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Abstract

The increasing demand of green energy in today’s electronic devices needs multiple
input sources to deliver high driving capability to single output. Thus, parallel DC-DC
converters are widely used to achieve large drivihg capability. When using parallel system,
the major concern are the unifofm current|distribution caused by the initial output voltage
difference and low efficiency atlight loads caused by the large switching loss of each DC-DC
converter. Considering the current-sharingissue, the simplest method is the droop technique,
which has the drawback of increasing -output voltage variation. Thus, the proposed
Positive/Negative compensated (PNC)..dynamic droop scaling (DDS) technique can
effectively reduce the output voltage variation, thereby meeting the requirement of allowable
minimum output voltage. Besides, the PNC method enhances the performance of output
voltage stability.

Furthermore, the light-load efficiency can be improved by a switching loss calculation
(SLC) circuit. Actually, by means of the design of SLC circuit in the PNC-DDS system, it can
decide the optimum driving solution according to the loading condition. That is, more than
one input source is disabled to reduce the switching loss at light loads. Contrarily, multiple
input sources are preferred to reduce the conduction loss at heavy loads. In other words,
PNC-DDS system with power management can achieve low drop output voltage for current
sharing issue and high efficiency over a wide load range.

Experimental results show the efficiency can be improved approximately 12% at light
loads when two input source are regulated at the switching frequency equal to SMHz and 5V
supply voltage while doing the good current sharing. This efficiency improvement is equal to

decrease about 105g CO, wasting per day.
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Chapter 1

Introduction

The increasing demand of green energy in today’s electronic devices needs
multiple input sources to deliver high driving capability to single output. Thus,
parallel DC-DC converters are widely used to achieve large driving capability. That is,
the paralleling of DC-DC converter modules offers a number of advantages over a
single centralized power supply. This thesis introduces the benefit of using
multiple-input source single-output (MISO) system in Chapter 1.1 first. Second, when
several DC-DC converters are connected in parallel, the major concern is the uniform
current distribution of each cenverter. Two_kinds of current sharing methods with
different complexity and current-sharing performance are introduced in Chapter 1.2.
In Chapter 1.3, the discussion of'the conduction' and switching losses at different
loading condition is described to find out a better way for the power management

control for parallel DC-DC converters.

1.1 The benefit about multiple input source

single output (MISO) system

With the explosion development of integrated circuit, the consumer specification
of the power system is hard to meet only by means of single power system. Therefore,

the MISO system is utilized to satisfy the requirement in Fig 1.



The advantages of the MISO systems are as follows [1]. The first advantage is
modeled power system. Using single power system, the designer needs to redesign the
whole system when the consumer requirement is changed. However, the MISO
system has the parallel modeled power system and the output power requirement can
be met by just choosing the number of parallel power system modules. The second
advantage is high current driving capabilities. That is, the load current of the MISO
system is separated into multiple power system, thus lowers the requirement of the
current driving capability for single module. The third advantage is high conversion
efficiency. The power efficiency for the MISO system is better than that of the single
power system since the conduction loss is greatly reduced by means of parallel

connected power system [2].

Supply o—o| Dc-Dc Converter
source [ Module 1

Supply Dc-Dc Converter Qutput
source 2 © Module 2

Supply Dc-Dc Converter
source NO Module N

Fig. 1. MISO system.

1.2 The introduction for two majorly current

sharing methods

When the MISO system is used, if the current-sharing mechanism of the



converter system is not well-designed, one or more modules may bear higher load
current. As a result, the reliability of the system is deteriorated and the merit of
paralleled power supplies is as significant as expected. In this section, a brief
introduction for two types of most common current sharing methods, which are the

droop and active current-sharing methods, is presented in this section.

1.2.1 Droop Method

The principle of the droop method is to use the output resistance to form the
function of current sharing [3]. In Fig 2, when the resistor Ry is connected to the

output of the DC-DC converter, the current difference 41y can be drive as (1).

Vis =V,
Aloz‘101_102‘:|02R—01| (1)
s

The voltages Vp; and Vp,-are-the no-load output voltages of DC-DC converters

and the currents Ip; and Iy, are the corresponding output currents. The voltage Vo is

the output voltage of the MISO system:with load resistance R;.

I, ol I, o2
I/()ul
Ry Ry

Dc-Dc
converter
Module 1

Dc-Dc
converter
Module 2

Fig. 2. The droop method by means of external resistance method.

The current sharing performance affected by no-load output voltage of DC-DC
converters is shown in Fig 3(a). If the difference between Vjp; and Vjp, becomes
smaller, the current difference is decreased too. In Fig. 3(b), a larger resistor Ry results
in a better current sharing performance, but the output voltage will drop to a lower

level if the same rated current is required, even that the value may be below the



minimum allowable output voltage. Since the no-load output voltage of DC-DC
converters can not be decided by user and will be easily affected by the process
variation of the components. Thus, the droop slope is the reasonable way and the
trade-off between the current sharing performance and output voltage variation

becomes the major concern using the droop method.

V07I l/6‘ l/071 l/02 4 #7
2
v, :
i
|
I, Lo 1, o1, lp2 Io 1o 1o, o1, 1o2
2 2
(@)
y y
Vo " Vo ’ Voh V02
Vo

»
'

o I, /07:/02 L1021 1, /07:/02
2
(b)

Fig. 3. The current sharing performance of droop method at (a) different output

voltage for converters with no-load current and (b) different output voltage droop

slope.
1.2.2 Active Current-Sharing Method

The major difference between the active current-sharing method and the droop
method is the demand of an external pin to connect the current sharing bus as shown

in Fig. 4. The current sharing bus conveys the output current information and provides

4



the signal for the internal current sharing controller to adjust the output current among

all the power modules [4].

Module 1
lo1 lour
_— _—
Vint Power Stage 1 ?
T
Current Sharing
Controller 1 M—
9
. S
. N
- g
Module 1, i
Oon >
Vinn Power Stage n ? .
S
Q
t W
Current Sharing 5,
Controller n

Fig. 4. Active Current-Sharing Method with current sharing bus.

The automatic master method is the common technique using the internal
controller for active current-sharing method [5]. The output current information of
each power module is connected to the current sharing bus by a buffer amplifier with
cascading a diode for rectifying the direction of current. Thus, it forces the current
signal at current sharing bus is the highest output current and all the power modules

can refer to this signal to adjust itself output current. The controller used automatic

master method is shown in Fig 5.



Buffer Amp

Current Sharing Control n :

sng Bueys juaino

/0,;0—-— kn

Buffer Amp

Fig. 5. The controllerin-Automatic Master Method

The advantages about using the Droop Method compared with Active Current
Sharing Method [6] are: The ‘circuit is simple and €asy to extend. It doesn’t need
additional pin to connect with €ach jpower.modules.. The power system is easy to be
modeled. The drawbacks are: The output voltage variation is increasing when larger
droop slope is used. The current sharing performance will be limited by the minimum
output voltage.

The advantages are superior to those of the active current sharing method. But
the trade-off between the output voltage variations and current sharing performance
by means of conventional method limits the popularity of droop method. It causes the

designers to find a method to break through the limitation.

1.2.3 Paralleling control of power system

As we know, the conduction loss is larger than the switching loss at heavy loads

[7]. It means that the parallel modules are suitable for improving conversion



efficiency owing to the small conduction loss. On other hand, at light loads, the
parallel modules will consumes much power than single supply module due to the
large switching loss. Especially, for the power system with large-size power MOSFET,
the switching loss is huge at very light loads. Thus, for a well-designed parallel
system, it must contain the ability to decide how many power modules are needed to
supply the output load based on the current load condition. Therefore, the parallel
control system needs a switching loss calculation circuit to decide when the parallel
modules have the best conversion efficiency in case of load variations. The switching
loss calculation (SLC) circuit is used to implement the mechanism of power

management system as illustrated in Fig. 6.

Solar cell battery

Vour=3V
]
EN Vin T 04D
| Buck converter I ;) | )4 —
@ 500kHz switching frequency
R 0ss
Parallel Control | ¢ "
System > > .
. Li-Ion battery
SLC o Vour=4.2V
. |
_L EN Viv Rioss

Buck converter N
o Vour—w—
@ SMHz switching frequency

Fig. 6. Parallel control system.

These power modules can be supplied from different sources like NiH, NiCd, and
Li-ion batteries or solar cells. Besides, the switching frequencies of the DC-DC
converters can be different to each other. Due to the SLC circuit, the parallel control
system can decide how many paralleling power modules are needed to drive the
output load. Certainly, the input sources can have different voltage values and

switching frequencies. In other words, the flexibility is effectively enhanced
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Chapter 2

The Dynamic Droop Scaling
Method

According to the previous discussion, the prior art of dynamic droop scaling
(DDS) method is presented to break through the limitation of conventional droop
method. The limitation of conventional,droep .nethod is described in section 2.1 and
the DDS method is proposed in section 2:2/ In"section 2.3, the implementation of the
DDS technique is presented. The' voltage variation| problem when using the DDS

technique is discussed in 2.4.

