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Analysis and Design of LLC Resonant Converters
With Capacitor-Diode Clamp Current Limiting

Chi Wa Tsang, Martin P. Foster, David A. Stone, and Daniel T. Gladwin

Abstract—This paper presents a design methodology for LLC
resonant converters with capacitor-diode clamp for current
limiting in overload conditions. A new fundamental harmonic
approximation-based equivalent circuit model is obtained through
the application of describing function techniques, by examining the
fundamental behavior of the capacitor-diode clamp. An iterative
procedure to determine the conduction point of the diode clamp
is also given. The behavior of this type of converter is analyzed
and guidelines for designing the current limiting characteristics
are discussed. The characterization of a 90 W converter design
using the proposed methodology is presented. The converter volt-
age gain and the voltage—current characteristics under different
overload conditions and operating frequencies are predicted using
the proposed model, which accuracies are validated against the
prototype with good correlation.

Index Terms—Capacitor diode clamp, current limiting, LLC res-
onant converter.

NOMENCLATURE
A Resonant tank inductor ratio (= L, /L).
B Capacitance sharing ratio.
cs,C. Resonant tank capacitors.
C, Equivalent resonant capacitance (with inactive diode
clamp).
fs Switching frequency.
fs(min) Minimum switching frequency.
fs(max) ~ Maximum switching frequency.
fo Series resonant frequency.
1 Nominalized frequency (f,, = fs/fo)-
I Input current.
Iy (rate) Maximum rated output current.
Iy (over) Overloading output current.
I, Normalized output current (: Io(over)/ I(,(mte)).
k; Imaginary component used in My (cimp)-
k, Real component used in My (cimp)-
L, L, Resonant inductors.
LIP Load independent point.
M, Normalized gain (with inactive diode clamp).
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Mg(maxy Maximum normalized gain (with inactive diode
clamp).

Mg(min)y Minimum normalized gain (with inactive diode
clamp).

Mg (imp) Normalized gain (with activated diode clamp).

n Transformer turn ratio.

Q Quality factor (: VLs/C,/ Req> .
Qrate Q-factor at maximum rated load.

Qover Q-factor at overloading.

Qn Normalized Q-factor (= Qover/Qrate )-
Real component of Z..

Load resistance.

Equivalent load resistance.

Complex frequency (= jwy).

Time.

Switching period.

Peak voltage across resonant capacitor C..
Input voltage.

Maximum input voltage.

Minimum input voltage.

Output voltage.

Maximum rated output voltage.

SR

)
o]

ST e

=

i(max)

min)

SSSS

(over) ~ Overloading output voltage.
v, Normalized output voltage (= Vj(over)/Vo(rate) ) -
X Imaginary component of Z,.

7 Resonant tank impedance (with inactive diode
clamp).

Zo Resonant tank impedance (with activated diode
clamp).

Ze Equivalent clamping capacitance impedance (with
activated diode clamp).

Q@ Damping factor.

) Diode—clamp nonconduction angle.

Wy Angular switching frequency (=27 f;).

0 Angle.

1. INTRODUCTION

S electronic systems are miniaturized, power supply de-
A signers are placed under increasing pressure to reduce the
size of their designs, imposing strict requirements on the cho-
sen power supply topology, components, efficiency, and cooling
requirements. Size reduction in hard switching converters (e.g.,
buck converters) can be achieved by increasing the switching
frequency, which reduces the size of passive components. The
drawback of this approach is the increase in switching losses, ul-
timately compromising converter efficiency. Resonant convert-
ers such as series resonant, parallel resonant, and multiresonant
converters [1], [2] overcome this drawback by soft-switching,
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where the switching devices are switched under zero voltage
(ZVS) or zero current (ZCS). One variation of the multireso-
nant converter, the LLC resonant converter [3]-[12], [15]-[18],
has become popular due to its narrow range of operating fre-
quency for wide input voltage and load ranges [13], [14] when
operated around the converter’s (series) resonant frequency, also
referred as the load independent point (LIP). The narrow fre-
quency range is the result of the resonant tank components, L,
and C,., becoming a virtual short-circuit (zero impedance) at the
resonant frequency. The operating frequency is adjusted mainly
to compensate for the change in the input voltage with only
small adjustments to the frequency to compensate for changes
in the load. Unfortunately, due to the low impedance around
the LIP, excessive current can flow to the load during transient
and overload conditions, and so a current protection mechanism
must be included.

For LLC resonant converters, current-limiting can be achieved
by 1) reducing the MOSFET conduction times, 2) increasing the
switching frequency [19], [20], 3) operating at a subharmonic
of the switching frequency [21], or 4) by changing the reso-
nant frequency characteristics of the converter by switching in
(or out) the resonant tank components [19], [20], [22]-[25]. Al-
though methods (1) to (3) provide adequate protection, a current
sensor is needed to detect the overload condition and some ac-
tion by the controller is required to adjust the MOSFET timings.
Method (4), in contrast, does not necessarily require any direct
action to be taken by the controller assuming an appropriate
circuit can be developed. By way of example, the LLC resonant
converter presented in [19], [20], and [24] the resonant capac-
itor is split and connected to the dc-link supply with the com-
mon point connected to the resonant circuit. Since diodes are
connected in antiparallel across the capacitors when excessive
voltages exist across the capacitors the diodes are forced into
conduction clamping the capacitor voltages and, hence, allow-
ing a reduction the output current during an overload condition.
The advantage of this scheme is that the current limiting occurs
as soon as the overcurrent condition appears and is performed
autonomously without the need for any feedback mechanism.
Although a practical circuit was presented, very little infor-
mation regarding the behavior of a converter was included. A
variation to the capacitor—diode clamp was presented in [25],
where, instead of splitting the capacitor and fixing the clamping
voltage to the input rail, the capacitor voltage is clamped to
the output voltage through a transformer allowing the clamp-
ing voltage to be more readily specified and hence allowing the
desired current-limiting performance to be obtained. Although
a detailed analysis was presented, this scheme requires a con-
troller for the current-limiting, similar to that in methods (1) to
(3).

