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Single-Inductor Multi-Output (SIMO) DC-DC Converters

with High Light-Load Efficiency and Minimized Cross-Regulation

Student: Ming-Hsin Huang Advisor: Dr. Ke-Horng Chen

Department of Electrical and Control Engineering

National Chiao-Tung University

Abstract

A load-dependant peak-current control single-inductor multiple-output (SIMO) converter
with hysteresis mode is proposed. It includes multiple buck and boost output voltages. Owing
to the adaptive adjustment of the load-dependant peak-current control technique and the
hysteresis mode, the cross-regulation can be minimized. Furthermore, a new delta-voltage
generator can automatically switch the operating mode from pulse width modulation (PWM)
mode to hysteresis mode, thereby avoiding inductor current accumulation when the total
power of the buck output terminals is larger than that of the boost output terminals. The
proposed SIMO converter was fabricated by TSMC 0.25um 2P5M technology. The
experimental results show high conversion efficiency at light loads and small cross-regulation
within 0.35%. The power conversion efficiency varies from 80% at light loads to 93% at
heavy loads.

Keywords—Single-inductor multi-output (SIMO) converter, cross-regulation, and hysteresis

mode.
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Chapter 1
Introduction

1.1 Background

Today’s field of power management requires high power conversion efficiency, fast
line/load transient response, and small volume of the power module. In particular, cell phones,
digital cameras, MP3 players, PDAs and portable products require varied voltage levels of
power supplies for delivery to different sub-modules in portable products. Thus, there are
different designs that provide different voltage levels as shown in Fig. 1~3. Low dropout
(LDO) regulator arrays are one of the designs for different voltage levels as depicted in Fig. 1,
where the index i is from 1 to n which is used to index the n™ output. However, LDO
regulator arrays sacrifice power conversion efficiency and greatly reduce battery life. The
other solution is illustrated in Fig. 2, which combines with different inductive switching
converters. The high power conversion efficiency is ensured by the inductive switching
converter. However, the large number of inductors occupies the large footprint area and
increase fabrication cost.

The single inductor multiple output (SIMO) converter has been developed as a suitable
solution to achieve microminiaturization and high power conversion efficiency for a power
management unit. The conceptual SIMO converter shown in Fig. 3 uses only one external
inductor component to generate multiple voltage levels for different sub-modules in the
portable products. The SIMO converter not only reduces the footprint area and fabrication

cost but also achieves high power conversion efficiency [1]. However, all load current



conditions of the multiple output terminals arise in the current level of the inductor. When the
load current condition of each output accumulates in the same inductor, the design challenges
of the SIMO converter such as cross-regulation, power conversion efficiency, system stability,

and lack of flexibility of both the buck and boost must be seriously addressed.

Vaar Switching
o—
Converter

LDOi —O Vi1

LDOi —O Vip2

LDOi —O Vippi

L Lbon oV,

k
K
a

/|
Large Dropout Voltage

Fig. 1. The power management designs which uses LDO array.
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1.2 Prior Arts

Several topologies and control techniques have been proposed to implement SIMO
converters [2]-[13]. The SIMO converter in [1] uses the hysteretic continuous current mode
(CCM) control method and state machine to regulate output voltage. The proposed
single-inductor multiple positive/negative output dual-loop DC-DC converter illustrated in
Fig. 4 can deliver all positive and negative output voltage levels independently cycle by cycle.
The output power stage of SIMO converter depicted in Fig. 4 takes physical behavior of an
inductor which is loaded with a certain current (/pg4x) Wwhen switches 4 and B closed. Since
the current in the inductor is continuous, the inductor always generates a voltage with reverse
polarity across its two terminals when disconnected from the supply. For the positive inductor
node X getting open, when switch 4 opened and switch B closed, node X goes negative
(below ground), since the inductor tries to keep current running the same direction and
magnitude than before. Oppositely, a positive voltage (above Vjy) is generated on negative

node Y if switch 4 closed and switch B opened. In these two situations the multiplexing



switches MNI~MNk and MP1~MPk determine which outputs VN(1)~VN(k) and VP(1)~VP(k)
can get energy stored in the inductor. When inductor is periodically loaded with current (Ipg4x)
when switches 4 and B closed, each output VN and VP can be supported with energy cycle by
cycle. The implementation of output power stage as shown in Fig. 5 generates two positive
voltages (Von and Vpoor) and one negative voltage (Vgr). A synchronous rectifier P2 runs in
parallel to the Schottky diode D/ to enhance efficiency. A back-to-back isolated rectifiers
(N2+D1//P2 and N3+ D2) in output multiplexers are required; otherwise to lower
positive output voltage would always clamp the higher one. An off-chip Schottky Diode D3 is
used for negative rectification. Transistors N/ and P/ connect inductor L to supply terminals.
The state machine as shown in Fig. 6 determines the operating pattern of output power
stage. Comparators Vgl, Vgh, and Vbt of each channel detect output voltage level to regulate
output voltages. Logic part of state machine takes previous states and calculates next state of
output power stage. A hysteretic control scheme which simply runs with a fixed off-time and
adaptive peak current control is applied. Since inductor always is loaded with an independent
peak current level at the beginning of off-state, output cross-regulation is negligible in
adaptive peak current control shown in Fig. 7. The frequency of adaptive peak current control
is directly coupled to output loads and adjusted accordingly to state machine. Therefore, there
are two different types of regulation loops running in the converter. A hysteretic loop is
utilized to take care of the output voltages. Hence, the control of individual channel is
managed by a state-machine controlling loop which allows hysteretic converter to run in a
pseudo-continuous current mode (PCCM) to guarantee a high power capability. The second
loop works as adaptive peak current control to minimize inductor current. It yields a small
output voltage ripple and minimized cross-regulation. Since the work proposed the
back-to-back rectifier and state-machine controller, the power dissipation and the size of

controller become hardly to decrease.
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Fig. 5. The implementation of output power stage.
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The work in Fig. 8 proposed a charge-control (QC) method that works in PCCM to
regulate output voltage (V,,) is lower than source voltage (V,) and output voltage (V,5) is
higher than source voltage (V) [2]. Fig. 9 shows the corresponding timing diagram of QC
method. A minimum number of switches are used for the single-inductor dual-output (SIDO)
converter with QC method. At the instant of clock (¢;), switch S, is closed and inductor
current ramps up from a freewheeling level (/;) with slope (V,/L) until it reaches the
predefined level (/pc). Inductor is then connected to output V,, after closing switch S3, and
then clock (¢,) is set to high. The inductor current (/) continues to ramp up with a positive
slope ((V¢—Vo,a)/L) and is integrated by capacitor Cj, of current sensor which is shown in Fig. 8.
As a result, the charge (Q,,) on capacitor C;, can be used to decide duty cycle of output V,,.
Switch S3, is opened and switch S3, is closed, the inductor is connected to output V,, and
clock (¢p) is set to high. The inductor current (/;) ramps down with a negative slope
((Vor—Vg)/L) and is integrated on the capacitor Cy of current sensor which is shown in Fig. 8.
The charge (Q,») on the capacitor C;, decides the duty cycle of output V,,. Switch S3; 1s then
opened and switch S; is closed, shorting out the inductor to allow freewheeling current (/;).
The inductor current waveform of QC method is shown in Fig. 10. The characteristic of
inductor current can be expressed as follows. Let the slopes (m;, m, and m;) of inductor

current in the time intervals (7;, ¢, and ¢;) be:

m, Lg;mz—gLO”;m3: Lg (1)
I, —1
(==l (2)
m,

The charge (Q,,) under time interval (z,) which depends on the load current (/,,) of output V,,

is the charge delivered to output V,,:

1
0., :E(IDC +1pe +myt, )tz =1,T (3)



1
tzz_(\][gc"'mzloa _IDC) 4

m,
Similarly, the charge (Q,5) under the time interval (#;) which depends on the load current (Z,5)

of output V,,, is the charge delivered to output V,;:

0, = (11 +1, +m3t3)t3 =1,T (5)

N | —

1
t3=—( I +ml, _Il) (6)
m;

With reference to Fig. 10, the volt—second balance of inductor current can derive (7) and (8).
myt, +m,t, =mst, (7)

12 —1} =myI, T —m],T (8)

2% oa

This converter in Fig. 8 requires fewer switches than the conventional design.
Comparing the simulation results of the non-inverting fly-back converter with that of the
buck/boost converter, 5% improvement in efficiency is achieved under the same load
condition. Also, good line and load regulations are also guaranteed and cross-regulation is
minimized by a pre-defined and fixed freewheeling current level (/pc). Owing to the fixed
freewheeling current level (/pc) and an undesired inductor current level which is generated by
the charge (Q,,) under time interval (¢,), the power efficiency is greatly decreased at light load

condition.
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Fig. 10. The inductor current waveform of QC control method.

The works in [3 and 10] calculate and minimize cross-regulation problem when one
period is divided to regulate dual boost output voltages. The sub-converters 4 and B of SIDO
converter as shown in Fig. 11 share inductor L and switch S; [3]. The operating principle is
described with reference to the timing diagram shown in Fig. 12. Let clock (¢,) and clock (¢;)
be complementary phases of the same duration. During clock (¢,) is set to high, switch S; is
opened and no current flows into output V,, Then, switch S; is closed first. The inductor
current (/1) increases until time interval (D,,T) expires, which is determined by the output of
an error amplifier. During time interval (D,,T), switch S; is opened and switch S, is closed to
divert inductor current (/1) into output V,,. A zero current detector senses inductor current (1),
and when it goes to zero, the converter enters time interval (Dj3,7), and switch S, is opened
again. The inductor current stays zero until clock (¢) is set to high. Time intervals (D;, and

D>,) satisfy the requirements that
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During clock (¢5) 1s set to high, the inductor current (/;) is multiplexed into output V.
Similar switching action repeats for sub-converter B and the two outputs are regulated
alternately. When converter which works at CCM or discontinuous current mode (DCM)
suffers serious cross-regulation, therefore the SIDO converter in [3] employs time-multiplex

(TM) control and works in the DCM. Let the conversion ratio (M,) of sub-converter 4 be

M, =V, |V, . Volt-second balance of sub-converter 4 gives

v,D, =V, -V, )D.. (10)

oa g

For boost converter, load current (/,,) is equal to averaged diode current. Hence, from Fig. 12

2
I, e D (11)
2L (M, -1)f,

where is the f; switching frequency. Maximum power occurs when D, +D, =0.5, and

sub-converter 4 works at the boundary of CCM and DCM. The maximum duty ratio,

maximum load current (/,4max)), and maximum power (Pomax)) are then given by

M -1
D =1 12
]a(max) 2Ma ( )
I _ Vg (Ma _1) (13)
) ToL AMf,
v? 1 1
Po(max) :f)oa(max) +Pob = . (14)

™) =81 | M, (M, —1) M, (M, 1)

a

Moreover, the definition of duty cycle (D, +D, )T =0.5T and switching period
T =¢,+¢, are used to analyze the cross-regulation of output current at sub-converters A
and B. The analysis in [10] gives

Vg (Ma _1) q)j

_ s 15
Y2 M ¢, +o, ()

11



:&(Mb_l) o,
2L M, ¢,+9,

2 2
L, _(M,\ M,~1(¢, 17)
1, \(M,) M,-1¢,

a

(16)
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From the previous discussion, a PCCM mode for SIDO converter as shown in Fig. 13, which
not only inherits the merits of cross-regulation suppression, but is also capable of handling
large current stress at heavy loads. Moreover, the implementation should be simple to achieve
high efficiency. The converter switches at a fixed frequency (f;) and the inductor current (/)
goes to zero or fixed offset current level (/pc) after discharging into each output. A load
change at output V,, will change both time intervals (D;, and D;,), but as long as (9), the
energy transfer for output V,, will remain unaffected. In fact, the duty cycle (D;,) of output

Voq 1s given by

D, = \/2Ma(Ma —I)Lfs (18)

R

oa

which depends only on the equivalent load resistances (R,,) at output V,, and fixed offset
current (Ipc). Hence, the converter does not exhibit cross-regulation. However, owing to the

fixed current level (Ipc), the power efficiency is greatly decreased at light load condition.
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Fig. 11. The architecture of dual output DCM converter with TM control method [3].



