EEE 5451 Power Electronics

Lecture 6: DC Choppers



6. 1 Introduction

A DC chopper converts directly from DC to DC
voltage and is also known as a DC to DC
converter.

A chopper can be considered as a DC
equivalent to an AC transformer with a
continuously variable ratio. Like a transformer,
it can be used to step-down or step-up a DC
voltage source.

A step-down chopper circuit is called a buck
converter, while a step-up converter is referred
to as a boost converter.

Choppers are widely used for DC power
supplies, DC motor drives, and so on.

» DC to DC conversion is often associated
with stabilizing the output while the input
varies.

» However the converse is also required in

some applications, which is to produce a
variable DC from a fixed source.

# The issues of selecting component

parameters and calculating the
performance of the system is the focus of
this topic.

» Since these converters are switched mode

systems, they are often referred to as
choppers.



6.2 Buck Converter

» The chopper switch in Fig. 6.1 can be

» Analysis of the buck converter begins by
making the following assumptions:

1. The circuit is operating in the steady state.

implemented by using a power BJT, power

4. The switching frequency is f and

MOSFET, GTO, and so on. the switching period is T = 1/f.

The switch is closed for time DT
and open for time (1 - D)T with D
duty cycle, which is defined as a
ratio of the on-time to period.

5. The components are ideal.

. . . + V-
2. The inductor current is continuous (always —"0 aa'a
positive) " L 1&{ +
- v A — v
3. The capacitor is large enough so that the Vs b | ’
output voltage is held constant at V. B lcﬁ B

Fig. 6.1 Buck Converter
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Fig. 6.4 Buck Converter output waveforms



» The operation of the buck converter can be
divided into two modes.

Mode 1: 0<t <DT

» In this mode, the switch is closed and the
freewheeling diode is reverse biased. The
equivalent circuit for this mode is given in
Fig. 6.2.

» The inductor current i, is determined by

L dig,
vp, = '{,5_ —-Il-»q:. = LE
- di, V.-V,
atis dt — I

» Suppose that iy g = Imin- Then,
integrating both sides of the above
differential equation gives

“dig | [’ V.-V, l
—{s = s
J10 df ) L

. Ve = V.
Asaresult, ir(t)= Tﬂf- + Imin

which means that the inductor
current increases linearly with time t.

Mode 2: DT <t<T

#In this mode, the switch is open
and the freewheeling diode is
forced to conduct by the inductor
current. The equivalent circuit for
this mode is given in Fig. 6.3.



» The inductor current i, is determined by

i dig » Under the steady state conditions, the inductor
vp ==V = dr current at the end of Mode 1 is the same as that
at the beginning of Mode 2, that is,
= dig o Vo V. -V
that 15, E o _r : T DT + Imin = Imas
> Suppose that i (DT) =/__. Then, and the inductor current at the end of Mode 2
integrating both sides of the above is the same as that at the beginning of Mode
differential equation gives 1, thatis,
/.1l fljj‘d.q: . /i Edg —%(T—DT]-FL””T:I””'"
Jpr dt Jor L ;
v which implies that
As a result, iL(t) = —f(f — DT') + Inmas
V(1 —
o1 —INT
'rmna' - I.‘r‘rmr = i

which means that the inductor current
decreases linearly with time t.
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I’mnr — Imr'n -
Ir — - Vo

2 R 2L
(1 (1-D)T’
¥

which means that the output voltage depends Imin =

)
only on the input voltage and duty cycle.

? 2L

It is important to note that the above analysis
is valid under the assumption of continuous
inductor current, which means that /,,,;,20.

