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Abstract—Constant on-time current mode (COTCM) Buck con-
verters are widely used in power management integrated circuit
(ICs) for microprocessors. Small-signal models are necessary tools
to design high-quality controllers. Existing models neglect output
voltage ripples (OVRs) and spectrum extension caused by switch-
ing, which makes significant errors under high control bandwidth.
This article adopts Fourier series to describe OVRs precisely. Then,
influences of OVRs on COTCM are analyzed. Finally, spectrum
coupling from current loop and voltage loop is incorporated to
obtain a high-frequency model, and four universal analytical ex-
pressions in frequency domain are obtained with the aid of matrix
calculation. Based on the proposed model and genetic algorithm,
an optimal controller design method is developed. Simulation and
experiment validate the accuracy of proposed model and the effec-
tiveness of proposed design method.

Index Terms—Buck converter, constant on-time current mode
(COTCM), genetic algorithm (GA), high-frequency model,
spectrum coupling.

I. INTRODUCTION

CONSTANT on-time control, compared with constant fre-
quency control, features high light-load efficiency, which

becomes a mandate for CPU power supplies [1]. There are
mainly two widely-used schemes, i.e., ripple-based constant on-
time (RBCOT) [2] and constant on-time current mode (COTCM)
[3]. RBCOT is distinguished by circuit simplicity due to only
utilizing output voltage feedback. However, it suffers from in-
stability when adopting capacitors with low equivalent series
resistance (ESRs) [4]. Although adding virtual inductor current
can solve this issue, the control simplicity is sacrificed [5].
COTCM feeds back inductor current directly to support system
stability. Besides, current mode naturally owns easy paralleling
of multiple converters and easy adjustment of adaptive voltage
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positioning [6]. These advantages make COTCM buck convert-
ers popular in power management integrated circuit (ICs) for
microprocessors [7], [8], [9].

Small-signal models are necessary tools to design
high-quality controllers. Ridley’s model successfully represents
the “sample and hold” effect of peak current mode by a transfer
function, which is the key to predict subharmonic oscillations
[10]. However, it’s unreasonable to extend it to COTCM [11],
since the “sample and hold” effect does not exist in variable fre-
quency control. Two high-frequency models have been proposed
to analyze current-loop successfully. Li model treats power
plant and modulator as a single entity, which is further analyzed
by describing function [12]. While Yan model treats power plant
and modulator as different parts, and uses sampled-data model
to consider spectrum coupling of current-loop [13]. Both models
can explain natural stability of current-loop, and closed-loop
transfer functions predicted by them are equivalent with each
other. Unfortunately, voltage-loop is out of consideration in
them. Voltage-loop will introduce output voltage ripples (OVRs)
and extended spectrum caused by switching, and most of them
can be filtered out under low control bandwidth. However,
high control bandwidth is beneficial for enhancing dynamic
response and reducing capacitor’s volume of power supplies
[14], [15], which is more and more important with the increase
of CPU’s integration level [16]. OVRs and spectrum coupling of
voltage-loop become significant under high control bandwidth,
where Li model and Yan model fail due to neglect of them.

Recently, OVRs and spectrum coupling have been both incor-
porated into modeling process to derive high-frequency models
for constant frequency voltage-mode (VM) control. OVRs will
create modulation waveform ripples (MWRs) through feedback
control. According to mathematical characteristics of MWRs at
crossing points, they are divided into two types, i.e., differen-
tiable type and nondifferentiable type. Two models have been
proposed for VM Buck converters with differentiable MWRs
[17], [18]. They explain influences of MWRs by their derivatives
at crossing points, which is verified by Taylor-series expansion.
Another two models have been proposed for VM Buck convert-
ers with nondifferentiable MWRs. One claims that influences of
MWRs are depended on their left derivatives at crossing points,
which is built on a premise that infinite sideband components
have been considered [19]. The other one claims that influences
are equivalent to the average of left and right derivatives of
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MWRs at crossing points, which only requires finite dominant
sideband components [20].

Analyses of variable frequency control are much more chal-
lenging than constant frequency control. Additionally, not only
voltage-loop, but also current-loop in COTCM contributes to
spectrum coupling, which further complicates the modeling.
Till now, research of high-frequency models for COTCM with
voltage-loop is still far from perfection. Actually, COTCM is
always stable without voltage-loop, which plays a main role to
threat system stability [21]. This article aims to propose a high-
frequency model for COTCM buck converters with voltage-
loop. Influences of OVRs on COTCM are revealed through
geometrical analyses and area equivalence principle. Spectrum
coupling from voltage-loop and current-loop is incorporated
to obtain an accurate small-signal model, and four universal
analytical expressions in frequency domain are obtained with the
aid of matrix calculation. A quantitative guidance is proposed to
choose dominant OVRs harmonics and sideband components.

The high-frequency model is inevitably complicated by con-
sidering OVRs and spectrum coupling, which makes it difficult
to design controller trough traditional pole-zero analyses. Re-
cently, intelligent algorithms are introduced into controller de-
signs for solving optimization problems [22], [23], [24]. Among
them, genetic algorithm (GA) is outstanding for its powerful
random search ability [25]. It does not require structural and
gradient information of system, and has strong global search
capabilities [25]. Researchers usually use a combination of
GA and simulation to optimize the controller parameters [26],
[27]. Although simulation can effectively judge the fitness of
possible designs generated by GA, it is always time-consuming.
Fortunately, the high-frequency model is an accurate analytical
model, which can judge the fitness accurately and efficiently.
Therefore, an optimal controller design method is proposed by
combining the proposed model with GA.

Steady-state system ripples are analyzed in Section II by
Fourier series. In Section III, transfer function of COTCM is
derived by incorporating OVRs. Section IV introduces the high-
frequency model. Section V describes the optimal controller
design method. Section VI verifies the proposed model and
design method by simulations and experiments. Conclusions is
described in Section VII. In this article, capital letters indicate
steady-state quantities, and small letters indicate perturbed-state
quantities.

II. STEADY-STATE ANALYSES FOR SYSTEM RIPPLES

Accuracy of small-signal models highly depends on accuracy
of corresponding steady-state analyses. First, the mechanism of
COTCM buck converters is introduced. Then, system ripples in
steady-state are analyzed by Fourier series.

A. Introduction of COTCM Buck Converters

A COTCM Buck converter is shown in Fig. 1. R, L, C, and Rc

represent the load resistor, the inductor, the capacitor, and the
ESR of capacitor. Cc1, Cc2, Rc1, and a transconductance Gm

build the compensator. Ri is the sensing gain of inductor current
iL and vi represents the sensed signal. ṽp is the small-signal
perturbation for small-signal modeling.

Fig. 1. COTCM Buck converter.

Fig. 2. V̂mod with differentiable crossing points.

The output voltage vo is fed back to the compensator to create
the modulation waveform vmod, which is compared with vi to
trigger the constant on-time controller to generate the control
signal d. When vmod intersects with vi, the switch is turned
on for a constant on-time Ton. Then, the switch is turned off
until next intersection. The detailed structure of constant on-time
controller can be found in [28].

