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Abstract—This article presents a novel three-level (TL) converter
control integrated circuit (IC) with a flying capacitor control loop,
an adaptive constant ON-time (ACOT) control, and a shared control
circuit in bidirectional operation for the battery charger system.
To solve the flying capacitor balance issue in TL converters, the
flying capacitor control with single-point sensing (SPS) of switching
voltage VX is proposed to balance the flying capacitor without
a complex control and sensing circuit in an IC implementation.
The proposed SPS also minimizes the inductor ripple. Besides,
both directions (buck mode or boost mode) share the same control
circuits except for the compensator to minimize the controller die
area. The proposed scheme is realized with a 1.5 MHz switching
frequency bidirectional TL converter IC in the TSMC 0.18 µm
complementary metal-oxide-semiconductor (CMOS) process. The
measurement result verifies that the functions are feasible in both
directions, and there are no flying capacitor voltage runaway and
mismatch issues. The proposed ACOT design achieves less than
6% switching frequency variation over the load range in boost
mode, which is much smaller than conventional ACOT control.
The proposed TL buck converter achieves an efficiency of 95.89%
at 1-A load. The efficiency of the proposed TL boost converter is
up to 96.02% at 0.5-A load.

Index Terms—Adaptive constant ON-time (ACOT) control,
bidirectional control, flying capacitor balance, on-the-go (OTG),
three-level (TL) converter, virtual inductor current (VIC).

I. INTRODUCTION

A HIGH-EFFICIENCY bidirectional battery charger is be-
coming popular for mobile devices with universal serial

bus (USB) input. As shown in Fig. 1, the battery charger system
incorporates a converter with the input from adapters or USB,
and the output connects to a battery such as a Li-ion battery
[1]. In general conditions, the battery charger operates in buck
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Fig. 1. Battery power system in mobile devices.

mode, which means the power flows from the high-side USB or
adapters to the low-side batteries. Since the high-side voltage
is 5 V or even higher voltage domain, high efficiency and high
input voltage converters are required. Recently, the application
of a USB on-the-go (OTG) communication system has been
widely applied to electronic devices [2]. The OTG means the
power flows from batteries to adapters or USB, so the battery acts
as a supplier for another device. Therefore, the battery charger
requires bidirectional capability and operates in the boost mode
for OTG applications.

Three-level (TL) converters show benefits for high voltage,
high frequency, and high-power density applications with re-
duced switching loss [3], [4], [5], [6], [7], [8]. TL converter
topologies and operation waveforms of buck and boost modes
at D1 < 0.5 and D1 > 0.5 are shown in Fig. 2. The difference
between buck mode and boost mode is the definition of input
voltage and output voltage. For buck mode, the input is the
high-side voltage VHigh and the output is the low-side voltage
VLow. Oppositely, the boost mode swaps the input and the output
in the buck mode. Q1 and Q4 operate in a complementary way,
the same as Q2 and Q3. There are 180° of phase shifts between
Q1 and Q2. By interleaving the switching signal and balancing
flying capacitor voltage at about half of the high-side voltage,
each switching frequency of power metal-oxide-semiconductor
(MOS) is half of the overall system, and the switching voltage
Vx varies from 0 to VHigh/2 during D1 < 0.5 or from VHigh/2
to VHigh during D1 > 0.5. Owing to the balance of the flying
capacitor, the smaller amplitude and the doubled switching
frequency of switching voltage reduce the voltage across the
inductor and make the lower inductor current ripple [6], [7], [8].
Hence, the size of the inductor can be reduced. According to the
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Fig. 2. (a) Topologies of TL converters. (b) Key waveforms of the TL buck
converter. (c) Key waveforms of the TL boost converter.

switching loss proportional to the peak current and the switching
voltage, the reduction of the inductor current ripple and the
switching stress reduce the switching loss. The reduced voltage
stress across devices also allows for the use of low-voltage lateral
devices [6], [7], [8], [9], [10]. Consequently, TL converters offer
the benefits of reducing switching loss and efficiency drop at a
higher frequency. It is obvious that TL converters are suitable
for the battery charger application. Nevertheless, it can be seen
that most of the advantages mentioned above rely on the balance
of the flying capacitor. An unbalanced voltage across the flying
capacitor causes a higher inductor ripple and uneven switch-
ing voltage, which leads to increased power loss and voltage
stress [11], [12], [13], [14]. In fact, flying capacitor unbalance
for TL converters happens due to circuit mismatches, such as

Fig. 3. Conventional flying capacitor control [5], [18], [19], [20], [21].

nonuniform switch resistance and poor delay matching between
gate driving signals [15].

Various methods are proposed to achieve flying capacitor
balance for TL converters. One method is to achieve the balance
with the intrinsic control loop of the system [7], [12], [16], [17],
but this method needs a control scheme change such as using
valley-current mode with constant ON-time and peak current
mode with constant OFF-time for D1 < 0.5 and D1 > 0.5
conditions, respectively [17]. The other method is widely used to
achieve the balance by adding an additional balance loop [4], [5],
[18], [19], [20], [21]. The conventional flying capacitor control
uses two-terminal sensing to maintain VCF equal to half of the
high side voltage. It would sense two-terminal voltages across
the flying capacitor to obtain the flying capacitor voltage (VCF)
and compare it with the half of high side voltage (VHigh/2). Two
conventional methods of flying capacitor control are shown in
Fig. 3. The difference between VCF and VHigh/2 would transfer
to ΔVCTRL (the green path) or Δd (the orange path) after the
VCF error goes through the proportional-integral (PI) controller.
Then, the charging and the discharging times adjust to balance
the flying capacitor voltage. However, the sensing method of
two terminals requires differential pair circuits to sense VCF

and other components such as PI compensators and at least
two subtractors, causing a complex circuit design. Furthermore,
controlling VCF to VHigh/2 still suffers from a larger inductor
current ripple due to the different turn-ON resistance between Q1

to Q4. As shown in Fig. 4, the voltage across the inductor, i.e., VL,
is unbalanced due to different turn-ON resistances between Q1

to Q4. Unbalanced VL voltage induces different slopes as slope1
and slope2, which causes a larger inductor current ripple. This
problem is similar to the issue of flying capacitor unbalance,
which causes a larger inductor current ripple [11], [12], [13],
[14], but the larger ripple is caused by different turn-ON resis-
tance instead of flying capacitor unbalance. The detailed analysis
of the inductor current ripple will be conducted in Section II.