2.1 Limitation of Conventional Droop Method

Two major parameters are the value of difference voltage (A Vi) of DC-DC
converters at no load and the value of droop slope K when we adapt conventional
droop method in parallel systems. The former is the variations between different power
supply modules. The tolerance of A V) is usually controlled within 1% value of
output set-voltage V) in specification. Fig. 7 shows the relationship for output
current and voltage of the droop method. In Fig. 7(a), the design margin for droop

method is limited to A Vi), which is written as equation (2).

A‘/o(drp) = Io(rate) ’ K = AVo(max) - AV{)(XEI) (2)



Vo1 &

l/o(max)
l/o(sel)
X
N
et
N 8
N N
<
Vomigle — — — — — — — — — .:-— — + \/
t >
(a) /o(.rate) /0
Vor, Vor 4

|/D(min)
Vo

Fig. 7. Definition'of:dropout voltage.

Lo(rare) 1s rated current load, A Vignay) 18 maximum allowable output voltage
variation of the DC-DC converter systems. From+:Fig. 7(b), the maximum current
deviation between two power supply modules is inversely proportional to the value of

K and can be driving as equation (3).

Avo(mt) (3)
K

Al =1,~-1,=

It means that the larger value of K is, the smaller deviation between two power
supply modules is. However, owing to the steeper slope of droop method, the voltage
variation will exceed the minimum allowable output value V,in) at rated current load.

In other words, there is trade-off between error percentage of current sharing and

output voltage variation.



2.2 Dynamic Droop Scaling Technique

The major problem of conventional droop method is the limitation of the value of
droop slope. Thus, dynamic droop scaling (DDS) circuit shown in Fig. 8 is added to
the output of converters to exceed the limitation of conventional droop method [8].
The external resistor is composed of the on-resistance of ORing MOSFET [9], which
is used to prevent the individual power supply module from burning out because of
short circuit. The increment of load current increases the value of A V¢ by flowing
through the Rgeon of ORing MOSFET, and therefore the output current of
transconductor Gm also increases. Thus, the load current condition of the DC-DC
converter can be obtained and will be used to improve the current sharing

performance..

ORing

Fig. 8. Current sharing controller with DDS technique in single power module.

2.2.1 Principle of Dual Current Sensing Loop

Because of the negative feedback effect, the negative terminal of the error

10



amplifier is close to the value of V. and the current generated by transconductor will
only flows through resistor R, to generate a voltage drop, which is equal to A V,. The
total voltage drop due to the increment of load current is the sum of A V¢ and AV,. In

Fig. 9(a), we can write the new droop slope K, as equation (4):

_AV.+AV, IR +IRg,R

Ka
I

L=R (1+g,R)=R -1+C)) (3)
o(rate) Io(rate) (4)

where C, is equal to g, R,

lo
Power —
/ Module
(o)
Power —
Module Vo =i
+|/0(drp)'
V/ef —
+ — p—
Cl
—- A‘/d = C{l +] o(drp)
(@)
Ven
V,p—| Power lon v Vi
Module N -Rs >+

-gm1Rs

(b)
Fig. 9. Modified droop technique to reduce the power dissipation on sensing resistor R

(a) Insertion of another sensing loop to conventional droop technique. (b) Flow

diagram of new dual sensing loop of DDS technique

Fig. 9(b) shows the flow chart of dual sensing loop. It means that the value of
new droop slope is (/+C,) times of conventional droop slope and the variations of
Risiony values for different ORing MOSFETs can be compensated by the term of g,,R;
in equation (4). We don’t need to put much effort on selecting the perfect matching
external components for whole multiple-supplies system. Furthermore, owing to the

11



larger value of droop slope K,, the error percentage of current-sharing performance is

reduced by a factor (1+C,).

AV AV

_ O(XL’I) O(S(‘I)

Al = =
olmax) g K-(1+C,)

a

&)

Compared with conventional droop method, the DDS technique consumes less
power because only A V,u)/(Co+1) is dissipated by ORing MOSFET. The rest
voltage drop [ A V) Ca/(Ca+1)] is dissipated by resistor R;. Fortunately, the current

flowing through resistor R; is only I,R;g,,, which is far smaller than /..

2.2.2 Incremental Output Voltage Loop

Generally speaking, the enhanced droop slope K, deteriorates the minimum
allowable output voltage at rated.load current-as shown in Fig. 10(a). Therefore, in
order to keep output voltage of DC-DC converters -within the range of minimum
allowable output voltage and miaximum allowable rated current, it is needed to raise
the output voltage about AV, 4y for every Logaey(Ca+1) current increment of output
current. In Fig. 10(b), when the load current transits from region I to II, we raise the
output voltage about AV, to meet the specification. Equation (6) and (7) describe

the operation between two regions.

1
V=V —-I-K wherel] <———-1
0 ref 0 a o Ca+1) o(rate) (6)
V=V  +AV —1 K where -1 <l <L-I 7
0 ref o(drp) 0o " a Ca+1) o(rate) o (Ca+1) o(rate) ( )
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Vo A
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Slope=
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Io(m[e) I 0
— o(rate)
C, +1
(a)
Vo &
A [/u(zlrp)
Vo(min) -
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Region 1 Region 11 E~ g
~ ~ .
Io(mte) 2Io(rute) (N_I)Iu(mte) Nlo(rate) -
C, +1 C,+1 C, +1 C,+1

(b)

Fig. 10. Operation of DDS technique.

By extending two raising regions to C,+1 raising regions according to the new
drop slope, the load current and output voltage V-I waveform is shown in Fig. 11.
Owing to the compensation for extra voltage drop of C,+1 raising region, the droop
scale can be increasing to (C,+1) times of original and the error percentage of

current-sharing performance can be shrunk to only 1/(C,+1) times that of the

conventional droop method.
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Fig. 11. C,+1 raising voltage region for breaking through the limitation of

conventional droop technique.

2.3 The Implementation of DDS Technique

The implementation of dynamic droop.sealing technique is composed of the high
linearity transconductor and the incremental output voltage circuit. High linearity
transconductor defines low power dissipation performance of droop technique and the
circuit of incremental output voltage will break through the limitation of conventional

droop technique.

2.3.1 High Linearity Transconductor

The linearity of transconductor is important in dynamic droop scaling technique.
In Fig. 12, the output current of transconductor decides the droop slope of every power
supply module. Thus, for the system with the i power module shown in Fig. 12, the
linearity of transconductor decides the error current among these supply modules. In

order to improve the linearity of the transconductor, the flipped voltage follower (FVF)

14



[10] technique is used to reduce the output impedance. In Fig. 13, input differential

pairs are composed of flipped voltage follower pairs, which are (M, M3) and (M,, My).

It means that the linearity of the transconductor can be improved by the characteristic

of low output impedance of FVF. Furthermore, after the conversion of transconductor

G, S/H circuit samples the load current every switching period and hold this value as

Loem,avg, Which is written as equation (7) and shown in Fig.12.

Vlﬂ o—

In-gmi,avg e

S/H i

. Vr:»i RSi VD
Power Stage i —e—/\\/——
+ VCI -
}  PwMsignali
PWM
generator
v

Fig. 12. Dynamic droop scaling technique in-the i" power module.

VPBIASZ

AL

I

ogm.avg,

I

* I()RS gm

VPBIASZ
ro

[OUT

Fig. 13. Modified FVF technique in transconductor G,,.
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The average current lygy, a1 is mirrored to two current branches. One is sent to
error amplifier for the operation of droop method in Fig. 8. The other one is sent to

incremental output circuit to decide the operating region.

2.3.2 Circuit of Incremental Output Voltage

Fig. 14 shows the circuit of incremental output voltage, which contains a current
mirror, a smite trigger to be the current comparator array, and an adder of raising
current. The average current /,g,qv, sSampled from output current of DC-DC converter
is sent to compare with reference current sources from 1/ C,+1)Iger to C/Cy+1)Irer
to determine the increment current /,;. The raising current /,; flows through resistor R;
in Fig. 8 to generate constant voltage drop AV, and therefore provides the extra
compensation voltage A V,at thestransition point of C,+1 raising regions. The value

of AV,relies on the new drop slope as equation (9):

AV = AV (Cr 1) )
1 C‘.Y/{{ . VC V,
treuit Iogm bp
Iogm,avg
_________________ -— I
Voo E os

I I
| 0sb T
i ¢10S1 Vos l J ‘Iosc'a Vos

| . | 1

Voo I |
e o ‘ Switch 1 Switch Ca
3 I | eee
: | | |
I
SWe, | g < 17

Current comparator array Adder of raising current

Current|
Mirror

Fig. 14. Schematic of circuit of incremental output voltage is composed of a current r

current comparator array, and a adder of raising current.
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For example, the new droop scale is set to Ca times the value resulted form the
conventional method, offset current source is composed of Ca identical current sources
from 1,5 to I,sc.. As the result, the decision codes (SW;~SW¢,) will be sent to current
mirror array with a sequence. The switches from switch 1 to switch Ca are turned on
according to the operating region decided by /g, av Which is proportional to the output
current of DC-DC converters. In other words, the larger the load current is, the more
switches are turned on and the output voltage will be compensate with more A V.
Owing to the implementation of incremental output voltage circuit, the output voltage

will not exceed the allowable minimum output voltage at rated load current.

