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A 1-A 90% Peak Efficiency 5-36-V Input Voltage
Time-Based Buck Converter with Adaptive Gain
Compensation and Controlled-Skip Operation

Alessandro Bertolini ©, Mauro Leoncini

Gasparini, Salvatore Levantino

Abstract—Compared to analog and digital controls, time-based
control makes it possible to reduce both area occupation and
power consumption, especially in converters operating at high
switching frequencies. In this paper, we present a time-based
buck converter with wide input voltage range for general-purpose
applications. A controlled-skip operation is embedded in the
PID controller to increase the light-load efficiency. To avoid
large variations of the open-loop crossover frequency caused
by the input voltage ranging from 5 to 36 V, an adaptive
compensation of the controller gain is adopted based on a novel
design methodology. These solutions are verified with a prototype
buck converter implemented in a 0.18-um BCD process, which
provides an output voltage of 3.3 V and a load current capability
of 1 A. The measured converter peak efficiency is 90%. The
efficiency is increased from 48% to 70% at 10-mA load current
and 5 V input voltage, when the converter operates in controlled-
skip mode. The seamless transition between the two operation
regimes is guaranteed by a finite-state machine logic, without
requiring a dedicated circuit. The crossover frequency varies
only by a factor of 1.8 over the input voltage range and a line
regulation of 0.33 mV/V is obtained.

Index Terms—DC-DC power converters, time-based control,
buck converter, PID, adaptive compensation, light load efficiency.

I. INTRODUCTION

HE trend towards DC-DC converters with smaller foot-

print, fast tracking and load transient response is driving
the industry to ever higher switching frequencies. At the
same time, it is desired to keep power consumption and area
occupation of control circuits as small as possible, without
compromising effectiveness and robustness. Meeting those
requirements is becoming harder and harder in fixed-frequency
pulse-width modulated (PWM) controllers. As a matter of
fact, analog PWM controllers require an error-amplifier with
large gain-bandwidth product (GBWP) and bulky passive com-
ponents. The hysteretic and constant on-time (COT) control,
investigated in [1]-[4], enables fast transient responses at small
area and power consumption, but compromises static regu-
lation. On the other hand, digital controllers [5]-[8] require
an analog-to-digital converter (ADC) and a high-resolution
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and high-speed digital PWM generator, that increases the
controller area occupation and power [6], [8].

An alternative approach consists in converting the voltage
or current feedback signal into a time information and then
performing all the control functions in the time domain. With
this approach, the information is coded in the time difference
between two events, allowing the controller to operate with
CMOS digital-like signals without adding any quantization
error. Time-based control has been recently demonstrated to
achieve significant controller area and power reduction with
respect to standard analog and digital implementations [9]—
[13].

In this paper, we present a time-based buck converter with
wide input voltage range for general purpose applications in a
bipolar-CMOS-DMOS (BCD) process. A major issue arising
from the wide input voltage range is the corresponding large
variation of the open-loop crossover frequency, which affects
both closed-loop bandwidth and phase margin, and, in turn, the
system steady-state and dynamic performance. To ensure the
converter properly operates at any input voltage, the worst case
should be considered in the closed-loop compensation, thus
compromising dynamic performances at low input voltages.
We here instead present a novel design methodology, based on
an adaptive proportional-integral-derivative (PID) controller,
which achieves nearly constant bandwidth at any input voltage,
without impairing the static line regulation.

Another well-known issue in fixed-frequency converters is
the efficiency drop at light loads caused by gate-driving losses.
This problem is even worse in converters having a wide input
voltage range, due to the need for larger power MOSFET
devices. Although the light-load efficiency of a time-based
buck converter can be improved by adding a pulse frequency
modulation (PFM) control [12], a dedicated circuit is needed
to ensure seamless transitions between PFM and PWM op-
eration. A more compact solution is introduced here, which
provides stable and predictable controlled-skip operation at
light loads over the wide input-voltage range. We demonstrate
that seamless transition between controlled skip operation and
the standard continuous conduction mode (CCM) operation
can be handled by a simple finite-state machine (FSM) logic,
without requiring a dedicated circuit.

The paper is organized as follows: in Sect. II, the time-
based control in a DC/DC converter is reviewed. Section
IIT is devoted to the description of the proposed adaptive
gain compensation and controlled skip operation. Section IV
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Fig. 1. Simplified block diagram of a buck converter exploiting the time-
based PID compensator proposed in [9].

is focused on the circuit implementation. Section V shows
the measurement results. Finally, conclusions are drawn in
Sect. VL.

II. TIME-BASED PID CONTROL

Figure 1 shows the the block diagram of a buck converter
using a time-based PID compensator with a differential archi-
tecture [9]. The parameters L, C, Vin, Vout, Rout, and Vrgpp
are the filter inductance and capacitance, the input and output
voltage, the output load resistance, and the reference voltage,
respectively. R; and Ry belong to the voltage divider network
used to set the DC output voltage value, whereas all the other
components are the core of the time-based control and they
will be addressed later in this section.