The adaptive constant ON-time (ACOT) control brings the ad-
vantages of high light-load efficiency for TL converter; however,
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Fig. 4. Inductor current and VL waveforms with VCF = VHigh/2.

the current approaches suffer from relatively large frequency
variation in continuous conduction mode (CCM) at various
loading conditions [22], [23], [24], [25], [26]. To alleviate the
frequency variation, the conventional ACOT techniques use
the input voltage and output voltage information to generate
adaptive ON-time to achieve CCM pseudoconstant switching fre-
quency in various VHigh and VLow in traditional buck converters
[24], [25], [26]. However, the performance is still constrained
because there is no ability to maintain the switching frequency,
which depends on load conditions from practical parasitics.
Consequently, the ACOT techniques with the duty cycle or the
switching voltage information instead of the input and output
voltage information have been applied to cancel the frequency
variation well in different load conditions for traditional buck
converters [22], [23]. However, the current ACOT techniques
for traditional boost converters can only eliminate the factors of
input voltage and output voltage, but the load conditions have
not been taken into consideration [27], [28].

Integrated circuit (IC) implementation for bidirectional TL
converter is preferred for low-voltage mobile applications; how-
ever, there is no such implementation in the papers [15], [25],
[ 26], [27], [28]. Although bidirectional TL converter control is
presented in papers. However, they are implemented by discrete
components [15], digital control [26], [28], or behavior circuits
with only simulation [27]. IC implementation can exhibit its
advantages for low-voltage mobile applications, such as portable
devices, smartphones, and tablets. In these applications, it is a
common practice to integrate the power MOS and controller of
the IC chip to save volume and cost. If the power converter is
realized by digital signal processor (DSP) or field-programmable
gate array (FPGA), the driver and power MOS are discrete
components, which increases cost and occupies a large area of
the printed circuit board (PCB) for portable devices. Since IC
implementation saves cost, reduces converter size, and meets
commercial application requirements, proposing an IC imple-
mentation solution is indispensable.

Besides, the traditional current mode control on bidirectional
TL converter adopts double closed-loop control and requires
sensing inductor current, which increases controller cost and
complexity [25], [26]. The two loops include the voltage outer
loop and the current inner loop. In addition, the controller uses

Fig. 5. System architecture of the proposed bidirectional TL converter.

separate control loops for buck mode and boost mode. Thus, it
increases controller complexity and sense components to realize
the bidirectional circuit. On the other hand, traditional voltage
mode control on a bidirectional TL converter does not require
sensing inductor current. However, the control-to-output transfer
function of voltage mode control has LC complex poles, making
it difficult to compensate for the voltage loop [15].

Motivated by the above concerns, we propose a bidirectional
TL converter control IC with control sharing and area mini-
mizing to improve the complicated bidirectional control and
remove the current sensors for modulation. Moreover, the flying
capacitor control with single-point sensing (SPS) proposed in
Section II avoids complex differential voltage sensing design
and reduces the inductor current mismatch by ensuring that the
switching voltages are equal during the flying capacitor charging
and discharging period. Additionally, ACOT for pseudofixed
switching frequency is also proposed in Section II to eliminate
frequency variation at different load conditions, especially for
the boost mode. The transistor-level simulation and experi-
mental results are presented in Section III. Finally, Section IV
concludes this article.

II. PROPOSED BIDIRECTIONAL TL CONVERTER WITH

SINGLE-POINT SENSING (SPS) FOR FLYING

CAPACITOR BALANCE

A. System Architecture

Fig. 5 shows the architecture of the proposed bidirectional
TL converter with ACOT control and SPS for flying capacitor
balance. The proposed converter consists of a TL power stage,
TL buck and TL boost compensators, a virtual inductor current
(VIC) circuit with slope compensation, a flying capacitor control
loop, and an ACOT modulator. The red and blue switches turn
ON in boost and buck modes, respectively. It can be seen that
most of the control circuits are combined for buck mode and
boost mode except the compensator. Thus, the IC area and power
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consumption can be reduced. The output voltage is regulated
by feedbacking the output voltage through the compensator to
generate Vcomp. The other loop, the inner loop, is generated
by the VIC with slope compensation for both directions. After
comparing Vcomp and Vramp, which is generated by the VIC
circuit with slope compensation, the trigger signal would decide
the timing to trigger an ON-time by the proposed ACOT modula-
tor. Finally, the flying capacitor control loop balances the flying
capacitor voltage VCF by ensuring that the switching voltages
are equal during the charging and discharging period. The pro-
posed control only samples switching voltage Vx at half of TON

timing with the signals dVx_CF_13 and dVx_CF_24 provided by
the proposed ACOT modulator. Additionally, the error currents
ierror1 and ierror2, which are generated by the switching voltage
difference between the charging and discharging period, adjust
the ON-time directly to avoid the inductor current mismatch
caused by the large ripple of error flowing into the outer voltage
loop.