B. Fourier Series of OVRs and MWRs

V̂o represents steady-state OVRs, which are composed of
capacitor and ESR voltage ripples. V̂o contains harmonics with
integer multiples of switching frequency fs. Different types of
MWRs (V̂mod) are generated by filtering V̂o through different
compensator designs [20]. High-order compensators are widely-
used to restrain high-frequency noises and compensate phase
margin. They work as low-pass filters to remove majority of
high-frequency harmonics, which makes V̂mod differentiable at
crossing points as shown in Fig. 2. Here, Sn and Sf represent
steady-state rising and falling slopes of Vi, and D(t) represents
the steady-state control signal.

As a periodic signal, D(t) is expanded by Fourier series as

D (t) =
+∞∑

n=−∞

1− e−j2nDπ

j2nπ
ejnωst (1)

where D represents the steady-state duty ratio.
The transfer function of power plant filter is derived as

Gvd (s) =
ṽo (s)

d̃ (s)
=

VinRsum (s)

Rsum (s) + sL
(2)

where Rsum(s) is represented as

Rsum (s) =
(1 + sCRc)R

1 + sC (R+Rc)
. (3)
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Fig. 3. Working mechanism of COTCM under small-signal perturbation.

By applying Gvd(s) on necessary harmonics of D(t), V̂o can
be derived as

V̂o(t) =

+k∑
n=−k
n�=0

Gvd (jnωs)
1− e−j2nDπ

j2nπ
ejnωst (4)

where k represents the required harmonic order. How to decide
k will be introduced in Section IV.

A single zero, double poles compensator is utilized in this
article, whose transfer function is derived as

Hv (s) =
gm
Cc2

s+ 1/ (Rc1Cc1)

s [s+ (Cc1 + Cc2) / (Rc1Cc1Cc2)]
(5)

where gm represents the dc gain of Gm.
By applying Hv(s) on each harmonic of V̂o , V̂mod can be

derived as

V̂mod (t) = −
+k∑

n=−k
n�=0

Hv (jnωs)Gvd (jnωs)

× 1− e−j2nDπ

j2nπ
ejnωst. (6)

III. TRANSFER FUNCTION OF COTCM

The transfer function of COTCM describes the relationship
between modulation perturbation ṽp and control perturbation d̃.
ṽp is defined as

ṽp (t) = Vpsin (ωpt− θp) (7)

where Vp, ωp, and θp are the amplitude, frequency, and phase
angle. ṽp is added to steady-state MWRs to form perturbated
MWRs. Fig. 3 shows the working mechanism of perturbated
COTCM. Red dashed lines represent the perturbated MWRs
and sensed current signal, where crossing points move slightly
under perturbation.

Here, Toff and Ts represent the steady-state off-time and
steady-state cycle period; Toff(i) and ΔToff(i) represent the
off-time and off-time perturbation of ith cycle; ti represent the
start of ith cycle as shown in

ti = (i− 1)Ts +

i−1∑
n=1

ΔToff(n). (8)

Sn and Sf can be calculated as (9) and (10), where influences
of input voltage perturbation ṽin and output voltage perturbation
ṽo are not considered

Sn (t) = Ri
Vin (t)− Vo (t)

L
= Ri

(1−D)Vin

L︸ ︷︷ ︸
Sn_dc

−Ri
V̂o (t)

L

(9)

Sf (t) = Ri
Vo (t)

L
= Ri

DVin

L︸ ︷︷ ︸
sf_dc

+Ri
V̂o (t)

L
. (10)

Peak point amplitude of sensed current signal can be derived
from the start or end of each cycle, and both results should be
equal

ṽp (ti) + V̂mod (ti) +

∫ ti+Ton

ti

Sn (t) dt

= ṽp (ti+1) + V̂mod (ti+1) +

∫ ti+1

ti+Ton

Sf (t) dt. (11)

Two approximations are utilized to make a simplification

V̂mod (ti+1) ≈ V̂mod (ti) + V̂ ′
mod (iTs)ΔToff(i) (12)∫ ti+1

ti

V̂o (t) dt ≈
∫ ti+Ts

ti

V̂o (t) dt+ V̂o (t)ΔToff(i)

= V̂o (t)ΔToff(i). (13)

Equation (11) can be simplified as

ṽp (ti)− ṽp (ti+1) ≈ (Sf_dc + Sc)ΔToff(i) (14)

where Sc is the sum of Sc1 and Sc2 as shown in (15). Sc1
represents the influence of OVRs from voltage-loop, and Sc2
represents the influence of OVRs from current-loop. Although
Sc2 is much smaller than Sc1, it’s necessary to be considered
for preventing parametric sensitivity in low-frequency domain,
which will be explained in Section IV.

Sc = V̂ ′
mod (iTs)︸ ︷︷ ︸

Sc1

+
Ri

L
V̂o (iTs)︸ ︷︷ ︸
Sc2

Sc1 = −
+k∑

n=−k
n�=0

Hv (jnωs)Gvd (jnωs) fs
(
1− e−j2nDπ

)

Sc2 =
Ri

L

+k∑
n=−k
n�=0

Gvd (nωs)
1− e−j2nDπ

j2nπ
. (15)

Based on (14), it’s found that

i∑
n=1

ΔToff(n) =

i∑
n=1

ṽp (ti)− ṽp (ti+1)

Sf_dc + Sc
=

−ṽp (ti+1)

Sf_dc + Sc
. (16)

A switching-frequency sampling signal of ṽp is denoted as

ṽ∗p (t) =
+∞∑
i=1

ṽp (t) δ (t− iTs). (17)
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As shown in Fig. 3, d̃ is the control signal perturbation
composed of narrow rectangles, which can be assumed as a series
of pulses according to area equivalence principle

d̃ (t)≈
+∞∑
i=1

[(
i∑

n=1

ΔToff(n)

)
(δ (t− iTs − Ton)− δ (t− iTs))

]
.

(18)
By substituting (16) and (17) into (18), d̃ is reorganized as

d̃ (t) =
ṽ∗p (t)− ṽ∗p (t− Ton)

Sf_dc + Sc
. (19)

Equation (19) is further transferred to s-domain

d̃ (s) =
1− e−sTon

Sf_dc + Sc︸ ︷︷ ︸
Fm(s)

ṽ∗p (s) . (20)

V̂mod will be larger with the increase of system bandwidth.
Then, Sc is possible to be even larger than Sf_dc. Through
increasing Sf_dc by adding Ri or reducing V̂o by adding capacitor
value, influences of Sc will be attenuated. While adding Ri and
capacitor value will also decrease system bandwidth. In order
to obtain high-bandwidth design, dc gain of compensator has to
be increased, which further increases Sc. As a conclusion, Sc is
significant for high-bandwidth design.

