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Active Saturation Mitigation in High-Density
Dual-Active-Bridge DC-DC Converter for
On-Board EV Charger Applications

Seyed Amir Assadi

and Olivier Trescases

Abstract—This article presents a transformer saturation pre-
vention algorithm (SPA) targeting dual-active-bridge (DAB) dc—
dc converters utilized in bidirectional, two-stage electric vehicle
(EV) on-board battery chargers. Saturation prevention is achieved
by detecting the variation in transformer current slope near the
boundary of saturation and applying duty-cycle offsets to the
DAB converter full bridges. Compared to alternative methods of
saturation mitigation, the proposed algorithm offers the following
benefits: Lower transformer design safety margins which enable
volume reduction with minimal harm to efficiency, and low-cost
implementation using a single low-cost current sensor even at high
converter switching speeds. Experiments on a custom 6.6-kW on-
board EV charger confirm the controller functionality and initial
converter analysis. A peak converter efficiency of 96.8% with a
transformer volume of 80 cm? is achieved, which is a 50% volume
reduction in comparison to other academic works.

Index Terms—Battery chargers, converters, dc-dc power
conversion, digital control, ferrites, field programmable gate
arrays, power electronics, transformers, vehicles.

I. INTRODUCTION

DVANCEMENTS in control techniques and semicon-

ductor technologies have enabled the cost-effective use
of bidirectional power electronics in automotive applications.
Bidirectional power capability expands the functionality of con-
ventional on-board chargers (OBCs) to include vehicle-to-grid
(V2G) [2] and vehicle-to-vehicle (V2V) [3] operation. Bidi-
rectional OBCs often use a two-stage architecture, consisting
of a dc—ac and dc—dc converter, as shown in Fig. 1. The dc—ac
converter is responsible for power-factor correction, while the
dc—dc converter implements a battery charging algorithm, and
provides galvanic isolation using a high-frequency transformer.
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Fig. 1. Conventional two-stage OBC. The focus of this article is the saturation

mitigation of the transformer in the isolated DAB converter.
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Fig. 2. Typical ferrite BH curve with (a) Bygc = 0 and (b) nonzero Bg.. The
bold blue path outlines the traversed B in a DAB converter.

This article focuses on the saturation mitigation of a transformer
in a dual-active-bridge (DAB) converter with a target efficiency
of 97%, used as the dc—dc stage of a bidirectional, 6.6-kW
electric vehicle (EV) OBC. The OBC charges an EV battery
with a voltage Vi, between 320 and 450 V, from a dc link with a
voltage V. jink between 380 and 480 V. Emerging wide-bandgap,
high-voltage silicon carbide (SiC) devices offer the opportunity
to shrink converters by scaling up the switching frequency
fs = T% and reducing the size of passive components. An
increase in f; reduces the magnetic flux density swing A B, and
the transformer core volume, while maintaining a high safety
margin to avoid saturation. The transformer safety margin is
defined as the difference between A B and saturation flux density
Bia, as shown in Fig. 2. A sufficiently large magnetic flux density
offset By. can push the transformer operation into saturation,
in the nonlinear region of the core BH curve, as shown. As the
magnetic flux density B increases to near By, in ferrimagnetic
cores, the permeability p, gradually changes nonlinearly
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resulting in a slow change in current slope. Under saturation, this
change in slope results in large current spikes, increased losses,
and potentially irreversible damage in the dc—dc converter.
The application of nonzero net volt-seconds by the DAB
converter full bridges (FBs), results in a nonzero transformer
By, which is exacerbated by the utilization of superior Figure
of Merit devices due to a lower on-resistance. Mismatch in
device parameters and tolerances contribute to the nonideal
volt-seconds, while conduction path resistance dampens their
impact on Byc.

The DAB converter volume and efficiency relies on the choice
of fs, AB, and core volume. A passive or active saturation
mitigation technique is required to protect the DAB transformer
from saturation in situations with low safety margin and high
By.. Existing state-of-the-art techniques require costly addi-
tional circuitry, do not provide a safe range of A B up to By, and
in some cases, are not readily compatible with mass production,
as described in Sections I-A and I-B.

This article proposes a saturation prevention algorithm (SPA)
that requires no additional sensors, while providing a safe AB
range close to By,.. The SPA calculates the instantaneous slope of
IDAB patt, through the measurement of 7py at twice the switching
frequency. Through the self-reference of current slope measure-
ments, the onset of saturation is detected regardless of converter
power level, and corrective action is taken by the SPA.

The DAB operating principles are briefly described in
Section I, including an analysis of transformer saturation safety
margin. The minimum transformer size for a target efficiency
of 97% is presented in Section III through volume and effi-
ciency analysis. The SPA methodology and implementation are
described in Section IV. Experimental validation and benchmark
comparisons are presented in Section VI.

A. State-of-the-Art Passive Mitigation Techniques

In passive saturation mitigation techniques, additional pas-
sive components or an overdesign of the transformer accom-
modate the nonzero net volt-seconds. In [4], the dc currents
flowing through the transformer windings, < ipaB pat >17.,, and
< iDAB.de-link >T,, are blocked by capacitors. In comparison
with the IDAB,batt and IDAB.de-link waveforms from the DAB con-
verter of Fig. 3, the incorporation of a small series capacitance
increases the peak inductor current and semiconductor switching
device rating. For the DAB converter defined in Fig. 1, 15 uF
of series capacitance on each transformer winding protects the
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transformer without increasing the switching device rating. The
large capacitance ensures a low steady-state capacitor operating
voltage, though sufficient voltage safety margin is necessary for
load transients and start-up (making ceramic capacitors a costly
option). To meet thermal ratings, capacitors must be placed
in parallel [5]-[7]. The high current and switching frequency
required from dc-blocking capacitors in an EV OBC result in
additional volume and increased cost. For example, using four
FFB14D0336K capacitors significantly exceeds the minimum
capacitance and the operation voltage required, but only just
meets the thermal requirements. The volume of these four ca-
pacitors at 36 cm? is approximately equal to the transformer core
box volume. In [8], a safety-margin of 20% with respect to Bgy
is incorporated by using a large core and air gaps.

