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INT. J. ELECTRONICS, 1994, vOL. 77, NO. 5, 679-701

Steady-state analysis including parasitic components and switching
losses of buck and boost DC-DC PWM converters under any
operating condition

ALBERTO REATTI}

A detailed analysis of DC-DC buck and boost converters operated both in
continuous and discontinuous current modes is reported. Expressions for the
voltage transfer functions and efficiencies of these two basic topologies have been
derived in a closed form. These equations describe the converter behaviour for
both constant output voltage and constant input voltage operation. Voltage
transfer functions are derived so that the load regulation characteristics of the
converters are closely described, including those for conlinuous current mode
operation. Because of this, they can be effectively used to design a converter circuit
responding to any given design specification. Both the equations for the efficiencies
and voltage transfer functions are general and the values of the parasitic par-
ameters to be introduced can be found on the component data sheets or derived
from simple measurements. Because of this, results of the analysis presented can be
effectively used in the optimization of the converter circuit performances. The
general approach to the analysis of power converters including parasitic compo-
nents given in the paper can be applied to any power converter circuit. Theoretical
derivations are in good agreement with the results of computer simulations
performed by using the PSpice program.

1. Introduction

Engineers in the field of power conversion are working to reduce the volume and
weight of power converters. In recent years, many resonant DC-DC converter
circuits have been presented (see for example Kazimierczuk er al. 1992 and 1993,
Kazimierczuk and Wang 1992). The main advantage of these circuits is that
switching losses are drastically reduced so their operating frequency can be raised
above some hundreds of kilohertz. Unfortunately, these circuits have higher
conduction losses than conventional pulsewidth-modulation (PWM) DC-DC eir-
cuits, cannot be operated at a constant frequency, and require a high quality-factor
inductor to be used. Moreover, new integrated control circuits and power compo-
nents are mostly developed to be used in PWM converters. For this reason, PWM
topologies are still those most commonly produced and industry engineers are
developing high power-density circuits derived from the two basic buck and boost
topologies, operated at increasing switching frequencies. Since high power-density
converters can be achieved only if their efficiencies remain high over the entire load
range, it is of primary importance to understand how to control the losses in the
converter circuit components, Moreover, a good design can be carried out only if all
the parameters affecting the converter transfer function are considered (Liberatore
and Reatti 1993). In spite of this, the many books and papers written on switch-
mode power supplies do not give any general equation for converter efficiencies (see
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680 A. Reatti

Billings 1989, Bracke and Geerling 1986, Fisher 1991, Kassakian ef al. 1991, Mohan
et al. 1989), and some of them (Kilgenstein 1989, Pressmann 1991) evaluate the
losses in the circuits, their efficiencies and voltage transfer functions under specific
conditions, e.g. at the full load operation, and/or by using coarse approximations.
Even if this is done according to what is often required by customer design
specifications, it does not give a good understanding of the converter behaviour
under different operating conditions. Moreover, the voltage transfer function of
buck and boost PWM converters operated in continuous current mode (CCM) is
generally assumed to be load independent. Due to the parasitics of the converter
circuit components, this is not true and variations of voltage transfer functions with
load cannot be neglected in those converters supplying a high output current I, at a
low output voltage ¥V, e.g. I, greater than 1 A and V=33V, 5V or 12V, An exact
evaluation of efficiency and voltage transfer function cannot be derived by using
state-space averaging techniques (see Middlebrook and Cuk 1981, Mitchell 1988,
Lee 1985, Amran et al. 1991) because the inductor current ripple is neglected and, as
a consequence, power losses in the filter capacitor are not considered. Moreover, the
models derived for a frequency domain analysis do not include switching losses,
which cannot be neglected when the switching frequency is increased above about
100kHz. More detailed expressions of PWM converter efficiencies and voltage
transfer functions can be found in Czarkowski and Kazimierczuk (1992a-f and
1993), but they only refer to the CCM operation of the PWM converters.

This work presents a systematic method for considering all the major parasitic
effects in the evaluation of the efficiency and voltage transfer functions of buck and
boost PWM converters. This method has already been used successfully for other
converter circuils (see Reatti and Kazimierczuk 1993 a, b). Conduction losses are
evaluated taking into account the parasitic parameters of the circuit components.
The switching losses in the power MOSFET used as a control switch are also
considered. Moreover, the expressions for power losses are derived in such a way
that the values of parameters to be introduced can be found from component data
sheets and/or determined by simple measurements, Thus, the equations presented in
this paper can easily be used in designing the converters and to predict the
performance of the actual circuit accurately at a high operating frequency for both
continuous and discontinuous current mode operation. The significance of the paper
is that the results of the analysis presented can be used as a useful tool in the
optimization of power converter design.

