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Abstract—This article presents a discontinuous modulation
(DM) strategy for static compensators (StatComs) based on a
cascaded H-bridge (CHB) converter with a star configuration. The
proposed DM strategy considers the capacitor voltage oscillations
at twice the fundamental frequency and the effect of zero-sequence
voltage injection on the capacitor voltages. Considering these ef-
fects is especially important in CHB-StatComs with large capacitor
voltage ripples (low-capacitance StatComs), where the assumption
of a constant dc-link voltage, which is the basis of conventional DM
strategies, does not apply. This article also describes a coherent
set of steady-state waveforms for CHB-StatComs under DM. In
addition to the well-known benefit of reducing the switching losses,
the proposed DM also reduces the dc-link capacitors size and
extends the operating range. The viability of the proposed DM
strategy is verified experimentally on a small-scale prototype. In
addition, simulation results are obtained using a real-scale system
to study feasibility of the DM under unbalanced conditions.

Index Terms—Capacitance reduction, capacitor voltage ripples
(CVRs), cascaded H-bridge (CHB), discontinuous modulation
(DM), static compensator (StatCom), zero-sequence voltage.

I. INTRODUCTION

ISCONTINUOUS modulation (DM) is achieved by in-
jecting a suitable voltage offset to clamp the ac-side con-
verter voltage to the dc rail [1]-[9]. In a three-phase system,
zero-sequence voltage injection provides the degree of freedom
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to clamp the phase arms without affecting the fundamental
component of the output currents [3]-[9]. As no switching
losses in the clamped submodules (SMs) are produced dur-
ing the clamping periods, DM normally reduces the overall
switching losses [1]-[9]. The authors of [1] and [2] propose DM
strategies for single-phase cascaded H-bridge (CHB) converters
to clamp a given number of SMs. Obviously, in single-phase
systems, zero-sequence voltage does not exist, but this partial
clamping strategy shows improved performance. Particularly,
Alcaide et al. [1]focus on improving the converter output voltage
quality, while Ko et al. [2] aim at reducing the converter thermal
stress. Zero-sequence voltage injection is implemented in [3] to
improve the ride-through capability of SM failures in CHB static
compensators (StatComs) with a star configuration. The authors
of [4] and [5] applied the DM for switching loss reduction
in a modular multilevel converter and a neutral-point-clamped
inverter, respectively. In [6]—[8], different DM methods for
voltage-source inverters are introduced. The effects of different
DM methods on the current quality and switching losses of a
StatCom are studied in [9], where the so-called DPWM3 offers
the best results. However, the above studies assume a constant
dc-link voltage, which is unaffected by the zero-sequence volt-
age (anegligible interaction between the zero-sequence voltage
for DM and the dc-side converter voltages). In CHB-StatComs,
where the dc sources are floating capacitors, this simplifying
assumption only holds for large enough capacitance values.
Neglecting the capacitor voltage dynamics and the capacitor
voltage ripple (CVR) in CHB-StatComs leads to an inaccurate
representation of the converter steady-state trajectory, which, in
turn, deteriorates the steady-state converter performance. This
problem is exacerbates by reducing the capacitance values, as
in low-capacitance StatComs (LC-StatComs) [10]-[15].

In[12] and [13], the concepts of the LC-StatCom and peak ca-
pacitor voltage control are introduced. A lower average capacitor
voltage operation allows the LC-StatCom to achieve improved
output voltage/current quality and less switching losses [16],
[17]. However, a reduced inductive operation range is the main
drawback [12], [13]. Solutions to eliminate this drawback are
reported in [10], [18] and [19]. Thyristor-bypassed-reactors are
used in [10] and [18], whereas Rodriguez et al. [19] present a
solution based on the third-harmonic zero-sequence compensa-
tion method for a delta configuration. However, extra hardware
and large arm current magnitudes are the drawbacks of these
approaches, respectively.
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Fig. 1. Circuit diagram of a three-phase CHB power converter with the star
configuration.

