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Abstract: The supercapacitor-assisted low-dropout (SCALDO) regulator is a unique new design approach to develop high
efficiency, high current and low noise DC-DC converters, where a supercapacitor (SC) is used in the series path of a low
dropout (LDO) regulator to act as a lossless voltage dropper. In the published literature, there has been much discussion about
the stability of an LDO regulator, where different approaches are applied to frequency compensate depending on the LDO
architecture. Given the case that the SCALDO technique is a combination of an LDO regulator and an SC, this study presents
an analysis and experimental validation of the stability, based on a 12-5V SCALDO prototype, proving that the effect of the SC
energy recovery method does not make the overall regulator carry a stability issue in general.

1 Introduction

1.1 Modern DC-DC converter topologies and DC power
management

Energy-efficient power management is a key requirement in the
design of modern electronic devices [1, 2]. Therefore, the product
manufacturers always strive to come up with optimised DC-DC
converters to power these devices to achieve high efficiency. Fast
transient response, low noise, and less complexity are also
important priorities in developing DC power management solutions
for portable products and consumer electronics [2]. Three basic
DC-DC converters used in these devices are linear regulators,
inductor-based switch-mode converters and switched capacitor
converters (charge pumps) [3]. These three techniques can be
combined to generate multiple DC power rails in modern electronic
products to achieve the best possible performance [3, 4]. On the
other hand, non-conventional methods have also been introduced
for different applications [5, 6] and these all have various pros and
cons, based on their design limitations.

Low-dropout regulators are a special type of linear regulator,
which are designed to operate under very low input-to-output

voltage differences to achieve high ETEE. Low dropouts (LDOs),
with their low headroom voltage, provide very low noise and high
current slew-rate capable linear DC power rails. The
supercapacitor-assisted low-dropout (SCALDO) regulator, on the
other hand, operates based on the principle that an ideal capacitor
acts as a series lossless voltage dropper in the series path of a linear
(LDO) regulator. Although the SCALDO regulator maintains the
same useful characteristics of a linear (LDO) regulator, the major
advantage is the high-efficiency operation even at a large input-to-
output voltage difference. Therefore, the SCALDO concept is a
better alternative to switching converters with the added advantage
of DC-UPS capability. Also, this concept has opened the door for
another set of SCA (supercapacitor-assisted) techniques useful in
wider power electronics area [7—10].

Table 1 compares the performance characteristics of the three
conventional DC-DC converter topologies along with the
SCALDO regulator.

Table 1 Comparison of three basic DC—-DC converter topologies and the SCALDO regulator

Conventional topologies

SCALDO regulator

Feature Linear regulators Switched capacitor Switch-mode
converters converters
conversion type step-down step-up/down step-up/down Step-down
efficiency low to moderate (limited by moderate to high highest High (Vout/Vin limitation of a linear
Vout/Vin) regulator has been overcome)
cost low moderate moderate Moderate
design complexity low moderate moderate to high Low

external components minimum external components: low: a flying capacitor,
reservoir capacitors

one or no input/output

high: (magnetic
components, filters)

Low (one LDO regulator, a
supercapacitor and four low-speed

capacitor switches)

noise/EMI lowest moderate highest Low (similar to a linear regulator)
output current low to high lowest highest Low to high
output power moderate (heat dissipation moderate (due to low highest High (energy is recovered by a

becomes significant when  output current capability) supercapacitor without wasting as heat)

Vout/Vin is high)

dynamic response best poor good Very good (similar to a linear regulator)
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Fig. 1 Circuit topology of the single-stage SCALDO regulator
(a) Charging mode, (b) Discharging mode
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1.2 Emergence of the SCALDO technique as a very low-
frequency design approach with high current capability

From 2009 to 2014, as a completely new low-frequency design
approach to high-efficiency DC-DC converters, the SCALDO
technique was successfully developed with a US patent granted in
2011 [11]. This technique is one of the most developed applications
of generic SCA techniques [12]. All SCA techniques are based on
the unique supercapacitor-assisted loss management [SCALOM]
theory presented in [13]. Wider research interest has been
expressed in this method by various groups outside New Zealand,
as indicated in [14].

In the basic technique, an array of SCs is used as a voltage
dropper element in the series path of an LDO regulator. This
concept is based on the loss circumvention principle of a resistor-
capacitor loop fed by a DC voltage source [13]. More discussion
on the operating principle of this concept is provided in Section
1.3. The energy accumulated in these SCs is recirculated at a very
low frequency, increasing the end-to-end efficiency (ETEE) of the
regulator by a multiplication factor in the range of 1.33 to 3,
compared with the efficiency of a linear regulator circuit designed
for the same input-to-output voltage combination. Due to the very
low switching frequency, this approach eliminates any RFI/EMI
issues. The concept has been successfully matched to different
power supply requirements with very good outcomes [12, 15, 16].
One of the latest applications based on this technique is the high-
efficiency split-rail DC-DC converter [17].

It is important to note that the SCALDO is not a variation of the
traditional charge pump converters, as published in [15]. The
unique properties of the SCALDO technique and its applications
are listed below.

» Load sees the high quality, low noise output of a linear regulator,
while the extra energy accumulated by the series SC in the input
side of the regulator is circulated back to the same linear
regulator, disconnecting the input energy source and connecting
the SC in parallel.

« It operates at a very low frequency in the order of millihertz to
fractional Hertz, and does not create RFI/EMI issues.

» It is applicable to load currents in the range of a few
milliamperes to tens of amperes. For load currents up to about
10 A, single-chip LDOs are usable. For higher currents, a
discrete transistor-based LDO regulator can be used.