2. Evaluation of buck and boost DC-DC converter efficiency
2.1. Assumptions

The analysis of buck and boost PWM converters is based on the following
assumptions.

(@) The power MOSFET used as a controllable switch is modelled as an open
circuit when OFF and as a constant resistance Ry when ON.

(£} The diode is modelled as an open circuit when in the OFF-state and as a
series combination of a battery Vi and a resistance R, when conducting.

{r) Passive components like capacitors and inductors are assumed to be linear
and time invariant. Moreover, they are assumed to operate at a switching
frequency far below their first resonant frequency. The inductor series
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resistance R; and capacitor equivalent series resistance (ESR) R, are
assumed to be independent of operating temperature.

{d) Switching losses in the diode are neglected. The reverse recovery effect of fast
and ultra-fast diodes is not considered, nor are parasitic capacitances of
Schottky diodes.

(¢) Power consumption of the IC control circuit driving the power MOSFET is
not considered.

(f) Since the effect of MOSFET parasilic capacitances cannot be neglected, the
switching losses have been taken into account.

Figure 1{a) shows the current and voltage waveforms from a PSpice computer
simulation of the turn-on of an IRF150 power MOSFET. The switch turn-on can be
divided into three time intervals:

(i) during the time interval ¢, the MOSFET drain current i, increases linearly
from zero while the drain-to-source voltage vpg remains constant and is
equal to its maximum value F,;

(ii) during the second time interval ¢, the voltage across the drain and source
terminals vpg decreases linearly from Fy; ip remains constant (the current
overshoot is neglected);

O Buck Converier Temperatire: 27.0
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Figure |. Waveforms of the drain-to-source voltage ppg and drain current during the turn-on
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(iii) time interval 1, corresponds to the time the voltage v,g takes to decrease
from ¥y to zero, i, remaining constant during 1.

The slope of the waveform of vy is larger during ¢, than during ¢,, because the
output parasitic capacitance C g increases as rpg decreases, From Fig. 1(a) we have
{y=18ns, {;=18ns, {;=72ns and ¥x=09V. The power loss during the MOSFET

turn-on process is
1 1
Pion=P;, + Py + Py =5 (t, + )Vl S +5 ta Vxlut (0

where [ is the MOSFET switching frequency. Since Vy=24V and Iy=10A, for a
switching frequency f=100kHz the turn-on power loss is Pou=0216+0-216
+0-032=0-464 W.

Turn-on losses can also be evaluated by using the plots in the MOSFET data
sheets as follows. From the linearized MOSFET transfer characteristic, which gives
the drain current iy against the gate-to-source voltage vgg, it can be seen that the
drain current reaches the value [, for a certain value of the gate-to-source voltage
vgs = Fgs. Once Vg is known, the plots of vgg against Q, allow the charge that is to
be injected in the gate terminal Qg to be determined. Time ¢, is expressed as

- Q’l”

s @)

4

where I is the average current supplied by the driving circuit during the turn-on.
Assuming that V, =0, ¢, is given by

V C D min
o e Ot hilns (3)

2 fﬂ

where Cgpmin= Crssmia 15 the pate-to-drain parasitic capacitance evaluated at My
= Fy. The turn-on power loss is evaluated by substituting (2) and (3) in

Pron=1 Vilw/(t; +12) @

For the IRF150 power MOSFET considered in the example, the drain current
Iy=10A when V=6V, that is, when Q= 12nC. Since the average gate current
during this time interval is [;=0-3 A, we have i, =24 ns. With Cgpmi, =280 pF, the
second time interval 1, =13-44 ns. The resulting turn-on power loss in the MOSFET
i5 Py =0-449 W. Since this result differs only slightly from those given by (1), the
approximated expression (4) can be considered suitable for evaluating the MOSFET
switching losses. Unfortunately, this requires the power MOSFET driving circuil to
be known. For practical purposes one can refer to the approximated voltage and
current waveforms shown in Fig. 1(h). The turn-on power loss is given by

P:::m:ﬁ

5
fuyufsf=24 LyVatef (3)

where tg is the turn-on time and # is the time the drain-to-source voltage takes to
decrease from 90% to 10% of the maximum wvalue V,,. Since f; is given in the
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MOSFET data sheets, turn-on power loss can be easily evaluated using (5). From
the IRF130 data sheet we have t,=100ns for ¥y=24V and I,,=20A. Using (6) and
Iy=10A and ¥,=24V, the turn-on power loss is evaluated as Poy=0-5W. Note
that this value of Py is only 0-034 W larger than that obtained using (1). Also,
turn-off losses can be taken into account by using the value of the rise time t; of vpg
given in the power MOSFET data sheets. As a result, the total switching losses in the
MOSFET are