Given the above context, this article proposes a DM strat-
egy for CHB-StatCom applications that takes into account the
CVR and the effect of zero-sequence voltage injection on the
capacitor voltages. Thus, its application is not just restricted to
the conventional CHB-StatComs with negligible CVR, but it is
also valid for the LC-StatComs with nonnegligible CVR [20].
Furthermore, this article formulates the zero-sequence voltage
and capacitor voltage references. This explicit characterization
of the steady-state waveforms in terms of the dc-link capacitor
size is needed for the design and control of the CHB-StatComs
operated in DM.

The rest of this article is organized as follows. In Section II,
the CHB-StatComs with the star configuration is revisited.
Section III describes the proposed DM strategy and introduces
analytical expressions for the piecewise zero-sequence voltage
and the capacitor voltages under balanced condition. By using
these analytical expressions, benefits of the proposed DM
strategy are studied in Section IV. Section V verifies the
effectiveness of the proposed DM strategy experimentally.
Section VI provides simulation results illustrating the
practicability of the proposed DM strategy in a real-scale
LC-StatCom system. Finally, Section VII concludes this article.

II. CHB-STATCOMS WITH A STAR CONFIGURATION

In this section, the circuit topology of the CHB-StatCom
with a star configuration, its main electrical variables, and their
relationships are reviewed.

A. Topology and Main Variables

The topology of a CHB-StatCom with star configuration is
shown in Fig. 1. The positive ac-side terminals of the converter,
i.e., (a), (b), and (c¢), are connected to the point of common
coupling (PCC) grid voltages vy 4, V4.1, and v, . through filtering
inductors L,. The negative ac-side terminals of the converter
arms are connected forming a star configuration. Each phase
arm of the CHB converter consists of n H-bridge SMs (with j
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€ {1,2,...,n} as the SM index), each of them with a dc-side
capacitor with capacitance C.

The total ac-side converter voltages to be generated v, vy, and
v, consist of: 1) fundamental-frequency voltages v, v}, and v/,
and 2) zero-sequence voltage for discontinuous operation vz 4,
ie.,

vy =V, +vz4, x€{a,b, c}. (1)

The cluster dc-side converter voltages of each phase arm,
Vclus,z» are defined as

n
Uclus,z = Z Ve, xj- (2)
=1

In the averaged model, v, and vy, are related by the
modulating signals J, € [—1, 1] as [20]
Uy

0p = 3)

Uclus,

The dynamics of the cluster voltages vy, are given by the
following power relationship between the converter ac-side and
dc-side quantities:

19 dvc21us,ac
2n dt

= — (’U; + UZ,d) ig,x 4)

with i, , denoting the StatCom currents. As can be seen from
(4), the cluster voltages depend on the zero-sequence voltage
Vz.d-

B. Steady-State Relationships Under Continuous Modulation

In order to calculate the steady-state trajectory of the
CHB-StatCom’s variables, the following definitions for the
fundamental-frequency ac-side converter voltages v/, and the
StatCom currents 4, , are considered (neglecting losses and
harmonics):

vl, = VI cos (wt + ¢y) 5)
lgx = Igzsin(wt + ¢z) (6)

where w is the angular frequency of the grid voltage and ¢,
is the phase-shift angle of phase x. V, and I, , represent the
amplitude of v/, and i, .. Note that I, ,, has the same/opposite
sign as V. under capacitive/inductive operation, according
to g4, direction shown in Fig. 1. It is important to note that
even during unbalanced grid conditions (or negative-sequence
current injection), v}, and i, , are orthogonal in steady state,
thanks to the fundamental-frequency zero-sequence voltage
injection, as described in [21].

From (5) and (6), and considering vz 4 = 0 under continuous
modulation (CM), (4) can be solved analytically, yielding the
following expression for the cluster voltages [12]:

v = A+MCOS(2(wt+¢)) )
clus,z — QLUC/’I'L T
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TABLE I
COMBINATIONAL ALGORITHM FOR THE ZERO-SEQUENCE VOLTAGE CALCULATION

Clamped Phase ‘ Condition ‘ Zero-Sequence Voltage, V7 q Capacitor Voltage Dynamics ‘

- dvciys,a B .

