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Switching Loss Calculation (SLC) and
Positive/Negative Slope Compensation Dynamic
Droop Scaling (PNC-DDS) Technique for
High-Efficiency Multiple-Input—Single-Output
(MISO) Systems

Tin-Jong Tai and Ke-Horng Chen, Member, IEEE

Abstract—Power management is implemented in a multiple-
input-single-output system in this paper. Actually, the design of
the switching loss calculation circuit in a dynamic droop system
(DDS) can decide the optimum driving solution according to the
loading condition, i.e., more than one input source is disabled to
reduce the switching loss at light loads. On the other hand, multiple-
input sources are preferred to reduce the conduction loss at heavy
loads. In other words, DDS with power management can achieve
low drop output voltage and high efficiency over a wide load range.
The positive/negative-compensated technique enhances the perfor-
mance of the output voltage stability. Experimental results show
that efficiency can be improved approximately 12% at light loads
when two input sources are regulated at the switching frequency
equal to 5 MHz. Simultaneously, good current sharing is also
guaranteed.

Index Terms—Dynamic droop, multiple input, positive/negative
compensated (PNC), single output, switching loss calculation
(SLC).

I. INTRODUCTION

HE INCREASING demand of green energy in today’s
T electronic devices needs multiple-input sources to deliver
high driving capability to a single output. Thus, parallel dc—dc
converters are widely used to achieve large driving capability,
i.e., the paralleling of dc—dc converter modules offers a num-
ber of advantages over a single centralized power supply. High
current driving capabilities, flexibility of power delivering ca-
pability, and high conversion efficiency over a wide load range
force the increasing development of the parallel system.

When several dc—dc converters are connected in parallel, the
major concern is the uniform current distribution of each con-
verter. Several current sharing methods with different design
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Fig. 1. With the SLC circuit, the proposed PNC-DDS circuit implements
power management in the paralleling system.

complexities and current sharing performances were proposed
in the previous literature [1]-[4]. Among these methods, the
the droop technique is lower in cost due to minimum inter-
connections between the paralleled connected modules. The
droop method with a large droop resistance will result in a
steeper droop slope, and will thus have a better current sharing
performance, but it increases the output voltage drop and the
conduction loss. The voltage variation may exceed the allow-
able minimum output value V{, . ) at maximum current load
1, (max)- The dynamic droop scaling method proposed a new cur-
rent compensation method to minimize the conduction loss on
the path of large output current because of the implementation
of dual-current-sensing loops. And the positive/negative slope
compensation method compensated the large droop voltage by
the slope changing circuit, which keeps the output voltage above
the allowable minimum output voltage in case of the increasing
load current.

As we know, the conduction loss is much larger than the
switching loss at heavy loads. It means that the parallel modules
are suitable for improving conversion efficiency due to the less
conduction loss. Contrarily, at light loads, the parallel modules
consume much power than that of single supply module due to
the large switching loss. Thus, a well-designed parallel system
must have the ability to decide how many power modules are
needed to supply the output load according to the load condi-
tion. As conceptually depicted in Fig. 1, the proposed PNC-DDS
circuit with power management has the ability to enhance the

0885-8993/$25.00 © 2009 IEEE
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power conversion efficiency by selecting the number of power
converters. Therefore, the PNC-DDS circuit with power man-
agement needs a switching loss calculation circuit to decide
when the parallel modules have the optimum power conversion
efficiency in case of load variations.

In this paper, the PNC technique with the switching loss cal-
culation (SLC) circuit is used to implement the mechanism of
power management while it compensated the output voltage
droop in the DDS system, as shown in Fig. 2. Due to the SLC
circuit, the DDS system can decide how many paralleling power
modules are needed to drive the output load. Especially, the in-
put sources can have different input voltages and conversion
switching frequencies. In other words, the flexibility is another
advantage of the SLC circuit. According to the PNC compensa-
tion technique, the output voltage can meet the requirement of
minimum allowable voltage while enhancing the current sharing
performance.

This paper is organized as follows. Section II introduces the
principle of the PNC method and the circuit implementation.
Section III describes the concept of the SLC circuit. Analytic
results show that the switching loss can be reduced by the SLC
circuit. Experimental results in Section IV demonstrate the cor-
rectness and performance of the SLC technique in the DDS
circuit. Finally, conclusions are drawn in Section V.