»|n order to determine the inductor current,
we need to find /_,, and /.. To this end,
the average currents in the circuit satisfy

the following equation: If Imin < 0, then the freewheeling diode is off

eeeeee

and so the inductor current will remain zero

i until the switch is closed again.
o

R

» Adding the previous two equations, gives » Note that the average capacitor current /.
must be zero for the steady state.
Ve VYo pr_Yer — DTy =0 o | |
L L » With I, determined, /4, and I, are given by
Solving this equation for V, yvields  V,, = DV, Iowe = I, + Imaz — Imin =V, [ 1 + (1-— D}T-

IL :IC'+IR:




» |In order to guarantee the continuity of the
inductor current, the inductance L and the
switching period T must be appropriately
selected so that

. [1 A-D)T
S5 7 R s ol
Irn:n ‘n [R 2], o 0
that is, |
P R(1-D)T
- 2
or ‘)L
I's pa- D)
which imply that
R(1-D)T
Lmin =~
9
or of
Tnuu' — m
_ RI=1h
.f”]ln R T

» The peak-to-peak ripple voltage
at output is determined by

Vo(1-D)T*  V,(1-D)
8LC - BLCf?

Example:

AV, =

A buck converter is supplied by a DC source of 48

V. It produces an output voltage of 18 V across a

10 Q load resistor. Assume that the capacitor is

large enough so that the output voltage is kept

constant.

1. Determine the duty cycle D.

2. Find the minimum inductor size L, if the
switching frequency is 40 kHz. o

3. Calculate the inductor current if L =1 .25L,,;, and
=40 kHz.

4. Select C so that the peak-to-peak output ripple
voltage AV, /V, does not exceed 0.5% if
L =1 .25L,,,;, and =40 kHz.

5. Compute the minimum switching frequency f;,
if L=1.25L. o



.

2.
3.

15

) = e = 18— 375
Il Tl 175
_|f ) R(1— 1) PO (1 —0,375)
4T T o Al = LT

L
I,

-'.lln’-ﬂ..l:

l'-inru'n

Note that

Solution:

T8pH

1.25 Lypin = 1.25 x 78 = 97.5uH
vV, 18
- = — = 1.84
10 _ _
1 } (1— D) s |1 (1 —0.375)
"R 2Lf | 10 2% 97.5 % 1075 % 40 x 103
1 1 — D) [ 1 | — 0.375 ]
v, | L A T L ( 375) .
R 2Lf (10 2% 97.5 % 1076 x 40 x 107 |
T ——— = 0.000025s
A0 10#
DT 0,375 » 0.000025 — 0.00000945
Vo= Vo 45 — 18 307692
L 97.5 % 10-6 7
Vo '8 184615
L 07.5 % 10-6 !

3.24A

0.36A



So the inductor current is given by

R B AR 0<t<DT
“J[’} _%{I - DT} I' -'rf.rm:l! DT i: [ i: T

- 076921 + 0.36 0 < 1 < 0.0000094s
B —184615(t — 0.0000094) + 3.24  0.00000945 < 1 < 0.0000258

4. Note that S — ==l < 0.005. Then,

1- D 1 —0.375

T

["*.rui o

0.005 % 8Lf2  0.005 x 8 x 97.5 x 106 x (40 x 103)2

R(1 - 1)) 10{1 — 0.375)

— — 32kH =
2L 2x 0975 x 106

firi.i'ri. —

= 100l
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6.3 Boost Converters

» Fig. 6.5 shows a boost converter circuit. The chopper switch in this circuit can be implemented by
using a power BJT, power MOSFET, GTO, and so on.

» Analysis of the boost converter begins by making the following assumptions:
1. The circuit is operating in the steady state.

2. The inductor current is continuous (always positive)

3. The capacitor is large enough so that the output voltage is held constant at V..

4. The switching frequency is f and the switching period is T =1/f. The switch is closed for time DT and
open for time (1 — D)T with D duty cycle, which is defined as a ratio of the on-time to period.
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5. The components are ideal. -

V- IR y

P~~~ S
. DI . —V; — Vo
- K I R * +
1L
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Vs
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1 .;;{ - Fig. 6.7-Boost Converter: Mode 2
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Fig. 6.5-Boost Converter : L o
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Fig. 6.6-Boost Converter: Mode 1 Fig. 6.8-Boost Converter Outputs

- Vs
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Mode 1:0<t<DT

» In this mode, the switch is closed and
the freewheeling diode is reverse biased
by V,. The equivalent circuit for this
mode is given in Fig. 6.6.

