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Summary

With the rapid development of system-on-chip integration and continuously scaling-
down power supply, nowadays portable battery-powered devices have higher and
sharper energy requirements. Switching converters are widely used as voltage
regulators in those devices because of its high power-conversion efficiency. Due to
the high-speed application and different modes operation requirements, the
embedded microprocessors or digital systems operate at a higher frequency and the
system need to switch between different modes more frequently. The frequently
changing load induces significant undershoot/overshoot variation, which will
deteriorate the overall system performance and stability. In this prospective, the fast-
transient response becomes one of the key requirements for DC-DC converters in
nowadays high-performance applications. Investigation of fast-transient techniques
has been conducted to improve the transient response of DC-DC buck converters. A
new pumping control scheme called Power-Driving-Tracked-Duration (PDTD)
control is proposed to enhance the transient performance in the voltage-mode
hysteretic DC-DC conwverters. It operates only when a large load current change is
detected. Comparing with conventional counterparts, it simultaneously accelerates
the transient response, reduces the undershoot/overshoot voltage and the effect of
multiple undershoots/overshoots during the load current transitions. A theoretical
analysis is also conducted to validate the circuit technique. The measured output
voltage ripple is about 60mVpp. The obtained undershoot/overshoot settling time is

369ns/335ns in response to a 60-to-300mA/300-to-60mA load current step. The peak
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efficiency is about 93%. The prototype is fabricated using TSMC 40nm CMOS

process as a proof-of-concept.
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Chapter 1 Introduction

1.1 Motivation

In recent years, an explosive growth in portable devices, such as smartphones, tablets,
laptops, digital cameras, are induced with the rapid development of system-on-chip
(SoC) mtegration [1]-[8]. These devices combine millions of function blocks into
one single chip, and the various sub-circuits in a SoC usually have different energy
requirements [6], [9]. Concurrently, low power consumption has become one of the
primary concerns for these portable battery-powered SoC applications [10].
Switching converters are widely used as voltage regulators in battery-powered
portable devices due to its high power-conversion efficiency [1], [3], [6],[9]-[11].
Operating under different modes is an effective method ofreducing the system power
consumption [10], [14]-[16]. Battery-powered devices run in idle mode for most of
time and work in active mode only in bursts to win high performance. Due to the
high speed application requirements, the embedded microprocessors or digital
systems operate at a higher frequency and the system need to switch between
different modes more frequently [17]-[19]. During the dynamic loading change as
well as the operation mode transfer, a massive load current change can be induced
mstantly [14]. A large undershoot/overshoot variation away from the designed output
voltage can be generated for a significantly long period of setting time because of the
transient regulation latency. The undershoot voltage may deteriorate the following

sub-system performance seriously. This may cause memory loss in high speed
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system. On the other hand, the overshoot voltage will heat up the chip, causing
needless heat dissipation, thus extra power loss [4]. If the transient settling time is
not fast enough, the high operating temperature can even damage the chip [4]. With
the supply voltage decreasing and operation frequency increasing, it gives a more
aggressive design requirement for the DC-DC converters with fast load regulations
[20]. In this prospective, fast-transient response becomes one of the key requirements

for DC-DC converters in nowadays high performance applications [11], [20]-[24].

Vv

I/C' MP

Control Logic

Controller Stage

Figure 1.1. The Basic Block Diagram of a DC-DC Converter.

Figure 1.1 shows the basic block diagram of a DC-DC converter, consisting of the
power stage and the controller stage. The load transient response is mainly
constrained by the controller stage delay and power stage LC limitation. Various
techniques have been developed to achieve fast-transient response and provide a
reliable output voltage. Some of them focus on speeding up the controller stage
response. Adaptive bandwidth compensation techniques [24], [25] and capacitor
multiplier techniques [26], [27] are developed to extend the compensated bandwidth

for voltage-mode and current-mode converters, thus speeding up the transient
14



response. VZ converters introduce feedforward path to bypass the EA [14], [20], [28],
but they suffer from the subharmonic oscillations. These techniques can improve the
controller speed, but they also increase the system complexity. Their transient
responses are imited by the OTA bandwidth through the frequency compensation to
ensure stability. Hysteretic converters can offer faster transient response and better-
guaranteed stability on the basis of compensation-free controller stage [11], [20],
[22], [29]-[34]. Moreover, hysteretic converters can operate at PFM (Pulse
Frequency Modulation) mode automatically under light load conditions to reduce the
frequency-dependent switching loss, thus improving the light load efficiency [3], [5],
[28], [35]. However, the ultimate transient speed of existing hysteretic converter is
still constrained by the LC filter in the power stage, especially the inductor value. To
overcome this limitation, an auxiliary pump current can be applied to bypass the
inductor, compensating the load current change, thus enhancing the transient
response [11], [12], [36]-[42]. Simple voltage-triggering pump current sources [37]—
[39] are applied to guarantee a fast auxiliary current injection to enhance the transient
speed. However, multiple undershoot/overshoot will be induced when the pump
current sources are turned off instantly, deteriorating the expected transient
performance as well as the system stability. Some control schemes such as Digital
slope control schemes [40]-[43] give better turning-off control of pump current, but
more complicated structures are required. Up until now, there has been very little
work on the auxiliary current on-time duration to achieve the fast-transient response.

This gives a design challenge to devise a simple and stable pump current control

15



scheme with well-controlled on-time duration.

In this work, a fast-transient hysteretic buck converter with a Power-Driving-
Tracked-Duration (PDTD) control scheme for the auxiliary pump current source is
proposed to improve the load transient response. In addition, a delayed-ramp is
generated to prevent multiple undershoot/overshoot effect. This project is mainly
designed for high-speed applications with a load current range up to 300mA [44],

[45].
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1.2 Objectives

The objectives of this project are given as follows:
1) To investigate the transient limitation of different buck converter topologies
and existing fast-transient techniques
2) To conduct the transient analysis of the voltage-mode hysteretic buck
converter and devise an improved fast-transient buck converter topology
3) To conduct the measurement of the test chips which are fabricated using

TSMC 40nm CMOS technology

1.3 Contributions

The contributions of this research work are summarized as follows:

1) The investigation of animproved control scheme to obtain fast and smooth
load transient performance without multiple undershoots/overshoots which
are validated by the silicon prototype IC.

2) The theoretical analyses of transient response of the conventional and

proposed voltage-mode hysteretic buck converters.
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1.4 Organisation

This thesis is organized as follows:

Chapter one mntroduces the motivation as well as to state the objectives and the main
contributions of this project. Chapter two describes the operating principle of DC-
DC buck converters and reviews the previously-reported fast-transient converter
topologies such as voltage-mode, current-mode, V2 control, voltage-mode hysteretic
control and auxiliary pump current assisted (APCA) architectures. Chapter three
presents the transient analyses for the conventional voltage-mode hysteretic
converters and the APCA buck converters, which are based on the representative
reported scheme and the proposed PDTD control scheme. Detailed analysis is also
conducted to illustrate the key advantages of the improved control scheme. Chapter
four presents the building blocks of the fast-transient DC-DC buck converter together
with the circuit implementations. Chapter five presents the measurement results and
discusses the performance aspects of the proposed buck converter. Finally, the
performance comparison is conducted with the recently-published state-of-art works
to demonstrate the effectiveness of the proposed method. Chapter six gives the

concluding remarks and recommendations for future work.
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Chapter 2 Literature Review

In this Chapter, the fundamental operation principle of the DC-DC buck converter
will be described. This is then followed by the review of other common topologies
such as voltage-mode PWM converters, current-mode PWM converters, V?
controlled converters, voltage-mode hysteretic converters and APCA converters.

Theirr advantages and disadvantages are highlighted.

2.1 Operating Principle of DC-DC Switching Converter

VIN
"ccocccdecccccscscscscscsccnns °
E I Power Stage E
—t—b Sp '
' I .
: : Vour
; ~000" ;
] ]
i = L Sh c ERLOAD |
' 1 R
] ]
] ]
(] — 0 —
0 -— - (] -
leopooasoas R d
L Fe dback& |
' Feedback & '
E Controller ;
Leccccccccaccccccanas 0

Figure 2.1. Block Diagram of a Buck Converter.

Figure 2.1 depicts the block diagram of a buck converter, which consists of'the power
stage and the controller stage. The power stage incorporates the PMOS/NMOS

switching operation and converts the input voltage, Vv to the desired stable output,
19



Vour. The controller regulates the output voltage through the switching operation of
PMOS/NMOS. It is assumed that the power stage’s components such as power
switches (Sp, Sn), filter inductor (L) and output capacitor (C) are lossless. The supply
voltage (Vin)1s modulated through the Spand Sn switching operation to form square
waveform pulse at the switching node (Vx). It will be converted to a nearly dc
waveform if the LC filter is large enough [7], [8]. The voltage and current waveforms

of a buck converter during steady state are illustrated i Figure 2.2.

AVx(t)

Figure 2.2. Voltage and Current Waveforms in Steady State.

Note that Ton/Torr represents the turn-on/turn-off duration of Sp. Vx and AV is the

switching node voltage and voltage over the inductor, respectively. Ir and Ic is the

20



current passing through the inductor and capacitor, respectively. mi/(-m2) is the

inductor current rising/falling slope.

During 7on period, Sp/Snis turned on/off, Vx=Vin. The voltage across the inductor is
Vin-Vour>0, the current ramps up at a rate given by

- VIN _VOUT

- (M)

m

During Torr period, Sp/Snis turned offfon, Vx=0. The voltage across the inductor is
-Vour<0, the current ramps down at a rate which is given by

V
m, = % (2)

At steady state, the average inductor current should be equal to the load current. If
0.51.<Ig, the converter works in Continuous Current Mode (CCM). If 0.51.> I, the

converter works in Discontinuous Current Mode (DCM).

When the load current change, the output voltage will deviate from the nominal value.
The output voltage variation is fed back through the controller stage to regulate the
power switch behavior, thus to stabilize the output voltage. The overall transient

response is delayed by both controller stage and power stage.
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2.2 Voltage-mode Control DC-DC Converter

Vle—

Driver
Vour
—TO—
Driver L R
FB1
RiLoap Vrs
o C
Res2
' ------------
4 PWM
» Controller Vrer

144

Figure 2.3. The Voltage-Mode Control DC-DC Converter.

Figure 2.3 depicts the generic topology of a voltage-mode PWM DC-DC converter,
in which only one single voltage feedback path is employed. This feedback voltage
Vrp1s compared with the reference voltage Vzerbyan error amplifier, generating the
error voltage Va. Then V,is compared with a saw-tooth voltage waveform Vgzamp to
generate the PWM control signal, Ve. As a result, the PWM performance is obtained
and the pulse width of the PWM signal is determined to regulate the output voltage

[7], [8], [46].