Here, the resonant capacitor of an LLC converter is split into
clamped and nonclamped portions to allow the desired current
limiting performance to be obtained. A fundamental harmonic
approximation (FHA)-based equivalent circuit model, which
is based on the procedures we presented in [26], is derived
for the converter to predict the current limiting characteristic
under overloading. The converter characteristics under overload
condition is analyzed, a design methodology is described and is
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used to design a 90 W converter. Experimental measurements
taken from a prototype converter validate both the model and
design methodology.

The paper is organized as followed: Section II gives details
of the converter and its operation with and without the diode
clamp. Section III describes the derivation of the FHA equiva-
lent circuit models and the nominalized gains of the converter
under the difference diode—clamp conduction states. Section IV
investigates the converter overloading characteristics with the
different clamping capacitance. A prototype converter is de-
signed in Section V, and experimental results are compared with
the prediction by the model. Section VI concludes the findings
of the work.

II. CIRCUIT OPERATION

A half-bridge LLC resonant converter with the proposed
capacitor—diode clamp is shown in Fig. 1. It consists of four
main functional parts: 1) a dc chopper formed by two com-
plementary switched MOSFETs .S; and So, converting the dc
input voltage, V;, into a square waveform (n.b. Dg; and Dy are
the body diodes of the MOSFETs which are critical for ZVS),
2) a resonant tank formed by resonant inductors and capacitors
Ly, L, C., and C, allowing the fundamental component of the
square waveform to pass through, 3) transformer, bridge recti-
fier, and output filter formed by diodes D; — D, and capacitor
C, converting the ac waveform produced in (2) into the isolated
dc output, and 4) diodes D, and D.» which clamp the voltage,
Ve, to the input voltage rail for current-limiting purpose.

Under normal operation (i.e., below the current limit), the
voltage V- operates within the two clamping voltage levels, 0
and V;, as shown in Fig. 2(a). The clamping diodes D.; and
D.» do not conduct during the switching period and hence, the
circuit can be simplified to Fig. 3(a), thus the two capacitors, C,
are effectively connected in parallel such that 2C, is connected
in series with C; which together form the resonant capacitor
(. found in the standard LLC resonant converter. With these
capacitors, Cs can be found by

2C.C,

“Za o

ey
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Fig. 2. Resonant capacitor voltage waveforms. (a) Normal operation and (b) overloading operation.
of the capacitor ratio B to the current limiting performance will
5= %p 1G (P be detailed in Section IV
_l*,: S 5 L, o o
B=—". 2)
Vi i
c. D Under overload conditions (i.e., the predesigned load current
S; l: D D, I\D; [C R:> Vel= is exceeded) Vi exceeds the input voltage rail for some por-
— = 2 tion of the switching period causing D.; and D.s to conduct
D, AD, momentarily and so clamping V¢ to the voltage rails. Since V¢
is constant during the clamping intervals, capacitors C.. do not
(a) participate in the resonance which, from an FHA perspective,
is equivalent to an increase of the capacitor values. The effect
G |De of this is to reduce the resonant frequency of the tank and so
iIH Dy, . . . o
— Ly L o there is an apparent increase in the switching frequency to reso-
‘ l | I nant frequency ratio (f,, = fs/ fo), thereby reducing the current
=L i ! flow in the circuit. The conduction state for each diode can be
' c. T b determined as follows:
$: o A0 D, AD; |C R/> Vel==V:i|/ 1 D.; conducts when Vi >V, clampin.g the Vo to V.
; == v, 2 Do conducts when Vi < 0V, clamping the Vi to O V.
D, KD, In either case, the clamping diode ceases conduction when
the resonant circuit input current /; = 0 A. Thus, V. takes on
(b) a cosinsoidal shape otherwise assuming the resonant circuit

Fig. 3. Equivalent circuit under different diode—clamp conduction states.
(a) non-conduction, or 7 < @ < 7 + § (b) conduction state 1, 6 < 6 < 7, and
(c) conduction state 2, 7 + § < 0 < 2.

The range of C;, and hence C., is controlled by the capaci-
tance sharing ratio B as given in (2). This can take on values in
the range 0 < B < 1, with B = 1 being the extreme where no
capacitance is clamped by the diode D.; and D,y and B =0
being where the whole resonant capacitor is clamped. The effect

current is sinusoidal. The quasi cosine-square waveform of Vi
under current-limited operating conditions is shown in Fig. 2(b),
with the diode conduction states (1) and (2) found in intervals
IT and 1V, respectively, and nonconduction states in intervals I
and III indicated on the graph. The circuits for the converter
with D¢y and D.» conducting are shown in Figs. 3(b) and (c),
respectively.