B. Flying Capacitor Control With Vx Sensing

This section addresses the flying capacitor stability analysis
of the TL converter with COT control in buck and boost modes.
Through the analysis, we can obtain the flying capacitor balance
mechanism after perturbation and discuss whether buck mode or
boost mode needs to add a flying capacitor balance loop under
COT control. For the TL converter, the flying capacitor charging
or discharging period is during Q1 and Q3 ON (Δt13) or Q2 and
Q4 ON (Δt24) as depicted in Fig. 2. Due to the nature of COT
control, Δt13 equals Δt24. The definitions of inductor current
and inductor voltage are the same for both modes. Therefore, the
inductor current in boost mode is less than zero and in phase with
buck mode, as depicted in Fig. 2. In steady state, the charge of the
flying capacitor is equivalent. The voltage across the inductor
during Δt13 (VL,13) and the voltage across the inductor during
Δt24 (VL,24) are shown as

VL,13 = VHigh − VCF − VLow (1)

VL,24 = VCF − VLow. (2)

To find out the flying capacitor balance mechanism, we give a
perturbation such that the flying capacitor voltage (VCF) is larger
than half of the high side voltage. That is, the average charging
current of the flying capacitor is larger than discharging. The
voltage across the inductor is shown as

VL,13 = VHigh − (VCF +ΔVCF)− VLow (3)

VL,24 = (VCF +ΔVCF)− VLow. (4)

For the TL buck converter, the flying capacitor charge during
Δt13 and discharge during Δt24, as shown in Fig. 2, so the
slope of inductor current during flying capacitor charging is
smaller than discharging. Hence, the larger average inductor
current occurs during the flying capacitor discharging period.
As a result, the larger discharging current of the flying capacitor
forces the flying capacitor to a balanced position. Thus, the
TL buck converter with COT control naturally has a negative
feedback mechanism. On the other hand, the period of flying

Fig. 6. Structure of the proposed flying capacitor control loop and ON-time
modulator.

capacitor charging and discharging is the opposite for TL boost.
The larger inductor current in the charging period causes the
flying capacitor to store more charges. The flying capacitor will
be continuously increasing and then voltage runaway eventually.
This issue will be verified by simulation in Fig. 10. As a result,
the TL boost converter with COT control must add a flying
capacitor control loop to avoid VCF runaway.

The flying capacitor control with SPS is proposed in Fig. 6 to
overcome the complexity and inductor current mismatch issues.
The simpler design with only four sample and hold (S/H) circuits
and two operational transconductance amplifiers (OTAs) can
achieve flying capacitor control. In addition, the design target is
to make sure the average value of Vx is the same during the flying
capacitor charging and discharging periods. In steady state, Vx

reflects the slope of iL. The proposed flying capacitor control can
minimize the mismatch of inductor current peak values during
flying capacitor charging and discharging. Take the operation
during D < 0.5 in boost mode as an example; we can write Vx

in each state as

Q1, Q3 on : Vx,13 = VO − 2ILRDS − VCF − ILRmismatch

(5)

Q3, Q4 on : Vx,34 = −2ILRDS (6)

Q2, Q4 on : Vx,24 = −2ILRDS + VCF (7)

Q3, Q4 on : Vx,34 = −2ILRDS (8)

where RDS is the mean ON-resistance of four switches, and
Rmismatch represents the mismatch of the equivalent ON-
resistance between charging and discharging paths. Once we
control Vx,13 equals Vx,24, the flying capacitor voltage would
be controlled at the balance value, as given by

VCF =
1

2
(VO − ILRmismatch) . (9)

It can be derived that during other modes like D > 0.5, (9)
still holds.

The slight adjustment of the flying capacitor voltage forces
the voltage across the inductor during charging and discharging
to be equal. Consequently, it is beneficial for flying capacitor
control with Vx sensing to minimize inductor ripple. Besides,
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Fig. 7. Different inductor ripple caused by the mismatch of turn-ON resistance.

VCF value is predictable by (9), which can be designed to avoid
switch overstress issues.

For the analysis of inductor current ripple mismatch behavior,
we use the case of buck mode with duty cycle <0.5 and ON-
resistances are different between Q1 to Q4 as an example. For
buck mode with duty cycle <0.5, the Vx voltage on each state
is as

Q1,Q3ON :Vx,13 = Vin − VCF

− IL_ave ((RDS_4 +ΔRmismatch_4,1) +RDS_3) (10)

Q3,Q4ON :Vx,34 = −IL_ave (RDS_3 +RDS_4) (11)

Q2,Q4ON :Vx,24 = VCF

− IL_ave (RDS_3 +ΔRmismatch_3,2 +RDS_4) (12)

Q3,Q4ON :Vx,34 = −IL_ave (RDS_3 +RDS_4) (13)

where ΔRmismatch_41 = RDS_1-RDS_4, and ΔRmismatch_32 =
RDS_2-RDS_3.

As shown in Fig. 7, the mismatch of turn-ON resistance
ΔRmismatch_41 and ΔRmismatch_32 makes the inductor current
ripple ΔiL1 and ΔiL2 different. ΔiL1 can be derived as (14).
In (14), it can be found the duty cycle D1 should be derived.
By inductor voltage balance, D1 can be derived as (15). By
substituting (15) into (14), ΔiL1 can be obtained as (16). By the
same process,ΔiL2 can be obtained as (17). From (16) and (17),
it can be found that the difference between ΔiL1 and ΔiL2 is
caused by ΔRmismatch_41 and ΔRmismatch_32.

ΔiL1 = slope1 · TON = slope1 · 1
2
DTs

=
Vin−VCF−IL_ave((RDS_4+ΔRmismatch_4,1)+RDS_3)−Vo

L · 1
2DTs

(14)

D =
2(Vout + IL (RDS_3 +RDS_4))s

(Vin − IL_ave (ΔRmismatch_4,1 +ΔRmismatch_3,2))
(15)

ΔiL1 =
Vin−VCF−IL_ave(RDS_3+RDS_4)−IL_ave·ΔRmismatch_4,1−Vo

L

· 2(Vout+IL(RDS_3+RDS_4))s
(Vin−IL_ave(ΔRmismatch_4,1+ΔRmismatch_3,2))

· 1
2Ts (16)

ΔiL2 =
VCF−IL_ave(RDS_3+RDS_4)−IL_ave·ΔRmismatch_3,2−Vo

L

· 2(Vout+IL(RDS_3+RE_4))s
(Vin−IL_ave(ΔRmismatch_4,1+ΔRmismatch_3,2))

· 1
2Ts. (17)

In the conventional flying capacitor control technique, the
voltage of the flying capacitor VCF is controlled to Vin/2. By
substituting VCF=Vin/2 into (16) and (17), the ripple of inductor
current based on conventional technique ΔiL1_convention and
ΔiL2_convention can be obtained as (18) and (19). From (18) and
(19), we know that the conventional technique suffers from the
mismatch ΔRmismatch_41 and ΔRmismatch_32.

