Energy and Power Engineering, 2013, 5, 850-856

doi:10.4236/epe.2013.54B163 Published Online July 2013 (http://www.scirp.org/journal/epe)

o5 Scientific
(> )
+* Research

Analysis and Modeling of Buck Converter in
Discontinuous-Output-Inductor-Current
Mode Operation”

Jianbo Yang', Weiping Zhang’, Faris Al-Naemi', Xiaoping Chen’,
'Materials and Engineering Research Institute (MERI), Sheffield Hallam University (SHU), Sheffield, UK
’Lab of Green Power & Energy System (GPES), North China University of Technology (NCUT), Beijing, China
Email: jumbo-yang@hotmail.com

Received September, 2012

ABSTRACT

The Buck converter with LC input filter operating in discontinuous output current mode has a high power factor with a
constant duty cycle. A Buck converter in this operation mode can reduce the reverse recovery loss of the freewheeling
diode thus increase the efficiency. The operation, power factor analysis and modeling of the converter are studied in this
paper. Experimental results are presented to verify the theoretical predictions.
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1. Introduction

AC/DC converter has been studied as a high-power-fac-
tor rectifier. The most popular power stage circuit of the
AC/DC converter is a Boost converter [1,2]. The Boost
converter has an input inductor which naturally makes
the input current continuous and less of harmonics.
However, the disadvantage is the output has to be higher
than the peak input voltage. Unlike the Boost AC/DC
converters, the Buck AC/DC converters have step-down
characteristics as the output voltage is lower than the
peak input voltage. The buck converter with LC input
filter operating in discontinuous output inductor current
mode has resistive and constant input impedance with a
constant duty cycle D and a constant switching cycle Ti.
Thus, the average input current of the converter follows
the input voltage with a constant duty ratio control.

The low-frequency behavior modeling of the Buck
converter with LC input filter operating in discontinuous
output inductor mode is presented in this paper. Based on
the model, the characteristic of the converter and the
conditions for power factor correction is studied. The
experimental verification is also given.

2. Power Stage
2.1. Circuit Configuration

The buck converter with LC input filter is shown in Fig-
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ure 1. The discontinuous output inductor current mode
means the current through the inductor L, is zero during
part of one switching cycle. The converter can still oper-
ate in discontinuous capacitor voltage mode which means
the voltage across C, is zero during part of a switching
cycle. These two operation modes can be considered as
dual of each other [3]. However, the voltage stress of the
switch and diode will be very high when the converter
operates in discontinuous capacitor voltage mode [4].

2.2. Operation Principles

The operation principles of the converter and the charac-
teristic waveforms are presented in Figure 2.

There are three phases for the Buck converter with LC
input filter operating in discontinuous inductor current
mode.

Phase 1: 0~DTs. switch S is turned on. D is reverse-
biased. When the operation is in steady state, the average
voltage across L, over one switching cycle, is zero. The
average voltage across C; over one switching cycle is

Figure 1. Buck AC/DC converter with LC input filter.
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Figure 2. Discontinuous inductor current operation and
waveforms.

equal to the input voltage. C, operates in continuous
mode that Au, is small during one switching cycle.
Thus, the average voltage across C; over one switching
cycle can be considered as the instantaneous voltage
across Cy. Therefore, L, is charging under constant volt-
age (¥, =V, ). The peak current through L, is:

_i=r)

1, —L—DTS M
2
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The current through Cl is [, —1,. When I, <I;, i,
is positive, C; is charging. When 1, >1,, C, is dis-
charging.

Phase 2: DTs~DpTs. S is closed D is forward-biased.
L, is discharging and the current through L2 falls to zero
at DpTs. C is charging. The peak current through L, can

also be obtained as:

Yo(p —
L, =D, =D, ®)

P
2

Phase 3: DpTs~Ts; the switch S is still turned off.
Current through L, falls to zero. Output is supported by
C, individually. Combination of (1) and (2), the follow-
ing equation can be obtained.

