IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 41, NO. 5, MAY 2026

8323

Active Damping of LC Interphase Dynamics in
Automotive 48-V Series-Capacitor Buck Converters

Wan Lin Jiang
John Pigott

Abstract—This article presents a 4:1 series-capacitor buck (SCB)
converter designed for automotive 48 V-to-0.8 V applications, tar-
geting improved transient response under rapid input voltage
variations. The proposed design addresses the inherent interphase
LC oscillations in hybrid dc—dc converters through a novel dy-
namic flying-capacitor voltage tracking technique. Unlike conven-
tional methods, this approach employs dual flying-capacitor volt-
age regulators to dynamically adjust per-phase current commands,
ensuring accurate current balancing and robust stability across
a wide operating range. A comprehensive small-signal model is
developed and analyzed to accurately capture and optimize the
converter dynamics. Simulations indicate significant reductions
in peak inductor currents during input transients. Experimental
validation using a 62.5-A, 200-kHz prototype demonstrates a
4x reduction in flying-capacitor voltage settling time to 600 us
under fast input voltage transients. The proposed solution meets
strict automotive reliability and performance requirements under
rapid input-transient conditions, demonstrating improved overall
transient response and enhanced system robustness.

Index Terms—Active balancing, current-mode control, hybrid
converter, input transient, interphase oscillation, series-capacitor
buck, transient response.

1. INTRODUCTION

HE shift from conventional 12-V or 24-V distribution
T networks to 48-V architectures in hybrid and electric ve-
hicles (EVs) reduces current distribution losses and supports the
development of compact, lightweight power delivery systems.
Modern automotive processors operate at core voltages below
1V, requiring higher voltage conversion ratios in power man-
agement units (PMUs). At power levels of 40 to 50 W [2], 48
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Fig. 1. Reported efficiency of 48 V-to-core converters operating at full load
and an output voltage from 0.8 to 1.3 V [2], [4], [5], [6], [7], [8], [9], [10], [11],
[12], [13], [14], [15], [16], [17], [18], [19], [20].

V-to-core PMUs must deliver high efficiency and power density
while ensuring tight output voltage regulation during fast tran-
sients [3], [4]. Original equipment manufacturers are still in the
process of defining comprehensive 48-V PMU specifications,
including input and output transient performance.

For the automotive PMU output current range shown in Fig. 1,
the high step-down ratio is typically achieved using single-stage
direct conversion to reduce power loss and minimize physical
volume. In contrast, data-center applications with kilowatt-level
output power often require two-stage architectures or heavily
paralleled designs to meet much higher current and power
density demands [3]. At the lower power levels considered in
this work, such complex architectures offer limited advantage
over optimized single-stage solutions. A survey of recent 48-V
converter designs delivering output voltages from 0.8 Vto 1.3V
supports this trend [2], [4], [5], [6], [7], [8], [9], [10], [11],
[12], [13], [14], [15], [16], [17], [18], [19], [20]. Switched-
capacitor converters are often used for high step-down-ratio
direct conversion. To enhance current-handling capability while
maintaining efficiency and compactness, hybrid topologies such
as the series-capacitor buck (SCB) converter, as illustrated in
Fig. 2, have emerged as a major focus of research in 48 V-to-core
applications.

Strict output voltage regulation is essential for the reliable op-
eration of advanced processors and electronic control units [4].
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Fig. 2.

(a) N:1 SCB converter. (b) Steady-state waveforms.

In automotive electrical systems, load-dump transients represent
a significant control challenge. A classical load dump occurs
when the battery is suddenly disconnected while the alternator
is charging, causing a high-voltage surge on the power bus,
typically lasting from microseconds to milliseconds. The most
severe conditions are defined in ISO 76372 for 12 and 24-V sys-
tems [21]. Although EVs do not employ traditional alternators,
inductive subsystems such as electric power steering, pumps,
and compressors connected in parallel on the 48-V bus can
still generate similar overvoltage transients when their current
paths are abruptly interrupted. These events are not classical
load dumps but can exhibit comparable electrical stress and
must be mitigated through appropriate transient suppression and
control strategies. Without proper suppression, the bus voltage
can exceed 200 V [22]. To limit overvoltage stress on the power
delivery network, designers typically employ a 60-V transient
voltage suppressor diode on the input bus [23]. Despite this,
the bus voltage still rises quickly from 48 to 60V, exciting
oscillations in the LC' network formed by the flying capacitors
and power inductors of the SCB converter [24]. These oscilla-
tions increase the required saturation current of inductors and
the maximum drain-source voltage (Vg max) ratings of power
devices, which raises converter cost and volume. This transient
can also disturb the output voltage.

Prior SCB controller designs, primarily based on pulsewidth
modulation (PWM), were developed to improve load-transient
performance. Although PWM schemes provide steady-state
current sharing [24], the voltage regulation loop is decoupled
from cross-coupled LC interactions, as illustrated in Fig. 3.
Thus, damping interphase LC oscillations depends on the par-
asitic resistances of the power stage [1]. Large capacitor banks
near the battery help attenuate low-frequency ripple and slow
voltage surges, but they cannot effectively suppress high-dV/dt
transients at the point of load due to harness inductance and
the equivalent series inductance (ESL) of the capacitors. For
automotive PMUs, volume and cost are critical considerations,
which limit the use of excessively large capacitance to suppress
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Fig.3. Simplified small-signal block diagram of an N:1 SCB converter using
PWM-based control, omitting d-to-%u, d-to-tcj, and f)o-to-iu dynamics.

high dV/dt on the bus. Electrolytic capacitors offer high volu-
metric energy density, but suffer from high ESL, making them
ineffective against fast transient events. Film capacitors provide
improved high-frequency performance, but become bulky and
costly at 48V and above. Multilayer ceramic capacitors offer
excellent volume efficiency for small capacitance values, but are
limited by voltage derating, critical for 48-V applications. More-
over, sudden changes in flying-capacitor voltage or inductor cur-
rent can still trigger interphase oscillations, which a higher input
capacitance alone cannot suppress. As demonstrated in [25],
using coupled inductors across all phases reduces resonance
amplitude but increases settling time and design complexity due
to the need for custom magnetic components.