5
LyVults +1)f (6)

P5w=PmN+PmFF=24

Actually, snubber circuits and parasitic components modify the switching
voltage and current waveforms of the MOSFET. However, when proper operation
of the converter is achieved the current and voltage overshoots are relatively small.
Moreover, by using snubber circuits, switching losses are transferred from the power
switch to the snubber components. Therefore, (6) gives the overall switching losses
to a good approximation. The main advantage of using (6) is that the values of 1,
and 7, can be read directly from the MOSFET data sheets and the switching power
losses evaluated regardless of the driving circuit.

2.2, Buck converier operated in the continuous current mode

A schematic of a DC-DC circuit buck converter circuit and its equivalent circuit
are shown in Fig. 2(a) and (&), respectively. The voltage and current waveforms over

j o=
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Figure 2. PWM DC-DC buck converter: (@) ideal circuit; () equivalent circuit including the
parasitic components.
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Figure 3. Stcady-state current and voltage waveforms in a PWM buck converter. (a)
continuous current mode; (#) discontinuous current mode.

one switching period of a buck converter operated in the CCM are shown in Fig,
3{a). The current through the inductor L in the circuit of Fig. 2(a) is given by

Vo(1—D) 1 Vy(1=D)
- r+|:1,31—-2 Lj"_:| for 0<t=DT
AOEY 5 I Vo(1—D) &
A N
__I:.[,_DT}+|:IG+§ Lf -] for DT<i=T

where I is the DC output current, D=1,/ T is the MOSFET ON duty cycle, and T
and [ are the converter switching period and frequency, respectively. The RMS value
of the current through L is

V3(l— D)z
IL.RHS=|:II§I+ |2L::j-2 ] {E]
Therefore, the power loss in the inductor equivalent resistance is
V1[] - D}Z
-FIIL:RLIIZ..RllszRL[Ié-IF ;}21.2.!'2 ] {g.]

As shown in Fig. 3(a), the current through the power MOSFET is that through the
inductor when 0<r=DT. Therefore, the RMS value of the switch current is
I5 pas= I pusD'2. Moreover, the peak current is Iy=1Io+ Vo(l —D)/2Lf and the
power losses in the MOSFET are
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5
PM=Pkns+Psw=RU§f§.RMS+

24 VMIMUI‘ B Elr:}.lr
v31—Dy*], 5 Vo(1—D
=RDSD|:IE.+ ?;sz"f) }+-2311(f0+-°g” }){:,+!,]|f (10)

Since the inductor current flows through the diode when DT <= T, the average and
the RMS values of the current through the diode are Iy ayvg=(1—D)Ig and
Iy s = (I — D)2 _pys. respectively. As a result, conduction losses in the diode are
expressed as

2 2 Véf“ _D}z
Pp=Velpave + Relf ams = Vel = Do+ Rel(1 - D)) I+ IELifﬁu (11}
Only the AC component of the diode current flows through filter capacitor C,
resulting in a power loss in the capacitor ESR given by

Va(l ~D.‘12]

Pnc=ﬂcfé.ams=ﬂc[ I (12)

From Fig. 2{h) we have

Vi— Vo— Vap— Vs — V=0 for [I-::rEDT} (0%

o+ W+ L+ V=0 for D=¢(=T

where ¥, and W, _ are the equivalent voltages across L during the switch ON and
OFF times, respectively. Voltages Vg, Vi, Vp are the RMS values of the voltage
drops across the power MOSFET, the inductor series resistance and the diode,
respectively. The voltage drop across the filter capacitor ESR has been neglected
because DC-DC converter design specifications require that the maximum AC
ripple of the DC output voltage is very small, e.g. less than 1% of the nominal DC
output voltage. Using (8) and (9). the RMS equivalent voltage drop across the
inductor resistance is

C B g [ i VR =D
VRL_II.,HMS_RLI:ID-i- 12L%? =
The voltage drops across the power MOSFET and diode are given by
L — . VA(1—DyT)|v2
VS_IS.RM‘S_ RM{D[IG—F lii‘zfi . (1)
and
Py , . Va(1—D)y* 742 Ve(1—D)'2
= =R (1= 1 P )
L0 e “{“ D'\’[I” T2/ [ 7 (0
L3713

respectively. Moreover, in the steady-state operation we have

W.D=IW_[(1-D) (17
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and, therefore, the input voltage is expressed as