2.4 The voltage variation‘problem when using the

DDS technique

Because of the reference voltage of error.amplifier internal of the DC-DC
converter can not be obtained while using DDS technique, using the feedback loop of
the converters to adjust the output voltage for doing current sharing work is the better
way. Taking the buck converter to be example, Fig. 15 shows the implementation of
using the DDS technique to do the current sharing. For Rrg; and Rgp; is the feedback
resistance of the buck converter, the feedback voltage will be regulated by internal
error amplifier to V. [11] which is generated by the bandgap circuit in buck converters

when the system is in steady state. Where V,,scan be calculated as:

R
V — V — FB2 V (10)
ref FB o(set)
RFBl + RFBZ I

The droop enhancement current I, will source to the feedback pin of buck
converter making the current that flow through the Rgp; decrease and provide the

17



additional voltage drop to output voltage of buck converter.

Buck v, Vour

Converter - Ve &+
FB

Fig. 15. Using DDS techniquein buck converter

And the compensate currefit Jos:will-sink from the feedback pin providing the A
Vos voltage raise to output voltage. In'other words, the Vzz and the Rgg; will be the V.
and R; in Fig. 8. A stability problem is needed to be mentioned when the DDS
technique is used to a DC-DC converter. Because of any small distribution at feedback
pin makes the converter having transition response, the sharp dc current change cause
by the incremental output voltage circuit in Fig. 11 will produce a DC voltage drop at
feedback pin and make the system into transition state [12]. If the output current of the
DC-DC converters change rapidly and widely, the system will keep taking transition
response and make the output voltage to have variation problem. The variation of the
output voltage can be huge according to the transition performance of DC-DC
converters and the current change of incremental output voltage circuit, that will effect
the current sharing performance and need to be improved by finding a better way to
compensate the output voltage drop by the DDS technique.
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Chapter 3

The theory of PNC method and
SLC circuit

From the discussion in Chapter above, there is two problem need to be concern
about. In Chapter 1, the switching loss problem at light load condition for parallel
converters has been point out that need to find a dynamic control method to improve
light load efficiency. And in Chapter 2, the output voltage variation problem needs to
be deal with when the DDS method is using to €nhance the droop slope for better
current sharing performance. The positive/negative compensate (PNC) method will be
introduced in Chapter 3.1 to tnake.the-compensate-'current of incremental output
voltage transit smoothly, reduce the output voltage variation. And the analysis about
using PNC method on buck converters will be presented in Chapter 3.2. In Chapter 3.3,
the loss analysis on a modeled buck converter will be introduced. Finally, the theory
about switching loss calculation (SLC) circuit will be presented to provide a really
good method improving the efficiency of the parallel buck converters at light load

condition in Chapter 3.4.
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3.1 The theory about positive/negative
compensate (PNC) method for voltage

compensate circuit

In the DDS, the steeper droop slope has a better current sharing performance due
to the large droop resistor. However, the voltage variation may exceed the allowable
minimum output value V,.in) at rated current load I, as depicted since the large
voltage drop across the large droop resistor. In other words, there is a trade-off
between the error percentage of current sharing and the output voltage variation. Thus,
the voltage incremental circuit is involved in the'DDS technique to break through this
limit. As shown in Fig. 16(a), the conventional. method in DDS has two major
drawbacks. The output voltage at'thestransition currents will be undefined causing the
stability problem and the sharp wayeform deterioration the output voltage variation

problem decreasing the current sharing performance.

The voltage at these
current will be undefined

AVio(a)
Vo(min) -

Region | | Region I

1 l
—*Iu(rate) L*IO mt(z
¢, +1 C,+1 o0

a

Waveform is sharp

Fig. 16. The sharp output voltage to load current waveform.
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To solve this problem, the compensation method should not only add a DC voltage
raise to the output voltage when it drop to V,min) during the output current increasing.
In order to smooth waveform, the compensation voltage can not be raised instantly and
a compensation region should be created. The variation of the output voltage near the
transition current need to decrease as much as possible, it means the condition of
output current must be considered for being a element of the compensate voltage.
Since the V,in) is reached, using the positive droop slope for compensation region of
output waveform is the only way. While designing the compensation region, we still
need to mention that the slope of waveform effect the current sharing performance
directly. Fig. 17 show the waveform of different design of output voltage, the even
region is compensation region. In Fig. 17(a), smaller compensation slope of the output
voltage smooth the waveform but the current sharing performance be worse than
original. With bigger slope in Fig. 17(b), the number, of transition current is increased
due to more regions are created-and the circuit design’ difficultly is increased. At the
same time, the current sharing perfermance will*not be same in different region

causing the stability problem.

v More smoothly, but the current The number of transition current will
o sharing performance will not be good Vv, increase and hard to design

A A

A Vo(drp)

A

Vo(min) - -
o0 0
— —>j— ~7 l— —p [ —
Region | Region I = Region | Region Il
lo Regﬁon Il lo
(@) (b)

Fig. 17. The waveform of output voltage for different design in compensation region

(a) smaller slope (b) bigger slope
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Thus, the improved DDS (IDDS) technique with the new positive-negative
compensation (PNC) method is presented in Fig. 18. According to the PNC method,
the rated current is divided into C,+/ regions within the allowable output voltage
variations and the transition current keep the same with original DDS technique by just
turning the even region in Fig. 10.(b) to be the compensation region. The slope K, of
each odd region is — AVarp)(Cat+1)/ Io(rare) On other hand, each even region has a slope
of AVyarp)(Cat+1)/ Lorare) Where C, is the magnification factor for increasing the droop

slope in the DDS technique.

K,=-AV, ., (C,+D/1 for Reigon I, III, V..... (11)

o(rate)

K,=AV,, (C,+D/I

a

for Reigon II, IV, VIL..... (12)

o(rate)

Only one stability.Voltage
V, point at these current

[

AVo(arp)
Vo(min')' -
o0 0
1— —>l— —»! ~ o
Region | | Region Il =
1 2 lo

Y _Z xq
Ca +1 o(rate) C +1 o(rate)
Waveform is more smoothly

Fig. 18. The theorist PNC waveform for voltage compensation.

The transition from two different regions causes the droop slope has different
signs in order not to exceed the allowable output voltage variations. And the slope in

compensation region is same with the original droop enhanced by DDS to keep the
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current sharing performance. Certainly, the IDDS technique has a more stable
operation than the previous DDS technique due to the smooth transition between two
different regions. It can extend the rated current load within the allowable output

voltage variations and will not cause the output voltage variation problem.

3.2 Analysis for using PNC method for buck

converters

Take buck converters to be example, the discussion can be divided into two parts

as analysis for single buck converter-and analysis for parallel buck converters.

3.2.1 Analysis of single buck converter

Continued from the previous discuss in Chapter 2.4, let us consider the saturation
for single buck converter first. Using the PNC method for buck converter can be

analyzed in Fig. 19

/o
Buck v, Vo Vour
(o)
Conll__/gﬂer Roras(on
+ Ve -

/ ’l §R7 IDDS

Tli A, foom

/ ogm
<t“—>
/ Ienc
Vis 2| < Ao

Fig. 19. The analysis for using PNC method for single buck converter.
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R; and R, are the feedback resistors of the buck converter. Because the Vgp is
regulated to V,, by the internal circuit in the buck converter, the current I; and the

original output voltage V,.) can be calculated by let /,=I; as follow [13]:

=V

Vv
12 :;Ef’v ref

o\ se +IR 13
R, (ser) oY (13)

For R;is the Rgs,n) of the ORing MOSFET providing the original droop slope, /1,
is the output current of the converter, the current /g, is the current shown in equation
(8) which is generated by the transconductor in DDS circuit and the current Ipyc is the
droop enhancement current from IDDS circuit mixed with the compensation current

I.om and I,,,,. The new output voltage V, of buck converter can be derived as follow:

Vo = Vref

+ 1R, (14)

Since the FB pin of buck converters Will not sinking or sourcing current from Vg
and the current I, is regulated at’stately state as-equationi (13), /; can be calculated from
equation(15):

I, = I+ Tye (15)

If the Ipnc is positive meaning the current is sourcing to the Vgp pin, the current /;
will be lesser than I, resulting in the V,<V,.; from the comparison with equation (13)
and (14), and if it is negative meaning the current is sinking from the Vrp pin, the
Vo>V,iser) Will be the result. Consider saturation that the current Ipyc is increasing, the
output voltage waveform will get a negative slope because of the decreasing current of
I;. On the other hand if the Ipyc is decreasing, the output voltage waveform will have a
positive slope due to the increasing value of /;.