Comparisons between the SCB converter and other topolo-
gies reveal key strategies for flying-capacitor voltage balancing
and current sharing, which are critical for reducing interphase
oscillations. For example, both the flying-capacitor multilevel
(FCML) converter and the SCB converter use series-stacked
inputs with flying capacitors. FCML converters, which use a
single inductor, often require active balancing to maintain safe
voltage limits but exhibit fewer cross-coupled LC' interactions
in comparison. The dual-inductor hybrid (DIH) converter with
an auxiliary converter to improve transient response, proposed
in [26], also introduces interphase LC oscillations due to abrupt
flying-capacitor voltage steps; both voltage-sensed and sensor-
less current-balancing techniques have been applied to mitigate
these oscillations. However, with only two power inductors,
the DIH converter exhibits simpler LC' dynamics, similar to
those of the FCML architecture. Multiphase buck converters,
similar to SCBs, provide parallel current paths to the output.
The main distinction lies in the inductor voltage during tran-
sients: SCB phase inductors experience changing voltages due
to flying-capacitor variations, whereas inductors in multiphase
buck converters consistently see Vi — Vour.

This work is an extension of [1], where an SCB converter
control scheme that enables fast, active suppression of in-
terphase LC' oscillations during line transients while main-
taining charge balancing in steady state was presented. The
remainder of this article is organized as follows. Section II
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Fig.4. Input step-up waveforms of a 2:1 SCB converter in PCM with a current

command of I, showing a runaway capacitor voltage.

presents this control architecture with interphase oscillation
suppression. Per-phase current commands are adjusted using
the outputs of two neighboring flying-capacitor voltage-tracking
regulators to achieve fast balancing after transient events. This
article builds on [1] by introducing a small-signal model of the
SCB converter that includes parasitic elements in Section III, en-
abling accurate modeling of interphase oscillations. In addition,
the linearized valley-current-mode (VCM) controller with an
integrated LC'-oscillation suppressor is derived, with the system
stability characteristics compared against those of a conventional
PWM-based controller. Sections IV and V present the simulation
and experimental results, respectively. Specifically, this work
expands on [1] by including the experimental results for fast
input-step and load-step transient response. Finally, Section VI
concludes the article.

II. CURRENT-MODE CONTROLLER WITH LC-INTERPHASE
OSCILLATION SUPPRESSION

Current-mode control (CMC) provides inherently fast rejec-
tion of input voltage variations. Direct regulation of output cur-
rent by the inner loop enables the controller to respond to input
changes before they affect the output voltage, while suppressing
oscillations through cycle-by-cycle current comparison. How-
ever, conventional fixed-frequency peak-current-mode (PCM)
or valley CMC introduces a positive feedback loop between the
inductor current slew rate and the flying-capacitor voltages.

A 2:1 SCB converter, which exhibits simpler dynamics than
higher level SCB converters, is analyzed using PCM control to
examine the potential imbalance in response to an input voltage
step-up. The timing diagram for this scenario is shown in Fig. 4,
with the current command I, = It px = Ir2,pk. A step of size
AV = «a(Vin — V1) is applied to the input of the converter. The
duration in state I ¢,,, immediately after this input voltage step
t! ., is approximated as

(Ic - IvalZ)L ton2

t o~ =
M YN —Ver + AV T a+1

(1)

where I, is the steady-state valley current before the transient.
Given that Atep =t ., — tonz < 0, the valley current at the end
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Fig. 5. Simulated 4:1 SCB using VCM control at I oap = 20 A with the
input stepped from 48 to 56 V at 1 V /mus without active balancing.

of this switching cycle becomes

(Tsw — ton) Vout
Lo

which decreases with a shorter ¢/ ,. This negative feedback to
ton2 helps balance the currents if I, is significantly reduced.
However, due to the significant difference in positive and neg-
ative inductor current slope in the 48V-to-core application, the
impact of

/
val

2

2:Ic_

Atona Vs
AIvalZ - I\//aIZ - Iva12 - % (3)
2
remains insignificant compared to that of Atgy,, allowing the
approximation (I{,) 7y, = (IL2) Ty - Meanwhile, the change in
on-time of M, reduces V(¢ after a full switching period, where

(TL2) Towtony — (IL1) Ty tont

A‘/Cl,cycle = C
1

_ I oapAton
2C,

is negative and especially noticeable at higher output currents.
With the goal of increasing V¢ to (Vin + AV')/2, the negative
value of AV cycle drives the flying capacitor away from a
balanced steady state. Furthermore, with

t/ ~ (Ic - Ivall)L
ont VCl + A‘/(?l,cycle

the on-time of M3 (state II duration) extends, further reduc-
ing Ve when combined with the shortened ¢, based on (1).
The SCB converter requires nonoverlapping magnetization pe-
riods between inductors from consecutive phases, adding the
constraint to the maximum high-side device turn-ON time to
tonmax = Tsw/N. Thus, t,n eventually saturates at Tsw/2 as
a result of the lowered V. V¢ continues to drop, ultimately
leading to voltage runaway. Fig. 5 presents the simulated results
of a 4:1 SCB converter using a conventional fixed-frequency

“)

(&)
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Fig. 6. (a) Proposed N:1 SCB converter control architecture using (b) the
L(C-oscillation suppressor with dynamic voltage-tracking.

VCM controller with slope compensation of mg = 13.4 A /us
to ensure the VCM stability, responding to a rapid input volt-
age step. The resulting runaway condition, initiated by the
uppermost phase, leads to phase current imbalance and system
instability. These results emphasize the need for active balancing
when applying CMC to SCB converters.

A. Proposed Control

The proposed control architecture for an N:1 SCB converter
is shown in Fig. 6(a), incorporating adjustment current com-
mands Icj.g from the voltage-tracking regulators depicted in
Fig. 6(b). This work considers both fixed-frequency PCM and
VCM control schemes. Inductor currents Iy (forj = 1,..., N)
are equalized by maintaining uniform peak or valley values and
identical current ripple amplitudes in steady state. The current
ripple of inductor L; on phase j, denoted Aly, is given by

AILJ' = I
J

(6)
with boundary conditions Von = Vin and Vg = 0. For N > 2,
inductor currents Iy for j = 2,..., N —1 are influenced by
two neighboring flying capacitors. To ensure uniform AV,

IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 41, NO. 5, MAY 2026

the converter must satisfy Ve — Vo) = Vin — Ve = Ve
Accordingly, the dynamic flying-capacitor voltage references
are defined as Ve = JVin/N to maintain balanced phase
currents.

The control scheme employs a feedforward path from the
input voltage to adjust the current command generated by the
outer voltage regulation loop, thereby suppressing interphase
LC oscillations during line disturbances. Following a transient,
each V¢ tracking controller immediately detects a voltage error
of
JAVix -

N
by comparing the input-voltage-based reference with the sensed
flying-capacitor voltage. To regulate this error to zero, the
controller generates adjustment current commands, denoted by
I¢j agj- This mechanism prioritizes tracking for higher level flying
capacitors, which is desirable since I;y increases rapidly and
My experiences the greatest voltage stress during a step-up
transient. When the current commands for phase j, I, are
summed, the adjustment terms cancel, yielding

AVCj,error -

N
NI, => I, ®)
j=1

which reduces the impact of line transients on .