1 e g
V, =5 [Vo+ VeD+ Vyy + V(1 — D))= ;+D[DRD5D”2 + Ry + R{1—D)(1 —D)*2

VE(1—D)"\12  V(1—D)(1-D)'"*
X (IE. + oy ) T v3I-D (18)
( 'Tzl"zfifg'_)

The efficiency of a DC-DC converter is

Py Py
PI_P0+PHL+PH+PD+PKC

U (19)

Substitution of (9)-(12) in (19) gives the efficiency of a DC-DC buck converter
operated in the CCM

Ve I
'Fﬂuucu={| +_F-/F“ =D+ [R, + RpsD+ Rl -D}]T?+[RL+RDSD+RF{I DY+ R
o o

(1-DY*V, 5 [1 (1-D) -1
120571, 24 ";[i}c}*‘ih-fﬂ]{h*‘ fr]f} (20)

Assuming a load resistance R=F,/I, and neglecting the switching losses and the
current ripple, (20) simplifies as

21)

rrm{u+5i;2!+.ﬁL+ﬂmD;%4l—u}]—-
0

This simplified expression can be used effectively when L is large and the switching
frequency low.

The voltage transfer function of the buck converter Mypucca= VoV could be
evaluated by using (18). However, the resulting expression would be largely
approximated at high operating frequencies because switching losses are not
considered. The voltage transfer function of a DC-DC converter can be evaluated
more precisely by using the following definition of the efficiency:

n= =20 MM, (22)

where My and M, are the voltage and current transfer functions, respectively.

Since the current transfer function of a buck converter operated in the CCM is
Migueem=lo/li=11/Is=1/D, using (20) and (22) the steady-state voltage transfer
function of a non-ideal buck converter operated in the CCM is
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¥, I
=p{1 405 (1=D)+[Ry + RpsD + Re(1 = D)) 7 4 [Ry + RpsD+ Re(1 = D) + R
4] [s]

(1-DPV, 5 [1 (1-D) 1!

This expression is simplified if the switching losses and the current ripple are
negligible (that is, for a low frequency operation with large values of L)

Fe(l —D R R Rell—DYy]-1!
MJ"«'E-I.ICCM=D|:]+ P{p 2+H_“_51}; al }]
o

(24)

By using (18) the efficiency and the voltage transfer function of the buck
converter are expressed in a closed form for both constant input voltage and
constant output voltage operation.

As an example, a buck converter operated in the CCM at a switching frequency
f=100kHz, an input voltage ¥,=28V and a constant nominal output voltage
K,=10V (D=0-36), supplying a maximum output current [,=12A, was con-
sidered. It was assumed that the MOSFET drain-to-source resistance was Rpg
=55mf, the voltage of the battery and resistance used in the diode equivalent
circuit were Vp=0-57V and R.=20m¢}, respectively. The choke inductor had an
inductance L= 50pH and a parasitic resistance R, =50m. The capacitor ESR was
R.=50m®. Figure 4 compares the efficiencies of the converter evaluated according
to (20) and (21). Since the switching losses and the contribution of the current ripple
to the current RMS value are neglected in (21), fuccy 15 higher than ggycey over the

o5

B5 -
(%) 0 | —
75
70

[ik]

60 L I x . S .
0 2 4 & & 10 12
(A) ',

Figure 4. Efficiencies fyyccy and Hpucew of a buck converter operated in the CCM, a
constant output voltage ¥,=10V as a function of the DC output current [, at
f=200kHz, Rps=55m€, r,=f=80ns, V;=05TV, Re=20mQ, L=50pxH, R,
=350m and R.=30mi,
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Figure 5. Voltage transfer function My, of @ buck converter operated in the CCM, a
constant oulput voltage V=10V as a function of the DC output current [, at
JS=200kHz, Rpg=55m. ¢ =1,=80ns, =057V, R.=20mQ, L=50pH, R,
=50m0 and R.=50mg.

entire load range. Moreover, the latter decreases when the output current increases,
while the former is almost constant over the entire load range. Figure 5 shows that
voltage transfer function Mygyeey shown for a constant output voltage (V,=10V),
depends on the output power. Actually, the voltage drops in the parasitic compo-
nents increase as the output current rises from zero to its maximum value. Figure 6
shows the voltage transfer function against the output current I, with the duty cycle
D used as a parameter for a buck converter circuit operated at a constant input
voltage. It is shown that the voltage transfer function is zero if the duty cycle is as
low as 0-1 and the output current higher than 5 A, This is because a high current in
the parasitic components produces an overall voltage drop which is higher than the