It seems that the current Ipyc is the key elemental of the PNC method and the

design of Ipyc is most important part overall. The analysis of Ipyc is shown in Fig. 20.

Consider a buck converter “Buck L” with the lowest original output voltage
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Vorssery, the maximum voltage drop range is A V,p ) and the rate current is Iorrare)
with the output current of /,g,; from the transconductor in IDDS. For (Ca+1) times
enhancement from original droop slope, the rate current is separated into (Ca+1)
Region and need to be compensated due to additional voltage drop. The waveform of
V+1gme 18 produced by sinking the current /,,,,;, which is proportional to /g, from Vgg
pin. Otherwise sourcing the current /.., being proportional to I, to the Vg pin will
generate the waveform of V... The triangle waveform that is the final result in PNC
method can be composed with taking part of waveform in V., and V.. But there
are still two major concern need to be deal with, the voltage drop at the on-resistance

of ORing MOSFET R, and the DC voltage difference.

Vour

A

\ Rl R R R Ca, R (Ca+1)

T V\lgmL

i e

1Voriiny

Io rate Ca+l
L LoLg ef(Catl) :
V --. """""" ‘V.OL > I
oL(set] S | our

T T \+/10L(rale)

+ VCOM = 2/ VoL(tIr h o

P)
\\\
~~~~~ V—]gmL

Fig. 20. the composed triangle waveform in PNC method

Let us consider the (C,+1/) times enhancement droop slope in DDS, the C, times
voltage drop is provided by controlling the current /; and the original one times slope
is provided by the R,. If the positive (C,+1) times slope is need, the current /; must

produce (C,+2) times slope by flowing through the R, to overcome the original slope.
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From the discussion above, the current I, and Iz, will have the relationship as

follow:
I, . =K.,,,  where k is a constant (16)
C,+2
I+gmL = C I—gmL (17)

The other problem comes from the DC voltage difference from the waveform of
V.igme and Vijgmr. Although the positive and negative slope can be composed by the
waveform of Vg, and Vg, but a compensation voltage V., 1s required to shift the
DC voltage level at transition currents to make the continued triangle waveform. Since
the voltage drop in every region is AV, ), the compensation voltage V.., can be

calculated at different transition currents, in Fig..20 as follow:

com

Vew =20V, .\, Wherein= {%J for region N (18)

This compensation voltage can be’ generated by adding a current /.., to flow
through the R; additional to I,z or Lguz: Finally, the compensation current Ipyc; that
can produce the triangle waveform for a single buck converter can be derived in

equation (18), (19).

J — 1Mt IgmL +1,,, forregion N (19)
I,.=0 forregion 1
N| 2AV, . : 20
com. =0 ® {3} * R+L(d'p), where o =-1" for region N 20)
1
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3.2.2 Analysis for parallel buck converters

For the parallel buck converters system, we need to consider the synchronization
problem. If all of the buck converters are not operated in positive region or negative
region at the same time, the output voltage difference between each buck converters
will increase and deterioration the current sharing performance. Thus the better way to
control the whole system is transiting all the parallel buck converters at the same time.
Otherwise the compensation current /.,,; for each buck converters will be different
according to the original output voltage at no load condition and the DC voltage level
at transition currents. Thus it is arduous to design the fixed particular current /., by
sensing the initial condition for each buck converter. There must be another way to
compensate the DC voltage diffetence for each ‘buck converters additional to the
current in equation (19) for parallel buck converters system.

Let us simplify the questiont by taking 2 buck converters to be example in Fig. 21.

Vo
AR RN RI R Ca R (Cat1),
-t - - - PV om?
T .- ) VflgmL
: vee”
__$ ‘/IL(;(drp) -": ::: \ ‘\ A
"""""" 2A Vi 3
| "‘::: ::: VOI, VOQ
VoL(set) ] W >I
N o
E ~~~~~~~~~~~~~~ IoL(rate)
Ly rare (Ca+1)
4 ‘/com = 2‘/0L(drp) ~~~~~ 00 0
41 2A‘/d = 2(V+1gm2 _V+IgmL) k\\\ Vv—[gmi)
- V-]gmL

Fig. 21. The analysis for two parallel connected buck converters system
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Fig. 21.show the analysis for two buck converters system: Buck 2 and Buck L, where
Buck L is the buck converter with lowest original voltage output at no load current
condition and Buck 2 is one of the buck converters other than Buck L.

There are many reasons for making the transition current decided by Buck L.
Because of the original output voltage of it is lowest at no load condition in each buck
converter, the AV, of it is the smallest one resulting in the R, value which provide
the original slope can not be too large. In other words, it is the worst case from all
parallel buck converters. Due to the V,p.) is the smallest output voltage, the output
current of Buck L will be the lowest and since the output current of each buck
converter is sampling from the transconductor to I, it is possible to find the lowest
one. By setting the I,z(ar) of Buck L to be the condition for transition current, the
Lor(rare)/(Co+1) Will be the range between each transition current and the 2V . Will be
the compensation voltage V.

For the Buck 2, because of the toetal’ DC difference voltage will change according
to the initial voltage of the buck Converter. From the analysis in Fig. 21, in order to
generate the continued triangle output voltage waveform, we can find the
compensation voltage drop when using V.2 to provide positive slope can easily be
obtain by adding 2 times of voltage difference between Vg2 and V., additional to
Veom- Thus, an additional voltage drop 2 AV, is generated by sourcing a current

proportional to the current difference 1, through the R;, where:

Id :I()ng_IogmL (21)

2A‘/d = 2(V+Ign12 _V+IgmL) = 2(I+ng - I+gmL )Rl = 2kIdR1 (22)

The compensation voltage drop 24V, only need to be added when transit into
even region with positive slope to Buck 2. The stability may be challenged in parallel
buck converters system by letting the buck converter with larger output current
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compensate more voltage than lower output current one in positive slope region, but
the solution is obviously. The compensation voltage 2.4V, drop also providing the
negative feedback loop for stability during positive slope region, if some perturbation
occur to increase the current difference between Buck 2 and Buck L, the AV, for will
increase providing additional voltage drop at Buck 2, reducing the output voltage
difference between Buck 2 and Buck L, force the current difference back to the setting

of IDDS.

According to the principle discuss above, the operation when M number of parallel
connected buck system can be obtain. Sampling the current output from the
transconductor and choose the buck converter with lowest I, current to be the Buck
L first. Setting the I,rrae) to decide the tramsition current and calculate the current
difference between Iygmy to Ipenmz i the sécond part. Finally, an index of the Ipycy for

Buck M except than Buck L can‘be'drive as follow:

Loy ==V Ty +1,,,,, forregion N (23)
I,..=0 for region 1
2AV 24
Loy =0 ® [%} ‘%+ k(o +1)I,,where o =-1" for region N 24)
1

The mathematic formula of Ipycy and Ipyc, may be complex, but the circuit for
PNC method is quite simple making it is easy to implement.

The analysis above proving the PNC method with lesser output voltage variation
by output the continued triangle voltage waveform, and the stability in positive slope
region can be maintained from the current difference element /; in total output current
Ipync of IDDS circuit. The PNC method using by IDDS is really better than the original

compensation circuit in DDS.
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3.3 The loss analysis on a modeled buck

converter

From the discussion in Chapter 1.2.3, a power management system is needed to
improving the light load efficiency of parallel buck converters due to the switching
loss. To design the whole power management method, we need to analysis the loss

when a buck converter is supplying the energy.

Start from modeling the buck converter in Fig. 22 first. Because of the output
current for the buck converter is several ampere in our case, the power MOSFET is
always external the buck converter due, to.the huge size. An external high current
specification power MOSFET result in huge-input capacitor and make the high side
MOSFET using NMOS rather than PMOS because of the current driving density of

NMOS is better than PMOS [14].

switching loss part“Viss=conduction loss part

............................................................................................................

BUCK . oMoy

............................................................................................................

Fig. 22. The analysis for two parallel connected buck converters system
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Let the discussion focused on the external conduction loss and switching loss and
for the value of the output current I, is several ampere, thereby ignoring the internal
loss of each buck converter. Since the conduction loss occurs on the current path
mainly [15] and the switching loss occurs on the power MOSFET [16], the model of
buck converter in Fig. 22 can be separated into conduction loss part and switching loss
part. The resistance on current path is shown in figure, Vpy is the supply voltage and
the on-resistance of ORing MOS using to provide the slope in IDDS is Ry, the R;pcg is
the DC equivalent resistance of inductor and the on-resistance of power MOSFET is
