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Abstract—This paper extends the scope of the Part-I companion
paper on comparing the performance characteristics of buck
converters with the first- (c') and second-order (c?) switching
surfaces. Major emphasis is given to converters operating in
discontinuous conduction mode (DCM). Similar to the companion
paper, performance attributes under investigation in this paper
includes the average output voltage, output ripple voltage,
switching frequency, parametric sensitivities to the component
values, and large-signal characteristics. Due to the presence of the
output hysteresis band, an additional switching boundary formed
by the zero-inductor-current trajectory is created. This
phenomenon causes a shift of the operating point in converters
with ¢'. Conversely, the operating point remains unchanged in
converters with 6%. As well as in continuous conduction mode
(CCM), 6> can make the converter revert to the steady state in two
switching cycles in DCM and gives better static and dynamic
responses than ' in both CCM and DCM. Most importantly, its
control law and settings are the same in both modes.
Experimental results of a prototype are found to be in good
agreement with theoretical predictions.

I. INTRODUCTION

Most research articles on discussing the boundary control of
switching dc/dc converters focus on the static and dynamic
behaviors of converters operating in continuous conduction
mode [1]-[2]. The hysteresis band is usually assumed to be zero
in those analyses. There is limited information on the
characteristics of converters operating in discontinuous
conduction mode (DCM). As expressed in eqs. (31) and (46) in
[3], the critical resistances of the buck converters with ' and ¢*
theoretically tend to infinity with zero hysteresis band and thus
DCM does not occur for a large-signal stable switching surface.
However, as shown in eqs. (51) and (53) in [3], the switching
frequency will also tend to infinitive. Thus, a hysteresis band
will usually be introduced to limit the switching frequency.
With nonzero hysteresis band, an additional switching
boundary formed by zero-inductor-current trajectory is created
and possibly makes the converter enter into DCM. Fig. 1(a)
depicts the state trajectories and Fig. 1(b) shows the
time-domain output voltage and inductor current waveforms of
converters in DCM with ¢'. The output capacitor discharges to
the load and the trajectory will move along the x-axis, when the
main switch and the diode are off. This results in a shift of the
average output voltage. Fig. 2(a) illustrates the output voltage
shift when the output load is changed from R, to R,, where R, >

R” > R, and R is the critical resistance. The operating
point is shifted from ‘O;” (when the load is R;) to a new
operating point ‘O,’ (when the load is R,). When the load is R,
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Phase-plane and waveforms of the buck converter in DCM. (a) State trajectories with nonzero

hysteresis band. (b) Time-domain output voltage and inductor current waveforms.
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the converter operates in CCM. The average output voltage is
close to the reference voltage v,.; as expressed in eq. (29) in [3].
However, when the load is R,, the average output will move
away from v,

For converters with o the operating point remains
unchanged. Fig. 2(b) shows the state trajectories when the load
is changed from R, to R,. In this respect, o° exhibits a better
static behavior than o'. This paper extends the scope of the
Part-I companion paper on comparing the performance
characteristics of buck converters with the first- (') and
second-order (o) switching surfaces. Similar to the companion
paper, performance attributes under investigation includes the
average output voltage, output ripple voltage, switching
frequency, parametric sensitivities to the component values,
and large-signal characteristics. The effect of the equivalent
series resistance of the output capacitor on the operating mode
will be discussed. As well as in CCM, o” also provides better
dynamic responses than c' for converters operating in DCM.
Ideally, it can make the converter revert to the steady state in
two switching actions under large-signal disturbances. Most
importantly, the control law and setting of 6* are the same in
both CCM and DCM. Experimental results of a prototype are
found to be in good agreement with theoretical predictions.

II. DEFINITIONS AND FORMULAS
The basic definitions and formulas in [3] are used in the
following analysis. The converter can be described by the
state-space equation of
Xx=Ayx+Byu+ (4 x+Bu)g + (4, x+Byu)q, (1)
where x = [i; v¢l, vy = v,, 4;, B;, and C are constant matrices, and
q; represents the state of the switch S;. If S;is on, ¢;= 1, and vice
versa. S; represents the main switch and S, represents the diode.
Matrices Ay, By, A1, By, A>, and B, are defined as

R R |
} , Bo:m o] HRir) LR B.{L} ,
R 0 G

y=Cx

0 0l
do=lo 1
R

Bz:m and C{& R }

R+re R+r1e

C(R+r(<)

A. On- and Off-State Trajectories
When S) is on and S; is off, the on-state trajectory {V, ou, i.on}

is
2 2
v _ L i _ Vo,on | _ vo,O v
0,0n P C(Vl- — vref) L,on R L,0 R 0,0

. va,on . vo,O
+7c || Lon TR T e TR

where i, o and v, are the initial values of i, and v,, respectively,
in this stage.