a |val > [vp| & [vi] > [vp] | vz,a = sign (Vi) Vetus,a — Ve | S TR = —sign (v}) ig,a
. dVcius ¢ . .

c [vh] > |val & [vof] > [v] | vza = sign (vf) verus.e —ve | § TGS = —sign (v))dg,c
- dvciys, . .

b [vp| > |val & |vp| > Wil | vz,a = sign (vp) verusp —vp | S =2t = —sign (v)) ig

where where V7 corresponds to
1,.V! 1
— 2 9, " x _ g,% /
A= Vclus,max - 2w0/n : ¢)) VZ,:I: - UJC/TL - Ve (11)

Note that, with this definition of term A, vy, maintains
a prescribed maximum cluster voltage value equal t0 Vijus max
regardless the current amplitude I, .. Imposing a prescribed
maximum cluster voltage values is important in LC-StatComs
to provide a safe converter hardware operation [12].

III. PROPOSED DM STRATEGY

This section analyzes the proposed zero-sequence voltage in-
jection strategy for DM purposes and for achieving capacitance
reduction. An analytical piecewise equation for the proposed
zero-sequence voltage is derived, which is then used to derive
an explicit characterization of piecewise continuous capacitor
voltage waveforms. The proposed DM strategy considers the
time-varying nature of the capacitor voltages in the CHB-
StatCom, and the interaction between the capacitor voltages and
the injected zero-sequence voltage.

A. Zero-Sequence Voltage Expression

According to which phase is being clamped, one can define
three sectors and analyze the steady-state relationships in each
sector. The voltage conditions in each sector and their corre-
sponding dynamics are shown in Table I. When phase z is
clamped, its modulating signal ¢, is saturated to 1 or —1, and
consequently, its ac-side converter voltage corresponds to Veiys,
Or —Uclus,z-» While its dc-side current corresponds to —ig 4 O %g 4,
respectively. Note that conditions in Table I are independent
on whether the converter operates in balanced or unbalanced
situations.

Therefore, in the steady state, the capacitor voltage waveforms
during their clamping periods can be analytically solved by
integrating (6) [according to (4)], which yields

|cos (6)] 9

Uclus,z, = Veons + Ig,x
wC'/n
where 0, = wt + ¢,, and Vops is a constant that provides a
degree of freedom to regulate the peak (or the average) capacitor
voltage.

Taking into account that the cluster voltages in clamped op-
eration correspond to vgyys - = sign(vl,) (v, + vz.q), the steady-
state zero-sequence voltage vz 4 can be derived from (5) and (9)
as follows:

vz.4 = Vzzcos (0;) + sign (v],) Veons (10)

During balanced grid conditions, the resulting zero-sequence
voltage for DM, vz 4, only contains triplen harmonics, and as a
result, the product vz 4ig4 ., does not generate any active power
component. However, during unbalanced conditions, vz 4ig
can generate active power, which must be compensated by the
integral action of the interphase voltage balancing loop [3]. This
interaction between DM and interphase balancing represents a
limitation of the proposed DM to be analyzed in more depth in
the future.

B. Capacitor Voltage Steady-State Expression

In this subsection, using (4) and (10), the analytic expression
of the cluster voltages vy, is derived. For the sake of brevity,
balanced grid conditions are considered henceforth (i.e., I, , =
Ig, Vl{ = V/, and szx = Vz)

The sector where phase x is clamped is denoted as Sector I,

and it corresponds to 6, € (=%, ¢] + k7. The cluster voltage
expression corresponds to (9), i.e.,

Ly cos(6,).  (12)

Uclus, ., I (01) = Vons + sign (Ug,c) wC/n

In the next sector, denoted as Sector II, the phase leading phase
x by 27 /3, represented as x, is clamped. In this case, the zero-
sequence voltage in (10) is calculated according to phase z 1, i.e.,
vz,d4 = Vz cos(0,+) + sign(v) ;. ) Veons, With 0+ = 6, + 27 /3.
Accordingto (4)-(6) and (10), the square cluster voltage of phase
x when phase =7 is clamped corresponds to