III. EQUIVALENT CIRCUIT MODEL

When the diode clamp is inactive, the converter static
behavior can be predicted using a variety of methods, includ-
ing FHA [27], describing function [28] and state-plane tech-
niques [29] depending on the required modeling accuracy. Al-
though the methods presented in [28] and [29] can predict the
static behaviors more accurately across the wide range of switch-
ing frequencies, they can be difficult to use when multiple oper-
ating modes are encountered and therefore the equivalent circuit
models derived here are based on FHA which has been shown
to provide reasonable prediction accuracy when the converter is
operating in the vicinity of the LIP [30].
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With FHA one assumes the resonant current can be approxi-
mated to a sinusoidal current since the resonant circuit operates
similar to a band-pass filter responding only to the fundamen-
tal component of the input voltage and attenuating the higher
frequency components. With this assumption, the input current
1; can be defined as in (3), with a peak value of I; when the
converter is operating at a frequency of f;. To simplify the
analysis that follows, angles are again used to remove the time
dependences such that 27 f;t = 6:

i; = I;sin (wst) = I;sin (27 fst) = I;sin (0) . 3)

A. Diode—Clamp Inactive

By FHA techniques similar to those applied in [1] and [27],
the magnitude of the input current (/;) and output voltage (V)
can be calculated using (4) and (5), respectively, (n.b. in the
following analysis, the nonideality of diodes and of components
parasitic resistances are neglected)

2Vi
I = — 4
T “)
‘/;) — ﬂ-IT (RG(IHSLD) (5)
4dn

where Zy = Reyl||sL, + sLs + 1/ (sCs) + 1/ (2sC,), is the
input impedance of the resonant circuit and the load, s = jw;,
is the complex frequency and R.q = (8112 Rl) /m? is the equiv-
alent resistance presented by the rectifier, output filter and load
reflected through a transformer with a primary to secondary turn
ratio n.

In order to study the converter’s general behavior, irrespec-
tive of the resonant tank components selection, the nominalized
gain M, is commonly obtained. This is obtained by substi-
tuting (4) into (5), and rearranging in terms of (2nV,) /V;,
then normalizing against the three parameters, inductor ratio
A = L, /L, loaded quality factor Q = /L;/C, / Req and nor-
malized switching frequency (against the series resonant fre-
quency) f, = fs/fo. The result is given in

2nV, Af?

‘/1 Af72z+f7%_1+](f7?QA_f71QA)
With the capacitor C.. excited by the sinusoidal input current,
its voltage as shown in Fig. 2(a), at any given instant can be
found by (7). Substituting wgt for € (where w, = 27 f; being

the angular switching frequency and ¢ is time), the capacitor
branch voltage v, at any 6 can also be found by (8)

M, = ©)

1 . I
ve(t) = Tafli sin (wst) dt = 5

cos (wst) + Vi, (7)

I;
50.C. cos(0)+V, (8

where V), is the initial condition for a given conduction state
starting at 6 = n.

Due to the dc blocking property of capacitors, the dc compo-
nent of the dc chopper (half-bridge) is superimposed onto v, as
in

ve(0) = —

I;

Vi
0.0 cos (0) +

? .

(€))

Vo (9) = —
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B. Diode—Clamp Activate

In this section, a describing function is developed to repre-
sent the effects of the diode—clamp/capacitor combination by
an equivalent impedance Z.. This impedance is then combined
with an FHA analysis similar to that described in the previous
section providing a complete model of the converter when the
diode clamp is active (i.e., overload condition). The derivation
of Z, is given in the three steps as follows.

Step 1: A piecewise equation describing the capacitor voltage
v, [see Fig. 2(b)] representing the circuit conduction states is
obtained assuming a sinusoidal resonant current.

Since there are two intervals during a single cycle when the
diode clamp is inactive, two separate values for the initial con-
dition V;, are needed to be found. In interval I (0 < 6 < 9), the
capacitor voltage, v., is zero at the beginning, by substituting
the known quantities in (8), the initial condition is found in

I;
0= —2wsCCCOS(0) +W
I
Vo = . 10
0= C (10)

For the interval III (7 < 6 < w4 ¢) , v, has been charged to
V; and now begins discharging toward 0 V. By applying similar
arguments as before, the initial condition for this interval is also
found in

I;
Vi = “%.C cos (m) + V;
I
Ve=V, — ———. 11
2w, C, (n

Combining the initial conditions found in (10) and (11) with
(8) and accounting for the two clamping levels, the piecewise
description of the capacitor voltage is given in

I;
20.C. (1 —cos(0)) 0<0<6s
®) V; d<h<m
(e} =
-5 T<O<7mT+6
Vi 5.0 (1 +cos(0))

T+ <60<2mw
(12)

The diode—clamp nonconduction angle, ¢, is found by evalu-
ating the change in capacitor voltage over the diode—clamp non-
conduction period. At the end of the first interval, the capacitor
voltage has charged to V;, therefore, substituting v¢ (9) = V;
into (12) and rearranging provides

5 =cos ! (1 — 2wsfc%> .

0

13)

Step 2: The fundamental component of v, is determined via
Fourier analysis.