2

When S is off and S, is on, the off-state trajectory {v, op ir o5}

is

2 2
L . Vo,o//’ . vo,l
Vo off =— i off — = —ip ——— + v,
0,0ff ZCVrg/- [( Loff R L1 R 0,1
. Vo,off . Vo,l
+rc [[’L,oﬁ‘ - D]; —|— ;

where i, ; and v, are the initial values of i; and v,, respectively,
in this stage.

3)

When both S) and S, are off, the trajectory moves along the
x-axis and i; = 0.
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Fig. 3 Steady-state trajectories in DCM. (a) c'. (b) o2

B. Modeling of " and &*
The general form of 6' can be written as

olar = ¢ [iL —%’j+(vo (e + Ay ))=0 4)
ola-=¢ ("L —%J + (v, - ("ref ~a)=0 )

where ¢, is a constant and v, is the reference output. i; and v,
are in a linear relationship.
The general form of 6 is defined as

2
S (iL —%) (v, = [y +42), (z’L —%’} o (6)

2
. (iL —%J (v = (e — ), (iL —%) <0 (7
where k; and k, are constants.
If ro = 0, the ideal values of k; and £, are

{kl,k2}={ L L

2C Vref 2C (V,- - vref)} (8)

C. Average Output Voltage and Output Ripple Voltage

The average output voltage v,,, is defined as the mean of the
minimum output voltage v, min and the maximum output voltage
Vomax- 1hat is,

v, +Vv

Vavg _ 0,min : 0,max (9)

The output ripple voltage v, is defined as

(10)

Vyipple = Vo,max ~ Yo,min
III. STEADY-STATE CHARACTERISTICS
Fig. 3(a) and (b) show the trajectory with ¢' and 6* in DCM,
respectively, with 7= 0,
(11

va,O = V0,3

and
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(12)

iro=ir3

where vo(t) = Vo0, Volt3) = Vo3, ir(to) = i and ir(f3) = ip 3.
In DCM, both S, and S, are off from ¢, to #;, therefore,

ipo=ipy=i3=0 (13)
where iL(tz) = iL,2-
By putting (11)-(13) into (2),
2 2
_ L o _Yer | [ Yoo
Vo = 200, —vy) [[ZL,I R J ( R J ]*Va,o (14)
where Vo(fl) = Vo,], iL(tl) = iL,l-
Similarly, by putting (11)-(13) into (3),
2 2
L (v} [, va
Vo2 = 2Cv, [[ R J [’L,l R J ]+v0,1 (15)

where v,(t;) = V,2.
A. Average Output Voltage and Output Ripple Voltage
l.c'
As derived in eq. (31) in [3], the converter is in critical mode,
when

R:R:,I,i :M (16)
1
where R: is the critical load resistance for r¢ = 0.
By putting (13) into (4) and (5), they give
e e ( T] s by + 1 )=0 (17)
o'a=c (- V‘g’ ] (00 = (e = A1 ))=0 (18)
By rearranging (18),
oo = o =) (19)
By using (17) and (19) to solve (14),
Vol = vref + A1 _\Ijl (20)
where \PI=1H+8aA1—4(D1a—1’ . L ’
2a 2C012 (vi—v,ef)
_q o _Cla(Vre/’—Al)
0=l Al)(l 2t 2)),
By substituting (20) into (17), it can be shown that
i = Yrg FAZH W Q1)

R c
By substituting (20) and (21) into (15), it can be shown that

C R%*v, (
Vos = A P I zf (vm/»+A1—‘PI+ L2 w2 (22)
L L CR vm/»L 2Ce" vy

As shown in egs. (25) and (27) in [3], Vomax and V, min can be

derived as
2
L . Vol
Vo,max = Vo, +W [IL,I - ; J (23)
ref
L v ?
. 0,0
=y o -2 24
Vo,min = V0,0 m{lho R J ( )

By using (20) and (21), equation (23) can be expressed as,

Vo,max = Vref _Al +(D1 + ne l{112 (25)
) Vief
By using (13) and (19), equation (24) can be expressed as,
Vo,min = Vref ~ A1 + (DI (26)

Thus, by putting (25) and (26) into (9),

Vavg = Vrer ~A1 + P +

“yy? 27)
2Vref
Thus, the value of v,,, with o' is dependent on A,.