—“2=—>D 3)

i P
If the switching period Ts is much smaller than the
input cycle Ti, the input voltage can be considered con-
stant over one switching cycle [3]. Then, the input volt-
age V, in (1), (3) can be directly replaced by V;sinw;¢

i

during half of line cycle 7;.
_ (Visinwe—V,)

L, DT, @)
2
v
.—0 = 2 >D (5)
V.sinwt D

P

V.|V, can be defined as #. then from equation (5), the
relation between 7 and D is

n .
——>sinwt 6
D : (6)

Therefore, the converter will operate in discontinuous
inductor current mode throughout half line cycle T,
when 7/D>1.

3. Power Analysis

As shown in Figure 2, the input current /[, is the sum of
the switch current i, and current through C,i,. The
average current through C, is zero during one switching
cycle in the steady state. Thus, the average input current
equals to the average switching current over one switch-
ing cycle. According to (2) and (4), the average input
current, over one switching cycle, can be obtained as,

I (Vsinwl.t—Va)D2

= T 7
iavg 2 L2 s ( )

where [, means the average input current over one
switching cycle. As the switching cycle 7, is much
smaller than the input cycle T;, the input current can be
considered constant over one switching cycle. Buck
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converter operates only when the input voltage is higher
than the output voltage. Therefore, (7) is valid only when
Vsinw,t >V, . When the input rectified voltage equals to
the output voltage,
1

. 1 .
t, = —arcsin —- = —arcsin ®)
w, V. w

i i i

o

a is defined as the ratio between the output voltage and
the peak of the rectified input voltage. Thus, over half
input line cycle, operation is possible only for

T
teaﬂj—qy

as shown in Figure 3. The average input power with
constant duty ratio and constant switching cycle 7, is
provided in (9). As referred to (5), the maximum duty
cycle D is n for maintaining the converter operate in dis-
continuous inductor current mode. Substitution of D for
1 in (9), the following relation can be obtained in (10).

2 E*ﬁ .
pl_:_J'Z V.sinwt-1, dt

T 4 i,avg
l ©)
DT 29y1-n?

:b(l——arcsinn—u)
4L, V4 4
Vin’T 2n1-1°

p =t 2 sing - 2N ()

4L, Vd

The relation between active input power and conver-
sion ratio # with maximum duty ratio is plotted in Figure
4. As shown, with D = 5, the converter operates in the
boundary of the discontinuous inductor current mode and
the maximum active input power will be obtained when #
is near 0.58.

The root mean square value of the input current can be
obtained from (7) as

L i —
]irmv = 3J‘Eit[ (V = M}lt VO) Dvadt
X 7: 4 2L2 K

V.D’T, 6
=1_ \/(1+2772)(1—£arcsin77)—77—
221, P T

the power factor is obtained from (10) and (11) as,

2n1-7°
P l—garcsim]—u
PF=—-—= z L
7

irms

irms 1— 2
\/(1 +2n7)(1- 2 arcsinn) — Sry1=m"

T V3
(12)

where P.F is the power factor. It is clear that the power
factor is affected only by conversion ratio  when the
duty cycle D is constant. The relation is plotted in Figure
5.
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Figure 3. Operation waveforms during half input cycle.

power factor & conversion ratio

Figure 4. Active Input Power vs Conversion Ratio n (from
equation (10)).

1 & active input power
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Figure 5. Power Factor vs Conversion Ratio n (from equa-
tion (12)).

It is shown that the power factor is reversely propor-
tional to the conversion ratio 1.

When 77 <0.6 the power factor will be higher than
0.9. The results are exact the same as [5]. When 7 is very

small, V, <V, sinw,. Then the input current will be
V. sinwgt

Ly = M 27, (13)

¢ 2L,
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The equivalent input impendence is resistive,
R - 2L,
i DZY-;

(14)

The power factor turns out to be unity. Therefore, with
constant duty cycle D and constant switching cycle Ts,
the lower output voltage, the higher power factor.