It requires SCs in the range of 1-100 F, with similar can sizes of
electrolytic capacitors in the microfarad range and does not add
excessive cost to design and manufacturing [17].

It can be modified to achieve the DC-UPS capability within the
converter by oversizing the SC.

1.3 Operating principle of the single-stage SCALDO
regulator

This discussion is based on the simplest configuration where a
single SC is utilised. This approach has two operating phases, as
depicted in Fig. 1, involving both charging and discharging modes.
The operation is done based on four low-speed switches (S1—Sy),
and more implementation details are available in [16].

As shown in Fig. la, the power source, the SC and the LDO
regulator are connected in series in the charging mode. Because of
this series connection, the SC acts as a lossless series dropper
element between the source and the LDO regulator. The change of
voltage (Av) across the SC is very small due to its large
capacitance (Csc) when a finite current (i(£)) flows for a limited

time (7), as shown in (1)

Ay = Csc l(t)dt 1

Due to this effect, the DC is not blocked, and the LDO regulator
keeps the output DC voltage regulated for a finite amount of time.
Since the ground pin current of a well-designed LDO regulator is
close to zero (IyLpo) = 0), the output current (/,po)) and the
source current (/;,) become equal in the charging mode. As the SC
charges, the input voltage of the LDO regulator (Viywpo))
decreases. The SC is kept in this position until Vi, poy falls to its
minimum operating voltage (V). If the ESR of the SC and the
resistance of the low-frequency switches are negligible, the voltage
of the SC (Vgc) becomes approximately Vi,—Vpin at the end of the
charging cycle.

When the charging process ends, the SC is forced to switch into
discharging mode by disconnecting the power source, as shown in
Fig. 1b. To maintain the regulation of the LDO, the starting voltage
of the SC (Vi—Vmin) must be higher than V,,;, at the beginning of
the discharging phase, satisfying the criterion: Vipn—Vimin> Vinin-
This condition is identified as the Vj,> 2V y;, topology requirement
of a single-stage SCALDO regulator [16] where the source voltage
should be more than twice the minimum working voltage of the
LDO regulator. A suitable analogue comparator and logic gates or
microcontroller unit can be used to ensure this condition is true
always. The SC is allowed to discharge until the input voltage of
the LDO regulator drops back to Vyip.

These two operating modes run cyclically maintaining a net-
zero charge accumulation in the SC. The switching frequency
typically varies from fractional Hertz to a few Hertz. Since the
power source is completely disconnected in the discharging mode
and Iy poy = 0, the average input current of the source (/iy(avg)) for
a complete period is I, poy?2 at the steady-state. Therefore, the
approximate ETEE (yscarpo) of the single-stage SCALDO
topology is given in (2)

Vowpoylowpoy _ Vowpoylowpo) Q(LDO)
~ = =2 {2 2
fiscaLDO Vinlin(avg) Vm(Io(LDO)/z) ) ( )

As can be seen from (2), this method gives an efficiency
improvement factor of 2, since Vo poy Vin is the efficiency of the
LDO with the ground pin current neglected. In a 125 V case, this
approach translates to an ETEE of ~84%, while the load enjoys the
low noise high slew rate capable output of a linear regulator [16].
More details about the efficiency advancement of different
SCALDO topologies and useful characteristics, such as load
regulation, line regulation and transient response, compared with
the LDO regulator characteristics, are described in [18].

1.4 Requirement of the stability analysis as the next stage of
SCALDO research

Despite the use of a frequency compensated LDO regulator in this
technique, the low-frequency switching network at the input side
may affect the overall stability. A proper stability analysis is
required to investigate the deviations of the stability margins from
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Fig. 2 SCALDO regulator in discrete form
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Fig. 3 Different stages of a switching cycle
(a) Termination of the charging mode, (b) Outset of the discharging mode, (¢
Termination of the discharging mode, (d) Outset of the charging mode

the LDO regulator after this technique is used for high ETEE
operation. Therefore, overall stability margins need to be
confirmed, to ensure reliable operation.

Since the SCALDO technique is applicable to large load
currents, even up to tens of amperes, the prototype circuit
developed in this research is based on a discrete LDO regulator
used at the output. Nevertheless, for small load currents, a single-
chip LDO regulator can be used. Commencing with an overview of
preliminary work published as conference proceedings at different
stages [19, 20], this paper makes a significant contribution in the
following areas: (i) detailed derivation and analysis of the small-
signal model of the SCALDO regulator; (ii) simulated and
experimental results concerning the open-loop and load transient
responses; (iii) perturbation analysis related to the low-frequency
switching; and (iv) quantitative comparison of the theoretical,
simulated and experimental results.

2 Small-signal modelling of the single-stage
SCALDO regulator

2.1 LDO stage

Fig. 2 depicts the case of a typical SCALDO circuit with its LDO
stage based on discrete circuit components, where a single SC and
four low-frequency switches are used at the input side. The LDO
regulator is built with a series-pass device (PMOS transistor), a
reference voltage source (Vif), an error amplifier, a feedback
resistor network (R, and R,), an output capacitor (C,), a bypass
capacitor (Cy), and a load. The output capacitor has an ESR of
Rgsr- The ESR of the bypass capacitor is typically kept very small
for decoupling purposes, and its ESR/ESL-related poles and zeros
occur at relatively high frequencies and their effect on stability is
not considered, in general [21-23]. A constant current load (/) is
considered to keep the analysis as simple as possible.
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2.2 Switching stage

The SC circulation network of this approach is based on the
comparison of Vi,poy with the Vi, value, as discussed in Section
1.3. The switching frequency is not constant but depends on the
capacitor size, the load current, power source voltage, ESR of the
SC, and the resistance of the switches. Given the case of constant
load current and a fixed supply voltage for analytical purposes, the
switches (S;—S4) controller of this regulator is a frequency-
independent system for control loop analysis at the steady-state
[19, 20].