Rision)- For the output current /,,, the loss on the power MOSFET is DI(,mZRdS((,,, ) and
(1 -D)IW,ZR,[S(M) due to the switching operation of buck converter [17]. The power loss

on conduction loss part is shown in Fig. 23.

Vi _
=T~ conduction loss part

[f=—=-——- |
Mnpy =

2 .
Dlout Rds(on) |

: ] 0ut2RLDC :
BUCK '._rwn_R-,M_wer_VO |

[ outst

Fig. 23. The analysis for two parallel connected buck converters system
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After summing the power loss on each device, the total conduction loss Pcy can

be calculated as follow:

Py = aut2 (Rds(nn) +Rper tR,) (25)

For the switching loss part, the switching frequency of buck converter and the
input capacitor C, of power MOSFET is considered. The switching loss can be discuss
from the power MOSFET transition switching loss and the gate driving loss of power

MOSFET which is shown in Fig. 24.

switching loss part  Vpy

] 2
72finCpVpiv _| (1-D) 1" Rosiom)
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! | W20’ R 1 '
: BUCK g Mer ~ Vo
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| I |
i :
|
|

Fig. 24. The analysis for two parallel connected buck converters system
The power MOSFET transition switching loss is 0.5*(fivVpinouiton+of), Where tonio
is the summation time of the power MOSFET from off-to-on and on-to-off [18], it is
proportion to current driving ability of the buffer stage internal the buck converter and

the value of C,. The gate driving loss can be calculated by the equation (26):

P=fCV? (26)
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Due to the NMOS type high side power MOSFET, the bootstrap technique is
needed for the source terminal of it being V,, but ground to get a good “1” when turn
on it [19]. The bootstrap technique pump up the gate voltage to about 2Vp;y when turn

on the high side power MOSFET, thus the gate driving loss on it is 0.5%f;yC,(2 VD]N)2 ]

The total switching loss PSW can be calculation as follow:
5 2
Py = SueVom Iomton+off + 5 S CpVDlN 27

Due to the high output current specification and the huge input resistance of the
external power MOSFER, the other loss can be ignored for the domination of these

two types of power loss. The total power loss P;; can be simply to equation (28):

DIN * out” on+off

B, =Py, + Py = IOMIQ(RdS({m) + R, pex +R)+ finVod ot +%lech;1N (28)
3.4 The theory about switching loss

calculation (SLC) circuit

The discussion on previous section shows the power loss on an operated buck
converter. Within the help of these equations, the power management control method
can be obtained by analyzing the power loss relationship between single and parallel
connected buck converters. For the output current /,,, let us define using single buck
converter to supply the energy to be the “single module” and using parallel connected
buck converters to be the “parallel modules”. Fig. 25 shows the analysis of power loss
on the N parallel modules. The only difference compare to the single modules is the
output current for each buck converter is divided into 1/N times of I,,, thus the total

power loss P,y is:
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Fig. 25. The analysis for two parallel connected buck converters system
Comparing with the power loss in‘the 'single module, the value of Pswy, which is
the total switching loss of the N power modules, is n times that of gate driving loss
part in Pgy; for a single power module. But the value of P¢y; in a single power module
is n times that of Pcyy, which is the total conduction loss of the N power modules.
Since the switching loss depends on the switching frequency fiv not on Ipyr. Thus, an
incremental power module may increases more switching loss but decreases the

conduction. The suitable addition of a power module can be derived by (30).

SN =D fC,Vou” _ N-1, [k

APSW = APCN = 2 N outp ds(on) + Rs + RLDCR] (30)

It means if the parallel current output is loutp, the total power loss P;; for

supplying from single modules keep the same with the P,y in N parallel modules. In

34



other words, if the output current /s < Ipusp, the P,y will be lesser than Py and using the
single module to supply the output will be more efficiency. For the situation that /,,,, >
Loup, using the N parallel modules will be more efficiency. There is another
improvement in single module. Because that the current sharing issue is not considered
in single module, therefore the R, can be scaled down to reduce the conduction loss of
ORing MOSFET which is impossible for keeping the current sharing performance in
parallel modules. Assuming that the paralleling system uses N paralleling ORing
MOSFETs, the on-resistance of the ORing MOSFETs in single module will become

Ry/n and equations (31)-(32) can be derived.

SfINCpVDINZ 1

2 > Nloutpz[Rds(on) + RLDCR] @31
S5NC
oup — ———L e \ Tt Vo, e v ® Vo (32)

ds(on) + RLDCR

The current I,,, will berthe ltransition—current between single module and
paralleling modules. Because of thé.capacitance C;, Rison) and Ry pcr only depend on
the output current specification. Thus, in (32) a constant K, is used to simplify the
equation. Thus, I,,, is proportional to the root of the fy and Vpu, which are the
parameters of the buck converters. It means that the transition current /,,, must take
some important parameters of buck converters condition into consideration and these
parameters are also the major element for calculating the gate driving loss in switching
loss part. Thus, a circuit with the ability to calculate the equation (32) named as
switching loss calculation (SLC) circuit is proposed in this paper to be the core of the

power management method for parallel connected power system.
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Chapter 4

Circuit Implementations and

simulation result

In this chapter, we will give a design procedure of our improved DDS with PNC
method and the power management method with SLC circuit. At first, Chapter 4.1
shows the whole circuit block diagramgand.describes the operation method for all
function block. In Chapter 4.2, the transcofiductor part will be introduced, it contains
the FFVF transconductor, the bias'current generator and the sample and hold circuit.
The PNC part will be shown inv,Chapter 4.3 the current comparator and the winner
take all circuit used in it will be introduced too, The SLC circuit and the logic control
part will be presented in Chapter 4.4. Finally, the whole circuit simulation is shown in

Chapter 4.5. The design environment is TSMC .35 2P4M.

4.1 The whole circuit block diagram

The system can be divided into three major blocks, the transconductor part, the
PNC method part and the SLC circuit. The whole circuit block diagram for using
IDDS with SLC circuit at the buck converter is shown in Fig. 26, the output current
information will be gathered first in the transconductor part first. A voltage drop Vc

will be generated when the output current /,,, flow through the ORing MOSFET and
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the function of the GM part transmutes V. to a current /y,hich is proportion to /,,.. The
PNC part will output a current Ipyc to do the current sharing and voltage compensation
work. The current Ipnc is generated by mixing the transcundoctor current /,, and the
compensation current /., and output it to the feedback pin of the buck converter. The
SLC circuit will provide the power management control to the buck converter. It
gathers the operation frequency and the supply voltage information of the buck
converter to control the enable signal of buck converter and ORing MOSFET
according to the transconductor current /,,. In this secession, the block diagram for all

three function parts will be presented.
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Fig. 26. The Whole circuit block diagram.

4.2 The circuit implementation of the

transconductor

Fig. 27 shows the block diagram of the transconductor part of the IDDS circuit.
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The bias circuit supply the bias current to all the function block, the FFVF
transconductor transmute the V. signal into a current /,z, which can be the output
current information of the buck converter, and the sample & hold circuit is using to
removed the effect form the noise and the phase difference between each buck

converter making sure the current sharing performance not being effect by them.

Ve Sample & Hold B

I, ogm

—

Bias
circuit

Fig. 27.the block diagram of the transconductor part.

4.2.1 The bias current generation circuit

Bias current

eneration circuit
g ............ 1 VDD

| J |
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= = = == =
Fig. 28. The bias current generation circuit.

38



The bias current generation circuit is shown in Fig. 28 [20] [21], after the supply
source Vpp rising up, the MOSFET Mg turn on pulling up the gate voltage of
MOSFET Mg, and Mg;, It creates an initial current through the bias current generation
part and establishes the biasing point according to the R, and the process parameters of
MOSFET. The MOSFET Mg, and Mg, mirror out the biasing current to the other
circuit. In Fig. 29, the simulation result of the bias current generation circuit show the
output biasing current /gp in different temperature conditions, the current has positive
coefficient to temperature. This biasing current will be the current supply of almost all

circuit in IDDS circuit.

o
-2u
-4
|
-G
N 5 8.0556uA@ -25°C
o -  10.167uA @ 27°C
12u
o koo 14.756uA@ 125°C
0 10u EIju

Fig. 29. The simulation result of the bias current generation circuit
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4.2.2 The FFVF transconductor

Fig. 30 shows the transconductor using the fold flipped voltage follower (FFVF)