M 1 : - : : - |
YELOCM D=1

04 ]
8] N
Q.7

0.7

0.6
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el 0s |
el K
03 | \
0.2 0.2 ;
01| 01 i
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Figure 6. Voltage transfer function Mg 00 0f 2 buck converter operated in the CCM, a
constant input voltage W =28V as a function of the DC output current [, with the
duty cycle D used as a parameter at f=200kHz, Rp,=55m0, i,=1=80ns, ¥,
=037V, Rp=20mi), L=50pH, R, =50m and R.=50mid.
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achievable DC output voltage at D=0-1. In Fig. 7 the efficiency of a buck converter
is plotted as a function of the output current using the duty cycle D as parameter,
The efficiency decreases to zero when the overall converter voltage drop is equal to
the DC output voliage,

2.3. Buck converter operaied in the discontinuous current mode

The current and voltage waveforms for a buck converter operated in discontinu-
ous current mode (DCM) are shown in Fig. 3(h). The current through the inductor L
has a triangular waveform with a maximum value

| P St ot (25)

where D, is expressed as (Fisher 1991)

o= 1s(1+3)]" a

Since the RMS value of the inductor current is I} pys=1Iu(D,/3)'?, the power loss in
the inductor ESR is

D,[Vy(D,— D)2
P =Rulf pus =R, 3'[ 7 ] @7

The MOSFET is ON when 0<¢=DT. Therefore, the RMS value of the current
through the power MOSFET is I gys =11 gus(P/D;)"'?, and the total power loss in
the power MOSFET is given by

3 D[ VoD, —DY 5 VoD ,—D
PM=RDGI§‘“MS+QAV“I“{’f+frjf=Rus I:‘JI: 1 }] i oDy )

3 Lf 24 1{J. Lr [r[+f,lf
(28)

100 |
BUCCM

(%a)

(Al L

Figure 7. Efficiency §gpeoq ©f a buck converter operated in the CCM, a constanl input
voltage l;=28V as a function of the DC output current [, with the duty cycle D used
as a parameter at f=200kHz, Rpe=355m}, 1, =14=80ns, V=057V, Rpg=20m%,
L=50pH, R; =50mL and R.=50mil
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Similarly, the conduction power loss in the diode is expressed as

Vo(D, —D)?
2Lf

VD, - D)’
3.[-2]'_1

Pp=Velp ave + Relf ave =V + Ry (29)

because Dy is ON when DT <= D, T. Since capacitor C conducts the AC compo-
nent of the current through the diode, the power loss in the capacitor ESR is

V3(D, — D)*(4D, —3D})

LT (30)

Pnc=Rcfé,nMs=Rc

Combining (13) (where the second equation is now true for DT <= D, T) with

W+ D=|V__|(Dy—D) and evaluating the equivalent voltage drops across the para-
sitic components yields the expression for the input voltage

(D, —D)

D . D :
K=VU :L';+[RDSDL'IE+R|_.D‘ID;J2+RF'_ == '{.D]_D}illl]

 YolD1=D)  Vei/ 3(D, — D)

V3L 2D

Substitution of (27)-(30) in (19) yields the efficiency of the buck converter operated
in the DCM

(31)

(D, +D)? 3D,
’IHUDL'M={I+VF E}OLf' +[RLD|+R|-{Ds—D}+RDSD+RCDL(I———4 ):|
Vo(D, —D)* (D, —D)
x'jgrffi +24V ILf +fr]'f} (32)

Since the current transfer function of a boost converter operated in the DCM is
Mpycem=1Io/1,=D, /D, the voltage transfer function is given as

Neubcs Dl Vel D, —D)?
M = = 1 ot St
vRup HIBLIDE“M D { *

3D
+[RLDL +Ry(D, — D)+ RpsD + ReD, (| " _4.1)]

Vo(D,~DY 5 ,(D,~D)
3L T34 oLy

Figures 8 and 9 show the efficiency and the voltage transfer function of a DC-
DC buck converter operated in DCM at an input voltage F,=28%V, a nominal
output voltage and current Vo=10V and I5=3A, respectively. The switching
frequency was f=50 kHz, the rise and fall times were ¢, = ;=80 ns, the inductor had
an inductance L= 10pH and an equivalent series resistance R, = 50 mQ, the MOS-
FET drain-to-source resistance was Rps=355mf), the capacitor ESR was R
=50mf), the battery of the diode model had V.=0-57 and the resistance R,
=20mg.

(1 +Irlf} (33)
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Figure &  Efficicncy fpupew oF @ buck converter operated in the DCM, a constant input

voltage V=28V as a function of the DC output current I, at f=50kHz, Ryy=55mLd,
t,=t;="80ns =057V, Rp=20ml, L=10pH, R, =50m and Rc=350mi2.