Mode 2: DT<t<T

# In this mode, the switch is open and the
freewheeling diode is forward biased to
provide a path for inductor current. The
equivalent circuit for this mode is given in
Fig. 6.7.

» The inductor current i is determined by
» The inductor current i Is determined by

di
v, =V, Li—"‘
- ii-f-j

vy, = Vo=V, = L—
di,, V. ! di
dr L
. — di, V,-V,
Suppose thati (0)=1_. . Then | .-'
o F,

, , Suppose that i,(DT)=1,.x
/ :h—;'dw /’ E;l-‘c .
Jo e . Jo L .
. " 1‘{.4 H

in(t) "Tr F Imin

which means that the inductor current
increases linearly with time t.

¢ i“f; y .
—ds ds
o dt Jor L
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> As aresult,

i"‘l.:l_.i"'rrr

;L“} .f

J {'r" I‘}ff.l} l ',.Tfl TR

Under the steady state conditions, the
inductor current at the end of Mode 1 is the

same as that at the beginning of Mode 2,

that is,

Ir.-"
!” ;-}TI i !rrnn fmrr:

V. orT
L

l’nnu - ;rr-uj

and the inductor current at the end
of Mode 2 is the same as that at the
beginning of Mode 1, that is,

S’
I""'I Lr:u{’,f“ .F'}TI} ; ITJHIJ’- """F""

» Adding gives

v v
DT 4 =
I

i

v,
—(T'=DT)y=0
I (1 )

which means that the output voltage is higher
than the input voltage.

# The average inductor current I is
determined as follows. Note that the power
supplied by the source is the same as the
power absorbed by the load due to the
assumptions, that is,

A2
P %2 (ﬁ?) Fy = 1.V,

Solving this equation for I, gives

Vs
(1 — 2R

Iy,



With [;, determined, 1,,,,, and [,,,;, are given by

-'rm.ru' ji'””_ Th I l,l}r.;l
-'rntru; l'.L i f V.g {l — f}}l ,l? | 2,"‘.

fm.m:i: - fm.x'-tr 1 .’J‘T’
Limin L 2 Vo [{ | — DY?R 2L ]

» Note that the above analysis is valid under the assumption of continuous inductor current, which
means that | . >0.

» |In order to guarantee the continuity of the inductor current, the inductance L and the switching
period T must be appropriately selected so that

| DT
(1-D)V?R 2L~

!HH Tl VH {:I

that is,
| D

=
(—D2R 32Lf - "

0or

;> D(-DPR
ol T
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which imply that

"r-' TrLRTL 2 I',

The peak-to-peak ripple voltage at output is determined by
Vv,pr  V,D
Avo nc RC f
Example:
[ ]

A boost converter is supplied by a DC source of 12 V. It produces an output voltage of 30 V across a 50
Q) load resistor. Assume that the capacitor is large enough so that the output voltage is kept constant.

1. Determine the duty cycle D.
2. Find the minimum inductor size L, ;. if the switching frequency is 25 kHz.
3. Calculate the inductor current if L = 120 puH and =25 kHz.

4. Select C so that the peak-to-peak output ripple voltage AV, /V, does not exceed 1% if L = 120 pH
and f=25 kHz.

16




Solution:

LD=1-p=1-3%-06

2 2
2. Lonin — =R 06x{1-0.6)"=x50 HﬁﬁH

ay 2w 25w 107
3.
v, 12 )
Z A—DPR  (1-062x50 4
1 D ; 1 0.6 ;
Lar — Vi l“ DR + ELI] =12 % I“ ~0.6)2 % 50 + 2% 120 % 1079 % 25 % m-'il =2.TA
1 D 1 0.6
: = P = —_— = < — ~ = == l},ﬂ
fmin = V. lu ~DYR sz] 12 [(1 T06? x50 X120 %10 ° X 3 % msl .