II. POSITIVE/NEGATIVE SLOPE COMPENSATION METHOD

The droop method needs to consider the current balancing
performance and the minimum allowable output voltage at the
same time. Thus, the DDS method is analyzed and discussed
first for extending the current balancing performance within the
minimum allowable output voltage. In order to ensure the system
stability, the PNC slope compensation method is presented to re-
duce the oscillation possibility in the DDS method while keeping
the same current sharing performance within the minimum al-
lowable output voltage. Furthermore, the positive/negative slope
compensation is monotonically added to the whole system with-
out affecting the current balancing speed.

By
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Current sharing controller with PNC-DDS technique in single module operation.

A. Analysis of the Droop Method and the PNC
Enhancement Technique

As illustrated in Fig. 3(a), when two buck converters in paral-
lel drive the output V¢, two cascading resistances are needed to
connect the output V¢ and the two converter outputs (V,; and
V,2). The insertion of the cascading resistance R, can prevent
the parallel system from the short circuit effect since there is an
initial output voltage mismatch AV, between the outputs (V,;
and V,9) of the two converters. The initial current difference
AlI, can be derived as (1). I,; and I,9 are the output currents of
the dc—dc converter modules 1 and 2, respectively

Voo —Vou| AV,
Rg " Rg '

AIO = |Iol - Io?| = (1)

The increasing value of the resistance R in Fig. 3(b) can
reduce the current difference between the two input sources
in parallel. The current difference between the two converter
modules on the right side is much lesser than that on the left.
The larger value of the resistance R can result in a good current
sharing performance, but, as shown in Fig. 3(c), it also increased
the voltage drop V,(4,p) across the resistance R, and therefore
results in the paralleling output V,; much below the minimum
allowable output voltage Vi, in Fig. 3(b). The closed loop
constituted in the power module regulates the signal FB close
to the internal reference voltage Vi.;. The expression of the
output voltage Vi, can be written as (2) with a droop slope
that is equal to —R,. The value of the resistance R; cannot
be infinitely increased since the increasing conduction loss fur-
ther deteriorates the power conversion efficiency of the parallel
system

R
Vout = Vier (1 + }31> — R 1, where ‘/O(drp) = Rs1,.

2
2
Obviously, the droop voltage is proportional to the value of
the droop resistance. In order to use a large droop resistance
for enhancing the current sharing performance and meet the
requirement of the minimum allowable output voltage V,, the
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Fig. 3. (a) Block diagram of the paralleling connected dc—dc converters and
(b) output voltage waveform for different values of droop resistance. (c) Con-
ventional droop technique. (d) Proposed DDS technique. (e) V —I curve shows
the relationship between the minimum allowable output voltage and the rated
load current. (f) Solution proposed by the PNC technique.

proposed DDS technique uses a transconductance amplifier G, ,
as shown in Fig. 3(d), to convert the signal V4, into a current
signal I,,,, which is proportional to output current I,. The
current signal I, is fed back to the terminal FB of the power
module. Since the terminal FB will be regulated by the closed-
loop negative feedback in steady state, most of the current signal
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1., flows through the resistor R; to cause the output voltage
of the power module equal to (2a). The expression of the output
voltage V,¢ in the proposed DDS technique can be derived as
(2b)

R
V, = Viet (1 + 1) — Iy Ry (2a)
Ry

R R
V;ut - ‘/I'Qf (1 + .R;) - (1 + ngm) RsIo - V;'ef (1"‘1)

—(1+C,)Rs1, where C, = R1gp, . (2b)

The current sharing factor C, can increase the droop slope
from —R; to —(1 + C, ) R;. Interestingly, the currents flowing
through the resistor R, in Fig. 3(c) and (d) have the same value,
and thus, the same conduction loss is achieved by the proposed
DDS technique. The transconductance amplifier GG, is only
used to enhance the value of droop slope. Besides, the power
consumption of the resistor R; is not changed since the value
of current I, is much less than that of I,.