By putting (25) and (26) into (10), it can be shown that

\ N4
Vryipple =vl_flP12 (28)
re;
When R — wand ©; — 0,
v,
Varg :v,effA]JrSv ;a(1ll+8aA1 71)2 (29)
re
V.
Vi :m(ﬂ/usml f (30)
re

2.6
As derived in eq. (46) in [3], the converter is in critical mode,
when
Tk 4—1122 A2
R=RG =——t— €2y
24,
ky + ks

where R=* is the critical load resistance for - = 0.

crit

By putting (13) into (6) and (7),

2
olar =k (im _le] (or = [y +45))=0 (32)
v 2
. [TOJ (o0 = (e —22)=0 (33)
By solving (33) for v, , it gives
R? 4k
Yoo = E[l i b AZ)] oo
By solving (14) with (32) and (34), it gives
Vol = Vief +A, =¥, (35)
2, D, L
where ¥, = 1+5 A= 2Ck (v —vy)’
2
R 4k
@, = (k, ﬂkl)[m[l pr—zz(v,.e/ AQ)H .
By substituting (35) into (32), it can shown that
Veer Ay =¥ v
i) =%+ /k_lz (36)

By substituting (35) and (36) into (15), it can shown that

CR?v, f
L

Voo = 1+ [1+ 22L Vpgr + 8y =Wy + L ¥, (37)
’ L CR Vref ZCV”LTf kl

By using (35) and (36), equation (23) can be expressed as,

N tfﬁxpz (38)
ref

Vo,max = Vref
By using (13) and (34), equation (24) can be expressed as,
—A, + D, 39)

Vo,min = Vref

By substituting (38) and (39) into (9), it can shown that

Varg = Vreg ~Agy + Dy + ;éﬁf -, (40)
By putting (38) and (39) into (10),
Vripple :M\PZ (41)
Vref

When R — o and ©, — 0,
ﬂ Vin
1+ ﬂ Vref

A, (42)

Vavg = Vref —Ay +
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e = (43)
With the ideal values of k; and &, in (8),
S (44)
Vyipple = 202 (45)
for R > R:> . It can be noted that v, is independent on A,.
C. Switching Frequency

In DCM lLO le lL3 0 and Vo,0 = Vo3- 0 the

average output current /, can be expressed as,

. t|, tz, t3.
I, _,L=_J' i dt =— UlozLdle zLdt+J'tz zLdt] (46)

i, Li i, —Li i,
10=LU“—’L diL+j..“ ‘L diL+J-.“0diL]
Tg \Yiro Vi = Vief L L2

L Vre

For rc =

47)

.2
1 Lv;ip,

TS 2Vref Vi = Vref
Therefore, the switching frequency fs can be expressed as

2 re
e (48)

Vi = Vref
2 I”
Ty Lviip,
l.c'
Thus, the switching frequency for ' can be obtained by

substituting (21) into (48),

2V, v, —Vv
fs=7-= fi ;f) o (49)
s Vier +A] —
Lvi[refllﬁl]
R c

2.6
The switching frequency with o® can be calculated by
substituting (36) into (48),

2v,.c\v, —v,
fs=7-= i) (50)
S Vor +Ay) =¥
Ly, | T2 7 Wy
R k

D.Simplified expressions of Vave Vyippie, and fs

Egs. (29), (30), and (49) give the expressions of Vayg, Vyippier
and f for converters with ', while Egs. (40), (41), and (50)
give the expressions for converters with 6*. In order to study
their relationships with the load current, some simplifications
have been adopted and discussed in the following.

1. o'
By substituting [V, iro] = [Vomins 0] into (5) and assuming

Vo,min ~ Vavg,

(D

Vavg = €1 10 +Vref _Al

Vay
where 1, :%.