ΔiL1_convention =

Vin
2 − IL_ave (RDS_3 +RDS_4)− IL_ave ·ΔRmismatch_4,1 − Vo

L

· 2(Vout + IL (RDS_3 +RDS_4))s
(Vin−IL_ave (ΔRmismatch_4,1+ΔRmismatch_3,2))

· 1
2
Ts (18)

ΔiL2_convention =

Vin
2 − IL_ave (RDS_3 +RDS_4)− IL_ave ·ΔRmismatch_3,2 − Vo

L

· 2(Vout + IL (RDS_3 +RDS_4))s
(Vin−IL_ave (ΔRmismatch_4,1+ΔRmismatch_3,2))

· 1
2
Ts. (19)

In the proposed flying capacitor balance technique, the VCF

is controlled to the voltage as (20). By substituting (20) into (16)
and (17), the ripple of inductor current based on the proposed
technique can be obtained as (21) and(22). From (21) and
(22), it can be found that the mismatches ΔRmismatch_41 and
ΔRmismatch_32 are averaged. Therefore, the inductor current
ripples ΔiL1_proposed and ΔiL2_proposed can be smaller than
conventional control ΔiL1_convention and ΔiL2_convention, re-
spectively.

VCF =
1

2
(Vin−IL_ave (ΔRmismatch_4,1+ΔRmismatch_3,2)) (20)

ΔiL1_proposed =

Vin
2 −IL_ave(RDS_3+RDS_4)−IL

(
ΔRmismatch_4,1+ΔRmismatch_3,2

2

)
−Vo

L

· 2(Vout+IL(RDS_3+RDS_4))s
(Vin−IL_ave(ΔRmismatch_4,1+ΔRmismatch_3,2))

· 1
2Ts (21)

ΔiL2_proposed =

Vin
2 −IL_ave(RDS_3+RDS_4)−IL_ave

(
ΔRmismatch_4,1+ΔRmismatch_3,2

2

)
−Vo

L

· 2(Vout+IL(RDS_3+RDS_4))s
(Vin−IL_ave(ΔRmismatch_4,1+ΔRmismatch_3,2))

· 1
2Ts. (22)

For example, Rds_1= 30 mΩ, Rds_2= 15 mΩ, Rds_3= 10 mΩ,
Rds_4 = 10 mΩ, Vin = 5 V, Vo = 2 V, L = 470 nH, Ts =
1.33 μs (750 kHz), and IL_ave = Io = 6 A. ΔiL1_convention

and ΔiL2_convention are 0.818 A and 0.888 A by (18) and
(19), respectively. ΔiL1_proposed and ΔiL2_proposed are 0.853
A and 0.853 mA by (21) and (22), respectively. It can be
found that the proposed control has a smaller inductor current
ripple (ΔiL1_proposed = ΔiL2_proposed = 0.853 A) than the
convention technique (ΔiL2_convention = 0.888 A). The ripple
factor (ΔiL/iL_ave) of the proposed technique is 0.142, and the
conventional is 0.148. The proposed control improves the 4%
ripple factor of the convention technique.
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Fig. 8. Operation of the proposed flying capacitor control loop.

The operation of the flying capacitor control loop is shown in
Fig. 8. The Vx sensing method is introduced, which senses Vx at
half of ON-time to represent the average value of switching node
voltage. The signal dVx_CF_13 or dVx_CF_24 is generated from
the ACOT modulator sensing the kth cycle’s average Vx during
flying capacitor discharging or charging. It would be sensed in
the first S/H circuit as Vx_half13 or Vx_half24.

After the dCLK_ON signal is triggered, which represents the
ON instant of another power switch, the sensed value is stored in
Vx_hold13 or Vx_hold24. At that time, the error voltage between
flying capacitor charging and discharging transfer into current,
i.e., ierror, drawing into or out of the ON-time generator through
transconductance amplifiers (gm). The transconductance of the
gm circuit is designed to have enough regulation accuracy for
the flying capacitor control loop. The ON-time slightly changes
in an opposite way and makes Vx at the same position during
flying capacitor charging and discharging. Eventually, the flying
capacitor avoids voltage runaway, and the inductor current ripple
can be minimized. The reason for using two S/Hs is that when
the first S/H is sensing Vx,13 of the (k+1)th cycle, and the second
S/H can simultaneously compare the previous two Vx, which are
Vx,13 and Vx,13 of the kth cycle and adjust the length of ON-time
at the same time.

Fig. 9 shows the implementation of the flying capacitor con-
trol loop. The first consideration is the discharging path as the
voltage on the capacitor of S/H is higher than the sampled
switching voltage. Therefore, source followers are introduced
before the voltage flows through the set of S/H. In addition,
the p-type source follower separates Vx and Vx_CF. The n-type

Fig. 9. Implementation of the proposed flying capacitor control loop.

Fig. 10. SIMPLIS simulation waveforms of boost mode about with and
without flying capacitor control loop.

source followers are put after the sampled capacitor to sepa-
rate the circuit and cancel the voltage deviation due to source
followers.

To verify the proposed SPS technique, the SIMPLIS sim-
ulations of the TL boost converter without and with a flying
capacitor control loop are depicted in Fig. 10. Switch Q1 to Q4

are ideal switches with ON-resistance of 22.2 mΩ, 18.9 mΩ,
12.4 mΩ, and 12.7 mΩ, respectively. The dc resistance of the
inductor is the value of 21 mΩ. The closed loops include the inner
loop with VIC, the flying capacitor control loop, and the outer
voltage loop. Voltage runaway and the inductor ripple mismatch
without a flying capacitor control loop in simulation occurs. The
waveforms show that the switching voltage is unequal during the
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Fig. 11. Circuit diagram and time waveform of the VIC circuit.

charging and discharging periods. After adding the proposed
technique, the flying capacitor voltage and the inductor current
ripple are calibrated well.