A describing function for v. is now developed based on the
piecewise equation that has just been developed. The Fourier
series representation of a repetitive waveform is defined in
(14) where f () is the original time-domain signal v, (t),ag
is the dc component, a,, and b,, are harmonic components of the
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waveform and 7' is the period of one cycle

o0

) =ao+ Z (ancos (nwst) + by, sin (nwst))
n—1
e
ap = o [ ft)dt
us 7T/2

T
1 2
a, =— [ f(t)cos(nwst)dt

b":% I F (8 sin (nwst) dt. (14)

For ac equivalent circuit analysis, the dc component, ag, is
ignored and since the converter’s behavior is dominated by the
fundamental component, the Fourier series can be simplified to
a describing function as shown

f(0) = aycos (0) + bysin (6)
1 2r

a; = — [ f(0)cos(9)db

=

by = %2f (0) sin (6) d6 (15)

v (6) = | 215 c05(0) 4 3 (1o 6) (s () - 2)
X sin (0) + {— %V sin (6) — 27ricc <5+ sin ()

% (cos (8) 2))](:05 ) (16)

(1 + cos (6) (cos (0) — 2))]

2V;
Zo = [71'[- cos (0) + 9
. A 1 .
+37 |: — pya sin (6) — . C. ((5 -+ sin ((5) (COS (5)
_ 2))] (17)

By substituting (12) into (15), the fundamental component of
v, is found in (16).

Step 3: An equivalent impedance for diode—capacitor combi-
nation is found by dividing the expression obtained in step 2 by
the sinusoidal input current i; = I;sin (6).

The equivalent impedance of the diode—capacitor combina-
tion is obtained by applying the transform cos (6) = jsin ()
and then dividing by resonant current as in (17).

By substituting the Z,. into the FHA model provides (18)
where the effect of the diode clamp is now accounted for allow-
ing the magnitude of the resonant tank current under clamping
(i.e., overload) to be found. The output voltage can be found by
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Initiate /fk=1]
by (4)

Calculate
& by (13) and
Zc by (17)

Calculate the
refined /; by (18)

v

Calculate the new
li[k+1] by (19)

) Has /;
“~._converged? -

| *Y?s

I;is found

No

Fig. 4. Flowchart describing the interactive procedure for finding the load
current during overloading conditions. Half-bridge LLC resonant converter with
capacitor—diode clamp.

substituting (18) into (5)

_ 2
l_ﬂ'ZQ

(18)

where Zy = Reql||sLy, + sLs 4+ 1/sCs 4+ Z., where s and Req
are as defined in previous section.

C. Diode—Clamp Conduction Point

Since (18) cannot be solved analytically owing to the depen-
dence on [; for determining both § and Z, an iterative procedure
similar to that employed in [26] is used: the value for the res-
onant tank current is first estimated using (4) by assuming the
diode clamp is inactive. Once a value for I; has been obtained,
the nonconduction angle, §, and capacitor-diode clamp equiv-
alent impedance, Z,, are found by (13) and (17), after which a
refined value for I; is found by (18). The refinement of 6, Z.,
and I; are achieved through an iterative loop, flowchart shown
in Fig. 4, until they converge. To ensure satisfactory conver-
gence, a damping factor should be used to determine the new
resonant tank current value, I; [k + 1], in a similar manner to
the technique commonly employed with Newton’s method [31]

Lilk+1] =Lk +a(pck+1] - L[k])  (19)

where I; [k + 1] and I; [k] is the new value and old value of

resonant tank current, respectively, Ipc [k + 1] is the present

refined resonant tank current predicted by (18) and « is the
damping factor with a value between 0 and 1.
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D. Nominalized Gain With Active Diode Clamp

Similar to the inactive diode—clamp case (i.e., normal noncur-
rent limited operation), the converter gain with an active diode
clamp, M (cimp). is obtained through substituting (18) into (5)
and rearrange in terms of (2nV},) /V; as in (20), after which sub-
stituting s = jw, Z. = R + j X (where R and X are the real and
imaginary part of Z. in (17), respectively), and introducing the

jwC,. term into both the numerator and denominator as in (21)

2nV, Reyl|sLy
V; ReqllsLy + sLs + 54— + Z,

Mg(clmp) = (20)

The final step involves substituting the following normaliz-
ing factors L, = AL,,L,C, = /w3, fn = w/wy, Ls/Req =
Q/wy, and B = C,. /C4, to obtain:

M B frA
olelme) = A By ke 4§ (F2AQ — [, AQB + k)
(22)
where k, =wC, (fAQR+ X) and ki = wC,

(—R+ frAQX), are terms accounting for the change in
the effective impedance of the C, caused by the diode clamp
when it is active and it is assumed that the values for R and X
have converged.

Without the diode clamp (i.e., normal operation), R =
0, and B can either be one or zero: when B =0,X =
-1/ (2wC;) k. = =1, and k; = —f,AQ, and when B =
1,X =0,k =0, and k; = 0. In both cases, (22) can be sim-
plified to (6).

IV. ANALYSIS OF CONVERTER
OPERATING CHARACTERISTIC

Before giving detailed discussion on the characteristic of the
capacitor—diode clamp, the converter normal loading operation
is briefly described.

Assuming the capacitor—diode clamp has been designed such
that it only becomes active when the load current exceeds the
maximum rated load current, the converter can be treated as
standard LLC resonant converter up to the maximum load con-
dition. When the standard LLC converter is operated at the series
resonant frequency, fy, its voltage gain, M, is fixed and is un-
affected by changes in the load (i.e., operation at the LIP). Thus,
one popular method for designing LLC converters [27], [32] is
to select the transformer turn ratio, n, such that the voltage gain
at the series resonant frequency under the nominal operating
condition is unity, M, (f;) = 1. The resonant tank components
are then selected through the normalized variables A and @
using (6) to accommodate the M, requirement for changes the
in input voltage over a given frequency range. In practice small
changes in frequency are also required to compensate for in-
evitable voltage drops caused by changes in the load.

IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 30, NO. 3, MARCH 2015

16

1.2

0.8}

Gain, Mg

0.4

0 05 1 15 2
Nominalised frequency, f
(a)
f

s(min]_

16

_Mglmax:

% 05 1 1.5 2
Nominalised frequency, fn
(b)
Fig.5. Converter gain characteristics. (a) @ = 0.5,3 < A < 9,and (b)0.3 <
Q<09,A=

With the nominal input voltage, V;(,om), at the LIP, the con-
verter gain from (6) with 3 < A <9 and 0.3 < Q < 0.9 are
plotted in Figs. 5(a) and (b), respectively. Fig. 5(a) shows that
a smaller A leads to higher gain while Fig. 5(b) shows that
smaller () leads to higher gain as well the increasing the fre-
quency range. If A is selected to be 5, the maximum () that
satisfies the gain requirement, M p,ay), can be identified with
Fig. 5(b).

Since Q(= \/Ls/C, /Req), and Ly and C, are fixed at the
design stage, the change in gain characteristic due to the change
in () is equivalent to the change in load condition, R.q. If the
converter gain curve under full rated load condition (with @ =
0.3) is the horizontal dashed line in Fig. 5(b), then, the gain
curve with three times overloading is identical to that in the
dash-dotted line (i.e., @ = 0.9). With the focus of this particular
analysis on the converter’s overloading characteristic, the @ is
normalized against (), Which is the Q-factor at the rated load

22LC

Mg(clmp) =

jWQLC+1wLL('+]w2LC+;wLC+,

(21)
+;wRLl,C +R]CU'C +/wCXLp +j2XWC
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(i.e., @ = 0.3 becomes ), = 1) as in

__Q
Qrato )

Qn (23)

A. Capacitor Diode—Clamp Characteristics

This section compares voltage gain under normal and over-
load conditions when operating in the vicinity of LIP.

In the case where the diode clamp is inactive, with
A =05 and Q... = 0.5, the converter voltage gain charac-
teristic for 1 < @, <10 and 0.5 < f,, < 1.5 is calculated
using (6) and is plotted in Fig. 6(a). As expected there
is little change in the gain around the LIP (f, =1) for
increasing @, .

Assuming the resonant capacitor (calculated for the above
A and Qya40) is now split into the two clamping capacitors
C.(=1/(2C,)) and is clamped by D.; and D., to the input
voltage under overload. The voltage gain M .1y, p) under the
same ranges of f,, and @, is calculated by (22) (with the k,
and k; for each operating point calculated by the procedure
highlighted in Fig. 4) and is plotted in Fig. 6(b). The results
show that in the diode—clamp inactive region (to the right of
the diode—clamp active—inactive boundary solid black line), the
gain is unaffected, whereas in the diode—clamp active region
the gain around the LIP ( f,, = 1) is dramatically reduced for in-
creasing (,, and thereby reducing the current under overloading
conditions. Fig. 6(b) also shows the peak gain with f,, = 0.6 is
reduced below the required M, ax), and so load regulation at
the rated load (@), = 1) may no longer be achievable with low
input voltages.

Therefore, to retain regulation (that is to achieve the required
Mg (max)) for the rated load condition, the diode—clamp active
region must be reduced. This can be achieved by increasing C..,
by choosing a larger value for B, which reduces the voltage V.
for the same load current and, thus, a larger current is required
to activate the diode clamp.

Using (22), the voltage gain characteristic with B of 0.25,
0.5, and 0.75 are plotted in Figs. 7(a), (b), and (c), respectively.
The figures show that as B increases, the diode—clamp active
region reduces. With B > 0.5, the M,y is retained for this
particular example, allowing normal regulation at the full rated
load condition. The penalty with the higher B is the diode
clamp becomes less effective in reducing the voltage gain, hence
overload current.

The design task involves the selection of the lowest B that
retains the M (y,,x) Operating point while providing the max-
imum gain reduction when operating with overload conditions
(Qu >1).

To validate the accuracy of the proposed model, the gain
characteristics of the resonant converter under different op-
erating conditions are simulated in SPICE and are compared
against Figs. 6 and 7. The converter gain characteristics from
Figs. 6(a) and (b) with @,, = 1,Q,, = 5, and @),, = 10 are plot-
ted in Figs. 8(a) and (b), respectively, alongside results obtained
from SPICE (indicated by the markers) which show a good level
of correlation.
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For completeness, the converter gain characteristics from
Fig. 7(a), (b), and (c) with Q,, = 1,Q,, = 5, and Q,, = 10 are
also compared to SPICE, Fig. 9. The results depicted in Figs. 8
and 9 validate the proposed model over a wide range of operating
conditions.

B. Converter Voltage—Current (V-1) characteristics

To illustrate how the reduction in voltage gain by the action
of diode clamp leads to the reduction in overload current, the
converter voltage gain M, under different @), and f,,, for the
different B, are first normalized against the unclamped rated
full load gain (i.e., B =1,Q, = 1) at the corresponding f,,,
after which the converter normalized voltage V,, and normalized
current [,, for 1 < @,, < 10 are calculated by Ohm’s law and
plotted in Figs. 10(a)—(e).