By substituting v, ; with v, in (20) and comparing the result
with (51), it gives

W, =2A,—¢ 1, (52)
Then, by putting (52) into (28), it gives
vr[pple = 22 (Cl Io 72Al)2 (53)
Vref
By putting (20) and (52) into (21), it can be shown that
iy =201 (54)

A
Thus, by substituting (54) into (48), the switching frequency
can be expressed as,

avg
A 7
-
L
Vref
DCM CCM
-
Vavg = Clp t ey =4
Veep — 1
>/
o
L=t
q
(a)
Viippl
ripple
A
2
4y A
Vref V.o .
Vyomio = (12, =24,
Vrep
DCM ; CCM
-
v U,Alz
Veaf Y
.
S~
kRN
'
e o
[ P
(b)
s
y .
- v) -
ror W ™ Vi 7
2L, 4
C.
g 1 Z\rf(v—yf)
f=g =,
L W ‘ (24, ‘
o )
& DCM | CCM
-
>/
o
0 (et
a
©)
Fig. 4 Steady-state characteristics of converters with 6'. (a) v, wg (D) Viippre (€) fs.
1 2 vref (V- ref
Js=mr=—7""7 1, (55)

Ts 24,
Lvi[ ]
S}

Fig. 4 shows the steady-state characteristics against the load

<1>
crit *

current /,. 1, is the value of , when R = R
2.¢6°

For the ideal values of k; and k, in (8), &, - Sk =0=>d, =0.
Thus,
24,
222 (56)

By substituting v, ; with v,,,., and (35) into (36), (40), and (41),
it can be shown that

/ 20, 24,
N k0+p) Ky +ky G7)
and
| M B
vavg _Vré’f +[ Vref 1+ﬂ leZ (58)
and
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DCM | CCM
Vg b =v,) i
2Ly 24,
ky+ ey
2v (v =y, )
ref Vi " Vras
Ly| I+ [-—=2
L ky+hy, )
I
0 T
= [ =8
[u crit =
’ Fy+hy
(©
Fig. 5 Steady-state characteristics of converters with 62, (a) Vaye. (b) Vippre- (€) fs
2v;
VAN (59)

Vyipple = Tgf 1+ ﬂ
Thus, by putting (57) into (48), the switching frequency can be

expressed as

et tmbiong)

T 2
2A
Lvi| Lo+ ;{
1+ K

Fig. 5 shows the steady-state characteristics against the load
current /,.

(60)

E. Effects of rc on the Operating Mode

As illustrated in Fig. 6(a), the on- and off-state trajectories
vary with rc.  Figs. 6(b) and (c) show the shifts of the
steady-state trajectories with different values of rc for the
converter with o' and o7, respectively. The analyses are based
on the component values tabulated in Table I. The converter
changes from DCM to CCM, as r¢ increases. Moreover, the
steady-state on and off trajectories will move along the same
path and become a straight line. Similar to the method
described in [3], a straight line of slope m connecting the two
switching instants 7, and ¢, can be expressed as

Shift of the on-state
trajectories with r,
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(b)
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Ak\\ -

10 mQ

‘/30 mQ

08 2 30mQ
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inductor current (i,)

<«—100 mQ

o \ «—200mQ

)(\ Loadline

B . \ . . . )
11.97 11.98 11.99 12 12.01 12.02 12.03
output voltage (v,)

©

Fig. 6 Shift of steady-state trajectories against r¢. (a) on-state and off-state trajectories. (b) Converter
trajectories with 6'. (c) Converter trajectories with o°.

_ iL,liiL,O :R+VC (61)
Vol — V0,0
By putting i; o = 0 and assuming that the line passes through
the point {v,.s s/ R} in CCM, (61) can be expressed as

re = Vr—ef—l R
V0,0
Thus, the critical value of r¢, rc.q that the converter starts

operating in CCM can be calculated by substituting (19) into
(62) for c', and (34) into (62) for o*. For o',

Rre

(62)