The integral transfer function is obtained using a voltage-
controlled oscillator (VCO) that generates a square-wave Sig-
nal having a frequency that depends on the applied control
voltage. The VCO is implemented by combining a differential
transconductor and two current-controlled-oscillators (CCOs)
leading to a transfer function from the control voltage, v, to
the output phase, ¢y co, given by:

dvco, . GmiKcco
(s) =
Ve S

; (1)

where G,,,; is the integral transconductance and Koo is the
CCO gain, expressed in [rad/A-s]. The differential architecture
with the two controlled oscillators, CCOpg, CCOggp prevents
the steady-state switching frequency from changing with the
output voltage [9].

The proportional transfer function is obtained with a
voltage-controlled delay-line (VCDL) implemented by com-
bining a differential transconductor and two current-controlled
delay-lines (CCDLs). Each CCDL takes the CCO output signal
as an input, adding to it a delay whose value is proportional
to the applied control voltage. The voltage-to-phase transfer
function is given by:

dveDpLy

s = GmpKcepr, 2

where G, is the proportional transconductance and Kccopr
is the gain of the CCDL, expressed in [rad/A].

Since there is no straightforward technique to implement a
derivative transfer function directly in the time-domain, the
simplest solution is to perform a derivative action in the
voltage domain using a first-order high-pass filter (Cp, Rp)
cascaded to a VCDL. The resulting transfer function is

¢vepLp sRpCp
v (s) = 1+ sRnCp) GmaKcepr

~ sRpCpGmaKcepr,

3)

where G4 is the derivative transconductance. The pole of the
high-pass filter located above the crossover frequency of the
control loop is neglected.

The outputs of the two CCDLs are then used to generate the
PWM signal by means of a phase-detector (PD). Differently
from the PWM generator used in the digital and voltage-mode
control, this component is a simple digital gate with negligible
impact on power consumption and area occupation.

The time-based PID transfer function, G p;p(s), is obtained
by summing (1), (2), and (3), taking into acccount the voltage
division N = Ry/(Ry + R2) of Viys:

K

GPID(S):KP‘F?I"’S'KD, “4)
where

K;=N-GniKcco (5a)
Kp=N GnpKcepr (5b)
Kp =CpRpGmaKcepL- (50)

Equation (4) can be rewritten as:

(1+z) (0 +25)

Gpip(s) = K ; (6)

s
where w,; and w,o are the angular frequencies of the two
zeros generated by the PID network. Thus, the proportional
and derivative gain can be also written as

Kp=K;- W1 + Wz2 (7a)
Wz1Wz2
1
Kp=Kj- : (7b)
Wz1Wz2

III. CONTROLLER DESIGN

The prototype converter is a general-purpose buck converter
having a wide input voltage range to target the 12-V and 24-
V automotive applications. The minimum and the maximum
input voltage are set to 5 and 36 V, respectively, to be
compliant with the ISO 16750-2 international standard [14].
The system is designed to provide an output voltage of
3.3 V and a maximum current of 1 A while operating in
CCM with a switching frequency fs,, of 1.5 MHz. A filter
inductance of 4.7 puH was selected to limit the peak-to-peak
current ripple to about £25% of the maximum load current
in the worst operating condition. An output capacitance of
30 uF was selected to limit the output voltage variation to
less than 1% of the nominal value during a load transient,
when the converter operates with input voltages of 12-V or



24-V [15]. The following subsections will discuss the key
features of the novel time-based PID controller, namely the
adaptive gain compensation, which is designed to make the
crossover frequency insensitive to input voltage variations, and
the controlled skip operation, to improve the converter power
efficiency in light-load conditions.

A. Adaptive gain compensation

The control-to-output transfer function, G,4(s) of a buck
converter working in CCM is given by:

Vi
Goals) = — 25—, ®)
1+ Owo + s

where () and wg are the quality factor and the angular
resonance frequency of the output L-C filter, respectively. The
open loop gain is obtained by combining (4) and (8):
1
T(S) = %Gvd(s) : GPID(S) =
1 VinK; 1+%5+%52 ©))
1+ wOSQ + 573

2w s ’

where 1/27 is the PD gain expressed in [1/rad]. Equation (9)
shows that the crossover angular frequency, w,, of the open
loop gain is proportional to Vi, provided that the complex
conjugate poles are properly compensated by the two real
zeros. To guarantee loop stability over a wide range of input
voltages, w,. has to be designed such that its maximum value,
which is usually limited to less than wg, /5, occurs in the
worst case of maximum input voltage, Vi maq. As a result, at
the minimum input voltage, Vin min, the crossover frequency
is reduced by the ratio Vin min/ViN,maz. thus degrading the
dynamic performance [15].