IV. ACCURATE SMALL-SIGNAL MODEL

First, influences of input and output voltage perturbations
on COTCM is derived. Then, it is extended to be an accurate
small-signal model by incorporating spectrum coupling from
voltage loop and current loop, and four universal analytical
expressions in frequency domain are obtained. Finally, A quanti-
tative guidance is proposed to choose dominant OVRs harmonics
and sideband components.

A. Influences of Input and Output Voltage Perturbations

ṽin and ṽo will also influence current-loop by disturbing Sn
and Sf. Transfer functions from ṽin and ṽo to d̃ can be derived as
(21) and (22) by similar methods in Section III. Detailed process
can be found in Appendix.

⎧⎪⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎪⎩

d̃ (s) =
1− e−sTon

(Sf_dc + Sc) (1− esTs)︸ ︷︷ ︸
G2(s)

ṽ∗ind (s)

ṽind (s) = −Ri

(
1− esTon

)
sL︸ ︷︷ ︸

G1(s)

ṽin (s)

(21)

⎧⎪⎪⎨
⎪⎪⎩

d̃ (s) = Fm (s) ṽ∗od (s)

ṽod (s) =
Ri

sL︸︷︷︸
Hi(s)

ṽo (s) . (22)

Additionally, ṽin will also influence the system through power
plant, which is equivalent to (23) by open-loop analyses.

d̃ (t) =
D (t) ṽin (t)

Vin
=

+∞∑
n=−∞

1− e−j2nDπ

j2nπVin
ejnωstṽin (t) .

(23)
Equation (23) is further transferred to s-domain

d̃ (s) =

+∞∑
n=−∞

1− e−j2nDπ

j2nπVin
ṽin (s− jnωs) . (24)

B. Considering Spectrum Coupling

Relationships between different input perturbations and con-
trol perturbation have been fully described by (20)–(24), where
ṽ∗p(s), ṽ

∗
ind(s) and ṽ∗od(s) represent ideal sampling signals in

s-domain; D(t)ṽin(t) represents a nonideal sampling signal.
When the system is perturbated by ṽp(ωp), ṽin(ωp), and ṽo(ωp),
those sampling signals will generate spectrum extension with
integer multiples of fs, i.e., d̃(ωp), d̃(ωp ± ωs), d̃(ωp ± 2ωs),
d̃(ωp ± 3ωs), etc. These sideband components will flow through
the voltage and current feedback to perturbate COTCM again.
Next-generation sideband components will overlap with the
last-generation to cause spectrum coupling.

The transfer function of open-loop output impedance is
derived as

Zo (s) =
ṽo (s)

ĩo (s)
= Rsum (s) //sL. (25)

Combined (2) and (20)–(25), an accurate small-signal model
considering spectrum coupling can be obtained as shown in
Fig. 4, where Hi(jω) is generated by (22). Relationships between
input perturbations and extended spectrum can be derived as (26)
and (27) by applying sampling theory on (20)–(21)

d̃ (ω + nωs)

ṽp2 (ω)
= fsFm (j (ω + nωs))n ∈ Z (26)

d̃ (ω + nωs)

ṽin (ω)
=

1− e−j2nDπ

j2nπVin
+ fsG1 (jω)G2 (j (ω + nωs)) .

n ∈ Z (27)

C. Four Universal Analytical Expressions

Loop gain without considering spectrum coupling is derived
as (28) by ignoring dashed lines in Fig. 4

Tsf (jω) = fsFm (jω)Gvd (jω) (Hv (jω)−Hi (jω)) . (28)

Tsum(jω) is defined as

Tsum (jω) =

k∑
n=−k

Tsf (j (ω + nωs)). (29)

As shown in Fig. 4, sideband components make each signal
as a vector, and each transfer section as a matrix. Therefore, the
proposed model can be transformed into a vector-matrix form in
Fig. 5, where S1 and S2 represent spectrum extension matrixes;
Gvd represents power plant filter matrix; Hv and Hi represent



CHENG et al.: HIGH-FREQUENCY MODELING OF COTCM BUCK CONVERTER AND CONTROLLER DESIGN BY COMBINING GA 15103

Fig. 4. High-frequency model of Buck converters.

Fig. 5. Simplified model by vectors and matrixes.

voltage and current feedback matrixes. Each element of S1 and
S2 can be obtained from (26) and (27); Gvd, Zo, Hv, and Hi

are diagonal matrixes, diagonal elements can be obtained from
Gvd(jω), Zo(jω), Hv(jω) and Hi(jω) at corresponding frequency.
With the aid of matrix calculation, four universal analytical
expressions can be derived as follows.

Loop gain of voltage loop

Thf (jωp) =
Tsf (jωp)(

1− Hi(jωp)
Hv(jωp)

)
(1 + Tsum (jωp))− Tsf (jωp)

.

(30)
Audio susceptibility, (31) shown at the bottom of this page.
Output impedance

Zo_hf (jωp) =
Zo (jωp)

1 + Thf (jωp)
. (32)

Input impedance

Zin_hf (jωp) ≈ 1
DGhf (jωp)
Rsum(jωp)

+
DVinGhf (jωp)
RGvd(jωp)

− D2

R

. (33)

Equation (33) is an approximative expression, which is built on
an averaged relationship [29] as follows:

ĩg (t) = DĩL (t) +
DVin

R
d̃ (t) (34)

where ĩg represents input current. All of (30)–(33) include (29),
where Tsf(j(ωp+nωs)) corresponds to the selected sideband
component one by one. How to decide the non-negative integer
k will be introduced in following section.

D. Quantitative Guidance to Choose k

Frequency domain characteristics below fs are capable of
judging stability and designing controller for buck converters.
Therefore,ωp in (30)–(33) is limited as 0∼ωs. As shown in (28),
Tsf(jω) is the product of transfer functions of power plant filter
and feedback loop, which is similar as a low-pass filter. Am-
plitude of Tsf(j(ωp+nωs)) increases when |ωp+nωs| decreases,
which means the corresponding sideband component more
considerable.

A quantitative choice strategy of dominant sideband compo-
nents based on experiences is proposed to reach a modeling bal-
ance between accuracy and simplicity: calculate Tsf(jω) under k
=1; as shown in Fig. 6, find the maximum solutionωmax to make
|Tsf(jω)| equivalent to −20 dB; defined k as round(ωmax/ωs).
Other sideband components are ignored due to limited influences
on the model’s accuracy.

An important premise should be declared for this strat-
egy: the selected order of OVRs harmonics should also be k;
Tsf(j(ωp+kωs)); and Tsf(j(ωp-kωs)) should always be chosen
together. This premise is used to prevent parametric sensitivity
in low-frequency domain of (30) and (31). The denominator of

Ghf (jωp) =

(
D

Vin
+ fsG1 (jωp)G2 (jωp)

)
Gvd (jωp)

− Gvd (jωp)Fm (jωp)

1 + Tsum (jωp)

k∑
n=−k

[(
1− e−j2nDπ

j2nπVin
+ fsG1 (jωp)G2 (j (ωp + nωs))

)
× Tsf (j (ωp + nωs))

Fm (j (ωp + nωs))

]
. (31)
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Fig. 6. Quantitative choice of k.