Fig. 4 illustrates how the proposed control achieves active
balancing after a step change in input voltage. Upon detect-
ing a decrease in flying-capacitor voltage, the control adjust-
ment command extends ¢, , and reduces ¢, ,, which increases
(I12) Ty and decreases (IL1)7, - These changes act to increase
AVci,cyele in (4), eventually making it positive to restore the
flying-capacitor voltage.

Although the series-input structure of an SCB converter re-
duces the magnetizing voltage across the inductors compared
to a conventional step-down converter, the positive inductor
current slope Mmpy,e Temains significantly greater than the nega-
tive slope at high conversion ratios. Under the nominal ratio of
48 V-10-0.8 V, My, is approximately 11x larger. This makes
accurate peak current sensing considerably more difficult than
valley-current sensing. Consequently, VCM is the more practical
control strategy for this topology and is adopted in the subse-
quent analysis. With a maximum on-time of ¢, max = Tsw/N,
slope compensation with a minimum required slope of

pmin — Mmag _ VIN,max — NVout 9)
5 2 2NL

is necessary to prevent subharmonic oscillation under VCM-
based control. Slope compensation can contribute to balancing
by acting as a proportional controller with a low gain. However,
the slope required to ensure current balancing, dependent on load
current and switching frequency in addition to the parameters
used to calculate m™", is significantly greater than m™™ and

sc sc

is not suitable as a standalone method.

B. Flying-Capacitor Voltage Sensing

Accurate sensing of flying-capacitor voltages is essential for
the proposed control scheme. To maintain charge balance, the
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TABLE I
KEY SYSTEM PARAMETERS

Parameter Value | Unit
Input voltage, Vin 24 - 60 \'
Nominal input voltage, ViN nom 48 A\
Output voltage, Vour 0.8 \%
Switching frequency, fsw 200 kHz
Rated load power, PraTED 50 W
Line inductance, Lijne 2.5 uH
Line resistance, Rjine 300 mS)
Output capacitor, Cour 800 uF
Input capacitor, Ciy 30 uF
High-side ON-resistance, Ron, i 6 mS)
Low-side ON-resistance, Ron, L, 0.8 mS)
Inductors, L4321 Or Liain 1 uH
Inductor DCR, R, 1 mS?
Flying capacitors, C5 2 1 30 uF
Flying capacitors ESR, Cr 800 us2

most suitable method for estimating V;_3 is to compute the
average of the sensed peak and valley voltages over a complete
switching cycle. At steady state, under the nominal 48 V-to-
0.8 V condition, each flying capacitor remains at its peak voltage
for approximately 18.3% of the cycle and at its valley for 68.3%.
While this enables reliable capture of both peak and valley volt-
ages at a switching frequency of 200 kHz, the timing margin is
not guaranteed during fast transients. In worst-case events, such
as load step-ups or line disturbances, a sharp reduction in I¢; can
shorten the interval between adjacent nonzero switching states
to nearly zero. Consequently, the available window for accurate
peak voltage sensing is significantly reduced. In contrast, the
valley voltage of each capacitor is maintained for at least 50%
of the switching period, making valley-based sensing a more
robust and practical approach.

Adopting valley-voltage sensing on the flying capacitors in-
troduces a small inductor-current offset proportional to Iour.
This offset is analytically predictable and remains negligible
when the flying capacitors are properly sized. To correct this
offset, the dynamically generated capacitor reference voltages
can be adjusted based on the current command under varying
loads. The midpoint voltage V1.3 can also be estimated from
the measured phase current and high-side switch on-times to
compensate for the inductor current offset. Both correction
techniques increase design complexity and are warranted only
when precise inductor current offset control is required.

III. COMPARATIVE STABILITY ANALYSIS OF PWM AND
PROPOSED CONTROL IN SCB CONVERTERS

A small-signal model of the converter is developed to analyze
the dynamic behavior of the proposed control scheme. The
analysis focuses on loop stability, accounting for the effects of
slope compensation and the proposed flying-capacitor voltage
feedback under VCM control. For the automotive 48 V-to-0.8 V
application, a4:1 SCB converter with parameters listed in Table I
is used for the simulations.
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TABLE II
DEFINITION OF VARIABLES FOR THE SMALL-SIGNAL MODEL

Symbol Definition

Reqs Ry + Ron,L + RonuD4

Regs Ri + Ron,1 + (Ronu + 2Ron1) D3

Reqo Rr + Ront + (Ronu + 2Ron1) Do

Reg1 Rr + Ront + (Ron,. + Ronu) D1
Ky Vin — Vos — Ron,alia
K3 Vas — Ve — (Ronu + 3Ron L) Ius
Ko Voo —Ver — (Ronu + 3Ron 1) Tr2
K1 Vo1 — (Ronu + 2RonL) Ita

A. Small-Signal Modeling

Key parasitic elements in the power stage, specifically the
MOSFET on-resistances and the inductor DCR, must be included
to accurately characterize interphase dynamics. A small-signal
model is developed for the 4:1 SCB converter using the spec-
ifications listed in Table I. For clarity, selected expressions are
simplified using the variable definitions provided in Table II.

The DC analysis reveals that Iy4 = I13 = I}, = I1; and
Dy = D3 = Dy = Dy. Let 3; = I1jd; + Djiy;. The resulting
system of equations for the converter is given as follows:

Dyt — Dates — ReBa+ Ron i (Ba — B3)

di X .
= L4% — Kadg + Regairg + Dou
D33 — D3tcy — 2Refs + Ron L (285 — B4 — B2)
dgLS 7 7 2 ~
= LSW — k3d3 — Ron,LILads + Reg3irs + Dou
Dydcy — Daticy — 2Rc P2 + Ron,1 (282 — B3 — B1)
diLz 7 5 2 ~
= LQW — kodz — Ron 1.113d3 + Reqair2 + Dout
D19c1 — Refr + Ronw (B2 — B1)
diyy 5 P A .
= LIW — k1d1 — Ron1d12d2 + Reqiivt + Dout
dics3
B —=C
Ba— B3 570
dicy
_ B3, =, 2
B3 — B2 2
dicy
_p=c e
B2 — B1 1

For an N:1 SCB converter, the input-voltage-to-inductor-
current transfer functions Gipjve and the input-voltage-to-
flying-capacitor-voltage transfer functions Gcj,vg exhibit N —
1 interphase resonant frequencies. The damping ratios of these
resonances are strongly influenced by the converter’s design
parameters; in particular, highly efficient converters tend to
exhibit lower damping.

