Chapter 2
Basic DC-DC Converter Theory

Several methods exist to achieve DC-DC voltage conversion. Each of these meth-
ods has its specific benefits and disadvantages, depending on a number of operating
conditions and specifications. Examples of such specifications are the voltage con-
version ratio range, the maximal output power, power conversion efficiency, num-
ber of components, power density, galvanic separation of in- and output, etc. When
designing fully-integrated DC-DC converters these specifications generally remain
relevant, nevertheless some of them will gain weight, as more restrictions emerge.
For instance the used IC technology, the IC technology options and the available
chip area will be dominant for the production cost, limiting the value and quality
factor of the passive components. These limited values will in-turn have a signifi-
cant impact upon the choice of the conversion method.

In order for the designer to obtain a clear view of the DC-DC voltage conversion
methods and their individual advantages and disadvantages, with respect to mono-
lithic integration, the three fundamental methods are discussed in this chapter. The
first and oldest method of performing DC-DC voltage conversion is by means of
linear voltage converters (resistive dividers), which are explained in Sect. 2.1. The
second method, which also has an interesting potential for the purpose of mono-
lithic voltage conversion, is by means of capacitor charge-pumps, as explained in
Sect. 2.2. The latter two methods are explained more briefly as this work will mainly
concentrate on inductive type DC-DC converters, which are discussed in Sect. 2.3.

Power conversion efficiency is in most cases a primary specification for any given
energy converter. Therefore, a formal method for the fair comparison of DC-DC
step-down voltage converters, in terms of power conversion efficiency, is introduced
in Sect. 2.4. This method is referred to as the Efficiency Enhancement Factor (EEF).
The chapter is concluded with the conclusions in Sect. 2.5.

2.1 Linear Voltage Converters

The most elementary DC-DC converters are linear voltage converters. They achieve
DC-DC voltage conversion by dissipating the excess power into a resistor, making
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Fig. 2.1 (a) The principle of a linear series voltage converter and (b) a simple practical implemen-
tation

them resistive dividers. Clearly, this is not quite ideal for the power conversion effi-
ciency 7. Another implication of their operating principle is the fact that they can
only convert a certain input voltage U;, into a lower output voltage Uy, having the
same polarity. In other words, the value of their voltage conversion ratio kj;,, given
by (1.1), is always between zero and one.

The advantage of linear voltage converters is that they are fairly simple to imple-
ment. Moreover, they generally do not need large, and space consuming, inductors
or capacitors, making them an attractive option for monolithic integration [Rin98].
Therefore, the two types of linear voltage converters, namely the series and the shunt
regulator, are discussed in Sects. 2.1.1 and 2.1.2.

2.1.1 Series Converter

The operating principle of a linear series voltage converter is shown in Fig. 2.1(a).
A variable resistor Rg.es iS placed in series with the load Ry, lowering Uj, to
Uput. The resistance of Rgeries 1S controlled by the control system, which keeps Uz
constant under varying values of U;, and Ry, by measuring U,,,;. The control system
also consumes power, which is illustrated by its supply current /.. In this case the
control system uses Uj, as supply voltage, which can also be provided by Upy;.
However, the latter case will require a start-up circuit, as U, is initially zero.

A practical implementation example for a linear series voltage converter is shown
in Fig. 2.1(b). In this example Rjeies is implemented as an NPN BJT and the control
system as an OPerational AMPlifier (OPAMP), which performs the task of an error
amplifier. By doing so, U, is determined by (2.1).

Ri + Rp
Ry
By examining the operating principle of Fig. 2.1(a), 1, can be calculated

through (2.2). When I, is neglected and assumed to be zero, 1, is equal to kj;,

and thus independent of Ry . This is graphically illustrated by the black curve in

Fig. 2.2(a). The gray curve illustrates the more realistic situation, where I, has a fi-
nite positive value. It can be seen that n;;,, will tend to decrease when P,,; decreases.

Uour = Uper (2.1)
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Fig. 2.2 (a) The power conversion efficiency 7, as a function of the output power P, for a linear
series voltage converter, at a constant voltage conversion ratio kj;,. The black curve is valid for a
zero control system supply current /.; and the gray curve is valid for a non-zero /.. (b) The power
conversion efficiency 7;;, as a function of the voltage conversion ratio k;;, for a linear series voltage
converter, at a constant output power P,,,;. The black curve is valid for a zero control system supply
current /. and the gray curve is valid for a non-zero /.

Clearly, linear series voltage converters have an intrinsic advantage, in terms of
power conversion efficiency, at high voltage conversion ratios.! This is illustrated
by Fig. 2.2(b), where the black curve is valid for /., = 0 and the gray curve for a
finite, non-zero I.;. The gray curve shows that the impact of the power consumption
of the control system on 7, becomes more dominant when kj;;, approaches unity.

Pour _ Uout Lour _ Uour
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It is already mentioned that this type of converter is well suited for monolithic
integration, due to its simple nature and lack of large passives. However, as the
excess power is dissipated as a Joule-loss in Rgeies, the maximal P, is limited by
the allowed on-chip power dissipation. This limitation becomes more dominant for
low values of kj;,.

Note that variants of this type of voltage converter are used in several designs in
this work for start-up and rail-shifting. More details can be found in Chap. 6.

Nlin = = klin (22)

2.1.2 Shunt Converter

The alternative for a linear series voltage converter is a linear shunt voltage con-
verter. The principle of operation for this type of DC-DC converter is shown in
Fig. 2.3(a). Uy, is lowered to U,,; by means of the resistive division between the
fixed input resistor R;, and both the load R; and the variable shunt resistor R,
where U,,; is calculated through (2.3). R;, can either be the intrinsic output re-
sistance of Ujy,, an added resistor or the combination of both. U,,; is kept constant

Linear series voltage converters are often used in applications which require a small voltage dif-
ference Uj, — Uyys, as they achieve a high 7;;, in such cases. Therefore, they are commonly denoted
as Low Drop-Out (LDO) regulators, which is not necessarily the case.
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Fig. 2.3 (a) The principle of

a linear shunt voltage ll cs Rin
converter and (b) a simple Uin<+> Control

practical implementation + System R

under varying R;, and Uj, conditions by adapting the value of Rgy,,,,,. This operation
can be performed by a control system, providing feedback from U,,;. The control
system consumes a certain amount of power by drawing a current /., from Uj, or
Uout. The fact that U,,; can also be directly used to supply the control systems is
due to the self-starting nature of this circuit, as opposed to the linear series volt-
age converter. The voltage used for supplying the control system will depend on
whether U,,, has a sufficiently large value. In the following analysis it is assumed
that U;, is used for this purpose, for which the results merely differ little from the
other possibility.
Uour = U; M 2.3)
Rin + RL//Rshunt

Feedback of U,,; is however not always required, as illustrated by the simple
practical implementation of Fig. 2.3(b). For this implementation the shunt resistor
is replaced by a reverse-biased zener diode D. In this way a quasi constant U,,; can
be achieved, if the current through D is kept large enough for it to operate in the
zener-region.

For a shunt converter 1;;, is calculated through (1.3), yielding (2.4).

U
Pour R
2

Fin #%RM + Uinles

Niin = (2.4)

The explicit notation of Ry, from (2.3) substituted into (2.4), yields (2.5). This
expression for 7y, is not dependent on Ry ;-

Niin = Uo2ut Rln _ Uo2ut Rln (2 5)
in = = — .
Ry I5RinUin + Ul%, = UinUous 1.5=0 Rr U%l = UinUput

2

Figure 2.4(a) graphically illustrates 7, as a function of the output power P,;,
for a constant voltage conversion ratio kj;,. The black curve is valid for the ideal case
where I is zero and the gray curve is valid for a finite non-zero I ;. As opposed to
a linear series converter, 7y, is intrinsically linear dependent on P,,;. It can be seen
that ny;, is zero for P,,; = 0 and that it has a maximal value equal to kj;,, occurring
at the maximal output power P,,; max Which is given by (2.6). For a given U;, and
Uouts Pour_max 18 determined by the inverse of the value of R;,.

Uout(Uin - Uout)

Pout_max = R— (2.6)
in
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Fig. 2.4 (a) The power conversion efficiency 7, as a function of the output power P,,, for a linear
shunt voltage converter, at a constant voltage conversion ratio kj;,,. The black curve is valid for a
zero control system supply current /., and the gray curve is valid for a non-zero I.,. (b) The power
conversion efficiency 7;;, as a function of the voltage conversion ratio kj;, for a linear shunt voltage
converter, for a constant value of Py = Pousr_max. The black curve is valid for a zero control system
supply current /., and the gray curve is valid for a non-zero /.

The dependency of n;;, on kj;;, is illustrated in Fig. 2.4(b), for a constant P,,; =
Pout_max- The black curve is valid when I is zero and the gray curve is valid for a fi-
nite, non-zero value of I.;. As explained for Fig. 2.4(a), ni, is maximal for Py _max-
Therefore, the curves will become lower upon decreasing P,,;, eventually congre-
gating with the X-axis. The maximal achievable voltage conversion ratio kj;_muax 15
calculated by (2.7) and is for a given U, inversely proportional to P,,; and R;,.

U2
ki = out 2.7
finmax U, 3,4; + P, out_maxRin ( )

Unlike a linear series converter, where 7;;, is ideally independent of P, a linear
shunt converter only achieves its maximal 7, at Pyu: max. This behavior makes
a linear shunt converter inferior compared to a series converter, in terms of 7.
However, its simple practical implementation makes it suitable for applications that
require a small and quasi constant P,,,. Furthermore, a linear shunt converter can
prove to be more practical than a linear series converter in applications that have
a low value for kj;;, and P,,. In such a case the voltage difference U;, — Uy, will
only be present over the passive resistor R;, rather than over an active device, of
which the maximal voltage is limited. The simple nature of a linear shunt voltage
converter, and its lack of large passives, makes it suitable for monolithic integration
in non-critical applications. Obviously, the problem of on-chip power dissipation
remains and becomes more limiting than for linear series voltage converters.