Fig. 7. Optimal controller design process.

(30) can be calculated as (35) with the aid of (15) when ωp

converges toward 0. It shows that in low-frequency domain, the
value of the denominator is almost 0. If Tsf[j(ωp-(k+1)ωs)]is
added into modelling as the choice strategy proposed in [18],
[19] and [20] for constant frequency control, or the selected
order of OVRs harmonics is not k, (35) would fail to converge
to 0 in low-frequency domain

lim
ωp→0

[(
1− Hi (jωp)

Hv (jωp)

)
(1 + Tsum (jωp))− Tsf (jωp)

]

= lim
ωp→0

[(
1− Hi (ωp)

Hv (ωp)

)(
Sc

Sf_dc + Sc
+

−Sc1 − Sc2

Sf_dc + Sc

)]
= 0.

(35)

The proposed model would be extremely accurate if infinite
OVRs harmonics and sideband components are incorporated
into modelling, where k should be infinite. Under this condition,
(35) is still true. Therefore, the true value of the denominator in
low-frequency domain should be closed to 0, and tiny prediction
errors would cause huge deviations in (30). Similar analyses can
be applied on the numerator of (31). That’s why this premise
should be strictly followed.

V. OPTIMAL CONTROLLER DESIGN BASED ON GA

The optimal controller design process is shown in Fig. 7,
which is introduced step by step as follows.

Step 1: Generate an initial population.

First, the transfer function of controller in (5) can be trans-
formed into pole-zero form

Hv (s) =
ω1

s

1 + s/ωz

1 + s/ωp
(36)

where ω1, ωz, and ωp are parameters waiting to be optimized,
and defined as genes in GA. These genes are combined to form
an individual A

A = {ω1, ωz, ωp} . (37)

Values of genes are generated by applying random function
on their own ranges, and an initial population P can be produced
by repeating this manipulation N times

Ak =
{
ω1_k , ωz_k, ωp_k

}
k = 1, 2, · · ·N

P = {A1, A2, · · ·AN} . (38)

Step 2: Build fitness function and calculate individual fitness.

To judge individual fitness, fitness function is necessary. There
are three key indicators of loop gain reflecting control qualities
[30], which are used to form fitness function as follows.

1) ωbw represents the bandwidth of loop gain. The largerωbw

is, the faster the dynamic response is.
2) Lpm represents the phase margin of loop gain. The larger

Lpm is, the better the stability of system is. It’s derived as

Lpm = angle (Thf (jωbw)) + 180o. (39)

3) Lgain represents the low-frequency amplitude of loop gain.
The larger Lgain is, the higher the steady-state accuracy of
system is. The amplitude of loop gain at 10 Hz is used

Lgain = 20 log |Thf (j20πrad/s)| . (40)

Therefore, the fitness function is built as

Lfit = flag (Lgain + Lpm + 0.01ωbw)

flag =

{
1 Lpm ≥ 30o

0 Lpm < 30◦ or ωbw > 0.5ωs
(41)

where sign function flag is used to guarantee enough phase
margin larger than 30° and limit the bandwidth according to
Sampling Theory. The larger Lfit is, the better the corresponding
individual matches control requirements. ωbw is the major part
of Lfit, which means the control design wants dynamic response
as faster as possible under stability.

Step 3: Decide whether termination conditions are met.

By calculating Lfit of all individuals in P, the average fitness of
P can be obtained, which is denoted as Lfit_av. Lfit_av of initial
population is usually small, which will reach saturation after
several iterations. Then, the optimal design with largest Lfit can
be picked from P. Before saturation, Step 4 should be used to
evolve P to increase Lfit_av. In this article, iteration times M are
set as 15 to guarantee saturation.

Step 4: Carry out genetic manipulations.

To speed up the optimization process, several individuals with
large Lfit in P are reserved to the next generation. Then select,
cross and mutate other individuals in P [31].
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TABLE I
PARAMETERS OF COTCM BUCK CONVERTER

1) Selection: Selection probability is calculated as follows:

pk =
Lfit_k∑N
k=1 Lfit_k

(42)

where Lfit_k represents the fitness of Ak, and pk is the cor-
responding selection probability. Regions 0∼1 is divided into
N parts, and length of each part depends on pk. Individuals are
chosen by generating random numbers between 0∼1. Ak with
large Lfit_k owns large probability to be selected.

2) Crossover: Choose two individuals according to crossover
rate pcross, and randomly exchange parts of their genes.
For example, Ai and Aj exchange their ωz

Ai =
{
ω1_i , ωz_i, ωp_i

}↔ Aj =
{
ω1_j , ωz_j , ωp_j

}
↓ Nextgeneration

Ai =
{
ω1_i , ωz_j , ωp_i

}↔ Aj =
{
ω1_j , ωz_i, ωp_j

}
.

(43)
3) Mutation: To avoid local optimal solution and reach global

optimization better, mutation is carried out on genes of
several individuals according to mutation rate pmut. For
example, Ak is selected to mutate into

Ak = {rand (ω1) , rand (ωz) , rand (ωp)} (44)

where rand represents the random function.
After genetic manipulations, a new population with higher

Lfit_av will be produced, and better controller designs are ob-
tained.

VI. VERIFICATIONS

In this Section, simulations and experiments are used to
verify the accuracy of proposed model and the effectiveness of
controller design method.

A. Verifications of Model Accuracy

The system in Fig. 1 is built in the SIMPLIS software, which
performs small-signal ac analysis by a similar scheme in real
measurements. Parameters are given in Table I.

Simulated waveforms of V̂o, V̂mod, and Ri×iL are shown
in Fig. 8, which indicates the system is stable. Amplitude-
frequency characteristic of Tsf(jω) under k = 1 is obtained from
(28) as shown in Fig. 9, where fmax is 607.2 kHz. Therefore, k
equals to round(fmax/fs) = 2. Then, Sf_dc and Sc are derived as
4.38×103 and 6.30×103 separately from (10) and (15). Under
such high-bandwidth design, Sc is much larger than Sf_dc, which
means influences of OVRs are significant for the system.

Fig. 8. Stable waveforms of V̂ o, V̂ mod, and Ri×iL in simulation.

Fig. 9. Amplitude-frequency characteristic of Tsf(jω) under k = 1.

Fig. 10. Loop gain obtained by simulation and different models.

To show the accuracy of proposed model, frequency domain
characteristics predicted by Li model, the proposed model ig-
noring Sc, and the proposed model are compared with simulated
results.

As shown in Fig. 10, the loop gain predicted by Li model
fails to predict magnitude attenuation and phase delay in high-
frequency domain for ignorance of OVRs and spectrum cou-
pling, which predicts an over-optimistic phase margin. The loop
gain predicted by proposed model ignoring Sc still contains big
errors, which predicts an over-pessimistic phase margin. It shows
that just incorporating spectrum coupling into modelling is not
enough. The loop gain predicted by proposed model (bandwidth:
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Fig. 11. Audio susceptibility obtained by simulation and different models.