22



As discussed above, the voltage-mode regulation is achieved solely by voltage
feedback path through the error amplifier. This gives a relative simple topology and
high noise tolerance. However, a large compensation capacitor is usually required to
stabilize the control loop system, which will slow down the load transient response.
To improve the load transient response whilst maintaining the system stability, a
complicated compensation network (e.g. Type III compensation network) is usually

needed [7], [8], [21], [46]-[48].
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2.3 Current-mode Control DC-DC Converter

Figure 2.3 shows the topology of the current-mode PWM DC-DC converters.

Vin T—

Driver

PXY VOUT

[ ‘ —l

LY
; R
Driver t L R FBI S Vis
LOAD ‘

Current| C o
Sensing Rrs2
Network -

Ramp Compensation

R
' PWM
; Controller

VREF

Figure 2.4. The Current-mode Control DC-DC Converter.

As depicted in Figure 2.4, the current-mode control DC-DC converter has two
feedback paths: one is the output voltage feedback and the other is the sensed
inductor current feedback. To implement the current feedback loop, an accurate
current sense network is required. From (1) and (2), it can be seen that the inductor
current risng/falling slope is determmned by the Vinv and Vour. Thus, the mnductor
current loop can response faster to the output voltage variation [1], [8], [13], [15],

[23], [27], [49]-[51].
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However, this mner current feedback loop, which is sensitive to noise, requires more
careful stability compensation technique so as to avoid sub-harmonic oscillation
when D>0.5, a compensation ramp, Vrampis also essential [1], [8], [19]. As a result,
the overall circuit design becomes more complicated. Furthermore, similar to
voltage-mode control, the load transient response is also limited by the compensated

OTA bandwidth as well as the charging/discharging the compensation capacitor.

25



2.4 V? Control DC-DC Converter

V|N ——

Driver

—{>0

m Vour
Driver
L Res1
> ‘ E>| ESR RLoap Ves.
C j__ Res2

Ramp Compensation

ECP

Va Vrer

Figure 2.5. The Conventional V? Control DC-DC Converter.

Figure 2.5 illustrates the system architecture of the conventional V2 control DC-DC
converter. As referred by its name, the V2 voltage regulation mechanism has two
parallel feedback paths and both are derived from the output voltage. The error
correct path (ECP) encompasses the compensated error amplifier to provide high DC
accuracy while the feedforward path (FFP) bypasses the error amplifier to provide a
fast-transient response. It is noted that the ramp signal is generated by the large
equivalent series resistance (ESR) of the output capacitor, containing the DC portion
of the output voltage [14], [20], [28], [32], [S2]-[55].

When a load current change occurs, a large variation to Vour will be triggered
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mstantly. This FFP signal is able to fully turn on/off the power PMOS/NMOS
immediately to compensate the current difference during load transient period. The
load transient response is limited by the time delay contributed by the comparator
and the power switch, which is not limited by the bandwidth of the ECP. Thus, the
compensated ECP can have a low bandwidth and simple compensation network,
whilst maintaining a higher loop gain to provide high static DC accuracy. Due to the
low bandwidth of the error amplifier, the noise immunity can be significantly
mproved. Hence, by comparing with the conventional voltage-mode and current-
mode control, V? control can achieve a fast-transient response with a relatively
simple system architecture with better noise tolerance [2], [20], [28], [56].

Similar to the current-mode control, a ramp compensation is still required to avoid
the subharmonic oscillation when D>0.5. The compensation network is still

necessary for the high-gain ECP to ensure the stability [9], [22], [25].
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2.5 Voltage-mode Hysteretic DC-DC Converter

Figure 2.6 depicts a basic topology of the voltage-mode hysteretic buck DC-DC
converter.
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Figure 2.6. Voltage-mode Hysteretic Buck Converter.

As shown in Figure 2.6, there is only one voltage feedback path which is employed
in the voltage-mode hysteretic buck converter. Instead of using error amplifier, the
output voltage is directly fed back to and regulated by the hysteretic comparator. In
particular, the hysteretic control is released from both the complicated stability

compensation and sensitive slope compensation network. Thus, the system stability
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is guaranteed i the hysteretic control. Since the output voltage is directly controlled
by itself, the voltage-mode hysteretic converters can respond instantly to a step-

up/step-down load current change [11], [22], [57]-[60].

The voltage regulation mechanism can be explained as follows. Initially, the
feedback voltage, Vrpis lower than the lower threshold voltage V7, thus the output
of hysteretic comparator is low, turning on/off PMOS/NMOS. As a result, the
mnductor current iz starts to increase and its ac component flows ito the output
capacitor, causing an increase in the output voltage, Vour as well as the feedback
voltage, Vrp. When Vg exceeds the upper threshold, Vw, of the comparator, the
output of the window comparator will go high, turning offon PMOS/NMOS. Thus,
the Vouris pulled down until the Vrpbecomes lower than lower threshold V. again.
Then the PMOS/NMOS will be turned on/off again. Hence, ideally the feedback
voltage ripple will be locked by the hysteretic comparator within the hysteretic
window, Vu-Vi. However, due to transient delay of the comparator and the controller

loop, Vrkewould be larger than V-V [28], [32].

Though the hysteretic control has a much faster transient response due to its op-amp
free structure, the transient speed is still limited by the power stage elements,
especially the inductor selection [41], [61] .This will be further discussed in Chapter

3.
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2.6 APCA DC-DC Converters

Although various of topologies and methods have been developed to improve the
load current transient response of DC-DC converters, it is still constrained by the
physical Lmit proposed by the output LC filter [4], [37]-[41]. To push the transient
response beyond the physical LC limit, various control techniques employing
auxiliary current have been developed [37]-[41]. The common topologies of
auxiliary pump current methods will be described. The main difference among the

auxiliary pump current methods is that of the pump current control scheme.

2.6.1 Dual-Current Pump Module

One common scheme is to turn on and off the pump current by comparing the output
voltage with defined the undershoot/overshoot threshold voltage [37]-[39]. The

simplified schematic for this control scheme is depicted in Figure 2.7.
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Figure 2.7. DC-DC Converter with Current Pump Technique.

In this control scheme, the auxiliary pump current is simply controlled by comparing
Vourwith the defined undershoot/overshoot detection threshold voltage, Vuu/ViL.
> When a step-up load current change occurs, an undershoot is induced. If
Vout<VLy, the high side auxiliary current is triggered and pumped in; and
once Vout>VLL, the pump-in current will be turned off immediately.
» When a step-down load current change occurs, an overshoot is induced. If
Vout>VHH, the low side auxiliary current is triggered and pumped out. Once

Vout<VHH, the pump-out current will be turned off immediately.

This type of control scheme gives a simple structure and fast response. Unfortunately,
the undershoot/overshoot is needed to be recovered once Vour>VLL/Vour<Viu. This
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will cause msufficient auxiliary pump-m/out current duration and it will nduce the
multiple undershoot/overshoot effect. This will deteriorate the transient improvement

[37]-[42], [61].

2.6.2 Digital Slope Control Scheme

Digital slope control schemes are developed to give better turning-off mechanism for
the pump-in/pump-out current [40], [41]. The simplified schematic of the converter

with digital adaptive slope control (DASP) [41] is shown in Figure 2.8.
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The control scheme adopts an extra power PMOS/NMOS transistor pair and inductor

to release the auxiliary pump-in/pump-out current. The auxiliary current is turned on

by comparing Vour with Vur/Vir, which is the undershoot/overshoot detection

voltage. On the other hand, the pump current turning-oft signal is generated through

the current sensor which monitors the ESR current. When the sum of the inductor

current and auxiliary current reaches the load current, the pump-in/pump-out current
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1S then turned off.

This control scheme achieves better control for the auxiliary current and improve the
transient response. However, it requires more complicated circuit implementation

and the transient settling time can still be reduced further.
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Chapter 3  Transient Response Analyses for

DC-DC Converters

Based on the review in Chapter 2, the transient response of a DC-DC converter is
limited by the controller stage and the power stage. The voltage-mode hysteretic
converter offers a fast-transient response by reducing the controller stage delay.
However, its transient speed is still constrained by the power stage LC components.
On the other hand, the auxiliary pump current sources can be added to overcome the
LC limitation of the DC-DC converters. However, the auxiliary pump current control
scheme should be carefully designed to give better transient improvement and system
stability. At this juncture, a new topology that combines the voltage-mode hysteretic
converter with an improved auxiliary pump current technique is proposed to further

enhance the transient response.

Prior to the circut implementation, the theoretical analysis of the transient response
for the representative DC-DC converter is presented. They are based on the
conventional voltage-mode hysteretic approach and the APCA approaches, which
include the DASC and the proposed PDTD control schemes. In this Chapter, we take
the undershoot settling as an example to analyze the transient response. The transient
analyses for conventional voltage-mode hysteretic DC-DC converters are conducted
first. The transient response limiting factors will be discussed. This is then followed
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by the transient response analysis for the APCA converters with DASC and PDTD
control scheme, respectively. To validate the effectiveness of the improved control

scheme, a comparison between the two control schemes is performed.

3.1 Conventional Voltage-mode Hysteretic Converters

------------ Feedback Loop, Control
Logic and Other @} ecccccccans
"""""" Necessary Blocks

- L0 1)

_> Vout t) —

— ESR
>_| ()
> \Y (t) R

Figure 3.1. Smplified System Model for Conventional Hysteretic DC-DC

Converters.

Figure 3.1 depicts the basic system model for the conventional voltage-mode
hysteretic DC-DC converters. I.(t), Ic(t) and Ir(?) represents the inductor current,
output capacitor current and load current, respectively. Due to the inductor limitation,

the I.(¢) usually ramps with a relatively slower speed than the Iz(?).

In this Chapter, all the transient responses of DC-DC converter are analyzed by

applying KCL and KVL at the output node, which are given as
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O =10+ 3)
Vou ® =Ve ®- e ()ESR (4)
The transient analysis starts with the simplest case in which the /.(z) and Ir(?) start to

response simultaneously.

3.1.1 No Delay between I.(?) and Ir(?)

Current A

Ir(t) /\

Time

0 tEdge tEqual tMax tRecover

Figure 3.2. Ideal Transient Behaviors of /.(¢) and Iz(%).