In conventional voltage-mode controllers, this issue is ad-
dressed by exploiting a feedforward compensation: the slope
of the sawtooth waveform in the pulse-width modulator is
varied in proportion to Vyx [16]. This technique is obviously
inapplicable in time-based controlled converters, because of
the lack of the pulse-width modulator.

Looking at (9), the crossover frequency can be made in-
sensitive to Vyy also by adopting a nonlinear adaptive PID
compensator, where the coefficients Kp, K;, and Kp are
made proportional to 1/V;x. On the basis of (5), those input-
voltage-dependent PID coefficients can be obtained by adapt-
ing the transconductances G,p, G, and G,,q. However,
as shown in details in the Appendix, a G,,; variable with
Vin would lead to a poor static line regulation. To avoid
this drawback, we can maintain a constant (7,,; and therefore
a constant K7, and follow the procedure here described to
adapt Kp and K p. Under the assumption of w,. > wy, which
is reasonably verified in well-designed systems, (9) can be
simplified as

2
_ VinKpuwy

T(s) ~ (10)

27s

According to (10), the dependence of w. on Viy can be
eliminated by simply making Kp inversely proportional to
Vin, ie.

IN K

Wz1Wz2

_ Kpy
Vin'’

Kp = (1)

TABLE I
CONTROLLER PARAMETERS
Parameter Value
KDV 1.1 ms
Kpy 124
Ky 518 krad/(V- s)
We 1250 krad/s
w:1, 28 krad/s
W22, 84 krad/s
Rp 150 k2
Cp 2 pF
Pm 68 deg

where Kpy is a constant expressed in [s]. By replacing (11)
into (10), Kpy is given by

W,
KDV :271'-%.
wo

12)

Unfortunately, making K proportional to 1/V;y has a draw-
back. As evident from (11), the frequencies of the two zeros
introduced by the PID compensator are not constant, but their
product is proportional to V7. These moving zeros make the
control of the converter over the full range of the input voltage
extremely difficult. One way to mitigate this variability is to
make the coefficient Kp inversely proportional to Vi, that
is:

z z K
Kp = Klw =Kp (w1 +wse) = —2, (13)
Wz W22 Vin

where Kpy is a dimensionless constant. By combining (11)
and (13) we obtain:

Kpy
Kpy'

Hence, the sum of the two zeros is independent of Vi
whereas their product is proportional to V7. Assuming that
the two zeros are real and distinct at a given input voltage, they
first move towards each other as Vjy is increased, becoming
complex conjugate when the following condition is fulfilled:

2
Vin > ﬂ

4Kpy K;
The proposed design strategy starts by placing two real and
distinct compensation zeros at the minimum value, Viy,...,
of the input voltage. Denoting the angular frequencies of the
zeros at Vin, .. as w,1, and w,o , a conservative choice is
w1, ~ wo/3 and w2, ~ wy. The constants K py and K are

o

derived from (14) and (11):

Wa1 + weo = (14)

15)

Kpy = Kpy (W1, +wsa,), (16)
K
Kr=2 0,000, (17)
ViN,in

Finally, the high-frequency pole, wy; = m arising from
the derivative path is located in such a way to obtain the
desired phase margin:

Om = 90° — arctan — (18)
Wh f

where w,. > wq is assumed.
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Fig. 2. Bode plot of the loop gain magnitude of a buck converter with the
proposed adaptive gain compensation at different input voltage values. The
phase margin and the frequency of the zeros for each operation condition are
listed.

Table 1 summarizes the parameters obtained by going
through the design procedure previously outlined. With those
parameters, the compensation zeros become complex conju-
gate (cc) for Viny ~ 6.4 V. By further increasing Vi, their
angular resonance frequency increases, becoming eventually
slightly higher than wy. At the same time, however, the
damping factor of the cc zero pair reduces, resulting in no or
negligible impact on the phase margin. The soundness of the
design approach is confirmed by Fig. 2, which shows the Bode
diagram of the loop gain magnitude at minimum, medium and
maximum values of Viy. A stable crossover frequency (i.e.
200 kHz) and phase margin (i.e. about 66 deg) are achieved
by employing the adaptive PID compensator.

The practical implementation of the input voltage dependent
Kp and Kp coefficients deserves further attention. Since the
CCDLs are driven by transconductors (TCs), as shown in
Fig. 1, the simplest approach is to modulate the transconduc-
tances Gy,p and G,q by acting on the bias current of the
TCs. The small-signal transconductance of a differential TC
with MOSFETS operating in strong inversion, can be written

as:
Gm =V KmIT7

where K, is a constant that depends on the technology node
and the MOSFET aspect ratio, whereas I is the tail bias
current. To achieve the desired relationship G, x 1/Vin, a
bias current given by:

19)

Kt

I[r=—
TV

(20)
should be generated, where K is a constant that depends on
the tail transistor.