Note that

1
— — = (L.00004.
r 25 % 10° a8
DT — 0.6 = 0,00004 — 0.000024 5
VH 12
— = o = 100000
L. 1200 = 106
- ——— = — 150000
I, 120 % 106 N
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So the inductor enrrent is given by

4. Note that &Ye —

. Yot + Lnin 0<t< DT
WO = YeVa (4 DT 4 Ly DT <17
L ' T _—
o 1000008 -+ 0.3 0 <1< 0,0000245
= 150000t — 0.000024) + 2.7 0.000024s < ¢ < 0000045

13
reg < 0.01. Then,

¥
C*'*.rm' o

D (.6
0.001RF  0.01 x 50 % 25 = 10%

= ARl

18



6.4 Buck-Boost Converter

» This converter has a schematic shown in fig. 6.9 and can provide output voltage that can be
lower or higher than the input voltage.

» This converter is an inverting DC-to-DC converter i.e. polarity of the output voltage is reversed
compared to the input supply. Thus, it is a negative-output buck-boost converter.

, S D
£T <
V | L ~
S -~ LOAD | V/_
+

Fig. 6.9-Buck-Booster Converter Circuit diagram.

I\
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» Again the operation of the converter can be analyzed using the two topologies resulting from the
operation of the switch as shown in Fig. 6.10 and Fig. 6.11.

» Let the capacitor be totally charged up before switching on the switch S. When the switch S is
closed as shown in Fig. 6.10.

S [ ¢ = LOAD V
- Y IC
+

Fig. 6.10- Buck-boost converter circuit when switch S is on (Mode-I)

Also,
Vg +V =0
. Ne+Vo=0
VeV, =LY S
ST LT = Vo = Ve
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I E
V, L ~c LOAD | imin / |/
° 0 T >
R DT t
+ imax | D
Fig. 6.11- Buck-boost converter circuit when fmin
switch S is off (Mode-Il) 0 DT T 1
Imax
d% imin
L—+4+Ve=0 0 >
dt tVe A DT T t
di B Ve A\
d¢ L Vi I
0 ry >
»Waveforms for the voltage and current for DT Ve | !

buck-boost converter are shown in Fig. 6.12
Fig. 6.12- Supply current, diode current, inductor current,
and inductor voltage respectively




»Now, from the waveforms given in Fig.6.12, when switch S is on,

Riseinthe Inductor Current = I,,0 — Linin = %DT
And, when switch S is off,
Fallinthe Inductor Current = I;, — L0 = —% (1-D)T
»Equating the above two equations, we get
V. Ve
TSDT - T”(l — DT
= Vo=V = lf)DVS
Linin + Iimaz

Average Inductor Current =

2
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» As there is no supply current during the switch-off condition,

Input Power = Py = e ;_ Lmin DV
And,

Output Power = Ppyr = V%f
If there is no switching loss,

Pin=Pour

= Inaz + Lpin = 2D R(ltigD)E

Combining the equations:
Vs Vs

Imz‘n =D —
R1_-D2? 2L

and

Vs Vs

Ipee =D DT
R(1—D) @ 2L




For CCM, I.,,=0

(1— D)’

= Valueof the Minimum Inductance for CCM = Ly,in = TR

p
Ripple Voltage Acrossthe Capacitor = AVy = AQ _ DTlp,  DTVo D"TVs

C C ~ RC  (1-D)RC

ds

Vo = —V.
0 1-D) S
Note:
When D < 0.5, it acts as a step-down converter or a buck converter.

When D > 0.5, it acts as a step-up converter or a boost converter,

And when D = 0.5, input and output voltages are the same i.e. V,=V..
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» Note that the basic circuit diagrams of all the fundamental converters are shown in Fig. 6.13.
They consist of the same basic elements. The building blocks of these converters are DC supply
V,, load, diode D, power electronics switch S, inductor L, and capacitor C.

L
I$ S L Is
. T .
] . S .
VS D C T~ LOAD Vo VS _IH c T LOAD Vo
Buck Converter Boost Converter
S ST~
£T | . 1t ] .,
Vs | L = LOAD | V/ V, Jms ¥o Cox iom Vo
¢ +
. -
Buck-Boost Converter Cuk Converter

Fig. 6.13- Summary of Converters

End of leclture 6!