2.3 Averaged small-signal model

2.3.1 Circuit averaging technique: The conventional approach
for small-signal modelling of switch-mode DC-DC converters is
the state-space averaging technique in which the switching ripple is
averaged out and the low frequencies of the control signal are
extracted [24]. Nonetheless, this method cannot be used to model
the switching converters near or over the switching frequency due
to its limitation of low-pass filtering with a cut-off frequency at the
switching frequency [25].

Although the SCALDO regulator is a non-linear system and its
operating frequency is in the range of millihertz, the state-space
averaging technique is not practical for modelling the converter
over a wider range of frequencies. In that case, the circuit
averaging method, along with classical control, has been identified
as the most practical approach for modelling this technique due to
its uniqueness and extra low-frequency operation [19].

2.3.2 Linearisation of the SCALDO regulator: In this analysis,
the first-order model of the SC [26] with an ideal capacitance and
its ESR is used to reduce the mathematical complexity. Also, it is
assumed that the four switches are identical with equal resistance
(Rs1 = Rsp = Rs3 = Rs4 = Rgw). Since two switches always come in
series with the ESR of the SC(Rgc) in both charging and
discharging modes, an equivalent resistance of the switching
network is defined as follows:

Rin = 2Rsw + Rsc 3)

The transient events of a switching cycle are illustrated in Fig. 3.

Since the output current is a constant and the quiescent current
of an LDO regulator is very low, the input current to the LDO
regulator (fiLpo)) is a constant at steady-state. Also, the charge
balance of the SC is maintained throughout the switching cycles, as
mentioned in Section 1.3. The voltage across the SC at the end of
the charging mode (Vsc(a)) is given as per (4), based on Fig. 3a

Vsc@ = Vin = Vmin — Rinlin@Lp0) “4)

The initial voltage of the SC at the outset of the discharging phase
(Vscp)) is the same as (4) since the voltage of a capacitor does not
change instantaneously. Therefore, the input voltage of the LDO
regulator at the outset of the discharging mode (ViyLpo) 5) is
derived in (5), based on Fig. 3b

Vin@wpoy_s = Vscp) — Rinlinwpo) = Vin = Viin — 2Rinlinpo)  (5)
Similarly, (6) and (7) are derived from Figs. 3¢ and d
Vsce) = Viin + RinlinLpo) 6)

Vinwpoy_a = Vin = Vsc@) = Rinlinwpo) = Vin = Viin )
= 2Ry linpo)

Based on the above derivations, voltage waveforms are illustrated
in Fig. 4. The charging time, the discharging time, and the time
taken for a complete switching cycle are denoted as ., 74, and 7,
respectively, in this diagram. As shown in Fig. 4, the input voltage
of the LDO regulator is a sawtooth waveform, and the amplitude of
this waveform is defined in (8)



Vin@poy_amp = Vin = 2Viin — 2Rinlinw00) (8)

The Fourier series of Vj,po) for a given switching frequency
(where f=1/(7/2)) can be written as (9)

Vin Vi
Vinpo) = 5+ + —Ho 2= sin(2ft)
4 YinD0) amp 1 g ey 4 VinDOLamp i 1) o
2r 3z o
©)
At steady-state 7, =14=T/2, and the average input voltage of the

LDO regulator (VinLpo) avg) can be calculated considering the
shaded area in Fig. 4 as per (10)

(Vin = Viuin — 2Rinlinwpo) + Vein)(T12)
2T12)

Vin(Lpo)_avg =

V. (10)
= % = Rinlinwpo)

The equivalent circuit model of the single-stage SCALDO
topology is shown in Fig. 5, based on (10). When the ripple
amplitude (VinLpo) amp) is kept very low, the linearity of the
model is maintained as the DC bias point is unchanged in the
PMOS transistor. This condition is practically achievable for
typical applications. As an example, if V}y;, is set to 5.95 V as the
threshold value of the switching controller in a 12-5V SCALDO
regulator (given that R, =0.19, fij,po)=0.1 A), the peak values
of the fundamental component and the second harmonic of
Vin@Lp0) become 20 and 10 mV, as per (9).

As with any DC-DC converter topology, the disturbances can
be due to changes in the input voltage, reference voltage, and load
fluctuations. The effect of input voltage variations can be analysed
based on the vy1poyVinapo) transfer function of the LDO
regulator, and it is related to the power supply ripple rejection
(PSRR). Since the PSRR of a well-designed LDO regulator is very
large at low frequencies [27], the switching ripple (sawtooth
waveform which has a frequency typically <1 Hz) of the SCALDO
regulator is attenuated, and its effect on the output voltage is
negligible. Therefore, it can be considered that the stability of this
regulator mainly depends on the vorpoy/vier transfer function
(where v is the reference voltage perturbation) and the load
variations.

Consider that the perturbation is applied at the voltage reference
for this equivalent circuit model and the resultant change of the
small-signal quantities of the input voltage and the input current
are vinLpo) and ijnpoy), respectively as defined in (11)

V; .
Vin(p0)_avg + Vin(LDO) = % — Rin(finwpoy + finanoy)  (11)

From (10) and (11), the AC components can be extracted as per
(12)

Vin@po) = — RinfinD0) (12)

The linear circuit model of the single-stage SCALDO regulator for
small signals is built-in Fig. 6, based on the relationship defined in
(12).

2.4 Open-loop transfer function

The analytical small-signal model of the SCALDO regulator is
depicted in Fig. 7. The following assumptions are made to reduce
the complexity of the analytical model.

¢ The terminal resistance of the source and the drain of the PMOS
pass device is neglected.