C. Bidirectional Control Circuit

A VIC circuit is introduced for the inner loop and shared
for both directions to reduce area as much as possible, apart
from the flying capacitor control loop. As shown in Fig. 11,
considering to sense the same direction of the inductor current,
the inductor current of boost mode is in phase with TL buck
but has a reversed dc level, that is, iL,boost is negative. To solve
the negative value issue in boost mode and consider a common
sensing method for both directions, a VIC circuit is proposed. By
SPS of switching voltage, the pulse-like waveform of Vx flows
through a low pass filter composed of RLP and CLP, and then
generates the triangle waveform, VCLP, in phase with inductor
current. Assume the time constant of low-pass filter τLP is much
larger than the switching period where τLP represents RLP times
CLP. Without considering the effect of ON-resistance, the rising
slope Mrise and the falling slope Mfall of Vx during D1 < 0.5 can
be derived as (23) and (24), respectively. It can be seen that VIC
slopes in (23) and (24) and the inductor current ripple ΔiL given
by (25) are both proportional to the voltage across the inductor,
i.e., VL. So, it is inferred that VCLP and the inductor current are
in phase. Thus, the RC value can be seen as the sensing gain, and
we do not need to match the time constant of this RC value with
the inductor time constant. Besides, the average of VCLP that
can be obtained from (26) is always positive in both directions.
Hence, the issue of the negative value of the inductor current in
boost mode can be solved. As a result, the VIC technique can
work as the current ripple required for the inner loop in both
modes.

Mrise =
VHigh − VCF − VLow

RLP · CLP
(23)

Mfall =
VCF − VLow

RLP · CLP
(24)

ΔiL =
VL

L
·Δt (25)

Fig. 12. Implementation of compensation in TL boost converter.

< VCLP > = D1 · VHigh − 2 · IL ·RDS
∼= VLow. (26)

The slope compensation of the inner loop and the outer loop
polarity need to be taken into consideration for the loop stability.
On the one hand, the inner loop would be unstable without
slope compensation. The detailed derivation of required slope
compensation will be published in another paper owing to the
complex derivation. On the other hand, the outer voltage loop
polarity needs to be modified in the TL boost converter. Based on
the upper bridge control of the proposed control, the ideal duty
ratio without considering the ON-resistance of switches and dc
resistance of the inductor in boost mode and CCM is derived as
follows according to the volt-sec balance in steady state:

D1,ideal =
Vin,boost

Vout,boost
=

VLow

VHigh
. (27)

Observing the relationship between the output voltage and
the ideal duty cycle of Q1, D1,ideal must become larger to
stabilize the output voltage when the output voltage is higher
than the regulation target. To obtain the above relationship, the
compensator with OTA is implemented in Fig. 12, which lets
the feedback of output voltage flow into the positive input of
OTA. As shown in Fig. 4, the feedback of output voltage flows
into OTA’s negative input for buck mode instead. There is no
way to use OPA compensation in this work because only OTA
can bring feedback to the positive input terminal of the OTA
without affecting the transfer function of the original Type III
compensation.

D. ACOT Modulator

The conventional COT modulator is implemented by the fixed
current source (iON) and the fixed reference voltage (Vref).
However, the frequency is proportional to the duty cycle as
shown in (28) due to the fixed TON. Thus, the conventional COT
topology suffers severe frequency variation at input and output
voltage variation which degrades the performance of analog
circuits and induces unpredictable electromagnetic interference
issues [22], [23]. Consequently, the ACOT control is introduced.

fs =
D

TON
, where TON =

CON · Vref

iON
. (28)

The duty cycle is derived below to design ACOT with
pseudoconstant frequency, including the nonideal case such as
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Fig. 13. Conventional structure of ACOT.

Fig. 14. Implementation of the proposed ACOT modulator.

ON-resistance and inductor dc resistance (DCR). Assume the
flying capacitor is balanced. According to the volt-sec balance
in steady state, (29), which extends from (27), presents that
the actual duty cycle of Q1 with the nonideal case is derived
where D1,ideal equals VLow divided by VHigh. Obviously, the
parasitic resistances cause voltage drop along with the increase
of the inductor current.

D1,actual
∼= VLow + IL · (2RDS + DCR)

VHigh
= D1,ideal +ΔD.

(29)
The conventional ACOT structure in Fig. 13 shows that TON

is proportional to VLow divided by VHigh such that the switch-
ing frequency in the original design (fsw,ideal) shown in (30)
maintains constant.

fsw,ideal =
Dideal

TON
∝

(
VLow
VHigh

)
(

VLow
VHigh

) = constant. (30)

However, the frequency deviation at load change due to prac-
tical parasitic is ignored. To solve this issue, TON is designed to
be proportional to Dactual in the buck converter [22]. However,
TON design in the boost converter is complicated due to the ideal
duty equal to (VHigh-VLow) divided by VHigh as the lower bridge
control. The recent designs solve part of the issue by making TON

proportional to (VHigh-VLow) or (VHigh-VLow) divided by VHigh

but still have the load effect from nonideal resistances [27], [28].
The proposed ACOT modulator in this article considers the

load condition in the boost converter and minimizes frequency
variation in both directions. With the upper bridge control of
both TL buck and TL boost converters, TON of proposed ACOT
modulator in Fig. 14 is proportional to D1,actual. That is, design
iON to be proportional to VHigh, and Vref to be proportional to

Fig. 15. Implementation of the half-ON-time generator.

(D1,actual·VHigh) as

TON ∝ D1,actual · VHigh · CON

gm · VHigh
=

CON

gm
·D1,actual. (31)

Then, switching frequency variation is minimized at various
input voltage, output voltage, and load, as can be seen from the
switching frequency derived as follows:

fsw,actual =
D1,actual

TON
=

D1,actual · gm
D1,actual · CON

= constant. (32)

The implementation of the proposed ACOT modulator com-
bines iON and Vref from the same source, i.e., VHigh, to save the
use of elements. iON can be obtained by simple transconduc-
tance, and Vref is generated by the average of Vpulse, which
equals D1,actual times VHigh. To reduce the circuit area and
timing mismatch, it is beneficial for two pairs of the clock
signal to share the same Vref. Instead of directly utilizing VHigh

to switch Vpulse, the benefit of using transconductance with a
switch that turns ON along with dQ1 to produce Vpulse is a
reduction of the VDS drop of the switch, which can increase
accuracy. The error currents ierror1 and ierror2 from the flying
capacitor control loop summarize with iON and transform the
ON-time pulse indirectly. Furthermore, the half-ON-time trigger
signals dVx_CF_13 and dVx_CF_24, for sensing the average
Vx for the flying capacitor control loop, can be merged with
the proposed ACOT as well and save the use of elements as
depicted in Fig. 15. As long as adding one more set of the pulse
generator, we can generate half of Vpulse by halving the current
source depending on VHigh.