B. State-of-the-Art Active Mitigation Techniques

Active saturation mitigation is achieved through the applica-
tion of corrective net volt-seconds. In [9], a custom core redirects
flux to a sense winding off of the main flux path when the core is
saturated. In [10], By, is measured through the connection and
perturbation of an external ferrite loop. The coupling between
the external ferrite and the main core is complex and expensive
for mass production. In [11], Hall Effect sensors placed in the
transformer air gaps measure By., while harming efficiency
by reducing the transformer magnetizing inductance. In [12]
and [13], < ipaBpat >T.> < IDAB.dc-link >T,,and subsequent By,
are regulated to near zero, through duty cycle and current-mode
control, respectively. Despite the additional control overhead,
[12] is not able to guarantee complete By, elimination for all
operating points. Furthermore, [12] requires two additional sen-
sors, sampling circuitry, and subsequent signal isolation, which
increases the cost. Shunt resistor based sensors that are capable
of detecting the current in the transformer winding are expensive
compared to the overall converter cost and have a low bandwidth
due to the high common-mode voltage tolerance requirement.
High-bandwidth hall-effect sensors are similarly expensive. In
[14], it is shown that the transformer Bg. can be reduced with
zero-voltage switching implemented through precise dead time,
which requires additional sensing circuitry.

II. DUAL-ACTIVE BRIDGE
A. Operation Principles

The galvanically isolated DAB converter consists of two FBs
connected by an inductor and transformer. Each FB generates
voltages v, dc—tink and Uy pay, as shown in Fig. 3. The magnitude
and direction of power flow Ppag is determined by the magni-
tude and polarity of phase-shift ¢ between each FB, as given
by

Voait Vate-tink <p(1 _ |f|> M
11,227 fs(Lpag + Licakage) ™

Ppap =

where n; s is the transformer turns ratio, Licakage 1S the trans-
former leakage inductance, and Lpag is the inductor placed in
series with the transformer [15]. In this application, Vgc_jink 1S
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controlled by the dc—ac converter, while V4, is dependent on
the battery state of charge (SOC).

The rate of change of the current flowing through the inductor
(assuming a 1:1 transformer), is approximated by

d . d
—1 link R —
dt DAB,dc—link dt

UDAB

@)

iDAB,batt N
LDAB + Lleakage

where

UDAB = Ug,de—link — Vg, batt 3)

as shown in Fig. 4. With T as the switching period, the time
delay between the leading and lagging FB ¢, is given by

tps = Ts—. 4
P 27 “)

B. Transformer B 4.

The A B of the DAB transformer in Fig. 3 is given by
1 t
B = = [ Vit ®)
nA 4T
4

where A, is the core cross-section area, and n is the number
of turns in the transformer. In general, AB is directly pro-
portional to Vi and Vge_jink, and inversely proportional to
transformer size and fs. Galvanically isolated converters that
lack dc-blocking capacitors, such as the DAB, do not inherently
prevent dc current in the transformer windings. The dc current
in the FBy,, connected winding is approximated by
AD-2- ‘/batt

< IDAB,batt >T, = S (6)
dc

where the net volt-seconds applied to the transformer is a func-
tion of Vi, and AD is the equivalent mismatched duty cycle
applied to FBy,, while Ry is the total resistance of the FBy,
conduction path. The equation for < ipaB dc—tink >7, 1s defined
similarly to (6). The subsequent By, is given by

n(< ipaB,bat >T, + < IDAB,de—link >T.)
R A

where Z,. is the core reluctance.

By = (N
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III. DAB VOLUME AND EFFICIENCY ANALYSIS

In high-density applications, the power loss of a specific
component is as important as the overall converter loss. The
DAB is designed to achieve the following:

1) small transformer volume and loss, through the choice of

AB and fg;

2) sufficiently low switching loss to reduce overhead for

switching-device liquid cooling.

To reduce the switching loss, the high-frequency converter
requires a low power loop inductance. The choice of surface-
mount devices reduces the loop inductance of the converter,
while making cooling much more difficult. Leveraging the avail-
ability of liquid cooling in EVs, the large surface area of the
transformer provides a relatively easy means of cooling through
potting. Therefore, a design that results in a higher transformer
loss and lower switching loss can benefit from a reduced overall
cooling overhead. The tradeoff between MOSFET and transformer
losses is balanced through the choice of transformer wire gauge,
core material, core temperature, f;, AB, and core volume. A
peak coolant temperature of 50 °C is assumed in this design.

A. Wire Loss Versus Wire Gauge

Litz wire is used in this application due to the high-frequency
operation. The choice of 40 AWG strand wire (79 pm diameter)
greatly reduces the skin effect within the potential converter
frequency range of 100-300 kHz, which corresponds to a skin
depth of 200-120 pm. The 10 AWG lumped wire gauge ensures
that the temperature of the wire does not exceed the insulation
rating, while considering the incorporation of the ferrite core
loss, and the chill plate temperature. The optimization of lumped
wire gauge based on temperature and loss is a further potential
dimension of design.

B. Core Loss Versus Core Material

The transformer material is chosen based on the performance
factor [16] P as given by

P =f,-AB. 8)

When comparing multiple ferrite materials against fs, for the
same loss density, the ferrite with the highest P can sustain the
highest A B without saturating. A transformer using this material
requires the fewest number of turns to sustain a high voltage,
thereby making it an ideal choice for the DAB converter. The
‘P of various ferrites from the manufacturer TDK is shown in
Fig. 5. For frequencies below 300 kHz, N97 material yields the
highest P at 90 °C over the majority range of core loss densities
characterized by TDK.

C. Core Loss Versus Core Temperature

The core temperature is chosen to minimize core loss, while
respecting wire temperature insulation ratings, as described in
the following.