The VCM controller and the LC-oscillation suppressor
are linearized and incorporated into the model. The resulting
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SC Buck Converter Model

Fig. 7. Small-signal model of the proposed architecture.

system-level linearized model is shown in Fig. 7. In this model,

H(s) and G.(s) represent the output-voltage sensing block

and the outer PID controller, respectively. Fy(s) denotes the

input-to-inductor-current transfer function for each phase, given

by

_ D(1-D)
2f SWLmain .

F,,(s) models the conversion of the cycle-by-cycle current
comparison into an effective duty cycle, incorporating the slope
compensation term m, defined as

2 fsw
2Mge — M1 + Mo

_ Lmain f SW (1 1)
Lmainmse + Vour — ViN/S
where m; and m are the magnetizing and demagnetizing slopes
of the inductors Ly 3 2,1, respectively.

The linear model is validated in Fig. 8 by comparing its
response to a small input step with that of the full converter
switching circuit. The “Filtered Average” waveform is obtained
from the switching circuit simulation result: the output voltage
and inductor currents are processed using a third-order Butter-
worth filter, while the flying-capacitor voltages are calculated
by averaging their peak and valley values within each switching
cycle. The results show strong agreement in both output and
interphase dynamic behavior, confirming the model’s suitability
for controller design and system-level stability analysis.

Fy(s) (10)

Fp (s) =

B. Stability Analysis

The derived linear model of the proposed controller is used
to compare stability and interphase dynamic response against a
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Fig. 8. Dynamic response of key (a) voltages and (b) currents of the 4:1 SCB
converter using the proposed controller under a small input transient of 1 V at
0.1V /ns, simulated using the full switching model and the linearized model.
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Fig. 9. Dynamic response of key (a) voltages and (b) currents of the SCB

converter using a conventional PWM controller under a small input transient of
1 Vat 0.1 V/ns, simulated using both the full switching model and the linearized
model.

conventional PWM-based controller. Both controllers are tuned
to have a phase margin of approximately 40° at 50% load and
the nominal conversion ratio. The linear model of the PWM
controller is validated in Fig. 9, showing a near-perfect match in
LC interphase dynamics with the switching model, despite the
underlying complexity of interphase interactions.

For automotive applications, the wide range of operating
conditions, including variations in load current, presents a sig-
nificant challenge for controller design. To ensure the proposed
controller maintains stability across the full operating range,
loop gain is evaluated from 5 A (light-load condition) to 62.5 A
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(full-load condition), and at both the minimum and maximum
Vin values listed in Table I. The simulation result, as shown
in Fig. 10, confirm robust performance under all required con-
ditions. The primary tuning objective is to achieve high control
bandwidth at full load while maintaining sufficient phase margin
atlight load. In addition, the phase margin must remain adequate
at the highest conversion ratio, which represents the worst-case
stability condition, as shown in Fig. 10(b). Loop-gain simulation
results show a minimum phase margin of 30° at Vi = 60V and
Iour = 5 A, and a minimum crossover frequency of 37 kHz at
ViN =24V and IOUT =62.5A.

The proposed controller demonstrates an improvement of
approximately 22 kHz in crossover frequency f., compared to
the benchmark PWM-based design when both are tuned to a
similar phase margin, as shown in Fig. 11(a). Unless otherwise
specified, all stability analyses are performed with the models
biased at oyt = 30 A and the nominal conversion ratio. As
shown in Fig. 11(b), the Oiy-to-Ugy transfer function shows
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greater improvement at lower frequencies, while the two con-
trollers exhibit minimal difference at higher frequencies. This is
primarily due to the effectiveness of the derivative term in the
PWM-based PID controller and the output filter in attenuating
the resonance observed in Fig. 11(a). However, the attenuation
effect of the output filter is reduced under light-load conditions
for the PWM-controlled converter.

In contrast, the improvement in interphase dynamics achieved
by the proposed controller is clearly demonstrated in Fig. 12. The
absence of resonance in 0Uc3 and %L4 highlights the effective-
ness of its resonance-suppression mechanism. The PWM-based
controller provides virtually no attenuation of interphase LC
resonances compared to the open-loop response, exhibiting peak
gains of 12.9 dB in 9¢3 and 23.2 dB in %L4, as shown in Fig. 12.
By contrast, the proposed controller achieves a maximum gain



8330

1 T T 80
= P ‘ VouzL =
2z Vin =

— 0.8 N 60
s li =
N =
06 I I I I L 1 40

ZA0 - ‘/high oscillation amplitudcs\ Iy

= I,
220 L3

g

é . [ I,

=] r Iy

© 50 I L L I L I L T |

50 &

S | Vos |

& —/\/\"v‘—\/\/\,—_.___ Ver
- Var[©

s |

= 0 L L L I L L 1 I |
=

p

g

g

0 1 2 3 4 5
time (ms)

(a)

5 6 7 8 9

Vour (V)

e
=
=]

o oW
oo 33

=
S

)
S

103 00
Ieoad;|
101 adj

Current (A) Voltage (V) Voltage (V) Current (A)

time (ms)
(b)

70 0 70
ST T — | & = 08 =

60 = P e
& 2075 RS
50 = > 50~

Vour (V)
o
3

e
5
o
3

|

o

P R
= 40

s
15

S
3

. o B8 8
Current (A) Voltage (V) Voltage (V) Gurrent (A
5 & oo B

Current (A) Voltage (V) Voltage (V) Current (A)

o o o o

.5 0.51 0.52 0.53 0.54 0.55 3.51 3.52 3.53 3.54 3.55
time (ms) time (ms)

©) (d)

hed

Fig. 14. Simulated response of a 4:1 SCB converter to a line step from 48
to 60V with a 1-V/us slew rate at Iy oap = 60 A using (a) PWM control
and (b) VCM control, zoomed in to the (c) step-up and (d) step-down transient
timestamp when using the proposed control.

reduction of approximately 28 dB in the Ujy-to-0c3 path and
24 dB in the dyn-to-ip4 path relative to the PWM-based design.
Automotive applications present additional challenges due to
the wide operating range, including significant input voltage
variation and large load-current swings. As shown in Fig. 13,
the proposed approach achieves substantial and consistent sup-
pression of interphase oscillations across the full range. These
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results demonstrate that the proposed controller not only main-
tains robust stability across a wide operating range, but also
delivers superior interphase dynamic performance and effective
resonance suppression.

IV. TRANSIENT SIMULATION RESULTS

Fig. 14 shows the dynamic response of a 4:1 SCB converter
at I oap = 60 A. The converter is subjected to input voltage
steps between 48 and 60V with a slew rate of 1V /us. The
input-bus parasitic elements, Ly, and Ry, listed in Table I, are
estimated based ona 1-m, 1-AWG wire (approximately 7.35 mm
in diameter).