2.4. Boost converter operated in the continuous current mode

A schematic of a PWM DC-DC boost converter circuit is shown in Fig. 10{a).
The current and voltage waveforms of the converter operated in the CCM are
depicted in Fig. 11(a). The equivalent circuit of the boost converter including the
parasitic components is shown in Fig. 10(h).

The power losses in the series resistance of inductor L are

2 £ ViD?
Ppo=RuI{ wus=Ry tl — Dy T |2£2,_f_i (34)

0.45 me o
VELDCM

0.4

0.35

03

025 -

072k . A . . . |
] 0.5 1 1.5 2 25 3
{A} Lol
Figure 9. Voltage transfer function Mygupey of a buck converter operated in the DCM, a
constant inputl voltage =28V as a function of the DC output current I, f'=50kHz,
Rpe=55mi}, ¢ =t="80ns, V=057V, Rp=20mf, L=10pH, R =50m and R,
= 50 mL}.
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Figure 10. PWM DC-DC boost converter: (a) ideal circuit; (#) equivalent circuit including
the parasitic componenis,

(a) 1]

Figure 11. Steady-state current and voltage waveforms in a PWM boost converter: (a)
continuous current mode; (h) discontinuous current mode.
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The current iz through the power MOSFET is equal to i, during the time interval
0<r=DT and then is zero. Therefore, the RMS value of ig is I gus=1_ gusD"', the
maximum voltage across the switch is ¥y,= ¥, and the power loss in the MOSFET is
given by

5
Py=Rpsls nm+24 Valult, + 1)

—Rog| fo 4+ D 5 To 35
s [(l -ﬂii+l2Lz_f-i]+24 “I:ﬁ_ Eij:]{f +ie)f (35)

Since the inductor current flows through Dg when DT <r= T, the average and RMS
values of the diode current are Iy yyo=1g and I pus=1I; gus(] — D), respectively.
Therefore, power loss in Dy is

Iz ViD?
} Velo  (36)

Po=Velp ave + Rr'f[z:,nh-tS:RF“ —D]I:“ D}z o 5o I’JL’]"

The power loss in the filter capacitor ESR is expressed as

13 ViD ]

Pre=RclE gus=RcD(1-D [(] m: 12172 (37)

By using (17), evaluating the equivalent voltage drops across the converter parasitic
elements, and neglecting the inductor current ripple, the input voltage is

I
¥,=Vy(1 = D)+ [RpsD(D) 3 4+ Ry + Re(1 — D)2 ]_"D+ V(1 =D)¥*  (38)
Combining (34)-(37) and (19) gives the efficiency of the boost converter operated in
the CCM

1

V.
nmu={1 + V:+[RL+RDSD+RH.’I —D)+RD(1 — m] Ve (i—DY

(1 D}z
12L3 2 1 'Tt'

| 4 =
[il—D} TTIR }{r +rflf} (39)

Substitution of Mppcen=1(1—D) and (39) in (22) yields the converter voltage
transfer function

+[R + RpsD+ Rl — D)+ Re-D(1 — D]~

1 V.
Mynocon=1—p {1 + Vﬂ+{RI_+Rmﬂ+RF{1—D‘J+RcD[I D}] Ve (=D

—D)y* W,

+[RL+RDSD+R:.{|—D]+Rc9{|—m] luzfz- + 24

1
’{{I—D} 2;.;1 :|U+l'r}f} (40)
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(A f

Figure 12, Voltage transfer function My ga00 ©f 2 boost converter operated in the CCM, a
constant output voltage V=12V as a function of the DC output current [, with the
duty cycle D uvsed as a parameter at f=100kHz, Rpg=>55mi), ¢ =4=100ns, I
=166V, Rp=30mL, L=200uH, R, =300m} and R.=20mi

By using (38), both the efficiency and the voltage transfer function are expressed
in a closed form for constant output, and input, voltage operation.