1) Core Loss

In ferrites, the temperature at which the second maximum
of permeability occurs T'spsp corresponds to a minimum



ASSADI et al.: ACTIVE SATURATION MITIGATION IN HIGH-DENSITY DUAL-ACTIVE-BRIDGE DC-DC CONVERTER

4 T
—N97H
I —N87[]
35 P N49
—N27
3k i
7
Easr —
=
2 2 7
&
15+ .
i L |
05 L | 1 1

0 100 200 300 400 500
/s (kHz)

Fig. 5. Performance factor P for N97, N87, N49, N27 ferrites from TDK, at
90 °C with a loss density of 550 kW/m3.

core loss, which is unique for each material [17], [18]. The
DAB transformer is designed with N97 material whose
Tsyp ~ 80°C—90°C, which is below the wire insulation
rating.
2) Saturation Magnetic Flux Density

Core saturation magnetization, and hence By, reduces
as the temperature rises to the Curie temperature. For
NO97 material, By, decreases from 510 to 410 mT, as
temperature rises from 25°C to 100°C [19].

D. Core Loss Versus fs, AB, and Volume

The core loss of a transformer is linearly proportional to
volume, while the Steinmetz approximation is often used to
define the relationship with fg and AB. The choice of f,; and
AB is a tradeoff between the core loss density, the eddy current
loss of the ferrite, and the area of the B H loop that is traversed.
The core volume presents a tradeoff between A B and the total
transformer loss. In Section III-B, N97 material is chosen based
on the desired range of frequencies. The material datasheet [19],
however, does not provide core loss data for the operating
conditions, fs > 50 kHz and AB > 200 mT. The resonant core
loss measurement scheme that is described in [20] was used in
conjunction with a thermal chamber test environment to measure
the N97 core loss properties. Measurements are conducted using
a high bandwidth current sensor and amplifier.

E. Complete Converter Loss Analysis

For a target converter loss, the smallest N97 transformer that
operates with the lowest f and A B can achieve the conditions
that are described at the start of Section III. The total loss for
the DAB converter, including switching, conduction, core and
eddy current loss, is modeled for the analysis. The switching
loss model is linearly proportional to f,; and independent of
AB, according to [21]. The cumulative eddy current and core
loss density that are measured in Section III-D are extrapolated
for cores of different volumes. The ETD family of cores are
considered for this analysis. The calculated total converter loss
at rated power over the design space is shown in Fig. 6(a).
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Fig. 6. (a) Calculated total converter loss versus AB and fs. (b) Converter
designs that result in a total converter loss of 198 W.

TABLE I
DAB TRANSFORMER SPECIFICATIONS

Parameter | Value | Unit

Operation frequency 125 kHz

Power 6.6 kW

Turns ratio 1:1.08 ~ 11.5:12.5

AB 0.37 T

Volume:

core (ETD49, N97) 40.3 cm?®
+ windings = 80 cm?

+ cooling pot = 117.9 cm?

The granularity of standard core sizes within a family results
in discontinuities over the design space.

The design space that satisfies a target converter loss of
198 W (97% efficiency) is shown in Fig. 6(b). The smallest
core, ETD49, is possible with a converter f; > 75 kHz and core
0.2 T< AB < 0.38 T. Portions of the ETD49 core design space
operate transformers with a low safety margin. The transformer
and converter specifications summarized in Tables I and II
were chosen to test the proposed SPA under conditions where
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TABLE II
DAB CONVERTER AND SPA SPECIFICATIONS

Parameter | Value | Unit
Vie—tink 380-480 v
Viatt 320-450 \Y%
Peak power 6.6 kW
Transformer See Table I
Switching frequency 125 kHz
DAB inductance 10 uH
MOSFET C3MO0065090J
Controller Xilinx Spartan 6
ADC:
sample rate 1 Msps
resolution 12 bit
Diff amp bandwidth 200 MHz
SPA:
|Am| threshold 0.813 Alus
K 24.2 -
|Amy| threshold 20 12-bit base
4000 = i‘ ‘i &
3000 = o
[ o
< 2000 | i i_ﬁ
1000 Ele \ "~

0 s . . s
-05 -04 -0.3 -0.2 -0.1 0 01 02

Fig. 7. Calculated i, from measured B and H for N97 ferrite. |Bga| =
0.41T[19].

algorithms that rely on the measurement of the dc component of
current or B cannot operate effectively, namely at the edge of
saturation and at a high switching frequency.

IV. TRANSFORMER SATURATION AND %pAB gart

Voltage difference between Vi and Vi appear across
the inductor placed between FBgcjink and the transformer. The
B waveform resulting from (5) is triangular with the positive
peak corresponding to the end of the positive ¢pap,pa plateau
and the negative peak corresponding to the end of the negative
plateau. For a transformer designed with |AB| < | By, positive
saturation occurs when (B + By) > -+ Bgy, while negative sat-
uration occurs when (B — By.) < — Bgy. Core saturation results
in a sharp drop in p, as shown in Fig. 7.

With [ as the magnetic path length, and F as the magnetomo-
tive force, |Vs pattpeea | 1S €Xpressed by

nAcpirfbo d d poptrAe
2 battepeed| = | ———— 2 F F—— 9
|U ,b ttreﬁeued| I dt +n dt I ( )
which decreases under saturation. With Lpag > Licakage, the

slope of ipaB bai and ZpaAB,de—tink 18 approximated by

d d

. . Vg, de—link — Uz battreecied
— IDAB,batt ¥ > UDAB,dc—link ~ ' . (10)
dt dt

LDAB
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Fig. 8. Waveforms of vz de—link» Va,batt> UV, battyegectea» *DAB,bat> and B when
the core is (a) not saturating, saturating (b) positively, and (c) negatively.