As illustrated in Fig. 3(e), the large voltage drop, which is
(Ca + 1)Vj(drp)» is still a problem to be solved while enhancing
the current sharing performance. Assume that the specification
defines the maximum output current as I (a0 and the mini-
mum allowable paralleling output voltage as V,(nin). Since the
droop slope is (C, + 1) times that of the original design, it
needs to add a compensation voltage to keep the output voltage
above V,(,,in) When the output current I, exceeds the value of
Iy(ate)/(Ca + 1). Atfirst, the range of the rated current 1, ;o)
is divided into several segments. Each small region has the size
of I, (rate) /(Ca + 1). Inevery region, the proposed PNC method
changes the sign of the droop slope but keeps the absolute value
of the droop slope to maintain the output voltage in the allowable
region. As depicted in Fig. 3(f), the continuous V-I waveform
shows only one corresponding output voltage for the current
value in the range of the rated current I, (,¢). Especially, at
the transition point of every region, the specific current value
can define only one output voltage value. It implies that the
transition between the two adjacent regions is stable and well
defined.

B. Design Methodology of the PNC Technique

In Fig. 4(a), a buck converter named as “buck L” has a regu-
lated output voltage V1, (scr) atno load. The maximum allowable
peak-to-peak voltage variation is 2V, 1, (4,p) and the rate current
is I, (rate) - The output current of the transconductance amplifier
is 14y, 1. The sinking current at the FB pin is defined as I ¢, 1.,
which is proportional to that value of I, 1 in order to generate
the waveform of V14, 1. On the other hand, the waveform of
V_1gm1 is produced by sourcing the current I_,, ;,, which is
proportional to that value of I,,,r, at the FB pin. The values
of the negative droop slope and the positive droop slope are
—(1+C,) and (1 + C,), respectively. The ratio of the sinking
current I 4, 1, to the sourcing current I_,, 1, is expressed as (3)
since the transconductance amplifier has to reverse the droop
current flowing through the resistor R;. The triangle waveform
generated by the PNC technique is composed of the pieces of the
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waveforms Vi rgp,r and V_rg., 1. As a result, the droop slope
of each odd region is —V/,(ayp)(Ca + 1)/I(rate) and each even
region has a slope of V,,(arp) (Ca 4 1) /Lo (rate)

I+gmL _ Ca +2
IfgmL Ca .

3)

Besides, a compensation voltage, which has a value of mul-
tiple V.om, is defined to shift the dc voltage level at the tran-
sition between two adjacent regions. According to the value of
VoL (drp)» the compensation voltage Vo can be generated and
converted to the compensation current /.., 7, for each transition
point written as

N1 2V, (ar
IcomL =0 |::| Li(dp)

2 R,

where o = —1" for region N # 1, o0 = 0 for region I. “)

Fig. 4(b) shows a paralleling system composed of two buck
converters, which are “buck L” and “buck N as an example to
demonstrate the operation of the PNC technique. Assume that
the buck converter buck L has the lowest voltage output in the
two parallel buck converters at no load. As a result, the output
current I,;, of buck L can be used as the dominant current to

decide the operation region for the paralleling system, i.e., the
buck converter buck N follows the region transition of the buck
converter buck L. The PNC technique uses the value of Vo1
to compensate the waveform of the buck L, and thus, the output
voltage V, is limited within the range formed by V() and
Vo(min) - However, the buck N not only needs the compensation
voltage Vi, but also requires the additional compensation
2V to limit the output voltage V,x within the range formed by
Vo(set)y and Vo (min)- The value of the additional compensation
voltage is generated by injecting the current Iy, which is the
difference current between the currents I,y and I, 1, to the node
FB to flow through the resistor R; in Fig. 3(d). The expression
of the voltage V; can be written as

Vi= V+Ig7nN - V+IgmL = ngs (ION - IoL) R
=gnRsIyn Ry = (I+gmN - I+grnL) R;. (5)

In the positive slope region, it seems that the stability of the
paralleling system may be disturbed when the buck converter
with larger output current is compensated to a larger output
voltage compared to the other buck converter with lower output
current. Fortunately, the advantage of the additional compen-
sation voltage V; can also provide the negative feedback loop
for stabilizing the paralleling system during the positive slope



1390

Lomi Iowny  Current Comparator Array
L R e \
Igml...]gmN : ! !
: 1, a(mzlx/ Ca i
| |
1| Iwra |
Tyra |— le
| 1e| Encoder
Winner-take-all| 2L omary/Ca | ¢
Circuit L~ I
[WaN . Lo, 0,
| °
] L |
| |
: (Ca'l)Io(max)/Ca ,' °ee
““““““““““ e B I,
I, com O
Ignm‘ (X 1] lgml Ipnct
Y Iwra T .
1y e o
Igml — Igml ° L] °
E Id. —> Ipnen
I, gmN — 1, gmN "