Fig. 12. The timing diagram of TM control method [10].
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Fig. 13. The architecture of PCCM control mode for SIDO converter which [10].
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The works in [11 and 24] propose a freewheeling current feedback as current control
method to regulate multiple-boost output voltages. Figure 14 illustrates the architecture of
multiple-boost output converter with freewheeling current feedback, and Fig. 15 shows the
operational timing diagram for a single output operation. The storage energy which should be
stored and transferred to output terminal is stored and monitored in form of inductor current
({r) during freewheeling period (D) of every switching cycle (7). In operations, if output
needs more energy, the average current (/,,) of freewheeling current (/5,) will be decreased to
a lower level or zero to supply output; else if output suddenly needs less energy, the average
current (/,,) of freewheeling current (/5,) will be increased to a high level. Since that
freewheeling current (/5,) is monitored and compared to a reference, the main control loop of
converter will indirectly know an instantaneous condition of output to charge either more or
less energy in the inductor L, without sensing output nodes.

An error signal at output of transcondcutance amplifier G¢(s) determines peak current
level (1) of inductor, similar to a conventional current mode control. A reference current
(Logrer) gives an offset of freewheeling current (/5,) from ideally zero. The output switch S,; 1s
controlled by a comparator CMP,; with a reference voltage, forming a feedback loop to
regulate output V,;. The voltage feedback loop only cares for rated output voltage level, but
not total current charged in the inductor L. In this way, neither inductor L and output capacitor
C,1, nor equivalent load resistance R;; affects total current loop response. While main switch
Sy 1s closed, inductor current (/1) increases with a positive slope (V,/L). When inductor current
({r) reaches a current level (/,x) which 1s determined by the compensator CMP; and output of
transcondcutance amplifier G¢(s), main switch S, is opened and §,; is closed. During time
interval (D,T), inductor current (/;) decreases with a negative slope ((V,;-Vg)/L), transferring
the storage energy to output capacitor C,;. As soon as comparator CMP,; detects that output
voltage (V,;) reaches its target voltage (V,.p), switch S,; is opened and the freewheeling

switch Sris closed. Then, the residual current or extra energy of inductor L freewheels through
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freewheeling switch Sy during time interval D/. In steady state, there always exists some
residual energy in the inductor L at the end of every switching cycle.

In Fig. 15, the left diagram shows an operation of single output converter in a light load
condition, where the freewheeling current level (/5,) i1s low but the duty cycle Dy is large. The
right diagram shows an operation of single output converter in a heavy load condition, where

the freewheeling current level (/5,) 1s high but duty cycly Dy 1s small. The extra energy in form

of average current (1, =(D, x1,)) of freewheeling current (/5,) but not its instantaneous

avg

current level is controlled to the average current (/,,), thus area 4, equals to area 4;. The
freewheeling current (/5,) will introduce a power loss due to non-zero on-resistance of
freewheeling switch Sx To minimize this power loss, the average current (/,,,) is expected as
low as possible which ideally close to zero. Although the main switch current (/,,) is used for
duty cycle control like conventional current mode converters, slope compensation is not
necessary for the main current feedback loop in the proposed control since a freewheeling
period exists in every switching cycle making the operation similar to that of DCM converter.
Similar inductor current waveforms are found in PCCM converters. Since that main control
loop of converter indirectly knows an instantaneous condition of output to charge either more
or less energy in the inductor L, a low transient response is appeared at output terminals.
Moreover, since the regulation of each output terminal has to be detected that output voltage
reaches its target voltage by comparator, a poor cross-regulation is going to exhibit at

different output load condition.
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Fig. 14. The synchronous boost converter with freewheeling current feedback [24].
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Fig. 15. The timing diagram at different load condition.
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The architecture of five-output SIMO converter in [13] is shown in Fig. 16. The ordered
power-distributive control (OPDC) converter arranges one negative output V,y and four boost
output terminals V,;, V,2, V,3, and V,, in descending order of priority to, one by one, share the
charge from inductor in every switching cycle or, more correctly, every power distribution
cycle. The first three boost output terminals V,;, V,,, and V,; are controlled using comparators
and are thus called comparator-controlled output voltages, while the last-ordered output V,4 is
P-I controlled with an error amplifier that is responsible for the total storage charge of OPDC
converter Therefore, in OPDC converter, all of the errors of preceding comparator-controlled
output voltages are transferred and accumulated to the last, which is only one requiring a
compensation network in the feedback loop.

The operating principle of OPDC converter can be explained using timing diagram in
Fig. 17, where the high part of the signal S; represents on-state of switch S;. During the time
interval (D7), main switch Sy is closed and inductor current (/;) ramps up with a positive
slope (V¢/L) until it reaches the peak current level (Z,e.t). The freewheeling switch Sy and four
output switches S;, S, S3, and Sy turn on during the time interval (D’T), where D’+D=1.
During time interval (D ’T), inductor current (/) ramps down with different slopes depending
on the output voltages and switching sequence. Output switch S; is closed at the beginning of
time interval (D’T), making inductor current (/;) ramps down with a negative slope
((Vo1-Vg)/L) and flow into output V,;. As soon as comparator CP; detects that voltage of
output V,; is larger than its target voltage (V,.), time interval (D;T) expires, output switch S;
is opened, and switch S, is closed. The same sequence then repeats as inductor current (/1)
ramps down with a slope, while V,,, V,; and then V,,, in turn, get the portions of charge,
respectively. When the inductor current (/1) is zero, time interval (D,T) expires, output switch
Sy 1s opened, and freewheeling switch Sy is closed during time interval (D7) to short the two
ends of inductor L and suppress possible ringing at node Vy until the end of the switching

cycle. In this mode of operation, the converter works in DCM.
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The inductor current (/) of different load conditions is illustrated in Fig. 18. Since
doesn’t decrease to zero in CCM operation, there is no freewheeling period as illustrated by
inductor current waveform /;(1). Dependent on the last portion of charge, the loop containing
output V,, and the total current loop are compensated and controlled by peak current control
method. These control loops guarantee that the last portion of charge is enough to keep the
last output at its target voltage, while good voltage regulation is already maintained in the
preceding output terminals V,;, V,,, and V,3. A charge-pump circuit included in Fig. 16 with
two Schottky diodes and two capacitors (Cy; and Cyy) is connected to node Vy and makes a
negative output V,y from voltage changes at node Vy. The flying capacitor Cy; gets charge
when positive outputs get energy and node Vy goes high and then transfers negative charge to
output capacitor Cy,; when switch Sy is closed and node Vy goes low. The negative voltage of
output V,y depends on voltage drop over Schottky diodes and the highest positive output
voltage. The flexibility of the OPDC converter proves that the converter can have different
switching patterns in regulating the outputs, as shown in Fig. 18. Inductor current waveform
11(2) shows the case of CCM operation where three or two output switches are orderly and
alternately on in one switching cycle. Operation at the boundary of CCM and DCM and one
in DCM are illustrated with Inductor current waveforms /;(3) and [.(4), respectively.
Furthermore, OPDC converter allows that the turn-on frequency and the duty cycle (D;) of an
output switch do not always have to be constant.

Inductor current waveforms /;(5) and /;(6) in Fig. 19 are used as examples to maintain
low cross-regulation for load changes in output V,3, which are seen similar to those in output
terminals V,; and V,,. In inductor current waveform /;(5), the load changes to heavy loads,
making output V,; drop below the predetermined voltage. Detecting that by the relative
comparator, OPDC converter will allow switch S; to occupy the rest of discharge period after
switches S; and S, in next switching cycles until output V,; returns to its required voltage. As

output V,4 receives no charge in those cycles, the P-I loop increases the duty cycle D of
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switch Sy which is current charge in the inductor L. At the same time, the duties and are
spontaneously reduced by the comparators cp; and c¢p, in Fig. 16 to make sure output
terminals V,; and V,; stay at their level. The opposite situation is shown with inductor current
waveform /;(6). As output loading is decreased in output V3, the duty cycle D; is reduced
abruptly by comparator cp; in Fig. 16 to keep output V,;3, leaving the residual charge to output
V,4. The output V,4 will soon be stabilized back to its regulating level because of P-1 loop and
total current loops. Owing to the OPDC converter allows the turn-on frequency and duty cycle
of output switch don’t have to be constant, a poor cross-regulation and low transient response

1s going to exhibit at output terminals.

Vi
T
L Vy S
X 1
Ve D ’ 3 YYm ° . v,
Off-chip - )
digital signals v, I -
L Peak- and Zero-Inductor-Current Sensor | C? =
—> Vit S, — ol y
Programmable | Vie2 Over-Current 4_I 11T 2
Reference p : =
Generator | Ve etection P I I,
—> Vref4 s2 C? =
Scaler 1 I ! . S; — 02 ”
Vo’ .:‘ Ist N o V LJ 03
V > T J
o v, | L L™
Scaler 2 Logic Dead-time >V, 3 = =
Vi =X Order Logic S, C,s
o V b} E Control | Control >V, ._-Lu v,
i o p T
Scr 3 OPDC) Gate drivers > Vs v, I L,
V03 .“ b 3rd | ) -
Vref3
Scaler 4 RS
PWM
Generator
Sn

Compensation_.... ¥

network _I_

Supplied by V,,; ="

Fig. 16. The five-output SIMO converter with OPDC in [13].
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Fig. 17. The timing diagram of OPDC operation.

Fig. 19. An example of the load condition changes in V3.
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1.3 Motivation

For previous multiple-output converter which works in PCCM or DCM with a
freewheeling period, trying to handle large load currents and eliminate cross-regulation.
However, PCCM operation unnecessarily dissipates energy in the resistance of inductor and
freewheeling switch because of the nonzero inductor current during freewheeling time, which
reduces the overall efficiency. More disadvantageously, the flexibility of the buck and boost
output voltages is limited by the structure of the converter and control methodology. Thus, to
simultaneously generate buck and boost output voltages, the previous work in [2] proposed
the charge control method and used minimum switches to provide one buck and one boost
output voltage. The SIMO converter which uses minimum the number of switches may cause
charge accumulation in the inductor during unbalanced output loads. Thus, this thesis studies
previous design problems and applies extended solutions to a study case. A load-dependant
peak-current control SIMO converter with hysteresis mode is proposed to provide multiple
buck and boost output voltages and solve the challenges of cross-regulation, power

conversion efficiency, and system stability [9].

1.4 Thesis Organization

The organization of this thesis is as follows. Chapter 2 describes the minimum switch
methodology of the SIMO converter with the load-dependent peak-current control technique
in order to improve cross-regulation and light load efficiency. Chapter 3 describes the
implementation of the proposed SIMO converter. Chapter 4 presents the power comparator
and delta-voltage generators to smoothly switch the operating mode between the PWM and
hysteresis modes. In Chapter 5, the experimental results show the minimized cross-regulation
and performance of the proposed SIMO converter. Finally, the conclusion and future works

are made in Chapter 6.
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Chapter 2

Minimum Switch Number Structure
with the Load-Dependant
Peak-Current Control Technique

2.1 Controlling Sequence Used to Minimize the

Number of Switches

The controlling sequence decides how many energy stores in inductor or delivers to
different output terminals. Figure 20 shows the fundamental behavior of a conventional SIDO
converter with buck and boost output voltages [2 and 12] as an example for introducing the
operation of SIMO converter. Five kinds of inductor current paths, operating in six switching
steps, are used to regulate the output voltages during one switching cycle. As shown in Fig.
20, paths 1 and 2 provide charge to the buck output V4. Paths 3 and 4 deliver the charge to
the boost output Vpp. Path 6 is used to hold the charge in the inductor and to function as a
freewheeling current loop. The inductor current waveform of conventional control sequence
[10] is shown in Fig. 21. As description in [3 and 10], the prerequisite offset level (/pw) of
inductor current (/) trying to handle large load current and eliminate cross-regulation.
However, it is obvious to clearly classify these paths into different regulation of output
voltage levels. For boost output terminal Vyp, charge store in inductor L during path 3 while
charge are delivered to boost output terminal Vpp with a negative inductor current slope

((Vos-Vin)/L) during path 4 which shows in Table I. That is, switches SW; and SW; efficiently
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store charge in inductor L for regulation of boost output terminal Vpp. Switch SWs are used to
isolate output terminal Vpp from output terminal Vp4. For buck output terminal Vo4, charge
not only delivers to buck output terminal V4 but also store in inductor L during path 1.
Moreover, the storage charge in path 1 is delivered to buck output terminal with a negative
inductor current slope ((Viv-Vo4)/L) during path 2. Therefore, switches SW; and SW, are used
to deliver charge to buck output terminal Vy, and switch SW; isolates buck output Vp, from
output terminal Vpp. In the meanwhile, charge store in inductor L with a small positive
inductor current slope ((Vin-Vo4)/L) which shows in Table I. Switches SW, and SW, deliver
the storage charge in inductor L to buck output terminal V4 with a large negative inductor
slope (Vo4/L) during path 2. According to storage-charge and charge-delivering paths, all of

paths can be classified into categories according to the inductor slope, which shows in Table 1.