v’
Uzlus,z,II (0:) = + 2ng/n [cos (260,.) — cos (20;)]
I
_ % [sin(20,+7/6)— sin(20;+7/6)]
1 21, ‘/cons
+ sign (v;+) wgC’i/n [cos (8,) — cos (61)]
V3 I,V
ngC/Zn (0201)+V3us 0,1 (0r) (13)

where 07 = & + km is the value of ¢, at the end of Sector L.
Similarly, ©~ represents the phase that is lagging phase =
by 27 /3 and Sector III is where this phase is clamped. Similar
to Sector II, vz 4 is calculated according to phase = (vz g =
Vz cos(0y-) + sign(v),- ) Veons, with 0~ = 0, — 27/3), and the
square cluster voltage of phase z when phase =~ is clamped
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Fig.2. Main converter waveforms of phase x when applying the proposed DM
strategy to a CHB-StatCom. The black dashed lines correspond to CM, while
the solid lines correspond to the proposed DM strategy. (a) Capacitive operation.
(b) Inductive operation.

corresponds to

/

I,V
U?lus,x,[]l<9$> = +2ch/n [cos (20,) — cos (2011)]

LVy . .
_ W [S1n(29x+57r/6)— Sln(2911+5ﬂ'/6)]
1 21, Vcons
+ sign (vl ) wgCﬁ [cos(0,)— cos(0r1)]
V3 LV,
B 7OJé]C'/ZTL.(QI_011)+v621us,m,II(QII) (14)

where 0;; = 5 + km is the value of 0, at the end of Sector II.

The piecewise continuous capacitor voltage waveforms (12)—
(14) under DM stand in contrast with the continuous waveform
(7) under CM. For a better illustration, Fig. 2 shows the main
StatCom waveforms of phase x under DM (in solid lines) and
under CM (in dashed lines). Note that [0;;;, 6;) corresponds
to Sector I, [0, 6;r) corresponds to Sector II, and [0, O71)
corresponds to Sector III. As can be observed, under the same re-
active power, the CVR reduces when the proposed DM strategy
is applied, thus allowing to reduce the capacitance value.

In order to illustrate the importance of considering the piece-
wise continuous nature of the capacitor voltages, i.e., the result of
interaction between the zero-sequence voltage and the capacitor
voltages, Fig. 3 depicts a simulation result. Before the transition
att = 0.025 s, (7)is used as reference capacitor voltage, whereas
(12)—(14) are used after the transition. The controller used
for the simulation is based on incremental passivity theory, as
in [20], adapted to the three-phase case with star configuration
and DM. System parameters are the same as those used in the
experimental tests, as presented in Table II. Fig. 3(a) shows
the phase a converter voltages, while Fig. 3(b) depicts the grid
currents. It can be observed that when the effect of vz 4 on cluster
voltages is not considered, i.e., before t = 0.025 s, the variables
cannot follow their references, and consequently, the grid current
presents low-frequency distortion. After the transition, correct
references are generated based on the proposed DM strategy,
and proper reference tracking is achieved.

IV. BENEFITS OF THE PROPOSED DM STRATEGY

In this section, the effects of the proposed DM strategy
on capacitance requirement (see Section IV-A), inductive
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Fig.3. Simulation waveforms during a transition from neglecting the effect of
vz, 4 on cluster voltages to the proposed DM att = 0.025 s under full capacitive
power. (a) Phase a ac-side PWM voltage v, and the cluster voltage vciys,q With
their references (dashed line) and (b) grid currents.

TABLE I
EXPERIMENTAL SYSTEM PARAMETERS

Value
40v/2 V (1 pu)
0.96 kVA (1 p.u.)

Parameters
PCC Phase Voltage Nominal Amplitude, Vgn

Nominal Reactive Power, S,

Grid Angular Frequency, w 1007 rad/s
Individual Switch Switching Frequency, fs 5 kHz
Number of SMs on each phase-arm, n 1
Maximum Cluster Voltage, Veius, max 1.3‘79"
Capacitance per H-Bridge, C' 480 pF

Filter Inductance, L 2 mH (0.13 p.u.)

operation range (see Section IV-B), converter voltage total
harmonic distortion (THD) (see Section IV-C), and switching
losses (see Section IV-D) are analyzed.