There is no response delay between Ir(¢) and /.(¢) in Figure 3.2 such that /;(¢) can
response to the /r(¢) change instantaneously. To simplify the analyses, it is assumed
that the mitial current level of /z(¢)is 0 and /r(¢) reaches the new level Iz at tgdge. IL(Z)
reaches Ir at tequar and hits its peak value at faax. The 1(f) drops back to the Iz again
at fRecover. m1 and m2 is the ramp-up slope of /r(¢) and I.(¢), respectively. (-m3)is the
falling slope of Ir(f). It is assumed that /.(f) responses to the [r(f) change

instantaneously, and m;>>m2, m; and m> are given by
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m =—= &)

Vo -V,
m2 _ _DD - ouT (6)
Thus, we have
mt O<t<tgy,
IR(t)={ ' C ot 7
IR Edge <t< Recover
m,t O<t<t
1 (t) = 2 Max 8
L( ) {_m3t + (mz + m3)tMax tMax <t< tRecover ( )
dv, (t
@=-c el )
V,
I == (10)

where Vouris the nominal output voltage of the DC-DC converter and Iz is the

corresponding load current at Vour.
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Figure 3.3. Transient Responses of I(¢), V(t) and Voud(t).

3 1 1 1 O<t<tEdge
In this region, both Ig(z) and I.(t) ramps up and the current difference is given as
|C('[)=|R(t)—||_(t)=(ml—m2)><t (11)

Combining (9) and (11), we have

Ve ®) === e @dt =~ (m -m)t +ig (12)

vom(t>=—%(ml—m2)t2—m—mz)ESR~t+k1 (13)

where k;is a constant. Assume at =0, Vc(0) =Voun(0) =Vour, ki can be calculated
from the nitial value to yield

kl VOUT (14)
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In this region, the Ig(?) rises much faster than the /.(2), thus Ic(?) is positive and it
discharges the output capacitor, thus inducing avoltage drop AVEsr over the ESR. As
a result, a large undershoot variation AVunis generated where AVun =Vour-Vour(?).

The Ic(?) increases linearly so that the output capacitor is discharged in an increasing

t
speed on [0, teage]. If the Ir(t) rises rapidly such that ;L(g:e << ESR is fulfilled, the

capacitor voltage variation AVc¢(t) is much smaller than AVgsz. This explains why
AVunis dominant by AVesg and Vour(?) almost decreases linearly.

Vo, (1) = —(m, —m,)ESR -t +k; (15)
The corresponding transient response of Ic(?), Ve(t) and Vou(t) over [0, tedge] is

illustrated in Figure 3.3.

3112 tEdge <t< tMax

In this region, the /r(?) finishes rising and becomes constant at /r while the /.(2) keeps
on ramping up. As a result, the corresponding Ic(z) is given as follows:
lc®)=—mt+1, (16)
Ic(t) is a decreasing function and Ic(?)=0when I(¢)= Ir, thus tequai=Ir/m2.Forlc(t)>0
over [tEdge, tEqual], the output capacitor is discharged. For Ic(2)<0 over [tEqual, tMax],
the output capacitor is charged up. The corresponding time domain voltage response

is given by the following relationships:

1 |
[ — 2_—R 17
V. () °C m,t c t+k, ( )
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\gm(ozzzisnytz+(m2ESR-—%§)t—IRESR—Fk2 (18)

k2is a constant, which can be calculated through the V¢(t£age) value over both [0, ¢£dge]

and [tEdge, tMax].  Vc(tEdge) is obtained from (12) and (17) to yield

1 1 |
Vc (tEdge) = _E (ml -m, )tEdge2 + kl = z mZtEd992 - ERtEdge + kz (19)
Solving (19), we have
1 ,
kz = _E mltEdge + EtEdge + kl (20)
Combining (5), (14) and (20), it gives
I 2
2 = 2n: C +VOUT
1
02y
Solving ﬁ—lm t—I—R—O to give t=t _le at Vc(t)min, we have
- - ~ “Equal — min,
st C° C e m,
I 2
VC (t)min =- 2”: C + kZ (22)
2
.. . . |
Similarly, solving Naw®) lmzt +m,ESR e 0 to give t,,=—-C-ESR at
st C C m,
Vour(t)min, we have
m,C - ESR? 1.2
vV o 2 R Kk 23
out (t)mln { 2 + 2m2C:|+ 2 ( )

As such, Ve(t) decreases on [fEdge, tEqual], and it increases on [{Equal, tMax]. Vour(?)
decreases on [¢£dge, tmin], and it increases on [#min, tmax]. The undershoot variation AVun

is defined as
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AViy =Vour —Vou ® min — + (—- i) (24)
m m

Assume that the Vouq(?) settles down when Vou(t)= xVour where « is the settling
accuracy. Then the corresponding settling time can be solved from (18) by setting

Vout(tSettle): xkVouras

e =Jw+<'—w L(CESRY + % ¢ EsR 25)
m, m, m,

In the following analysis, the settling accuracy x is set to be 100% for smplicity.

This gives

toe = MHI—R)Z +(C-ESR)? +n _clEsR (26)
m m

For the voltage-mode hysteretic converters, the Vour(?) is solely regulated by itself.

During the transient period, the Vour(?) keeps going up until Vou/(t)=Vu where t=tuax.

by = \/MH;_R)Z +(C-ESR)" +-=~C-ESR 27)
2

2 2

Since Vu>Vour, from (26) and (27), it can be seen that tsesue<tmax.

From (22)-(26), one can conclude that for a specific output voltage, Vour, the
undershoot variation 4Vyy and the transient settling time Zseue are determined by the
output current, /g, and the inductor current slew rate, m>. Note that Iz is assumed to
be constant over [f£dge, tMax]. The corresponding transient response of Ic(), Vc(t) and
Vout(t) over [tEdge, tmax] s illustrated in Figure 3.3.

From Section 3.1.1.1 and Section 3.1.1.2, it can be deduced that both the A4V un and

tsele can be reduced by increasing m or reducing Ir over [fEdge, tMax].
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3113 tMax <t< tRecover

In this region, after Vou«(?) reaches Ve, the hysteretic comparator turns the power
PMOS off and the power NMOS on. Thus, /1(2) starts to ramp down. At this juncture,
the Ic(?) becomes

I (t) =mgt+[1, —(m, +m)t,,., ] (28)
For Ic()<0, it increases over [fmax, fRecover], and the output capacitor is charged up.
When t=trecover, it gives Ic(trecover)=0. From the geometry relationships given by the

I1(t) from tpax tO tRecover, 1t is Obtained as

tRecover = tMax + m
i (29)
m3 m2 m2
The voltage relationships are obtained as follows:

1 [15 —(m, + m)ty.]

V. (t) =—zm3t2 —+R 2C LMt 1K, (30)

VOUt (t) — _imStZ _ [IR _(m2 + m3)tMax]+ m3C . ESRt+[(m2 + mg)tMaX _ |R]ESR+ k3
2C C
€2y

k3 is a constant, which can be calculated through the V(tumax) value over both [f£dge,

tMax] and [tMax, tRecover]. VC( fMax) is obtained from (17) and (30) to yleld

1 | 1 [I; —(m, + m)t,,. ]
VC(tMax):EmZtMaxz _ERtMax+k2 :_EmStMaxz_ . ZC — tMax+k3 (32)

Combining (21) and (32), it gives
2

1 |
ks = _z(mz + ms)tMax2 +$+VOUT (33)

1
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Solving %t(t) = —% m,t — e - (ng Mool _ 0 to give t=tRrecover at Vc(t)max, and using

Ic(t)=0 at t=tRrecover, the Vc(t) can be treated to be recovered at t=tgrecover. Combining

(29), (30) and (33) we have:

C( )max = _%ms Recover2 - [IR _(ng m3)tMaX] Recover T k3
34
(Mm% +mym)t,,..2 —2(m, + m)t,, ls + 1.2 17 (34)
= + +Vour
2m,C 2m,C
.. . oV (t 1 I, —(m, +my)t m,C - ESR .

Similarly,  solving L():——m3t—[ g = (M + M )by, |+ M, =0 to  give

ot C C

t =ty —C-ESR, we have

Vout (t)max =V0ut (tRecover -C. ESR) (35)

If the ESR is large enough such that t ~C-ESR <tMax, Vout(t)max=Vu. Inthis case,

Recover
Vour(t) decreases over  [fmax, [fRecover]. Since  Ic(tRecover)=0, Wwe have
Vout(tRecover) =V C(tRecover). The transient responses of Ic(z), Ve(t) and Voud(t) over [tuax,

fRecover] are lllustrated in Figure 3.3.

The time domain equations for key parameters are summarized in the Table 1.
Combining (22), (23), (26) and (29), the undershoot voltage variations such as
Ve(t)min and Vour(t)min canbe improved, and the transient settlng parameters such as
tseuie and frecover canbe reduced by increasing m: or reducing /z. Note that in previous

analysis, /ris the output current magnitude over [Z£dge, tMax] and [¢Max, tRecover].
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Table 1. Summary of Time Domain Equations from Sections 3.1.1.1, 3.1.1.2 and

3.1.1.3.

Region Parameters Time Domain Equations
IC(t) (mi-mz)t
1
VC(t) Vc (t) = _E(m1 —-m, )t2 +VOUT
[0, tEdge] 1 ;
V() =——(m —m,)t* —(m —m,)ESR-t+k
Vout(t) it 2C 1 2 ml 2 1
~—(m, —m,)ESR-t+k,
Ic(t) I () =—mt+1,
1 |
V() Ve (t) :Emztz —ERt+k2
I 2
VC(t)min Vc (t)min == ZYT?ZC + kz
1 I
Vourtt) Vi (£) = == m,t? + (m,ESR— 2)t — I [ESR +k,
[tEdge, tMax] 2C S -
(m,C-ESR)" +1
Vout(t)min Vou (t)min =—-—2 2m,C R+ |(2
1Settle toere = \/M + (I_R)Z +(C- ESR)2 F I—R —C-ESR
b m, m,
I 2
k2 2 = ZI’T:ZC +Vour
IC(t) Ic(t):mst"'[lR_(mz"'ms)tMax]
1 I —(m, +my)t
20 Ve(t) = —emyt - Le el
Voul (t) = _im3t2 - [IR — (mZ A mS)tMaX]+ m3C i ESR t
Vout(t) 2C C
[tmax, tRecover] +H(m, + )t — 1 IESR +k,
m, . [2C(V, -k I
fRecover tRecover = tMax +_2[\/M + (_R)Z + (C ' ESR)Z -C- ESR]
m, m, 2
1 A
k3 k3 = —E (m2 + ma)tMax aF m +VOUT

1
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3.1.2 With Delay between I.(f) and Ir(?)

Considering the reality where the /() cannot response instantancously after the /zr(?)
changes, the response delay ¢p between the /r(z) and Ir(t) is added. The modified
transient diagram is shown in Figure 3.4.In this case, the transient response is mainly
determined by three components: the response delay ¢p,the I.(z) ramp-up rate m> and

the load current Ir(?).

A Current

w N

0 1) tEqual tmax tRecover Time

Figure 3.4. Transient Diagram of Ig(z) and I.(¢) with Response Delay.