Figure 12 plots the voltage transfer function Mypooew of @ boost converter
operated in the CCM as a function of the DC output current [, by using the duty
cycle I} as a parameter. It was assumed that the converter was operated at a constant
output voltage Mo=12¥, a maximum output current Io=3A and a switching
frequency [=100kHz. An inductance L=200pH was selected with a parasitic
resistance Ry =0-3£). The MOSFET drain-to-source resistance was Rpg=55m{} and
switching times were f,=4#=100ns. The diode equivalent circuit had a battery
voltage V=166V and a resistance R,=30m{}. Filter capacitor ESR was R.
=20mf2. Figure 12 shows clearly that the voltage transfer function of the DC-DC
boost converter was almost load independent only for values of the duty cycle [
lower than 0-5, even in the case of a relatively low output current. In Fig. 13 the
transfer function obtained from the analysis of the ideal boost converter (see Mohan
et af. 1989 and Fisher 1991, as examples) is plotted as a function of D) and compared
to that obtained considering all parasitic components in the converter circuit at
different values of output current [,. Even at a low output current, I,=0-1A, the
voltage transfer function was not greater than nine and was zero when D=1.
Morcover, for the full load operation, the voltage transfer function was not higher
than 1-6, that is, the minimum wvoltage the converter could be operated at was
¥=7-3V. The converter efficiency is plotted against the output current by using
duty cycle D as a parameter in Fig. 14. The boost converter operated in the CCM
had a high efficiency over the entire load range if the duty cycle D was lower than
D =0-5.In Fig. 15 the converter efficiency is plotted as a function of the duty cycle D
by using the output current I, as a parameter. Figures 13-15 show that the converter
can be operated with high efficiency for input voltage ¥ ranging from 9V (o 12V,

2.5, Boost converter operated in the discontinuous current mode

The RMS values of the current through the converter components are evaluated
from the waveforms in Fig. 11{#). The power loss in the inductor L is expressed as
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) ViD®D,

PRL=RLIE,RHS=RLIE!TI=RLL]_}-]T (41)

where [, is the maximum current through the converter components and (from

Fisher 1991)
2 1;2
D, =1}+1{j§ +[(IFZLD +2 f‘;fq (42)
[n]

As in a buck converter, the RMS current in the MOSFET is Ig pys =11 gusP /2.
Therefore, the power loss in the MOSFET is

VID:D 5 WD
PH=RDG L?i' j +24 VG 'I. “1’ + Ff} (43)
Since the average value of the current through diode Dg is In=1, and the RMS
value of the diode current is I gys=1, gus((D; —D)/D;)"%, the power loss in the
diode Dy is

PSRy (44)

The AC component of the current iy, flows through filter capacitor C and the power
loss in its ESR is

ViD*D,—D wo
Pyc= Rc[fé+Lz—FlT—fD£—ftﬂl—D}] (45)

By evaluating the equivalent voltage drops across the parasitic components of
the circuit of Fig. 2(b), the expression for the input voltage is

]

M
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Figure 13. Voltage transfer function Mypaooy ©f 2 boost converter operated in the CCM, a

constant output vollage ¥,= 12V as a function of the duty cycle D with the DC output

current f, used as a parameter at f=100Hz, Rpg=355mf), {,=¢,=100ns, V=166V,
Re=30m0, L=200pH, R, =300m( and R.=20mi,
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Figure 14.  Efficiency #yoeen of a boost converter operated in the CCM, a constant output
voltage b= 12V as a function of the DC output current I, with the duty eycle D used

as a parameter at f=100kHz, Rpe=55mi), ¢, =1=100ns, F.=166V, Rp=30mi),
L=200pH, R, =300m and R,=20m.

D,~D D,=D , \? (D,=D)'" KloL]
| i o i LA Ly~ L
'=2D.K V“[(zp K V) Jip K J] ()

where

D f’

Combining (41), (43)-(45) and (19) gives the efficiency of the converter operated
in the DCM

[R D32+ RpsD¥? + R{(D, — D)7 47
L

)

[CEERT

(¥4)

¢ 01 02 03 04 05 06 07 08 08 ]
1

Figure 15.  Efficiency fugeeg 0f 8 boost converter operated in the CCM, a constant output
voltage =12V as a function of the duty cycle D with the DC output current I, used
as a parameter at f=100kHz, Rpe=55m, ¢, =t;=100ns, V=166V, Rp=30m,
L=200pH, R, =3 m0 and R.=20mi),
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.
’?B.oncu={| +F[-+[RLDI+RD’SD+RE7{DL_D}+RC(DI — D]
0

“Volo 3072 Re |y 24 Lf I

Vi D [lo_¥DO,-DY], 5 WD
Vo Volf

1+ rf}f}_' (48)

The voltage transfer function of a boost converter operated in the DCM is

M = NMeopcm i D, n
VBODCM = g Di—D BODCM
s S0 1+VF+[RD +RpsD + Re(D, — D)+ RdD, — D] G &
~D,—D A LD+ Rps + Rl Dy Volo 3L
Io KWD(D,—-D) 5 WD =
b . 4
RC[VO VULf +24 L_I—IGUI-i_IELF { 9}

Figure 16 shows the efficiency of a DC-DC buck converter operated in the DCM
at a constant output voltage V,=48V and at a full load current [,=0-65A,
evaluated by substituting (46) in (48). The switching frequency was f=10kHz, the
rise and fall times f,=1,=150ns, the inductor had an inductance L=10pH and an
ESR R, =300mQ, the MOSFET drain-to-source resistance was Rpg=35mf), the
capacitor ESR Ry=50mg, the voltage of the battery used in the diode model was
V,=0-57V and the resistance R.=25mf). In Fig. 17 the ideal voltage transfer
function is compared to that given by (49).