Fig. 12. Input impedance obtained by simulation and different models.

110.8 kHz and phase margin: 39.5°) matches well with the sim-
ulated result (bandwidth: 113.2 kHz and phase margin: 38.4°),
which predicts system stability accurately.

Comparisons of audio susceptibility, input impedance, and
output impedance are shown in Figs. 11–13. Similar as loop
gain comparison, only the proposed model is accurate enough
to reflect frequency domain characteristics.

As shown in Fig. 14, if one more sideband component, i.e.,
Tsf(j(ωp-3ωs)), is added in (29) to derive the loop gain, huge
deviation between the theoretical result and simulated result will
occur in low-frequency domain due to the parametric sensitivity
of proposed model. The quantitative choice strategy of dominant
sideband components proposed in Section IV should be strictly
followed.

An experimental platform is built as shown in Fig. 15, whose
parameters are the same as those in Table I except for Ton. The
real Ton is 0.945 μs and the corresponding fs is 264.6 kHz.
Experimental waveforms of V̂o, Vin×d(t), and V̂mod are shown

Fig. 13. Output impedance obtained by simulation and different models.

Fig. 14. Loop gain obtained by simulation and proposed model considering
one more sideband component.

in Fig. 16, which indicates the system is stable. The loop gain is
measured by the venable frequency analyzer as shown Fig. 17,
which is almost the same as the theoretical result. Tiny deviations
between them are mainly due to parameter variations, parasitic
parameters and measurement errors in the real system. The
measured bandwidth is 118.2 kHz and the measured phase
margin is 29.8°.

When values of C and Rc in Table I are replaced as 50 μF
and 4 mΩ, corresponding loop gains predicted by Li model and
proposed model are shown in Fig. 18. Li model predicts the
system should be stable. While the proposed model predicts
negative phase margin, which means the system should be
unstable. Experimental waveforms of V̂o and Vin×d(t) are shown
in Fig. 19, where the pulse bursting phenomenon [4] occurs. It
is clear that the proposed model successfully reflects instability
of the system, while Li model fails.
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Fig. 15. Experimental platform.

Fig. 16. Experimental waveforms in stable case: CH 1, V̂o; CH 2, Vin×d(t);
and CH 3, V̂mod.

Fig. 17. Loop gain obtained by experiment and proposed model.

B. Verifications of Effectiveness of Optimal Controller Design

In last part, when C and Rc in Table I are replaced as 50μF and
4 mΩ, the system falls into instability. Therefore, the proposed
optimal controller design method is used to move the system
back into stability.

Firstly, ranges ofω1,ωz, andωp are defined.ωbw is set asωs/3
= 5.44×105 to obtain a high-bandwidth design; ωz is placed

Fig. 18. Loop gain obtained by Li model and proposed model.

Fig. 19. Experimental waveforms in unstable case: CH 1, V̂o and CH 2,
Vin×d(t).

TABLE II
PARAMETERS OF GENETIC ALGORITHM

before resonant frequency (1/
√

LC) of power plant to improve
system phase margin, which is defined asωz�(0,7.1×104);ωp is
placed in high-frequency domain to attenuate noises and limited
under 10ωbw, which is defined as ωp�(0,5.4×106); ω1 can be
calculated with the aid of Li model under ωz = 7.1×104 and ωp

= 5.4×106, which is derived as ω1 = 6.8×103. Then, ranges of
ω1 is defined as ω1�(0,6.8×104).

Parameters of GA is given in Table II.
Optimal controller design process shown in Fig. 7 is achieved

with the aid of MATLAB, and fitness is calculated by using
(30) and (41). The variation of Lfit_av in optimal process is
shown in Fig. 20. When iteration times reach 12, Lfit_av is
closed to saturation, and M = 15 is a conservative choice. The
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Fig. 20. Saturation process of average fitness value.

Fig. 21. Experimental waveforms under optimal controller design: CH 1, V̂o

and CH 2, Vin×d(t).

Fig. 22. Experimental loop gain under optimal controller design.

largest Lfit of individual among all populations is 1141, and the
corresponding genes are ω1 = 4.46×103, ωz = 3.66×104, and
ωp = 1.11×106. This individual represents the optimal design
result, and the optimization process costs only 63s, which shows
the high efficiency of proposed method.

Experimental waveforms under the optimal design is shown
in Fig. 21. It is clear that system works stably. The measured
loop gain is shown in Fig. 22. Corresponding bandwidth and

phase margin are 102.8 kHz and 25.1°, which achieves a stable
high-bandwidth design. In experiment, there exists a parasitic
capacitance around Gm, which equivalently increase Cc2 of
controller in (5) and moves the pole of controller slightly lower.
That is why experimental phase margin is a little lower than the
design limitation (30°).

The scheme proposed in [26] is also adopted to tune controller
parameters, which combines GA with simulation to find optimal
design. The simulation time of Simulink is set to 50 ms; the
fitness function is designed as the absolute-error integration
of time-domain variables; parameters of GA is the same with
Table II for fair comparison. In each iteration, the calculation
of Lfit is based on the simulated result of circuit, which is
time-consuming. The optimal design result is ω1 = 5.75×103,
ωz = 6.28×104, and ωp = 2.19×106. Simulated bandwidth and
phase margin are 80.1 kHz and 50.3°, which also achieves a
stable high-bandwidth design. While using the same computer,
the optimization time is around 3.2 h, which is around 200 times
larger than the proposed method.

VII. CONCLUSION

This article proposes a high-frequency model for COTCM
buck converters. Fourier series is utilized to describe steady-state
OVMs and MWRs precisely. Transfer functions of COTCM
incorporating OVRs reveal that influences of system ripples are
decided by the derivative of MWRs and the value of OVRs at
steady-state crossing points. The accurate small-signal model
is derived by considering spectrum coupling from voltage and
current loop, and transfer functions of loop gain, audio sus-
ceptibility, input impedance and output impedance are obtained
based on it. A quantitative guidance with a boundary of -20 dB
is used to choose dominant sideband components. An optimal
controller design method is proposed by combining this model
with GA, which features high-accuracy and high-efficiency.
All these conclusions have been verified with simulations and
experiments.

APPENDIX

1) Transfer function from ṽin to d̃
ṽin is defined as

ṽin (t) = Vpsin (ωpt− θp) . (A1)

ṽind is defined as

ṽind (t) =
Ri

ωpL

[
ṽin

(
t+

π

2ωp

)
− ṽin

(
t+ Ton +

π

2ωp

)]
.