As a result, saturation initially appears as a sharp change at the
end of the negative and positive plateau of ipap,paw, s shown in
Fig. 8. The subscript 1 refers to terms that correspond to the
end of the positive plateau while subscript 2 refers to those
corresponding to the end of the negative plateau. The SPA

defines the slope m; = %iDAB,ban at the end of the positive

plateauand my = — %iDAB,ban atthe end of the negative plateau.
Slope m changes under positive saturation and mso changes
under negative saturation, as shown in Figs. 8(b) and 8(c),
respectively. These changes in current slope are not prominent
in ipaB,de—tink S the DAB inductor resists the sharp changes
in current that occur during saturation. The SPA deduces the
polarity of saturation from Am, which is defined as

Am = mi — mao.

(1)

Three assumptions simplify the derivation of Am.

1) Forsimplicity, ipaB,bait a1d 2paB,dc—link have a similar mag-
nitude and slope. For transformers with a nonunity turns
ratio, the variable n can be replaced with the respective
turns of the primary and secondary.

2) Negative feedback of the current through Lpap prevents
the effect of saturation from appearing in IpaB,dc—link-

3) At the boundary of saturation, %, 1 ~ %. 2. This is an
approximation, since saturation is a gradual occurrence.

To solve for Am, the voltage applied by FBpy is first ex-

pressed in terms of the net transformer B

d
Vg batt = nA. aB

d (nipaB ba — MIDAB dc-link)
dt X,

o d (i ' )
= —7 \?DAB,batt — ?DAB,dc—link
R, dt ’

5, . ‘ d 1
+ 1 (ipABpan — ZDAB,dc—]mk)% Z.
Cc

n2d n?d
= @a(ZDAB,batt) - ?%(ZDABAC—““")

n? d

~ g

12)
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where iy is the transformer magnetizing current, and Z.,
1DAB,batt A IpAB dc—tink Vary with time. In (12), both ipaB,bar
and ipag,dc—iink are decomposed into a sat component that
is influenced by transformer saturation (0 when the core is
not saturating), and a plateau component that represents the
power-flow current
n?d )
Vg batt = ?g a('LDAB,batt,sat + ZDAB,ball,plateau)

n? d (i w )
- —7 \UDAB, dc—link,sat DAB,dc—link,plateau
K. dt P

n? d
— —iM—Ze. (13)
X2 dt
Applying assumptions 1 and 2 to (13) results in
2 d 2
LG, n (14)

Vg batt = —— — (1 attsat) — —= M —Ae.
x,batt %C dt( DAB,bdlt,sdt) %g Mdt c

Rearranging (14) in terms of ipaB batt,sat

d . R n 1. d @
—1 = — 4+ —im—Z,.
di DAB,batt,sat x,batt n2 %C M di c
From the perspective of Rgense, 1 can be found by solving (15)
for saturation at the end of the positive ipag ban plateau and by
Substituting Vg batt = ‘/batt

15)

Z, 1 . d
mpwm?§+%?m$%ﬂ (16)
and similarly for ms. Am is subsequently expressed as
d . d
Am = 77 'DAB battsat. 1~ IDABbatt sat,2- (17)
The substitution of (16) and similar for m into (11) results in
K1 1 d
Am = Vigu—— + —im1—%.
m batt 2 + %071 M, 1 di 1
Z, 1 . d
— Voau —5 Ren.  (18)

TL2 B %5’2 ZM’Z%
The application of assumption 3 simplifies (18) to

1 . d 1

Am = ——iy1—Re1 —
%5’1 M,ldt c,1

T (19)

iM,za«%’c,Q-

The reluctance, %, 1 changes only under positive saturation
while Z, o only changes under negative saturation. Therefore,
under a negative Byc, %%)@,1 ~ 0 and Am is given by

1. d

Am~ ———ino—Reo.
Zos M2 7 He,2

(20)

Under a positive Byc, %%’072 ~ 0 and Am is given by

d

1
Am~ —i
m ZMJdt

He 1.
<%c,l ’

2

The magnitude of Am is expressed as

1

i gy 22)
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Fig. 9. Permeability y1, and calculated Am corresponding to AB.
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Fig. 10. DAB converter and SPA architecture.
where
. R [*
=2 [ Vit (23)
n t+h
1

Am is shown in Fig. 9 for AB > 200 mT, for an ETD49, N97
core.

V. SPA AND IMPLEMENTATION

A simplified diagram of the digital controller and the respec-
tive flow chart are shown in Figs. 10 and 11.

A sense resistor at the base of FBy, 1s used to measure 7y,
as shown in Fig. 4. Samples of 7y, are taken two times every
switching cycle and stored in an array, ipag,q¢{} using a 12-bit
analog-to-digital converter (ADC), as shown in step A of Fig. 11.
The samples are taken synchronous to the gating signal of FBp,y,
FBpatt,gating, With a constant offset in time fump and a periodic
offset in time At as shown in Fig. 12. After converter start-up
has passed, the samples, which are denoted ipaB,a,1,d> “DAB,a,2,d>
1DAB,b,1,d and ipaB,b,2,q are paired and subtracted to approximate
m1 and my in the digital domain as shown in step B of Fig. 11.
The subscripts a and b denote the cycle where the sample was
taken, the subscripts 1 and 2 are as defined in Section IV, and
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Fig. 11.  SPA flowchart from converter start-up to FBp, duty-cycle correction
AD.

the subscript d signifies the digital domain. The approximations
of my and my are given as my 4 and my_q in the digital domain.
The slopes m; and mg are approximated by

mi.d

At
and
m2.a
mo ~ (25)
At
where mq 4 and ms 4 are given by
M1,d = iDAB,a,1,d — ‘DAB,b,1,d (26)
and
M2 4 = DAB,a,2,d — {DAB,b,2,d 27

2V 4y

where the calculation of my 4 accommodates the commutation
of ipa With respect to ipaB pat-

The two samples used in the calculation of each slope are
separated in time by a minimum 7y — At seconds. To calculate
mq,q and mg 4, an ADC with a sample rate that is inversely
proportional to T7 — At is required. For example, to approxi-
mate the instantaneous slope at a specific point in a 125-kHz
waveform, with a At of 150 ns, a low-cost ADC with a sample
rate that is slightly more than 250 ksps is required.