A. Capacitor Size

The capacitor size is mainly determined by the desired CVR
under rated capacitive power and the prescribed maximum clus-
ter voltage Viusmax. TO evaluate the capacitance requirement
when the proposed DM strategy is applied, the maximum and
minimum cluster voltages under capacitive operation are calcu-
lated as follows.

As shown in Fig. 2(a), under capacitive operation, the cluster
voltage of phase z reaches its maximum in Sector I, and ac-
cording to (12), the maximum cluster voltage can be fixed at a
prescribed value Vijys max by setting

i (15)

chons = wC’/n

clus,max —

In Sector 11, the cluster voltage of phase x presents a minimal
value at 0,,,, where its time derivative is equal to zero. According
to (4), and since the grid current i, ,. is not zero in Sector II, 6,,
can be easily calculated by solving v, = 0. According to (5),
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Fig. 4.

Capacitance reduction effect.

and vz q in Sector II, 0,,, corresponds to

‘/COHS
0,, = arccos -

(V)2 + (Vz)? = V'Vy

(16)

where ¢ = arctan 2(§VZ, V' —1ivy).

Substituting the value of 6, into (13), the instantaneous
minimum cluster voltage vcusmin Under capacitive operation
can be analytically obtained. Once the maximum and minimum
capacitor voltages are characterized, the capacitance needed to
achieve a desired CVR can be calculated.

Note that a similar procedure can be carried out to fix a desired
Velus.max for inductive operation.

The CVR, denoted as r henceforth, is defined as [22]

Uclus,min

r=1- (17)

‘/clus,max

Therefore, for a desired CVR under nominal conditions,
denoted as r,,, the minimum cluster voltage can be written as

(18)

For example, when CM is implemented, the minimum cluster
voltage corresponds to [according to (7) and (8)]

‘/clus,min = ‘/clus,max (1 - rn) .

v V2 IV’
clus,min — clus,max wC’/n

Replacing Vijus min from (19) in (18), and solving for the equiv-
alent arm capacitance C’/n, yields

! !
c 1,V | 0)

n ‘/;%us,maxwrn (2 - rn)

. (19)

For the sake of clarity, C’ represents the individual H-bridge
capacitance when using CM, while C refers to the DM case. Note
that for the DM case, the procedure is exactly the same, i.e., the
minimum cluster voltage is analytically calculated using (13)
and (16); then, it is replaced in (18), and the resulting equation
is solved for the equivalent arm capacitance C/n.

Fig. 4 illustrates the capacitance reduction effect, which is
defined as

i=1-2

= @n
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Fig. 5. Inductive operating range comparison between CM and the proposed

DM strategy. (a) V—I character of the LC-StatCom under nominal condition.
(b) Inductive operation range varying with r, when my = 0.85.

for different values of r,, and modulation index

V/

‘/clus,max

my = 22)

As can be observed, for a given my, A gradually increases
when r,, reduces. This means that the capacitance reduction
effect is slightly larger if CVR is lower. Particularly, with my =
0.85, [20.5%, 23.5%)] capacitance reduction can be achieved in
an LC-StatCom (7, > 0.2) by using the proposed DM strategy,
whereas [23.5%, 24%)] capacitance reduction can be achieved in
a conventional CHB-StatCom (r,, < 0.2). For the LC-StatCom,
when the desired 7, = 0.6, with m varying from 0.75 to 0.9,
the capacitance reduction is in the range of [36%, 14%], or
equivalently, C' € [0.64C", 0.86C"].

B. Inductive Operation Range

As mentioned in the Introduction, the limited inductive opera-
tion of the LC-StatCom is a major drawback. In this subsection,
the inductive operation range of an LC-StatCom when using
the proposed DM strategy is evaluated. The inductive operation
range is obtained according to [10] and [12], where the filtering
impedances are neglected and the constraint |vg| < vgys, sz 18
imposed.