* The source-drain (Cpg) parasitic capacitance is assumed to be
very small compared to the other two parasitic capacitances, and
it is neglected in this model.

* Only the low-frequency (dominant) pole (@) Of the error
amplifier is considered.

* The feedback resistors are not accounted for in the calculation of
the output impedance (Z,).

Gate, Drain and Source of the PMOS are represented as G, D, and
S, respectively in Fig. 7. The dominant parasitic capacitances are
the gate-source capacitance (Cgg) and the gate-drain capacitance

Voltage
A
Vin
Vin'vmin'Rin[in(LDO ................... A Vin(LDO) VSC S
Vin-Viin-2Rinlinwpo //’ \\ /i" ‘\\ .
\( N { N g
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Vmin E’
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>
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Fig. 4 Joltage waveforms of the SCALDO regulator for repeated
switching cycles
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Fig. 7 Analytical small-signal model
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Table 2 Comparison of pole-zero frequencies of the SCALDO regulator with respect to a PMOS LDO regulator

LDO regulator SCALDO regulator Remarks
DC gain (Apc) GeaGip8mTas GeaGio8mTas
Zeros (23 1 1 Wz1(LDO) = Wz1(SCALDO)
CoREsr CoREsr
Wy not defined for LDO regulator Gulds right-hand-plane zero
(CgsRin + Cp(ras(1 + gmRin) + Rin))
w3 not defined for LDO regulator _L(L 1, e )_
Cgs\Rin ~ 1as  °™)  Copras

Poles @p 1 1

" Co(Resr + 7a5)

" CoResr + 7a)(1 + guRin)

@p1LDO) > Wp1SCALDO) SiNCeI———— < 1
P ) P ) (1 + ngin)

W _ 1 B 1+ gnRin ®p100) < WpscaLpowhen Cep << Cgs
CesRpa + CopRpa(1 + Resrgm) CisRpa + CopRpa(l + gnRin + Resrgm)
@p3 o I S Wp3LDO) = Wp3SCALDO)
(Rgsr//7145)Cy (Rgsr//745)Cy
[om Not defined for LDO regulator 1+ gnRin 1

" CosRn  CopRa

Wps —WpIEA) —WpIEA) @p5(LDO) = Wps5(SCALDO)
Unlty gain frequency UGF(LDO) UGF(SCALDO) when CGD =0: UGF(LDO) = UGF(SCALDO)
Vief G -V, v
+ ) EA 03: -G (s) our_
= 1+s/ Op1EA

Vi

Fig. 8 Voltage control loop

(Cgp). Also, rgs is the output resistance, vys is the gate-source
small-signal voltage, rg is the gate terminal resistance, and g, is
the transconductance of the PMOS. The small-signal voltage gain
of this error amplifier model (G,,) is defined in (13) as

Gea(Vip — Vrer)
Voe (1 + s/a)pl(EA)) (13)
where v, Vg, and vier are the small-signal quantities of the output
voltage of the error amplifier, feedback voltage and the reference
voltage, respectively. Ggp is the gain, w,1(ga) is the low-frequency
pole and R, is the output resistance. Ry, is the coupled resistance of
the error-amplifier output and the gate of the PMOS, as defined in

(16)

V2 = = 8mVgslds (14)

1 1
Zy ~ (RESR + F)//(S_Cb) (15)
Rpaer+R0 (16)

One can apply Kirchhoff's Voltage Law (KVL) to loops a, b, and ¢
and Kirchhoff's Current Law (KCL) to nodes D, G, S in Fig. 7 and
solve the simultaneous equations to obtain the relationship (vyuy/
Voe) in the Laplace domain. This relationship is known as the
SCALDO plant transfer function (G(s) = n(s)/d(s)) which is split as
the numerator (n(s)) and the denominator (d(s)) in (17) and (18),
respectively. For convenience, the impedance of Cgg and the
impedance of Cgp are denoted as Zgg and Zgp in the s-domain,
respectively. Based on the assumption that 745 is much greater than
R;, and Rggr, the numerator and the denominator can be further
simplified. If the poles and zeros are assumed to be real numbers,
and they are widely separated, G(s) can be approximated as (19).
The angular frequencies of the zeros and poles of G(s) are
approximated and listed in Table 2.

IET Power Electron.
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2.5 Voltage control loop

The voltage control loop is illustrated in Fig. 8 using the error
amplifier first-order model and the SCALDO plant transfer
function. In this control loop, v,r is considered as a positive term.
Therefore, the differential output voltage of the error amplifier is
inverted (—v,e) according to (13). Also, G(s) is inverted to rectify
this effect. The feedback network transfer function (H(s)) is the
feedback gain of the resistor network (Gg=Ry/(R)+R3)). As a
result, the open-loop transfer function (7(s)) of the single-stage
SCALDO regulator is derived in (20). Also, the DC gain of this
open-loop transfer function is given in (21)

n(s) = z[ra(Zgs(&m(Zap — Rin) — 1)) — Rin(Zgs + Zgp)]  (17)
d(s) = rds(Rpa(Zo + Zgp) + (Zgs + Rin)(Rpa +Z,+ ZGD))
+rdsngGS(Rpa(Zo + Rin) + Rin(Zo + ZGD)) (18)
+Rp(Zgs + Zop)(Zo + Rip)
+ZsZo(Zgp + Rin) + ZopRin(Zo + Zgs)
G(s) ~ —8gmlas(1 + (s/@w,))(1 + (s/@2))(1 + (s/w)) (19)

(1 + (s/0p))(1 + (s/wp)(1 + (s/@p3) (1 + (s/wps))

_ Oea
(1 + s/w,,](EA))
GeaGrogmZas(1 + s/w1)(1 + s/w,)(1 + s/ 0z)