To simplify the circuit, instead of generating the nonlinear
I-V in (20), we can rely on a piecewise-linear approximation
by summing two voltage-dependent currents I/, and I7. The
first current is linearly dependent on Vip, as

Iy =1 — aVin, 21
where I is a bias current and « is a positive coefficient. The
second contribution is a piecewise linear component that can
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Fig. 3. Transconductor bias current I (upper) and proportional transcon-
ductance Gpmp (lower) as a function of Vin: ideal curve (solid line),
piecewise linear fitting (dashed line), current from transistor-level simulations
(diamonds).
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Fig. 4. Bode plot of the loop gain magnitude of a buck converter with the
piecewise-linear adaptive gain compensation at different input voltage values.
The crossover frequencies for each operation condition are listed.

be written as:

Iy — — if I
7 = 0 B (VIN 'Y) 1 T > 0 22)
0 otherwise

where 3 and ~ are two positive coefficients.

In this design, K7 was set to 1.3 mAV? to keep a
bias current of the proportional and derivative transconductors
higher than 1 pA over the whole Viy range. The values
of the constants in the two currents expressions (21) and
(22) were set to fit the nonlinear curve while limiting the
power dissipation of the current generators, as Iy = 10 pA,
a=0.25pA/V, =15 pA/V,and v =9.2 V.

Figure 3 shows the piecewise-linear approximation of the
I current and the G, transconductance compared with the
desired ones. The dots in the same plots are obtained from
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transistor-level simulations of the implemented circuits, that
will be described in details in the following section. The
magnitude of the resulting loop gain using the piecewise-linear
adaptive gain compensation is shown in Fig. 4. The crossover
frequency varies by a factor of 1.8 over the full input voltage
range, compared to a variation by a factor of 7.2 resulting
from a non-adaptive controller.

To reduce the crossover frequency variation or to apply the
concept to a time-based DC/DC converter with a larger input
voltage range, the piecewise-linear approximation approach
can be further iterated: multiple instances of the bias current
generator in (22) (with different slopes) can be added. In
the present implementation, to restrain the quiescent current
consumption, we decided to limit the I7 current at low
Vin values and accept a slight deviation from the nominal
crossover frequency.

B. Controlled skip operation

Synchronous buck converters typically operate in CCM.
When the average inductor current becomes smaller than half
of the peak-to-peak ripple, the instantaneous current reverses
for part of the switching period, leading to unwanted power
loss. A common solution for increasing power efficiency is
the so-called diode emulation [17], which forces the converter
to operate in discontinuous conduction mode (DCM) at light
loads while maintaining a constant switching frequency. This
is achieved by simply turning off the low-side switch of the
synchronous converter when the inductor current gets to zero.
In DCM, the magnitude of the on-time decreases with the av-
erage load current. At light loads, the on-time, 7o 7, may drop
below the minimum value causing the converter to naturally
skip some pulses. Although this operation can still guarantee
regulation, it is unpredictable and usually responsible for large
output voltage ripples. Therefore, a controlled skip operation
is preferred to minimize ripple and power consumption, while
still providing regulation.

In conventional analog voltage- or current-mode control,
the skip operation can be implemented by monitoring the
error amplifier output voltage with a skip comparator. In time-
based control, the equivalent information has to be directly

derived from the PD output. This is obtained by comparing
the PD output with a reference on-time. The phase detector
is a digital circuit commonly used in phase-locked-loops to
generate a signal proportional to the phase difference between
the CCDLgg and the CCDLggr signals as shown in Fig. 5-(a).
Although the PD correctly operates when the phase difference
between the two input signals is between zero and 27, outside
this range the phase wraps around 27 resulting in a non-
monotonicity in the PD transfer function, as shown in Fig. 5-
(b). When the phase difference between the feedback (Prp)
and the reference (Prpr) signals decreases below zero, the
PD generates a signal with a duty-cycle close 1. To avoid phase
wrapping, the PD is replaced with a saturated-PD (S-PD) logic
function that saturates when the phase difference, ®rp-Prrr,
is smaller than zero or larger than 27 (see Figures 5-(c) and
5-(d)). This logic function is embedded into an asynchronous
finite-state machine (AFSM). When the duty-cycle of the S-PD
is saturated to 1, the over-current-protection (OCP) prevents
the inductor current from increasing indefinitely, thus avoiding
circuit failures. When the duty cycle saturates to zero, the
AFSM generates a glitch synchronized with the CCDLgg
rising edge that is used during the controlled-skip operation.
When the S-PD generates a signal with a duration shorter than
the target minimum on-time, the AFSM handles the violation
events. Figure 6 shows the simplified state diagram of the
controlled-skip operation. The relevant timing and schematic
diagrams are shown in Fig. 7. When the output of the S-
PD (PWMg_pp) changes from zero to one, the AFSM
moves to the central state, starting a new charging phase.
The high-side MOS turns on (HS = 1), and the reset signal
goes low (RESET = 0) enabling the circuit to generate the
SKIPTON pulse of duration Ton skip- The control evolves
based on whether the SKIPTON falling edge arrives before
or after the S-PD one. In particular, the former condition
occurs in the standard PWM operation, while the latter occurs
in the controlled-skip operation. During the skip operation,
the converter on-time is set to Ton,skip, While the output
voltage ripple is set by the hysteresis window (Vg4 — Vi)
of the skip comparator (whose output is the signal nSKIP
in Fig. 7). For this to be true, the charge at the inductor
output during the skip operation (Qskip) has to be limited.
The worst case scenario in terms of output voltage ripple,
occurs when Qgrip is equal to the charge flowing in the
output capacitance, i.e., when the load current is zero. In this
condition (Qskip/C) < (Vs — Vi) has to be guaranteed.
For a buck converter operating in DCM, Qip is equal to:

TgN,ski,pVIN (VYIN - Vout)
2LVout ’

stip = (23)

According to (23), if a constant Ty skip is selected, the
charge would change by more than two orders of magnitude
depending on the operating input voltage level.

To overcome this issue, an adaptive Ton skip value is
generated, given by:

ks

0 (24)
VIN - Vout

ToN,skip =
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Fig. 7. Simplified circuit schematic and waveforms of the converter during
the controlled-skip operation.

where k, is a constant expressed in [s-V]. By replacing (24)
into (23) we obtain:

k,IQ_VIN
2Vout (VIN - Vout) ’

which shows a much lower dependence on Vy with respect
to (23). During the controlled skip operation, the average pulse
frequency, fskip, is a function of the load current i.e., foxip =
Iload/stip'

The above discussed logic has a twofold advantage. First,
it reduces the switching activity of the converter at light
loads, thus improving efficiency. Second, being the time-based
control still active during the skip operation, it automatically
guarantees a seamless transition between the controlled-skip
and the PWM operation, requiring no dedicated analog circuit.

stip =

(25)

IV. CIRCUIT DESIGN

The simplified block diagram of the implemented buck
converter together with the circuit that implements the deriva-
tive transconductor with adaptive bias current is illustrated
in Fig. 8, where the bias current I is generated by a zero-
to-absolute-temperature (ZTAT) reference. The transconductor
is implemented using a differential stage whose output node
is connected to the control input of the CCDLs. Since just
the gain has to be adapted with the input voltage, while
keeping the same CCDL bias point, the bias current of the
transconductor is canceled out using an additional set of

mirror stages. A similar scheme is used for the proportional
transconductor, as well. The CCOs and CCDLs are realized as
a cascade of standard current starved inverter cells. The circuit
implementation is similar to that presented in [9] and [10] and
is, thus, omitted.

The circuit schematic of the skip generator is shown in the
inset of Fig. 8. As the reset signal goes to zero, the switch is
opened and the capacitance C,,, charged by a current

Ion _ VIN - Vout + Vov,onl - Vov7on2’
Ron Ron

where Vi, on1 and V,, on2 are the overdrive voltage of the
transistors M,,1 and M,,s. The first term of the sum in (26)
emulates the inductor charging phase and the second one is
computed neglecting the threshold variation of the transistor
due to the body effect and it can be made negligible by design.
Under this condition, Ton,skip can be computed as:

(26)

VseT
Ton.skip >~ ————— * RonCon. 27
ONship VIN - Vout ( )
Comparing (27) with (24) we obtain:
kT = VSETRonCon- (28)

Figure 9 shows the schematic of the circuit generating
the tail current of the derivative transconductor, made of the
sum of an I7. current proportional to V7 and an I current
proportional to V;y over a limited range and then going to
0. The I/ term is generated from the circuit section on the
left of the schematic diagram. The M;,, My, My, transistors
have the same dimensions to have the same reference current

Vin — 2V,
Infia = ¥, (29)

where Vg is the gate-to-source voltage of Mi,, My, Ma,.
The current in My, is the sum of 1,1, and the current in the
resistance R, /2 connected to its source:

Tnsan _Vin —2Vas | 2Vgs —Vasa _
R Ra/2 30
_Vin | 2(Vov = Vova) oV,
Ra Ra — IN »

where Viggop is the gate-to-source voltage of Moy, Vov
and Vpyo, are the overdrive voltages of M, and Moy,
respectively. The last term in (30), where we neglected the
transistor threshold variation induced by the body effect, can
be made negligible by design. So, what is left in (30) is a
current proportional to Vi with proportionality coefficient
a =1/R,, leading to R, =4 M. Finally, I}, = Iy —aVn.