Fig. 20. The behavior of conventional SIDO converter with one buck and one boost output in

[2, and 12].
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Vo4 = buck converter
Vop = boost converter
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Fig. 21. The inductor current waveform of conventional control sequence [3 and 10].

Table. I. The specific of inductor current path in conventional SIDO converter.

Path 1 2 4 3 6
Function buck buck boost boost | freewheel
Sign + - - + -
VIN — VOA @ VIN B VOB Vi
I; Slope - P’ B 7
. SW2 SW1 SW2
Switches| SW1 & SW4 P SWI1 & SW5 3 3
Relation Voa Von Voa B Inside

As in previous works, the minimum number of power switches is shown in [10, 11, and
13]. These works generated the boost output voltages and controlled the storage charge of the
inductor L in order to regulate the output voltages during one switching cycle. Thus, to
minimize the number of power switches in the SIMO converter, the dual boost output
terminals converter as shown in Fig. 22 is going to generate one buck and one boost output
voltage [2]. The work in [2] provides a QC method that works in PCCM to regulate output
voltage Vo, 1s lower than source voltage ¥y and output Vg is higher than Vjy. According to
the behavior analysis of conventional SIDO converter which is shown in Fig. 20 and Table 1,
paths 1, 3, and 4 must be kept in the structure of SIDO converter. Path 1 is the only one path
to deliver charge to the buck output Vp4. Path 3 is the only choice to store charge in the
inductor with a large current slope (Vn/L), and path 4 is the only path to deliver charge to the
boost output Vpp. Furthermore, the buck output voltage can only be regulated by path 1. Thus,

path 2 can be removed. This means the switches SW; and SW, which are shown in Fig. 20 are
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Sequence I in |2]

SWe SW4 SWe SWA

SWs .

Vos Vos

SWe SW4 SWe SW4

(6)

Fig. 22. The topology of minimum number of switches in [2] with one buck and one boost

output voltage.

I Sequence I in |2] )

J . /" Undesired value
DCI
Inc
Iry
freewheel
> time

Vos = buck converter, Vop = boost converter
Fig. 23. The previous proposed controlling sequence-I in [2].

removed for a minimum number of switches.
After the removal of path 2, a switch SWs is added to generate a freewheeling current
loop. A previous controlling sequence-I in [2] is depicted for one buck output Vp, and one

boost output Vpp in Fig. 23. At the beginning of every switching cycle, path 3 which is
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illustrated in Fig. 22 stores charge of inductor with a positive current slope (Vn/L) from the
freewheeling current level (/rw) to the pre-defined and fixed current level (/pc). Then path 1 is
selected to deliver charge with a positive current slope ((Viv-Vo4)/L) to the buck output Vg,
and the inductor current level (/1) is increased to a value (Ipc;), which is dependent on the
load condition (/o) of the buck output V4 at the same time. After buck output Vo4 operation,
the boost output Vo draws the charge with a negative current slope ((Vos-Viv)/L) from path 4
and the inductor current drops back to the freewheeling current level (/pw). Finally, the

freewheeling current level (/) of inductor L is kept by path 6.

I, 9. Pb Pa Pp
A ”\ /ﬂ\
AN -7 N
\—e—
> time
Charge
A H A A -
/ 7/ /
/1 , | /| g | /l , |
/ 4| /|
/ | / | / |
| / / |
I/ | / | / | / | / |
/ Li iz / | i s / L
Tsw 2T sy 3Tsy

Fig. 24. The cross-regulation and inductor current waveform of SIDO converter when the

load changes from light to heavy at output terminal Vo4 in [2].

Furthermore, the QC method can minimizes the cross-regulation as is demonstrated in
Fig. 24. Suppose that the inductor current (/) required by load current (/p4) of buck output
terminal Vo4 suddenly increases, the duration of time interval (¢,) will then increase so that
more inductor current (/;) can be delivered to buck output Vp4. As the load condition for
output terminal Vpp remains unchanged, the output of the corresponding error amplifier
remains the same. Although the whole duration of time interval (¢;) is shifted to the right, the

same amount of charge is still delivered to boost output Vpp. The freewheeling level (/rw) 1s
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then higher at the start of the next period, and the inductor current (/;) reaches the pre-defined
and fixed current level (/pc) sooner. Hence, the duration of time interval (¢,) is shifted left, so
as the subsequent time interval (¢;). In the third period, the inductor current (/) assumes the
new profile as in the second period and a new steady state is reached. All along, the inductor
current (/1) delivered to boost output terminal Vg is not affected, and cross regulation is
minimized.

However, the inefficient performance is the major disadvantage since the inductor
current (/;) 1s increased to a highly undesired value if the buck output Vo, is derived during
heavy load condition and the boost output Vyp is derived during light load condition. The
other drawback is the predefined and fixed current level (/pc) that contributes to the highly
freewheeling current (/) and the serious decrease in power conversion efficiency in the light
load condition. Furthermore, the highly undesired current value (/pc;) of the inductor L also
causes the serious cross-regulation in the output terminals since the energy accumulates in the
inductor L. As a result, there is difficulty in ensuring the conversion efficiency and minimum
cross-regulation of the controlling sequence-I [2]. Furthermore, when the load condition
which is shown in Fig. 22 of the buck output Vo, i1s larger than that of the boost output Vo,
the storage charge of the inductor L accumulates without a releasing path. The highly current
level (I;) appears in the inductor L and results in un-regulation problem.

To address these issues, a new proposed controlling sequence-II with the load-dependent
peak-current control (LDPCC) technique is presented as illustrated in Fig. 25. In the
beginning of controlling sequence-II, path 1 is used to simultaneously regulate the buck
output terminal Vo, and store the charge with a positive current slope ((Vin-Vo4)/L) in the
inductor L, since the voltage level of output terminal Vy, is smaller than that of supply
terminal Vjy. Path 1 expires; the inductor current (/) then rapidly increases with a positive
current slope (Vn/L) to the LDPCC level (/,ear) by path 3. Then controlling sequence-II

switches to path 4 to draw the charge of the inductor L with a negative current slope
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((Vos-Vin)/L) to boost the output terminal Vpp; after which, it drops back to the inductor
current to a freewheeling current level (/rw). Finally, the inductor current level (I;) is kept by
path 6. Since the current level (/,cax) increases during heavy load condition and decreases
during light load condition, the power dissipation during the freewheeling loop can be
minimized. Due to the storage charge of the inductor L in path 1 having been fully taken into
account in the proposed controlling sequence-II, the highly undesired current value (Ipc;) in
previous work [2] is eliminated. Thus, power conversion efficiency and cross-regulation can
be improved in the proposed controlling sequence-1I. However, when the load condition of
output terminals Vo4 and Vpp operate in unbalance output load condition which is the buck
output Vy, is derived during heavy load condition and the boost output Vop 1s derived during
light load condition, the energy still accumulates in the inductor L without releasing path.
Other words, when storage charge during path 1 is higher than releasing charge during path 4,
the value of inductor current level (/1) will not able to decrease inductor current level (/1)
below the LDPCC current level (/,eqt) 1n every switching cycle. Thus, the inductor current

accumulation appears during unbalance output load condition.

IAL Proposed Sequence 11

I peak

Iry <A
e (0) freewheel
, time

Load dependant peak current control

Fig. 25. The proposed sequence-II with LDPCC technique which eliminates the undesired

value of inductor current level.
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SW4
0
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SWs
Vos

Fig. 26. The proposed controlling sequence and path 0 of the hysteresis mode control.

In order to address the inductor current (/;) accumulation in the structure of minimum
power switches, a new energy delivering path, which names as path 0 and illustrates in Fig.
26, 1s proposed to eliminate the energy accumulation issue while the condition that storage
charge during path 1 is higher than consumption charge during path 4. Therefore, a power
comparator is proposed to detect the output load condition. If the output power of output
terminal Vo, is smaller than that of output terminal Vg, the proposed controlling sequence-11
is use to regulate voltage level of output terminals. Oppositely, when the output power of
output terminal Vy, is larger than that of output terminal Vg, the proposed path 0 is enabled

to eliminate current accumulation issue. When path 0 is enabled, switches SW, and SW; are
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closed. A current path is created through switches SW, and SWs and used to regulate output
terminal V4. Since the path 0 passes inductor L, the voltage of output Vo, is regulated by a
hysteresis voltage window. Therefore, the proposed path 0 also calls as hysteresis mode
control. Since the proposed hysteresis mode control is used to regulate voltage level of output
Vo4 and to limit regulating ripple of output Vo, the inductor current waveform (/) which
operates in hysteresis mode is shown in Fig. 25. At the beginning of every switching cycle,
hysteresis mode is enabled. Since inductor current (/1) flows through switches SW, and SW; to
output terminal Vo4, the energy does not accumulate in the inductor L. Thus, inductor current
level (/1) does not increase until path 0 expires. The duration of path 0 is determined by
hysteresis voltage window and the on-resistance of switches SW, and SW;. Then, path 3 turns
on, switches SW, and SW;s is opened, and switch SWj3 is closed. The inductor current (/1) is
increased with a positive current slope (Vv/L). When inductor current (/1) raises to LDPCC
level (year), path 3 expires and then switch SW;3 turns off. Then, path 4 and switch SWs turns
on, the storage charge, in form of inductor current (/;), ramp down with a negative current
slope ((Vos-Viv)/L), the duration of path 4 is determined by the amount of delivering charge.
Finally, the residue current level (/F) is held by path 6. Owing to the output voltage of output
terminal Vo, is regulated by a hysteresis voltage window during path 0, the special operation
which is named as hysteresis control mode caused a larger output ripple and sacrificed power
conversion efficiency in the proposed path 0. However, as the analysis of the hysteresis
control mode, the energy accumulation and cross-regulation during the unbalanced load

condition can be eliminate through path 0.

2.2 LDPCC Method for Improving Light-Load
Efficiency, Stability, and Cross-Regulation

The inductor waveform (/1) represents status of energy storage and the order of system.
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Four inductor waveforms are depicted in Fig. 27~30. At first, the inductor current waveform
(1) of DCM is shown in Fig. 27. The characteristic of inductor current (/1) is that current
level decreases to zero before the end of each switching cycle. The order of the system is
equal to one. That is, only one low-frequency pole exists in the close loop. When load current
changes from light to heavy load condition, the peak value of inductor current (/) is increased
for storage more energy. There is a maximum peak current level existed, because of the
disappearance of zero-current condition and thus a maximum power limitation exists in the
operation of DCM. As a result, the characteristic of inductor current waveform (/;) changes
from DCM to CCM operation as shown in Fig. 28 when the sudden power is larger than

maximum power limitation of DCM operation. The order of system becomes two and the
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Fig. 27. The inductor current waveform in DCM operation when the load current changes

from light to heavy load conduction.

0 T&w 27T, "i lime

Fig. 28. The inductor current waveform in CCM operation when the load current changes

from light to heavy load conduction.
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compensation of system needs a complicated compensation like proportional integral
differential (PID) compensator to make sure large low-frequency gain and suitable phase
margin. Another serious problem is disappearance of isolation period which is zero-current
stage works as freewheeling stage. Since disappearance of isolation period may cause worse
cross regulation. The cross regulation and instability of system comes from the charge
accumulation of inductor. A summary of the two operation modes is that disadvantage of the
DCM operation is maximum power limitation while the disadvantage of CCM operation is
charge accumulation of inductor L.