In Fig. 5, V,/V,, and I,/I,, denote the per-unit values of
PCC grid voltage and inductive current, respectively. Fig. 5(a),
obtained with my =1 and r, = 1 at rated capacitive power,
shows the operating limits with the proposed DM strategy
(shown in the figure in yellow). The figure also shows the oper-
ating limits with CM (shown in the figure in red) for comparison.
As can be observed, at rated voltage condition (Vg = Vgn), the
LC-StatCom with CM cannot provide reactive inductive power,
whereas with the proposed DM strategy, the LC-StatCom can
provide a maximum of 26% reactive inductive power.

A more realistic case, with m; = 0.85 and Vg =1 p.u,is
illustrated in Fig. 5(b). This operation condition allows more
than 20% capacitance reduction, if the proposed DM strategy
is applied, according to Fig. 4. As depicted in Fig. 5(b), even
though the capacitance is significantly reduced (shown in the
figure in blue), the inductive operation range is enlarged.
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Fig. 6. THD and switching loss comparison between CM and the proposed

DM strategy. (a) THD comparison under different 7,, when my = 0.85. (b)
Switching loss reduction under nominal operation with different r,, and my.
(c) Cluster voltage waveforms for the two modulations when 7, = 0.6 and
my = 0.85. (d) Switching loss reduction under different current ratings and
my when r,, = 0.6.

C. Voltage THD Assessment

Reduced current quality is a known drawback of applying
the DM at low modulation indexes [6], [23], [24]. However, for
CHB-StatComs, the drawback is avoidable because the modu-
lation index can be maintained high by controlling the capacitor
voltages. The injected zero-sequence voltage and resultant clus-
ter voltage waveforms shape the pulsewidth modulation (PWM)
ac-side converter voltages, and hence, the proposed DM strategy
will affect the converter voltage THD [25]. According to [22],
the THD of the PWM ac-side converter voltage under unipolar
modulation corresponds to

\/QUclus,m |U$| - (V/)2
THD, = o

(23)

where the overline notation shows the average (over a funda-
mental period) value of a quantity.

In this subsection, for the sake of comparison, equal V¢jys max
and r, values are imposed for both modulation techniques.
Moreover, my = 0.85 and capacitive operation have been con-
sidered. According to Section IV-A, this yields to two different
capacitances, C' (for CM) and C (for DM), where C' < C’. This
is illustrated in Fig. 6(c).

Fig. 6(a) depicts the converter ac-side voltage THD of the
CHB-StatCom according to (23), which is in agreement with
the numerical values obtained from simulation with MATLAB
Simulink. As can be observed, the THD decreases at higher CVR
values. The results show that the voltage THD decreases by the
use of DM as compared to the CM.
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D. Switching Losses

In this subsection, the switching loss reduction by applying
the proposed DM strategy is quantified for different operating
conditions. Again, two different capacitances C' and C’ are
defined for comparison purposes.

The instantaneous switching energy loss is assumed to be
proportional to the magnitude of the capacitor voltage and the
grid current at the switching instant [22], and it is defined as

g,z

follows:
Uclus,
1 g ‘/clus,max

where 4 is a discrete variable that is equal to 1 at the switching
instants, while 0 otherwise, and e, represents e, when vy, =
V;:lus,max and ig,z = Ig~

The average switching loss (over a fundamental period 1/ f,)
can be written as

(24)

€s = UEsn

fs/fa

bs = fg Z es(m)

m=1

(25)

where f; is the switching frequency and f, is the frequency of
the power system.

Fig. 6(b)—(d) illustrates the switching loss reduction effect
with f, = 50 Hz and f, = 5 kHz, which is defined as

k=1-— 12 (26)

P's

where p's and ps are the switching losses corresponding to
CM and DM, respectively. Fig. 6(b) presents the switching loss
reduction effect under rated voltage and current, for different
r, and my values. As shown, the switching loss reduction
effect can be larger than 30% if r,, is large enough. It is worth
noting that the switching loss reduction effect is not only due to
the discontinuous operation of the converter, but also due to a
lower instantaneous cluster voltage outside the clamping region,
as illustrated in Fig. 6(c). Especially, for r,, = 0.6, Fig. 6(d)
presents the switching loss reduction for different current ratings
and my values, and as can be observed, the switching loss
reduction is larger than 20% at the rated reactive current.