(A2)
Based on the geometrical relationship of sensed current signal,

it’s found that

V̂mod (ti) +

∫ ti+Ton

ti

[
Sn (t) +

Ri

L
ṽin (t)

]
dt

= V̂mod (ti+1) +

∫ ti+1

ti+Ton

Sf (t) dt (A3)

which can be simplified as

ṽind (ti) ≈ (Sf_dc + Sc)ΔToff(i). (A4)
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A switching-frequency sampling signal of ṽind is defined as

ṽ∗ind (t) =

+∞∑
i=1

ṽind (t) δ (t− iTs) (A5)

d̃ is assumed as (A6) according to area equivalence principle

d̃ (t) ≈
+∞∑
i=1

[(
i∑

n=1

ΔToff(n)

)
(δ (t− iTs − Ton)− δ (t− iTs))

]
.

(A6)
Based on (A6), it’s found that

d̃ (t)− d̃ (t+ Ts)

≈
+∞∑
i=1

ΔToff(i+1)δ (t− iTs)

−
+∞∑
i=1

ΔToff(i+1)δ (t− iTs − Ton). (A7)

By substituting (A4) and (A5) into (A7), it’s reorganized as

d̃ (t)− d̃ (t+ Ts) =
ṽ∗ind (t)− ṽ∗ind (t− Ton)

Sf_dc + Sc
. (A8)

Equation (A8) is further transferred to s-domain⎧⎨
⎩

d̃ (s) = 1−e−sTon

(Sf_dc+Sc)(1−esTs )
ṽ∗ind (s)

ṽind (s) = −Ri(1−esTon)
sL ṽin (s)

. (A9)

2) Transfer function from ṽo to d̃
ṽo is defined as

ṽo (t) = Vpsin (ωpt− θp) (A10)

ṽod is defined as

ṽod (t) = − Ri

ωpL
ṽo

(
t+

π

2ωp

)
. (A11)

Based on the geometrical relationship of sensed current signal,
it’s found that

V̂mod (ti) +

∫ ti+Ton

ti

[
Sn (t)− Ri

L
ṽo (t)

]
dt

= V̂mod (ti+1) +

∫ ti+1

ti+Ton

[
Sf (t) +

Ri

L
ṽo (t)

]
dt (A12)

which can be simplified as

ṽod (ti)− ṽod (ti+1) ≈ (Sf_dc + Sc)ΔToff(i). (A13)

Based on (A13), it’s found that

i∑
n=1

ΔToff(n) =
i∑

n=1

ṽod (ti)− ṽod (ti+1)

Sf_dc + Sc
≈−ṽod (ti+1)

Sf_dc + Sc
.

(A14)
A switching-frequency sampling signal of ṽod is defined as

ṽ∗od (t) =
+∞∑
i=1

ṽod (t) δ (t− iTs). (A15)

By substituting (A14) and (A15) into (A6), d̃ is reorganized
as

d̃ (t) =
ṽ∗od (t)− ṽ∗od (t− Ton)

Sf_dc + Sc
. (A16)

Equation (A16) is further transferred to s-domain

{
d̃ (s) = 1−e−sTon

Sf_dc+Sc
ṽ∗od (s)

ṽod (s) =
Ri

sL ṽo (s)
. (A17)

REFERENCES

[1] Voltage Regulator Module (VRM) and Enterprise Voltage Regulator-
Down (EVRD) 11.1, Intel, Santa Clara, CA, USA, Sep. 2009.

[2] T. Qian, W. Wu, and W. Zhu, “Effect of combined output capacitors for
stability of buck converters with constant on-time control,” IEEE Trans.
Ind. Electron., vol. 60, no. 12, pp. 5585–5592, Dec. 2013.

[3] C. F. Nien et al., “A novel adaptive Quasi-constant on-time current-
mode buck converter,” IEEE Trans. Power Electron., vol. 32, no. 10,
pp. 8124–8133, Oct. 2017.

[4] J. Wang, J. Xu, and B. Bao, “Analysis of pulse bursting phenomenon in
constant-on-time-controlled buck converter,” IEEE Trans. Ind. Electron.,
vol. 58, no. 12, pp. 5406–5410, Dec. 2011.

[5] C. J. Chen et al., “A novel ripple-based constant on-time control with
virtual inductor current ripple for buck converter with ceramic output
capacitors,” in Proc. 26th Annu. IEEE Appl. Power Electron. Conf. Expo.,
2011, pp. 1488–1493.

[6] Y. J. Chen, D. Chen, Y. C. Lin, C.-J. Chen, and C.-H. Wang, “A novel
constant on-time current-mode control scheme to achieve adaptive voltage
positioning for DC power converters,” in Proc. IECON 38th Annu. Conf.
IEEE Ind. Electron. Soc., 2012, pp. 104–109.

[7] LTC3812-5 datasheet, Analog Device, Wilmington, MA, USA,
2007, [Online]. Available: https://www.analog.com/media/en/technical-
documentation/data-sheets/38125fc.pdf

[8] TPS51120 datasheet, Texas Instrum., Dallas, TX, USA, 015, [Online].
Available: https://www.ti.com.cn/cn/lit/ds/symlink/tps51120.pdf

[9] TPS51116 datasheet, Texas Instrum., Dallas, TX, USA, 2018, [Online].
Available: https://www.ti.com/lit/ds/symlink/tps51116.pdf

[10] R. B. Ridley, “A new, continuous-time model for current-mode con-
trol (power convertors),” IEEE Trans. Power Electron., vol. 6, no. 2,
pp. 271–280, Apr. 1991.

[11] R. B. Ridley, “A new continuous-time model for current-mode control with
constant frequency, constant on-time, and constant off-time,” in Proc. 21st
Annu. IEEE Conf. Power Electron. Specialists, 1990, pp. 382–389.

[12] J. Li and F. C. Lee, “New modeling approach and equivalent circuit
representation for current-mode control,” IEEE Trans. Power Electron.,
vol. 25, no. 5, pp. 1218–1230, May 2010.

[13] N. Yan, X. Ruan, and X. Li, “A general approach to sampled-data modeling
for ripple-based control—Part II: Constant ON-Time and constant OFF-
Time control,” IEEE Trans. Power Electron., vol. 37, no. 6, pp. 6385–6396,
Jun. 2022.

[14] Y. Qiu, K. Yao, Y. Meng, M. Xu, F. C. Lee, and M. Ye, “Control-loop band-
width limitations for multiphase interleaving buck converters,” in Proc.
19th Annu. IEEE Appl. Power Electron. Conf. Expo., 2004, pp. 1322–1328.

[15] A. Borrell, M. Castilla, J. Miret, J. Matas, and L. García de Vicuña,
“Control design for multiphase synchronous buck converters based on
exact constant resistive output impedance,” IEEE Trans. Ind. Electron.,
vol. 60, no. 11, pp. 4920–4929, Nov. 2013.

[16] D. James, “Moore’s law continues into the 1x-nm era,” in Proc. 27th Annu.
SEMI Adv. Semicond. Manuf. Conf., 2016, pp. 324–329.

[17] S. Hsiao, D. Chen, C. Chen, and H. Nien, “A new multiple-frequency
small-signal model for high-bandwidth computer V-Core regulator ap-
plications,” IEEE Trans. Power Electron., vol. 31, no. 1, pp. 733–742,
Jan. 2016.

