The elements of switching-mode regulators are shown in Figure 515, Wecan;:
tice from Figure 5.1b that the output of dc converters with resistive Joag is discont-ﬂ;
ous and contains harmonics, The ripple content is normally red

uced by an LC fiy,,
Switching regulators are commercially available as integrated circuits, Ty, b |
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L Buck regulators

2. Boost regulators

3. Buck-boost regulators
4. Cik regulators

5.8.1 Buck Regulators

In a buck regulator, the av
hence the name “buck ”

Crage outpyy volta
4 Very popular regulatg

e V., is lesg

rfe,7).

than the input voltage. b~
The circuit diagram of a bY

Input

Output

v, v
v Vi
. —_—
FIGURE 5,15 ) [ : . Vs
Elements of switching-mode reguluton, O ‘ "‘ g
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5.8 Switching-Mode Regulators 187
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Mode 2 (c) Waveforms

(b) Equivalent circuits

FIGURE 5.16

Bt A 5.16a, ike a step- .down con-
yorter. The circuit operatiotntcanob":[%‘;’ 'm‘;m current, whlch rlszswa(;:strt:;;stgor Qy is
i L s cpotor € nd s e Loy sor
switched off at t = t;. The freewheellﬂg diode D €
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De-Dc Converters

Chapter 5
inductor; and the inductor current continues to nn.zc through h.. C, loaq, anq g;
indu m:.n_cq current falls until transistor Q_. is switched on agamn in the diog, )
.Ea.“:m_e_: circuits for the modes of operation are shown in Figyre S Smﬁ e W,
=_~ . . . X - Lh
Muzsm for the voltages and currents arc shown in Figure 5.16¢ for 5 oosmz__od: Va
flow in the inductor L. It is assumed that the current rises and falls linearyy ~E iy
circuits, the switch has a finite, :o._:_:oﬁ Sm_mnw:ow. Its effect can wozos_: m ESE
ble in most applications. Depending on the .me<:n=.5m frequency, filter :acso negly.
capacitance, the inductor current could be discontinuous. ance, 3,
The voltage across the inductor L is, in general,
di
e =L—
L™ " ar
Assuming that the inductor current rises linearly from /; to 7, in time ¢,,
L -1 Al
Vi=-Vo=L——=L— 5
g = 15} h C.rs
or
AIL ‘
L e (543)
V.-V, 43
and the inductor current falls linearly from I, to I; in time t, :
Al
or B
. a
where AJ = L~ i
11s the peak-to- i ’ ing the
val . peak ripple current .Equating
ueof AJ E Egs. (5.44) and (5.46) gives nt of the inductor L. Eq
Al = E = ﬁ\HﬂN
7 =
M—.—mvm—._.::.mﬂm = kT and L= AH . ) L
k)T yields the average output voltage as
t
—\h = a% == \na\n
Assuming a lossless circuit, Vi, = V.,

= kV,I, and the average input current

) ) Il = kI

The switching period 7' can be expresseq =
as

= i
T == x A
7 :+a.._:\$+En Al LV,
b Ve Va Va(Vi = Vo)
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5.8 Switching-ModeReguIators 189

which gives the peak-to-peak ripple current as

Va(V, = V)
Al = b a
fLV, (5.51)
or
_ Vik(1 = k)
al= T (5.52)

Using Kirchhoff's current law, we can write the inductor current iy as
ip=1i.+1i,

If we assume that the load ripple current Ai, is very small and negligible, Ai; = Ai..
The average capacitor current, which flows into for t;/2 + 1,2 = T/2, is

Al
===
c 4

The capacitor voltage is expressed as

vc=%/icdt+?c(t=0)

and the peak-to-peak ripple voltage of the capacitor is

1 [T2Arc AIT _ AL
AVC=vC—vc(t=0)=—C-l) Td:—_SC 8fC (5.53)

Substituting the value of A7 from Eq. (5.51) or (5.52) in Eq. (5.53) yields

= Va(Vs - Va) (
¢ 8LCf,

wn
wn
ey
S

or
Vk(1 — k)
8L(:f2

—
N
N
wn
—

AV, =

Condition for continuous inductor currenl and capacitor voltage. 1f/; is the av-

erage inductor current, the inductor ripple current Al = 21},
Using Egs. (5.48) and (5.52), we gel |
A 2 2k Ve r
Wl = KK _ g, =g, = 228 |

' v
j{-{ :
which gives the critical value of the inductor L as .
(1 - KR (5.50)

[_l‘l xe l4 = """‘_’i

'
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5.8 Switching-Mode Regulators 191
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(a) Circuit diagram

Mode 2
(b) Equivalent circuits (c) Waveforms

FIGURE 5.17

Boost regulator with continuous .

= (. The input current, which rises, flows through inductor L and
tor M, 1s switched off at t = - The current
1d now flow through L, C, load, and diode
is turned on again in the next cycle.

the load. The equivalent circuits for

for voltages and cur-
ng that the current

M, is switched on at
transistor Q,. Mode 2 begins when transis
that was flowing through the transistor wou
D,,. The inductor current falls until transistor M,

The energy stored in inductor L is transfcrrcd to
the modes of operation arc shown in Figure 5.17b.The waveforms

rents arc shown in Figure 5.17¢ for continuous Joad current, assumi

rises or falls linearly.