[22] technique. The FFVF circuit uses a 2:1 bias current and the folded connected
MOSFET My; and My to increase the input voltage swing range extending the
operation region and reduce the input resistance of the voltage follower to increase the
accuracy and linearity of the transconductor. The input resistance of the FFVF circuit

and the input swing range is:

memg =Vin = Vosuser = Vasum (33)

| 1
Ry 3% ——% (34)
gmpl gmnlropl

Where the Vpsypp; is the drain-source voltage ‘of the MOSFET Mgp;, the Vigsyns
is the gate-source voltage of the My, the'gm,,;"and gm,,; is the transconductance of Mp,
and My, the rop; is the early resistance of the Mp.

The operation principle can be described as follow. At first the gate of the
MOSFET Mp; and Mp; is connected to the both terminal of ORing MOSFET, thus the
load depend voltage AV, which is generated by the load current of the buck converters
flowing through the on-resistance R; of the ORing MOSFET is sampled into the FFVF
circuit. The output of the FFVF circuit is connected to the MOSFET Mg; and Mg; to
be the voltage control resistance where the control voltage V,; and V,, can be trim to
adjust value of the resistance. Finally, the difference voltage AV, linearly transmute

into a current signal and mirror through Mps, Mps to become the output current /.
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Fig. 30. The FEVF transconductor.

Fig. 31 is the simulation result of the FFVF transconductor, it shows the
relationship of the load current I;p4p of the buck converter and the output current Ipyr
of the FFVF transconductor. The sensing current is set from OA to 20A and the Ry is set
to 5Sm() making the AV, raise from OV to 100mV, the on resistance of the MOSFET
Mg; an Mg, is set to 2.5k) and resulting that the output current range of the
transconductor is on OuA to 80uA. The result shows the maximum error percentage is
1.5% and the FFVF circuit can really provide a high linearity and accuracy

transconductor.
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Fig. 31. The simulation result of the FFVF transconductor.

4.3 The circuit implementation of PNC

circuit

As depicted in Fig. 28, the block diagram of the PNC circuit contains a winner
take all (WTA) circuit [23], a current comparator array, a difference current I,
generator, the encoder, and the Ipyc generator. Start from the current input y,,; t0 Loy,
the winner take all circuit will choose the smallest one to be the I,,,; and it will input
the current comparator array to confirm the output current information and the output
of current comparator array will be send into the encoder to define the operation region.
At the same time, the I; generator output the difference current I between /I, and

Inr by cascading the PMOS type current mirror and NMOS type one to substrate the
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current. And the compensation current /., corresponding to the worst case can be
generated by a simple bias current generator. Finally, the Ipyc generator using the

current input Igu, I.om and Iy to output the droop enhancement current Ipyc by the

operation region information given by the encoder.

C. Current Comparators
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Fig. 32. The PNC circuit block diagram

4.3.1 The winner take all circuit

Fig. 33 shows the circuit implementation of the winner take all circuit, the design
is base on the minimum voltage selector [24]. The operation starts from input the

current (I;, I, .... I,,) input to the drain of diode connected MOSFET Mp,; to Mp, and
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transmute the current input into the gate voltage signal Vg, to Vi,. Suppose that the [;
is the smallest current, the V;; will be the lowest voltage too. The drain voltage Vp, will
be effected by the gate-source voltage V,; of the MOSFET My, because of the bias
current /z. Thus for the same biasing current of the MOSFET My, to My, the drain

voltage Vp will be decided by the lowest voltage V; dominantly.

]l |I‘]- |I‘]— e |I‘T |
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A\ M M M|
Vb
Ver ‘l M Vc;l Mc, Ven ‘l My

Fig. 33. The winner take all circuit

Because of the VgsAk > VgsAl where k=2,3....n, the drain voltage V¢, to V¢, of
the MOSFET My, to My, will be greatly decreased to keep the same biasing current I
flowing through and turn off the MOSFET Mc; to Mc,. Thus the gate voltage Vo, of
the MOSFET Moy equal to the Vi, the MOSFET Mp,,, acts like the output part of a
current mirror and make the output current /,;,,=I;. The mathematic form can be

derived as follow:
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Voo =min(Vy,,Ve,,...Vg,) (35)

[, =min(l 1,,...1 ) (36)

An issue need to be concern about for that the biasing current of MOSFET My, to
Man flow into the Mc; after the Mc, to M, has been turning off. The length of the
MOSFET MC1 to MCn will be designed large enough to ignore the channel length
modulation effect for increasing the accuracy of the current 7,;,.

Fig 34 shows the simulation result of the WTA circuit, the input are two ramping
current I; an I, the output current Iyzy can always follow the lowest current for a
maximum error percentage of 2.21% in the conditional that lowest current is 100uA.
The minimum current output of WTA circuit is 4.92uA, the input current can be well
designed to avoid this region and make—sure the 'WTA circuit operation in the current

range with higher accuracy.
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Fig. 34. The simulation result for WTA circuit

45



4.3.2 The current comparator circuit

The circuit of the current comparator has been shown in Fig. 35, the whole circuit
can be divided into the input pair part, hysteresis control part, the comparator part and
the inverter chain. The operation starts from the input current I;y and the reference
current Iggr being substrate by the cascading PMOS and NMOS type current mirror
and output to the node N;. The hysteresis control part provides the hysteresis window
by using a constant current Iy and the switch PMOSFET Msw,, Msws and the
NMOSFET Mswi, Mgsw4 which are controlled by the output voltage Voyrg of the

current comparator.

input pair L ./7ys_ter.es£ c_or@/. _VQD__O_IY?Pff?( ; inverter chain
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Fig. 35. The current comparator circuit
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If the Vours is low, MOSFET Mgw3, Mgsw, turn on and the Mgw;, Mswa turn off,
the Myp mirror out the current Iy and provide the positive hysteresis. On the other
hand if the Vpyrp is high, the Mpyn mirror out the current /5 and provide the negative
hysteresis. The hysteresis window can be adjusted by controlling the magnitude of the
MOSFET Mpyn and Mpp.

The comparator part uses the MOSFET Mg to provide a negative feedback loop to
reduce the input resistance of node N; and N, [25]. The small input resistance results in
the small voltage swing on the node N, increasing the resolution of the comparator and
the reducing the transition time of the comparator. The small output resistance shirks
the output voltage swing of the comparator and also reduces the transition time. But
because of the small input voltage swing the voltage of node N; will nearly equal to
Vpp/2 and keep the MOSFET Mp; and My, operating in saturation region, the
MOSFET Mp; and My, which is operating in the triode region is added to clamp the
quiescent current of the comparator part; For the small voltage swing on the node N,
the inverter chain composed by the:-MOSFET Minvil, Mi,y2, Minys and M,y are added
to provide the gain and make the voltage Vours being a perfect high or low signal.

The simulation result for the current comparator without hysteresis window is
shown in Fig. 36 (a), suppose that the reference current Iggr is 10uA and the input
current I;y step up and down between 9.9uA to 10.1uA, the output voltage waveform
of the Vpyrp can be obtain. For the condition of resolution of the current comparator is
0.1uA, the delay time from low to high is 0.18us and will be 0.22us from high to low.
The DC voltage level of the node N not actually equals to the Vpp/2 but 3mV lower to
it resulting in the difference on the delay time. The total quiescent current is 33.48uA.
Fig. 36(b) shows the waveform of the output voltage Voyrp after 0.1uA positive and
negative hysteresis is added to the current comparator, the current difference doesn’t
exceed the hysteresis window thus nothing change on the output voltage waveform.
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Fig. 36. The simulation result for current comparator in (a) without hysteresis current
(b) with 0.1uA hysteresis current

48



4.3.3 The PNC current generation circuit

Fig. 37 shows the circuit implementation of the PNC current generator by taking
the current sharing enhancement coefficient C,=4 as an example. This circuit controls
the MOSFET switches from Mgw to Mgwis to mix the currents 1y, Icom, and Io,. The 1,
generator is depicted in Fig. 38 and Icoum is generated by a constant current source.
Besides, I, is generated by the transconductor. The control signals V¢; to Vg is
generated by the encoder and control logic. The corresponding logic signals for
different regions are shown in TABLE I. Thus, the output current /pyc connected to the
feedback pin of the buck converters can cause the triangle V-I waveform as shown in
Fig.21. It improves the current sharing performance and keep the output voltage above

the minimum value.

1y current mirror Vow Icom current mirror lgm current mirror
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L
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Fig. 37. The implementation of the PNC current generator.