[18] X. Cheng, J. Liu, and Z. Liu, “A generalized multifrequency small-signal
model for high-bandwidth buck converters under constant-frequency
voltage-mode control,” IEEE Trans. Power Electron., vol. 35, no. 8,
pp. 8186–8199, Aug. 2020.

https://www.analog.com/media/en/technical-documentation/data-sheets/38125fc.pdf
https://www.analog.com/media/en/technical-documentation/data-sheets/38125fc.pdf
https://www.ti.com.cn/cn/lit/ds/symlink/tps51120.pdf
https://www.ti.com/lit/ds/symlink/tps51116.pdf


15110 IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 37, NO. 12, DECEMBER 2022

[19] X. Li, X. Ruan, Q. Jin, M. Sha, and C. K. Tse, “Small-Signal models
with extended frequency range for DC–DC converters with large mod-
ulation ripple amplitude,” IEEE Trans. Power Electron., vol. 33, no. 9,
pp. 8151–8163, Sep. 2018.

[20] X. Cheng, J. Liu, and Z. Liu, “Accurate small-signal modelling and stability
analysis of wide-input buck converter considering modulation waveform
ripples,” IEEE Trans. Power Electron., vol. 37, no. 6, pp. 6962–6971,
Jun. 2022.

[21] Y. Chen, D. Chen, Y. Lin, C.-J. Chen, and C.-H. Wang, “A novel constant
on-time current-mode control scheme to achieve adaptive voltage posi-
tioning for DC power converters,” in Proc. 38th Annu. Conf. IEEE Ind.
Electron. Soc., 2012, pp. 104–109.

[22] M. Hung, L.-S. Shu, S.-J. Ho, S.-F. Hwang, and S.-Y. Ho, “A novel
intelligent multiobjective simulated annealing algorithm for designing
robust PID controllers,” IEEE Trans. Syst., Man, Cybern. Part A, Syst.
Humans, vol. 38, no. 2, pp. 319–330, Mar. 2008.

[23] G. Mühürcü, E. Kose, A. Muhurcu, and A. Kuyumcu, “Parameter op-
timization of PI controller by PSO for optimal controlling of a buck
converter’s output,” in Proc. Int. Artif. Intell. Data Process. Symp., 2017,
pp. 1–6.

[24] S. Zhao, F. Blaabjerg, and H. Wang, “An overview of artificial intelligence
applications for power electronics,” IEEE Trans. Power Electron., vol. 36,
no. 4, pp. 4633–4658, Apr. 2021.

[25] S. Forrest, “Genetic algorithms, ‘principles of natural selection applied to
computation,” Science, vol. 261, no. 5123, pp. 872–878, 1993.

[26] A. Divakar and J. Jacob, “Genetic algorithm based tuning of nonfragile
and robust PI controller for PSFB DC-DC converter,” in Proc. Int. Conf.
Commun. Electron. Syst., 2019, pp. 1846–1851.

[27] C. -C. Peng and C. -L. Lee, “Performance demands based servo mo-
tor speed control: A genetic algorithm proportional-integral control pa-
rameters design,” in Proc. Int. Symp. Comput., Consum. Control, 2020,
pp. 469–472.

[28] S. Zhen et al., “Transient response improvement of DC-DC converter by
current mode variable on time control,” in Proc. IEEE 61st Int. Midwest
Symp. Circuits Syst., 2018, pp. 603–606.

[29] R. D. Middlebrook and S. Cuk, “A general unified approach to modelling
switching-converter power stages,” in Proc. IEEE Power Electron. Spe-
cialists Conf., 1976, pp. 18–34.

[30] W. E. Robert and M. Dragan, Fundamentals of Power Electronics. 2nd ed.
New York, NY, USA: Kluer Acad. Publ., 2001.

[31] K. S. Kostov and J. J. Kyyra, “Genetic algorithm optimization of peak
current mode controlled buck converter,” in Proc. IEEE Midnight-Summer
Workshop Soft Comput. Ind. Appl., 2005, pp. 111–116.

Xiangpeng Cheng (Student Member, IEEE) received
the B.S. degree in electrical engineering and automa-
tion in 2016 from Xi’an Jiaotong University, Xi’an,
China, where he is currently working toward the Ph.D.
degree in power electronics and electric drive.

His research interests include small-signal model-
ing theories for dc/dc converters, impedance model-
ing of grid-connected converters, stability analyses
of multi-terminal dc transmission systems and intel-
ligent optimization algorithm for control design.

Jinjun Liu (Fellow, IEEE) received the B.S. and
Ph.D. degrees in electrical engineering from Xi’an
Jiaotong University, Xi’an, China, in 1992 and 1997,
respectively.

He was a Faculty with the XJTU Electrical En-
gineering School. From late 1999 to early 2002, he
was with the Center for Power Electronics Systems,
Virginia Polytechnic Institute and State University,
Blacksburg, VA, USA, as a Visiting Scholar. In late
2002, he was a Full Professor and then the Head of
the Power Electronics and Renewable Energy Center

at XJTU, which now comprises more than 20 faculty members and more than
200 graduate students and carries one of the leading power electronics programs

in China. From 2005 to early 2010, he was an Associate Dean of Electrical Engi-
neering School, XJTU, and from 2009 to early 2015, the Dean for Undergraduate
Education, XJTU. He is currently a XJTU Distinguished Professor of Power
Electronics. He coauthored 3 books (including one textbook), published more
than 500 technical papers in peer-reviewed journals and conference proceedings,
holds more than 70 invention patents (China/US/EU), and delivered for many
times plenary keynote speeches and tutorials at IEEE conferences or China
national conferences. His research interests include modeling, control, and
design methods for power converters and electronified power systems, power
quality control and utility applications of power electronics, and micro-grids for
sustainable energy and distributed generation.

Dr. Liu was the recipient of many times governmental awards at national level
or provincial/ministerial level for scientific research/teaching achievements. He
also the recipient of the 2006 Delta Scholar Award, the 2014 Chang Jiang
Scholar Award, the 2014 Outstanding Sci-Tech Worker of the Nation Award,
the 2016 State Council Special Subsidy Award, the IEEE TRANSACTIONS ON

POWER ELECTRONICS 2016 and 2021 Prize Paper Awards, and the Nomination
Award for the Grand Prize of 2020 Bao Steel Outstanding Teacher Award. He
was the IEEE POWER ELECTRONICS SOCIETY REGION 10 Liaison and then China
Liaison for ten years. Since 2006, has been an Associate Editor for the IEEE
TRANSACTIONS ON POWER ELECTRONICS, 2015–2019 Executive Vice President
and 2020–2021 Vice President of IEEE PELS. He was on the Board of China
Electrotechnical Society 2012–2020 and was elected the Vice President in 2013
and the Secretary General in 2018 of the CES Power Electronics Society. He
was the Vice President for International Affairs, China Power Supply Society
from 2013 to 2021, and since 2016, the inaugural Editor-in-Chief of CPSS
TRANSACTIONS ON POWER ELECTRONICS AND APPLICATIONS. He was elected
the President of CPSS in November 2021. Since 2013, he has been the Vice
Chair of the Chinese National Steering Committee for College Electric Power
Engineering Programs.