The PCCM operation was proposed to improve the disadvantages in DCM and CCM
operation [10]. The PCCM technique sets a constant inductor current DC level to store
enough energy in inductor as depicted in Fig. 29. Thus, the order of system is similar to that
of DCM operation while the maximum power delivered by PCCM operation is larger than
that of DCM operation. That is, the order of system is one, and thereby simplifying
compensation skill. After the usage of P-I compensator, bandwidth can be extended to have
better performance for transient response. Nevertheless, the advantages of the PCCM
operation only exist when freewheeling stage exists at end of each switching cycle. Once
disappearance of freewheeling stage happens when load current exceeds maximum power
limitation or when sudden load current changes from light to heavy load level, the stability
and minimized cross regulation isn’t guaranteed since the order of system becomes two. The
solution of scenario is that pre-defined and fixed inductor current level (/pc) is required large
enough to provide maximum power to all output terminals. That is, the value of the
pre-defined and fixed inductor current level (/pc) causes the power conversion lower than that
by CCM or DCM operation at light load condition since the freewheeling stage with high
inductor current occupies the most period of switching cycle. Thus, the light-load efficiency is
decreased. As well, the power conversion efficiency at light-load determines usage time of

battery for portable devices.
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Fig. 29. The inductor current waveform in PCCM operation of work [2] when the load

current changes from light to heavy load conduction.

Fig. 30. The inductor current waveform in proposed LDPCC technique operation when the

load current changes from light to heavy load conduction.

To enhance the power conversion efficiency at light-load becomes most important issue
in today’s portable devices. The LDPCC technique is needed to effectively improve the power
conversion efficiency at light-load condition. As illustrated in Fig. 30, the LDPCC technique
is proposed to adaptively store suitable energy in inductor L. When load current changes from
light to heavy load condition, the LDPCC current level (/,cqx) 1s raised to a higher current
level to store enough charge in inductor L. On other hand, when the load current becomes
small, the LDPCC current level (1,.q.x) Will be decreased to a small current level for ensuring
high power conversion efficiency at light load condition. Besides, a minimum inductor
current level (Ipcmin) 1s defined to prevent output terminal from large transient drop voltage.

Thus, the LDPCC technique can have advantages of simple compensation, large driving
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Fig. 31. The inductor current variation when the load condition changes from light to heavy

in output terminal Vopy.
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Fig. 32. The inductor current variation when the load condition changes from light to heavy

in output terminal VOB.

capability, and high power conversion efficiency at light-load condition. The LDPCC
technique can minimizes the cross-regulation, which looks alike the QC method in [2], as is
demonstrated in Fig. 31. Suppose that the current required by output terminal V4 suddenly
increases, the duration of time interval (¢p,) will then increase so that more current can be
delivered to output terminal V4. The inductor current (/1) then reaches the LDPCC level (/,ear)
sooner. As the load for output terminal Vpp remains unchanged, the output of the

corresponding error amplifier remains the same. Although the whole duration of time interval
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(pp) 1s shifted to the right, the same amount of charge is still delivered to output terminal Vop.
The LDPCC level (Zpeqx) 1s then higher at the start of the next period. Hence, time interval (¢,)
is extended left, so as the subsequent time interval (¢;). In the third period, the inductor
current (/1) assumes the new profile as in the second period and a new steady state is reached.
All along, the current delivered to output terminal Vo3 is not affected, and cross-regulation is
minimized. Similarly, Fig. 32 demonstrates the minimized cross-regulation in that output load

current required by output terminal Vs suddenly increases.

2.3 System Architecture of SIMO DC-DC

Converter

According to the proposed controlling sequence-II and the LDPCC technique, the
architecture of the proposed SIMO converter is illustrated in Fig. 33. As previous analysis of
switch number, the minimum number of switch is shown in the top of Fig. 33. The main
switch SWy and freewheeling switch SWr construct paths 3 and 6 of controlling sequence-II.
Switches SWx;~SWx, and SWr~SWr, are used to extend and isolate output terminals
Voki~Vokn and Vori~Vorm. Therefore, the total number of power switch is equal to the
number of output terminals pluses two. Output voltages are detected by error amplifier array
via output divider array. The output signals Vix;~Vek, and Ver~Ven, of error amplifier array
connect to the input terminals of LDPCC circuit for generating load dependant peak current
signal Vipeq. Moreover, the LDPCC circuit also generates current signals /gx;~Igx, and
Ieri~Igr, which are used to be discharging current sources in charge reservation circuit. Since
the charge reservation circuit uses the output current /szy of current sensor and the LDPCC
current signals Igx;~Igx, and Igr;~Igr, as charging and discharging current sources
respectively, the storage charge on indicative capacitors Cix;~Cik, and Cir~Cipy, of charge
reservation circuit can fully depend on inductor current (/) and load variations. Therefore, the

voltages Vik;~Vik, and Virj~Vip, on indicative capacitors Cix;~Cik, and Crr~Ciry are used to
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Fig. 33. The proposed load-dependent peak current control SIMO DC-DC converter with

hysteresis mode for high power conversion efficiency and minimum cross regulation.

compare with output signals Vixi~Vex, and Ver~Ver, of error amplifier array for deciding

the energy delivering duration of each output terminal. The time interval of path 3 is decided
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by the comparison of current signal Vzs and LDPCC signal Vieq. The output signals CMp,
CMyg;~CMk,, and CM7;~CM7,, of comparator array are used to enable control sequence-II in
control logic circuit and generate the MOSFET’s driving signals Vswr, Vswn, Vswxi~Vswkn,
and Vswri~Vswrm via dead-time controller and driver. For current accumulation issue, power
comparator and delta-voltage generator continuously monitor the voltage deviation of output

terminals and generate output signals mode;~mode, to control mode switch of control logic.
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Chapter 3

Design and Analysis of Proposed
SIMO DC-DC Converter

3.1 LDPCC Decision Circuit

VEK 1 O—
VE K2 O— EA

VEki Iﬂr_zo: Ix: IDC(min)
Outputs of EA Texi
' M
array in buck :i
= V-I converter ) o
--»
Ve o VIpeak
VETZ O— EA
ETj Igrs Rpeak
—O0 iErz =
Outputs of EA

array in boost

Fig. 34. The implementation of the proposed LDPCC circuit which dynamically adjusts the

peak current level according to the value of load current.

As previous discussion in [2], the peak inductor current level (Ipc) is used to provide
pre-charged energy in inductor L for large load variations. A high value of peak current has
sufficient capability for driving large load condition. However, the disadvantage of high peak
current level (Ipc) is inefficient power conversion efficiency at light load condition.

Oppositely, a lower value of peak current has good power conversion efficiency at light load
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condition while converter needn’t high capability to handle large load current step. Therefore,
the peak current level must adjust with variation of load current. Besides, peak current level
also affects cross-regulation in SIMO converter owing to the over-storage charge in inductor
L. To improve the power conversion efficiency at light loads and to reduce the effect of
cross-regulation, a peak current decision circuit is depicted in Fig. 34. Where the suffix i is
from / to n for buck output terminals and the suffix j is from / to m for boost output terminals.
The peak current decision circuit dynamically adjusts peak current level V.. according to
variation of output load conditions. All output voltages of feedback error amplifiers are
converted current signals by the voltage to current (V-I) converters. Each V-I converter
generates two current signals with a conversion ratio (/: N: M). The current signals Irx;~Igkn
and Igr~Igr, (Where the suffix index i is 1 to » for buck output terminals and the suffix index
j is 1 to m for boost output terminals) are used to work as discharging currents of the charge
reservation circuit. The other current signals are summed to generate the LDPCC current
(Lpeak), which varies with load currents. Furthermore, to avoid the zero inductor peak current, a
minimum peak inductor current is set by a current source Ipcmin). The non-inverting input of
the comparator is decided by the voltage signal Vj,eur, which is generated by flowing two
current signals (Zpeqar) and Ipcmin) through the resistor Rpe.. The value of LDPCC level Viyear 18

determined by (19).
leeak = Rpeak ([Peak + IDC(min) ) (19)

The input voltages of the V-I converters are Vex;~Vek, and Ver~Ver, from the error amplifier
array that indicates the load conditions of all multiple buck and boost output terminals. The
value of peak current decision circuit varies with the variation of load current. At very light
load, the value is kept at value of Ipcamin) and thus current level (/,car) of freewheeling stage
can be reduced compared to that with the fixed inductor current level (/pc) in conventional

design [2]. That is, the light-load efficiency can be improved without over-storage charge in
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Fig. 35. The transient simulation result of proposed LDPCC circuit which uses dual-error

output signals as an example.

the inductor L. For a dip in one of the output terminals due to an increase in load current, for
example, the control system increases the duty ratio, which in turn indirectly causes an
increased peak inductor current level Vj.q.. The energy stored in the inductor L is gradually
increased to minimize cross-regulation due to the LDPCC level at heavy load conditions.
Similarly, the period of freewheeling stage occupies little duration of every switching cycle.
The order of the system is still kept as one, and the power dissipation is always kept small.
Therefore, the P-I compensator can ensure the stability of the system, and the heavy-load
power conversion efficiency can be kept high. The transient simulation result of LDPCC
circuit, which uses dual-error output signals as an example, is shown in Fig. 35. While the
output load condition (/or) suddenly changes to heavy load condition, the output signal (Vzr)
of error amplifier increases to a rated value for generating LDPCC level Vjeu. When the
output load condition (/pk) is increase at the same time, the output signal (Vzk) of error

amplifier also increases the LDPCC level Viypeq. Therefore, the LDPCC level Veqr depends on
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output load conditions and the energy stored in the inductor L is gradually increased to
minimize cross-regulation and handle higher power capability due to the LDPCC level at

heavy load conditions.

3.2 Current Sensor and Charge Reservation

Circuits

Fig. 36. The current sensor of [2 and 3] is composed by a fully symmetrical matching

structure.

The current sensor shown in Fig. 36 [2 and 3] has a proportional register Ry which is N
times of the sensing resistor Rsgy. The current sensor is composed by a fully symmetrical
matching structure. Sufficient accuracy and high bandwidth is used to follow output current
variations. To achieve the LDPCC technique, the current sensor cannot be turned off during
the whole switching cycle. Thus, the freewheeling power MOSFET as illustrated in Fig. 36 is

connected between the input power source Vv and the node Vy at the expense of power
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conversion efficiency during the freewheeling stage. The current sensor is realized by the
matched PMOS transistors M, and Mz, which are used to enforce the same voltage at node
Vy and node V). The PMOS transistors M,, and Mjp; are biased in the saturation region. Two
small and equal biasing current force the PMOS transistors M, and Mp, to have the same
threshold voltage. Self-bias loop is composed by transistors M4, M3, My, and Mp;. Sensing
current is generated via transistor Mp,. The simulation result of current sensor is shown in Fig.
37 and a test pattern of inductor current (/) is given by piecewise-linear (PWL) waveform in
HSPICE simulation tool. The sensing signal converts the current scale (/inse) into voltage
scale (Vgs) for detecting LDPCC level Vjea. The mirrored current signal (Zsense) 1s used to
charge the indicative capacitors Cx;~Cik, and Cir;~Ciry, of charge reservation circuit which is

shown in Fig. 38.

478 _ TE 480u _ 481y _ o
] . 1 ]

Current (A)

Voltage (V)

Fig. 37. The simulation result of current sensor.
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Fig. 38. The proposed charge reservation circuits and charge monitor circuit for reducing

output ripple.

The architecture of the charge reservation circuit is shown in Fig. 38. The sensing current

(Lsense) 1s converted to the voltage Vzs, which is used to compare with the LDPCC level Viyear

as illustrated in Fig. 33. The sensing current (/sus.) 1S also used to determine the individual
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duty cycle of each buck or boost output terminal. Thus, there are n and m charge monitoring
circuits in the charge reservation circuit. The indicative capacitors Cix;~Cik, and Crr~Cipm
are used to monitor the buck and boost output voltages, respectively. The charge monitor
circuit in the sub-block is also shown in Fig. 38. When the voltage of driving signal Vg is set
to low, sensing current (lsnse) flows into indicative capacitor C; to indicate the energy
delivering condition of one of buck or boost output voltage. Once the voltage of driving signal
Vsw is changed from low to high state, the discharging current (/;;), which comes from the
LDPCC circuit, starts to discharge indicative capacitor C;. Thus, the voltage ripples
AVigki~AVig, and AVir~AVir, on indicative capacitors Cix;~Cik, and Cir~Cir, can monitor
the status of the buck and boost output voltages. As a result, the duty cycle can be determined
by the voltage V; on indicative capacitor C; and the output voltage Vgx; (or Vgr) of error
amplifier array after the operation of comparator array in Fig. 33.