Ipnc Current Generator
1, Generator

Fig. 5. Block diagram of the PNC circuit.

region. If random perturbation occurs and increases the current
difference between the buck converters buck N and buck L, the
additional compensation voltage V; provides additional volt-
age drop at buck N and reduces the output voltage difference
between the buck converters buck N and buck L. As a result,
it forces the current difference back to the setting of the PNC
technique. Finally, the expression of the current Ipxcn for the
buck converter buck N is written as (6) where o = (—1)* for
region k # 1 and o = 0 for region

K+1
2

2‘/0[1((11'1))
Ry

+ (o + 1) Iyn.
(6)

Ipnexy = —0lypnN +0 {

C. Block Diagram and Circuit Implementation of the
PNC Method

The block diagram of the PNC circuit is depicted in Fig. 5.
The winner-take-all (WTA) circuit is utilized to indicate which
buck converter contains the lowest output current I, 7 among
Igm1 to Iy, N of the N paralleling buck converters. The lowest
current is sent to the current comparator array to compare with
the internal reference current, and thus, the result can indicate
the load condition, i.e., the outputs of the comparator array can
be encoded by the encoder to a binary output to indicate the
operation region. I; generator outputs the difference current
1,5 between the current I, x of the buck converter with index
k and the lowest current I, ;. The compensation current I.,p,
defined by the buck converter of the parallel system with the
lowest output current can be generated by the system biasing
current generator. As a result, for the buck converter with index
k, Ipnc generator uses the current inputs Iy, i, Leom and Igx
to generate the droop enhancement current Ipyck according to
the operation region obtained from the encoder.

Fig. 6(a) shows the implementation of the WTA circuit, which
can select the minimum current among N transconductance
current [5]. The input currents I,,1 — Igp,n are converted to the
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Fig. 6. (a) Implementation of the WTA circuit. (b) I; generator is used to
generate the difference current compared to the minimum current Iy T4 .

voltage signals Vo1 — Vi, by the diode-connected MOSFETSs
Mp1 — Mp,,. Then, the voltage signals are used to control the
gates of the competition MOSFETs M 41 — M 4,, which are
biased by the same current I5. Suppose that I, is the lowest
current, and thus, the voltage V(5 is also the lowest voltage too.
As a result, the voltage Vp, which is a common source node
of all competition MOSFETs M 41 — My, is clamped by the
lowest voltage V1 due to the biasing current /. The value of
the voltage Vp is equal to

VD: Igml . IB
(1/2)p1n Coe (VV/L)MD1 (1/2) 1 Cos (VV/L)MA1
@)
Since V4 is larger than Vi 41 where £ = 2,3,...,n, the

drain voltages Voo — Vi, of the MOSFETSs M 49 — M 4, will
be greatly decreased to keep the same biasing current I, and
thus, the MOSFETs M9 — M, are turned OFF. As aresult, the
gate voltage Vo of the MOSFET M 4y is equal to Viz;. The
output MOSFET M p oy of the output current mirror determines
that the output current Iy is equal to the minimum current
Iy, 1 . Furthermore, in order to generate the difference current
between all the transconductance currents Iy,,1 — Iy, and the
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minimum current Iywra, I; generator shown in Fig. 6(b) is
utilized to generate the difference currents I;; — Iy, .

Fig. 7 depicts the implementation of the current compara-
tor. The hysteresis control part provides the hysteresis window,
which is controlled by the hysteresis current I and the switches
Mgw1 — Mgsws. The MOSFET My sources a hysteresis cur-
rent I to node N; when the voltage Vourp is high. Contrarily,
the MOSFET Mpp sinks a hysteresis current Iy at node N;
when the voltage Vourp is low. The hysteresis current window
can be adjusted by controlling the width sizes of the MOSFETSs
Mpy and Mpgp. The comparator part uses the MOSFET Mp
to provide a negative feedback loop to reduce the input and out-
put resistances at nodes [N; and Ns, respectively [6]. The small
input resistance results in the small voltage swing at node Nj.
As a result, it increases the resolution and reduces the transition
time of the comparator. The small output resistance scales down
the output voltage swing of the comparator, thereby reducing
the transition time. Due to the small input voltage swing at node
Ny, the transistors Mpo and My that operate in the triode
region are added to clamp the quiescent current of the current
comparator.