Yu Shao (Student Member, IEEE) received the B.S.
degree in electrical engineering and automation in
2021 from Xi’an Jiaotong University, Xi’an, China,
where he is currently working toward the Master’s
degree in power electronics and electric drive.

His research interests include small-signal model-
ing theories for dc/dc converters, impedance model-
ing of grid-connected converters, stability analyses of
multiterminal dc transmission systems and intelligent
optimization algorithm for control design.

Zeng Liu (Member, IEEE) received the B.S. degree
from Hunan University, Changsha, China, and the
M.S. and Ph.D. degrees from Xi’an Jiaotong Univer-
sity (XJTU), Xi’an, China, in 2006, 2009, and 2013,
respectively, all in electrical engineering.

He was a Faculty Member in electrical engineering
with XJTU, where he is currently an Associate Pro-
fessor. From 2015 to 2017, he was with the Center
for Power Electronics Systems, Virginia Polytechnic
Institute and State University, Blacksburg, VA, USA,
as a Visiting Scholar. His research interests include

control and stability of power electronics systems with multiple converters for
renewable energy and energy storage applications.

Dr. Liu was the recipient of two Prize Paper Awards in IEEE TRANSACTIONS

ON POWER ELECTRONICS. He is currently an Associate Editor for IEEE OPEN

JOURNAL OF POWER ELECTRONICS and on the Editorial Board for the Energies,
and served as Secretary-General for 2019 IEEE 10TH INTERNATIONAL SYMPO-
SIUM ON POWER ELECTRONICS FOR DISTRIBUTED GENERATION SYSTEMS and
2020 THE 4TH INTERNATIONAL CONFERENCE ON HVDC.



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 0
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
    /Algerian
    /Arial-Black
    /Arial-BlackItalic
    /Arial-BoldItalicMT
    /Arial-BoldMT
    /Arial-ItalicMT
    /ArialMT
    /ArialNarrow
    /ArialNarrow-Bold
    /ArialNarrow-BoldItalic
    /ArialNarrow-Italic
    /ArialUnicodeMS
    /BaskOldFace
    /Batang
    /Bauhaus93
    /BellMT
    /BellMTBold
    /BellMTItalic
    /BerlinSansFB-Bold
    /BerlinSansFBDemi-Bold
    /BerlinSansFB-Reg
    /BernardMT-Condensed
    /BodoniMTPosterCompressed
    /BookAntiqua
    /BookAntiqua-Bold
    /BookAntiqua-BoldItalic
    /BookAntiqua-Italic
    /BookmanOldStyle
    /BookmanOldStyle-Bold
    /BookmanOldStyle-BoldItalic
    /BookmanOldStyle-Italic
    /BookshelfSymbolSeven
    /BritannicBold
    /Broadway
    /BrushScriptMT
    /CalifornianFB-Bold
    /CalifornianFB-Italic
    /CalifornianFB-Reg
    /Centaur
    /Century
    /CenturyGothic
    /CenturyGothic-Bold
    /CenturyGothic-BoldItalic
    /CenturyGothic-Italic
    /CenturySchoolbook
    /CenturySchoolbook-Bold
    /CenturySchoolbook-BoldItalic
    /CenturySchoolbook-Italic
    /Chiller-Regular
    /ColonnaMT
    /ComicSansMS
    /ComicSansMS-Bold
    /CooperBlack
    /CourierNewPS-BoldItalicMT
    /CourierNewPS-BoldMT
    /CourierNewPS-ItalicMT
    /CourierNewPSMT
    /EstrangeloEdessa
    /FootlightMTLight
    /FreestyleScript-Regular
    /Garamond
    /Garamond-Bold
    /Garamond-Italic
    /Georgia
    /Georgia-Bold
    /Georgia-BoldItalic
    /Georgia-Italic
    /Haettenschweiler
    /HarlowSolid
    /Harrington
    /HighTowerText-Italic
    /HighTowerText-Reg
    /Impact
    /InformalRoman-Regular
    /Jokerman-Regular
    /JuiceITC-Regular
    /KristenITC-Regular
    /KuenstlerScript-Black
    /KuenstlerScript-Medium
    /KuenstlerScript-TwoBold
    /KunstlerScript
    /LatinWide
    /LetterGothicMT
    /LetterGothicMT-Bold
    /LetterGothicMT-BoldOblique
    /LetterGothicMT-Oblique
    /LucidaBright
    /LucidaBright-Demi
    /LucidaBright-DemiItalic
    /LucidaBright-Italic
    /LucidaCalligraphy-Italic
    /LucidaConsole
    /LucidaFax
    /LucidaFax-Demi
    /LucidaFax-DemiItalic
    /LucidaFax-Italic
    /LucidaHandwriting-Italic
    /LucidaSansUnicode
    /Magneto-Bold
    /MaturaMTScriptCapitals
    /MediciScriptLTStd
    /MicrosoftSansSerif
    /Mistral
    /Modern-Regular
    /MonotypeCorsiva
    /MS-Mincho
    /MSReferenceSansSerif
    /MSReferenceSpecialty
    /NiagaraEngraved-Reg
    /NiagaraSolid-Reg
    /NuptialScript
    /OldEnglishTextMT
    /Onyx
    /PalatinoLinotype-Bold
    /PalatinoLinotype-BoldItalic
    /PalatinoLinotype-Italic
    /PalatinoLinotype-Roman
    /Parchment-Regular
    /Playbill
    /PMingLiU
    /PoorRichard-Regular
    /Ravie
    /ShowcardGothic-Reg
    /SimSun
    /SnapITC-Regular
    /Stencil
    /SymbolMT
    /Tahoma
    /Tahoma-Bold
    /TempusSansITC
    /TimesNewRomanMT-ExtraBold
    /TimesNewRomanMTStd
    /TimesNewRomanMTStd-Bold
    /TimesNewRomanMTStd-BoldCond
    /TimesNewRomanMTStd-BoldIt
    /TimesNewRomanMTStd-Cond
    /TimesNewRomanMTStd-CondIt
    /TimesNewRomanMTStd-Italic
    /TimesNewRomanPS-BoldItalicMT
    /TimesNewRomanPS-BoldMT
    /TimesNewRomanPS-ItalicMT
    /TimesNewRomanPSMT
    /Times-Roman
    /Trebuchet-BoldItalic
    /TrebuchetMS
    /TrebuchetMS-Bold
    /TrebuchetMS-Italic
    /Verdana
    /Verdana-Bold
    /Verdana-BoldItalic
    /Verdana-Italic
    /VinerHandITC
    /Vivaldii
    /VladimirScript
    /Webdings
    /Wingdings2
    /Wingdings3
    /Wingdings-Regular
    /ZapfChanceryStd-Demi
    /ZWAdobeF
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 900
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.00111
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages 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