Assume that the value of voltage ripples AVix; and AVz; is kk; and kz; times that of output
ripples AVox; and AVorz; for the buck output terminal i and boost output terminal j, where the
suffix i is / to n for buck output terminals and the suffix j is / to m for boost output terminals.
The buck and boost output ripples AVox; and AVor; express as (20) by voltage ripples AVk;

and AV7; on the indicative capacitors Cix; and Cyzy in charge reservation circuit.

1 1
AV :k—AV and A OTJ.:k—AV,Tj (20)

IKi

The value of voltage ripples AVix; and AV; are set within the input common-mode range of
the comparator array in Fig. 33. Besides, the value of inductor current (/;) is N times that of
sensing current (/gense), Which is the sensing current for buck and boost output terminals. Thus,
the values of indicative capacitors Cik; and Cig; in the charge reservation circuit are given by
(21) and (22), respectively.

1 1 1
=20 —Cpps = Wcom , for buck output i (21)

IKi
IL sz Ki

C
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1 1 1
c, ==2__ C =——C,., for boost output j 22
T 1, ij oTji Nij ory put; (22)

In order to generate the discharging current sources Igx; and Igr; of LDPCC circuit
proportional to load current condition in Fig. 34, the values of the resistors Rg;~Rk, and
R71~R7, in the V-I converters must depend on output load condition. As a result, the charge
reservation circuit in the SIMO DC-DC converter can accurately discharge storage charge in
indicative capacitors Cix;~Cik, and Cir;~Cipn. The discharging current sources gk and gz
are proportional to Vexi/Rg; and Ver/Rp; for buck and boost output terminals, respectively.
Considering parameters in buck output terminals, the value of voltage ripple AVik; can be

described as (23).

AVt
AV, = Al 1= A L (23)
C[Ki RKI C[Ki

Besides, the output voltage Vik; of error amplifier array which is composed by

operational trans-conductance amplifier (OTA) can be express as (24) by adopting equation

21).

1.t 1.t
VEKi = G(VREF - ﬁKiVOKi ) = G(VREF - ﬁKz ﬁ] = G(VREF - ﬁm ﬁ] (24)

where G and fk; are the trans-conductance of error amplifier and the ratio of voltage divider,
respectively. Then, as shown in (25), the discharging current source /gx; is equal to that the

error signal Vgg; 1s divided by internal resistor Rk;.

b _ VEKi _ G(VREF_ﬁKiVOKi)_ G (

Ry R

It
R VREF _ﬁKi ¢] (25)

Differentiating both sides of (25) by the inductor current (/;) and setting the value equal
to one, (26) is derived to get a discharging current source /gzx; that is proportional to output

load current. Consequently, (27) defines the value of resistor Rk; in charge reservation circuit
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for buck output terminals.

ol g, _ Gt 1 (26)
ol,., RuNk,C,
o = %, for buck output terminal i (27)
Nk .C.

Similarly, the value of resistor Ry; for boost output terminals can be expressed as (28).

_ OBty

= , for boost output terminal j 28
" N, C p J (28)

11y

Therefore, for controlling charge reservation circuit, the value of resistors Rg; and Ry;
ensure that discharging current sources /xx; and Ir7; in LDPCC circuit are proportional to load
current condition of buck and boost output terminals. The discharging current sources /xx; and

Iy are expressed as equation (29) and (30) for buck and boost output terminals, respectively.

i = Vi M, for buck output terminal i (29)
GPty
Nk..C...

ETy ETy b , for boost output terminal j (30)
G o

The charge stored on indicative capacitor Ci; or Ci; can effectively represent the
regulated output voltage at the buck or boost output terminals. Thus, the proposed charge
reservation circuit can accurately decide the duty cycle of the buck or boost output terminals.
The simulation result of charge reservation circuit is shown in Fig. 39. The output signals Vgx;
and Vg7 of error amplifier array indicate the output voltage deviation. Since the indicative
capacitors Ci; and Cjp; are charged and discharged by sensing current /g, and LDPCC
circuit sources Igx; and g7, the voltages Vi and Vg on indicative capacitors act sensing
ripple of output terminals and compare with the output signals Veg; and Vig; of error amplifier

array for detecting operation duty cycle of each output terminal.
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Fig. 39. The simulation result of the proposed charge reservation circuit.

3.3 Logic Control Circuit with Automatic Mode

Switch for Avoiding Instability Problem

The control logic generator with automatic mode-switch controller is depicted in Fig. 40.
It generates logic control signals Dswy, Dswr, Dswki~Dswkn, and Dswri~Dswr, for driving
power switches according to system clock Verx and output signals CM;, CMg, and CM7; of
comparator array. The operation of the control logic is divided into four durations of current
paths 1, 3, 4, and 6, which sustain for the four charge-delivering paths in Fig. 25. At the
beginning of path 1, the system clock Vi x of control logic generator is triggered by a positive
edge and 90% duty cycle of system clock V. The state of logic control signal Dgyx; 1s set to

low state and converted to driving signal Vspk; for delivering charge from supply source Viy
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Fig. 40. The control logic generator with the mode switch controller.

to buck output terminal Vpk;. The input signal CMk; of control logic circuit, where the suffix i
is from / to n for buck output terminals, is from output signals of related comparator i in Fig.
33, which decides the duty cycle of buck output terminal i. At the same time, the inductor
current (/1) i1s increased with a positive current slope ((Viv-Voki)/L). According to charge
reservation circuit operation, current sensor senses inductor current (/;) for charging
indicative capacitors Cr; and Cjz; of charge-reservation circuit. Therefore, the indicative
capacitor Cik; 1s charged by sensing current /., of current sensor. When the charging voltage
Viki on indicative capacitor Ci; is larger than output signal Vgg; of error amplifier array in Fig.
33, the output signal CMk; of comparator array changes to a low state and path 1 then turns

off. Since the control logic unit combines the system clock V¢ x and comparator output CMk;

48



as trigger signal CKoyr, Path 3 starts to ensure sufficient energy to be stored in the inductor L
at the negative edge of comparator output CMk;. That is, the inductor current (/1) is increased
to the LDPCC level (Zyear)-

In path 3, the LDPCC signal Vj,eqr in (19) which defines charge requirement according to
the LDPCC circuit in Fig. 34 and the value of current signal Vs in Fig. 36 are used to
determine the time interval of output signal Dgyy for increasing the inductor current (/z) to the
LDPCC level (Zpear) until the value of current signal Vi is large than that of LDPCC signal
Vipeak- That 1s, the output signal Dsyy 1s set to high state for increasing the value of inductor
current (/7)) to LDPCC level (1yeqr) until the value of current signal Vs is large than that of
LDPCC signal Viear. However, the time interval of output signal Dspyy may be zero if the
inductor current (/) is increased to exceed the LDPCC level ([peu) during path 1. This
condition is caused by the heavy load condition at buck output terminals and light load
condition at boost output terminals. This means that the inductor current level (/1) is high
enough to provide sufficient energy to the multiple boost output terminals after path 1. There
i1s no need to store more charge in the inductor L since it may cause current accumulation
issue in Fig. 41. Therefore, a hysteresis mode which is shown in Fig. 26 is proposed to
address the current accumulation issue and provide a new charge-delivering path rather than
path 1.

Once the value of current signal Vps is large than that of LDPCC signal Viear,
comparator output CMy changes to low state and path 3 turns off. Path 4 then is enabled by
negative edge of comparator output CMy and starts to deliver charge to boost output terminals.
At the same time, the inductor current (/;) is decreased with a negative current slope
((Vos-Viv)/L) which according to the load condition of the boost output terminals. Similarly,
according to charge reservation circuit operation, indicative capacitor Cj7; is charged by
sensing current (lense) Of current sensor. When the charging voltage V7 on indicative

capacitor Cyy; is larger than output signal Vg of error amplifier array in Fig. 33, the output
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Fig. 41. The timing diagram of the transition from the PWM mode to the hysteresis mode.

signal CM7; of comparator array changes to low state. Once comparator output CM7y; is
changed to a low state when the value of charging voltage Vi7; 1s larger than output signal Vgry
of error amplifier array, the charge-delivery to the boost output terminals is completed. Then
the controlling sequence-II enters path 6 named as freewheeling stage. That is, the surplus
energy is reserved in the inductor L. The longer the period of the freewheeling stage is, the
lower the power conversion efficiency. Owing to the adjustment of the LDPCC circuit, the
inductor current level (/1) at the freewheeling stage is kept at a low level which is limited by a
minimum current level Ipcmin and thus the conduction loss can be reduced at light load
conditions. All the output signals Dsyxi~Dswn, Dswn, Dswri~Dswrm, and Dsyr of the control
logic circuit are converted by the dead-time controller and driver circuit which is shown in Fig.
33 to the gate driving signals Vswy, Vswr, Vswxi~Vswkn, and Vswri~Vswrn which are used to
control the power MOSFET switches SWy, SWr, SWxi~SWky, and SWr~SW .

However, the mentioned current accumulation issue which is illustrated in Fig. 41 still

exists in the structure of SIMO converter. When the output power of buck output terminals is
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larger than that of boost output terminals, the current accumulation occurs. The charge from
supply source not only delivers to the buck terminals but also store charge in the inductor L
during path 1 operation. The only way to release storage charge in inductor L is to transfer
storage charge to boost terminals during path 4 operation. Thus, when charge deliver to boost
terminals are smaller than that of buck terminals, the inductor current level (/1) is going to
increase higher than the LDPCC level (/yeq). Owing to the current accumulation in inductor L,
the sensing current (/sense) also increase to high value. Therefore, the charging voltage V7 on
the indicative capacitor Cyz; of charge reservation circuit rapidly increases during short period.
The operating duration of boost terminals becomes much smaller than the original due to the
highly inductor current level (/;). This situation causes that the comparator array is not able to
react to such a small operating duration. Thus, the accumulated current causes serious
cross-regulation and poor conversion efficiency at light load conditions.

To address this problem, it is important to provide other releasing path to alleviate the
instability. Hence, a new current path which is path 0 and named as hysteresis mode is
proposed in Fig. 26. During operation of hysteresis mode, original path 1 in PWM mode is
changed to path 0 to force the delivering current to flow through freewheeling switch SW; to
the buck terminals. Therefore, the delivering energy of the buck terminals does not cause
current accumulation in the inductor L. Thus, the buck terminals works as a hysteresis buck
converter, and the output voltage Vog; is directly regulated and limited by a hysteresis window.
The power MOSFET’s driving signals and inductor current waveform (/1) as depicted in Fig.
41 which shows the transition from the PWM mode to the hysteresis mode. To achieve the
hysteresis control mode, a mode switch, a power comparator, and a novel delta-voltage
generator are proposed. The mode switch as shown in the sub-block of control logic unit in
Fig. 40 1s composed of only one AND logic gate, and the output signal “hys” of mode switch
is kept at a high state during the PWM operation until the input signal “mode;” of mode witch

which comes from the power comparator circuit is changed to a low state. Then the operation
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of the buck terminals is switched to hysteresis mode. Since path 6 directly connects the buck
terminals to supply source Vjy, the output ripple of buck terminals is increased for ensuring
system stability during hysteresis mode. The simulation results are shown in Fig. 42 and 43
which are shown the PWM mode and hysteresis mode, respectively. Next chapter discusses
the power comparator and delta-voltage generators to smoothly switch the operating mode

between the PWM and hysteresis modes in detail.
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Fig. 43. The simulated waveforms of control logic circuit in hysteresis mode operation.
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3.4 Clock Generator with Power-On Reset

Mechanism and Startup Circuit

A system clock circuit with power-on reset (POR) control circuit is shown in Fig. 44
which generates the system clock Verx and sawtooth signal Vg, for controlling logic circuit
of SIMO converter. The current sources (/py) and (/p;) are used to charge and discharge
oscillating capacitor Cpsc. Reference voltage V. and Ve limit the maximum and minimum
voltage level of sawtooth signal V,,,. At the initial condition, the signal POR which comes
from output of reference voltage circuit is high state. The oscillating capacitor C,,. and
resetting capacitor C, are shorted to ground, thus the output signals RST, VCTB, and V¢ are
disabled and set to low state. When the reference voltage is ready, the POR is set to low state
and clock generator is enabled. At the beginning, the oscillating signals V' and V7 is set to
low state since charging voltage V,.n, on oscillating capacitor Cpsc 1s zero voltage. The
current source (/py) starts to charge oscillating capacitor Cpsc. Once the charging voltage
Viamp on ¢ oscillating capacitor Cosc i1s higher than reference voltage V.., the oscillating
signals Vy and V; are set to high state and the current source (/p;) starts to discharge
oscillating capacitor Cpsc. The output resetting signal RST is triggered and set to high state
when oscillating signal ¥ sets to high state and the resetting capacitor C,; has been fully
charged. Therefore, output signals VCTB and Vg starts to trigger the control logic circuit for
controlling proposed sequence-II. When the oscillating signals ¥y and V;, are set to high state,
charging voltage V,.n, on oscillating capacitor Copsc 1s discharged by current source (/pr).
Until charging voltage V., 1s smaller than reference voltage V., the oscillating signals Vy
and V;, are set back to low state for next clock period. The frequency (fosc) of clock generator
depends on the charging and discharging current sources (/zx) and (/51), oscillating capacitor
Cosc, and the hysteresis window of reference voltage V.. and V... For achieve the

controlling sequence-II in Fig. 25, the high state of clock signal is needed. That is, the ratio of
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current /py to current /p; is designed as 1:9 for generating 90% duty cycle. Thus, the clock

frequency (fosc) 1s given by voltage-second balance equation in (31).