The circuit implementation of the PNC current generator is
illustrated in Fig. 8. Assume that the paralleling system set the
value of the current sharing enhancement coefficient C,, equal
to 4 as an example in this paper. The PNC current generator
controls the MOSFET switches from Mgw; to Msw15 to sum the
currents g, Iom, and Iy, . The current I, is generated by the
transconductor. The control signals Vo1 — Vioy are generated
by the encoder. The corresponding logic signals for different
regions are shown in Table I.

III. SLC CIRCUIT

According to the function of the SLC circuit, the PNC-DDS
system can decide how many paralleling power modules are
needed to drive the output load. Especially, the input sources
can have different input voltages and conversion switching fre-
quencies. The following subsection will describe the design of
the SLC circuit.
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TABLE I
CORRESPONDING LOGIC SIGNALS IN DIFFERENT REGIONS
Ver Ver Ves Ves
Region [ 0 1 0 1
Region 11 0 0 1 0
Region III 0 0 0 1
Region IV 1 0 1 0
[o* Module n
[ Vo Module I
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; %‘fl:‘\"yvl)l"\'(l()lr"l' /n)thu/f NEL I
| L i, Y
|
i| PWM Controller of i
I\ Buck converter Mnpa!
|
L G (Vn)
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|
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n ¥ 172 1 2
Py = Tfm’(* Vo + IV oo rbon+op Fowy = ; L, [Rmu\ )+ Ry pew + Rowascon y]

Fig. 9.
modules.

Loss calculation about one of the buck converters for paralleling N

A. Analysis of Switching Loss and Conduction Loss in Single
Module and Parallel Modules

Supposing that the value of the output current /oy is several
amperes, the internal loss of each buck converter can be ignored.
Thus, the major power loss of the external power MOSFET are
the switching loss Psw and conduction loss Pcy. The output
power loss calculation of the buck converter in single module is
depicted in Fig. 9 when N is equal to 1. Besides, the droop resis-
tor is implemented by an ORing MOSFET. Due to the bootstrap
technique applied to the high-side N-type power MOSFET, the
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switching loss of the high-side MOSFET Myp; is four times
that of low-side power MOSFET Myps.

Similarly, as illustrated in Fig. 9, the output power loss is
calculated for one of the n buck converters in the paralleling
system [7]. Comparing with the power loss in the single module,
if the uncharged part is disregarded, the value of Psyw,,, which
is the total switching loss of the n power modules, is n times
that of Pgw; in a single power module. Besides, the value
of the conduction loss Pcni in a single power module is n
times that of Py, which is the total conduction loss of the n
power modules. The switching loss depends on the switching
frequency frny and not on I,,. Hence, an incremental power
module increases more switching loss but decreases conduction
loss. The suitable addition of a single power module can be
derived by

5(n — 1) finCy Viin

APSW = APCN = 5

n—1
= Tlgutp [Rasion) + Rs + Ruper] - (8)

C, is the input capacitor of the power NMOS transistor. 2,
and Ry (on) are the ON-resistances of the ORing MOSFET and
power MOSFET, respectively. Ry,pcr is the dc resistance of the
inductor.

In the power loss calculation of a single module, the current
sharing issue is not considered. Therefore, Rorgs(on) can be
scaled down to reduce the conduction loss of oring MOSFET.
Assuming that the paralleling system uses n paralleling ORing
MOSFETs, the single module has R, /n and (9)-(10) can be
derived

5fnC, V2 1

BI1n G Vi 2p DIN > ﬁfgutp [Ras(on) + Ruper] )
Loup = /T Vo =K /T V
2 =\ 5 (R T Riner) InVoin=Kc v/ frn Voin.