To improve the transient response of DC-DC converters, one common method is to
reduce 7p by speeding up the controller stage response. This technique is widely
applied in the fast-transient PWM current/voltage-mode or V2 control DC-DC
converters by extending the limited bandwidth or bypass the compensation op-amp
and so on [1],[3],[9],[46],[52]. In hysteretic DC-DC converters, the controller
response is quite fast due to the op-amp free structure [11], [12], [20], [22], [29]-[34]
and /7(t) can start to catch up the /z(z) change in a short time delay less than 100ns.

Since the 7pis very small, improving the transient response by reducing 7pmay not
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be effective. Another method is to increase m> through a smaller inductance [4], [7],
[8]. However, it will increase the inductor current ripple as well as the output voltage

ripple, which is not preferred in most applications.

As discussed in Section 3.1.1, in voltage-mode hysteretic converters, when the load
current changes, a large current difference A/(z) is induced between Ir(z) and I.(2).
The A1(t) is only compensated by the /c(z). The Ic(t) discharges the output capacitor,
hence causing the undershoot variation. To improve the transient response, an
auxiliary pump current /p(z) can be added to compensate the /z(z) change. In this way,
the A1(t) being compensated by Ic(z) is reduced. This leads to the improvement of the
transient response. The transient response of APCA voltage-mode hysteretic will be

analyzed in the following part, which include the DASC and PDTD control schemes.
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3.2 APCA Voltage-mode Hysteretic Converters

The simplified system model with auxiliary pump current is depicted in Figure 3.5.
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Figure 3.5. System Model for APCA DC-DC Converters.

Ip(t) represents the equivalent pump current adding to the output node. Igq4(?) is the
equivalent output current and /gq(¢)=Ir(t)-Ip(t). To simplify the transient analysis, the
tpeffect is ignored due to the fast response ofthe voltage-mode hysteretic converters.

This means that /;(¢) and Ir(?) start to rise simultaneously.

Various control schemes of the auxiliary current have been reported [37]-[41], [61].
However, little attention has been paid to the relationship between the transient
improvement and the /p(?) on-time duration. Besides, the analysis for the transient
mprovement is not in detail. In this work, a comprehensive time-domain analyses

for the transient improvement effect will be given. More importantly, the settling
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time reduction of the proposed control scheme is compared with the representative

conventional scheme.
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3.2.1 Digital Adaptive Slope Control

This DASC control scheme is proposed in [41], [61], and the simplified architecture
is depicted in Figure 3.6. In this control scheme, an extra pair of power
PMOS/NMOS transistor with a smaller inductor Ly (Lx<<L) are added to provide a
rapid-rising current. This can be explained through the timing diagram shown in

Figure 3.7.
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Figure 3.6. The DC-DC converter with DASC.
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Figure 3.7. Timing Diagram of Digital Adaptive Slope Control.

The pump current /p(?) passes through the L, to compensate the /r(?) change together
with I7(2). The Ir(t) reaches the equivalent output current /gq(?) at t ’Equai (¢7) and the
Ip(t) keeps on rising for a duration of #. Then it is gradually turned off and falls to 0
at tEqual. This gives

tl + t2 +t3 = tEqual (3 6)

tEqual is the time instant when the /7(2) reaches Ir(z). The Ip(t) behavior is described as

.P<t>={ " o 37)

-my(t—t,)+ 1, tp <t <t

Ip(t) reaches its peak value Ip at tp. m4is the ramp-up slope and (-ms)is the falling

slope. They are given as follows:

_ Voo —Vour
L

X

m,

(38)
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m, = oo (39)
At t=t;, I (t) reaches Igq(t), we have
IL(tl):IEq(ti):IR_IP(tj) (40)

Solving (40), it gives

p— (41)

m, +m,

After I.(t) reaches Igq(t) at t1, Ip(t) keeps on rising, and the rise time duration is given
by

L., m,
=2t = e, (42)
Combming (36), (41) and (42), it gives
L Ly (M m
t,= (L_X_T)tl = (m2 m, )t (43)

From the geometry relationships given by the Ip(z) from 0 to ¢£4uai it can be obtained

that
mgt, =m, (t, +t,) (44)
Ctat = (e Moy — e

b=t = (e = (45)

Combining (42), (43) and (44), we have

_ m2m4

m = (46)
lp =m,t, =g (47)

The transient response is analyzed in the following 5 regions: [0, tedge], [tEdge, tP], [tP,

quual], [tEqual, t’Max] and [t "Max, f,Recover]-
53



3.2.1.1 O<t<teyge

In this region, the Ip(t) and Ir(?) starts ramping up simultaneously. The transient

responses for Ic(t) and Ve(t) can be obtained as follows:

Ic(t):(m1_m2_m4)><t (48)
Ve () = —%(ml —m, —m)t? +k, (49)

where k4is a constant. It can be calculated from the initial value of the V() to yield

k4=Vour. Note that k4=k;.The output voltage can be obtained as

Vout (t) =_%(ml_m2 _m4)t2 _(ml -m, _m4)ESR't+k4 (50)

t
If =% << ESR, we have
2C

V,, )~ —(m —m, —m,)ESR -t +Kk, (51)
Comparing (48)-(51) with (11)-(15), the Ic(z) becomes smaller while the Ve(t) and
Vour(t) become larger. This is because the /p(?) helps to compensate the Iz(z) change,
reducing the discharge current /c(z). Consequently, the V() decreases with a smaller

rate and the 4VEesrbecomes smaller. Hence, the undershoot variation AVynis reduced.

3.2.1.2 tEdge<t<tp

In this region, the /r(z) becomes a constant /z while /p() keeps on increasing. As a
result, Igq(t)= Ir-mqt is reducing, and the Ic(z) is reducing. The corresponding

transient behavior for Ic(z), Ve(t) and Vour(t) can be obtained as follows:
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Ic () =—(m, +m)t+ 1, (52)

Vc(t)zé(m2+m4)t2—|€t+k5 (53)

V,, (@)= %(m2 +m)t? +[(m, +m,)ESR —IER]t —1,ESR+k, (54)

where ks is a constant. Since k4=Vour, we have

2
k _ mltEdge

o >C +Vour (55)

Note that ks=k>. Based on the V¢(t) value over both [0, tEdge] and [tEdge, tP], V(tEdge)

can be calculated from (49) and (53) to give
V. (t )=—i(m -m, -m)t.,.> +k =i(m +m,)t Z—I—Rt +K (56)
C \“Edge 2C 1 2 4/ “Edge 4 2C 2 4/ “Edge C Edge 5

N (1)  m,+m,

. | . I
Solvin t-—=L2=0 togve t'y, =—"2—atVc(t)min, we have
g 5‘: C C gl Equal m2 4 m4 C()mm
I 2
Vo (), =k ——F—— 57
C ( )mln 5 2C(m2 + m4) ( )
e . oV, () m,+m I .
Similarly, solving w(®) _ M, 4, t+(m,+m,)ESR—-L2=0 to give
ot C C
toin = U'equa —C - ESR At Vour(t)min. ASSume tmin>1tEdge, We have,
2 2
Vo Oy = | ooty ST MIESRE (58)
2C(m, +m,) 2

t ’Equaris the time instant when the /.(2) reaches Igq4(t). From (52), the Ic(t) drops to 0
at ¢ 'Equat. After t ’rquai, Ic(t) becomes negative and it reverses to charge up the output
capacitor. Thus, V¢(?) decreases on [¢Edge, t 'Equai], and increases on [t ’Equal, tP]. Vour(t)

decreases on [¢Edge, tmin], and increases on [tmin, tpP].
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Comparing (16) and (22) with (53) and (57), the discharging current Ic(t)
decreases in a larger slope and becomes smaller in this region. As a result, Vc(t)min

becomes larger.

Solving
2 2
é\/out (t)min —_ [C ) ESR(mZ + mA)E — IR =0 (59)
5m4 C(mZ + m4)
it yields
IR
= - 60
M= gr ™ (60)
é\/out (t)min R
It can be proved that —*~m >0 over [0, —2—-m,]. As a result, Vour(t)min
sm, C-ESR

IR

increases with respect to m4 over the region 0<m4< CER m, . From the assumption

i t1ze>0, We have < II;SR_mZ in (58). It can be found that ms=0in (23).

Comparing with (23) and (58), Vout(t)min becomes larger. The undershoot variation

AVun is reduced through the auxiliary current Ip(?).

3.2.1.3 te<t<tequal

In this region, the /p(z) is gradually turned off at the slope of msand it is totally off at
tEqual. We have,

leg () =mgt+ 1, — 1, —mgt, (61)

le (t) = (my —m, )t+ 1, — 1, —mt, (62)

56



Vc(t):%(mz_ms)tz_é(lR_IP_mstp)t+k6 (63)

L momye-La - - :
Vom(t)—zc(m2 m, )t C(IR I, —mgto)t+(m, —m, )ESR -t (64)

~(lg =1, —Mgt,)ESR +k,

ke is a constant, which can be calculated through the Vc(z) value over both [¢£dge, tP]

and [?p, tEqual]. V(tp) canis obtained from (53) and (62) to yield

1 |
Ve (tp) = E(mz + m4)tP2 _ERtP + ks

(65)
1 , 1
:E(mz _ms)tp _E(IR -1y —mstp)tp +k6
Solving (65), it gives
m, +m,
Ks :_%tpz +ks (66)
Since ma<ms, solving Wgt(t) =Ml la = 'PC “Msb ot yields
I, — 1, —mgt
t= R P 5P 6
m, —m, (67)

Substituting (46) and (47) mto (67), we have t=tg,, :rIn_R at Vet)max. Ve(t)
2

increases over [tp, tequar]. This is because Ir(2)>Igq(t) so that Ic(t)<0. The Ic(t)
reverses to charge up the output capacitor.

éVout(t) — mz_mst_ IR_IP_m

t
°P L (m,-m.)ESR=0 to ive
= T (m, ) g

Similarly,  solving

trax = teqa —C-ESR at Vour(t)max, Vour(t) increases on [fp, tmax], and decreases on [tmar,

tEqual). When t=tgquai, Ic(t)=0 and Vc(t)=Vou(t), the undershoot settling time can be

obtained as
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t'seme:\/ZC(VOUT_k5)+(IR_Ip_mstp)2+(C-ESR)2+IR_IP—_mStP—C-ESR (68)
m, —m; m, —m;

, —Mg
In this region, /Ic(#)<O and it charges up the output capacitor. It also induces a positive
voltage AVEsrover ESR. Ic(t) is mnimum at ¢p, charging up V¢(t) at the fastest speed
and generating the largest AVEsr. Since Ic(?) increases, the V(t) ramps up in a
decreasing slope and AVEesg decreases as well. For this reason, the overall Vour(?)

recovery is slowed down, which is not desired for the fast-transient applications.