Significant LC oscillations are observed under conventional
PWM-based control, as shown in Fig. 14(a). In comparison, with
acurrent-reference saturation of 32 A, I1, peak is reduced by over
10 A during transients when using the proposed VCM control,
which incorporates both LC-interphase oscillation suppression
and slope compensation, as shown in Fig. 14(b). As indicated
in (8), the current adjustment terms I from the oscillation
suppressor cancel at the output. Minor deviations in Vg are
attributed to the slope compensation, which introduces small
deviations in the averaged inductor currents during transients
due to shifts in switching instances. The inductor current set-
tling time improves from 2 ms to 500 us, accompanied by
a significantly smaller output voltage disturbance. During the
line transient, voltage stress on all low-side devices except My
remains within their maximum steady-state Vpg ratings.

To demonstrate full system stability, a 20-A load step from
ITout = 20 A is applied to the SCB converter operating under the
proposed control scheme, with the simulated response shown in
Fig. 15. The results confirm stable load regulation; however,
a relatively large output voltage deviation is observed. The
critical output specification for an automotive PMU is +5%
of the nominal output voltage during a 50% load step [2].
Output voltage regulation is primarily limited by the converter’s
switching frequency and the linear nature of the controller.
To minimize voltage deviation during large load transients
without significantly increasing the output filter volume, a
high-frequency auxiliary converter, as proposed in [17], can
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complement the primary control scheme. A 48 V-to-1 V system
can achieve as up to 6.75x reduction in output capacitance
using a low-voltage, high-frequency auxiliary converter. While
adding such a parallel auxiliary converter enables compliance
with stringent automotive PMU requirements without sacrificing
efficiency and improves the capacitance-per-ampere metric, the
implementation lies beyond the scope of this work, which fo-
cuses on input-transient LC'-oscillation suppression rather than
output-transient optimization.

V. EXPERIMENTAL RESULTS

The 4:1 SCB converter in Fig. 16 was implemented using
60-V, 5-mQ TAUZ40NO6S5 and 40-V, 0.55-m{}
TAUCI120N04S6 devices for switches M5 g and Mq_4,
respectively, as shown in Fig. 17. An input-step PCB was
developed to achieve a high input-voltage slew rate, which is
not attainable with standard bench-top supplies. Similarly, a
50-m€) Rjoap was added into the converter PCB to realize
a high load-step slew rate. A VCM-based control with Vg
tracking was implemented using an FPGA-based digital
controller. 2-m{2 current-sense resistors were connected to the
sources of M;_4 and placed on the reverse side of the converter
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Fig. 18.  Measured Vsw of the 4:1 SCB converter subjected to an input voltage
step up from 40 to 54 V in 10 us at I oap = 20 A using (a) PWM control and
(b) VCM control with oscillation suppression.

PCB. The front side contains the power stage with passive
component values matching those in Table I, except for an
increased Cyy = 1.2mF to reduce output voltage deviation
during load steps and bring the response closer to typical
automotive PMU requirements. The inductor current was not
measured to avoid noise injection into the sensing circuits;
instead, capacitor or switch-node voltages were monitored to
detect potential interphase oscillations.

A comparison of the interphase response of the converter
using PWM-based and VCM-based control to an input step
between 40 and 54V, with a step-up slew rate of 1.2V /us
at Iy, = 20 A, is shown in Fig. 18. The plotted switch-node
voltage measurements were processed using a 2-ns moving-
average filter to suppress hard-switching ringing and enhance the
visibility of interphase oscillations. Comparing Vsw in Fig. 18(a)
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and (b), the VCM controller effectively reduces interphase LC'
oscillations and lowers voltage stress on switches M;_3.

The input step response of the converter, stepped from 36
to 48V at 1 V/us and back, is shown in Fig. 19. As indicated
in Fig. 2(b), the valley of Vxo_4 reflects the voltage behavior

Fig.21.  (a) Experimentally measured converter dynamics using the proposed
controller subjected to a 25% load step with Vin = 48 V input (b) from 35 to
50 A at 100 A/ps and (c) from 50 to 35 A at 500 A/ us.

of C'1_3. The flying-capacitor voltages are regulated to their dy-
namically generated references without any oscillatory behavior
within 600 us, similar to the simulated response. The maximum
output voltage deviation was 50 mV, settling within 100 pis—a
significant improvement over the PWM-based converter input
transient response reported in [1]. As a fast input-capacitor
discharge mechanism was not implemented, the input voltage
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controller subjected to a 25% load step with Vix = 48 V input from 0 to 15 A
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slew rate of 40 V/ms was dependent on the load of the con-
verter. In this case, the flying-capacitor voltage decreased in a
controlled manner, closely following the input step down with-
out disturbance on V, as shown in Fig. 19(b). Fig. 20 demon-
strates light-load input-step stability, with the output voltage
settling time reduced to 50 ps and a maximum output-voltage
deviation of 40 mV.

The load-step stability of the converter was validated using a
fast 25% full-load (Jour rs) step from 35 A, with a slew rate
of approximately 100 A /us, based on the slope of Vi 10aD,
as shown in Fig. 21. The sum of ILOAD and VRiLOAD/RLOAD
represents the total output current of the converter. The out-
put voltage deviation remains within 50mV during the load
step-up, demonstrating effective regulation. The load step-down
produces a larger voltage deviation, attributed to the low nominal
steady-state duty cycle and the low inductor demagnetizing slew
rate due to the low output voltage level. Nevertheless, converter
stability is maintained, as shown in Fig. 21(c). Light-load stabil-
ity is shown in Fig. 22, with fast 25% Iour, s load steps from
and to 0-A output current.

At the nominal conversion ratio of 48 V-to-0.8 V, the peak
efficiency of 88.4% was measured at 32 A, with a rated-load
efficiency of 85.6% at 62.5 A. The converter losses include the
contribution from the 2-m¢2 current-sense resistors, Ry, placed
on each phase. The cumulative sensing loss from all phases is
calculated as Piepse = Rsnsfgm /4, which becomes significant at
ITow > 20 A, as shown in Fig. 23.

To emulate lossless current sensing, the sense resistors were
removed from the prototype power stage. This resulted in
a measured peak efficiency of 90.2% and rated-load effi-
ciency of 89.2%. In the intended automotive application of this
scheme, such lossless current sensing could be implemented
using integrated sense FETs [27], enabling an efficiency im-
provement without increasing system complexity. These results
demonstrate that with appropriate current-sensing techniques,
the converter can achieve efficiency levels on par with other
high-performance 48-V converters [7], [12], [13].

8333

90 -
<
St
=
Q
=
&
& 80
5

75 -

0 10 20 30 40 50 60
Iout (A)
Fig. 23.  Measured power-stage efficiency.