(10)

The current I,,,(,, is defined as the transition current between
single module and paralleling modules. When the output cur-
rent I, is lesser than I, the conduction loss increased by
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paralleling modules is less than the increasing switching loss
produced by it. Thus, using only one converter to supply output
load current is more efficient. Since the capacitance C),, the re-
sistances g, (on)» and Rpcr only depend on the output current
specification, a constant value of K¢ is used to simplify (10),
i.e., the value of I, is proportional to product of the root of
frn and Vpin. These two parameters have different definitions
due to different buck converters. It means that the transition
current I,,;, takes the important parameters of buck converters
into consideration to decide the optimum driving condition.

B. Frequency-to-Current Converter Circuit

As illustrated in Fig. 10(a), the frequency-to-current converter
(FIC) circuit implements the signal I, in (10). The FIC cir-
cuit can output the current signal Igr,¢ that is proportional to
v fin and Vpn, i.e., the value of current signal Igrc is also
proportional to the root of the switching power loss Pgyy . This
FIC circuit can be divided into three blocks, which are the FIC,
the v/ I-V converter, and the V-1 converter.

The implementation of the frequency-to-voltage converter
(FVO) [8] is shown in Fig. 10(b). The charging current is the
current signal I... The switching frequency f;y decides the turn-
ing ON/OFF of the switches Mp; and My . The sampling clock
¢ is used to sample and hold the voltage from the capacitor
C to the capacitor Cy. The switch Mgs is used as a dummy
transistor to cancel the effect of charge injection and clock feed-
through of the switch Mg, . Finally, the reset clock ¢- is used to
clear the voltage on the capacitor C;. The clocks ¢, and ¢ are
generated by the pulse generator and the voltage signal Veyc
can be expressed as

I—C, where K 1:L is a constant.
f IN QCI

An error amplifier is used to regulate the value of Vryc to
that of the reference voltage Vygr. The transistor My con-
verts Vpye into a current signal Iy.The current signal ¢ is a
mirrored current from the current Iy. As a result, the current I
is proportional to f;,, and expressed as (12)

Veve = K (11)

VREF

If = IC = Kgqun, where K2 =

(12)
1

The function of the v/I-V converter is used to generate

the root of the current Iy. After using the level-shift transis-

tor Mpvy1, which is biased by a small current I};,5, the gate

voltage Vypr is equal to Vyr — V. The value of Vypr is also
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disable?
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All the others=0 —
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All the others=0 -

Latch up all the others

Fig. 12.  Flowchart of the control logic for N buck converters in parallel
control circuit.

proportional to v/ f7y and expressed as

Verr = Kuv/ Ks fiw,

w .
K, = nCor— is a constant.
L (Mroor)

In the design of V—I converter, the conversion resistance
is implemented by a voltage-control-resistor (VCR). The VCR
resistance /g1 is equal to K3 V7, IlN and K3 is a constant value.
The resistors Ry and Rs make sure that the transistor Mp;
operated in deep triode region and the transistor Mpy 12 worked
as a level shifter to compensate the voltage V7 of the transistor
Mpr1. Then, the resistance R,/ is the conversion resistance in
the V—I converter. Finally, the value of I ¢ is decided by (13)
and proportional to the value of Iy,

Ist.c = Varr/Rur1 = K5/ fin VDI,

where

13)

where

VE.
Ks = Ky~ 2 and Ky = = (14)

3 /'anozf(JwR1>
C. SLC Circuit

Fig. 11 shows the block diagram of parallel control
circuit with SLC technique. The pulse-width-modulation
signals PWM; — PWM,, of the parallel buck converters
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Chip micrograph of the PNC-DDS circuit with SLC technique.

Fig. 14.

buck; — buck,, are used as inputs to the frequency divider to
generate the frequency signals f;y1 — frn, with fixed duty
of 50%. The input supply voltages of the parallel buck con-
verters are Vpint — Vbing - The outputs of the FIC circuits are
the current signals Isy,c1 — Isnom corresponding to the buck
converters buck; — buck,, .