0.91,,

_Vrej )C

S = (31)
(

I/rej

osc

The simulated timing diagram of generated clock Verx and sawtooth signal Vi, for

controlling logic circuit of SIMO converter is illustrated in Fig. 45. The resetting signal RST
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outputs the clock and synchronous signals V¢ x and VCTB at the same time. The reset period
Trsr sets long enough for resetting the initial state of digital flip-flop and analog control
circuit.

At the power-on period of SIMO converter, the buck and boost output terminals are
close to zero-voltage. Hence, the duty cycle of buck and boost terminals are extend to
maximum ratio of switching cycle. Therefore, buck and boost output terminals have a
possibility of overshoot issue due to highly inrush current which is accumulated in inductor L
during rising transient of output terminals. Since the design limitation of controlling
sequence-II in startup transition, the path 1 for buck terminals occupies whole switching
duration. The situation causes the long settling time on boost terminals. To address the highly
inrush current and long settling time during power-on procedure, a startup circuit which is
shown in Fig. 46 is used to limit startup current and distribute the switching period among
output terminals. At the initial condition, the resetting signal POR is set to high state. The
startup capacitor Cy, are shorted to ground, and feedback signals Fzg; and Fzrj are clamped to
ground. When the reference voltage is ready, the resetting signal POR 1is set to low state and
the voltage STE on startup capacitor Cy increases gradually. During startup procedure, the
feedback signals Fpk; and Fpr; compare with the startup voltage STE to decide error signals
Vexi and Veg. Since the voltage STE on startup capacitor Cy, is low and connected to the gate
of MOSFET Mjy in Fig. 46, the MOSFET My dominates one branch oferror amplifier. The
duty cycle of buck and boost output terminals are limited by startup voltage STE. Once the
startup voltage STE is higher than reference voltage V.., the MOSFET M5 in error amplifier
turns off. Finally, the feedback loop begins to be switched to that the output voltages are
regulated by reference voltage V.. The simulation result of startup circuit is shown in Fig. 47.
Since the startup circuit limits the regulating voltage of output terminals smoothly, the inrush
current can be eliminated. Since the delivering energy fairly distribute switching period

among output terminals, the output voltages can be simultaneously regulated.
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Fig. 47. The simulation result of startup circuit for SIMO converter.
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3.5 Dead-time Controller and Driver

Since the control logic circuit has been generated the driving sequence according to
proposed controlling sequence-II, the gate driving signals Vswwn, Vswr, Vswxi~Vswn, and
Vswri~Vswrm of power switches take turns to turn on related power switch. For high power
capability and reducing conduction losses, a large size of power switches with large parasitic
capacitance on gate terminal of power switches is used. Therefore, the rising and falling time
(#;) and (#) of gate driving signals is depended on driving capacitance of driver. Owing to the
switching transient of power switches may cause large short-through current, a duration of
interleaf during switching transient of power switches is necessary. To address abnormal
leakage and short-through current when switches are turning on and off, the dead-time control
circuit is designed to interleave a blank time during switching transient for eliminating
leakage and short-through current. Figure 48 describes the dead-time control procedure step
by step. In order to achieve adaptive dead-time control, the circuit design methodology is
“turn-off-first and turn-on-later”, which means that the leakage can be avoided due to the
turning off first of power switches. Then, charge can be delivered to suitable output terminals
due to the turning on later of power switches. As illustrated in Fig. 48, the transition from path
1 to path 3 needs dead-time I process to avoid shoot-through current from buck output
terminals to ground. The dead-time II process prevents boost output terminals from flowing
current to ground when path 3 transits to path 4. Similarly, the dead-time III process prevents
boost output terminals from flowing current to supply source when path 4 transits to path 6.
Finally, the dead-time IV can prevent buck output terminals from losing charge to freewheel
loop, and thereby reducing power losses at buck output terminals. Owing to the
implementation of four dead-time processes, short-through current can be addressed.
Furthermore, the power conversion efficiency can improved due to minimized leakage current,

which comes from inadequate overlap between different power switches. However,
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the dead-time processes cause a voltage spike on node V. During the duration of dead-time
process, since the inductor current (/1) tries to keep current running the same direction and
magnitude than before, a parasitic capacitor C,, will be charged in short period. The behavior
of voltage on node VX is shown in the right-side of Fig. 48. The schematic of dead-time
control circuit with driver is shown in Fig. 49. Since the control sequence-II has been
scheduled the output signals Dswyy, Dswr, Dswxi~Dswkn, and Dswri~Dswrn of control logic
circuit, the gate driving signals Vsyn, Vswr, Vswri~Vswin, and Vsyri~Vswrm of power switches
can be simplified to monitor the previous switching transient of power switch. The next
power switch starts to turn on at the turn off state of last power switch is ensuring. Therefore,
dead-time controller avoids power switches turn on at the same time. The simulation result of
dead-time controller is shown in Fig. 50. The voltage spike on node Vx has been simulated
which indicates the maximum dead-time is 30ns. Besides, in order to fully turn off power
switches of output terminals, the supply voltage of dead-time controller and driver is
connected to the highest voltage level (Vyx) of boost terminals which is selected by the

proposed maximum voltage selector.

3.6 Maximum Voltage Selector Circuit and

Adaptive Body Switch (ABS) Circuit

To fully turn on and off power switches of output terminals, the supply voltage of
dead-time controller and driver circuit must connect to the highest voltage level (Vyx) of
boost terminals. Therefore, a voltage comparator array usually designs into the maximum
voltage selector circuit for detecting the highest output voltage (Vi..x). Large number of boost
terminals increases higher operation current and complex circuit design for biasing voltage
comparator. In order to reduce the power consumption of maximum voltage selector circuit
and simplify composed structure of voltage comparator, a new and simplest multiple-input

voltage comparator as shown in Fig. 51 is proposed to detect the highest voltage level (Viz4x)
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on all of boost terminals.

As illustrated in Fig. 51, transistors Mp;~Mp; and bias current (/) compose the biasing
loop, the controlling logic circuits are biased by the maximum voltage (Vj4x). The biasing
voltage (Vzp) 1s used to clamp the gate biasing voltage of each input terminal for comparing

the detecting voltage (V) and input terminals Vv and Vori~Vor;. At the initial condition of
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power on procedure, the detecting voltage (Vi), input terminals Vor~Vor, and maximum
voltage (Vuax) are zero. The input terminal Vy, which comes from battery or supply source, is
only the highest voltage (V4x) iIn maximum voltage selector. The voltage difference between
detecting voltage (V) and input terminal V;y cause the gate-source voltage Vs of transistor
M3 is higher than that of transistor Mp;. Therefore, the drain current (/;) of input terminal Vyy
is larger than biasing current (/). That is, the current (Z,) is larger than detecting current (/)
and the detecting signal (V) of detecting logic is then set to low state. Transistors S;, S,, and
M, turn on, the detecting voltage (V) is charged closed to the input terminal V;y via transistor
M,. The maximum voltage (Vi.x), which provides the supply voltage of driver, is connected
to the input terminal V;y by a non-overlapping power switches which is illustrated in Fig. 52.
In the meanwhile, in order to get the information of input terminal V7, the detecting current
(1;) 1s added to detecting current (/) through S; and the detecting current (/,) equals to 2/,
for stabilizing the logic state during the input terminal V;y is the highest voltage. Moreover,
owing to other input terminals are smaller than detecting voltage (Vu), the input MOSFETs
which connect to input terminals, such as transistors M7;~Mr3, are biased at cut-off region.
Thus, the detecting current (/7) is zero and smaller than detecting current (/s.»), the logic state
of detecting signals V; is then set to high state for disabling the connection from other input
terminal Vo7 and saving power consumption.

Owing to the detecting current (/;) of the input terminal Vy is added to detecting current
(Zsum), the voltage difference between detecting voltage (V) and the next input terminal Vory
must be higher enough to generate that detecting current (/7;) is larger than detecting current
(Zsum). Therefore, when the input terminal Vo7 ramps up to the defined voltage level and i1s
higher than detecting voltage (Vu), the detecting current (/7) is larger than detecting current
(Zsum) for generating low state of detecting signal (V). Since detecting signal (V}) changes to
low state, transistors S7;, Sm, and M7, turn on, the detecting current (/7;) is added to detecting

current (/y,) and detecting current (/7) equals to 2/7; for stabilizing low state of detecting
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signal (V). At the same time, the detecting current (/,) which is generated from input terminal
Vin 1s smaller than detecting current (/y,,) and detecting signal (V) sets to high state. The
detecting current (/;) then removes from detecting current (Zy,,), the maximum voltage (Vyz4x)
disconnect to input terminal ¥y and then connects to input terminal Voz;. In the meanwhile,
the detecting voltage (V) is charged closed to input terminal Vp7; by transistor Mz, Owing to
the highest voltage changes to input terminal Vo7, the input MOSFETs which connects to
other input terminals, are biased at cut-off region. The maximum voltage selector circuit
causes that only the biasing loop and the highest input terminal has biasing current. Therefore,
the minimized biasing current and minimum power consumption can be achieved. The

simulation result of the maximum voltage and total biasing current is shown in Fig. 53.

~ 1 Operation Current

fm 10m
Fig. 53. The simulation result of maximum voltage selector circuit.
In CMOS fabrication technologies, single-well process is popularly used. Fig. 54 shows

the cross section of single n-well CMOS process. Node Bp is the n-well biasing terminal for

p-MOSFET transistor substrate and node By is the p-substrate biasing voltage for n-MOSFET
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Fig. 55. The latch-up and equivalent latch-up circuit in n-well CMOS process.

transistor. To prevent the conduction of the parasitic PN junction diodes (such as D; and D;)
and avoid latch-up, node Bp should be connected to the highest voltage (Vix) of SIMO
converter, which is the supply voltage in most cases. Similarly, node By should be connected
to the lowest voltage of SIMO converter, which is usually the ground [43]. When the
substrate voltage is improperly handled, leakage current becomes a serious problem. This is
especially critical for the systems adopting variable bias at drain and source terminals.
Because the voltage of drain terminal Dp of p-MOSFET transistor can be possibly higher or
lower than that of source terminal Sp, the leakage problem can be hardly prevented if the

substrate is tied to a fixed voltage node. More seriously, parasitic bipolar transistor in a
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CMOS process form a latch-up circuit, illustrated in Fig. 55. When the voltage of node Vy is
lower than that of output terminal Vor, the substrate voltage in the n-well should be tied to
output terminal Vo7 to avoid leakage. However, if voltage of node Vy becomes higher than
that of output terminal Vo7, the emitter voltage of parasitic PNP transistor will be higher than
that of node Bp, and a positive current feedback loop will be activated. The risk of having

devastating latch-up increases substantially.

Ve
1
M, . M;
VXC OVOT
nEian!
I
M M
MB3 = B1 BZ=

L L

Fig. 56. The proposed ABS circuit for p-MOSFET’ body bias.