v
1l = R| " |- | —1 (63)
vref - Al vref - Al
For 62,
2kyv
& = 41 = -R (64)
2
R|1- 1—R—2(v,e,» A,)
IV. PARAMETRIC VARIATIONS ON THE CONVERTER
CHARACTERISTICS
The components L and C, and v; are subject to variation
Vi =ViN (1+5) (65)
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L=Ly(1+6,) (66) 03 -2
02 His
C=Cy(1+8) (67) 15
where v; y, Ly, and Cy are the nominal values of v;, L and C, 0 502,89 ’ 11
respectively, 8y, 8, and 8; are the fractional variations of v;, L o 6550 I12
and C, respectively. Sensitivities of Vyyg, Vyipple, and fs10 81, 8, b A g
I
and &5 are based on egs. (51), (53), (55) for 6" and egs. (58)-(60) o e
for 6. o £6,8,8) -~ e
. 0.5 S 04
A. With ¢ Jyf S 102
By substituting (65)-(67) into (51), (53) and (55), the % - ‘ ‘ , ‘ !
change of Vaye, Viippie: and fs from its nominal value are " " Nominal Duty RatiooiDN) " v
%A vavg (v,- ,L, C), vavg (v,-‘N ’LN S CN ) 0 (68) Fig. 7 Maximum values of &, &, and &; at different duty cycle Dy.
oAV, ., = =
“s Vavg (vi,N 9LN s CN)
ippleVis Ls ©) = Viipnie Vi v Ly € 3
%o Ay = Vyipple Vi ) = Veipple Vi N> Ly Cy) 55,6, 8) (69)
Vseipple Vins Ly> Cy)
L, C)— v Ly, C o
vy = 8L D DTS e O) 55, 50 (70) = A
SsOin, Ly, Cy) § X
where Dy = v / vy is nominal duty cycle, 2 \‘\ /
1 1 1-D El VS
51(51’52’53)=(+51)( +§2)( N)_l , and _él \\”:
(1+6;)1+6,-Dy) g 7 2
(1+6,)-D >~ <1 R=2R,
$2(61, 05, 03) = ( ( ! (N —-1. " Reflective region of 6!, | >
1+51) 1+52) liDN) (I)Iv6 1.7 I]EC~ 1.9 12 12,1 12.2 I2.3“ 124
output voltage (v,)
B.With ¢’ o .
By substituting (65)-(67) into (58), (59) and (60), the % 2\ N/
change of vy, Viippre: and fs from its nominal value are a5k
A -~ \ {
%AV, = &5(8), 8,, 53) —= (71) = ot /
Vref 51 pnly
Refractive region
%AV ippte = &3(51, 55, 53) (72) ’
2t
%A.fS=§2(§1=§2a§3) (73) é R=2R
R= TR
where & (5, 5,, 5;) = (1+6)1+5) 1. osf
(1+51)(1+53)+DN(52—53) \
By using the function of “fmincon” on MATLAB, Fig. 7 Y S
. . 1.9 1192 1194 1196 1198 12 12,02 12.04 1206 1208 121
shows the maximum value of &, &, and &; at different duty output voltage (v,)
cycle Dy from 0.1 to 0.7, where v; is subject to a maximum , . , ®) , )
L. . Fig. 8 Transition boundaries of the upper and lower bounds. (a) c'. (b) c”.
variation of +20% (i.e., 8; € [-0.2, +0.2]) , and L and C are N \neas oK T 100ms/s 25 e
subject to a maximum variation of £10% (i.e., &5, 8; € [-0.1,
+0.1]).
N . VAWBEVAANAANAANNAN

Varg 1N o [eq. (71)] is sensitive to the component variation, as

compared with 6! [eq. (68)]. It is mainly because o is ML ) LA L
dependent on the component values, while o' is explicitly f J (——“ d

determined. However, as shown in (71), A, <<, the variation o : o
of v, With respect to parametric variation is very small.
. .. . . NENH! R LA AL LR
Compared (69) with (72), the variation of v, in 6> is much B e v W e et
Ch3 100V Ch4 500mA Ch3 10.0V Ch4 500mA
less than that of '. The former one only varies between -15% @ ®)
and +20%, while the latter one can be up to 200%. Fig49. Transient response of_buck converterwheq load chal?ge from 0.21'\(2.4 W) 0 0.8 A (9.6 W),
. .. . and vice versa. [Ch2: if(2 A/div), Ch3: vy,(10 V/div), Ch4: i,,(500 mA/div)] (Timebase: 250us/div)
Compared (70) with (73), the frequency variations in the two (@) 6" [Ch1: 1, (200 mV/div)]. (b) 6* [Ch1: v, (100 mV/div)].
switching surfaces are the same. ek gmE oowsss 053 aces TeKSTE oMy 153 Acas
V. LARGE-SIGNAL CHARACTERISTICS ; W\/VW
. p . . 4 AN VWANAVVAMVAAA
The large-signal analysis method shown in [3] is based on ' - AN f
assuming that the hysteresis band is zero. As DCM is Ty LYY VYTV R L L VL IV v
introduced by nonzero hysteresis band, the large-signal : ’
characteristics are studied by considering the transition ; ) )
boundaries of the upper and lower bounds. The transition '
boundaries with ' and o° are shown in Fig. 8. As illustrated in UL AR, AR AR oo
: " : 1 1 : SIS O% gig v o7 oK QU g gy v oes w0
Fig. 8(a), the transition boundaries for 6 5. and 6 5. are all in the
flecti i h i i ; hus th (a) (b
reflective regions (as snown m Flg 5(2[) m [3]) and thus the Fig. 10 Transient response of buck converter when load change from 0.5 A (6 W) to 3 A (36 W), and