The WTA circuit outputs a minimum current Iyyra, which
is equal to minimum (Ispci,--.,IsLom). The value of
Iwra is proportional to I,z that is equal to minimum
Loutp1s - - -y Loutpm )- The current comparators C; — Cy,, com-
pare Iywra with the values of Isyc1 — Ispcm - Due to the hys-
teretic window in current comparator, the output of comparators

Implementation of DDS with SLC technique with two buck converters as an example.

decides which buck converter contains the lowest current I,
It means that the buck converter with lowest value of Ioygp
should be kept turned ON during single module to achieve min-
imized switching loss. On the other hand, the other converters
with higher values of I, are turned OFF to save much switch-
ing loss. The current comparator C; compares the current Iy,
which is written as (15), with the current Iy 15 to detect whether
Iy is larger than I, or not, and thus, the operation region
can be decided

KsKr Y o I
K¢

K ZZL:I Lgmi _

K¢
o K5KTIOut
= i

Isym =

where Ky = g, R;,.  (15)

I}, is the output current of the buck converter & and K¢ is
a constant value as shown in (10). The control logic circuit
controls the signal ORpy that connects to the gate of ORing
MOSFET in order to decide whether the buck converter needs
to deliver the energy from the power source to the output or
not. Besides, the signal O Rgyp connected to the paralleling
ORing MOSFET can determine the value of R,. The signal
Bpgy connected to the enable pin of buck converter is used to
disable the buck converter when the SLC circuit detects higher
1,1y in single module operation. Assuming that I, is not the
lowest among the n buck converters, the converter BUCKI is
disabled and the no-switching signal PWM; makes Is;,c; =0
set the operation in single module. However, the value of Iy
is wrong in this condition and may cause the system unstable
since the BUCK 1 is turned OFF and has a minimum Igy,¢ value.
Thus, the previous output of control logic needs to be on hold to
keep the operation of system correct until the system is switched
back to the operation of paralleling modules or the enable signal
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TABLE II
EXPERIMENTAL PARAMETER

Rdy(on) Rs CP CESR RESR L RLD( 'R VD]N ﬁN I LOAD Ca
Buck 1 5mQ 5mQ | 2000pF | 16000uF | 1.5mQ | 4.7uH ImQ 5V IMHz 0A to 42A 4
Buck 2 5mQ 5mQ 2000pF | 16000pF | 1.5mQ | 4.7uH ImQ 42V 300kHz 0A to 42A 4
TABLE III

TRANSITION CURRENT Ig1, ¢ AND ITS CORRESPONDING Igyrp IN DIFFERENT CONDITIONS

Switching Frequency (fiy) Isic @Vpin=4.2V / 5V Loup
300k 6.27uA/7.89ud 3.794/4.784
500k 8.11uA/ 9.15u4 4.86A4/5.494
IM 11.47uAd / 12.9uA 6.894/7.744
2M 16.34uAd / 18.49uA 9.814/11.094
SM 26.51uAd / 30.49uA 15.574/ 18.294

of parallel control circuit is reset. The flowchart of the control
logic for the case with /V buck converters is shown in Fig. 12.

Fig. 13 illustrates the implementation of the improved PNC-
DDS with SLC for the case that contains two paralleling buck
converters. The input supply voltages Vpp; and Vpps can
come from different voltage sources like the NiH battery, the
NiCd battery, the Li-ion battery, or the solar cells. The switch-
ing frequencies of the two buck converters can be different
from each other. The PNC-DDS circuit with SLC circuit can
control the paralleling buck converters to achieve high ef-
ficiency over a wide load range with good current sharing
performance.

IV. EXPERIMENTAL RESULTS OF THE PARALLEL SYSTEM

The improved DDS circuit with power management was
fabricated in a TSMC 0.35-pm 2P4M process. The threshold
voltages of nMOSFET and pMOSFET are 0.55 and 0.65 V,
respectively. Fig. 14 shows the micrograph of the proposed
PNC-DDS and SLC circuits. The silicon area is about 3.06 mm?.
The used transistor count is about 3350 and the power consump-
tion of the chip is 2.2 mW.

Two buck converters are used to emulate the paralleling sys-
tem and test current sharing control by means of using external
N-type power MOSFETs for delivering high output current.
The high-side power MOSFET uses the bootstrap technique
to reduce the conduction loss. The values of R4 (on) of power
MOSFET and R, of ORing MOSFET are approximated to 5 m{2.
The value of the input capacitor Cp of each power MOSFET is
approximated to 4000 pF. An inductor of 4.7 p/H with a dc resis-
tance Rypcr = 1 mQ is utilized. The value of the output capac-
itor C'z, is 12000 p with an ESR resistance Rcgsg = 1.5 m{2.
The testing load current I;oap varies from O to 40 A while
the output voltages of two buck converters are Vp; =2 V and
Vo2 = 2.02 V, respectively at no-load condition. The supply
voltage is 4.2 V operating at 300 kHz for one buck converter
and is 5V at 5 MHz for the other. The experimental parameters
are shown in Table II.