E. System Simulation

The full transistor-level TL converter design, including flying
capacitor control, ACOT modulator, and bidirectional control,
is verified by simulation in Spectre under a CMOS 0.18 μm
process. The parameters in the simulation are the same as in the
experiment. The steady-state waveform is depicted in Fig. 16,
where VHigh = 12 V, VLow = 5 V, and iL = 4 A for both
modes. The flying capacitor balance loop works well to maintain
the switching voltage equal during charging and discharging
periods in both modes. The bidirectional design in the outer
loop also performs properly to ensure the feedback acts like the
aforementioned design.
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Fig. 16. TL converter full transistor-level simulation in steady-state wave-
forms.

Fig. 17. Chip photograph of the proposed TL converter control IC.

III. EXPERIMENTAL RESULTS

The proposed bidirectional TL converter was fabricated in a
CMOS 0.18 μm process and the chip-scale package. This chip
occupies around 2.46 mm × 2.86 mm with 42 solder balls, as
presented in Fig. 17 . Fig. 18 shows the layout photo of the
proposed IC. Except for passive components, the transistor-
level ON-chip design includes power switches, bidirectional TL
controllers, and other analog circuits. The test conditions and
designed parameters are VHigh = 5–12 V, VLow = 3–5.5 V,
per-switch switching frequency = 750 kHz, total switching
frequency (switching frequency seen by the inductor) = 1.5
MHz, L = 470 nH, output capacitance CO = 20 μF, flying
capacitance is 10 μF, full load of TL buck = 6 A, and full load
of TL boost = 2.4 A for the charger application. As a result
of TL characteristics, the voltage stress of the first switch Q1

Fig. 18. Layout photograph of the proposed TL converter control IC.

Fig. 19. Measurement environment photograph.

is chosen with 12 V considering start-up, and others are chosen
with 6 V. As presented in Fig. 19, instruments are required in the
experiment, such as a power supply for offering the input power,
an electric load for providing output load, an oscilloscope with
voltage probe and current probe for waveforms tracing, and an
electric meter for the voltage or the current measurement.

Figs. 20 and 21 show the measured steady-state waveforms of
the proposed bidirectional TL converter under buck mode and
boost mode. For buck mode, Fig. 20(a) depicts the case of the
duty cycle of Q1 lower than 0.5, where VHigh = 12 V, VLow =
3 V, full load = 6 A, and VCF is balanced at 5.891 V, and the
duty cycle of Q1 larger than 0.5 are illustrated in Fig. 20(b),
where VHigh = 5 V, VLow = 4 V, the load = 3 A, and VCF is
balanced at 2.526 V. Due to the larger voltage rating of Q1, the
ON-resistance of Q1 is higher than the others. Thus, as shown in
Fig. 20(a), compared to the period of TON2, there is a steeper
slope of switching voltage Vx, especially in full load during
TON1, where Q1 and Q3 turn ON, and the flying capacitor is in the
charging period. Additionally, (9) is verified by measured VCF in
Fig. 20(a). RDS,Q1 to RDS,Q4 are provided as follows: 22.2 mΩ,
18.9 mΩ, 12.4 mΩ, and 12.7 mΩ, and Rp, which represents the
PCB parasitic resistance from the IC pin of the high side to the
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Fig. 20. Measured steady-state waveforms of TL buck converter. (a) D1 <
0.5. (b) D1 > 0.5.

Fig. 21. Measured steady-state waveforms of TL boost converter. (a) D1 <
0.5. (b) D1 > 0.5.

Fig. 22. Measured step-load transient response waveforms of TL buck con-
verter. (a) Step-up of zoom in. (b) Step-down of zoom in.

PCB pin which connects to the supply, is about 6.4 mΩ. The total
resistance on the charging path with the parasitic resistance on
PCB is about 41 mΩ and the total resistance on the discharging
path is about 31.2 mΩ. Therefore, the calculation of VCF with
(9) is about 5.8956 V. Compared to the measurement result of
5.891 V, it is almost the same between the calculation and the
measurement. Moreover, whether in heavy or light, Vx at half of
on time, which represents the average of Vx during charging and
discharging periods, can be accurately regulated by the balance
control. Hence, the flying capacitor voltage is balanced. Besides,
there is no inductor current mismatch in buck mode, as presented
in 6. Fig. 21(a) illustrates the case of the duty cycle of Q1 lower
than 0.5 in boost mode, where VLow = 3 V, VHigh = 12 V, the
load= 1 A, and VCF is balanced at 5.907 V, and the duty cycle of
Q1 larger than 0.5 are depicted in Fig. 21(b), where VLow = 5 V,
VHigh = 9 V, the load = 100 mA, and VCF is balanced at 4.43 V.
The flying capacitor balance loop works well in boost mode as
well. The balanced average Vx values are 6.15 V and 4.42 V
in Fig. 21(a) and (b), respectively. Additionally, the steady-state
waveforms present the TL switching voltage, where Vx changes
from 0 to VHigh/2 during the duty cycle of Q1 lower than 0.5
and from VHigh/2 to VHigh during the duty cycle of Q1 larger
than 0.5.