The proposed control method introduces additional sensing
elements in the experimental setup, resulting in area overhead,
as shown in Fig. 17. However, compactness and efficiency
are critical for reliable system-level integration, as reflected in
ongoing design trends in automotive PMUs. To overcome the
design volume penalty, current sensing, voltage sensing, and
control circuitry can be integrated into a power management
IC, as demonstrated in [28]. The IC in [28] was derived from
a discrete two-stage power delivery prototype presented in [29]
for automotive processors. Such integration eliminates the need
for discrete sensing components, reduces parasitic effects, and
improves overall power density.

VI. CONCLUSION

This article presented a novel CMC strategy incorporating
dynamic flying-capacitor voltage regulation for N:1 SCB con-
verters, aimed at improving the dynamic response in automotive
48-V applications. By dynamically regulating the flying-
capacitor voltages, the control scheme mitigates interphase LC'
oscillations, which are distinctive of hybrid dc—dc converters
in which the magnetizing voltages across the phase inductors
may vary significantly during input transients. Building on
current-mode control, the current command of each inductor is
adjusted using the voltage regulation of two neighboring flying
capacitors. The proposed method was validated using a 62.5-A
prototype. Stability analysis confirmed robust performance in
accordance with stringent automotive reliability requirements.
Experimental results demonstrated effective suppression of in-
terphase oscillations during input transients and stable regulation
during load transients. Compared to a conventionally adopted
PWM-based controller, the proposed scheme reduced inductor
current settling time from approximately 2 ms to 600 ps, while
maintaining output voltage deviations within 50 mV under se-
vere line disturbances. This facilitates reductions in input ca-
pacitance and inductor saturation current requirements, thereby
enhancing power density and transient performance in automo-
tive power management applications.

REFERENCES

[1] W. L. Jiang et al., “Interphase LC-oscillation suppression with fast line-
transient response in 48-V series-capacitor buck converters for automotive
applications,” in Proc. IEEE Appl. Power Electron. Conf. Expo., 2025,
pp. 1451-1458.



8334

[2]

(3]

[4]

[3]

[6]

(71

(8]

[91

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

N. Khan et al., “A wide-input-voltage-range 50 W series-capacitor buck
converter with ancillary voltage bus for fast transient response in 48 V
PoL applications,” in Proc. 24th Eur. Conf. Power Electron. Appl., 2022,
pp. 1-8.

J. Winkler, N. Deneke, and B. Wicht, “Survey of components and
topologies for high-efficiency and high-power density 48 V DC-DC
converters,” in Proc. IEEE Appl. Power Electron. Conf. Expo., 2025,
pp. 848-853.

N. Khan et al., “Ultrafast transient response in 48 v automotive VRMs: An
auxiliary-assisted adaptive slew-rate control scheme,” IEEE Trans. Ind.
Electron., vol. 72, no. 5, pp. 4731-4741, May 2025.

S. Y. Sim, X. Zhang, J. Jiang, K. Wei, and C. Huang, “A 94.7% efficiency
direct-step-down switched-tank-based 48 V to 1V-3.3 V hybrid converter
with constant-resonant-time closed-loop control,” in Proc. IEEE Appl.
Power Electron. Conf. Expo., 2024, pp. 1344-1350.

H. Peng et al., “Optimized two-stage & two-phase 48V-1 V DC-DC
converter with large load current up to 100 A,” in Proc. IEEE 10th Int.
Power Electron. Motion Control Conf., 2024, pp. 1629-1633.

N. M. Ellis, Y. Zhu, and R. C. Pilawa-Podgurski, “Gallium nitride-based
48V-to-1 V point-of-load (PoL) converter for aerospace telecommunica-
tions and computing applications,” in Proc. IEEE Appl. Power Electron.
Conf. Expo., 2024, pp. 1384-1388.

Y. Elasser et al., “Mini-LEGO: A 1.5-MHz 240-A 48-V-to-1-V CPU VRM
with 8.4-mm height for vertical power delivery,” in Proc. IEEE Appl. Power
Electron. Conf. Expo., 2023, pp. 1959-1966.

Y. Zhu, T. Ge, Z. Ye, and R. C. Pilawa-Podgurski, “A Dickson-squared
hybrid switched-capacitor converter for direct 48 V to point-of-load
conversion,” in Proc. IEEE Appl. Power Electron. Conf. Expo., 2022,
pp. 1272-1278.

Y. Chen, H. Cheng, D. M. Giuliano, and M. Chen, “A 93.7% efficient
400 A 48V-1 V merged-two-stage hybrid switched-capacitor converter
with 24 V virtual intermediate bus and coupled inductors,” in Proc. [IEEE
Appl. Power Electron. Conf. Expo., 2021, pp. 1308-1315.

Y. Zhu, Z. Ye, T. Ge, R. Abramson, and R. C. N. Pilawa-Podgurski, “A
multi-phase cascaded series-parallel (CaSP) hybrid converter for direct 48
V to point-of-load applications,” in Proc. IEEE Energy Convers. Congr.
Expo., 2021, pp. 1973-1980.

C. Chen, J. Liu, and H. Lee, “A 92.7%-efficiency 30 A 48V-to-1 V dual-
path hybrid Dickson converter for PoL applications,” in Proc. IEEE Energy
Convers. Congr. Expo., 2021, pp. 1989-1994.

X. Zhang, B. Nguyen, A. Ferencz, T. Takken, R. Senger, and P. Coteus,
“A 12- or 48-V Input, 0.9-V output active-clamp forward converter power
block for servers and datacenters,” IEEE Trans. Power Electron., vol. 35,
no. 2, pp. 1721-1731, Feb. 2020.

M. Halamicek, T. McRae, and A. Prodi¢, “Cross-coupled series-capacitor
quadruple step-down buck converter,” in Proc. IEEE Appl. Power Electron.
Conf. Expo., 2020, pp. 1-6.

M. Choi and D.-K. Jeong, “A 92.8%-peak-efficiency 60 A 48V-to-1 V
3-level half-bridge DC-DC converter with balanced voltage on a flying
capacitor,” in Proc. IEEE Int. Solid-State Circuits Conf., 2020, pp. 296—
298.

M. H. Ahmed, C. Fei, F. C. Lee, and Q. Li, “Single-stage high-efficiency
48/1 V sigma converter with integrated magnetics,” IEEE Trans. Ind.
Electron., vol. 67, no. 1, pp. 192-202, Jan. 2020.

N. Khan, O. Cobani, G. V. Piqué, J. Pigott, H. J. Bergveld, and O.
Trescases, “A 48 V-1 V auxiliary-assisted hybrid DC-DC converter with
flying-capacitor-based virtual bus for fast transient response,” IEEE Trans.
Power Electron., vol. 39, no. 5, pp. 5848-5861, May 2024.