Table III shows the transition current Ispc and its corre-
sponding I, at different input supply voltages and operation
frequency conditions. Fig. 15(a) shows the current waveform of
the conventional droop method since the dc resistance Rypcr
of the inductor increases the resistance at the output current path
of both buck converters. Thus, the current difference is about
3.32 A. Fig. 15(b) shows the measured voltage waveform for
the PNC-DDS method, the triangle output voltage waveform
keeps the parallel output voltage above Vi) = 1.9V, and
the voltage difference is shrunk from 20 to 5 mV. Fig. 15(c)
shows the current waveform of these buck converters, the cur-
rent difference is reduced from 3.32 to 1 A and the transition
current is 3.79 A at these input conditions and the correspond-
ing PWM signal can prove parallel control system works well
in this situation.

Fig. 16 shows the efficiency of the buck converters operated
in single mode and parallel modules when Vpixy =5V and
the switching frequency f;y = 5 MHz. The crossover current
Icross of the efficiency graph is 19.02 A and I,,,,¢), is 18.29 A.
The error is about 4%, which is small than the previous data since
the power loss can be ignored at heavy loads. The efficiency is
derived by (16)

VOUTrLIOrL

Efficiency = .
innloaven

(16)

Io,, is the output current, Vour, is the output voltage, and
Vinn is the supply voltage of buck converter n. After averaging
the values of 100 duty cycles, Ip 4y ¢, is the mean of the output
current from Vjy,,. The crossover current I.,ss is 3.47 A and
Iyuip 18 3.79 A in the efficiency graph. The error percentage is
about 8.4%, which is caused by the static power loss of buck
converters that is ignored compared to the total output power.

The comparison with other current sharing technique or light-
load efficiency enhancement techniques is shown in Table IV.
The PNC-DDS with SLC parallel control system can really
provide good current sharing performance and improves the
light-load efficiency at the same time.
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1;: The output current of BUCK I
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I104p: The output current of the MISO system

Ir04p

-—

BUCK 1 is turned off

I'_gAD=42A

PWM signal of the BUCK 1

Single Module

Single Module

Paralleling Modules

©

Fig. 15.

R A Bndnbadanxaatads

T
PWM[signalq the, l."ll I“" )

.A}.Aw_»._p......_k,-..

time |

QAR WA

Paralleling Modules

Frpwe e

(a) Current waveforms of the conventional method. (b) Measured output voltage waveforms. (c) Enlarged measurement current waveforms at the

transition point with the PWM signals of the two buck converters. The current probe magnitude is set 5x.
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Fig. 16. Comparison of the efficiency between single and paralleled buck converters in (a) Vpin = 4.2 V at frxy = 500 kHz and (b) Vpiy =5V at fiy =
5 MHz.
TABLE IV
COMPARISON WITH CURRENT SHARING TECHNIQUE OR LIGHT-LOAD EFFICIENCY ENHANCEMENT TECHNIQUES
This work [9] [10] [11] [12] [13]
Technology 0.35-um CMOS CMOS | 0.35-um CMOS 0.35-um CMOS 0.35-um CMOS 0. 5-um CMOS
Current sharing 75% @C,~4 75% @C,~4
Performance 87.5%@C,=8 90% | 87.5%@C,=8 N;’hzrugem N;’h;‘iflem N;’h;‘rli";em
increased 91.7%@C,=12 91.7%@C,=12 g g g
Sharing buss No need Need No need No No No
Voltage variation
at transition point ov o AVom) ov o ov
Power loss 12% for 10% for 3% for 11.8% for
reduction outout ctjrrent 1A 0% 0% output current output current output current
at light loads P 0.1A 0.1A 0.1A
Power loss 3% for
reduction output current 0% 0% 0% 0% 0%
at heavy loads 20A

V. CONCLUSION

An improved dynamic droop scaling circuit with SLC effec-
tively achieves current sharing control and also increases the
power efficiency by dynamically selecting the optimal number
of power modules to supply output load. Experimental results
show that the paralleling system can always be kept at high
conversion efficiency due to the optimization achieved by the
switching loss calculation circuit.
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