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Fig. 38. The I, current generator.

TABLE I: The Boolean values of the control signals

Ver Ves Ves Vs
Region I 0 1 0 1
Region II 0 0 1 0
Region III 0 0 0 1
Region IV 1 0 1 0

Because of the original voltage drop AV, produced by the output current flowing
through the on-resistance Rs of the ORing MOSFET, the size of the MOSFET Mp, and
Mn: need to be well design to provide the same droop value in positive and negative
region. The relationship of the size for these MOSFET can be shown as follow and for

the case above, the ratio will be 3:5.
4 4
(T)MP4 : (Z)MNZ = (Ca - 1) : (Cu + 1) (37)

Simulation result shows the current transition of the MOSFETs My, Mn2, Mp1,
Mp,, Mp3, and Mps. The current value will be set according to the value of the ratio for
the transconductor, the on-resistance R, for the ORing MOSFET and the feedback

resistance for buck converters.
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Fig. 39. The I, current generator

4.4 The circuit implementation of SLC

circuit

The block diagram of the SLC circuit is shown in Fig. 40, it contains the
frequency divider, the frequency to voltage converter (FIC), the WTA circuit, the
current comparators and the control logic.
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Fig. 40. The SLC part block diagram.

Since the output current of the buck converters is high, the power MOSFET of
them will be external for saving chip area. Thus the gate control signals PWM; to
PWM,, of the parallel buck converters;iwhich, are from buck converter 1 to buck
converter m, can be used as imputs—of operation*frequency fj; to fiv, of buck
converters. The frequency signal will input’to the frequency divider for fixing 50%
duty first, the reason will be introduced at=section'4.4.2. The supply voltage of the
buck converters Vpy; to Vi is the Vppv of SLC circuit. The output of the SLC circuit
corresponds to the currents I ¢; to Igcm, thereby it will be the current which is
proportion to Ipyrp for buck converter 1 to buck converter m. The WTA circuit outputs
a current Iypa=min(ls;cy,... Ispcm), Which is proportional to Ipyrpr=min(lpyrps,...
lourpm), the current comparators Cl1 to Cm compare the Iyry with Isic; to Isicm,
respectively. Because of the hysteretic in current comparator, the output of
comparators shows which the buck converter has the smaller /py7p. It means this buck
converter should keep operation during single module to have less switching loss. On
other hand, the other converter with higher Ioyzp is turned off. The current comparator
Ct compared the current Isyy, with Iy to detect whether Iyyris larger than Ipyrp., or

not to decide the modules where the paralleling power system operates at.
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Control logic circuit needs to control the signal ORgy which connect to the gate of
ORing MOSFET, which can decide whether this buck converter needs to supply load
current or not. The signal ORgyp connects to the paralleling ORing MOSFET
determines the value of Rograson) and the signal Bgy connecting to the enable pin of
buck converter disable the buck converter with higher Ipyrp in single-module

operation.

4.4.1 The frequency to voltage circuit

The frequency to voltage converter (FVC) [26] circuit is used in
frequency-to-current converter (FIC). That is, it transfers the frequency input signal to
a voltage signal, which is inversely proportional. to it. The operation principle of the

circuit is shown in Fig. 41.

Fig. 41. The operation principle of the FVC circuit.
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Fig. 41(a) shows the component used in FVC circuit where /¢ is an input current,
the fiv is the frequency input and the®;, @,, @y are switches. The operation start from
the Fig 41(b) during the off-time of the frequency input signal fv, the switch @, turn on
making the current /- charge the capacitor Cj, thus the voltage V, proportions to the
current /¢ and the on-time #oy of the frequency input f;y. When the fiy signal raise up,
the switch @, turns off and a pulse will be generated to turn on @;, the charge sharing
effect occurs between the capacitor C; and C». Right after the switch @y turning off a
pulse signal turn on the®, clean up the stored charge in C;. The operation above is
shown in Fig 41. (c) and (d). After a few operation cycles, the output voltage Vpyc
equal to the voltage V; and the value can be derived as equation (38) where k is a

constant which proportions to the value of the capacitor C;.
e = ktoﬁlc (38)

The circuit of the pulse génerator for @; and P;is shown in Fig. 42, the delay
time of the inverter chain is the on-time of the pulse and will be designed being several
nano seconds long, following up the pulse signal @, will be generated after the @, falls
down. Fig. 43 shows the circuit implementation of the FVC circuit, the MOSFET Mg,
Mg, act as the switch @, the My acts as @; and the Mp; acts as @ The MOSFET

Mn: helps up to clean the charge stored in the node N; during the on-time of the fix.

Inverter chain

o0
oo

)
)

Fig. 42. The pulse generator circuit
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Fig. 43. The circuit implementation of the FVC circuit.

The simulation result of the pulse generator is'shown in Fig. 44, the &, signal
starts 0.4 nano seconds after the fjy'signal raise up, the on-time of the signal @; and P,
are 0.8 nano seconds. Fig. 45 shows the simulation result of the whole FV circuit, the

output voltage Vgyc will be regulated after seven operation cycles.
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Fig. 44. The simulation result of the pulse generator
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Fig. 45. The simulation result of the FVC circuit

4.4.2 The frequencyto current converter

As illustrated in Fig. 44, fre'cfucnéynto current converter (FIC) circuit can output a
current gzc that is proportional to operation frequency ./f,, and the supply voltage

Vpiv. Thus it is also proportional to the current Ipyrp in equation (32) and the root of
Pgw at the same time. This circuit can be divided into third blocks, which are the F-I
part, the I-/v part, the voltage control resistance part and the V to I converter. In the
F-I part, the FVC circuit is used to output a voltage Vgyc in equation (38). Due to the
frequency divider in Fig. 40, the input frequency signal fiy will be fixed at 50% duty
and the off-time of it can be replaced by 7/2 where the T is the period time of it. An

equation is shown as follow to replace the equation (38) where K; is a constant.

1
Vive = K, f_c (39)
IN
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Because of the Ipyrp in equation (32) is proportion to the frequency ,/f,, , an error

amplifier is used to regulate the Vryc to approach to the reference voltage Vggr and the
transistor My; converts Vgye into a current signal which is mirrored back to be the
current input /¢ of the FVC circuit providing a negative feedback path to regulate the

current /c. Finally a current /; can be expressed as (40) where K, =V,,.. /K, .

If =1.=K,f, (40)

The function of the I-+/V converter is to generate the root of the current /. After

using the level shift transistor Mpyy;, the gate voltage Vgpr of the transistor Mgoor is
equal to (Vgr— Vp) and due to the characteristic of the relationship between gate

voltage and drain current of the transistor operating in the saturation region, the value

of Vgpr is also proportional to ./ f,v and expressedas (41) where K, is a constant.

Vi =K (41)
Voltage control
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Fig. 46. The circuit implementation of the FIC circuit

57



In voltage control resistance part, the conversion resistance is implemented by a
voltage-control-resistor (VCR). The resistors Rp; and Rp, ensure the transistors Mg;
and Mpg; operated in deep triode region and the transistor Mpyr, works as a level shift
to compensate the V7 of the transistors Mg; and Mg,. The VCR resistance of Rypg; or
Ry, which is the conversion resistance in the V-I circuit, is equal to K 3VD1N'I with a
constant K;. The voltage-to-current (V to I) converter is shown in Fig. 47. The
transistor Mp; works as a level shift to compensate a threshold voltage V;. The My
transmute the voltage input Vy into a current signal by the value of the resistance at R;,
the transistors Mp, and My, compensate the non ideal effect of the V to I circuit by the

resistance R». Finally, the current Is; ¢ of the FIC circuit is decided by (42).

I V

sLc = VRFT

IRy = Kl £ Voo Where K. = K \[K, / K, (42)

Voo

== LAY 0—0-

:IHI:!——%[:I il [

l /B 1 loutl

My

1
=
S

Fig. 47. The circuit implementation of the V to I converter

The simulation result shows the output current /g ¢ of the FIC circuit under
different operation frequency and supply voltage conditions, the current relationship
can always fit the equation (42) for a the maximum error percentage 5.2% in a setting
time less than 10 us.
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Fig. 48. The simulation result of the output current /s of FIC circuit in different
operation frequency for (a) SV supply voltage (b) 3.3V supply voltage

4.4.3 The Logic circuit

The logic circuit outputs the'control signal of the ORing MOSFET, the paralleling
transistor in single module and the enable signal of the buck converters. The other
function is to prevent the error during single-module operation. When operating in
single modules, the buck converter with higher switching loss will be disabled and the
switching signal PWM will be stop resulting in the corresponding current output Is;c of
the FIC circuit to be zero. The value of Iy is wrong in this situation because of the
incorrect current input Is; ¢ of the converters which are shut down, the control logic