4. Modeling

The low-frequency model is obtained by considering the
relative voltage or current will not change over one
switching cycle since the switching cycle is much higher
than the input line frequency. Therefore, the average
value, over one switching cycle, is considered as an in-
stant value during one switching cycle [4,6]. By assum-
ing that the voltage across C1 is continuous and constant
over a switching cycle, the average switch current i
and average current through L, over one switching cycle
can be obtained from Figure 2.

I, :LDIDTS (15)
2L,
Y,
I, :E(Dl +D)DT; (16)

2

As the average voltage across L2 is zero over one
switching cycle.

D, = D 17)
As shown in Figure 1, the following equations can be
obtained.

1,(s) =%(K(S)—V1(S))—V1(S)*SC1 (18)

L,(5) =V, (s)sC, +%) (19)

V() =V5(s) (20)

Derivation and Laplace transform of (15) ~ (17) and
substitution of the results into (18) ~ (19), the following
can be obtained.

V,(s) (2D, + D)D

Vi(s) ays® +a,st+a;s+a,

V,(s) b,s*+ bys+ b, @D
D(s) azs®+a,si+asta,
where,
T
3 T_’-‘,‘
,  2L,L,Cy )
a,=L,C(D, +D)* + T, 4+L,C,D
_ 2L,C, LyD* TsL,DID?
“T T, TR 2L,
. 2L,
=(D, 4+ D)* + 2
ay = (D, ) RTs
Di+D
by = 2L, V2D ()
D
- VsLy TsDD?
1= L:
Dy + D
by = 2LD [ j
o 2+1 D
V. (s)/V,(s) is output-input transfer function and

V. (s)/D(s) is the output-control transfer function. The
transfer function between output voltage and duty cycle
given by (21) has three poles and two zeros. This can be
approximate to have a single pole which is exactly the
same as the traditional Boost converters [6,7].

5. Results
5.1. Simulations

Simulations were carried out to verify the discontinuous
inductor current operation of the circuit. The components
used are: L; = 500u. L, = 20u, C; = 220n. C, = 2000u, D
= 0.1, R = 13. The input voltage is 220VAC and the out-
put voltage is 36 V. The results are illustrated as follows
(Figures 6 - 9), which show that input current will follow
the input voltage automatically when Buck converter
with an input LC filter operates in discontinuous inductor
current with a constant the duty ratio.

0.12 0.1a 0.16

0.18 0.2 0.22

Time (9)

Figure 6. Input voltage and input current (220Vac; 0.52A).
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Figure 7. Output voltage: 36v (ripple: 5v),
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Figure 8. Constant duty cycle (0.15).
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Figure 9. Output inductor current (L2 in Figure 1: DCM).

5.2. Experiments

An experiment circuit was also built and the parameters
and the components used is the same as the simulations.
The control signal was generated using an UC3854.
The results are as follows.

The experimental results are in accordance with the
simulations. The input power is 125w and the output
power is 100w. Thus the efficiency of the system is 80%.

Copyright © 2013 SciRes.

The power factor is 0.98. As shown in Figures 10 - 13,
the duty cycle D is a simple constant value to gain a high
power factor.

6. Conclusions

The operation and characteristics of the Buck converter
with LC input filter operating in discontinuous inductor
current mode has been studied.
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Figure 10. Input Voltage: 220vac Input Current: 0.54maA.
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Figure 11. Output voltage: 36VDC (ripple: 5v).
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Figure 12. Output inductor current (L2 in Figure 1) DCM.
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Figure 13. Constant duty cycle.

It is found that the converter can gain a high power
factor when the duty ratio maintain constant. A low fre-
quency model of the converter has been developed. A
100w experimental circuit has been built to confirm the
theoretical analysis.
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