Note that this type of voltage converter is also used in several designs in this
work, for the purpose of start-up. More details can be found in Chap. 6.

2.2 Charge-Pump DC-DC Converters

Rather than linear converter methods to perform DC-DC voltage conversion, which
are described in Sect. 2.1, switched-mode DC-DC converters acquire energy-storing
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Fig. 2.5 (a) The circuit for uc(t)
charging a capacitor C with a SW ic(t)
series resistor R by means of

a voltage source Uj,. (b) The U
voltage uc(t) over C and the
current ic(¢) through C, as a
function of time. (c¢) The

energy Ey,,—rc(t) delivered

by Uiy, the energy Ey,,—c(t)
stored in C and the energy
Ey,,—r(t) dissipated in R, as

a function of time

passives and switches to alter the connections between them. Ideally, this switch-
ing can be performed lossless, as explained in Sect. 1.1.1, which is preliminary as-
sumed in this section. The losses associated with switching in inductive DC-DC
converters are discussed in Chap. 4, of which the main principles remain valid
for other types of converters. This section discusses the basics of switched-mode
charge-pump DC-DC converters, which only use capacitors as energy-storing ele-
ments.

In Sect. 2.2.1 the principles for using capacitors as energy reservoirs is explained
and some basic calculations are conducted. These calculations will be used to in-
vestigate two ideal charge-pump DC-DC converters. In Sect. 2.2.2 a series-parallel
step-down DC-DC converter is discussed, followed by a series-parallel step-up DC-
DC converter in Sect. 2.2.3.

2.2.1 On Capacitors

The charging of capacitors is a process that is intrinsically lossy, even when all the
components in the charge-circuit are considered to be ideal and lossless. This is
explained by means of the circuit for the charging of a capacitor C, with a series
resistor R and out of a voltage source Uj,. This circuit is shown in Fig. 2.5(a). The
voltage uc(t) over C and the current ic(¢) through C, as a function of time, are
shown in Fig. 2.5(b), where it is assumed that the initial voltage Uc(0) over C is
zero. uc(t) and ic(¢) are calculated by means of (2.8) and (2.9) respectively. At the
time equal to the time constant t = t¢ the values of uc(f) and ic(¢) are 63% of
the steady-state values, where ¢ = oo, and at t = 3¢ their values are 95% of the
steady-state values.
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Fig. 2.6 The energy charging t=0.697¢
efficiency nc_charge of @ nCfcharge t<<1o t>>1¢
capacitor charged by means 100%+|-----4----- ;(/' -
of a voltage source Uj, as a
function of the initial voltage
Uc(0) over the capacitor, for 50%
three different charge times ¢ 25%
? U, Uc®
L

uc(t) =Uin+ (Uc(0) — Uip)e k€ (2.8)

. Un—Uc(0) _

ic(t) = %e re 2.9)

The corresponding energy Ey, — rc(t) that is delivered by Uj,, the energy
Ey, —r(t) that is dissipated in R and the energy Ey, . c(¢) thatis storedin C, as a
function of time, are calculated through (2.10), (2.11) and (2.12), respectively. These
energies are plotted as a function of time in Fig. 2.5(c). Analogue to Fig. 2.5(b),
Uc(0) is assumed to be zero. It can be seen that for this case the steady-state values
of Ey,,—r(t) and Ey,, . c(¢) are equal. However, in the transient region Ey,, g (¢)
is higher than Ey,,, ¢ (¢), making this region undesired for the charging of C. There-
fore, it is understood that, from a energy efficiency point of view, when charging a
capacitor by means of a voltage source, the steady-state region should be approached
sufficiently close. It is noted that it this conclusion can also be proven for the charg-
ing of a capacitor by means of another capacitor, which is omitted here.

t
Eu, relt) = / Unic(t)dt = CUn(Uc(0) + Un)(1 — e 7¢)  (2.10)
0

' C(Uc(0) — Uiy 2
EUi”_’R(t):/O ug(Dic(t)dt = %)

Ey,—c(t) = Ey,,—rc — Eu,,—R (2.12)

In the case of Fig. 2.5(c), where the value of Uc(0) is assumed zero, half of
the energy in steady-state is dissipated in R. This is obviously not the case when
Uc(0) > 0, as otherwise a charge-pump would never reach a power conversion ef-
ficiency higher than 50% - 50% = 25%. In order to comprehend the relation be-
tween the charging time 7, Uc(0) and the energy charging efficiency nc_charge(?)
of a capacitor by means of a voltage source, 7¢_charge(?) is calculated accordingly
to (2.13).

2t

(I—e %) (211

Ev,c(t) _ (212) _ Uc(0) + Ui+ (Uc(0) = Up)e™ ¥
Ey,—~re(D) — (2.10) 2Un

NC_charge @)=
(2.13)

This relation is graphically represented in Fig. 2.6, where n¢_charge is plotted
as a function of Uc(0), for three different values of 7: t < 7¢, t = 0.69 - T¢ and
t > t¢. Itis observed that n¢_cparge (t) increases upon an increasing ¢, for a certain
constant value of U¢(0), meaning that steady-state is approached more closely. This
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is already concluded earlier in this section, for the case where U¢ (0) = 0. It can also
be seen that n¢_charee(t) increases when Uc (0) increases, for a certain constant .
Moreover, n¢_charge(t) approaches 100% for the case when Uc(0) = Uj,. Using
this knowledge allows for the following conclusions to be made, for maximizing

NC_charge ():

o Sufficient settling time ¢ > 7¢ is to be provided, however the effect of settling on
NC_charge(t) becomes less dominant if Uc (0) approaches Uj,.

e The value of Uc(0) should be as close as possible to U;,. However, the more
Uc (0) approaches to Ujy,, the less energy is transferred to C, which becomes zero
for the following condition: Uc (0) = Uj,.

e These conclusions are also valid for the charging of capacitors with one another.

Because of the fact that switching can be ideally lossless and because the charg-
ing of capacitors can be performed with 7c_charge(t) approaching a value of 100%,
charge-pump DC-DC converters have a promising prospect on the achievable con-
version efficiency. Indeed, they could theoretically achieve higher power conversion
efficiencies than do linear voltage converters, which are explained in Sect. 2.1.

2.2.2 Series-Parallel Step-Down Converter

The circuit topology of an ideal series-parallel charge-pump step-down DC-DC con-
verter is shown in Fig. 2.8(a). Its basic operation consists of two phases:

1. The flying capacitor charge phase ®1: During ®; both the flying-capacitor C;
and the output capacitor Cy are charged, in series with each other, through the
voltage source Uj,. This is done by closing the switches SW1—SW4 and opening
SW,—SW3, yielding the equivalent charge circuit shown in Fig. 2.8(b). In & a
part of the charge current through C; also flows through the load R .

2. The flying capacitor discharge phase ®,: During ®, C» is charged by Cj, by
placing C parallel with C». This is achieved by opening SW—-SW4 and closing
SW,—-SW3, yielding the equivalent discharge circuit shown in Fig. 2.8(c). Similar
as in @ a part of the charge current from C; also flows through Ry . After this
second phase the first phase is started again. The frequency at which this is done
is denoted as the switching frequency fsw.

From this operation principle it follows that U,,; can never exceed Uj, /2, as this
would cause reversing of the energy flow from the output to the input. Obviously,
this is physically not possible. By means of these principles a simple expression for
U,us can be formulated, given by (2.23). In this equation 1, is the current through
the load, A Qgw is the amount of charge being transferred to the output in each
switching cycle and AUc, is the voltage difference over Cy, between & and &;.
The equation readily shows that, for an ideal converter, U,,; is proportional to Ry,
fsw and C; and that U,,; will asymptotically reach the value of U;, /2.



2.2 Charge-Pump DC-DC Converters 35

@CHARGED CAPACITORS IN EQUILIBRIUM

The circuit for charging a capacitor C;, with another capacitor C, is shown in Fig. 2.7(a).
It is proved that for 7 > 7¢ the energy transfer is independent of the value of the series
resistor R. This is done by calculating the limit, where 7 /7¢ — 00, for the energy equations
Ec,src, and Ec,_. g, yielding (2.14) and (2.15). Ec,—c, is subsequently calculated by
(2.16).

t
EC,,,—>RC;, = lim [/ Uca(l‘)l(t)dl‘]
0

t(Ca+Cp)
CaCyR

C,C? ,  Uc, (0)C,Cp
== AU+ —= AU 2.14
2(Cy + Cp)? Cy+Cyp ( )
t
g CqCp 2
Ec,or= _ lim / Ur@I(@)dt | = —22 AU (2.15)
T oo 2(Ca+ )
Ec,~c, =Ec,~rc, — Ec,—R
C,Cp(Cy +2C Uc,(0)C,C
__CuCp(Ca + 2b) Uty c.OCaCs s 2.16)
Z(Ca aF Cb) Ca A Cb
SwW ABAEG ro=EcotFc n

R(t) CbUca(O)2 ____________

ot Gl TN
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Fig. 2.7 (a) The circuit for charging Cj, with C,. (b) The Ec,—, rc,, Ec,—c, and Ec, R
as a function of AU = U¢, (0) — Uc, (0), for Cy > C}, and (c) for Cp, > C,

The obtained expressions for the energy transfers can be subdivided for two special cases.
The first case, where C, > Cp, results in (2.17), (2.18) and (2.19). This is illustrated in
Fig. 2.7(b), where Ec, rc,,» Ec,—>c, and Ec,_, g are plotted normalized as a function
of time. The second case, where Cj, > C,, results in (2.20), (2.21) and (2.22). This is
illustrated in Fig. 2.7(c), similar as in Fig. 2.7(b).
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@CHARGED CAPACITORS IN EQUILIBRIUM (CONTINUED)

Ca>Cp = Ec,-rc, ~CpUc, (0)AU 2.17)
C
= Ec,r> TbAUZ (2.18)
Cp 2
= Ec,0, =~ AU+ G, (AU (2.19)
C
Co»Cs = Ec,-rc, =~ _T“Azﬂ + C,Uc, (0)AU (2.20)
Cu 0 »
= Ec,rZ> TAU (2.21)
=  Ec,c, ~—CqAU? + C,Uc, (0)AU (2.22)

Please note that for the case where C, > C} the obtained results are also valid for the
circuit of Fig. 2.5(a), with Uc (0) = Ujy,.