The measured step-up and step-down load transient response
with the load current slew rate of 250 mA/μs are depicted in
Figs. 22 and 23. For the buck mode, the load current step is
from 1 to 4A, where VHigh = 12 V and VLow = 5 V. The load
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Fig. 23. Measured step-load transient response waveforms of TL boost con-
verter. (a) Step-up of zoom in. (b) Step-down of zoom in.

current step is from 420 mA to 1.2 A, where VHigh = 12 V
and VLow = 4 V in boost mode. As illustrated in Fig. 22(a)
and (b), the undershoot voltage and the overshoot voltage in
buck mode are 82 mV and 86 mV, respectively. In addition, the
overshoot voltage and the undershoot voltage in boost mode are
also presented in Figs. 19(b) and 20(a), respectively. Both the
undershoot voltage and the overshoot voltage are over 450 mV.

Measured switching frequencies at various conditions in boost
mode for the TL converter are shown in Fig. 24. The maximum
frequency variation is only 80 kHz compared to the designed
total switching frequency of 1.5 MHz. The percentage of the
frequency variation of the proposed ACOT control is less than
6% among the maximum load of 1.25 A. Compared to recent
papers’ variations which are 13% among the maximum load
0.4 A [28] and 30% among the maximum load 0.7 A [27] in
conventional boost converters with ACOT control, the proposed
ACOT control achieves a smaller percentage of variation in
a wider load range. The proposed ACOT control in the buck
converter also cancels the effect of input voltage, output voltage,
and output load. The maximum frequency variation is only
75 kHz, which is less than 6% among the maximum load 4 A.

Figs. 25 and 26 show the measured efficiencies of the TL
converter in buck mode and boost mode, respectively. The peak
efficiency of buck mode is 96.02% at the output load 1 A with
VHigh = 7 V, and VLow = 5.5 V. The measured efficiency is very

Fig. 24. Measured switching frequency at various conditions in boost mode.

Fig. 25. Measured efficiency for TL buck converter.

Fig. 26. Measured efficiency for TL boost converter.

close to the calculated result. The peak efficiency of boost mode
achieves 96.02% at the output load 0.5 A with VHigh = 9 V and
VLow = 4 V.

The measurement results are compared with the state-of-the-
art TL converters with IC implementation as shown in Table I.
It can be noticed that the proposed TL converter is the first
paper to propose bidirectional control in TL converters with IC
implementation. Compared to other IC implementation papers,
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TABLE I
SUMMARY OF PERFORMANCE COMPARISON

the proposed bidirectional TL converter with the SPS flying
capacitor balance method operates at a higher voltage and output
current level and achieves higher than 95% of the peak efficiency.
Besides, the paper achieves pseudofixed frequency for COT
control while others do not implement this technique.

IV. CONCLUSION

This article presents a bidirectional TL converter with an SPS
technique for flying capacitor balance and was implemented in
a standard CMOS 0.18 μm process. The bidirectional design
shares control for the two operation directions to minimize the
control circuit area. The flying capacitor control loop with SPS
simplifies the balance loop and reduces the inductor current
ripple mismatch. The proposed ACOT modulator with upper
bridge control in both directions effectively suppresses the fre-
quency variation, especially for boost mode, which is less than
6% within the wider load range of 1.25 A compared to previous
works. Undershoot and overshoot voltages of load transient with
the slew rate of 250 mA/μs are only 82 mV and 86 mV in a wide
load step from 1 A to 4 A in buck mode. The proposed TL
buck converter achieves about 95.89% efficiency at 1-A load,
where the input voltage is 7 V and the output voltage is 5.5
V. For the proposed TL boost converter, the efficiency is up to
96.02% at 0.5-A load, where the input voltage is 4 V and the
output voltage is 9 V. As a result, the measured result verifies the
proposed bidirectional TL converter in terms of high efficiency,
low switching frequency variation, and bidirectional design
feasibility including flying capacitor balance and bidirectional
control.
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[21] N. Vukadinović, A. Prodić, B. A. Miwa, C. B. Arnold, and M. W. Baker,
“Extended wide-load range model for multi-level dc-dc converters and
a practical dual-mode digital controller,” in Proc. IEEE Appl. Power
Electron. Conf. Expo., 2016, pp. 1597–1602.

[22] W. Chen et al., “Pseudo-constant switching frequency in on-time con-
trolled buck converter with predicting correction techniques,” IEEE Trans.
Power Electron., vol. 31, no. 5, pp. 3650–3662, May 2016.

[23] C.-Y. Hong, C.-J. Tsai, and C.-J. Chen, “A gm-ramped interleaving tech-
nique with adaptive-extended TON control (AETC) scheme for multi-
phase buck converter achieving fast load response,” in Proc. IEEE Appl.
Power Electron. Conf. Expo., 2020, pp. 326–331.



LIN et al.: BIDIRECTIONAL THREE-LEVEL CONVERTER CONTROL WITH SHARED CONTROL CIRCUIT AND SPS 1027

[24] W.-C. Chen, C.-S. Wang, Y.-P. Su, Y.-H. Lee, C.-C. Lin, and K.-H. Chen,
“Reduction of equivalent series inductor effect in delay-ripple reshaped
constant on-time control for buck converter with multi-layer ceramic
capacitors,” IEEE Trans. Power Electron., vol. 28, no. 5, pp. 2366–2376,
May 2013.

[25] C.-H. Tsai, S.-M. Lin, and C.-S. Huang, “A fast-transient quasi-V2 switch-
ing buck regulator using AOT control with a load current correction (LCC)
technique,” IEEE Trans. Power Electron., vol. 28, no. 8, pp. 3949–3957,
Aug. 2013.

[26] C.-H. Tsai, B.-M. Chen, and H.-L. Li, “Switching frequency stabilization
techniques for adaptive on-time controlled buck converter with adaptive
voltage positioning mechanism,” IEEE Trans. Power Electron., vol. 31,
no. 1, pp. 443–451, Jan. 2016.

[27] W. Hong and M. Lee, “A 10-MHz current-mode AOT boost converter with
dual-ramp modulation scheme and translinear loop-based current sensor
for WiFi IoT applications,” IEEE J. Solid-State Circuits, vol. 56, no. 8,
pp. 2388–2401, Aug. 2021.