V. EXPERIMENTAL RESULTS

The CHB-StatCom prototype used for experimental valida-
tion consists of three IMPERIX PEH2015 H-bridge convert-
ers. The PCC grid voltage is provided by a GL&EL 15-kVA
CINERGIA grid emulator. The experimental setup is shown in
Fig. 7, and system parameters are given in Table II. The control
algorithm is implemented on a B-Box RCP 3.0 Board from
IMPERIX. The controller used for experimental tests is based
on the incremental passivity theory, as in [20], adapted to the
three-phase case with a star configuration and DM. In order to
provide a more clear illustration of the different waveforms, the
data from the oscilloscope and the controller platform (B-Box
RCP 3.0) have been used to plot Figs. 8— 11. Note that the
transition between modulations in the following parts is just
presented for illustration purposes, i.e., to show how the different
waveforms vary depending on the modulation used.
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Fig. 8. Experimental waveforms during a transition from DM to CM at t =

0.025 s under approximately 90% rated capacitive power. (a) Cluster voltages
and converter ac-side PWM voltages of phase a with their reference (dashed
line). (b) Capacitor voltages. (c) Grid currents.

Fig. 8 presents a transition from DM to CM at approximately
90% rated capacitive power. The transition occurs at time instant
t = 0.025 s. The discontinuous behavior of the converter before
t = 0.025 sis evident from Fig. 8(a), where the ac-side converter
voltages v, are clamped to their corresponding cluster capacitor
voltages vclys,,-- During these clamping periods, no switching is
produced.

A detailed illustration of the cluster voltages and correspond-
ing references is given in Fig. 8(b), where it can be observed
that the peak capacitor voltage Vijusmax 1S constant regardless
of the modulation approach, and that the cluster voltages are
properly balanced. It is important to note that the CVR presents a
reduction of approximately 15% when the proposed DM strategy
is applied, i.e., Avgiys o/ Velusmax = 15%. The CVRs under DM
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power to 50% rated capacitive power at t = 0.025 s under DM. (a) Phase a
voltages. (b) StatCom currents.
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Fig. 10. Experimental waveforms of a transition from CM to DM at t =
0.025 s under 60% inductive power. (a) Cluster voltage and converter voltage
of phase a. (b) StatCom currents. (c) Modulating signals.

and CM are around 0.36 and 0.51, respectively, and according to
(20), to achieve the same CVR as DM under the same conditions,
the capacitance needs to be increased by 28% under CM, which
corresponds to a 22% capacitance reduction. This result is in
agreement with Fig. 4. An excellent current tracking with very
little distortion can be observed from Fig. 8(c), where currents
are barely affected by the applied modulation due to the rapid
response of the capacitor voltages.

Fig. 9 depicts a transition from 100% to 50% rated capacitive
power under DM. The abrupt change in power takes place at
t = 0.025 s. Fig. 9(a) presents the transition in the converter
ac-side and dc-side voltages of phase a. It can be seen how
the prescribed maximum cluster voltage Vijusmax 1S maintained.
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70% positive-sequence capacitive current, and balanced PCC grid voltages. (a)
Cluster voltage and converter voltage of phase a. (b) StatCom currents. (c)
Modulating signals.

This is achieved owing to the reference design explained in
Section IV-A. Again, a very fast recovery time after the transient
is observed in the capacitor voltages.

Fig. 9(b) shows a fast and damped transient response in the
StatCom currents, with a response time lower than 2 ms after an
abrupt change of reactive power occurs during DM.

Fig. 10 depicts a transition from CM to the proposed DM
at ¢ = 0.025 s under 60% inductive power, with peak cluster
voltage defined as Vs max = 1.2V;,. It is worth highlighting
that the absence of switching events in v, when using CM,
as shown in Fig. 10(a), is a consequence of overmodulation.
After the transition, the absence of switching is due to the
discontinuous operation imposed by the proposed DM, as the
modulating signals in Fig. 10(c) indicate. Consequently, the
StatCom currents under CM are distorted, while under the
proposed DM, the currents are sinusoidal.