Fig. 10(a) shows operation with no clamping action (B = 1),
the voltage V,, at the LIP for different values of @), is unaffected
and is equal to unity as expected. Thus, 10 times overloading
(@, = 10) leads to 10 times increase in the current I,, when
operating at f,, = 1. Fig. 10(b) shows that with the resonant
capacitance fully clamped (B = 0), the reduction in M ciny)
by the diode clamp in Fig. 6(b) leads to the reduction of V,
to 0.29, and [, to 2.9 (at the LIP with @),, = 10). The figure
also shows there is a range of f;, where the V,, < 1. This means
regulation is not achievable for low input voltages as discussed
in Section IV-A. The V,, I,, characteristic for B = 0.25, 0.5, and
0.75 are also plotted in Figs. 10(c), (d), and (e), respectively.
Fig. 10(d) and (e) shows that for B > 0.5, regulation is achieved
atall f,,. Comparing Figs. 10(c)—(e), I,, atthe LIP with @,, = 10
is increased from 3.1 to 6.9. Thus, the attenuation of overload
current is inversely proportional to the capacitor ratio, B. Fig. 10
shows that with a suitably chosen value for B the overload
current can be limited without the need for any external control
action.

V. DESIGN EXAMPLE

To validate the accuracy of the equivalent circuit model and
analysis in the previous sections, an LLC resonant converter
with power rating of 90 W (36 V, 2.5 A), V; = 390 V + 4% and
fo = 147 kHz is selected.

Following the design procedure in [27] and with the converter
operating at the LIP under the nominal input voltage of 390 V,
the transformer turn ratio n is selected to be 5.5, the minimum
gain for the minimum input voltage is calculated to be 1.09. With
the inductor ratio, A, selected to be 5 (for narrow range of oper-
ating frequency), the maximum quality factor that satisfies the
required gain is Q = 0.52. This leads to the selection of the fol-
lowing resonant tank components: L, = 236 pH, L, = 1.2 mH,
and C, = 5 nF with the minimum and maximum operating
frequencies are 100 and 152 kHz, respectively. The value for
C, that provides the optimum current limiting performance is
found by the model to be 3.6 nF. The C; is calculated to be
17 nF and the B is 0.3 from (2).

With the resonant tank components above, the capacitor
branch voltage v. under full load and 10 times overloading at
the nominal input voltage of 390 V are plotted in Figs. 11(a) and



1352

IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 30, NO. 3, MARCH 2015

Mgtmax)

Mytmax) diode-clamp unachlevahle diode-clamp
/ R active region

e region

(b)
Fig. 6. Converter gain characteristics with A = 5 and Qy,¢c = 0.5. (a) B= 1 and (b) B = 0.
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Converter gain characteristics with A = 5 and Qa0 = 0.5. (a) B = 0.25, (b) B = 0.5, and (¢c) B = 0.75.
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(b), respectively. Fig. 11(a) shows that under the full load con-
dition, the peak-to-peak value of v, is below the input voltage
and therefore the diode clamp is inactive. The voltage waveform
across capacitor C, at 10 times overloading is clamped between
the 0 and V; as shown in Fig. 11(b). From Fig. 11(b), the con-
duction angle (n.b. § = 27 f,t) is found to be 91°, in comparison
to the value of § = 95° found by the procedure in Section III-C,
showing an error of 4%.

The voltage gains of the prototype converter under the full
rated load and five and 10 times overload conditions are calcu-
lated from (22) and shown in dash-line, dot-line, and dash-dot-
line, respectively, in Fig. 12(a). When B = 0.3, the gain under
full load condition is unaffected. The practical gains under the
same load conditions are plotted in circle, square, and triangle in
Fig 12(a), respectively, showing a good match to the theoretical
result.

The converter’s V-I characteristic, from full rated load
to 10 times overload conditions, under the f,(in), fs, and
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fi where V;, < 1

15

Converter V-I characteristics. (a) B = 1, (b) B =0, (¢) B = 0.25,(d) B = 0.5, and (¢) B = 0.75.

| - ———tea . y
0 5 10 15 20
Time (us)

(b)

Measured resonant capacitor voltage waveform v... (a) Normal operation and (b) overloading operation.

fs(max) are plotted in dash-line, dot-line, and dash-dot-
line, respectively, in Fig. 12(b) (n.b. V; is select according
to fs (‘/i(max) >Vi= ‘/i(min) = fs(min) < fn < fs(max)) to
maintain the desired output voltage at the maximum rated load
under different f;). At 10 times overload, the current is limited
by the diode clamp to 8 A for the three input voltages. The mea-
sured practical VI characteristics under the three input voltages
from the prototype converter are plotted in circle, square, and
triangle, respectively, in Fig. 12(b). The trends agree well with
the model predictions.

For completeness a comparison is made between current lim-
iting provided by the diode—clamp protected converter operating
at a fixed frequency and frequency controlled converter using
SPICE simulations, see Fig. 13. The V-I characteristic of the
converter without the diode clamp and operating at fixed fre-
quency (f, = 147 kHz) at the nominal input voltage highlights
the requirement for overload protection [W/O clamp (SPICE)].
In order for the converter without the diode clamp to provide
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tected converters.

the similar level of protection to a diode—clamp protected con-
verter (W/ clamp) the switching frequency has to be somewhat
increased [W/O clamp (SPICE)]. With 10 times overloading, the
switching frequency has to be increased from 147 to 182 kHz.
The practical results from Fig. 12(b) have been included for
comparison and show excellent agreement with SPICE.