Owing to the dead-time insert into the controlling sequence of SIMO converter, the
voltage spike occurs on the node Vy which is shown in the right-side of Fig. 48. During the
time interval of dead-time process, all of power switches turn off. Since the inductor L tries to
keep current running the same direction and magnitude than before, the inductor current (/)
turns to charge the parasitic capacitor C,,- on node Vy. Therefore, a large volume of voltage
spike appears and higher than that of output terminals. A back-to-back isolated rectifier in
output multiplexers are used in [1], but sacrifice the power conversion efficiency for avoiding
the lower positive output voltage would always clamp the higher one. Therefore, in order to
address leakage current and potential latch-up of p-MOSFET, the adaptive body switch (ABS)
circuit as illustrated in Fig. 56 is necessary and important to connect the body terminal of

p-MOSFET to the highest voltage level.
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Fig. 57. The simulation result of proposed ABS circuit.

However, the different requirement with maximum voltage selector of driver, a rapidly
response and ultra-low power consumption are major demand of ABS circuit. A simplest and
low power consumption voltage detector is presented for rapidly selecting the maximum
voltage level of body terminal during the switching duration of dead-time. Transistors
Mp;~Mps; compose the biasing circuit. A symmetric common-gate input stage which
separately composed by transistor input pairs M;, M;, and M,, M, form the input voltage
detector. For the operation of ABS circuit, transistor M; forms the diode connection and
biased by transistor Mp;. A dropping voltage generates gate-source voltage Vs of transistor
M, and be used to bias transistor M3;. Once the gate-source voltage Vgs of transistor M; is
slightly higher or lower than that of transistors M, the transistor M3 can be turned on or off
through the designed transconductance gm; of transistor M;. Thus, full symmetric structure
which is used to detect the drain and source terminals of p-MOFET is composed of transistors
M ;~M,. The biasing current clamps power consumption owing to limited value of biasing
current (/). Transistors M; and M; form the input pair to detect the condition that voltage of
output terminal Vpr is larger than that of node Vx and connect the output terminal Vo7 through

transistor M;. Transistors M, and M, detect the condition that node Vy is larger than output
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terminal Vor and connect the node Vy through transistor M,. Therefore, when the voltage level
of node Vy is larger than that of output terminal Vor during the time interval of dead-time
process, transistor My is turned on and the body terminal V5 connects to node V. Contrarily,
when the voltage level of node Vy is smaller than that of output terminal Vo7 during paths 4 or
3, the body terminal V3 connects to output terminal V7. The simulation result is shown in Fig.
57. A triangular waveform and a DC level are used to test the performance of proposed ABS
circuit. The result shows only 20mV deviation from the highest voltage level and the

accurately compares the voltage level of terminals Vy and Vor.

3.7 Reference Voltage and Power-On Reset Circuit

For accurately regulation of multiple-output terminals over the temperature range of -40
°C~120 °C, the temperature-independent reference source is essential in SIMO converter.
Two quantities having opposite temperature coefficients (TCs) are added with proper
weighting, the result displays a zero TC. Thereby, we must identify two voltages that have
positive and negative TCs. The forward voltage (Vzg) of base-emitter junction in bipolar
transistor or the forward voltage (V) of pn-junction diode exhibits a negative TC. When two
bipolar transistors operate at unequal current densities, then the difference between their
base-emitter voltages (Vpg) is directly proportional to the absolute temperature. With the
negative and positive-TC voltages obtained above, we can develop reference having a
nominally zero-TC. Assuming that V.=V, +a2(VT1nn) , where V,Inn is the
difference between the base-emitter voltages of two bipolar transistors operating at different
current densities. Since at room temperature 0V, /0T =—1.5mV /0T  whereas
ov,/oT =+0.087mV/°K , to set o,=1 and settle oa,Inm  such that
(0521nn)(0.087mV/"K):1.5mV/0K. That is o,Inn=17.2. Equation (32) indicates that for

zero-TC.

Vi~V +17.2V, 2125V (32)
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Fig. 58. The schematic of bandgap reference circuit.
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Fig. 59. The simulation result of bandgap reference circuit at five model corners.

The bandgap reference circuit is shown in Fig. 58. Error amplifier sense nodes Vy and Vy,
driving top terminal of resistors R; and R, (R;=R;) such that such that nodes X and Y settle to
approximately equal voltage. The reference voltage (V3¢) is obtained at the output terminal of

error amplifier. Hence an output voltage can be expressed as (33). For a zero-TC, we have

(1+R,/Ry)nn=172.

Voo =Vie + (1 +%]VT In(n)

3
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Transistors M;;, M, M3, and Mg, compose startup circuit. Transistors M,,; and M,
compose power-on reset circuit and generate output signal POR. Before reference voltage
(Vag) 1s ready, the output voltage (V,.y) is zero level. Transistors My, and M,,.; turn off.
Transistor My; turns on to pull low the gate biasing of transistors M, and M,,.>. The output
state of power-on reset circuit switches to high state. Owing to transistor M, turns on, the
error amplifier starts to force voltage of nodes X and Y for difference of two base-emitter
voltage. While the bandgap voltage (V) is build, transistors My, and M,,,; turn on. Therefore,
transistor M;; turns off and startup process is ended. The output signal POR of power-on reset
circuit sets to low state and enables the clock generator. The simulation result with

over-temperature and five corners is shown in Fig. 59.
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Chapter 4

Power Comparator and Delta-Voltage
Generator

4.1 Power Comparator Circuit

To smoothly switch between PWM and hysteresis operation modes, the power
comparator and delta-voltage generators are proposed to decide the operation mode of SIMO
converter. The inductor current waveform (/1) as depicted in Fig. 60 precisely describes the
boundary condition between the PWM and hysteresis modes. Assume that the current slopes
mg;~mg, and mr;~mr,, of the inductor current (/1) for the buck and boost output terminals are
expressed as (34) and (35), respectively. The value of suffix i is from / to » for buck output
terminal 7 and the value of suffix j is from / to m for boost output terminal j. The operation
modes and boundary condition can be determined by comparing the total charge of buck
output terminals operation with total charge of multiple boost output terminals operation.
Therefore, the equation (36) expresses the charge-condition in PWM mode. Equation (37)
represents the charge-condition in hysteresis mode. Thus, when the total charge of buck
output terminals is equal to that of boost output terminals, the boundary condition which is
charge-balance condition and expresses in (38) is used to judge the operation mode of SIMO

converter.

Ve =Vori .
m,, = Vi =Vors for buck output terminal i (34)
L

1
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Boundary condition = Charge balance
Mg, Myq

QKi QKn QTI QTZ QTJ
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Fig. 60. the boundary condition between the PWM and hysteresis modes

Vor =V,
my = % for boost output terminal j (35)
met,ﬁ. < ZmT/tTZ > ZQm < ZQT]. for PWM mode operation (36)
i=1 Jj=1 i=1 Jj=1
Zm il > ZmT/tTZ > ZQm > ZQT]. for hysteresis mode operation (37)
i=1 Jj=1 i=1 Jj=1
met,ﬁ. = ZmT/tTZ > ZQm = ZQT]. for judgment of operation mode (38)
i=1 Jj=1 i=1 Jj=1

As illustrated in Fig. 61, the power comparator is used to decide which one of buck

output terminals needs to enter hysteresis operation according to the largest load current. The

voltage-current converters convert the differential voltage between output voltages and supply

voltage into current signal for indicating current slope of inductor L. The summation current

Lnk; and 1,75 of V-1 converter indicate the slope values of the buck and boost output terminals,

respectively. Summation current /,x; is used to discharge capacitor C; during the buck

operation, and current /,,7; is used to charge capacitor C; during boost operation in first loop.

At the freewheeling stage, the sample and hold (S/H) circuit sample the voltage on capacitor

C; and hold it on the capacitor C,. Thus, the boundary condition is monitored by the slope
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Fig. 61. The schematic of proposed power comparator circuit

Fig. 62. The current comparator of proposed power comparator circuit.
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values of buck and boost output terminals. In the operation condition of PWM mode, the
value of summation current /jk; is smaller than that of summation current /57, and output
signal EN; of comparator CP; is set to a low state in the first loop. That is, the power
comparator circuit is disabled. The output signals M;~M; of registers Reg. [~Reg.i are set to a
low state to disable the mode switch of control logic circuit in Fig. 40. Besides, the internal
signals S;~S; are set to low state. The mirrored current signals /zx;~Ipx; sum up in Iyx2, which
is used to compare with summation current /7> of boost output terminals in second loop. The
other mirrored current signals I,x;~I4x; of V-I converter are switched to detect the highest
current level by current comparator which is shown in Fig. 62.

When the power level of buck output terminals are larger than that of boost output
terminals, the output signals EN; and EN, of comparators CP; and CP; is set to high state.
The power comparator circuit is enabled and decides the buck output terminal with highest
output load condition into hysteresis mode. Thus, the mirrored current signals /zx;~Ipx; sum
up in Iyx2, and all mirrored current signals /4x;~I4x; of the delta-voltage generator for buck
are separately switched to detect the highest slope by the current comparators. In the
meanwhile, the generated summation current /x> compares with current /7> and outputs the
high state of output signal EN, in the second loop. This second loop is designed to detect
operating mode of each buck output according to the buck output with the largest load current
selected for hysteresis mode. When the output signal EN, is high state, the trigger signals of
registers Reg. I~Reg.i are enabled by output signal EN, and output signal DL of delay circuit.
The delay circuit is enabled to avoid the oscillation of the second loop and to ensure the
storage charge in the steady state when one of the buck output terminals enters hysteresis
mode. Current signals /4x;~I4x; flow into the current comparator and generate the detecting
codes D;~D.;y during the delay period of delay circuit. The detecting code is converted to
indicate which one of the buck output terminals has the highest load condition and needs to

operate in hysteresis mode. The detecting code can be expressed as (39).
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m =Dy Dy Dy Dy oo Dypy)s my =Dy Dy oo Dy Dy oo Dy )y o

my = (D(X—I) Dy Dy ""D(n—'))’ e M= (m) e

where the suffix X is from / to i. Once one of the buck output terminals is selected, my
triggers register Reg.X to set the output signal modey of power comparator to a low state.
Moreover, the inverse signal Sy of output signal modey inhibits the related current signals I4xx

and /pkx. As a result, summation current /x> can be expressed as (40)

th .
Loy = Daxaoy —Larxay = Lsxxy =~ Laxx(my for n” operation of second loop (40)

where the suffix » is used to indicate the n operating-times of the second loop. /yk>,) and
Ipkxn) are the current signals by the n™ operation of the second loop according to the priority
of load condition. Once current Iyk>x) 1S smaller than current /i, output signal EN; of
comparator CP; is set back to low state. That 1s, the charge-detection process is ended, and the
proposed converter can really avoid the current accumulation and minimize the output ripples
of the buck output terminals in hysteresis mode. The hysteresis mode operates until current
level of summation current /jx; is smaller than that of summation current /p7;. The output
signal EN; of comparator CP; is set to low, and the hysteresis mode is switched to PWM

mode.

4.2 Delta-Voltage Generator

To generate an accurately inductor current slope signal for power comparator circuit, a
novel delta-voltage generator is proposed in Fig. 63 and 64. The delta-voltage generator
depend on the definitions of equations (34) and (35) to generate the different inductor current
slopes for the smooth switching between hysteresis and PWM operation modes. In order to
meet the input common-mode range of delta-voltage generator and measure buck and boost

output voltages, two delta-voltage amplifiers with different input types are proposed for the
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Fig. 63. The proposed novel delta-voltage generator is used to generate the intermediate

value according to the multiple buck output load conditions.
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Fig. 64. The proposed novel delta-voltage generator is used to generate the intermediate

value according to the multiple boost output load conditions.

amplifier with multiple-output voltages including Vox/~Vok, and supply voltage Viy is
depicted in Fig. 63. The block of the Vs cancellation is used to remove the Vs term in the
difference voltage between Vi and Vok;. The delta-voltage amplifier with multiple output
voltages is used to generate the intermediate values. The intermediate values Viyx and
Vki~Vkn in delta-voltage amplifier of buck output terminals are expressed as (41). Similarly,

for the multiple boost output terminals, the amplifier with multiple output voltages as shown
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Fig. 65. The differential transconductance amplifier for the generation of the inductor

current slope.

in Fig. 64 can generate intermediate values. The intermediate values Vy and Vy~Vry, in
delta-voltage amplifier of boost output terminals are expressed as (42). Thus, the current
slopes mg; and myz; can be derived as (41) and (42) which are implemented by the differential
transconductance amplifier as illustrated in Fig. 65. The input signals Vj,, and Vi, of
differential transconductance amplifier are connected to the output terminal of the
delta-voltage generator. Therefore, the current slope mg;~mg, and mr;~mz, of buck and boost

output terminals are derived as (43) and (44), respectively.