3.2.1.4 tequa<t<t’max

In this region, the Ip(z) is fully turned off, and the I.(#) keeps on rising. The
corresponding transient analysis for Ic(t), Ve(t) and Vour(t) is the same as that in

Section 3.1.1.2 with different iitial conditions. The relationships are obtained as

follows:
() =—mt+1, (69)
V, (t):—1 m,t? == ¢4k (70)
¢ 2c ¢ 7
1 I
_ 2 _ TRy 71
V. (1) So Mt +(m,ESR —C)t I.ESR +k, (71)

k71is a constant, which can be calculated through the Vc(?equa) value over both [zp,

tEquat] and [tEqual, t 'Max]. Vc(tEquar) is obtained from (63) and (70) to yield

1 1
Vc (tEquaI) = z (mz —Mg )tEquaI2 - 6 (I R I P mstp )tEquaI + ke
72
) . (72)
= E mZtEquaI - EtEqual + I(7
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Solving (72), we have

2
k7 =k, +L
2m2(m4 _mz)C

2 (73)

=k, +
2m,C

Since Ir(t)<IL(t), Ic(t)<0 over [tEqual, t 'Max], the output capacitor is charged up. Thus,
Ve(t) increases over [tEqual, t 'Max]. The Vour(t) keeps on going up until Vous(t)=Vrwhen

1=t Max, and we have

t :\/M+(I_R)2 +(C-ESR)? +|_R_C .ESR (74)
m m m

2 2 2
From (73), we have k7>k2.Comparing (74) with (27), it can be proved that
t 'Max<tmax .The improvement is only due to the larger initial condition k7, which is

not significant.

3215 t,Max<t<t’Recover

In this region, the /() decreases. The corresponding transient analysis for Ic(?), Ve(t)
and Vour(?) is the same as that in Section 3.1.1.3 with different initial conditions. The

relationships are obtained as follows:

e () =mst +[1g — (M, +my)ty, ] (75)
Vc(t):_%mgtz_[lR_(m2+m3)thax]t+k8 (76)

_ 1o [l —(my +my)t’, ]+ mC-ESR
Vout (t) - 2C m3t C t (77)

H(m, +m)t',. — I IESR + K,

ks is a constant, which can be calculated through the Vc(f max) value over both [t£qua,
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t’Max] and [t ,Max, t’Recover]. VC(t ,Max) IS Obta]ned ﬁ'0m (70) and (76) to yleld

x c (78)
= —i m3t 'Maxz_ [I R (m2 + m3)t 'Max] t |Max+ kg
2C C
Solving (78), it gives
ks = ——(m, + m)t',. +k, (79)

For Ic(t)<0, it increases over [f’Max, t'Recover]. The output capacitor is charged up.

When 1=t Recover, Ic(t Recover)=0. From the geometry relationships, it is obtained as

, = mzt Max IR (80)
t.Ret:over_t.Max
e =t'Max+ﬁ[JM+ (=) +(C-ESRP-C-ESR]  (81)
m3 2 mZ

Comparing (81) with (29), it can be proved that ¢ Recover<trecover and the

improvement is only due to the larger mitial condition k7, which is not significant.

Combining Sections 3.2.1.1 to 3.2.1.5, the corresponding timing diagram of Ic(z),

Ve(t) and Vou(t) for the DASC is illustrated in Figure 3.8.

60



Alc(®)

tEqual t ,Max t ’Recover » T| me
\ lc()
|
o - _7 Vou(t)
|
|
i —
l
: Ve
| I
E /
|
|
Vc(t)min ____1'_ _> I |
out(t)min —-———:——— | :
| [
! [
[ | | .
o
0 tEdge t ’Equal te tEquaI t'Max t’Recover Time

Figure 3.8. Timing diagram of Ic(?), V(t) and Vou(t) for the DASC.
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3.2.2 PDTD Control Scheme

The PDTD control scheme for the auxiliary pump current source is proposed in this
project, and its simplified system model is depicted in Figure 3.9. In this control
scheme, the Ip(t) is designed to remain on until the Vouy(?)is fully settled down. The
Ic(t) 1s designed to charge up the output capacitor at an increasing slope to ensure the

Ve(t) and Vou(t) are recovered as soon as possible.

<
~ 0

Ip(t)
—»vout(t) L l LLUN

------------ Feedback Loop, Control

Logic and Other e cccccccccccccccana

Haiih Necessary Blocks H
]

’ - l
' T Proposed Aucxiliary v
. Ie(t) »| Pump '
' Controller Current '
] ]
] ]
'

]

]

ESR ( )
] - vc(t) R

4

Figure 3.9. Smplified System Model with the PDTD Control Scheme.

The corresponding timing diagram for Ir(?), IL(2), Ip(t) and Ig4(t) is shown in Figure
3.10. The yellow shadow indicates the current difference of Ip(z) with respect to

DASP.
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Figure 3.10. Timing Diagram of the PDTD Control Scheme.

Instead of turning off after it reaches the peak value, the Ip(z) is designed to be hold

at its peak value, Ip. The Ip(t) behavior is described as

(D)= {m4t 0<t<t, (82)

IP tP <t <t Recover

In the proposed control scheme, the reduction of undershoot variation and the

improvement of transient settling time are emphasized.

3 2 2 1 O<t<tEdge & tEdge<t<tP

To ensure the comparison between the PDTD control scheme and conventional
DASC control scheme is fair, the transient analyses over [0, tEdge] and [tEdge, tp] are
assumed to be the same with that in the Section 3.2.1.1 and Section 3.2.1.2. This
leads to the same undershoot reduction, thus having the same Vc(t)min and Vour(t)min.

The major difference is that of the control scheme over [¢p, tEquail.
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3.2.2.2 tp<t<t’’max

In this region, the Ip(t)=Ip and Igq(t)= Ir-Ip. The corresponding transient behaviors

for Ic(t), Ve(t) and Vour(t) can be obtained as follows:

I (t)=-mt+(1;—1,) (83)

1 ., 1
Vc(t):zmzt —E(lR—lp)tJrk9 (84)
Vom(t):%mztz—é(IR—Ip)t+m2ESR-t—(IR—IP)ESR+kg (85)

ko is a constant, which can be calculated through the Vc(zp) value over both [f£age, tp]

and [¢p, t 'Max]. Vc(tp) 1s obtained from (53) and (84) to yield

N 1 |
Vc (t Max) = E(mz + m4)tp2 _ERtP + ks

86
L1 (86)
=Myt  —— (g — 1)t + kg
2C C
Solving (86), it gives
m m
kg :—itpz‘i—ks :_itpz—i_kz (87)

In this regon, Ic)<0, the output capacitor is charged up. Solving

SNt 1 SV 1
%:E[mzt—(lR—lp)hO and %():E[mthrszSR—(lR—lp)hO ,both Ve(t)

and Vour(t)rise with an increasing slope over [tp, t "umax]. As such, the transient settling

time will be significantly reduced. This is given by

" Serte =\/2C(V°“T k) +(|Rn: IF’)2 +(C-ESR)* dezle ¢ lEsr (88)

2 2 mZ

When Voui(t)=Vh, the time becomes
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" :JZC(VH k) +('R — IP)2 +(C-ESR)? emle ¢oesr (89)
m, m, m,

Comparing (88) with (26), if Ip<IR, we have

2C(Vour —ks) +(|R - IP)2 < 2C(Vour —k,) +(I—R)2 Thus, 1 7Sente<tseute. Comparing (88)

2 m2 mZ m2

with (68), it can be proved that Vour =K _Vour K5 g le—le 1a = 1o ~Mits , thus

m, m, —mg m, m, —mg

t "Settle<t 'seute. Similarly, it can be easily obtained that ¢ ”aux<tmax and ¢ "yax<t 'Max.

3.2.2.3 £’ Max<t<t’’Recower

In this region, the /r(¢) decreases. The corresponding relationships are obtained as

follows:
lc@)=mt+[(I5 —1;)—(m, +m)t",.. ] (90)
A R ? o1
1, (1) = (m+m)t",, ]+ mC -ESR
Vout (t) - 2C m3t C t (92)

H(m, + m)t", — (s = 1.)IESR + Kk,

k1ois a constant, which can be calculated through the Vc(f “max) value over both [f£4ge,

t "Max] and [t "Max, t "Recover]. Vc(t "Max) can be calculated from (70) and (76) to yield

1

Ve (t"vax) :_mzt“Maxz_ la—le " e Ko
2C C ) (93)
_ —im3t .-Maxz_ [(IR — IP)_(mZ + m3)t MaX]t"Max+ klO
2C C
Solving (93), it gives
k ——i(m +m)t", +k (94)
07 T Ho VR 3/% Max 9
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For Ic(1)<0, it increases over [t ”Max, t "Recover]. The output capacitor is charged up.
When t=t "Recover, Ic(t "Recover) =0. From the geometry relationships given by the /.(2)

ﬁ‘Ol’n t”Max tO t”Recover, lt IS Obtall’led as

mt", —(l,—1
m3 — 2~ Max ( R P) (95)
t"Recover -t IlMax

2 -k -
t"Recover :t"Max—i_&[\/ C(VH 9) +(IR Ip)2 +(CESR)2 _CESR] (96)
m; m, m,

Comparing (96) with (29) and (81), it can be proved that ¢ recover<trecover and

t "Recover<t ’Recover, respectively.

Combming Sections 3.2.2.1 to 3.2.2.3, the corresponding timing diagram of Ic¢(z),

Ve(t) and Vou(t) for the improved control scheme is demonstrated in Figure 3.11.
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Figure 3.11. Timing Diagram of Ic(2), Vc(t) and Vour(?) for the PDTD Control

Scheme.