3. Validation of the theoretical derivations

Computer simulations of the buck and boost converters operated both in the
CCM and in the DCM were used to validate the theoretical derivations. The circuit

86 F
34_—
B2 r

80 L - - . - - : : J
01 02 03 04 05 06 07 OR Hﬂ 9
Figure 16.  Efficicncy figgney of @ boost converter operated in the DCM, a constant oulput
voltage V,=48V as a function of the duty cycle D at I,=065A, f=10kHz,
Rps=55mi, f,=1,=150ns, Vp=057V, Rp=25mQ, L=10pH, R, =300mi} and
R=50 mL}.
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Figure 17.  Voltage transfer function My zoney of 8 boost converter operated in the DCM, a
constant output voltage ¥, =48V as a function of the duty cycle D at I,=065A,
f=10kHz, Rp=55mfd, t,=1=150ns, Vp=057V, Rp=25mQ, L=10pH, R,
=300mL and R-=50mLk
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Figure 18, Voltage transfer function Mygacoy of a boost converter operated in the CCM, a
constant output voltage ¥, =12V as a function of the DC output current I, at a duty
cycle D=0-7 and a switching frequency /=100 kHz.

of Fig. 12{b) was simulated by using the PSpice program. The values of the series
resistances of inductor L and capacitor C were chosen according to those given in
section 2.4, The model of the TRF150 power MOSFET given in the PSpice library
was used to simulate the controlled switch. Data sheets give Rpg=355mf and
t,=t,=100ns for the IRF150 power MOSFET. The default PSpice diode model was
utilized: it had Vp=1-66'V and Rg=30m. During the simulations the input voltage
was changed so that the output voltage was kept constant and equal to 12V for
different values of the load resistance, that is, a constant output voltage operation
was simulated with different values of the input voltage V| and output current I.

Figure 18 compares the voltage transfer function of the boost converter operated
in the CCM evaluated using (49) and that resulting from computer simulations. In
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Fig. 19 the efficiency given by (48) is compared with that obtained by simulating the
converter circuit of Fig. 10(h).

4. Conclusions

Expressions for the efficiencies and voltage transfer functions of the two basic
PWM DC-DC buck and boost converters have been derived by means of a detailed
time-domain analysis. Switching losses in the power MOSFET used as a controlled
switch have been considered along with conduction losses in the inductors, capaci-
tors, diodes and MOSFETS. The effect of the inductor current ripple has been taken
into account so that the expressions for the efficiencies and voltage transfer functions
have been derived in a closed form for both CCM and DCM operations. The
derivations presented yield equations for the voltage transfer functions of the buck
and boost PWM converters which depend on the load variations in CCM operation
in the same way as in the actual converter circuits. It has been shown that for a buck
converter operated in the CCM at a constant input voltage low values of the duty
cycle result in a poor load regulation capability. Similarly, for a boost converter
operated in the CCM at a constant output voltage, the voltage transfer function
increases only when the duty cycle varies from zero to a certain value (lower than
one, determined by the operating conditions), and then decreases to zero for values
of the duty eycle approaching one. All of this is closely reflected by the results of the
analysis presented.

In addition, equations for the efficiencies and voltage transfer functions of buck
and boost converters have been derived so that the values of parasitic parameters
can be easily read from component data sheets or derived by simple measurements.
Moreover, general expressions for these equations are presented so that they can be
applied to buck and boost converters operated under any conditions, That is, they
are suitable for describing the converter circuit behaviour in DCM and CCM
operation and at a constant output, and input voltage.

80 ¢ —— Theory

(e Simulation

L] 0.5 1 1.5 2 25 3
(A) I
Figure 19. Efficiency goeey of 2 boost converter operated in the CCM, a constant output

voltage 1, =12V as a function of the DC outpul current [ at a duty cycle D=0-7 and
a switching frequency f=100kHz.
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The results of the analysis presented allow parameters like the duty cycle, the
switching frequency etc., and the component values to be chosen accurately so that
the converter can be operated with the highest efficiency for any given application.
Therefore, they represent a helpful tool for power converter design optimizations. In
future work. the analysis presented will be extended to the buck and boost derived
topologies.
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