SW1_:,?;l SWZ‘?;Z Uout Uout

® »
Io o e,
Ui SW4 ! Uin )
P ==C2 [] R, out | C, =_C R,

o ‘QW SW, C,
= l =

) (a) (b) ()

@*

Fig. 2.8 (a) The circuit of an ideal series-parallel charge-pump step-down DC-DC converter, to-
gether with (b) its equivalent charge circuit and (c) its equivalent discharge circuit

Uowr = Rilour = R fswA Qsw = R fswCi1AUc, = R fswC1(Uin — 2Uour)
— U, = Ry fswCiUin - (2.23)
14+ 2Ry fswCi
The process of charging capacitors by means of voltage sources, as well as other
capacitors, is intrinsically prone to losses, as discussed earlier in this section. Hence,
by making the assumption that the series-parallel charge-pump consists of ideal and
lossless components, the ideal power conversion efficiency 7y, gown as a function
of the voltage ratio ksw = Ui,/ Uy can be calculated. For this ideal converter it is
assumed that the output voltage ripple AU,,; is infinitesimal, implying that fgw is
infinitely large and that there is no dependency on R;, which follows from (2.23).
Furthermore, as the switches are assumed ideal there are no switch losses, therefore
Nsp_down 18 independent of fsw. The calculation of 1y, gown is performed in three
steps. In the first step the energy conversion efficiency 7n¢, of the charge phase is
determined. The circuit of this phase, where Cy and C; are charged through Uj,, is
similar to that of Fig. 2.7(a), for the case where C, > Cj. As aresult, ne, is given
by (2.24).
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AU =Uj —2Upu
Ec,—~c, _ (2.19) CiC

= with Cp=——
Ec,~rc, (2.17) Ci+C
Uc,(0) =Uj
E U; 20,
— o, = C1Cy _ Yin + out (224)
Ey,—cic, 2Uin

In the second step the energy conversion efficiency n¢, of the discharge phase is
determined. In this phase C; is discharged through C», as illustrated by Fig. 2.7(a).
Accordingly, ne, can be calculated analogue to (2.24). However, for this phase Cy
and C» are assumed to obtain arbitrary values, yielding (2.25).

Ec,»c, (2.16) . { AU =Uj, —2Uyy
EC,,—)RQ7 (2.14) UCa (0) =Uin — Uou
E C1Ui, +2CLU,
— N, = Cy _ 1Uin + 2Uout (225)
EC1—>C2 Uin(2C1 + CZ) - 2Cl Uout
Finally, for the third step 7, down can be calculated, resulting in (2.26).
(C1Uin + 202U pug) (Y72
Nsp_down = Nd Nd, = | (226)

C2Uin + 2Cl (Uin - Uout)

In addition, for the purpose of graphically representing this information, two
special cases of (2.26) are considered: The case where the flying capacitor C; is
significantly larger than the output capacitor C, and vice versa. The first case is
given by (2.27) and the second case by (2.28).

Uin + 2Uout
>0, = =— 2.27
1> 02 Nsp_down AU, —4U,y, ( )
UinUout +2U2
C2 > Cl - Nsp_down = W (228)
in

The graphical representation of (2.26), (2.27) and (2.28), illustrated in Fig. 2.9
by the black curves, shows 1y, down as a function of kgw. For the case of (2.26)
the value of C; and C, are assumed to be equal. The gray curve shows 7;, of an
ideal linear series converter, for comparison (refer to Sect. 2.1.1). It is observed that
for all three cases of the values of C1 and C;, a higher power conversion efficiency
than achievable with a linear series converter is obtained. Also, for all three cases
Nsp_down Teaches its maximum value of 100% at ksw = 0.5 and decreases upon
decreasing values of kgw. This can be understood by reconsidering Fig. 2.6, where
it can be seen that ¢ _cparge decreases when Uy, — Uc (0) increases. Similar behavior
can be observed when kgw decreases. For the charge phase this implies that U;,, —
(Uc, (0)+Uc, (0)) increases and for the discharge phase Uc, (0) — Uc, (0) increases.
Finally, it can be seen that the highest overall 75, gown is obtained for the case where
C1 > (3. This follows from the fact that the charging of capacitors with one another
is more efficient if the charging capacitor is larger than the capacitor being charged,
as can be seen by comparing the graphical representations from Fig. 2.7(a) and
Fig. 2.7(b).
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Fig. 2.9 The black curves

show the power conversion Nsp_down
efficiency 7y,_down of an ideal 100%
series-parallel charge-pump
step-down DC-DC converter,
as a function of the voltage
conversion ratio kg, for
three different cases of the
values of C| and C;. The
gray curve shows the power
conversion efficiency of a
linear series converter, as a
function of kgw

This kind of converter topologies is quite promising, seen from the perspective
towards monolithic integration. The advantage over linear voltage converters, which
are explained in Sect. 2.1, in terms of 7sp_down. i clearly illustrated in Fig. 2.9. Prac-
tical monolithic realizations in standard CMOS technologies of charge-pump step-
down converters show that high values for 7p_gown are realistic [Ram10]. However,
care must be taken when comparing 7y, down. as it should be normalized conform
to ksw. This is elaborated upon in Sect. 2.4. There are also a few potential draw-
backs. First, this topology is limited in a sense that the maximal ks can never
exceed the value of 0.5. Obviously, this can be overcome by using a different topol-
ogy, which is however beyond the scope of this work. Secondly, two capacitors
for storing the energy are necessary. Therefore, this type of switched converter will
inevitable require more chip area, compared to a linear converter with a similar
maximal output power. Thirdly, although 7y, gown can theoretically reach a value
of 100%, this case for which ksw = 0.5 will not always prove to be practical in a
real-world application. This can also be partially solved by using different, more
complex, gear-box topologies [Mak95], of which a discussion is also omitted in this
work. Finally, four switches are required, where other switched converter topologies
can provide similar functionality with only two switches, as explained in Sect. 3.1.

2.2.3 Series-Parallel Step-Up Converter

Unlike linear voltage converters switched-mode voltage converters are capable of
converting a given input voltage to a higher output voltage. Such converters are
commonly denoted as step-up converters. A straightforward example of a charge-
pump step-up converter is the series-parallel converter, of which the circuit topology
with ideal components is shown in Fig. 2.10. The basic operation of this converter
consists of two phases:

1. The flying capacitor charge phase ®1: During ®; the flying-capacitor C; is
charged through the voltage source Uj;,. This is done by closing the switches
SW1-SW3 and opening SW,—SW4, yielding the equivalent charge circuit shown
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Fig. 2.10 (a) The circuit of an ideal series-parallel charge-pump step-up DC-DC converter, to-
gether with (b) its equivalent charge circuit and (c) its equivalent discharge circuit

in Fig. 2.10(b). Also, in this phase the output capacitor C; is discharged through
the load R;.

2. The flying capacitor discharge phase ®;: During &, C; is charged by C; and
Uiy, by placing C in series with Uj,. This is achieved by opening SW{—SW3 and
closing SW,—SWy, yielding the equivalent charge circuit shown in Fig. 2.10(c).
A part of the charge current from C; and Uj, also flows through R; . After this
second phase the first phase is started again. The frequency at which this is done
is denoted as the switching frequency fsw.

The conclusions and calculations made in the following discussion are similar to
those of the series-parallel step-down charge-pump of Sect. 2.2.2, hence the follow-
ing explanation will be more briefly. U, of the series-parallel step-up converter is
limited to 2Uj, and is calculated by means of (2.29). This leads to the conclusion
that 0 < Uy < 2Ujy,, where the value of 2U;, is asymptotically reached.

Uour = Rplour = Rr fswA Qsw = R fswC1AUc, = R fswC1QUin — Uour)
2R fswCiUin
out 1 + RL fSWCI ( )
For this converter topology the ideal power conversion efficiency n,_up Will also
depend on kgw. In order to calculate this dependency, AU,,; is assumed to be zero,
implying that fsw is infinitely large. Thus, it follows from (2.29) that there is no de-
pendency on Ry . The calculation itself is performed in three steps. First, the energy
conversion efficiency ne, of the charge phase is determined, which is done analogue
to the calculation of (2.24). In this case only C; is charged, yielding (2.30).

AU =2Uip — Upur

Ec,> 219
G Oy do,=c

Ec,—rc, (217)

UCa (0) = Uin
EC1 Uout
- =—= (2.30)
1 Ey,—c, 2Uy

Secondly, the energy conversion efficiency n¢, of the discharge phase is calcu-
lated. The calculation method is analogue to (2.25), resulting in (2.31).



40 2 Basic DC-DC Converter Theory

Fig. 2.11 The black curves
show the power conversion
efficiency 7y,_yp of an ideal
series-parallel charge-pump
step-up DC-DC converter, as
a function of the voltage
conversion ratio kg, for
three different cases of the
values of C| and C;. The
gray curve shows the power
conversion efficiency 7, of a
linear series converter, as a
function of kgw

EC,,%Cb _ (2.16) . { AU =2Ui — Upur
Ec,ore,  (214) Uc, (0) = 2U,
ECZ _ 2Cl Uin + C1Upus + 2C2 Uour

- No,

(2.31)

a Ey,ci—c, B 4C1Uin +2CoUin + C2Upus
Thirdly, the resulting 1y, 4 is calculated by means of (2.32).