Since Vyciink and Viaee have negligible ripple between succes-
sive switching cycles, %iDAB,bm and its digital approximations,
mq,q and mg 4, do not fluctuate under steady-state operation,
as suggested by (10). Furthermore, small fluctuations can be
measured and accommodated by the SPA accordingly in the
controlled environment of an EV OBC. Lpag also does not
contribute to fluctuations in %iDAB,batt as it is external from
the transformer. A digital filter removes high frequency noise

from m; 4 and mg ¢ prior to the calculation of Amg, which is
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Fig. 12.  Samples of ipy are taken at the instances marked with solid red
circles, along the (a) positive plateau and (b) negative plateau. The samples are
stored in the ipap ¢{} array that is shifted.

the digital approximation of Am, as shown in step C of Fig. 11.
The relation between Amg and Am is given by

Amg =K x Am (28)

where K is the gain associated with At and the sampling and
sensing circuitry. A change in ¢, simultaneously effects m4 4
and mg 4, thereby not impacting Am, as given by

Amg =myq—magq
= (ipAB,a,1,d — (iDABb,1,d + AiDAB.d))
— (iDAB,a,2,d — (DAB,b,2,d + AipaB,d))
= (iDAB,a,1,d — IDAB,b,1,d)
(29)

where Aipag,q is the change in current attributed to the change
in phase-shift. The state of saturation in both sign and magnitude
are detected using Amyg, as shown in step D of Fig. 11.

The magnitude of Am, and the ADC resolution dictate the
SPA resolution. The high-bandwidth amplifier senses the voltage
across the shunt resistor R.pse With a high fidelity. The ADC
resolution defines the least significant bit voltage LS B,, and the
corresponding sensed current .S B by

— (iDAB,a,2,d — IDAB.b,2,d)

LSB,

LSB; = RG

where G is the amplifier gain, and Rgepse is the shunt resis-
tance. LS By is the smallest detectable change in current and

(30)
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Fig. 13.  6.6-kW EV charger DAB converter prototype.

subsequently, the smallest Am for a given At. A large LS B,
increases the minimum Am, and decreases the detectable range
of AB.

For the transformer design described in Table I, correc-
tive action is taken when |Amg| > 20, which corresponds to
AB > 0.38 T. Upon detecting the onset of saturation, the hys-
teretic controller applies a constant positive or negative AD to
FBpat, which results in a mitigating volt-second offset. The lim-
ited control range of the hysteretic controller results in bounded
oscillations of B that increase in amplitude with decreasing Vi
and subsequent AB. Large amplitude oscillations can have an
impact on core loss as outlined in [22].

VI. EXPERIMENTAL VERIFICATION

The DAB converter prototype is shown in Fig. 13. The design
of the liquid cooling system has been validated through finite el-
ement simulations, which are calibrated experimentally. In [23],
the use of liquid cooled potting has been compared against the
use of forced air in an enclosed environment, for a different
version of this converter. In [23], a feasible design is achieved for
a similar transformer with similar losses using a liquid cooling
system. Simulations of the proposed liquid cooling system and
transformer cooling pot (see Table I) result in a peak MOSFET
temperature of approximately 90 °C and a peak transformer
core temperature of approximately 86 °C in steady state at
6.6-kW operation. The SPA controlled converter is initially
verified using forced air cooling. The semiconductor devices
and the magnetic components are both cooled using separate
fans operating with a maximum flow rate of 1.08 m®/min. As
this converter is designed for use with a liquid cooled chill plate,
the MOSFET thermal limits allow for a short duration air-cooled
test. Through a 6.6-kW, 50-s operation, the transformer reaches
70°C, as shown in Fig. 14.

SPA functionality is demonstrated through measurements of
ipaB,bat and real-time slope approximations. A close represen-
tation of the transformer B is measured through the analog
integration of the induced voltage across a wire loop around the
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Fig. 14. Thermal image of DAB converter with prototype air cooling. At
6.6 kW, the transformer reaches 70 °C.

transformer core. The DAB converter and SPA specifications are
shown in Table II.

Using a 12-bit, 3.3-V ADC, with an amplifier with G = 2.6, the
LS By is 0.021 A, which corresponds to the smallest detectable
Amyg. Given a At = 150 ns, the smallest detectable Am is given
by

Amd
A =
A

which corresponds to approximately A B = 0.3 T. An increase in
At, reduces the minimum detectable slope. The gradual change
in permeability (soft saturation) in ferrites, as a function of A B,
allows the controller to detect A B over a large range, as shown
in Fig. 9.

= 0.14A4/ps 31)

A. SPA Experimental Results

Using the transformer with specifications defined in Table I,
a AD of +0.072% and —0.072% is applied to FByc jink at two
different instances to induce saturation at a low power level. The
resulting positive and negative saturation are seen in Fig. 15(a).
With a positive A D and saturation, only ipag,a,1,4 and ipaB 1,4
diverge with increasing m;, which implies that m; 4 tracks m,
as shown in Fig. 15(b). Similar divergence occurs for ipag,q,2,4
and ipaB,p,2,d, for a negative AD and saturation. The effect
of saturation is captured with |[Amg| > 20, which implies that
|B| > 0.38 T, as shown in Fig. 15(c).

At 2.5 kW, the inherent component mismatches result in obvi-
ous signs of saturation in the DAB transformer. Upon activation
of the SPA, the spikes in current attributed to saturation are
mitigated, as seen in Fig. 16.