To generate the piecewise-linear current component I7
given by (22), Vi is first scaled down by a factor of 8 by
means of the R;,1-R;,2 voltage divider. This makes the differ-
ential P-MOS stage with one input biased at 1.15 V balanced
when Viy = 9.2 V. The low pass filter network including
Cr, Rin1, Rino is instead designed to filter unwanted fast-
fluctuation in the input voltage while also having a small
quiescent current consumption. To this aim the resistances
Rin1, Rino are selected to keep the quiescent current below
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Fig. 8. Block diagram of the implemented buck converter. The three insets show the simplified schematic of the transconductor, the minimum on-time

generator, and the die microphotograph.

Fig. 9. Simplified circuit schematic of the input-voltage-dependent current
generators.

5 pA in the worst case input voltage of 36 V while providing
the target 1/8 voltage partition. These requirements are met
using R;,1=1 M and R;,,2=7 Mf). The filter capacitance is
selected with a value Cr=1 pF, leading to a frequency of the
low-pass-filter pole of f;,=1/(27CrRin1//Rin2)=182 kHz.
Taking into account that the differential stage has tail current
21y and the two current mirrors are both 1:1, the voltage-to-
current DC characteristic of the circuit can be written as

vug/z)2

1—( ——— 31
J (VOV 31)
RinQ

Rin1 + Rin

is the input differential voltage and Vpy is the equilibrium
overdrive voltage. If Vip/2 < Voy, the square root in (31)
can be approximated to 1. The resulting I/ current is therefore
linear over most of the input-voltage range and it is bound
between 0 and 21j. By comparing (22) and (31), the following
equality must hold:

Iy
Iéi =1y — m “Vip -
where
(32)

Vip = (VIN . — 1.15V)

Rino 1o
Rini + Rina Vov'

p= (33)

which allows to derive the overdrive voltage Voy for the
desired /5 value. The total current (I}, + I7) versus Viy
obtained from circuit simulation is plotted as diamond dots
in Fig. 3.

The AFSM is implemented from the state diagram using an
automated design tool [18].

V. MEASUREMENT RESULTS

The prototype buck converter incorporating the features
described in the above sections was designed in a BCD tech-
nology, including CMOS transistors with 0.18-pm minimum
feature. The die microphotograph is shown in the bottom inset
of Fig. 8, where the main building blocks and the chip dimen-
sions are highlighted. The overall die area is 4.8 mm?. When
the converter is operated in CCM, the total current drained
by drivers and control network is 2.4 mA. Among these, the
current consumption of the proposed time-based architecture
is 470 pA (including the circuit required for the adaptive
gain and all the bias networks), while the remaining part is
distributed between drivers, digital gates (including AFSM),
and auxiliary circuits (over current protection, bandgap, zero
current detector, etc.).

Figure 10 shows the efficiency plot of the converter as a
function of the load current in CCM operation. Measurements
were performed at different input voltages, showing a peak
efficiency of 90% at Viy = 5 V. Figure 11 shows the con-
verter efficiency at the minimum and maximum input voltage
when the proposed controlled-skip operation is enabled. A
logarithmic scale is used for the x-axis to better highlight
the efficiency in the light load current range. The efficiency
measured at V;ny =5 V and V;ny = 36 V with the converter
operating in CCM mode is reported for comparison. Thanks to
the skip operation, the switching activity of the power stage
at light loads is reduced, leading to an increment of power
efficiency from 48% to 70% at 5-V input voltage and 10-
mA load current. At high loads, the converter operation is
automatically moved to a PWM control by the AFSM logic.
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Fig. 10. Measured efficiency as a function of load current for the prototype
converter operating in CCM.
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Fig. 11. Comparison of the converter efficiency with controlled-skip operation
enabled (solid lines) or disabled (dashed and dotted lines).

The dynamic response of the converter to a 10 V input
voltage variation is shown in Fig. 12. The input voltage
changes from 10 V to 20 V with a slope of 1 V/20 us, while
the converter is operated in PWM mode with a load current
of 0.2 A. The peak-to-peak output voltage variation is limited
to 40 mV. The measured load transient response to a 0-1 A
current step variation of the prototype converter operating in
PWM with an input voltage Vi = 12 V is reported in Fig. 13.
The peak-to-peak output voltage variation is limited to about

Trgger Horzontal
W oo 5V Auo| 0w/
stop| 35248
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Fig. 12. Measured transient response of the converter to a 10 V to 20 V
input voltage variation in 200 ps. The measurement is performed with a load
current of 0.2 A
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Fig. 13. Measured transient response to a 0-1 A load step variation while the
converter operates in CCM. The measurement is obtained for an input voltage
of 12 V.
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Fig. 14. Measured seamless transition between the low-current controlled-
skip operation and the PWM operation. The output voltage does not show a
transient response as the converter moves between the two operating modes.