_ _ Uout(ZCZUout + Cl (2Uin + Uout)) m (2 32)
Mo = 1112 = S 4C Uy + C2QUin + Uour)) '

Two special cases for (2.32): 1) the flying capacitor C7 is significantly larger than
the output capacitor C and 2) vice versa, are also considered. The results for these
two cases are respectively given by (2.33) and (2.34).

2Uin Uout + Ugm

Ci>»>C = Nsp_up = P (2.33)
8U;
U

>0 = Nyw=—m " (2.34)

2Ul%z + Uin Uout

The graphical representation of (2.32), (2.33) and (2.34) is illustrated in Fig. 2.11,
where the black curves show 7, 4, as a function of kgw. For (2.32), the values of
C1 and C, are chosen equally large. The gray curve shows 1;;, of an ideal linear
series converter, for comparison (refer to Sect. 2.1.1). Although this converter is
designated for step-up voltage conversion, it is also capable to perform a step-down
function. This is indicated on the X-axis. For the step-down operation region, the
achievable ny, ,, is however significantly lower than for a series-parallel step-down
converter, as can be seen in Fig. 2.9, and it is also significantly lower that for a
linear series regulator. Thus, the step-down operation region of this converter has
no practical use. The step-up operation region yields theoretical values for ny, 4
ranging from about 35%, for ks = 1, to 100%, for ksw = 2. The reason for 7y,
to decrease upon decreasing values for kg is due to the fact that the charging of
capacitors becomes less efficient when U;, — Uc(0) increases, as is illustrated in
Fig. 2.6. Translated for this converter, this means that upon decreasing values for
ksw, 2Ui, — Uc,(0) increases for the charge phase and (U;, + Uc,(0)) — Uc,(0)
increases for the discharge phase. Finally, it is observed that the dependency of
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Nsp_up upon the difference in values for Cy and C3 is far less significant than for the
step-down variant of this converter. This follows from the fact that C» is charged by
means of C; in series with Uj,, in the discharge phase. This process is less lossy
than charging a capacitor merely with another capacitor, as is done in the discharge
phase of a series-parallel step-down converter.

Monolithic integration of the series-parallel step-up charge pump converter
topology is, similar to its step-down variant, feasible. The common limitation for
any given charge-pump is the fact that ngw reaches its maximum at only in par-
ticular value of ksw, which is 2 for this topology. In practical applications, where
ksw often needs to be variable, this might prove to be a limitation. Nevertheless,
this could be overcome by using a gear-box topology. An overview of other charge-
pump step-up topologies and a comparison, with respect to their required area for
monolithic integration, is given in [Bre08]. These and other topologies will not be
discussed in this work. Charge-pump step-up converters are proven to be feasible,
for the purpose of monolithic integration [Bre09a, BreO9b]. Moreover, individual
converter stages can achieve high values of ngw, in the order of 80% and more. This
is beneficial for converters that have a moderately low value (< 2) of ks [Bre09a].
However, when higher values (> 2) of ngw are required different converters need to
be cascaded, having a negative impact on the overall nsw [Bre09b]. Finally, a po-
tential drawback of this step-up topology is that it requires four switches, whereas
some other topologies discussed in Sect. 3.2 require only two switches.

2.3 Inductive Type DC-DC Converters

The third way to achieve DC-DC voltage conversion is by means of inductive
type DC-DC converters. This type of DC-DC converters belongs, together with the
charge-pump DC-DC converters discussed in Sect. 2.2, to the group of switched-
mode DC-DC converters. Inductive DC-DC converters consist of one or more in-
ductor(s) and capacitor(s) and at least two switches.? In the galvanically separated
variant of inductive DC-DC converters the inductor is replaced by a transformer,
which can be seen as two, or more, mutually magnetically coupled inductors. A se-
lection of inductive type DC-DC converter topologies is provided in Chap. 3.

The basic theory for understanding the processes of storing energy by means of
inductor and inductor-capacitor circuits is explained in the respective Sects. 2.3.1
and 2.3.2. The traditional calculation methods for the steady-state behavior of in-
ductive type DC-DC converters are discussed in Sect. 2.3.3.

2.3.1 On Inductors

Unlike the charging of capacitors, discussed in Sect. 2.2.1, the process of charging
inductors is not intrinsically lossy. In other words, the charging of an ideal induc-

2For DC-DC converters with off-chip components, one or more of the switches is often imple-
mented as a diode. In doing so, the functionality of the converter is not altered.
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Fig. 2.12 (a) The circuit for

charging an inductor L in Sw
series with a resistor R by ug(t)
means of a voltage source U R)
Uin. (b) The voltage uy (1) " )
over and the current iy (¢) L i
through L, as a function of i(t) )
time. (c) The energy 0 ' }
Ey, . (t) delivered by Uy, = u=UR St t
the energy Ey,, ., (¢) stored
in L and the energy

Ey,,, x (t) dissipated in R, as
a function of time

tor involves no energy loss. In order to understand the energy loss mechanism of
charging non-ideal inductors, the circuit for charging an inductor L in series with a
resistor R by means of a voltage source Uj, is considered in Fig. 2.12(a). The volt-
age uy (t) and the current iy, () through the inductor are plotted as a function of time
t in Fig. 2.12(b). For these plots it is assumed that the initial current iz (0) through L
is zero. uy (t) and iy (¢) are calculated by means of (2.35) and (2.36), respectively.
The time constant 77 denotes the time where uy (f) and i (t) reach 63% of their
steady-state value. When a time equal to 37y, is elapsed, uy, (¢) and iy, (t) reach 95%
of their steady-state value.

tR

up(t) = (Upp — RIL(0))e™ T (2.35)

Uin Uin —
iL(r) = = T (IL(O) - 7)6

=

t

o

(2.36)

Figure 2.12(c) shows the energy Ey,, ., (t) that is delivered by Uj,, the energy
Ey,, ., (t) that is dissipated in R and the energy Ey, ., (¢) that is stored in L as a
function of time and for I (0) = 0. These energies are calculated by (2.37), (2.38)
and (2.39), respectively, of which the results are not shown due to their complex-
ity. It is observed that Ey,  ,(¢) and Ey,,_ , (¢) are equal at a charging time ¢ of
about 1.15-7;,. When ¢ < 1.15, Ey,,_, (t) is larger than Ey,,_ (), which is bene-
ficial for the energy charging efficiency 1z _cnarge(t) of the charging of an inductor.
For a charging time ¢ > 1.15, Ey,, ., becomes larger than Ey,, ., (t). The value
of Ey, . ,(t) can be infinitely large, as iy, (t) keeps flowing in steady-state, causing
continuous Joule-losses in R. The value of Ey, _,, (¢), on the other hand, saturates
to a finite value in steady-state for a non-ideal inductor, where 0 < R < oo. The
steady-state value of Ey,,_, (¢) is calculated by applying the limit where t /7, — oo,

yielding (2.40). This equals (1.6), for 11, (0) =0.
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Fig. 2.13 The energy t=1.157

charging efficiency ny_charge nLﬁcharge t<<t t>>t
of an inductor with a series 100% T~ ---f------
resistance charged by a
voltage source Uj,, as a
function of the initial current
I¢(0) through the inductor,
for three different charge

time ¢ 0 Uin/hrlL(O)
t

Ey,—RL(t) = / Uinip (t) dt (2.37)
0
t

Ey,—r(1) = f ug(D)ig (1) dr (2.38)
0

Ey,—»1(t)=Ey,-rL ) — Ey,,—r() (2.39)

: L{({Un\’ 5
%RITOO(EUi”_)L(t)) = E((?) —1.(0) ) (2.40)

Obviously, the maximal energy that can additionally be stored in an inductor,
given by (2.40), is not a practical value since it is associated with high losses in the
(parasitic) series resistance. In order to gain a better idea of the relation between
the stored and the dissipated energy, the energy charging efficiency nz_charge(?)
is calculated by means of (2.41). The result of this calculation is not shown in its
mathematical form, due to its rather complex nature. Therefore, (2.41) is graphically
represented in Fig. 2.13, where np_cnarge(t) is plotted as a function of Iy (0), for
three different casesof ¢t: t < 717, t =1.15- 17 and t > 711.

Ey,—1(1) _ (2.39)
Ey,—rL() (2.37)

In Fig. 2.13 it is observed that, for equal values of I; (0), nL_charge(t) decreases
upon increasing values of ¢. This was already concluded for the case where I (0) =
0, in Fig. 2.12(c). Furthermore, it can be seen that ny_cparge (t) decreases as 1;,(0)
increases, for a fixed value of 7. This knowledge leads to the following conclusions
for the charging of an inductor with a series resistance by means of a voltage source:

NL_charge (@) = (2.41)

o The highest values 1y, charee(t) are obtained at ¢ < 77, meaning that the charge
time ¢ of inductors should be minimized, thereby minimizing the resistive losses.
However, as the value of t+ becomes smaller, for a certain constant value of 77,
the energy Ey,,— 1 (¢) stored in L becomes smaller as well, ultimately becoming
infinitesimal.

e The value of 17 (0) should be minimized and ideally be zero, in order to obtain
the highest values for 7_cparge (t).

e The charging of an ideal inductor, which has an infinitesimal series resistance,
by means of a voltage source is lossless, regardless of the value of /7 (0). The
formal prove of this statement is omitted, but it can be intuitively understood by
considering Fig. 2.13. If R = 0 then 77, = 0o and as a consequence ¢ < t7,, which
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Fig. 2.14 The circuit for ug® U ug)
charging a series inductor L VR\ {\ VC_\

SW
and a series capacitor C with o—l:l—’oma‘—|
a series resistor R, by means Ui >
of a voltage source Uj, i)

- =

is illustrated by the upper curve. Moreover, the intersection with the X-axis U;, /R
will be at infinity, implying that curve for ¢t < t;, will be parallel to the X-axis,
intersecting the Y-axis at the value n7,_cnarge () = 100%.