(14 s/wp)(1 + s/wp,)(1 + s/wps)(1 + s/w,,4)(1 + s/wpl(EA))
(20)

T(s) = (=G(s)H(s)

Apc = GeaGpgmlds (21)

2.6 Analysis of pole-zero frequencies of the SCALDO
regulator compared to a standalone LDO regulator

Table 2 lists the poles and zeros of this regulator compared to a
PMOS transistor-based LDO regulator [21-23]. This table shows
that both regulators share the same quantities for the third pole, DC
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gain, and the first zero. Also, the dominant pole of the error
amplifier is identical in both designs [19]. Even so, this pole
depends on the topology of the error amplifier [28]. In addition, the
SCALDO regulator is composed of two high-frequency zeros and
one high-frequency pole, and they are based on the parameters of
the SC switching network. One high-frequency zero is a right-
hand-plane zero. Although the first pole of this regulator falls
lower than the first pole of the LDO regulator the second pole
could be higher in value when the gate-drain parasitic capacitance
is small.

The linear asymptotic approximations of magnitude plots of the
LDO and SCALDO regulators are shown in Fig. 9 (For
convenience, the subscripts LDO and SCALDO are used in this
diagram for poles, zeros, and UGF). Also, the generic method of
distribution of poles and zeros of the PMOS based LDO regulator
is used to construct this linear asymptotic where w),| <@y <, <
UGF <w,3 [23]. The high-frequency poles and zeros are neglected
to simplify the analysis. The geometric relationships are zoomed
and displayed in Fig. 96 as X, Y, and Z. Using these geometric
relationships, the following equations can be derived:

Awy = logm(—wpl(LDO) ) (22)

@p1(SCALDO)

_ @py(SCALDO)
Awp, = log,| ————— (23)

@ po(LDO)

d=a+c—b=20Awp +20Aw,, — 40Aw,, (24)

_ UGF(LDO) _ d _
AUGF = IOglo(m = E = Awp, - ACO[;Z (25)

(26)

AUGF = loglo( @p1(LDO)Pp2(LDO) )

@p1(SCALDO)Y®p2(SCALDO)

If Cgp = 0, the right-hand side of (26) can be approximated to (27)
using the frequencies defined in Table 2

1
lo Co(RESR + rds)cgsta
& (] + ngin)
Co(Rgsr + ras)(1 + ngin)Cgsta

=0 7)

Therefore, using (26) and (27), the following relationship can be
obtained:

UGF1poy = UGF(scaALDO) (28)

Equation (28) shows that the gain crossover frequencies of
SCALDO and the LDO regulators are the same when Cgp =~ 0.

2.7 Frequency compensation techniques

The five poles (wpi-to-w,s and w,1Ea)) together with the right-
half-plane zero (w,;) cause a phase lag in the open-loop transfer
function of the SCALDO regulator. Although, a higher value of the
unity gain frequency (UGF) gives a faster load transient response, a
compromise is made to keep the phase margin at least 45° for
better stability. Since w,; and @,y occur at relatively low
frequencies, they can contribute to a maximum of —180° phase
shift at UGF. The use of multi-stage error amplifier topology can
shift w|(cq) further away from UGF to reduce the phase lag due to
the error amplifier. The selection of the optimal value for the
bypass capacitor (Cp) might also reduce the phase lag of w,3.
Similarly, if the equivalent resistance of the input switching
network is reduced, the phase lag due to w,s and w,; can be
reduced. Since w,; is the only zero which contributes a phase lead,
this regulator should be designed carefully to provide a sufficient
phase margin with the aid of the capacitance and the ESR of the
output capacitor [20]. For a given output capacitance, the selection
of a stable range of its ESR is critical to stabilising the control
loop. Typically, the phase margin of a regulator is kept at no <30°;
thus, the ESR of the output capacitor can be selected to satisfy the
same criteria in the SCALDO regulator too [29]. Other phase
margin improvement techniques such as feedforward compensation
are also possible in this regulator. Nevertheless, any discussion on
these approaches is beyond the scope of this paper.

3 Verification

To verify the performance of the technique in terms of its stability,
calculated and simulated results are compared with the
experimental results in this section. For this process, a 12-5V
discrete prototype was built, including the LDO stage, as shown in
Fig. 10. In this prototype, the switches are controlled using an
ATtiny261 Microcontroller.

Calculations: In this section, the stable range of the output
capacitor ESR is calculated to provide a sufficient phase margin
using the open-loop transfer function shown in (20) and the circuit
component values given in Table 3. The extreme values of the
open-loop poles, zeros, and phase margins are also determined for
different values of the load current. MATLAB transfer function
tools were used for this purpose.

Simulations: The open-loop response is simulated, considering the
effective resistance of the SC switching stage and load current as
variables. The simulated load transient response is estimated to
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Fig. 10 Circuits used to compare the stability performance of the SCALDO technique
(a) Circuit diagram of the discrete component-based 12—-5 V SCALDO regulator, () Signal-injection via an output feedback loop of the LDO stage

Table 3 Circuit parameters of the discrete SCALDO regulator

Component Properties

Range of values of critical parameters

PMOS (Si2343CDS)

Gain=3.15 AV2

Threshold voltage (Vi) =-2.38 V
Channel length modulation (A) =0.34 V=1

Vih=-121t0 -2.5V

A=0.272t0 0.408 V™1
Cas = 880 to 1320 pF

rs=0.020Q,p=0.013Q,rg=50Q
Cgs = 1100 pF, Cgp =500 pF, Cpg = 50 pF

Q1, Q2 (BC546B)
Rc1=3.3kQ (1%)
Rc2=3.3kQ (1%)
Re=1.5kQ (1%)