J. Zou, Y. Zhu, N. M. Ellis, L. Horowitz, and R. C. N. Pilawa-Podgurski,
“A 48-V-to-1-V gallium nitride switching bus converter for proces-
sor vertical power delivery with 2.7 mm thickness and 3048 Win3
power density,” in Proc. IEEE Appl. Power Electron. Conf. Expo., 2025,
pp. 2276-2283.

X. Xu and Q. Li, “Single-stage 48V-to-1 V regulator with a half-turn
transformer and current-doubler rectifier,” in Proc. IEEE Appl. Power
Electron. Conf. Expo., 2025, pp. 1433-1438.

X. Ren, J. Zhang, Z. Rong, B. Hu, and T. Long, “Ultra-low-profile
single-stage voltage regulator module (VRM) for next-generation Al
accelerators,” in Proc. IEEE Appl. Power Electron. Conf. Expo., 2025,
pp. 1439-1443.

R. K. Frazier and S. Alles, “Comparison of ISO 7637 transient waveforms
to real world automotive transient phenomena,” in Proc. Int. Symp. Elec-
tromagn. Compat., 2005, vol. 3, pp. 949-954.

IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 41, NO. 5, MAY 2026

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

Analog Devices Inc., “Load-dump protection for 24 V automotive applica-
tions,” Technical Article, available online, 2023, accessed: May 7, 2025.
[Online]. Available: https://www.analog.com/en/resources/technical-
articles/loaddump-protection-for-24v-automotive-applications.html
STMicroelectronics, “Dealing with voltage surges in a 48 V automotive
system and transient voltage suppressor (TVS)” Application Note, 2023.
[Online]. Available: https://www.st.com/resource/en/application_note/
an5958-dealing- with- voltage-surges-in-a-48-v-automotive-system-
and-transient- voltage- suppressor-tvsstmicroelectronics.pdf

P. S. Shenoy et al., “Automatic current sharing mechanism in the series
capacitor buck converter,” in Proc. IEEE Energy Convers. Congr. Expo.,
2015, pp. 2003-20009.

P. Wang et al., “Interphase LC' resonance and stability analysis of series-
capacitor buck converters,” IEEE Trans. Power Electron., vol. 38, no. 5,
pp. 5680-5687, May 2023.

O. Cobani, N. Khan, J. Pigott, H. J. Bergveld, and O. Trescases, “A
sensorless feedforward balancing compensator for improved interphase
dynamics in auxiliary-assisted dual-inductor-hybrid converters,” in Proc.
Energy Convers. Congr. Expo Europe, 2024, pp. 1-8.

S. Zhang, M. Zhao, X. Wu, and H. Zhang, “Current-balance method for
multi-phase DC-DC buck converters with wide duty ratio applications in
both CCM and DCM,” Electron. Lett., vol. 53, no. 15, pp. 1062-1064,
2017.

M. Ashourloo et al., “An automotive-grade monolithic masterless fault-
tolerant hybrid Dickson DC-DC converter for 48-v multi-phase appli-
cations,” IEEE J. Solid-State Circuits, vol. 56, no. 12, pp. 3608-3618,
Dec. 2021.

M. Ashourloo et al., “Fault detection in a hybrid Dickson DC-DC converter
for 48-V automotive applications,” IEEE Trans. Power Electron., vol. 36,
no. 4, pp. 4254-4268, Apr. 2021.

Wan Lin Jiang (Student Member, IEEE) received the
B.A.Sc.and M.A.Sc. degrees in electrical engineering
from the University of Toronto, Toronto, ON, Canada,
in 2018 and 2021, respectively, where she is currently
working toward the Ph.D. degree.

From 2022 to 2023, she was an Analog Design
Engineer with Analog Devices, Colorado Springs,
CO, USA, where she developed device power-supply
ICs for automated test equipment. In 2025, she was
a Design Intern at NXP Semiconductors, Chandler,
AZ, USA, focusing on power-management units for
automotive SoCs.

Xiaolong Hu received the B.Eng. degree in electrical
engineering from Nanjing University of Aeronautics
and Astronautics, Nanjing, Jiangsu, China, in 2023.
He is currently working toward the M.A.Sc. degree in
electrical engineering with the University of Toronto,
Toronto, ON, Canada.

His research interests include power converters and
control for electric vehicles.

Nameer Khan received the Ph.D. degree in electrical
engineering from the University of Toronto, Toronto,
ON, Canada, in 2025.

He worked as an Analog IC Design Intern with
NXP Semiconductors Inc., Chandler, AZ, USA, and
Analog Devices Inc., Toronto, ON, Canada. He is
currently working with Apple, Inc., in Cupertino, CA,
USA, as a Haptics Electrical Engineer.

Dr. Khan is the recipient of an IEEE TPEL Prize
Prize Award in 2025, an APEC Outstanding Presen-
tation Award in 2023, and a COMPEL Best Paper
Award in 2022.


https://www.analog.com/en/resources/technical-articles/loaddump-protection-for-24v-automotive-applications.html
https://www.analog.com/en/resources/technical-articles/loaddump-protection-for-24v-automotive-applications.html
https://www.st.com/resource/en/application_note/an5958-dealing-with-voltage-surges-in-a-48-v-automotive-system-and-transient-voltage-suppressor-tvsstmicroelectronics.pdf
https://www.st.com/resource/en/application_note/an5958-dealing-with-voltage-surges-in-a-48-v-automotive-system-and-transient-voltage-suppressor-tvsstmicroelectronics.pdf
https://www.st.com/resource/en/application_note/an5958-dealing-with-voltage-surges-in-a-48-v-automotive-system-and-transient-voltage-suppressor-tvsstmicroelectronics.pdf

JIANG et al.: ACTIVE DAMPING OF LC INTERPHASE DYNAMICS IN AUTOMOTIVE 48-V SERIES-CAPACITOR BUCK CONVERTERS 8335

John Pigott (Life Senior Member, IEEE) was born
in Dublin, Ireland. He received the B.E. for bachelor
of engineering in electronics engineering from Uni-
versity College Dublin, Dublin, Ireland, in 1982, and
the master’s degree in electrical engineering from the
University of Missouri-Rolla (now Missouri Univer-
sity of Science and Technology), Rolla, MO, USA, in
1984.

Since then, he was with Motorola, USA, and now
NXP Semiconductors Inc., Chandler, AZ, USA, as
an Analog IC Design Engineer, designing systems
architectures for automotive and power management ICs.

Mr. Pigott is a Motorola Dan Noble Fellow, a Freescale and NXP Fellow, and
a Charted Engineer and a European Engineer in Europe.