53 mV.

In Fig. 14, the converter load current is varied with a slow
ramp while the input voltage is kept at V;ny = 12 V and
the skip operation is enabled. As far as the load current is
below about 0.1 A, the converter output is regulated by the
skip operation, and the output voltage ripple of 30 mV is
determined by the hysteresis of the comparator in Fig. 7.
When the current increases, the on-time generated by the
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Fig. 15. Measured loop gain magnitude of the prototype buck converter when
the adaptive gain compensation is enabled.
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Fig. 16. Measured loop gain magnitude of the prototype buck converter when
the adaptive gain compensation is disabled.
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Fig. 17. Measured transient response to a 0-1 A load step variation at Vi ny =
12V, with the adaptive gain compensation enabled and disabled. The converter
is operating in PWM regime.

controller becomes higher than the Ty sxip one. This makes
the AFSM switch the control to the time-based PWM mode.
The output voltage moves between the two operating points
without a significant output voltage transient, demonstrating
the effectiveness of the proposed seamless transition.

To assess the proposed adaptive gain compensation tech-
nique, the magnitude of the open loop gain was measured by
using the methodology reported in [19]. A Picotest-J2101A
injection transformer was used to apply a small sinusoidal
voltage signal to 40¢2 resistance placed in series with the out-
put voltage divider. The loop response was recorded by using
a Rohde&Schwarz RTA4004 oscilloscope. The measured loop
gain magnitude for different input voltages with and without
the proposed adaptive gain compensation is shown in Fig. 15
and Fig. 16, respectively. The comparison highlights how the
adaptive gain control reduces the bandwidth variation over the
whole operating range. Figure 17 shows the measured transient
response to a 0-1 A load step variation at V;y = 12 V, with
the adaptive gain compensation enabled and disabled. The
converter is operating in PWM regime. Thanks to the higher
bandwidth provided by the adaptive gain compensation, the
peak-to-peak output voltage variation is reduced from 89 mV
to 53 mV. As pointed out in Sect. Il and demonstrated in the
Appendix, the proportional coefficient K; was kept constant
not to degrade the line regulation. Figure 18-(a) shows the DC
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Fig. 18. (a) Measured DC output voltage as a function of the input voltage
for PWM operation. The output voltage variation is limited to 10.3 mV in
the whole operating range. (b) Measured converter switching frequency as
a function of the load current, for different input voltages. The switching
frequency variation is only 4.5 kHz in the whole operating range.

output voltage as a function of the input voltage. The excellent
line regulation of 0.33 mV/V is obtained, demonstrating the
effectiveness of the proposed design methodology. In Fig. 18-
(b)), the converter’s average switching frequency is measured
at different input voltages and different load currents. Since the
switching frequency is set by the CCOs bias, which is fixed,
it remains stable in all the working conditions. A residual
frequency variation of only 4.5kHz (i.e. 0.3% of the nominal
switching frequency) was measured over the whole operating
range.

Table II shows the performance comparison with state-of-
the-art converters. Compared to converters using time-based
control, our prototype exhibits the best line regulation of
0.33 mV/V thanks to the novel adaptive gain design method-
ology. Such a result is achieved despite operating over a much
wider input voltage range. The controlled-skip operation pro-
vides a significant increase in converter efficiency at light loads
which is, however, slightly lower than that obtained with other
PFM techniques presented in the literature. This is because
the time-based controller must be left active during the LCM
operation in order to guarantee a seamless transition between
the low-current mode (LCM) and PWM operation. Doing so,
it is possible to directly implement the seamless transition
algorithm into the AFSM without requiring a dedicated circuit.
When compared to converters having similar input voltage
and switching frequency, the prototype yields similar peak
efficiency and load transient response. To better assess the
latter parameter, the figure-of-merit (FOM) proposed in [23]
is employed

npeak[%] . AIloa,d [mA]
tsettle[ﬂs} : fsw[MHZ] : Avout,pkpk [mV]

FOM = 1072,

(34
where 4.4 1S the average settling time of the transient
responses to positive and negative load steps. Among the
converters reported in Table II, our prototype shows the best
FOM, with the exception of [20], which incorporates an
additional dedicated structure specifically designed to enhance
the dynamic performance.