must hold the pervious current result of the WTA circuit after entering the single
module to keep the operation of system correctly until the system is transferred into
paralleling modules or the enable signal of parallel control circuit is being reset. The
logic can be implemented by the SR latch and the other combinational logic. The logic

circuit and the flow chart of it can be shown in Fig. 49.
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Fig. 49. (a) the logic circuit (b) the flow chart of the logic circuit
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4.4 The whole circuit simulation result

The simulation is using TSMC 0.35pum environment, and using two paralleling
connected buck converters to simulate the power management for IDDS. The droop
resistance is set to be 5m€2 and the initial no load output voltage of the buck converter
is 2V and 2.02V, thus the original output current difference will be 4A. By setting the
Vominy to be 1.9V, Fig. 50 shows the output voltage and current waveform of two buck
converters with 5V supplying voltage and 300KHz operation frequency, the current
difference is sinking to 1A form 4A, and the output voltage Voyr is higher than Vogyin)
for all the output load current condition form OA to 40A. In other word, the triangle
waveform produced by the PNC methodsean really provide the current sharing

enhancement and reducing the oufput voltage variations.

Fig. 51 is the output current waveform'for /;pap ,4; and I, where the Vp;y=3.3V
and fiv=1MHz for a buck converter and Vpn=5V.and fiv=2MHz for another buck
converter, the on-resistance of the power MOSFET is set to be 5m(2 and using the
ideal inductor and the 10000uF output capacitor with 1.5m€ ESR resistance. The
transition point is 5.31A and the current Ig;¢ is 9.01pA, the corresponding Ioyrp Will be
5.41A, the simulation shows the result is correct even the input conditions of buck
converters are different and the output current difference is shirk into 1.03A. The
output current waveform of the I; and I, are having some variation after into the
paralleling modules from the single modules, it is because of the current /pyc can’t not
perfectly keep the same between modules and resulting in a small transition responds

occur at this time.
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Fig. 51. The simulation result of the current waveform during the transition between

two modules.

62



Chapter 5

Measurement Results and

Conclusions

In this Chapter, experimental results with the set-up of the experiment
environment are shown in Chapter 5.1. Finally, conclusions are made in Chapter 5.2

and the future work is described in Chapter 5.3.

5.1 Measurement Resulits

The IDDS circuit with power. management:was fabricated in TSMC 0.35um
2PAM process. Fig. 50 shows the model of the system by means of the proposed IDDS
circuit with SLC. Two buck converters BUCK 1 and BUCK 2 are used to emulate the
paralleling system and estimate the performance of current sharing control. Two buck
converters use external power n-type MOSFETs Myp;, Mypz, Myp3, and Mypy for high
output current operation. Besides, the high-side power MOSFET uses the bootstrap
technique. The on-resistances of power MOSFET and ORing MOSFET Mg are Ryson)
and Rorascon), respectively. The value of Mogp is approximated to 5m€. The value of
the input capacitor Cp of each power MOSFET is approximated to 4000pF. The value
of inductors L; and L, is 4.7uH and the DC resistance R;pcg =1m€. The IDDS circuit
takes the low side MOSFET gate control signals PWM; and PWM,; to be the operation

frequency inputs of the buck converters. The value of the output capacitors Cr; and Cy
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is 12000uF with an ESR resistance (Rcgsg) of 4 mQ. The test load current I;pap varies
from OA to 40A when the BUCK 1 operates under the supply voltage Vpy; of 5V, the
operation frequency of 2MHz, and the output voltage Vol of 2.02V. The BUCK 2
contains the supply voltage Vpu, of 4.2V, the operation frequency of 1MHz and at the
output voltage Vg, of 2V. After setting the V,miny 1.9V and utilizing the conventional

method, the current difference without IDDS technique is larger than 4A.

ORPgy
] N Ring MOS 1

; DDS with PNCM Voryr - ORev] | ORing MOS

]
. and parallel control NP1
[] N C
. ' BUCKI ~*
; ORgny = -
' ORPgy; |- ig/%”
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E Vouro— Vpo IBFXI : EN
E Voi10— Vo DRP! ; I FB l Toan
¢ Vo204 Vo ' =<
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' VPWM2 - PWM 1
' 61/mv: ORPpy; B H <
: i o [ [ e
; IBF,‘\'Z eV 1 <
' DRP2 : FB —— <
L-----------------------.-] i_

Fig. 52. The setup of the measurement environment.

The current waveforms of the BUCK 1 and BUCK 2 are shown in Fig. 53(a) by
means of a 5X current probe. I; and I, are the currents flowing through the ORing
MOSFETs Mor of the corresponding buck converters. The current Ip; is the current
flowing through the paralleling MOSFET Mogp in single module. The transition
current from single module to paralleling modules is 3.62A and the current difference

is shrunk to 1.01A from a large current difference of 4A. The corresponding PWM
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signal waveforms are shown in Fig. 53(b). The output voltage waveforms of the
measurement result for the paralleling connected system are shown in Fig. 54. The
output voltage difference of the buck converters is shrunk to SmV from 20mV and thus

the output voltage can be kept above the Vi yin).

Single Module i Paralleling Modules

I
PWM signal

ofthe BUCK 1 ’

1

1
I
I
{
NUARAE RNEARNKRNR ANRRANR KRN hhihl ARMAAARLY 110 KRR A kLN TR AR R AR N AN AR ARk RARL KL Lomai e

M ) HWMIWIMWIW
R L 1L

Uil R It

PWM signal :
i Paralleling Modules

FY A

(b)

Fig. 53. (a)the measured current waveform (b) corresponding PWM signal
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Table II shows the correqu'tilclling valu_es';{);f Tourp ,_él:t different values of Is;c when

. ]

different values of the supply Vé)igagé"-.‘gBIN',‘an'd"ther dfération frequency fv are applied

to the system. T

TABLE II. The output current of the I5; ¢ corresponds to different experiment test conditions.

Switching Frequency (fiv) | Is.c @Vpin=3.3V/5V Loutp
500k 6.17uA / 9.19uA 3.62A/5.57A
M 9.13uA / 13.2uA 5.52A/7.81A
2M 12.93uA / 18.47uA 7.79A/ 11.09A
M 21.03uA / 32.04uA 12.44A /7 19.13A

Fig. 55(a) shows the efficiency of single module and paralleling modules with
Vpin=3.3V and the switching frequency f;y=500K Hz. The efficiency is calculation by

(43).
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oUTn IOUTn

Efficiency = Vounovrs (43)

DINn™ payGa

lo, 1s the output current, Voyr, is the output voltage, and the Vjy, is the supply
voltage of the buck converter n. After averaging the data of 100 duty cycles, loaven is

the mean of the output current from V.

The crossover current Icross of the efficiency graph is 4.5A and the Ipyrp is 3.62A.
The error is about 18%, which is caused by three major reasons. The first reason is the
value mismatch of the parameters. The second reason is the bootstrap technique can
not ideally boot the gate control signal of the high side power MOSFET to 2Vpy. The
last one reason is the current output of each buck converter is not actually equal to

each other.

Fig. 55(b) is the efficiency graph of sinigle:module and paralleling modules for the
buck converters with Vp,n=5V and the switching frequency fv=SMHz. The crossover
current Icrpss of the efficiency graphiis’19.02A and the Ioyrp is 19.13A. The error is
less than 1%, which is small than the previous experimental data since the power loss
can be ignored at heavy loads. The efficiency improvements in these two conditions
are 3% and 12%. When the load current is equal to 1A, the efficiency improvement of
the condition in Fig. 55(b) is better than that of Fig. 55(a) owing to larger switching

loss.
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Fig. 55. The comparison of the efficiency between single and paralleled buck
converters in (a) Vpn=3.3V and fjy =500kHz (b) Vpn=5V and fjy =SMHz.

5.2 Conclusions

The power management is*implemented-in the multiple-input and single-output
system in this paper. Owing to the design;of switching loss calculation circuit and the
positive-negative compensation method, the performance of current sharing and
light-load efficiency can effectively improved. For the multiple kinds of the supply
source of the buck converters such as NiH, NiCd, Li-ion batteries or the solar cells, the
switching frequency of the buck converter can be different to each other. Experiment
results show the efficiency can be improved approximately 12% at light loads. Besides,
the IDDS circuit can control the paralleling buck converters to achieve high efficiency
over a wide load range. Certainly, the proposed V-I triangle waveform by the PNC
method really reduces the output voltage variations while doing current sharing

enhancement.
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5.3 Future work

Although the SLC circuit can detect the supply source and the operation
frequency condition of the buck converters, the input capacitor of the external power
MOSFET may affect the transition current between single module and paralleling
modules. The SLC circuit can be more accurate if the input capacitor condition can be
considered. On the other hand, there are many techniques proposed to reduce
switching loss for single buck converter at the light loads. The SLC needs to combine
with these techniques to achieve much improvement in power conversion efficiency

not only implementing in the IDDS power management.
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