Rpa 18 kQ (1%)
Csc

Gga=25.1dB
Wp1(EA) =936 kHz

Gea=23.16 to 26.8 dB

Csc =3.3 F/8.1V (5%), ESR (Rsc) = 90 mQ

S1, So, S3, S4 (TLP3543) on-resistance (Rsy) =50 mQ (each)
R1and Ry 2.2kQ (0.1%)
Vref (AD780) Maximum output voltage drift=1 mV
Quiescent current < 1 mA
Rsig 50 Q (0.1%)
Co 10 pF (x10%) 9to 11 pF
Resr =400 mQ at 1 kHz
ResRr 1Q (x0.1%) 1102Q
Cp 1 uF (x10%)
ESR is negligible from 10 Hz to 1 MHz
Ren Discrete: 100, 200, 300 mQ

visualise the stability of the regulator due to the disturbances of the
load.

Experiments: The open-loop response was practically measured
using the signal injection method [30, 31] at different values of
output current. Phase margins were observed for both output
capacitor ESR and the equivalent series resistance of the switching
network to determine their effect on stability. The step-load test
was conducted and compared with the simulated results. The
switching ripple and its frequency spectrum were also analysed to
demonstrate the minimal influence of the SC switching network-
related disturbances on the stability.

The circuit diagram of the prototype is shown in Fig. 10a with a
maximum load current of 200 mA, and the theoretical ETEE of
83.3%. The properties of the circuit components are listed in
Table 3. A control (variable) resistor (R.,) was used to represent
the equivalent resistance of the switching network since the
resistive component due to the switches, and the ESR of the SC is
fixed. Fig. 10b demonstrates the experimental setup of the open-
loop measurements (signal injection method), and more details are
given in Section 3.3.1.
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3.1 Calculated results

3.1.1 Determination of the stable ESR of the output
capacitor: Based on SCALDO open-loop transfer function shown
in (20) and the numerical values of circuit components, the graph
illustrated in Fig. 11 was developed to determine the stable range
of output capacitor ESR, guided by the methods in [23], with a
minimum phase margin of 45°. As the stable ESR value falls
within 0.6 and 5 Q for this case, an external 1 Q resistor is
connected in series with the output ceramic capacitor (C,) to make
the equivalent ESR (Rgsr) 1.4 Q, which falls within the stability
margins of Fig. 11.

3.1.2 Worst-case estimation of phase margin: With a view of
estimating the worst-case stability performance of the technique,
six dominant parameters were identified from the open-loop
transfer function defined in (20), and their range of values are
listed in Table 3 for room temperature, based on the tolerance of
the circuit components. Using the corner values of these critical
parameters, two extreme cases, along with the nominal phase
margin, are shown in Fig. 12. The corner values of the poles and
zeros are listed in Table 4.
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Table 4 Corner values of the frequencies of poles and zeros of the SCALDO regulator

Pole/zero Load current
5mA 50 mA 100 mA 200 mA

Min Max Min Max Min Max Min Max
Apc (dB) 56.37 64.90 46.37 54.90 43.39 51.89 40.35 48.88
wz1, kHz 7.23 17.68 7.23 17.68 7.23 17.68 7.23 17.68
wz2, MHz 47.53 78.08 126.0 224 .4 135.6 299.4 156.2 390.0
wz3, MHz 268.2 994.7 319.9 1094.7 353.8 1160.3 404.9 1259.4
Wp1, Hz 15.03 29.83 97.77 213.42 159.45 360.34 249.13 583.73
Wp2, kHz 5.041 7.965 5.709 10.12 6.066 11.186 6.531 12.497
wp3, kHz 91.57 214.84 107.45 245.29 117.10 264.38 130.78 292.15
wp4, GHz 0.8582 2.8551 0.9049 2.9453 0.9331 2.999 0.9732 3.0772
Wp1(EA), kHz 384.5 792.3 384.5 792.3 384.5 792.3 384.5 792.3

3.2 Simulated results

The simulation model based on MATLAB Simulink is shown in
Fig. 13. The switching control algorithm was developed with the
aid of the logic blocks.

3.2.1 Open-loop response: For the estimation of open-loop
response using the Control System Toolbox in MATLAB, a
perturbation is fed at the voltage reference, and the control loop is
broken at the feedback resistor network. The simulated frequency
response of the SCALDO regulator (for Rj, =0.19 Q) is depicted in
Fig. 14. Conversely, the open-loop frequency response of the LDO
regulator is obtained in Fig. 15 by using the same simulation model
and running directly from a 6 V ideal voltage source without the
SCALDO switching circuit. The occurrence of poles and zeros of
these two graphs match the derived equations shown in Table 2.
The frequencies of the poles and zeros of the open-loop transfer
functions of the two regulators are further compared against the

load current and switching network resistance in Table 5. These
results show that the simulated values fall within the calculated
corner values of the corresponding poles and zeros of the
SCALDO regulator. It is interesting to observe that, in Table 5, the
frequencies of the high-frequency pole (@p4) and two zeros (@
and w,3) decrease as the resistance of the switching network is
increased for any given output current. Also, the low-frequency
pole w,| decreases as the value of Rj, goes high and it is always
lower than the corresponding pole of the LDO regulator.
Conversely, the frequency of the second low-frequency pole @,
rises when R;, is increased, and it is slightly higher than the @, of
the LDO regulator. These results match the theoretical comparison
made in Table 2.