VI. CONCLUSIONS

When the classical time-based PID control is applied to
a buck converter with a wide input range, the loop gain
crossover frequency is subject to large variations. Additionally,



TABLE I

PERFORMANCE COMPARISON WITH STATE-OF-THE-ART CONVERTERS

This work [9] [12] [13] [10] [20] [21] [22]
Architecture Time-based Time-based Time-based Time-based Time-based Analog Digital AOTT
Buck Buck Buck Buck Boost Buck Buck Buck
Process 0.18-pm 0.18-pm 65-nm 65-nm 0.18-pm 0.8-pm 0.18-pm 0.35-pum
B BCD CMOS CMOS CMOS BCD BCD BCD BCD
Input Voltage [V] 5-36 1.8 1.8 1.8 2.5-4.5 10-60 5-48 24
Output Voltage [V] 33 0.6-1.5 0.5-1.5 0.15-1.69 5 5 5 1.2
fsw [MHz] 1.5 11-25 10 10 1.5 1 2 5
L, C [uH, pF] 4.7, 30 0.22, 4.7 0.22, 4.7 0.22, 4.7 2.2, 44 20, 40 - - 0.68, 18
Load Current [A] 1 0.6 1 0.6 0.8 0.6 1.3 1.8
Peak Efficiency [%] 90 94 90 94.9 96 92.6 90.2 89.8
Adaptive Gain yes no no no no no yes no
Line Reg. [mV/V] 0.33 - — 27 1.5 0.04 - -
LCM* Pulse-skip no PFM no PFM no no no
LCgZ:f/EC(lgngf)"“ 24% (0.66) - 30% (0.83) - 34% (1.4) - - -
LCM to PWM Automatically Requires Requires
Transition guaranteed B dedicated circuit B dedicated circuit B B B
Load step [A] 1 0.5 0.4 0.48 0.3 0.4 1 1.8
AVpw/AVyp [mV] -26/+27 -60/+65 -40/+40 -100/+110 -60/+58 -12.7/49.3 | -190/+200 | -23/+37
Settling time DW/UP [us] 17/18 3.5/3.5 1.8/1.8 3.5/3.5 15/20 12.3/7.6 24/20 9.6/8.7
FOM*** 0.65 0.1 0.25 0.06 0.09 1.69 0.05 0.59

+AOT = Adaptive on-time, *LCM = low current mode, **CR = conversion ratio, ***FOM as defined in (34), higher values are better.

the need for large blocking voltages on the power switches
increases the gate charge losses, severely limiting the light
load efficiency. To overcome these issues, we developed a
time-based controller with an adaptive gain compensation
and an AFSM-controlled skip operation for the low current
mode. The loop crossover frequency is maintained nearly
constant over the input-voltage-range by adopting an adaptive
PID compensator based on a novel design methodology. The
controlled skip operation, using a simple logic and a few
analog blocks, increases the light load efficiency and ensures
a seamless transition between the operating conditions. Those
concepts have been demonstrated in a prototype buck converter
for general purpose applications designed in BCD technology.
The controlled-skip operation has been shown to boost the
efficiency at light loads and the adaptive gain compensation
to effectively reduce the crossover frequency variation over the
whole input voltage range. The state-of-the-art line regulation
for a DC/DC converter with time-based control is obtained
thanks to the novel design methodology.

APPENDIX

This appendix discusses the impact of the transconductance
Gi of the integral path on the static line regulation of the
converter. Similar to the behavior of a phase-locked loop,
in the time-based controller the two CCOs reach the same
frequency at steady state. From Fig. 1, the latter condition can
be written as:

Gmi

Icco — (NVouwt — Vrer)|Kccops+

Gmi
2 (NVOut - VREF)]KCCOREF = 03

where Icco is the CCO bias current which is used to set
the free-running frequency. In the case of perfectly matched

—[eco + (35)

oscillators (same Ioco, same Kcco), the solution of (35) is
NVout = VrEF.
If we instead assume a gain mismatch that

Kccorpr = Kcco and Kccory = Kcco + AKcco,
(35) can be rewritten as

such

IccoAKcco ~ Gnmi(NVouw — Vrer)Kcco.- (36)

Considering the relation between K and the integral transcon-
ductance in (5a), we can write

Vrer  IccoAKcco
N Ky ’

Vout = (37

where the last term represents a static regulation error. In
practice, because of the differential architecture, any mismatch
in the circuit implementing the integral gain is responsible for
a static regulation error.

In the case of constant K7, the static regulation error can
be easily trimmed by acting on Vygr. Conversely, a variable
Ky, such that K = Ky /Vin (with constant Kpy), would
generate an input-voltage dependent regulation error whose
relative value (i.e, the static line regulation) is:

A Vout
Vout

_ Keocoleco AKcoo AVin (38)
Krv Kcco Vour '

By replacing K;, Kp, and Kp in (9) with parameters in-
versely proportional to Viy, the zeros of the PID can be
designed to perfectly cancel the complex-pole pair, leading
to Kry = 27w, = 7.9 Mrad/s. Assuming a % = 1%,
and remembering that Kccolcco = 27 few, a static line
regulation of 11.2% would be obtained. This corresponds to
an output voltage variation of 270 mV over the input voltage

range, which might be unacceptable in many applications.
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