At 5.8 kW, the hysteretic controller produces small controlled
B oscillations of approximately 30 mT. This is expected as the
transformer AB of 0.37 T is very close to the set threshold,
B = 0.38 T. The resulting current ripple of 3 A at a frequency of
approximately 1 kHz, results in a voltage ripple of 0.25 V at the
900 pF bus port and 1.5 V at the 300 p.F battery port. This ripple
is 0.4% of the dc voltage, even at the lowest battery voltage.
The lack of large spikes in ipaB pau, seen in Fig. 17(a) show
that saturation has been controlled. A closer look at ipag pau
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(b) 12-bit samples of ip,y. (¢) Calculated Amg.
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Fig. 16.  Measured ipaB patt and Zpay at 2.5 kW with both an active and inactive
SPA. Saturation is present prior to activation.

and B in Fig. 17(b) reveal that the hysteretic corrections are
applied accurately. With a constant correction, By rises at a
constant rate until the set threshold is reached. Large spikes in
the positive plateau of ipap,pai identify the positive bound of
saturation. Once saturation is detected, the controller applies
the necessary AD to decrease By, and mitigate saturation, as

seen in Fig. 17(c).
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Fig. 17. (a) Measured ZpAB pbatt> DAB.dc-link> Zhat» and transformer B under

steady-state operation with SPA at 5.8 kW. (b) Zoom of ipapat and B
waveforms. (¢) Zoom of DAB waveforms during SPA correction. The effect
of saturation is present on ipaB pai and not present on ipag de-link- The spikes
associated with saturation are reduced during SPA correction, as circled in black.

A virtual I/O program is used to probe the ip, ADC sample,
mi 4, Ma,q, and Amg registers of the FPGA. The iy, samples
taken under 5.8-kW operation, shown in Fig. 18, track the
positive and negative plateaus of ipappae as expected. With
the corrective actions of the SPA, m; 4 and mg 4 track each
other, as shown in Fig. 19. An artifact from the slope calculation
immediately after a SPA duty cycle correction results in spikes,
as shown in Figs. 19 and 20. These measurement artifacts do
not impact the hysteretic SPA, as the artifacts do not change in
polarity and as they occur immediately after an SPA corrective
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Fig.20. Probed Am, registers in FPGA at 5.8-kW operation.

action. The artifacts are avoided by applying postprocessed
calculations to the probed ADC samples to obtain m 4 and
mo, g, as seen in Fig. 21.

To verify the SPA operation, Amg, is calculated through
postprocessing, as shown in Fig. 22. With the SPA activated,
the average of Amy is stable and small, while the hysteretic
control results in a triangle waveform that remains between the
control threshold of +20, and the subsequent A B bounds, as
shown in Fig. 22.

B. Converter Efficiency With SPA

To precisely measure the converter efficiency, the Agilent
34401A is used to measure Vi, and Vie_jink, in addition to
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Fig. 21.  Calculated my 4 and mo 4 in postprocessing, at 5.8-kW operation.

Calculation artifacts are no longer visible.
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Fig. 23. Measured DAB efficiency and loss under varied ratios of
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the input and output current through 3.3-m{) sense resistors.
Corresponding to the range of EV battery SOC, Vi is varied
from 320to 450 V. Corresponding to the limits of the dc—ac stage,
Vie—tink 18 varied from 380 to 480 V. For a battery voltage above
350V, Vye_iink tracks with the transformer turns ratio, while for
battery voltages below 350 V, Vg _iink 1s fixed at 380 V.

The converter efficiency at 6.6 kW reaches a peak value of
96.8%, as shown in Fig. 23. The lower efficiency is attributed
to the AB that is slightly out of the design region shown in
Section III-E and the lack of a sophisticated transformer thermal
management system during initial testing of the SPA. The dc
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TABLE III
DAB BENCHMARK COMPARISONS

Comparable | This Work | [24] ] [25]
Core box volume:
Transformer 40.3 cm® | 93.8 cm?® -

+ Lpap = 49.9 cm® - ~ 127.1 cm?
Peak efficiency 96.8% 96.3% 97.8%
Switching device SiC Si GaN

65 mS2 28 mS2 25 mf2
Operation frequency | 125 kHz | 120 kHz 500 kHz
Topology DAB DAB CLLC
Power 6.6 kW 33 kW 6.6 kW

symmetry of the DAB ensures that the efficiency curves for both
directions of power flow are similar.

OBCs operate for extended periods of time in constant voltage
mode, where the charging power is asymptotically ramped down
to maintain constant battery voltage. The typical power profile
for a 2015 Nissan Leaf with a 6.6-kW OBC demonstrates the
significant portion of time spent in constant voltage charging,
and, subsequently, the significance of low power efficiency, as
shown in Fig. 24.

C. Benchmark Comparison

A comparison of the SPA-enabled DAB prototype with com-
parable bidirectional converters is given in Table III. As winding
and cooling system volume are not readily available, only total
core box volume is compared. When compared against the GaN
resonant converter of [25], the combined box volume of the
proposed transformer and inductor with the SPA is smaller,
operates at 25% of the frequency, and uses cheaper SiC devices,
with comparable efficiency. Furthermore, compared to [24], the
DAB transformer operates at twice the power, similar frequency,
with half of the volume.

VII. CONCLUSION

An SPA has been demonstrated for a DAB converter. The
SPA is implemented using the minimal number of sensors
required for DAB converter operation. For complete converter
loss and volume analysis, the full range of AB up to Bgy is
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safely considered due to the protection provided by the SPA.
For a target efficiency of approximately 97%, the converter
fs, transformer AB, and core volume are analyzed to find
the smallest feasible transformer core. In a 96.8% efficient,
6.6-kW DAB prototype, the ETD49 core is the smallest pos-
sible core with a design space spanning AB from 0.2 T to
Bga and f from 75 to 170 kHz. MOSFET cooling limitations
restrict the maximum operable frequency and result in a con-
verter with fs = 125 kHz, and a transformer AB = 0.37 T.
Despite the very low saturation safety margin in the particu-
lar prototype, saturation mitigation is experimentally validated
through the measurement of transformer current and approx-
imate core B. The synchronous sampling of the SPA is vali-
dated through the probing of digital current samples, calculated
slope approximations, and calculated slope differences. Com-
pared to the presented benchmark converters, the SPA-enabled
DAB has a smaller transformer, with a comparable or better
efficiency.