VI. CONCLUSION

An FHA equivalent circuit model describing the behavior
of the LLC resonant converter with the capacitor—diode clamp
has been derived using describing function techniques, where
the equivalent impedance of the diode/capacitor, Z., are first
obtained using a three step process, after which it is combined
with the FHA to allow the resonant current to be found. An
iterative procedure for determining the conduction point of the
diode clamp has also been detailed. A resonant capacitance
sharing ratio B has been introduced to allow the best current-
limiting performance to be analyzed. The presented analysis
has shown that in order to obtained the best current limiting
characteristic in overload condition, the clamped portion of the
resonant capacitors C, must be selected such that the current
clamp starts operating as soon as the maximum load current
under the minimum input voltage, is exceeded. A 90 W converter
and its diode clamp was designed with A = 5, Q1. = 0.52,and
B = 0.3. Using the proposed equivalent circuit model, converter
static gain characteristics and the VI characteristics between

[3] “An introduction to LLC resonant half-bridge converter,” ST Application
note AN2644 (rev 2), 2008.

[4] H. Hu, X. Fang, F. Chen, Z. J. Shen, and I. Batarseh, “A modified high
efficiency LLC converter with two transformers for wide input voltage
range applications,” IEEE Trans. Power Electron., vol. 28, no. 4, pp. 1946—
1960, Apr. 2013.

[5] B.-C. Kim, K.-B. Park, C.-E. Kim, B.-H. Lee, and G.-W. Moon, “LLC
resonant converter with adaptive link-voltage variation for a high-power-
density adapter,” IEEE Trans. Power Electron., vol. 25, no. 9, pp. 2248—
2252, Sep. 2012.

[6] 1.-O. Lee and G.-W. Moon, “Analysis and design of a three level LLC
series resonant converter for high- and wide-input-voltage applications,”
IEEE Trans. Power Electron., vol. 27, no. 6, pp. 2966-2979, Jun. 2012.

[7] X.Fang, H.Hu, F. Chen, U. Somani, E. Auadisian, J. Shen, and I. Batarseh,
“Efficiency-oriented optimal design of the LLC resonant converter based
on peak gain placement,” IEEE Trans. Power Electron., vol. 28, no. 5,
pp. 2285-2296, May 2013.

[8] R. Beiranvand, B. Rashidian, M. R. Zolghadri, and S. M. H. Alavi, “A
design procedure for optimizing the LLC resonant converter as a wide
output range voltage source,” IEEE Trans. Power Electron., vol. 27, no. 8,
pp. 3749-3763, Aug. 2012.

[9] R.Yu,G. K. Y.Ho,B. M. H. Pong, B. W.-K. Ling, and J. Lam, “Computer-

aided design and optimization of high-efficiency LLC series resonant

converter,” IEEE Trans. Power Electron., vol. 27, no. 7, pp. 3243-3256,

Jul. 2012.

R. Beiranvand, B. Rashidian, M. R. Zolghadri, and S. M. H. Alavi, “Op-

timizing the normalized dead-time and maximum switching frequency

of a wide-adjustable-range LLC resonant converter,” IEEE Trans. Power

Electron., vol. 26, no. 2, pp. 462-472, Feb. 2011.

X. Fang, H. Hu, Z. J. Shen, and I. Batarseh, “Operation mode analysis and

peak gain approximation of the LLC resonant converter,” IEEE Trans.

Power Electron., vol. 27, no. 4, pp. 1985-1995, Apr. 2012.

G. Ivensky, S. Bronshtein, and A. Abramovitz, “Approximate analysis of

resonant LLC DC-DC converter,” IEEE Trans. Power Electron., vol. 26,

no. 11, pp. 3274-3284, Nov. 2011.

J. Kim and G. Moon, “A new LLC series resonant converter with nar-

row switching frequency variation and reduced conduction losses,” IEEE

Trans. Power Electron., vol. 29, no. 8, pp. 4278-4287, Aug. 2014.

[10]

[11]

[12]

[13]



TSANG et al.: ANALYSIS AND DESIGN OF LLC RESONANT CONVERTERS WITH CAPACITOR-DIODE CLAMP CURRENT LIMITING 1355

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

[32]

F. Musavi, M. Craciun, D. S. Gautam, W. Eberle, and W. G. Dunford, “An
LLC resonant DC-DC converter for wide output voltage range battery
charging applications,” IEEE Trans. Power Electron., vol. 28, no. 12,
pp. 5437-5445, Dec. 2013.

I. Demirel and B. Erkmen, “A very low-profile dual output LLC resonant
converter for LCD/LED TV application,” IEEE Trans. Power Electron.,
vol. 29, no. 7, pp. 3514-3524, Jul. 2014.

F. Musavi, M. Cracium, D.S. Gautam, and W. Eberle, “Control strategies
for wide output voltage range LLC resonant DC-DC converters in battery
chargers,” IEEE Trans. Veh. Technol., vol. 63, no. 3, pp. 1117-1125, Mar.
2014.

J.-W. Kim and G.-W. Moon, “A new LLC series resonant converter with
a narrow switching frequency variation and reduced conduction losses,”
IEEE Trans. Power Electron., vol. 29, no. 8, pp. 44264437, Aug. 2014.

Z. Hu, Y. Qiu, Y.-F. Liu, and P.C. Sen, “A control strategy and design
method for interleaved LLC converters operating at variable switching
frequency,” IEEE Trans. Power Electron., vol. 29, no. 8, pp. 4278-4287,
Aug. 2014.