S
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192 Chapter5  Dc-Dc Converters

t rises linearly from /;

Assuming that the inductor curren to I, in lime .

- Al
V.= L h d = [ —
! f 1
or
[ = AIL
| = —
Vs (5.59)
and the inductor current falls lincarly from I to [y in time 4,
Al
V,—V,=—-L—
5 a 1'2 (560)
or
AIL
fz =
Va - Vs (5.61)

where Al = I, — Iy is the peak-to-peak ripple current of inductor L. From Egs, (558)
and (5.60), .

_ Vity . (Va B V;)IZ

B

Al

Substituting f; = kT and f, = (1 — k)T yields the averége output voltage,

T 1%
Vo=Vi—=— 560
512 1 -k (5.62)

which gives

(1-k)= %ﬁ (5.69)

a

Substituting k = 1,/T = t1f into Eq. (5.63) yields

f = Va e VS (564)
Vof '
Assuming a lossless ciren; - ' &l
rent is Areuit, Vily = Val, = V,IJ(1 - k) and the average inP"
I (58
= _ta
1=k
Iie switching period T can be found from
_ 560
Fegenan= AL AL ALy, >
V\ V,, = Vs V,(Va B Vs)
el
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5.8 Switching-Mode Regulators 193

4 this gives the peak-to-peak ripple current:
and 17

- VS(VH - V‘)
fLv, (5.67)
of
V.k
M=TL (5.68)
When the {ransistor is on, the capacntor supplies the load current for ¢t = t;. The aver-
age c;,pqcnor current during time ¢ty is I, = I, and the peak-to- -peak ripple voltage of
the capacntor is
1M 1" Iy
AVc—vc—vc(t—O)—Cllcdt—Ell C (5.69)
Substituting f; = (Vg = Vo)/(Vof) from Eq. (5.64) gives
Ia(Va _ V:v)
L L L 5.70
or
Ik
= 2= : (5.71)
AV, 1C

Condition for continuous inductor current and capacitor voltage. If I is the av-

erage inductor current, the inductor ripple current A7 = 21p.
Using Eqs. (5.62) and (5.68), we get

}_—L— = ZIL = 2111 = (1 k)R
“hich gives the critical value of the inductor L as
L= M (5.72)
e = LT 2f
, 2V,. Using
IV s the average capacitor voltage, the capacitor ripple voltage Sl
_{E’_’i = 2V, = 21HR
ich i
b gives the critical value of the capacitor C, 85
(5.73)
g 2 fon
Ce "% " 2fR
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Dc-Dc Converters

194 Chapter5
ulator can step up the output voltage without a transformey. |

as a high officiency. The input cu.rrcnt IS continuoys, Hoy "ty
through the power transistor. The output Voltage Every
and it might be difficult to stabilize 1 rcglsl\

ula

ay
The average output current is less than the average inductor current by , lor,
h ¢ ‘“ ‘1;1d + much higher rms current would flow through the filter cap

sulting in the use of a larger filter capacitor and a larger inductor than those of abyg

A boost rcg
a single transistor, ith ,
high-peak current hahs to flow e
sensitive to changes 1n duty cycle

aCilOr_ re

regulator.
—_—

Example 5.6 Finding the Currents and Voltage in the Boost Regulator

A boost regulator in Figure 5.17a has an input voltage of V. = 5 V: The average output voltage
t I, = 0.5 A. The switching frequency is 25 ki,

V, =15V and the average load curren |
L =150 uH and C = 220 nF, determine (a) the duty cycle k, (b)- the ripple current of indycy
Al (c) the peak current of inductor /. (d) the ripple voltage of filter capacitor AV, and (e) the

critical values of L and C.

Solution
V,=5V.V,=15V,f=25 kHz. L = 150 pH, and C = 220 pF.

a. FromEq.(5.62),15 =5/(1 — k)ork =213 = 0.6667 = 66.67%.
b. From Eq. (5.67), '
5% (15 -5)

i =0.89 A
25,000 X 150 x 107 x 15

Al

c¢. From Eq.(5.65), I, = 0.5/(1 — 0.667) = 1.5 A and peak inductor current.

Al
12=1,+—2—=1.5+w= 1.945 A
2
d. From Eq.(5.71),
' I
AV, < 05X 06667 _
25,000 X 220 x 106 _ oeEmV |
Vo 15
€. R = —= e— =
AT el |
From Eq. (5.72), we get L. = (I~ kKR _ (1 - 0.6667) x 0.6667 X 0w
2f )
| 2x25x10
From Eq.(5.73), we get ¢, = K_ _ 0.6667 .
/R 2x25x10"x 30 0'““/

5.8.3 Buck-Boost Regulators

wate!

un. ou||.1‘ul voltage that may be less than or Lfl‘m s

ug(:tlll;:;; ,ljuck'h‘“}ﬂ"; the output voltage P'_“ : el

a buck-| “’gl"h"ol' is also known as an Ve’ &
Y008t regulator is shown in Figure 5.8

A buck-boost regulator proviges
than the input voltage—hepce i
opposite 1o that of the input yo, ¢
fator, The circuit arrangemen of

|
m. |
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