It is clear that inductors have an intrinsic advantage over capacitors for the pur-
pose of storing energy out of a voltage source. Indeed, the process of charging capac-
itors can only reach a high value of ¢_charge (t) if Uiy — U (0) is kept significantly
smaller than Uj,, regardless of the value of the parasitic series resistance. This is
in contrast to the process of charging inductors, which can reach a high value of
NL_charge(t) for any given value of U, and I¢(0), as long as the parasitic series
resistance is kept small. Therefore, inductors are theoretically well suited for the
purpose of DC-DC converters, as they allow for high power conversion efficiencies
over a broad range of voltage conversion levels.

2.3.2 Inductors and Capacitors: The Combination

Any given switched-mode (inductive) DC-DC converter topology has an output ca-
pacitor to smooth out the current/voltage transients, generated by the switching part
of the converter, and also to act as an energy reservoir for the load when the converter
is not delivering power to the output. However, as the direct charging of a capacitor
through a voltage source is intrinsically lossy (see Sect. 2.2.1), an inductor needs
to be added to avoid these losses. This process of charging a capacitor C with a
series inductor L through a voltage source U, is illustrated in Fig. 2.14, where the
series resistor R represents the sum of the parasitic series resistances of the volt-
age source Ujy,, the inductor L and the capacitor C. This circuit is described by its
differential equation, which is omitted in this discussion. Its time-domain solution
can be either aperiodically damped, critically damped or periodically damped. Only
the latter case, for which (2.42) is valid, is considered in this discussion as the total
parasitic series resistance in practical inductive DC-DC converters is always kept
small enough to fulfill this requirement.

L
R«2,/= 242
< c (2.42)

For the periodically damped RLC-circuit, the current i (¢), the voltage u (¢) over
L, the voltage ur(t) over R and the voltage uc(¢) over C are given by (2.43),
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(2.44),3 (2.45) and (2.46), respectively. In (2.43), 11 (0) denotes the initial current,
Uc(0) is the initial voltage over C, wrc is the angular frequency and ;¢ is the time
constant.

i(t) = (1L(0)Q cos(wrct) + (IL(0)(R — 2LR) + 2(Uin — Uc (0))) sin(wrct))

(2.43)

(2.44)
dt

ur(t) = Ri(t) (2.45)

uc(t)=Up —urp(t) —ugr(t) (2.46)

The current and the voltages of an ideal series RLC-circuit as a function of time
are plotted in Fig. 2.15(a). In this figure it is assumed that the resistance of R is
infinitesimal, /7 (0) = 0 and U¢ (0) = 0. The most important observations in this plot
are that the ideal series RLC-circuit oscillates undamped at an angular frequency
wpc =2nf =2n/T and that the maximal voltage Uc_,uqx over C is 2Uj,. For the
non-ideal, periodically damped RLC-circuit, where R is non-zero and complies with
(2.42), the current and voltages are plotted in Fig. 2.15(b), where it is also assumed
that /7 (0) = 0 and U¢(0) = 0. This circuit oscillates at the same angular frequency
wrc as its ideal counterpart, it is however damped with a time-constant 77c. In
steady-state iy (¢), uy (t) and u g (¢) become zero and uc (¢) becomes equal to Ujy,.

The energy Ey, — rrc(t) delivered by Ui, the energies Ey (¢) stored in L, Eg(¢)

in

dissipated in R and E¢(¢) stored in C are given by (2.47), (2.48), (2.49) and (2.50).

Eupsric(t) = fo Uity di (2.47)
E; () =/()tuL(t)i(t) dt (2.48)
ER(t):/(;tuR(t)i(t) di (2.49)
Ec(t) = [)tuc(t)i(t)dt (2.50)

These energies are plotted in Fig. 2.16(a) for an ideal series RLC-circuit, where
it is assumed that the resistance of R, I7(0) and Uc(0) are zero. During the first

3This equation is known as Lenz’s law.
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Fig. 2.15 (a) The current u(t)
i(t), the voltage uy (t) over L, i(t)a
the voltage ug(¢) over R and Pl oo il

the voltage uc(t) over C as a
function of time, for in ideal
(R =0) and (b) a non-ideal Ut~/ -- A A
(R # 0) series RLC-circuit ¢ 4

ARSI 1
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one-fourth part of the period T energy from Uj, is stored in L and C. Afterwards,
during the following one-fourth part of 7 energy from both U;, and L are stored
in C. Finally, during the last half part of T this process is repeated in reversed order
and the cycle recommences. It can be seen that at exactly the half of T, Ec(¢) is
maximal and equal to Ey,,—rrc(?), implying that the energy charging efficiency
NRLC_charge(t), for charging a capacitor in an ideal series RLC-circuit by means of a
voltage source, is equal to 100%. This is in contrast with the case were a capacitor
is charged directly by a voltage source, where for the same case of a zero initial
voltage (Uc (0) = 0) n¢_charge(t) = 50%, as can be seen in Fig. 2.5(c). Moreover, in
the latter case C is only charged to a voltage equal to U}, in steady-state, whereas for
the ideal RLC-circuit C is charged to 2- U;,, at T /2 and therefore contains four times
more energy. Figure 2.16(b) shows the plotted energies of a periodically damped
series RLC-circuit, where it is assumed that R complies to (2.42) and both 17 (0)
and U¢ (0) are zero. Similar to the current and voltages of this system, which are
shown in Fig. 2.15(b), the oscillation of these energies is damped with the time-
constant 77¢. To gain insight into this circuit the steady-state region, where ¢ > t7c,
is examined first. It can be intuitively seen that in steady-state i(¢) is zero, thus
E (1) will also be zero. The steady-state values of Ey,,—rrc(t), Ec(t) and Eg(t)
are positive finite values given by (2.51), (2.52) and (2.53), respectively. For the
specific cases where I (0) and Uc(0) are zero these energies are equal to those of
a capacitor that is charged directly by means of a voltage source.
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Fig. 2.16 (a) The energy E(t)
Ey,,—rrc(t) delivered by Uy, 2cUl
the energy Ep (¢) stored in L,

the energy Eg(t) dissipated

in]

in R and the energy Ec(t) ! Ey,-Lc
stored in C as a function of . 47&:
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%—)OO
=CU} (2.51)
: c 2, g2
ng(Ec(l)) = E(UL(O)R(I — L) =Uc0)" + Up)lic0)=Uc©0)=0
Lc
CU?
== (2.52)

1
lim (Er() = E(ZRCIL(O)(L — D(Uc(0) = Uin) + C(Uc(0) — U)*

e

2 2 2
+1L(0*(L + R*C(L = D)), 0)=ve0)=0

B cu?
)

The periodically-damped series RLC-circuit shows no advantage for charg-
ing a capacitor, in terms of NrLC charge(t), in steady-state. Nevertheless, this ad-
vantage exits during specific moments of the transient region. When considering
Fig. 2.16(b), it shows that the maximal nrrc_charge(t) Will occur after the first half
period T/2 has elapsed. This nrrc_charge(t) is calculated through (2.54), where the
initial energy E (0) stored in L is added to Ey,,— rrc(?) because Ey (0) is added
in a previous step that is not considered here. Only the solution for the special case
where I (0) and Uc(0) are zero is shown, as the general solution of this calcula-

(2.53)
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Fig. 2.17 (a) The energy charging efficiency nrrc_charge(t) of a capacitor in a periodically-
damped series RLC-circuit as a function of time, for different values of the initial voltages Uc (0)
over C and (b) for different initial currents I, (0) through L

tion is too complex. When the resistance of R is infinitesimal, nrrc_charge(t) Will
be 100%.
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Teedarel g ) TR o ) T By ric () — ELO)
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_ % - (2.54)

The influence of the values of Uc(0) and I (0) on nrrc_charge(t) is graphi-
cally represented in Fig. 2.17(a) and (b). First, Fig. 2.17(a) is considered, where
NRLC_charge(t) is plotted as a function of time. Also, the value of Ic(0) is as-
sumed to be zero and three different values of Uc(0) are considered: Uc(0); =0,
Uc(0); = Ui, /2 and Uc(0)3 = Ujy,. It is observed that at time 7 /2 the maximum
values of NrLC_charge(t) are reached and that these values increase upon increas-
ing values of Uc(0). For the case where Uc(0) = Ujn, NRLC_charge(t) Teaches the
value of 100%. Obviously, no energy is added to C in this case. Please note that
the maximum value of NgrrC_charge(t) is also dependent on the resistance of R. This
dependency is not shown for sake of simplicity. However, it can be proven that
the maximum value of NRLC charge(t) 18 inversely proportional to R. In order to
gain more insight into the dependency of nrLc_charge(t) on I1(0), Fig. 2.17(b) is
explained. In this figure nrrc_charge(t) 18 plotted as a function of time. The value
of Uc(0) is assumed to be zero and three different cases for /7 (0) are considered:
I1(0); =0> I7.(0)2 > I (0)3. In this figure is observed that the maximum value of
NRLC_charge(t) is only reached at T'/2 for the case where 11 (0) = 0. When ;. (0) > 0,
the maximum value for nrrc_charge () is reached faster than 7'/2. It can also be seen
that this maximum value tends to decrease upon increasing values of I (0), which
is associated with increasing Joule-losses in R. Finally, it is noted that, similar to
Fig. 2.17(a), the maximum value of Nrrc_charge(?) is inversely proportional to R.
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To conclude this dissertation on the charging of capacitors in a periodically-
damped RLC-circuit by means of a voltage source, the most important observations
and their consequences are listed:

o The maximum value of nrrc_charge (t) is Teached at a charge time ¢ exactly equal
to 7'/2, assuming that /7 (0) is zero.

o The total parasitic series resistance R is inversely proportional to NRLC charge(t)
and NRLC charge(t) reaches the value of 100% for R = 0, independent of the values
of Uc(0) and 17, (0). This implies that the charging of a capacitor in an ideal RLC-
circuit (R = 0) is lossless, as opposed to the charging of a capacitor by means of
a voltage source.

e The maximal E¢(¢) is ideally four times larger than for a capacitor charged by
means of a voltage source, implying that uc (¢) can reach the maximum value of
2 - Uj,.

e The smaller the difference between the values of U;, and Uc(0), the larger the
maximum value of NRrLC_charge(?), reaching 100% for the case where Uc(0) =
Uij,. Obviously for the latter case E¢(¢) is zero.

o A smaller value of I; (0) yields a larger maximum value for nrLc_charge(t)-

As both the charging of inductors by means of a voltage source and the charg-
ing of capacitors in periodically-damped series RLC-circuits by means of a voltage
source can ideally be lossless, their combination is promising for the realization of
inductive DC-DC voltage converters. The result of this is that ideal inductive DC-
DC converters are able to achieve power conversion efficiencies nsw of 100% for
their entire voltage conversion ratio ksy range, which is in contrast to ideal charge-
pump DC-DC converters, which is explained in Sect. 2.2.