_VINK— —(l_n) 1 1 1 ar VIN -
Ve, 1 (1-n) 1 1 Vori
Vs :l 1 1 (l_n) 1 Voka +(n_1)XVGS (41)
| Vi | |1 1 1 (1_") Vo |
_VINT_ _(l_m) 1 1 L Viv |
Vi . 1 (l—m) 1 1 Vor m
Via :; 1 1 (l—m) 1 Vora +mXVGS_2VGSJ (42)
: ) ) ) ) : : =
v, |1 1 1 (t=m) [ Vor |
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mKl VK] VOK]

m 14 V

o=l 1V, =V, —| %*| for buck output terminals (43)
M, Via Vo
mT] VT] VOT]
m V. v

PA=Vyr - :Tz = 0:” -V, for boost output terminals (44)
me VTm VOTm

All of output voltages mg;~mg, and mr;~my, of delta-voltage generator are sent to the input
terminals of the power comparator circuit in Fig. 61. Therefore, the smooth transition between

the PWM and hysteresis modes can be determined.
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Chapter 5

Measurement Results

The proposed SIMO DC-DC converter with the LDPCC technique was implemented in
TSMC 0.25um 2P5M technology. The micrograph of the SIMO DC-DC converter with 4
output terminals is shown in Fig. 66. The supply voltage is 1.8V. The pre-defined output
voltages are 1.25V and 1.35V for the two buck output terminals and 2.0V and 2.25V for the
two boost output terminals, respectively. The measured inductor current waveform (/;) of the
PWM mode at heavy loads is shown in Fig. 67. The ac coupling measurement of LDPCC
level Vipear clearly shows the controlling sequence-1I in the inductor current (/;), which is

similar to the description in the previous section as illustrated in Fig. 25.

1800 um -

2100 um —

A

Fig. 66. Micrograph of the proposed SIMO converter and the chip size is 1800%*2100pm’.
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Fig. 68. The measurement of load regulation and cross-regulation when a stepping load

(10mA to 100mA) at the buck output terminal VOKI.
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Fig. 69. The measurement of load regulation and cross-regulation when a stepping load

(10mA to 100mA) at the buck output terminal VOK2.
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Fig. 70. The measurement of load regulation and cross-regulation when a stepping load

(10mA to 100mA) at the boost output terminal VOT]1.
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Fig. 71. The measurement of load regulation and cross-regulation when a stepping load

(10mA to 100mA) at the boost output terminal VOT?2.

The measurements of load transient and cross-regulation are shown in Fig. 68~71. As the
measurement results which are shown in Fig. 68 and 69, a stepping load condition (10mA to
100mA) is added to buck output terminals Vok; and Voko, respectively. Since the output
power of buck output terminals is larger than that of boost output terminals, the hysteresis
mode is enabled for avoiding the current accumulation issue. Hence, the output terminals Vog;
and Vok, are directly regulated by path O which turns on the freewheeling switch Mgpr and
isolation switches Msyx; and Msyx, at the same time. However, the output ripples of

terminals Vog; and Vg, are increased by path O since the inductor L has been passed.
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Therefore, large output capacitors Cox; and Cog, are necessary to reduce output ripples, but
greatly decrease the transient response at stepping load transition. Besides, the noise which
comes from large ripple of buck output terminals Vog; and Vog: couples to other output
terminals and lowers lower load-regulation and cross-regulation. Similarly, a stepping load
condition (10mA to 100mA) is respectively added to boost output terminals Vor; and Vor
which are shown in Fig. 70 and 71. Since the output power of buck terminals is smaller than
that of boost terminals, the hysteresis mode is disabled and PWM mode is used to regulate
output voltages. Output ripple of PWM mode is smaller than that of hysteresis mode.

Since large information was measured, the statistic charts are used to describe the
performance of the proposed converter. The cross-regulation charts of the buck and boost
output voltages are shown in Fig. 72 and 73, respectively. In Fig. 72, the load current of
50mA is added to the boost output terminals in order to show the cross-regulation of different
operation modes. This indicates that the hysteresis mode increases the cross-regulation from
0.07% to 0.22%. Similarly, the cross-regulation of the boost output Vor; is shown in Fig. 73.
It is slightly increased from 0.05% to 0.35% in the hysteresis mode. It is smaller than the
value of 0.79% in the pervious works. The line- and load-regulation charts of the buck output
in PWM and hysteresis modes are shown in Fig. 74 and 75. In the PWM mode, the boost
converter is operated at heavy loads. Contrarily, in the hysteresis mode, the boost converter is
operated at light loads. The line-regulations of the buck output voltages are smaller than
0.8%/V, and the load-regulations of the buck output voltages are smaller than 2% in the two
operating modes. Figure 76 and 77 show the boost output voltages in the PWM and hysteresis
modes. The results depict that the line- and load-regulations between the two modes are
similar. The load-regulations of the boost output voltages are smaller than 1%, and the
line-regulations of the boost output voltages are smaller than 0.5%/V. The output ripples of
the buck and boost output voltages are depicted in Fig. 78 and 79. In the PWM mode, the

output ripple is controlled by the values of the inductor and output capacitor, and thus the
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value is smaller than 4mVp.p. In the hysteresis mode, the output ripple of the buck output
voltages is increased to 22mbVp.p, and the output ripple of the boost output voltages is
increased to 6mVpp. The power conversion efficiency is shown in Fig. 80. The PWM
operation with load-dependent peak-current control has improved highly power conversion
efficiency from 85% to 93%. In the hysteresis mode, due to the energy delivering path

without flowing through the inductor, the conversion efficiency drops to 80%~85%. The

performance of the SIMO DC-DC converter is summarized in Table II.

Cross regulation at VOK2
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Fig. 72. The cross-regulation at the buck output Vg, in the PWM and hysteresis modes

82



Cross regulation at VOT1

0.5

tpUt (o/o)

o
i

o PWM mode

0.2

Cross regulation at boost ou

Fig. 73. The cross-regulation at the boost output Vo7, in the PWM and hysteresis modes

Line- and Load-regulation at VOK1 in PWM mode

Buck output voltage (V)

Fig. 74. The buck outputs operate in the PWM mode when boost outputs operate at heavy
loads.
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Line- and Load-regulation at VOK1 in Hys-mode
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Fig. 75. The buck outputs operate in the hysteresis mode when the boost outputs operate at
light loads.
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Fig. 76. The boost outputs in the PWM mode when the buck outputs operate at light loads
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Line- and load-regulation at VOT2 in hysteresis mode
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Fig. 77. The boost outputs in the hysteresis mode when the buck outputs operate at heavy
loads.
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Fig. 78. The output ripples estimation of buck output in the SIMO converter
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Fig. 79. The output ripples estimation of boost output in the SIMO converter

The efficiency chart of SIMO DC-DC converter

efficiency (%)

Fig. 80. The power conversion efficiency of the SIMO DC-DC converter with the LDPCC
technique.
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Table. II. Summary of the performance.

Supply voltage

1.8V @ temperature = 0 °C ~ 80 °C

Inductor

10 uH (£10%)

Filter capacitor

33 pF with low ESR (small than 50mQ)

Switching frequency

660 kHz

Process TSMC 0.25um 2P5M CMOS
Chip area 1800%2100pm’
Converters Buck; Buck, Boost; Boost,
(Vokr) (Vokz) (Vorr) (Vor2)
Output voltage 1.25V 1.35V 2.0V 2.25V
Output PWM mode dmV 3mV
ripples Hysteresis mode 22mV omV
Load-regulation 2% 1.5% 1% 0.9%
Line-regulation 0.8%/V 0.55%/V 0.5%/V 0.4%/V
Vok: at heavy load NA 0.22% 0.35% 0.31%
Cross- Vok> at heavy load 0.24% NA 0.35% 0.31%
regulation | ot heavy load | 0.08% 0.074% NA 0%
Vor: at heavy load 0.16% 0.074% 0.05% NA
Conversion PWM mode 90% 93%
efficiency Hysteresis mode 80% NA
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Chapter 6
Conclusions and Future Works

6.1 Conclusions

In this thesis, the previous techniques of SIMO converter such as state-machine peak
current control technique, charge-control (QC) technique, time-multiplex (TM) and PCCM
technique, freewheeling current feedback control technique, and OPDC technique has been
studied. Since the sub-functions of portable devices need multiple supply voltages are higher
or lower than the battery potential, the SIMO converter which can simultaneously provide
buck and boost output voltages becomes a very important demand in the field of power IC.
The fundamental behavior of SIMO converter is used to analyze basic controlling sequence
and simplify the topology of power structure. To combine the QC and PCCM technique in the
minimum number of power switches, the proposed controlling sequence-II evolved into an
optimal solution. Without wasting any storage charge in the inductor L, the proposed
controlling sequence-II can completely distribute the storage charge among the buck and
boost output terminals.

Since the high freewheeling current and long freewheeling period of PCCM technique
decrease the power conversion efficiency at light load condition, the load-dependant
peak-current (LDPCC) technique is proposed to ensure system stability and minimize the
power conversion efficiency at load deviation and light load condition, respectively.
Furthermore, the cross-regulations of buck and boost output terminals are minimized by the

dynamic adjustment of LDPCC current level (/,eqr). Owing to the proper LDPCC level (Zpear)
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adaptively controls the storage charge in form of inductor current (/), output terminals can be
regulated stably without over- or under-charge issue.

In order to achieve the flexibility of output terminals, the proposed design of control
logic has been designed into a repeatable module. According to the required supply voltages
of portable device, the control logic can arbitrarily increase or decrease the number of output
terminals. Since the used topology of power structure in this thesis has the current
accumulation issue during output power of buck terminals is larger than that of boost
terminals, the power comparator and delta-voltage generator have been proposed to address
the unstable situation. While the boundary condition of current accumulation was detected by
power comparator, the extra current path which is path 0 is created by turning on
freewheeling switch and buck output switch at the same time. The stability of SIMO converter
is achieved, but the large ripple, noise coupling, and low transient response are measured at
output terminals.

Furthermore, there has advance circuit in the proposed SIMO converter. The proposed
maximum voltage selector not only accurately detects the maximum voltage among supply
voltage and output terminals without short through current, but also greatly reduces bias
current and transistor number. The flexibility of maximum voltage selector is also achieved.
On the other hand, the voltage spike on node Vy causes the possibility of leakage current and
latch up loop during the switching duration of power switches. A novel adaptive body switch
(ABS) circuit is proposed to adaptively and rapidly select the highest voltage level between
drain and source terminal of power switch. Owing to the simplest structure of ABS circuit, the
ultra low power consumption and chip area is achieved.

This thesis proposes a compact-size and high power conversion efficiency SIMO
converter for portable device. The proposed SIMO converter with minimized switch
transistors utilizes only one inductor component to provide multiple buck and boost output

voltages. The energy stored in the inductor can effectively deliver to the buck and boost
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output terminals without inductor current accumulation issue. In other words, the proposed
hysteresis mode operation and the new delta-voltage generator address the current
accumulation issue. Therefore, the proposed SIMO converter not only provides multiple buck
and boost output voltages but also minimizes the cross-regulation within 0.35%. Furthermore,
owing to the LDPCC technique, the SIMO converter achieves high conversion efficiency

from 80% at light load condition to 93% at heavy load condition in the experimental results.

6.2 Future Works

The proposed SIMO converter provides the minimum cross-regulation at multiple buck
and boost output terminals and higher power conversion efficiency at light load condition.
The proposed hysteresis mode addresses current accumulation in inductor while the output
power of buck output terminals is large than that of boost output terminals. Since those
solutions only address the particular issues in the fewer power switches structure. In order to
have future works on single inductor structures, there are many challenges on the studies of
SIMO converter. Such as that the minimum controlling loops for reducing chip area and
power consumption, the fast transient technique for stepping load transition, a new controlling
algorithm for adaptive controlling storage charge in the inductor, and the modeling study of

SIMO converter.
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