The performance parameters of the transient response for DASC and the PDTD

control schemes are listed in Table 2.
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Table 2. Performance Parameters of Conventional, DASC and PDTD Control

Schemes.
Conventional DASC PDTD
i I m,t O<t<t, m,t O<t<t,
Ir(y without Ip(t 5
() () _m5 (t_tP)+ IP tP <t <tEqual IP tP < t <t Recover
|2 1.2 1.2
V() min - +k, ks — ks
® 2m,C 2C(m, +m,) 2C(m, +m,)
mC.ESR? 1.2 B 12 +C(m2+m4)ESR2 B 12 +C(m2+m4)ESR2
Vout(Q)min —{ 2 > + Zn;{ C}+ k, 2C(m, +m,) 2 2C(m, +m,) 2
7) +k, +k
M g y2 . 2 IZC(VOUT_kG) lg = lp =Mty , ESR)? IZC(VOUT—kg) lo—1,. ) )
ISetle \/ m, +(m2) +(C-ESR) Py + m—m )" +(C-ESR) y = +( m, )2 +(C-ESR)
| =1, -mt, -1
(t’Settie/ 1’Settle) +m*Z_C'ESR 4= -C-ESR +7Rm2 P_C-ESR
2 5
2CMVy —k;) | V=2, (c.ESR) 2C0 =) | (daye (¢ ESRY IZC(V”_k9)+(IR_IP)2+(C-ESR)Z
P \/ " +(m2) +(C-ESR) \j i ( mz) ( ) ] .
| _
(t'Max/ 1’ Max) +-—C-ESR +r|n—R—C~ESR +'Rmi'P_C.ESR
2 2 2
m, M+(I—R)Z+(C~ESR)Z m, M+(Lﬂ)2+(c.ESR)Z m, IZC(VH_k9)+(IR7IP)2+(C‘ESR)2
tRecover m3 mZ mZ m3 mZ mZ mSV mZ m2
, . . _MC-ESR .t MmC-ESR L+ MC-ESR
(t’Recover/t”’Recover) Max m, Max m, Max m,

Both the DASC and the PDTD control scheme use the auxiliary current Ip(?) to
reduce the discharging current Ic(?), reducing the undershoot variation AVuy. When
the Vour(t) and V¢(t) start to recover, the reversed charging current Ic(?) is increased.
As such, the transient settling time is reduced. Comparing with the DASC, as
discussed in Section 3.2.2.2 and Section 3.2.2.3, it has shown that ¢ "sewe<t 'seuie and

t "Recover<t Recover. This has confirmed the PDTD control scheme can offer faster
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transient response whilst maintaining similar undershoot reduction. The

improvement comparison is illustrated in Figure 3.12.

$1c)
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Figure 3.12. The Ic(t), Ve(t) and Voue(t) for the DASC and the PDTD Control Scheme.

In Figure 3.12, Ic(t)1, Ve (t)1 and Vou(t)1 represent the transient responses for the
DASC while Ic(t)2, Ve (t)2 and Vour(?)2 are the transient responses for the PDTD

control scheme.

Similarly, the transient analyses in this Chapter can be applied to the step-down load
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current change, and the conclusion is still valid.
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Chapter 4 Circuit Implementations

In this Chapter, the implementation of the voltage-mode hysteretic converter with an
mproved auxiliary pump current technique is presented. The overall system is firstly
described. This is followed by detailed implementation of necessary building blocks.
The proposed DC-DC converter is designed and fabricated in TSMC 40nm CMOS

process.

4.1 Overall System

Proposed PDTD Control Stage

Power Stage & Driver Tracked Hold Stage Ramping Generator
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1
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Figure 4.1. Overall System of Proposed Hysteretic DC-DC Buck Converter.
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Figure 4.1 illustrates the whole system architecture of the voltage-mode hysteretic
buck converter with the proposed PDTD control scheme of the pump current. The
overall system consists of three schemes: (I) power stage and driver; (II) system
control circuit; (II) proposed PDTD control stage. Of particular note, this project
mainly focuses on improving the load current transient response whilst reducing
multiple undershoot/overshoot effect and maintaining high efficiency during the
steady state. In voltage-mode hysteretic converters, the output capacitor is required
to have a large ESR to provide sufficient output voltage ripple 4Vous(2). As suggested

in [32], [62], the required minimum ESR value can be estimated by

e - o

ouT out

With a sufficient ESR, Vour(?) is dominant by the Vesgr(z) and it is in phase with the
Ir(t). The Vour(t)is fed to the hysteretic comparator, generating the voltage signal Vv
as well as the adaptive control of undershoot/overshoot detection circut ONuyn and
ONov. Vwiny is used to regulate the /r(2) through the control of power transistors.
Pulse-frequency modulation (PFM) control is added to improve the light load
efficiency. Dual pump current sources are employed to compensate the large current
difference between Iz(?) and I.(2). They are triggered on by the undershoot/overshoot
detection signal. The Ip(?) turning on duration is modulated by the power-driving
tracked hold stage whereas the turning-off mechanism is controlled by the hold-
period delayed ramping generator. The detailed circuit implementation of the fast-

transient DC-DC buck converter will be given in the following sub-sections.
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4.2 Driver Stage

To drive the huge-sized power MOS transistor, a driver stage is required. The driver
stage is employed by the nverter chain with an increasing transistor aspect ratio [63],

[64]which are shown in Figure 4.2. The corresponding aspect ratio of the 4 inverters

are designed as: 2,10,50,500.

Voo Vpp Vpp Voo Vpp
l ——————— 1 J J
| P ~ |_|
PNONFD-DO-DO->O—H
I fr— pr— f— fr— f—
I L. Vin V
| Driving Stage : | ' = Rsuaning —
- | e -
NNoN:-D_Do-Do. N |—| |—|
- | . > > > L
1 1

Figure 4.2. Inverter Chain Driver Stage.

In order to limit the short-through current in the last inverter stage, a starving resistor,
Rstarving, 18 nserted in the second last stage [63] to generate a time delay between the
Vpand Vy. When Vinrises from 0 to Vpp, Vy drops immediately, but Vp drops with a
delay. Similarly, when Viy drops from Vop to 0, Vp rises immediately while Vo rises
with adelay. Thus, the short-through current will be reduced significantly due to non-
overlapping of Vpand V. The corresponding signal of Vin, Vp and Vy are shown in

Figure 4.3.

73



Vi (V)

v, (%)

V (V)

171.00 171.25 171.50 171,75 172.00 172

‘Time(us)

Figure 4.3. Driving Signals in the Last Driver Stage.

4.3 Hysteretic Comparator Stage

In this project, the hysteretic comparator is implemented by a pairr of window
comparator due to its simple structure and fast transient speed. Corresponding logic
modulation is needed to realize the hysteretic control. The overall hysteresis
comparator stage, which consists of a pair of window comparator and necessary logic

gates, 1s shown in Figure 4.4.
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Figure 4.4. Hysteretic Comparator Stage.

S Q= SRwn

Vre and Vsorris the feedback voltage and the soft start reference, respectively. Vu/Vi

is the high/low side boundary of the window comparator stage. SRuzv is the output

waveform to regulate the power PMOS and NMOS transistor. The required

waveform of SRwv is illustrated in Figure 4.5.
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Figure 4.5. Output waveform of Comparator Stage.

The schematic of high-side and low-side window comparator is depicted in Figure

4.6 and Figure 4.7, respectively.
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Figure 4.6. Simplified Schematic of the High-side Comparator.
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Figure 4.7. Simplified Schematic of the Low-side Comparator.

In ideal case, Hs and Lg cannot be high at the same time. However, due to the
switching noise and time delay, both Hs and Lz may be high, which is forbidden for
the SR latch input. This will cause the corruption of the switching regulation. To
avoid both mput of SR latch to be high at the same time, the mverter and NOR gate

are added [1] to make sure that S=1 is dominant over R=1.
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4.4 Dead Time Control Logic

Internal dead time is generated to avoid the short-through current from the mput
power supply to the ground, thus reducing the power losses in the converter and
protecting the overall system [65]-[67]. It ensures that the power PMOS and NMOS
transistor cannot be turned on at the same time. The schematic of dead time control

circuit is shown in Figure 4.8.

Figure 4.8. Dead Time Controller Circuit.

Note that P/N is the gate driving signal of power PMOS/NMOS transistor, SRwn 1s
the control signal after the window comparator stage and Pnon/Nnon is the signal fed
to the power transistor driver stage. When power PMOS transistor is on, that is P=0,
the NMOS driving signal Nnon will be set to 0, thus the NMOS is kept off. On the
other hand, when N=0, the PMOS driving signal Pnonis set to be 1, turning off the
PMOS. Hence, the power PMOS/NMOS will be kept off unti NMOS/PMOS is

turned off. The asymmetrical transient delay for low-to-high/high-to-low signal is
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generated to ensure that driving signals remain non-overlapping.

The transient behavior of low-to-high/high-to-low signal in the dead time control
stage 15 shown in Figure 4.9 (a) and (b), respectively. Note that zpand ¢y represents
the transient delay in the PMOS/NMOS driver stage, respectively. When Vour > Vrer,
it requires the PMOS/NMOS to turn offon to pull down the output voltage, and
SRwin rises from 0 to Vpp. This rising signal will directly pass the PMOS side driver
stage to pull up the PMOS gate, whilst it is latched before the NMOS side driver
stage until the PMOS gate is fully pulled up to Vpp. Hence, the PMOS will be fully
turned off before NMOS is turned on. Vice versa, the NMOS can be turned on only

after the PMOS is fully turned off. The dead time for the low-to-high/high-to-low

signal is #vand ¢p, respectively.

Figure 4.9. Dead Time Generation for (a) Low-to-High Logic; (b) High-to-Low

Logic.

The corresponding power PMOS and NMOS driving signal is illustrated in Figure
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4.10. The non-overlapping time between P and N is generated as expected.
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Figure 4.10. Driving voltage of PMOS and NMOS.
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4.5 Undershoot/Overshoot Detection

In this section, the undershoot/overshoot variation is detected, and the corresponding

output signal will be used to trigger the designed transient enhancement circuit, thus

to improve the load current transient response. The undershoot and overshoot

detection comparator is depicted in Figure 4.11and Figure 4.12, respectively.
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Figure 4.11. Undershoot Detection Comparator.
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Figure 4.12. Overshoot Detection Comparator.
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The feedback voltage Vs is compared with a pair of reference voltages Virand Vg,
which is the undershoot and overshoot detection boundary, respectively. If Vip<ViL
or Vre>Vuu, the undershoot or overshoot transient enhancement circuit will be
triggered on, respectively.

The adaptive biasing control is added to reduce the power consumption. The control

logic is shown in Figure 4.13.

Figure 4.13. Adaptive Biasing Control Logic for Undershoot/Overshoot Detection.

The function behavior of the adaptive biasing logic and corresponding logic

waveforms are demonstrated in Figure 4.14.
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Figure 4.14. Adaptive Control Logic for Undershoot/Overshoot Detection.

Vi and Vi are the voltage boundaries of the window comparator stage, and Vyn and
Vi are the detection reference for the overshoot and undershoot detection
comparator, respectively. ONun/ONoy is the adaptive biasing control signal for

undershoot/overshoot detection comparator, and UN/OV is the undershoot/overshoot
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detection signal. Once Vrg > Viuu, OV is triggered to high. On the other hand, when

Vie < ViL,the UN goes to high.