2.3.3 Reflections on Steady-State Calculation Methods

The behavior of ideal inductive DC-DC converters in terms of the voltage conver-
sion ratio k(8) as a function of the duty-cycle § and the conduction mode (CM) is
discussed in this section. For this purpose the general small-ripple approximation
method is provided here [Eri04]. The method is explained by means of an ideal
boost DC-DC converter, which is shown in Fig. 2.18(a), but can be used for any
given inductive DC-DC converter topology. As this method is only useful for cal-
culations of ideal converters, it will prove to be of limited value in the design of
monolithic inductive DC-DC converters. An accurate model for this purpose is pro-
vided in Sect. 4.

Continuous Conduction Mode

First, the basic steady-state operation of an ideal boost converter, shown in Fig. 2.18,
is explained. In continuous conduction mode (CCM) the current through the induc-
tor iz, (¢) has a finite, positive value which is not zero and the operation mode consists
of two phases:
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Fig. 2.18 (a) The circuit of an ideal boost DC-DC converter. (b) The equivalent circuit of the
inductor charge phase and (c¢) the inductor discharge phase

. The inductor charge phase ®: The equivalent circuit for ®; is shown in

Fig. 2.18(b), which is achieved by closing SW; and opening SW, for a certain
on-time #,,. During ®; the inductor L is charged by the voltage source Uy,
causing the inductor current iy (¢) to increase from its minimal value I;_pi, to
its maximal value Iy, as illustrated in Fig. 2.20. Simultaneously the output
capacitor C is discharged through the load Ry .

. The inductor discharge phase ®,: The equivalent circuit for ®, is shown in

Fig. 2.18(c), which is achieved by opening SW; and closing SW» for a certain
off-time #,4. During ®; L is discharged into C and Ry, causing i (¢) to decrease
from I7,_uax t0 I1_min, as can be seen in Fig. 2.20. As a result iz (¢) is divided
over C and Ry, thereby charging C and providing power to Ry .

Because L is discharged in series with U;, it can be intuitively seen that the

output voltage U,,, will always be higher than Uj,. This will be formally proven
by means of the small-ripple approximation method. For this method it is assumed
that:

All the converter components are ideal and lossless.

e The output voltage ripple Upur _max — Uour_min = AUy is infinitesimal, which

implies that U, is equal to its mean value U,,;.
The inductor current ripple Al;, = I, max — I1_min 15 infinitesimal.
All the currents and voltages are linearized, according to Fig. 2.20.

e The converter operates in steady-state.

First, the voltage uy (t) over L is considered. In Fig. 2.20 it can be seen that, for

@ and 5, uy (¢) is given by (2.61).

D1:0— 1o, = ur(t) =Up,

2.61)
Sy iton—>toy = ur(t) =Upn— Upu
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@CAPACITOR CHARGE BALANCE & INDUCTOR VOLT-SECOND BALANCE

For a capacitor C in a DC-DC converter, operating in steady-state, the energy Ec _;, stored
in it is equal to the energy Ec .. delivered by it, as stated by (2.55). Because the capac-
itance of C is constant, the net voltage change, during one period 7', over C is zero. This
is translated into (2.56), where Uc (0) and Uc(T') are the respective voltages over C at the
beginning and end of 7. For the example of Fig. 2.19(b), where the current ic(¢) through
C as a function of time is shown, this yields (2.56). This implies that the stored Q;, and the
delivered charge O, in C are equal, hence the capacitor charge is in balance. Graphically,
the positive area Ag of Fig. 2.19(b) is equal to the negative area A ..

CUc(T)  CUcO? _

> 2 (2.55)

EC_in - EC_aut =
1 T
—  Uc(T)—Uc(0)=0= E/ ic(t)dt (2.56)
0

T
— f ic(ydi = Ieity + Ieatn = Qi — Qo= AL — AZ W (2.57)
0

ic(tl I uy (t)y U
uq(t u T ] " Tet Eaue EN B
lc( ) L(t) AC AC : AL AL :
Ag Azt AL At
--___I I___- :Icz --___I I___- :UL1
ic(t) iy(t) bt T : b i T :
(@) (b) (©

Fig. 2.19 (a) The convention of the voltage over and the current through a capacitor C and
an inductor L. (b) The current ic (¢) through C and (c) the voltage uy (t) over L, both in
energetic equilibrium

For an inductor L in a DC-DC converter, operating in steady-state, the energy E;_;, stored
in it is equal to the energy E; ,, delivered by it, as stated by (2.58). Because the inductance
of L is constant, the net current change, during one period 7', through L is zero. This is
translated into (2.59), where /1, (0) and I, (T') are the respective currents through L at the
beginning and end of 7. For the example of Fig. 2.19(c), where the voltage uy () over
L as a function of time is shown, this yields (2.60). This implies that the inductor’s volt-
second product is in balance. Graphically, the positive area Az' of Fig. 2.19(c) is equal to
the negative area A} .

LIL(T)>  LIL(0)? -0
2 2

EL_in - EL_out = (258)
1 T
—  I(T)—I.(0)=0= Z/ ur (0 dt (2.59)
0

T
= /uL(t)dtzULm+UL2t2=A2'—AZI (2.60)
0
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Fig. 2.20 The linearized

current iy, (t) through L, the )
linearized voltage uy (¢) over i ()
L, the linearized current i¢ (1)

through C and the linearized

output voltage u,, () as a

function of time, for an ideal uy (t)
boost converter in CCM
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In steady-state operation the net energy change in the inductor over one switching
period T is zero, thus the volt-second balance of the inductor is also zero. This yields
(2.62), giving the voltage conversion ratio k(§) as a function of the duty cycle §. It
is observed that k(§) only depends on é and not on the load R or the switching
frequency fsw. This follows from the fact that the converter components are as-
sumed to be ideal. Another implication of this assumed ideality is that the power
conversion efficiency ngy will always be 100%, independent of the converter’s op-
eration parameters. Therefore, (2.62) will prove little value in the design process, it
can however be used to understand the operation principle. A more accurate design
model for a boost converter will be deduced in Chap. 4.

T
A ur(t)dt = Upton + (Uin — aut)toﬁ =0

Uous _ ton + toff . 1

k(8) = — —n 2.62
= kO =7 Pl v (2.62)
The duty-cycle § is defined by (2.63).
t 17
=—" =2 with 0<5<1 (2.63)
ton + toff T

The relation between § and k(5), given by (2.62), is graphically represented in
Fig. 2.21. It can be seen that U,,; is always higher than Uj;;,, as explained earlier.
Also, Uy, can be infinitely high, as § approaches to 1. In practical implementations
the maximum value of U,,; will naturally be limited by losses.

The small-ripple approximation, used to calculate k(8), assumes that the output
ripple voltage AU,,, is infinitesimal. This is obviously not the case when the values
of L, C and fsw are not infinitely large, even when the converter components are
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Fig. 2.21 The voltage k(3)
conversion ratio k£(§) as a 5
function of the duty-cycle §,

for an ideal boost converter in

CCM

0.5 179

assumed ideal. Therefore, the calculation of AU, is also performed. In Fig. 2.20
it can be seen that during @ C is discharged through Ry . If t,, < tc = CR[ the
discharge current i¢ (¢) of C can be approximated to have a constant value, which is
formally described by (2.64).

dut o (1) _ Uour
dt - R;

Thus, the net change of u,,(¢) follows from the integration of ic(¢). The result
of this calculation yields AU,,;, which is given by (2.65).

®1:0—-1t, = ic®)=C (2.64)

1 [lon U Tou
AUpu == f ic(t)dt = C;‘; fon = %”’to,, u (2.65)
0

From (2.65) it follows that AU,,; will increase upon decreasing Ry, which is
equal to an increasing mean output current /,,;, because C is discharged faster dur-
ing ®. AU,,; will also increase upon increasing values of ¢,,, as this is equal to
the discharge time of C. Furthermore, it is observed that AU, is inversely propor-
tional to the capacitance of C and independent of the inductance of L. The fact that
there is no dependency on L can be intuitively understood because it is not a part of
the output filter. For DC-DC converters where both L and C are a part of the out-
put filter, this method for calculating AU,,; will not be applicable. The alternative
method, which is based on the charge balance of C, is explained for the DC-DC
buck converter in Sect. 3.1.