REFERENCES

[1] S. Amir Assadi, H. Matsumoto, M. Moshirvaziri, M. Nasr, M.
Shawkat Zaman, and O. Trescases, “Active mitigation of transformer
saturation in a dual-active-bridge converter for electric vehicle chargers,”
in Proc. 20th Eur. Conf. Power Electron. Appl., Sep. 2018, pp. P.1-P.10.

[2] B.Kramer, S. Chakraborty, and B. Kroposki, “A review of plug-in vehicles
and vehicle-to-grid capability,” in Proc. 34th Annu. Conf. IEEE Ind.
Electron., Nov. 2008, pp. 2278-2283.

[3] M. Nasr, K. Gupta, C. da Silva, C. H. Amon, and O. Trescases, “SiC based
on-board EV power-hub with high-efficiency dc transfer mode through ac
port for vehicle-to-vehicle charging,” in Proc. IEEE Appl. Power Electron.
Conf. Expo., Mar. 2018, pp. 3398-3404.

[4] R.Redl, N. Sokal, and C. Schaefer, “Transformer saturation and unusual
system oscillation in capacitively coupled half-bridge or full-bridge for-
ward converters: Causes, analyses, and cures,” in Proc. 19th Annu. IEEE
Power Electron. Specialists Conf., 1988, pp. 820-829.

[5] Murata Manufacturing Co., “Chip multilayer ceramic capacitors for au-
tomotive EU RoHS compliant,” Murata, Nagaokakyo, Japan, 2017. [On-
line]. Available: https://www.murata.com/~/media/webrenewal/support/
library/catalog/products/capacitor/mlcc/c03e.ashx ?1la=zh-cn

[6] AVX, “Medium power film capacitors FFB (RoHS Compliant),” AVX,
Fountain Inn, SC, USA, 2015. [Online]. Available: http://datasheets.avx.
com/ftb.pdf

[7] V. Roederstein, “DC film capacitors MKT radial potted type,” Vishay,
Malvern, PA, USA, 2018. [Online]. Available: https://www.vishay.com/
docs/26011/mkt1820.pdf

[8] P. Shuai and J. Biela, “Design and optimization of medium frequency,

medium voltage transformers,” in Proc. Eur. Conf. Power Electron. Appl.,

2013, pp. 1-10.

S. Klopper and J. A. Ferreira, “A sensor for balancing flux in converters

with a high-frequency transformer link,” IEEE Trans. Ind. Appl., vol. 33,

no. 3, pp. 774-779, May 1997.

G. Ortiz, J. Mhlethaler, and J. W. Kolar, “Magnetic ear-based balancing

of magnetic flux in high power medium frequency dual active bridge

converter transformer cores,” in Proc. 8th Int. Conf. Power Electron., May

2011, pp. 1307-1314.

F. P. Dawson, “Dc-dc converter interphase transformer design consid-

erations: volt-seconds balancing,” IEEE Trans. Magn., vol. 26, no. 5,

pp. 2250-2252, Sep. 1990.

Y. Panov, M. M. Jovanovic, and B. T. Irving, “Novel transformer-flux-

balancing control of dual-active-bridge bidirectional converters,” in Proc.

1IEEE Appl. Power Electron. Conf. Expo., Mar. 2015, pp. 42—49.

S. Han, I. Munuswamy, and D. Divan, “Preventing transformer saturation

in bi-directional dual active bridge buck-boost dc/dc converters,” in Proc.

1IEEE Energy Convers. Congr. Expo., Sep. 2010, pp. 1450-1457.

D. Costinett, D. Seltzer, D. Maksimovic, and R. Zane, “Inherent volt-

second balancing of magnetic devices in zero-voltage switched power

converters,” in Proc. Conf. Proc.—IEEE Appl. Power Electron. Conf.

Expo., 2013, pp. 9-15.

[9

[

[10]

[11]

[12]

[13]

[14]


https://www.murata.com/~/media/webrenewal/support/library/catalog/products/capacitor/mlcc/c03e.ashx?la=zh-cn
http://datasheets.avx.com/ffb.pdf
https://www.vishay.com/docs/26011/mkt1820.pdf

ASSADI et al.: ACTIVE SATURATION MITIGATION IN HIGH-DENSITY DUAL-ACTIVE-BRIDGE DC-DC CONVERTER

[15] M. Nasr, S. Poshtkouhi, N. Radimov, C. Cojocaru, and O. Trescases, “Fast
average current mode control of dual-active-bridge dc-dc converter using
cycle-by-cycle sensing and self-calibrated digital feedforward,” in Proc.
IEEE Appl. Power Electron. Conf. Expo., Mar. 2017, pp. 1129-1133.
Soft Ferrites: A User’s Guide, Magnetic Materials Producers Association,
Chicago, IL, USA, 1998. [Online]. Available: www.magneticsgroup.com/
pdf/mmpa%20SFG-98.pdf

Y. H. Chang, C. H. Hsu, H. L. Chu, and C. P. Tseng, “Influence of
bending stress on magnetic properties of 3-phase 3-leg transformers with
amorphous cores,” IEEE Trans. Magn., vol. 47, no. 10, pp. 2776-2779,
Oct. 2011.

A. Goldman, Handbook of Modern Ferromagnetic Materials. Boston, MA,
USA: Kluwer, 1999.

TDK “Ferrites and accessories SIFERRIT material N97,” TDK, Tokyo,
Japan, 2017. [Online]. Available: https://en.tdk-electronics.tdk.com/
download/528886/d28e0ebe7095bcdafa28%433d7d21aa41/pdf-n97.pdf
M. Mu and F. C. Lee, “A new series of high frequency core loss measure-
ment methods,” Presentation, pp. 1-35,2012. [Online]. Available: https://
www.psma.com/sites/default/files/uploads/tech-forums-magnetics/prese
ntations/2012-apec- 132-series-new-high-frequency-core-loss-measure
ment-methods.pdf

CREE, “C3MO0065090J Silicon Carbide Power MOSFET,” CREE,
Durham, NC, USA, 2015.