The output capacitor ESR dependant zero (w,;) and the error-
amplifier dominant pole are independent of the resistive
component of the switching network and values are similar for
both SCALDO and LDO regulators. Some discrepancies of w3 are
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visible in the simulated results compared to the theoretical values
since the R;, parameter is neglected when simplifying (19) in the
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theoretical SCALDO model. The effect on the phase margin due to
Rj, 1s also minimal as the presence of the R;, dependant pole, and
two zeros, occur well beyond the UGF and the net-zero effect of
®p| and @p). Also, the UGF of the SCALDO regulator decreases
when R;, is raised and increases when the load current is raised.
The UGFs of two regulators at different load currents are very
close, as approximated in Section 2.6. Based on these verifications,
the simulated results are in very close agreement with the
theoretical derivations.

3.2.2 Load-transient response: The load transient response is
simulated by varying the output capacitor ESR. The selected ESR
values for this test fall both inside and outside the stable region,
according to the curves shown in Fig. 11. The load current was
changed from 5 to 200 mA at a fast slew rate, and the transient
response is shown in Fig. 16. As depicted in Figs. 16a and 4, it is
evident that the output voltage suffers from ringing when the ESR
is out of the stable range. In contrast, the fastest settling time and
lowest overshoot for the rising edge of the load current are
observed when the output capacitor ESR is 1.4 Q. These results
further indicate that the output capacitor ESR should be within a
stable region for a better load transient response.



Table 5 Simulated frequency values of poles and zeros compared to the resistance parameter of the switching network

Pole/zero Load current=5 mA Load current =100 mA Load current =200 mA
LDO SCALDO equivalent LDO SCALDO equivalent LDO SCALDO equivalent
only resistance of the switching only resistance of the switching only  resistance of the switching
network, Q network, Q network, Q
0.19 0.29 0.49 0.19 0.29 0.49 0.19 0.29 0.49
Apc, dB 56.98 57 57 57 44.46 44.4 44.4 44.4 41.23 41.2 41.2 41.2
wz1, kHz 11.37 11.4 11.4 11.4 11.37 11.4 11.4 11.4 11.37 1.4 1.4 11.4
wz2, MHz N/A 61.2 58.2 51.37 N/A 189.6  168.59 140.5 N/A 239.1 208.25  168.75
wz3, MHz N/A 781.5 556.99 320.74 N/A 1018  775.43 564.3 N/A 1132 879.6  656.57
wp1, Hz 32.48 22.34 22.01 21.10 330.58 196.0 188.45 175.25 530.92  317.22 304.0 280.99
wp2, kHz 5.26 5.38 5.44 5.61 6.62 6.86 7.00 7.29 7.178 7.42 7.58 7.89
wp3, kHz 136.06 135.5 135.3 135.18 17544 1685 167.33 165.18 200.14 186.98 18456  180.25
wp4, GHz N/A 2.1081 1.4656 0.77568 N/A 2.216 1.573 1.025 N/A 2.281 1.638 1.089
Wp1(EA), 540 536 536 536 540 536 536 536 540 535 536 536
kHz
UGF, kHz 13.02 12.91 12.84 12.73 32.78 31.43 31.51 30.39 38.83 36.92 35.97 34.38
Phase 64.3 64.5 64.7 65.4 69.3 68.36 68.69 69.36 70.5 70.2 70.0 69.6
margin, deg
v out B v_out
O— 51
5 f -_\ 'f\_/_k_p £ }\ |
49 [ — 46 A
\l r’ ’ ,/
48 W 48 [ 7
47 \/ 47 \\"
3 3.05 31 3.15 32 3 3.05 31
10 x107
i_out i out
0.2 M 02
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0 0
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<107 10
a b Fig. 17 Test setup used for open-loop measurement and step load tests
v_out v_out
52 [ i g 82 frequency range of the injected signal was kept within 100 Hz to 1
s J _ S 51— v —— MHz, based on the limitations of the measuring instruments.
sl | f Y | .( Nevertheless, the frequencies of the dominant poles and the output
' \/ U’ capacitor ESR dependant zero occur within this frequency band of
46 : bo4e interest. The measured open-loop gain and phase plots are
3 305 31 3.15 3 3.05 3.1 3.15 . . .
i 0 displayed in Fig. 18.
- i Table 6 summarises the pole-zero frequencies, UGFs and the
- = 02 T phase margins derived from the experimental open-loop frequency
response curves. This table shows that the DC gain decreases as the
0.1 0.1 load current increases, and this pattern matches the relationship
defined in (21) as 745 of the pass device is inversely proportional to
¢ R ' the MOSFET output current (the load current of the SCALDO
: 08 o ) ]Zils : 0 ! ‘ 12,135 regulator for this case) [21]. The frequency of w,; is slightly
¢ d

Fig. 16 Simulated results of the step load test compared to the output
capacitor ESR
(a) 04Q, (b) 1.4Q, (c) 54Q, (d) 10.4 Q. (The time axis: seconds (s) and a single
segment: 50 pus)

3.3 Test bench results

The experimental setup used to observe the stability of the 12-5 V
SCALDO regulator is shown in Fig. 17.

3.3.1 Open-loop response: The open-loop frequency response
was estimated by feeding small sinusoidal signals to the Rgig

resistor (see Fig. 10b) [30, 31]. The value of Ry, was kept small
compared to the feedback resistors (R; and R,) to minimise its

influence on output voltage drifts. A pulse transformer was used to
inject the perturbations, and the amplitude of this signal was kept
below S50mV to avoid any large-signal disturbances. The

10

deviated from its calculated and simulated value (11 kHz) due to
the frequency dependence of the ESR and capacitance of the
multilayer chip ceramic capacitor used in this prototype. The
frequencies of @, and w,, are within the calculated margins, and
their frequencies increase with the load current. Similarly, w,3 and
®p1Ea) fall within the expected corner margins of the calculated
and simulated results. Other high-frequency poles and zeros are not
visible in the frequency band of measurement.