Discontinuous Conduction Mode

In discontinuous conduction mode (DCM) iy (¢) varies between zero and a fi-
nite positive value. In other words, iy (#) does not flow continuously. The small-
ripple approximation method, for analyzing the voltage conversion ratio ksy of a
DC/DC converter, is somewhat more complex for DCM. Before elaborating upon
this method for the ideal boost DC-DC converter example, of which the circuit is
shown in Fig. 2.18(a), the three phases of this converter in DCM are explained:

1. The inductor charge phase ®1: The equivalent circuit for ®; is shown in
Fig. 2.18(b), which is achieved by closing SW; and opening SW, for a certain
on-time f,,. During ®; L is charged by Uj,, causing iz () to increase from zero
t0 11 jmax, as illustrated in Fig. 2.22. Simultaneously C is discharged through
R;.
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Fig. 2.22 The linearized
current iz, (t) through L, the

2 Basic DC-DC Converter Theory
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. The inductor discharge phase ®,: The equivalent circuit for ®, is shown in
Fig. 2.18(c), which is achieved by opening SW and closing SW for a certain
real off-time fof reqi. This fof reqs is the exact duration for iz (¢) to reach the
value zero, which is shown in Fig. 2.22. Thus, during o rew L is discharged
into C and Ry, thereby charging C and providing power to Ry .

. The dead-time phase ®3: The equivalent circuit for @3 is illustrated by the right-
hand part of Fig. 2.18(b), which is achieved by both opening SW; and SW> for a
certain dead-time #4. This prevents iy, (¢) to become negative, discharging C into
Ui,. Thus, during ®3 C is discharged through R; . Finally, it is noted that the
sum of to5 e and t4 equals t,5.

Due to the fact that, in DCM, ir (¢) is zero during ?4, it cannot be approximated

as an infinitesimal small-ripple. For this reason the calculation method for £(8) in
CCM, which was described earlier, will not suffice for DCM. Therefore, the cal-
culation method for the latter mode, by means of the small-ripple approximation,
method is explained. The same assumptions as for CCM are made for this calcula-
tion, except for the inductor current ripple Al = Iy, max — I1._min = I1_max, Which
cannot be considered infinitesimal.

First, the voltage uy (¢), which is plotted in Fig. 2.22, is considered. For @1, &,

and @3 this yields (2.66).

D1:0— 1o, = ur(t)=Upn
D) fton = toff_real = ur () =Up — Upu (2.66)
D3 Loff _real = loff — up(t)=0
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In order to determine the current ic (¢), an expression for iy (¢) is needed. Both
these currents are plotted for DCM in Fig. 2.22. By means of Lenz’s law (2.44) the
tangents of iz (t) during @1 and &, are calculated, as stated in (2.67).

®:0>1¢ dir(t) _ Un
b dr L (2.67)
. dip(t) Ui —Upy ’
Dyt toff_real = toff di = I

The linear approximation of i (t) during &, is calculated by (2.67), yielding
(2.68).

Uin - Uout

Dy : Loff_real = loff — ip(t)= IL_mux + Tl‘
Ui Upn - U
= T; 4 2o 7 oty (2.68)

By means of Fig. 2.22 and (2.68), ic(¢) is calculated by (2.69), for &, ®;
and 3.

U,
@1 :0— 1oy —  ic(t) =2
Ry
D)t top —> toff_real — icC ) =ip(r) — il
R (2.69)
- % Uin - Uout _ Uout
L™ L Ry
. Uour
®3: toff _real = toff — ic(t) = _R_
L

Analogue to CCM, the volt-second balance of L in DCM is zero when the con-
verter operates in steady-state. This volt-second balance, in combination with (2.66)
for iy (t), is used to calculate k(6), yielding (2.70).

T
/ up(t)dt = Upton + (Uin — Uout)toﬁ‘_reul =0
0

— k(a)zhzt{)n‘Ftoﬁ_td
Uin Loff —ld

The dead-time 74 in (2.70) is an unknown output parameter and therefore an ad-
ditional equation is needed to substitute it with known input parameters. For this
purpose the charge balance of C is calculated, which is zero when the converter op-
erates in its steady-state region. This is achieved by using (2.69) for ic (¢), yielding
(2.71) which is a quadratic equation of #4. Solving 7z out of this quadratic equation
results in two solutions, of which only the positive solution has a physical meaning.

T
/ ic(t)dt=0
0

U, U; U,
= Roztton + ((Tlton - ﬁ)(toﬁ —14)

(2.70)

Uin — Uour 2 Uour
- T (ty—t —
g Uar—1a) ) R

ta @2.71)
L
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In the last step k(§) is calculated by substituting the positive solution for 75 of
(2.71) into (2.70). This results in a quadratic equation of U,,,,. The positive, physical
relevant, solution of this equation yields k(§), given by (2.72).

1+ /1+ LIZ I+ /1+ %
Uout L(lon+toﬂ> on W

k(8) = = n (2.72)

Upn 2 2

It is observed that k(8) is not independent of the value of Ry, L and T in DCM.
This stands in contrast to CCM where k(§), given by (2.62), is only dependent on §.
However, both equations do not provide any information on whether the converter
operates continuous or DCM and therefore it is not yet clear when to use which
equation. The formal method to determine the CM for an ideal converter and a
graphic representation of (2.72) is provided in the following section.

The output voltage ripple AU,,; for DCM is calculated analogue to CCM. This
ripple is assumed to be infinitesimal for the small-ripple approximation method,
which is not the case when the values of L, C and f have a finite value. For this
purpose ic(¢) is considered during @3 and &1, as illustrated in Fig. 2.22. During ®3
and @ C is discharged through R; . Thus, for the case where ¢,, + ;4 < tc = CR[,
the discharge current i¢(¢) of C can be approximated to be constant, as described
by (2.73).

Aoy (1) _ Uour
dt Ry
Analogue to (2.65), for CCM, AU,,; is calculated by integrating ic (¢) over t,, +

tq, yielding (2.73). The dead-time #; is calculated by solving the quadratic equation
(2.71).

P3& D1 : 0>t +ty — ic(t)=C

(2.73)

AUyt
1 ton+tq
=—— ic(t)dt
o iew
U Tous
= C;:Z (ton + td) = %m(ton +td)

< RLTUsy — RitogUous + | RL(RLEZ,UZ, + 2LT (Uyy — Um)Um))
- RL(Uin - Uout)

I()th
- u 2.74
a (2.74)

As can be seen, in DCM AU,,; is dependent on the same parameters as for CCM,
which is described by (2.65), in addition of #;. As a consequence AU, is also de-
pendent on the inductance of L, which is not the case for CCM. This dependency
of L is not expected because L is not a part of the output filter, however the de-
pendency follows from the fact that 7; is dependent on L. This dependency is quite
complex and it is more interesting to understand that the inductance of L influences
the duration of 7;. An increasing value of 77, meaning that the converter is driven
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deeper into DCM, will increase the discharge time of C and as a result the value
of AU, will increase. An insight into the boundary between the two conduction
modes is required to clarify this, which is provided in the next section. Finally, it
noticed that, similar to CCM, this calculation method will not be applicable for DC-
DC converters where L is also a part of the output filter. For this type of converters
the charge balance method, explained in Sect. 3.1 for a DC-DC buck converter, will
be required.

Continuous-Discontinuous Boundary

The calculation of k£(8) and AU,,; for both CMs of an ideal boost converter, shown
in Fig. 2.18(a), is already performed in the previous sections, by using the small-
ripple approximation method. This same method is used in this section to determine
the conduction boundary (CB) between CCM and DCM, for the ideal boost con-
verter example. The conditions for the converter to work in either of the two modes
are found by means of Fig. 2.20 and are given by (2.75), where I; is the mean value
of ir ().

- IL_max - IL_min _ AIL

1) > = CCM
2 2
I 2 AT (2.75)
IL < L_max 5 L_min _ 2L DCM

In order to find an expression for I, the charge balance for C in CCM is to be
solved. For this purpose, ic(¢) for @ and ®; is determined by means of the graph
is Fig. 2.20, yielding (2.76).

Your
Ry (2.76)

Dy i lop = Lo = ic(t)=iL(t)—R"Z’

D1:0— to, = ic(t)=-

When assuming that A/ is infinitesimal, which is the case for the small-ripple
approximation, it can be seen that iy (¢) equals /7. Thus, solving the charge balance
of C and substituting I, yields (2.77).

T
. Uout 7 Uout
t)dt =— 1y I — tor =0
/(; ic(t) RL (n+<L RL>oﬂ
— U fon +1 U,
— I = out ‘lon off _ out
Rp toff Rp(1—9)
Substituting the unknown output parameter U, out of (2.62) and replacing it in
(2.77) results in (2.78), which is only dependent on known input parameters.

=Y
L= RL(1=6)2

2.77)

(2.78)
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Fig. 2.23 The upper graph
shows the voltage conversion
ratio k(§) as a function of the
duty-cycle §, where the black
curve is valid for CCM and
the gray curves for DCM. In
the lower graph the black
curve shows the boundary
between the two CMs and the
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The inductor current-ripple Ay is equal to the current increase of iy (#) during
@. By using (2.67), this results in (2.79).
dip(t) Up U; U;
= — >

Al = 21, =278 (27
dt L L= = 2.79)

Finally, the condition for CCM of (2.75) can be reformulated into (2.80), by
means of (2.78) and (2.79).

D1:0—1,,

- AIL Uin Uin
I > -2 e " S -"7s
L= RL(1—08)2 2L
2L
S 5(1—-6)7%m 2.80
= RLT>( ) (2.80)

It can be seen that the CM of an ideal DC-DC boost converter depends on the
duty-cycle 8, the switching period T, the inductance of L and the load Ry . The boost
converter will tend to operate in DCM for low inductances L, high values of the load
resistance R; (low loads) or longer switching periods T (lower frequencies f).
Furthermore, the CM does not depend on the capacitance of C.