J. Muhlethaler, J. Biela, J. W. Kolar, and A. Ecklebe, “Core losses under
the dc bias condition based on Steinmetz parameters,” IEEE Trans. Power
Electron., vol. 27, no. 2, pp. 953-963, Feb. 2012.

K. Gupta et al., “Thermal management strategies for a high-frequency,
bi-directional, on-board electric vehicle charger,” in Proc. 17th IEEE Inter-
soc. Conf. Therm. Thermomechanical Phenom. Electron. Syst., May 2018,
pp. 935-943.

J. Everts, F. Krismer, J. Van Den Keybus, J. Driesen, and J. W.
Kolar, “Optimal ZVS modulation of single-phase single-stage bidirec-
tional dab ac-dc converters,” IEEE Trans. Power Electron., vol. 29, no. 8,
pp. 3954-3970, Aug. 2014.

B. Li, Q. Li, F. C. Lee, Z. Liu, and Y. Yang, “A high-efficiency high-
density wide-bandgap device-based bidirectional on-board charger,” IEEE
J. Emerg. Sel. Topics Power Electron., vol. 6, no. 3, pp. 1627-1636,
Sep. 2018.

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

Seyed Amir Assadi (S’18) received the B.A.Sc. and
M.A.Sc. degrees in electrical engineering from the
University of Toronto, ON, Canada, in 2016 and 2019,
respectively. He is currently working toward the Ph.D.
degree at the University of Toronto.

His research interests include power electronics
and control of high-density EV battery chargers.

Hirokazu Matsumoto (M’09) was born in Ehime,
Japan, in 1977. He received the M.S. degree in elec-
trical and electronic systems engineering and the Dr.
Eng. degree in engineering from Kyushu University,
Fukuoka, Japan, in 2001 and 2004, respectively.

In 2004, he was a Researcher of the 21st Century
Center of Excellence Program. From 2005 to 2007,
he worked on design of servo systems for factory
automation at Mitsubishi Electric Company, Tokyo,
Japan. From 2008 to 2019, he worked with the Depart-
ment of Electrical Engineering, Fukuoka University,
Fukuoka. In 2017, he was a Visiting Professor with The Edward S. Rogers Sr.
Department of Electrical and Computer Engineering, University of Toronto.
Since 2019, he has been working with the Department of Electrical Engineering
and Electronics, Aoyama Gakuin University, Tokyo, Japan, as an Associate
Professor. His research interests include power inverters, wireless power transfer
systems, electric motors, and their control.

4387

Mazhar Moshirvaziri (M’ 11) received the B.Sc. de-
gree in electrical engineering from Sharif University
of Technology, Tehran, Iran, in 2010, and the master’s
degree in the electrical and computer engineering
from the University of Toronto, Toronto, ON, Canada,
in 2012. His M.A.Sc. dissertation dealt with ultra-
capacitor and battery-based hybrid energy storage
systems for electric vehicles.

He is currently a Senior Member of the Technical
Staff at Advanced Micro Devices (AMD), Toronto,
where he is responsible for power and performance
definition of discrete graphics processing units. His research interests include
electric vehicles, battery management systems in electric vehicles, and high-
efficiency power electronics converter designs.

Miad Nasr received the B.A.Sc and M.A.Sc degrees
in electrical and computer engineering from the Uni-
versity of Toronto, Toronto, ON, Canada, in 2015 and
2017, respectively.

He is currently a Research Associate with the Uni-
versity of Toronto Electric Vehicle (UTEV) Research
Centre, where he performs research on high-density
power electronics for automotive applications.

Mohammad Shawkat Zaman (S’07) was born in
Dhaka, Bangladesh. He received the B.A.Sc. and
M.A.Sc. degrees in electrical engineering from the
University of Toronto, ON, Canada, in 2010 and
2013, respectively, where he is currently working
toward the Ph.D. degree. He has received the NSERC
Canada Graduate Scholarship (CGS) and the Ontario
Graduate Scholarship (OGS) during both his M.A.Sc.
and Ph.D. degrees.
h He was an Intern with Analog Devices Inc. and
NXP Semiconductors in 2008 and 2012, respectively.
In 2013, he joined NXP Semiconductors in Eindhoven, The Netherlands,
where he worked on integrated power converters for low-power applications.
His research interests include monolithic integration and mixed-signal control
techniques for high-density power conversion.

Olivier Trescases (SM’13) received the Ph.D. degree
from the University of Toronto, Toronto, ON, Canada.

From 2007 to 2008, he was a Concept Engineer
and mixed-signal IC Designer with Infineon Tech-
nologies, Graz, Austria, focusing on safety-critical
automotive applications. While on sabbatical in 2016,
he was at the Texas Instruments Kilby Labs, Santa
Clara, CA, USA, and then at NXP Semiconductor
in Eindoven, Holland. Since 2016, he has been the
Director of University of Toronto Electric Vehicle
(UTEV) Research Centre. He is currently a Professor
with the Edward S. Rogers Sr. Department of Electrical and Computer Engineer-
ing, University of Toronto, Toronto. His group conducts research on advanced
power electronic converters.

Dr. Trescases has been an Associate Editor for the IEEE TRANSACTIONS
ON POWER ELECTRONICS since 2015. He is a Canada Research Chair in Power
Electronic Converters and serving as the Chair of the IEEE Toronto Section.
He has served on various IEEE conference technical committees, including
the Applied Power Electronics Conference, the Custom Integrated Circuits
Conference, and the International Symposium on Power Semiconductors and
ICs.


http://www.magneticsgroup.com/pdf/mmpa%20SFG-98.pdf
https://en.tdk-electronics.tdk.com/download/528886/d28e0ebe7095bcdafa28%433d7d21aa41/pdf-n97.pdf
https://www.psma.com/sites/default/files/uploads/tech-forums-magnetics/presentations/2012-apec-132-series-new-high-frequency-core-loss-measurement-methods.pdf


<<
  /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 false
  /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 false
  /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 false
  /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