3.3.2 Stability margins compared to the output capacitor
ESR: Table 7 shows the phase margin against the ESR value
variation, at different output load currents. As can be seen, these
values match the calculated results shown in Fig. 11.

In addition to the phase margin measurements, the load-
transient response was observed for different values of Rgsg, and
the results are shown in Fig. 19.
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Fig. 18 Measured frequency response
(a) Open-loop gain plot, (h) Open-loop phase plot

Table 6 Experimental values of open-loop poles and zeros
extracted from phase and gain plots

Pole/zero Frequency
lout=5MA I5yt=50 [loyt=100 [oyt=200

mA mA mA
Apc, dB >50.75 54.05 53.70 52.39
wz1, kHz 10 20 20 20
wp1, Hz <100 200 250 300
wp2, kHz 5 8 9 10
wp3, kHz 100 200 200 200
Wp1(EA), kHz 400 400 400 400
UGF, kHz 10 50 70 90
Phase margin, deg 86 68 65 62

This test was done by placing a small shunt resistor (50 mQ) at
the ground return path of the load current and by changing the load
current from 5 to 200 mA at a slew rate of 10 mA/ps. Fig. 195
shows that there is a minimum overshoot of 32 mV and undershoot
of 28 mV in terms of the output voltage, with no oscillations for
the step load change when Rgsg is 1.4 Q. Even though Fig. 19¢
gives the fastest settling time for the falling edge, the overshoot
and undershoot is higher compared to Fig. 195. On the other hand,
when the ESR drops too low (Rgsg = 0.4 Q), severe oscillations are
visible before the output voltage settles down and the longest
settling time is visible, compared to other cases. Similarly, when
the ESR is increased too high (Rggr = 10 Q), the recorded value of
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Table 7 Summary of phase margins obtained at different
ESR values of the output capacitor
output capacitor Phase margin, deg

ESR, Q lout=50  loyt=100 Iyt =150 oyt =200
mA mA mA mA
0.4 33 25 23 24
14 68 65 64 62
5.4 48 48 50 50
104 24 28 31 30
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Fig. 19 CHI (DC coupling with 1 mV—20 mA): Load current CH2 (AC
coupling): Output voltage Experimental results of the step load test
compared to the output capacitor ESR
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Fig. 20 Measured phase margin values compared to the resistive
component of the switching network

the overshoot is 44 mV, and this leads to the more pronounced
ringing of the loop in the rising edge. In summary, the best
performance is achieved when Rggr is within the stable region.
Also, the load transient response shows good agreement with the
simulated response shown in Fig. 16 and the calculated results
obtained in Fig. 11.

3.3.3 Stability margins compared to the equivalent resistance
of the switching network: Since the SCALDO regulator uses an
LDO stage with an SC and a low-frequency switching network at
the input end, it is important to compare the cases of Figs. 12 and
19, with the other cases where different effective series resistances
of the switching stage. In Fig. 20, the measured phase margins are
displayed against the load current considering the resistive
component of the switching network. These measurements were
taken by adjusting the R, resistor in the switching network and

1
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Fig. 22 Input and output voltage waveforms of the LDO regulator for 100
mA of load current

keeping the output capacitor ESR fixed at 1.4 Q. This diagram
shows that there is only minimal influence on the stability due to
the variation of the input resistance between the corner values of a
typical design. A step-load test was also performed for the corner
values of the input resistance, and the observations are displayed in
Fig. 21 to compare with Fig. 19b. These results clearly reveal the
minimal influence of the input series resistance of the SC switching
stage on the stability of a SCALDO regulator.

3.3.4 Switching noise and ripple rejection: The input switching
waveform (fundamental component=0.357 Hz) of the LDO
regulator, together with the output voltage (V,Lpo)), was observed
using a high bandwidth oscilloscope and the results are displayed
in Fig. 22. As shown, the sawtooth input voltage at the LDO stage,
due to low-frequency switching of the SC, varies between 6.2 and
6.08 V, while V1 po) is regulated at 5.01 V. The low frequency
switching related harmonic components and load voltage were
analysed using the FFT tool in the MATLAB and the results are
displayed in Fig. 23. The frequencies up to the tenth harmonics (the
input sawtooth waveform) are displayed in Fig. 23a, while Fig. 235
shows the related harmonic components at the output up to the fifth
component only, since the higher harmonics were obscured by the
signal to noise ratio of the oscilloscope.

These measurements also show that an overall efficiency
improvement factor of 2 was achieved in this case, due to the SC
acting as a near-lossless dropper, ensuring that the DC component
of the input voltage of the LDO regulator was maintained at 6.14 V,
with a fundamental peak ripple component of 33.5 mV. Harmonic
measurements tally with the results derived from (9). These results
also indicate that the LDO stage attenuates the fundamental
frequency component of the input ripple by at least 50 dB.
Therefore, these experimental results match the switching
frequency-based disturbance analysis carried out in Section 2.3.2.
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Fig. 23 Frequency components as a product of fundamental switching
frequency (0.357 Hz)
(@) Vin(LDO), (b) First five harmonics of Vo(LDO)

4 Conclusion

The stability of the SCALDO technique was analysed for a PMOS
pass device based discrete LDO regulator. As with an LDO
regulator, the output capacitor ESR could be effectively used to
make the control loop stable in a SCALDO regulator, despite the
input low-frequency switching stage creating one additional high-
frequency pole and two high-frequency zeros in the open-loop
transfer function. These results clearly demonstrate that the typical
stability calculations applicable to an LDO stage could still be used
for the corresponding SCALDO implementations where ETEE is
significantly increased, despite the case of a large input-to-output
voltage difference.
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