To get more insight into this matter, the CB is plotted in Fig. 2.23. The upper
graph shows k(§) as a function of §, where the black curve is valid for CCM (2.62)
and the gray curves for DCM (2.72). The curves for discontinuous mode are plotted
for three different values of (2L)/(R;T): 0.01, 0.05 and 0.1. The CM valid for the
upper graph is determined by the lower graph. In this graph the CB (2.80) is plotted
by the black curve. The gray horizontal lines are the values for (2L)/(R.T), used
in the upper graph. For the values of §, at a certain value of (2L)/(RyT), which are
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underneath the black CB curve, the converter will operate in DCM and vice versa.
From these graphs it can also be concluded that the converter will tend to operate
towards CCM for values of § approaching zero or one. Finally, it is noted that in
DCM k(§) is quasi linear dependent on §. This is due to the fact that the iy (¢) will
rise in a linear fashion during @1, according to (2.67), and therefore the amount of
energy E (t) stored in L will increase quadratically with &, as determined by (1.6).
The amount of energy delivered to R;, also increases quadratically with U,,; and
because this energy is equal to E (¢), U,y increases linear with 6.

The mathematical expressions obtained for the characterization of an ideal DC-
DC boost converter will be validated with SPICE simulations in Sect. 3.2.1. A more
sophisticated and accurate model, that takes all the significant losses of a monolithic
DC-DC boost converter into account, is derived in Chap. 4.

2.4 INTERMEZZO: The Efficiency Enhancement Factor

Virtually any given energy converter has the purpose of performing its task with
minimal energy losses.* For DC-DC converters this is translated into maximizing
the overall power conversion efficiency n, as stated by (1.3). The advantages of
attaining the highest possible 1 are obvious:

e Less energy consumption leads to longer battery autonomies and lower energy
costs, hence greener applications.

e Less heat dissipation leads to smaller required contact surfaces and/or heatsinks,
in turn resulting into smaller and more cost efficient applications.

e Less heat dissipations leads to reduced conduction losses in metals and (MOS)
transistors, due to Positive Temperature Coefficient (PTC) resistive behavior.

This section describes the formal method for comparing switched DC-DC step-
down converters with each other, with respect to their power conversion efficiency
nsw. In order to achieve this, a new figure of merit is introduced [WenO8a]: The
Efficiency Enhancement Factor (EEF). The method takes the voltage conversion
ratio kg into account, which is a crucial parameter for the comparison.

The basic idea behind the EEF is explained in Sect. 2.4.1 and the possible inter-
pretations and variations of this figure of merit are described in Sect. 2.4.2.

2.4.1 The Concept

Consider two switched-mode DC-DC step-down converters DC-DC; and DC-DC,,
having both the same P,,,, a different ks and ngw. The value of these parameters

4By referring to energy losses the energy converter is implicitly regarded as an open system, where
the energy losses are in the form of waste/dissipated heat (Joule-losses).
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Table 2.1 A comparison to clarify the concept of the EEF figure of merit for step-down DC-DC
converters. Each comparison is made between a linear series voltage converter and a switched
DC-DC step-down voltage converter, having the same voltage conversion ratio kj;, = ksw

DC-DC; DC-DC,
Pour = 1w klin = kSW =0.8 Pour = 1w klin = kSW =0.5
Niin = 80% nsw = 85% Niin = 50% nsw = 55%

=  An=nsw — Nin=5% =  An=nsw — Nin=5%
Piy_jin = 1.25W Piy_sw = 1.18 W Py jin = 2W Py sw = 1.82 W

= APy = Py_iin— Pin_sw=0.07TW =  APyu=Pi_jin— Pin_sw=0.18W
APip _ _ APy _
EEF = Pin_lin |km,=ksw =5.6% EEF = Pin_iin Vkjin=ksw 9%

is listed in Table 2.1. At first glance DC-DC; is superior to DC-DC,, in terms of
UNIS

In order to examine this more closely, both converters are compared to their ideal
series linear voltage converter equivalents, having the same voltage conversion ra-
tios kji, = ksw and P,,;. The power conversion efficiency ny;, of these ideal linear
series voltage converters is equal to kj;, and independent of P,,,, which is proven
by (2.2). For both examples this yields the same difference An of power conversion
efficiencies. From this point of view it is already clear that DC-DC; is not better
than DC-DC,, with regard to ngw.

The main question still to be answered is how the improvement of the switched-
mode DC-DC converters, compared to their linear series voltage converter equiva-
lents, can be measured. In essence, it all comes down to Pj,, which is larger than
Py due to the losses in a real converter. Thus, the input power P;;, sw of DC-DC;
and DC-DC; is to be compared to the input power P;, j;, of their respective linear
series converter equivalents, which is done by means of their difference A P;,,. When
comparing A P;, for both examples, it can be seen that this difference is smaller for
DC-DC; than for DC-DC,. This indicates that the net gain over a linear series volt-
age converter, in terms of Pj,, has the highest value for DC-DC,, despite its lower
overall ngw.

It is clear that the comparison of A P;, can only be made for equal P,,;, which
is the case in this example. In order to be able to perform this comparison indepen-
dently of P, A P, is normalized over P;, ji,, yielding the EEF for switched-mode
DC-DC step-down converters. This figure of merit allows for comparing different
DC-DC step-down converters in terms of their ngw, independent of P,,; and ks .
A more convenient form of the EEF, which is equivalent to the one of Table 2.1, is
given by (2.81).

Pour_SW
EEF — APm —1_ Pin_li;_ in_SW —1— Pﬂswl'
3 . ., . t
in_lin | kg, =kgw in_lin kiin=Fksw # Kin=ksw
i
— EEF=1- i m 2.81)
NSW {kyin=ksw
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Fig. 2.24 The upper graph Nsw
shows the power conversion Miin 4
efficiencies nsw and 7, of a 100%
switched-mode DC-DC /
converter and a linear series An
voltage converter having the
same voltage conversion ratio 50% A
kiin = ksw, as a function of /E
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In the last step of for obtaining (2.81) it is assumed that Py, jin = Pour_sw. The
premise for this assumption is the fact that 7;;, is not dependent on Py;;_jin.

2.4.2 Interpretations

From the definition of the EEF, given by (2.81), it follows that the EEF will have a
positive value for nsw > n;;,;, (wanted) and vice versa (unwanted). This is graphically
illustrated in Fig. 2.24. The upper graph shows nsw and 7, for both a switched and
a linear series DC-DC converter, for kj;, = ksw, as a function of P,,;. The lower
graph shows both the EEF and its mean value EEF as a function of P,;.

Calculating the EEF can essentially be performed in two alternative ways, lead-
ing to different interpretations. The first method is to calculate the EEF for a single
value of ngw, usually the highest/lowest one. This yields either the best or worst
case scenario.”

The second way to perform the calculation of the EEF is by calculating it for
multiple values ngw, each at different values of P,,;, and applying a power activity
probability distribution «(P,y;). This o(P,,;) may follow from the targeted load
application or it can also be a user-defined function. An example of such a function
is (linear) ramp, indicating the weight of the EEF, and thus nsw, becomes more

SNot to be confused with the album of dEUS.
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important at higher values of P,,;. Eventually this yields the weighted Efficiency
Enhancement Factor EEF, which is given by (2.82).

R Z EEF (Pow_i)t(Pou_i)
l

(2.82)

i=1

The EEF gives a more realistic view on the performance of a switched-mode
DC-DC step-down converter, with regard to ngw, as it provides information on the
overall performance over a certain load region. Obviously, when «(P,,;) = 1 (2.82)
yields the mean Efficiency Enhancement Factor EEF, as shown in the lower graph
of Fig. 2.24.

Note that the main purpose of switched-mode DC-DC step-down converters is to
provide a higher value for ngw than achievable with a linear series DC-DC converter,
which in essence is a resistive divider. If this constraint is not fulfilled, the additional
complexity and cost of a switched-mode DC-DC converter, whether it is off- or on-
chip, converter cannot be justified.

2.5 Conclusions

This chapter discusses the three DC-DC conversion methods and the associated
principles of energy storage in capacitors, inductors and their combination:

1. Capacitors: (Sect. 2.2.1) The charging of a capacitor by means of a voltage
source or another capacitor is intrinsically prone to losses. The energy charg-
ing efficiency 7¢_charge is higher when the steady-state region is more closely
approximated and if the initial voltage over the capacitor being charged is as
close as possible to that of the voltage source or charging capacitor.

2. Inductors: (Sect. 2.3.1) The charging of an inductor by means of a voltage source
is ideally lossless, unless when a finite, non-zero series resistance is assumed. In
the latter case 1_charge 1 higher when the charge time of the inductor is shorter
and/or if the initial current through the inductor is lower.

3. Capacitors and inductors: (Sect. 2.3.2) The charging of a capacitor in series with
an inductor by means of a voltage source is ideally lossless, unless when a finite,
non-zero series resistance is assumed. In either case the energy stored in the
capacitor will be maximal after the first half period, for a periodically damped
system. At this point nrrc_charge 18 also maximal and it will be higher when the
initial voltage over the capacitor is closer to that of the voltage source, or when
the initial current through the inductor is lower.

By using this knowledge the two methods for switched-mode DC-DC conversion
are explained, together with the linear conversion method:

1. Linear voltage converters: (Sect. 2.1) This converter can only decrease the output
voltage and is based on dissipating the excess energy. The power conversion
efficiency is proportional to the voltage conversion ratio, for a series converter,
and in addition proportional to the output power, for a shunt converter.
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2.

Charge-pump DC-DC converters: (Sect. 2.2) This converter can both decrease
or increase the output voltage. The energy conversion efficiency will ideally only
reach 100% at the optimal voltage conversion ratio, which depends on the used
topology, and is independent of the output power.

. Inductive type DC-DC converters: (Sect. 2.3) This converter can also both de-

crease or increase the output voltage. The energy conversion efficiency will ide-
ally always reach 100%, regardless of the voltage conversion ratio and output
power. The mathematical methods for calculating the voltage conversion ratio
and output ripple, both for CCM and DCM, for an ideal boost converter example
are explained in Sect. 2.3.3.

Finally a figure of merit for comparing DC-DC step-down converters, called the

Efficiency Enhancement Factor (EEF), is introduced in Sect. 2.4. The EEF allows
comparison in terms of power conversion efficiency that is independent of the volt-
age conversion ratio.
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