Henk Jan Bergveld was born in Enschede, The
Netherlands, in 1970. He received the M.Sc. and
Ph.D. degrees (cum laude) in electrical engineering
from the University of Twente, Enschede, in 1994 and
2001, respectively.

He joined Philips Research Laboratories, Eind-
hoven, The Netherlands, in 1994. He is currently a
power management architect and the Fellow/Senior
Director in the CTO department with NXP Semicon-
ductors in Eindhoven, as well as Part-time Profes-
sor “Embedded Control in Energy Management” at
Eindhoven University of Technology. His main research interests include (fully
integrated) dc/dc converters and battery management systems.

Dr. Bergveld was on the technical program committee of the IEEE Symposium
on VLSI Circuits from 2012-2015.

Olivier Trescases (Senior Member, IEEE) received
the Ph.D. degree in electrical engineering from the
University of Toronto, Toronto, ON, Canada.

He is currently a Full Professor with University
of Toronto and the Canada Research Chair in Power
Electronic Converters. He previously worked as a
Concept Engineer and mixed-signal IC Designer at
Infineon Technologies, Austria, and later held sabbat-
ical appointments at Texas Instruments Kilby Labs
and NXP Semiconductors. His research focuses on
high-efficiency power converters, power ICs, wide-

bandgap devices, battery management, and electric-vehicle energy systems. He
is also Director of the UofT Electric Vehicle Research Centre.




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 0
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
    /Algerian
    /Arial-Black
    /Arial-BlackItalic
    /Arial-BoldItalicMT
    /Arial-BoldMT
    /Arial-ItalicMT
    /ArialMT
    /ArialNarrow
    /ArialNarrow-Bold
    /ArialNarrow-BoldItalic
    /ArialNarrow-Italic
    /ArialUnicodeMS
    /BaskOldFace
    /Batang
    /Bauhaus93
    /BellMT
    /BellMTBold
    /BellMTItalic
    /BerlinSansFB-Bold
    /BerlinSansFBDemi-Bold
    /BerlinSansFB-Reg
    /BernardMT-Condensed
    /BodoniMTPosterCompressed
    /BookAntiqua
    /BookAntiqua-Bold
    /BookAntiqua-BoldItalic
    /BookAntiqua-Italic
    /BookmanOldStyle
    /BookmanOldStyle-Bold
    /BookmanOldStyle-BoldItalic
    /BookmanOldStyle-Italic
    /BookshelfSymbolSeven
    /BritannicBold
    /Broadway
    /BrushScriptMT
    /CalifornianFB-Bold
    /CalifornianFB-Italic
    /CalifornianFB-Reg
    /Centaur
    /Century
    /CenturyGothic
    /CenturyGothic-Bold
    /CenturyGothic-BoldItalic
    /CenturyGothic-Italic
    /CenturySchoolbook
    /CenturySchoolbook-Bold
    /CenturySchoolbook-BoldItalic
    /CenturySchoolbook-Italic
    /Chiller-Regular
    /ColonnaMT
    /ComicSansMS
    /ComicSansMS-Bold
    /CooperBlack
    /CourierNewPS-BoldItalicMT
    /CourierNewPS-BoldMT
    /CourierNewPS-ItalicMT
    /CourierNewPSMT
    /EstrangeloEdessa
    /FootlightMTLight
    /FreestyleScript-Regular
    /Garamond
    /Garamond-Bold
    /Garamond-Italic
    /Georgia
    /Georgia-Bold
    /Georgia-BoldItalic
    /Georgia-Italic
    /Haettenschweiler
    /HarlowSolid
    /Harrington
    /HighTowerText-Italic
    /HighTowerText-Reg
    /Impact
    /InformalRoman-Regular
    /Jokerman-Regular
    /JuiceITC-Regular
    /KristenITC-Regular
    /KuenstlerScript-Black
    /KuenstlerScript-Medium
    /KuenstlerScript-TwoBold
    /KunstlerScript
    /LatinWide
    /LetterGothicMT
    /LetterGothicMT-Bold
    /LetterGothicMT-BoldOblique
    /LetterGothicMT-Oblique
    /LucidaBright
    /LucidaBright-Demi
    /LucidaBright-DemiItalic
    /LucidaBright-Italic
    /LucidaCalligraphy-Italic
    /LucidaConsole
    /LucidaFax
    /LucidaFax-Demi
    /LucidaFax-DemiItalic
    /LucidaFax-Italic
    /LucidaHandwriting-Italic
    /LucidaSansUnicode
    /Magneto-Bold
    /MaturaMTScriptCapitals
    /MediciScriptLTStd
    /MicrosoftSansSerif
    /Mistral
    /Modern-Regular
    /MonotypeCorsiva
    /MS-Mincho
    /MSReferenceSansSerif
    /MSReferenceSpecialty
    /NiagaraEngraved-Reg
    /NiagaraSolid-Reg
    /NuptialScript
    /OldEnglishTextMT
    /Onyx
    /PalatinoLinotype-Bold
    /PalatinoLinotype-BoldItalic
    /PalatinoLinotype-Italic
    /PalatinoLinotype-Roman
    /Parchment-Regular
    /Playbill
    /PMingLiU
    /PoorRichard-Regular
    /Ravie
    /ShowcardGothic-Reg
    /SimSun
    /SnapITC-Regular
    /Stencil
    /SymbolMT
    /Tahoma
    /Tahoma-Bold
    /TempusSansITC
    /TimesNewRomanMT-ExtraBold
    /TimesNewRomanMTStd
    /TimesNewRomanMTStd-Bold
    /TimesNewRomanMTStd-BoldCond
    /TimesNewRomanMTStd-BoldIt
    /TimesNewRomanMTStd-Cond
    /TimesNewRomanMTStd-CondIt
    /TimesNewRomanMTStd-Italic
    /TimesNewRomanPS-BoldItalicMT
    /TimesNewRomanPS-BoldMT
    /TimesNewRomanPS-ItalicMT
    /TimesNewRomanPSMT
    /Times-Roman
    /Trebuchet-BoldItalic
    /TrebuchetMS
    /TrebuchetMS-Bold
    /TrebuchetMS-Italic
    /Verdana
    /Verdana-Bold
    /Verdana-BoldItalic
    /Verdana-Italic
    /VinerHandITC
    /Vivaldii
    /VladimirScript
    /Webdings
    /Wingdings2
    /Wingdings3
    /Wingdings-Regular
    /ZapfChanceryStd-Demi
    /ZWAdobeF
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 900
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.00111
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 1200
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.00083
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.00063
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create PDFs that match the "Suggested"  settings for PDF Specification 4.0)
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