B. Yang, F. C. Lee, and M. Concannon, “Over current protection methods
for LLC resonant converter,” in Proc. IEEE Appl. Power Electron. Conf.,
2003, vol. 2, pp. 605-609.

B. Yang , “Topology investigation for front end DC/DC power conversion
for distributed power system,” Ph.D. thesis, Virginia Polytechnic Institute
and Stage University, VA, USA, 2003.

C. R. Gould, C. M. Bingham, M. P. Foster, and D. A. Stone, “CLL reso-
nant converters with output short-circuit protection strategy,” IEEE Elec-
tric Power Appl., vol. 152, no. 5, pp. 1296-1306, 2005.

Z. Hu, Y. Qiu, L. Wang, and Y.-F. Liu, “An interleaved LLC resonant
converter operating at constant switching frequency,” in Proc. IEEE Eur.
Convers. Congr. Expo., 2012, pp. 3541-3548.

J. M. Alonso, S. Perdigao, D. G. Vaquero, A. J. Calleja, and E. S. Saraiva,
“Analysis, design, and experimentation on constant frequency DC-DC
resonant converters with magnetic control,” IEEE Trans. Power Electron.,
vol. 27, no. 3, pp. 1369-1382, Mar. 2012.

C. Zhao, X. Xie, X. Wu, J. Zhang, and Z. Qian, “The design consideration
comparisons of two clamping modes over current protection for LLC
converter,” in Proc. IEEE Annu. Int. Telecommun. Energy Conf., 2006,
pp. 1-5.

X. Xie, J. Zhang, C. Zhao, Z. Zhao, and Z. Qian, “Analysis and opti-
mization of LLC resonant converter with a novel over-current protection
circuit,” IEEE Trans. Power Electron., vol. 22, no. 2, pp. 435-443, Mar.
2007.

M. P. Foster and D. A. Stone, “Describing function model of series res-
onant inverter with current limiting diode-clamp,” IET Electron. Lett.,
vol. 47, no. 25, pp. 1363-1364, 2011.

H. Huang, “Designing an LLC resonant half-bridge power converter,”
Texas Instruments 2010-2011 power supply design seminar, SEM 1900,
2011.

M. P. Foster, C. R. Gould, A. J. Gilbert, D. A. Stone, and C. M. Bingham,
“Analysis of CLL voltage-output resonant converters using describing
functions,” IEEE Trans. Power Electron., vol. 23, no. 4, pp. 1772-1781,
Jul. 2008.

W. Feng, F. C. Lee, and P Mattavelli, “Optimal trajectory control of burst
mode for LLC resonant converter,” IEEE Trans. Power Electron., vol. 28,
no. 1, pp. 457-466, Jan. 2013.

C. Oeder, A. Bucher, J. Stahl, and T. Duerbaum, “A comparison of differ-
ent design methods for the multiresonant LLC converter with capacitive
output filter,” in Proc. IEEE 12th Workshop Control Modeling Power
Electron., 2010, pp. 1-7.

G. James, Advanced Modern Engineering Mathematics, 3rd ed. Engle-
wood Cliffs, NJ, USA: Prentice-Hall, 2004.

M. P. Foster, D. A. Stone, and C. M. Bingham, “An automated design
methodology for LLC resonant converters using a genetic algorithm,”
presented at the Conf. Power Electron., Intell. Motion, Power Quality,
Nuremberg, Germany, 2009.

g™

Chi Wa Tsang received the M.Eng. degree in mecha-
tronics from the University of Sheffield, Sheffield,
U.K., in 20009.

Since 2009, he has been working toward the
Ph.D. degree in the Department of Electronic and
Electrical Engineering at the University of Sheffield.
His current research interests include improving
power converters efficiency and their transient
characteristics.

Martin P. Foster received the B.Eng. degree in elec-
tronic and electrical engineering, the M.Sc. (Eng.)
degree in control systems, and the Ph.D. degree
for his thesis “Analysis and Design of High-order
Resonant Power Converters” from the University of
Sheffield, Sheffield, U.K., in 1998, 2000, and 2003,
respectively.

In 2003, he became a member of academic staff
at Sheffield specializing in power electronic systems
and was made Senior Lecturer in 2010. His current
research interests include the modeling and control

of switching power converters, resonant power supplies, multilevel converters,
battery management, piezoelectric transformers, power electronic packaging,
and autonomous aerospace vehicles.

(22 N

these areas.

David A. Stone received the B.Eng. degree in elec-
tronic engineering from the University of Sheffield,
Sheffield, U.K., in 1984, and the Ph.D. degree from
Liverpool University, Liverpool, U.K., in 1989.

He then returned to the University of Sheffield
as a member of academic staff specializing in power
electronics and machine drive systems. His current re-
search interests include hybrid-electric vehicles, bat-
tery management, EMC, and novel lamp ballasts for
low pressure fluorescent lamps.

Daniel T. Gladwin received the M.Eng. (Hons.)
degree in electronic engineering (computer architec-
ture) and the Ph.D. degree in automated control struc-
ture design and optimization using evolutionary com-
puting from the University of Sheffield, Sheffield,
U.K., in 2004 and 2009, respectively.

In 2012, he was appointed as a Lecturer at
Sheffield. His current research interests include
power system control, power electronics, energy stor-
age and management, embedded systems, and intel-
ligent systems. He has more than 18 publications in




<<
  /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 true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /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 true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /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 true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /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