[28] C. Huang, H. Wu, and C. Wei, “Compensator-free mixed-ripple adaptive
on-time controlled boost converter,” IEEE J. Solid-State Circuits, vol. 53,
no. 2, pp. 596–604, Feb. 2018.

[29] J. Wei, B. Hu, and Y. Xian, “Research on three-level bi-directional DC-
DC converter and its control strategy used for energy storage system of
electric wheeled tramcar,” in Proc. 16th Conf. Ind. Electron. Appl., 2021,
pp. 2048–2052.

[30] Z. Kan, P. Li, R. Yuan, and C. Zhang, “Interleaved three-level bi-directional
DC-DC converter and power flow control,” in Proc. 3rd Int. Conf. Intell.
Green Building Smart Grid, 2018, pp. 1–4.

[31] Y. Wang et al., “TCM controller design for three-level bidirectional soft-
switching DC-DC converter,” in Proc. IEEE Int. Symp. Ind. Electron.,
2019, pp. 996–1001.

[32] V. Jayan, A. Ghias, and A. Merabet, “Modeling and control of three-level
bi-directional flying capacitor DC-DC converter in DC microgrid,” in Proc.
Annu. Conf. IEEE Ind. Electron. Soc., 2019, pp. 4113–4118.

[33] Y.-Y. Lin, C.-J. Chen, Y.-C. Lin, and T.-W. Huang, “A bidirectional
three-level converter with single point sensing technique for flying ca-
pacitor balance,” in Proc. IEEE Appl. Power Electron. Conf. Expo., 2022,
pp. 681–686.

[34] Z. Chen et al., “A wide conversion ratio three-level DC-DC con-
verter with loop-free self-balancing technique of flying capacitor,” in
Proc. IEEE Int. Symp. Circuits Syst., 2023, pp. 1–5, doi: 10.1109/IS-
CAS46773.2023.10182217.

Yu-Yu Lin received the B.S. degree in electric engi-
neering from the Department of Electrical Engineer-
ing, Cheng Kung University, Tainan, Taiwan, in 2019,
and the M.S. degree in DC to DC converter from the
Graduate Institute of Electrical Engineering, National
Taiwan University, Taipei, Taiwan, in 2022.

Yi-Rong Huang received the B.S. degree in electric
engineering from the Department of Electrical Engi-
neering, National Chiao Tung University, Hsinchu,
Taiwan, in 2015, and the M.S. degree in DC to DC
converter from the Graduate Institute of Electrical
Engineering, National Taiwan University, Taipei, Tai-
wan, in 2017.

From 2017 to 2018, he was an Electric Engineer
with Garmin Corporation, Taoyuan, Taiwan. From
2019 to 2020, he was an Engineer with IC Research
and Development Department, Richtek Technology

Corporation, Hsinchu, Taiwan.

Ching-Jan Chen (Senior Member, IEEE) received
the B.S. and Ph.D. degrees in electrical engineering
from the National Taiwan University (NTU), Taipei,
Taiwan, in 2006 and 2011, respectively.

From 2010 to 2011, he was a visiting scholar with
the Center of Power Electronic Systems, Virginia
Tech., Blacksburg, VA, USA. From 2011 to 2015, he
was a Senior IC Research and Development Engineer
with Richtek Technology Corporation, Hsinchu, Tai-
wan, which is Asia’s No. 1 fabless power IC company
and CPU Power IC supplier according to revenue.

His work was focused on new control scheme development and IC design of
the voltage regulator controller for CPU power. In February 2015, he became
an Assistant Professor with the Department of Electrical Engineering, NTU,
where he is currently a Professor. His current research interests include control,
modeling, and power IC design of dc–dc and ac–dc power converters for CPU
and mobile devices and GaN driver IC design.

Dr. Chen is a Senior Member of the IEEE Power Electronics Society. He is
currently an Associate Editor for IEEE TRANSACTIONS ON POWER ELECTRON-
ICS. He served more than 16 times as session chair, topic chair, and financial
chair in several IEEE conferences and competitions, such as ECCE, ECCE-Asia,
International Future Energy Challenge (IFEC), IFEEC, WiPDA Asia, ITEC-Asia
Pacific, and VLSI-DAT. Since 2018, he has been the Secretary and then the
Vice-Chair of the IEEE PELS Taipei Chapter. He is the recipient of the Young
Researcher Award from the Electrical Power Engineering Division, Ministry of
Science and Technology (MOST), Taiwan, in 2016, the Outstanding Teaching
Award from NTU in 2020, the Research Contribution Award from NTU EECS
in 2020, and Ta-You Wu Memorial Award from MOST, Taiwan, in 2021. He
is the corecipient of the 2019 IEEE Transportation Electrification Conference
Asia-Pacific (ITEC-AP) Best Paper Award and the 2018 International Workshop
on Power Supply on Chip (PwrSoC) Best Poster Award He received the IEEE
PELS Best Chapter Award in 2018.

Yuan-Chih Lin (Student Member, IEEE) received
the M.S. degree in electrical and control engineering
from the National Chiao Tung University, Hsinchu,
Taiwan, in 2005. He is currently working toward
the Ph.D. degree in DC to DC converter with the
Electrical Engineering Department, National Taiwan
University, Taipei, Taiwan.

He authored or coauthored more than 55 technical
papers published in international journals and con-
ference proceedings. He holds 10 Taiwan patents and
1 U.S. patent. His current research interests include

characteristics, driving techniques, and applications of wide-bandgap power
semiconductor devices, high power density planar magnetic design and inte-
gration techniques, fast dynamic response control techniques of point-of-load
converters, and digital control techniques for power electronic applications.

Tsung-Wei Huang received the M.S. degree in me-
chanical engineering from the Institute of Applied
Mechanics, National Taiwan University, Taipei, Tai-
wan, in 2000.

He joined Richtek Technology Ltd., Hsinchu, Tai-
wan, where he is currently a Senior Manager of the
mobile business unit.

https://dx.doi.org/10.1109/ISCAS46773.2023.10182217
https://dx.doi.org/10.1109/ISCAS46773.2023.10182217


<<
  /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