Period [a]/[b] is the designed as the adaptive biasing period for undershoot/overshoot
detection  comparator.  Through  this  adaptive biasing  control, the
undershoot/overshoot detection comparator will be activated during only around half

of the period, reducing the power consumption subsequently.
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4.6 Power-Driving Tracked Hold Stage

As discussed in Chapter 3, the auxiliary current /p(¢) can accelerate the transient
response. The transient improvement is affected by the current magnitude /p and
hold-on duration of the /p(#). To achieve better transient enhancement, the pump
current /p(t) should be hold on for a long enough time. On the other hand, the hold-
on duration of /p(t) cannot be made too long because of the power loss. The optimal
case is to hold on the /p(?) until the undershoot/overshoot is fully recovered. Once
the Vour(t) settles down, the Ip(z) will be turned off to save power. Hence, the hold-on

duration of /p(?) is required to be able to track the output voltage variation.

This is realized through the power-driving tracked hold stage, which is illustrated in
Figure 4.15. It consists of three sub-stages: (1) wide pulse trigger stage, (2) pulse
duration control stage and (3) exclude stage. UN/OV is the undershoot/overshoot
detection signal. Vp/Vn is the power PMOS/NMOS driving voltage. WPun/WPoy is
the widened control signal triggered by UN/OV and WPun/ WPoy is their
corresponding inverting signal. ENunand ENoyis the pulse duration control signal
for undershoot and overshoot wide pulse trigger stage, respectively. HOLDuy

/HOL Doy 1s the output signal of the dual pulse hold stage for undershoot/overshoot.
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Figure 4.15. Dual Pulse Hold Stage.

The wide pulse trigger stage is to extend the short pulse undershoot/overshoot
detection signal UN/OV such as to provide a long enough turn-on duration for Ip(z).
The endpoint of the wide pulse signal is determined by the pulse duration control
stage, which detects the Vou/(?) by monitoring the power transistor driving voltage Vp
and V. The exclude stage is to guarantee that UN and OV cannot be extended at the

same time.
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4.6.1 Wide Pulse Trigger Stage

As mentioned in Section 4.5, whenever undershoot/overshoot occurs, the UN/OV
will be triggered by the window comparator pair. The UN/OV state changes whenever
VFp crosses Vur/ViL, giving a fast detection speed. This meets the requirement for
the transient improvement. However, this narrow UN/OV causes insufficient turning-
on duration for the Ip(z), which will deteriorate the transient improvement as
discussed in Section 3.2. To guarantee fast detection as well as sufficient turning-on
duration, the turning-on and turning-off mechanism of the /p(?) is separated n this

project. This is realized through the wide pulse trigger stage which is illustrated in

Figure 4.16.
L WPUN ONPOV)
UNOY) I> . : — WPy (WPoy)
ENun (ENov)

Figure 4.16. Wide Pulse Trigger Stage.

Use an undershoot detection as an example, this function can be explained as follows:

P ENow=1 i 1ENG0
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Figure 4.17. Equivalent Circuit for Wide Pulse Trigger Stage (a) ENun=1;(b)

ENun=0.
86



When ENun=1, the equivalent wide pulse trigger stage is shown in Figure 4.17(a).
When Vrp<Viz, the narrow detection pulse UN goes to high, setting WP to 0 and
WP to high. When Vrs>Vip, UN drops to 0. Due to the feedback logic, WPun will
be latched to 0 by itself and the WPunis kept at high. In this case, a wide pulse WPun
can be triggered by the narrow UN pulse and the pulse duration of WPuw is
independent of UN. When ENun=0,the equivalent circuit is shown in Figure 4.17(b).
In this case, the ENuvwill cut off the logic path and reset the wide pulse WPunto 0

regardless of the UN state.

It can be seen that the narrow trigger pulse UNis extended to a wide pulse WPuw to
provide sufficient hold-on duration for pump current /p(z). The rising edge of WPun
is only triggered by UN when ENun=1.On the other hand, the falling edge of WPun
is only controlled by the falling edge of ENun. As a result, the turning-on and turning-
off mechanism of the Ip(?) is separated. The faling edge of the ENuw is realized

through the pulse duration control stage.
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4.6.2 Pulse Duration Control Stage

To improve the transient response of a voltage-mode hysteretic DC-DC converter,
the Ip(?) is required to be hold until the Vc(z) recovery point ¢ ”recoverin Figure 3.10.
After Ve(t) recovers back, the Ip(?) is required to be turned off to save power. In this
project, the endpoint of the /p(?) duration is designed to be at #£.q in Figure 3.10 and
tEnd>t "Recover. In voltage-mode hysteretic buck converter, a large ESR value is
required to keep Vour(t) n phase with Iz(¢) and I1(2) is directly controlled by the power
PMOS/NMOS transistor. Hence, the endpoint ¢£x4 can be determined by monitoring
the power PMOS/NMOS transistor driving voltage Vp/Vn. This is realized through

the circuit depicted in Figure 4.18.

.
UN ,: Wide Pulse *

; DFF_P —
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ENun_n Oon- Ooff-  On-
Period Period Period

|‘| ‘| DFF_N
Pulse Duration Control Stage

Figure 4.18: Pulse Duration Control Stage of Undershoot Detection.

DFF P and DFF N represents the positive and negative edge triggering D flip flop,
respectively. WPunis the wide pulse triggered by the undershoot detection signal UN.

Vpis the power PMOS transistor driving voltage, and edge (1) and (3) are the positive
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edge while edge (2) and (4) are the negative edge. ENun pand ENun yare generated
when the WPuy goes through the flip flops DFF P and DFF N, respectively. ENunv
is the pulse duration control signal. When ENunis high, the wide pulse trigger stage
is activated, and if UN is triggered, the wide pulse WPuy will be generated. On the
other hand, when ENunis low, the WPun will reset to 0 regardless of the state of UN.

The corresponding waveform is illustrated in Figure 4.19.
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Figure 4.19: Timing Diagram of Pulse Duration Control Stage.

Initially, the wide ENunis high, activating the wide pulse trigger stage. When the
undershoot occurs, UN goes to high, triggering the wide pulse WPun to be high at
edge (1). This high WPun will be detected by the DFF P and DFF N to generate the
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high ENun p/ ENun nat edge (2) and (3), respectively. When both ENuwn p and
ENun nyare highy, ENunvwill be set to 0 at edge (4). The low level ENuywill disable
the wide pulse trigger stage and reset WPun to 0 at edge (5). As a result, the edge (5)
determines hold-on duration of Ip(¢). The low level WPyy will be continuously
detected by the DFF P and DFF N to generate the low ENun p/ ENun nat edge (6)
and (7), respectively. Once one of them is low, the ENuywill be reset to high at edge
(8), reactivating the wide pulse trigger stage agamn. This will ensure the power-

driving tracked hold stage can work consecutively

The corresponding hold signal passing through the designed power-driving tracked

stage for undershoot and overshoot is illustrated in the Figure 4.20 and Figure 4.21,

respectively.
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Figure 4.20: Pulse Extension Signals for Undershoot Detection.
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Figure 4.21: Pulse Extension Signals for Overshoot Detection.

Figure 4.20 and Figure 4.21 prove that the starting edge of the designed wide pulse
signal is triggered by the undershoot/overshoot detection signal and the ending edge

is determined by the second edge of Vp/Vy after the undershoot/overshoot detection
as expected.
4.6.3 Exclusive Stage

To protect the overall system, the dual auxiliary pump current cannot be turned on at
the same time. This can be achieved through the dual exclusive stage design shown

n Figure 4.22. The WPun/WPor represents the wide pulse triggered by the detection
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signal UN/OV and WPun/WPor is the corresponding mverting signal HOLDun

/HOL Doy 1is the final output signal after the power-driving tracked hold stage.

Dual Exclude Stage
(]

Figure 4.22: Dual Exclusive Control Stage.

This stage is to ensure the UN/OV cannot be passed at the same time. As a result, the
auxiliary pump-in and pump-out current cannot be turned on at the same time. Hence

no short-through occurs.
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4.7 Hold-Period Delayed Ramping Generator

After the output voltage settles down, the Ip(?) is turned off at zz.s. However, if the

Ip(t) is turned off instantly, a large current difference between I.(¢) and Ip(?) will be

generated, which has the same effect as the Ig(z) change. As observed, multiple

undershoot/overshoot effect will be induced [37], [38], deteriorating the transient

response performance as well as the system stability. This problem can be solved by

turning off Ip(z) slowly such that the /p(¢) change can be compensated by the I.(%).

This is realized by generating a ramping period to slow down the ramping-up speed

of the Ip(t) control voltage Vgs(t), which is illustrated in Figure 4.23.
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Figure 4.23: Hold-Period Delayed Ramping Generator.

e

HOLDuyn and RAMPun indicates the power-driving tracked hold signal and the /p(2)

control voltage Vas(t), respectively. RAMPuyn is required to go down instantly to

enhance the transient response. On the other hand, a relatively slow ramp-up slope is
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essential to avoid multiple undershoot/overshoot effect. My has relatively larger
aspect ratio than that of Mp. Once a large undershoot is detected, will goes to O,
discharging the capacitor Cramp rapidly through the large size My. As a result,
RAMPuyy is pulled down instantly whereas the Ip(z) is triggered on instantly to
enhance the transient response. After the Voui(?) recovers back, HOLDuy is reset to
high at tq instantly to cut off the Ip(z). Different from the HOLDun, a ramping
period is generated in RAMPun by a relatively small constant current Icrarge to slow
down the Ip(?) changing rate. If the /(¢) can compensate the Ip(?) change, the multiple
undershoots/overshoots will be significantly reduced or even eliminated. The ramp-
up rate of RAMPun is given as

dRAMR,, (1) _ lararge 98)
dt CRAMP

The simulation result for the mnput and output of the hold-period delayed ramping

stage is shown in Figure 4.24.
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Figure 4.24: Simulation Result of Hold-Period Delayed Ramping Generator.
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4.8 Dual Pump Current Stage

Overshoot Pump Current Undershoot Pump Current

Figure 4.25: Dual Pump Current Stage.

As depicted in Figure 4.25, the undershoot and overshoot pump current (/p _unand
Ip ov) are added to the output node directly. The /rp yvand Ip orare designed to be

supply independent through the constant biasing current /;-I4. S1-S7are controlled by

the ramping voltage RAMPun or RAMPoy. Hence, Ip un/ Ip ovcan be instantly
turned on to enhance the transient response and slowly turned off to reduce the
multiple undershoot/overshoot. During the steady state, Si-Ss are turned on, pulling
Vpi, Vezand Vps up to Vpp while pulling Va; and Va2 down to ground. In this way,
the Ip uvand Ip or can be totally off to save power. /; and I3 are always on to speed
up the pump current start-up process. /2 and s are adaptively controlled by Se¢ and S7

to reduce the quiescent current.

The pump-in/pump-out current under a 200-mA step-up/step-down load current
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change as well as the switch control voltages are illustrated in Figure 4.26.
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Figure 4.26. Switch Control Voltage and Pump Current for (a) Undershoot; (b)

Overshoot.