vice versa. [Chl: v,,(200 mV/div), Ch2: iy(5 A/div), Ch3: v, (10 V/div), Ch4: i,,(2 A/div)]

converter is in the sliding mode. The transition boundaries for (Timcbose, 250y/din @ o1, (3) oF
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6%, and 6%, are similar to the ones in CCM and are always on
the boundaries of reflective and refractive regions [Fig. 8(b)]. It
exhibits the advantages of providing near-optimum transient
response to large-signal disturbances. Detailed discussions can
be found in [3].

TABLEI

COMPONENT VALUES OF THE PROTOTYPE
Parameter Value

\ 24V

Vyef 12V

L 100 uH

C 400 pF

R 60 Q

Ci 0.2702

{ki, b} {0.0104, 0.0104}

fs 20 kHz

A 405.3 mV

A, 23.4 mV

Tek S Single Seq 5.00MS/s Tek S{JE 5.00MS/s

b

j A \
P ke S

4 4]

oA A AR

Chi~ 100mvA  Ch2 2.00A  M50.04s Chd 1
ch3 10.0v  Chd 2.00A

55 Acas

I

+. 5

Chi 100mvy  Ch2 2.00A WM 50.0ps Chd \
ch3 100V Chd 2.00A

T.20A 1204

(@) (b)
Fig. 11 Transient response of buck converter when /7, is changed from 2 A (24 W) to 0.2 A (2.4 W). [Chl:

Vou(100 mV/div), Ch2: i1(2 A/div), Ch3: v, (10 V/div), Ché: i,,(2 A/div)] (Timebase: S0us/div). (a) re =
100 mQ. (b) re =200 mQ.

VI. EXPERIMENTAL VERIFICATIONS

A buck converter with the component values tabulated in
Table 1 is studied. The parameter ¢; in o' is obtained by
optimizing the startup transient as in [3]. Fig. 9 shows the
transient responses with o' and o, respectively, when the
output load is changed from 0.2 A (2.4 W) to 0.8 A (9.6 W), and
vice versa. It can be seen that the output has a voltage drift in '
and does not appear in 6°. o' takes about 200ps to settle, while
o” seems to have no transient period. Fig. 10 shows the
converter response when it is subject to a large-signal change
that the load is changed from 0.5 A (6 W) to 3 A (36 W), and
vice versa. The operating mode of the converter is switched
between DCM and CCM. The converter with ' takes more
than 500us to settle from 0.5 A to 3 A and takes 200us from 3 A
to 0.5 A. The one with * takes about 50us to settle from 0.5 A
to 3 A and takes 150us from 3 A to 0.5 A. Thus, o° exhibits
better dynamic response than '. With the same control law,
the converter with 6* can regulate the converter in both modes
and there is no voltage drift. The dynamic response with ° is
much better than that of ¢'. Fig. 11(a) and (b) shows the
converter output with ro equal to 100 mQ and 200 mQ,
respectively. The output current is changed from 2 A to 0.2 A.
The equivalent value of R when 7, = 0.2 A is 60 Q. Based on
(64), &2, =115 mQ. When rc =100 m<, the converter at /, =
0.2 A is close to CM [Fig. 11(a)]. When r¢c = 200 mQ2, the
converter at [, = 0.2 A is in CCM [Fig. 11(b)]. This confirms

the discussion in Sec. I1I. Fig 12 shows the measurement results
Of Vavg, Vyipple: and fs with o' and 67, as compared with eqs. (29),
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Fig. 12 Experimental measurement of the steady-state characteristics of converters with ¢' and ¢°.
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(30), and (49) for ¢' and egs. (40), (41) and (50) for o>
Theoretical predictions are in good agreement with
experimental results.
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VII. CONCLUSION

A comparative study on the static and dynamic behaviors of
buck converters operating in DCM with the first-order and
second-order switching boundaries have been examined.
Detailed mathematical analyses have been given and have been
supported by experimental measurements. Generally,
converters with the second-order surface are found to give
better dynamic responses and than the ones with the first-order
surface.
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