Both switch control voltages are obtained after the ramping generator, and they are

used to control the pump-in and pump-out current. Both pump-in and pump-out

currents are instantly turned-on while slowly turned off as expected. The turning-o ff

slope is approximately linear due to the linear ramping-up control voltage.
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4.9 Discontinuous Mode Operation

As discussed previously, during the heavy load condition where Ig>0.51;, the
inductor current always flows from the switching node Lyx to the output node. No
reverse current occurs. On the other hand, during the light load condition, if /r<0.51,
the minimum inductor current, Izmi» will be smaller than 0. In this case, the inductor
current reverses back from the output node to ground through the turned-on NMOS
path. This will induce a significant power loss in the light load condition. To improve
the light load efficiency, the control algorithms are required to allow the DC-DC
converters to switch between continuous conduction mode (CCM) and discontinuo us

conduction mode (DCM) [5], [35], [68].

When NMOS/PMOS power transistor is turned on/off, the switching node Lx is
connected to ground and the inductor current starts to drop. Due to the inductor
current continuity, there is a current flowing from ground to the inductor. The
switching node voltage Vxis smaller than ground because of the voltage drop over
the NMOS on-resistance. Since the inductor current falls gradually, Vx rises lnearly
but still lower than ground. The inductor current will reverse back after it
continuously drops to be lower than 0, which creates a positive voltage drop over the
NMOS on-resistance. As aresult, Vxis larger than ground when NMOS is on. Hence,
the reverse current can be detected by comparing Vx with ground during NMOS on

period.
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Figure 4.27. Inductor Current Diagram (a) without; (b) with Reverse Current.

4.9.1 Zero Voltage Detector(ZVD)

The basic principle for reverse current detection is to compare the Vx with ground,
and to turn off NMOS immediately once Vx>0.For conventional DC-DC converters,
reverse current detection is usually realized by either common-source (CS)
comparator [5] or common-gate (CG) comparator [69]. Comparing with CS
comparators, CG comparators have a simpler structure and faster response. However,
most of the previous methods always operate during the full period of DC-DC
converters. In fact, the inductor current is only possible to reverse back during the
NMOS on period. Thus, the quiescent power consumption can be reduced by
switching the ZVD nto sleep mode when it is not necessarily active. In this project,
the common gate ZVD with low power consumption is realized and the schematic is

shown in Figure 4.28.
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Figure 4.28. Zero Voltage Detector.

The ZVD consists of a common gate comparator input stage and a chain of inverters
as the output stage. The non-inverting mput (V+) of ZVD is connected to Vxand the
mnverting nput (V-) is shorted to ground. CMPcc and ONce is the output signal and
the switch control signal, respectively. The ZVD can switch between the active mode
and sleep mode controlled by the switch S;~Ss. When ONcg is high, ZVD goes mto
the sleep mode. When ONcg is low, ZVD is active. Once Vx is larger than ground,

ZVD will go to high, when the reverse current has been detected.

4.9.2 DCM Logic and Freewheel Switch Control

Once the reverse current is detected, the DC-DC converter should operate in the
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DCM to improve the light load efficiency. The operation mode switch is realized by
the DCM decision logic. The NMOS should be immediately turned off to cut off the
reverse current path in order to reduce the power loss. In this case, Vxis close to zero
after NMOS turns off. A large voltage gap is created between Vx and Vour. The
inductor current will charge the large parasitic capacitor at Lx, which forms an LC
tank with the output inductor. The energy is transferred back and forth, and the
ringing effect appears. To solve this problem, a freewheel switch (FWS) transistor is
added to release the energy stored in the inductor and parasitic capacitor when both
NMOS and PMOS is turned off. To eliminate the ring effect and achieve a smooth
inductor current waveform at DCM, FWS transistor should have a sufficiently large

size to provide a low impedance path [35],[70]. The FWS connection is shown in

+

Lx-——fmro\—?
N-l FL Y FWS h
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Figure 4.29. Freewheel Switch Connection.

Figure 4.29.
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The timing diagram of DCM, FWS logic and inductor current are illustrated in the

Figure 4.30.
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Figure 4.30. Time Diagram of DCM And FWS Control Logic and Inductor Current.

P and ONrw is the control signal of PMOS and FWS, respectively. Nccw/Npem
represents the driving voltage of NMOS in CCM/DCM and I cem/IL pcm s the
corresponding inductor current. Note that NMOS is required to be immediately cut
off once the reverse current occurs in DCM. It should be kept off until being triggered
on again in the following switch cycle. FWS should be turned and hold on when the
reverse current occurs until PMOS is triggered on in the following switch cycle. As
a result, no inductor current will reverse back to the ground and the ring effect at the
switching node Lxis eliminated in the DCM. Fally, the light load efficiency of the

designed DC-DC converter will be improved.
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The corresponding control logic of DCM and FWS control logic is realized by the
circuit in Figure 4.31. ONrwand Np represents the control logic of FWS and NMOS
driving stage mput signal, respectively. CMPcgis the CG comparator output signal.
P/N is the driving voltage of PMOS/NMOS power transistor. ZVD is the modified
reverse current detection signal, which is wide pulse triggered by CMPcc when N is
high. Note that ZVD is less sensitive than CMPcc and it is independent on the CMPcc
variation once the reverse current is detected untl NMOS is turned off. Pnon/Nnon
is the corresponding non-overlapped output signal for PMOS/NMOS driving after
the dead time control stage. P/ is the mput signal feeding nto the PMOS driving

stage. P/ and P2 are leading and legging signal of P, respectively.

2
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Driving | PR N — ND
Prnon P, Stage P P, NON

Figure 4.31. Schematic of DCM and FWS Control Logic Circuit.

When both N and P are high, the power NMOS/PMOS is on/off, the inductor current
starts to fall and Pr goes to low. Once /<0, the reverse current occurs, Vx>0 and
CMPcg as well as ZVD goes to high. Thus, Norris set to 0 to cut off the NMOS path

and Norr pis set to Vpp to turn on FWS. Note that it is necessary to ensure there is
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no short path through the PMOS/NMOS and FWS. To achieve the required signal
exclusion, to extra signal is added n, which is highlighted in red dot line.
» P1is added to ensure that FWS is off ahead of PMOS is on

» ZVDs is to ensure that sure FWS is on after NMOS is totally off

4.9.3 ZVD Enable Logic

The quiescent power consumption can be reduced by switching ZVD nto sleep mode
when it is not necessary to be activated. This is controlled by the ZVD enable logic

and its schematic is depicted n Figure 4.32.

N=S Qp
ONF\/»O_ R Q = ONcg

Figure 4.32. ZVD Enable Logic.

The ZVD is only necessary to be activated when NMOS is on. Once the DC-DC
converter switches into the FWS period, ZVD can be released mto the sleep mode to

save power until the folowing NMOS on period.
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410 Over-current Protection

Over-current protection is important in DC-DC converter design due to safety reason,
especially for the hysteretic converters because of their clock free topology [1], [13],
[15], [49]-[51], [71], [72]. The over-current protection stage is designed to prevent
huge inrush current especially during the start-up period. It will also set the maximum
allowable inductor current passing through the converter as well as the maximum
load current limit. The common over-current protection circuit is shown in Figure

4.33.

Current Sensing
> Circuit &
I-to-V Converter

Over-current
Control Logic

Vewmp oc

Figure 4.33. Over-current Protection Circuit.

The inductor current is sensed and converted into a corresponding voltage signal
through the designed current sensing and current-to-voltage converter. The sensed
current signal (in voltage) is compared with a reference voltage, Vorto generate the
over-current detection signal, Vewmp oc. If Vsense> Vor, it will tun off the PMOS

through the over-current control logic, ramping down the inductor current.
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4.10.1 Current Sensing Circuit

An on-chip current sensing circuit is applied for the over-current protection, which
is shown in Figure 4.34 [1], [13], [71]H73].

VDD VDD VDD

ﬁ_I M, P_l Mp _rl MSensel

I Sense

A
i >Ttﬂiy L8

Ig oc

Figure 4.34. On-chip Current Sensing Circuit and I-to-V Converter.

The current sensing technique is achieved by a matched PMOS transistor Msense with
amuch smaller aspect ratio than that of the power PMOS transistor Mp. A high-gain
op-amp forms a negative feedback with M3 to make Vp track with V4. During the
power PMOS on period, P is low, turning on Mp and M. V4 is shorted to Vx, and Va
tracks with V. Thus, the PMOS current in the power stage can be copied to Isense.
The switch transistors M1 and M2 are used to ensure that V.4 will be tied to Vpp during
the PMOS off period. As a result, only a small amount of current will flow through

the sensing resistor Roc in the PMOS off period. This will avoid wrong over-current
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detection signal generation and reduce the current consumption. This will also

guarantee fast track response of the current sensing [1].

Since Vx is a rail-to-rail signal, to provide high sensing accuracy, both V4 and Vs

should be able to track Vx up to Vpp. A folded-cascode op-amp is applied to provide

wide mput tracking range up to Vpp and its circuit is shown in Figure 4.35 [74]-[79].

The biasing current Iz ocis generated from the biasing circuit, it is added to provide

the offset voltage to permit Vpto track with V4 up to around Vpp. The folded-cascode

op-amp also provides high gain to improve the current sensing accuracy.

Figure 4.35. Designed Folded-cascode Op-Amp.

4.10.2 Over-current Control Logic

Vbp
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Whenever over-current occurs, the power PMOS/NMOS transistor should be turned

offon to ramp down the inductor current, thus protecting the overall system. The
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over-current protect signal should also be able to release the inductor current to ramp
up again. In this project, the over-current protect stage will force the power
PMOS/NMOS to be offfon to reduce the inductor current to zero. Once the inductor
current reaches zero, the PMOS/NMOS will be released to on/off again. These

functions can be realized through the control logic depicted in Figure 4.36.

b— Porr
Veme oc

OI\IFW— SRW|N CLKPN

Figure 4.36. Over-current Control Logic.

Vemp ocis the over-current detection signal, and ONFw is the control signal of FWS.
Porris the designed over-current protection signal to force the PMOS off. SR 1s
the control logic after the window comparator stage, and CLKpnis the new control

signal feeding to the dead time control stage.

When over-current is detected, Vemr ocgoes to high and ONrw is high as well.
Vemp_ocis hold through the wide pulse trigger stage to generate Porr. Porr goes high
and overwhelm SRpv to force PMOS/NMOS to be offfon. As a result, the inductor
current starts to drop. Since Porris latched at high, the inductor current continues to
drop. Once I reaches zero, ONrw will be triggered to ground. Hence, Porrwill be
reset to ground, releasing the DC-DC from the over-protection period. The inductor

current will start to ramp up agamn.
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4.11Soft Start Circuit

At the beginning of startup phase in DC-DC converters, the inductor current will rise
very rapidly while dropping very slowly