The agreement between the measured waveforms and their
references corroborates the correctness of the analytical deriva-
tions in Section I1I. The experimental results verify the feasibility
and effectiveness of the proposed DM strategy.

Experimental results under negative-sequence current com-
pensation are presented in Fig. 11, which illustrates a transition
att = 0.05 s from CM to the proposed DM (the capacitor size is
double for this unbalanced experiment due to the large CVRs).
The LC-StatCom is providing 70% rated positive-sequence
capacitive current and 21% rated negative-sequence current
{; =—-0.15pu, Iq’ = —0.15 p.u., where the abc—dq0 trans-
formation follows the amplitudes invariant transformation [26]).
As depicted in Fig. 11, when CM is used, the absence of
switching events in v, in Fig. 11(a) is due to overmodulation,
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TABLE III
SIMULATION SYSTEM PARAMETERS

Value
6000v/2 V (1 p.u.)
36MVA (1 p.u.)

Parameters
PCC Phase Voltage Nominal Amplitude, Vgn

Nominal Reactive Power, Sy,

Grid Angular Frequency, w 1007 rad/s
Individual Switch Switching Frequency, fs 5 kHz
Number of SMs on each phase-arm, n 5
Maximum Cluster Voltage, Viius,max 1.3Vgn
Capacitance per H-Bridge, C' 6.2 mF

Filter Inductance, L4 1.1 mH (0.115 p.u.)
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Fig. 12.  Unbalanced Condition I: I, = —0.2 p.u., I, = 0 p.u., and VgJ, =
0.5 p.u., under positive-sequence full capacitive current with a transition from
the proposed DM to CM att = 0.05 s.

as the modulating signals in Fig. 11(c) clearly show (they are
outside the [—1, 1] range). This causes low-frequency distortion
in the injected StatCom currents, as shown in Fig. 11(b). Once
the proposed DM is applied at ¢ = 0.05 s, the low-frequency
distortion in the injected StatCom currents vanishes, as shown
in Fig. 11(b), and the modulating signals are within the range
[—1, 1], as shown in Fig. 11(c).
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Fig. 13.  Unbalanced Condition II: I, = —0.21 p.u. and [, = —0.21 p.u.
under positive-sequence full capacitive power and balanced PCC grid voltages
with a transition from the proposed DM to CM at ¢t = 0.05 s.

The experimental results in Fig. 11 show the capability of the
proposed DM in enhancing the negative-sequence current com-
pensation capability compared to CM. This happens because
the phase with the highest voltage magnitude, which is the most
unfavorable, is always clamped by the proposed DM algorithm.

VI. SIMULATION VERIFICATION OF A PRACTICAL
LC-STATCOM SYSTEM

Simulation results obtained using a 36-MVA LC-StatCom
with five SMs per phase connected to a 6-kV grid are dis-
cussed in this section. Table III provides the parameters used
in the simulation. Simulation results present a transition from
DM to CM at ¢ = 0.05 s. Two typical unbalanced conditions
under positive-sequence full capacitive current are presented,
namely, Unbalanced Condition I and Unbalanced Condition I1.
Unbalanced Condition I corresponds to Fig. 12, and it shows
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Fig. 14.  Inductive operation: A transition from DM to CM under 50% positive-

sequence inductive power and balanced grid voltage.

the negative-sequence current compensation ability of the LC-
StatCom under steady-state asymmetrical grid voltage opera-
tion, whereas Unbalanced Condition II corresponds to Fig. 13,
and it presents the behavior of the LC-StatCom under balanced
grid voltages when the negative-sequence current reference is
beyond its manageable limits, i.e., the converter will be in its
overmodulation region if CM is applied [21].

Fig. 12 shows that the voltage in phase b is about half that
of the voltage in the other phases, and the dg components of
the negative-sequence current correspond to [, = —0.2 p.u.
and I, = 0 p.u. Note that the active power introduced by the
negative sequence is compensated by means of a controller that
generates a positive-sequence d component current reference.
It can be observed that the current quality is excellent under
both modulation techniques and that the magnitude of the CVR
is lower under the proposed DM strategy. Capacitor voltages
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are tightly balanced, and their peaks correctly regulated to the
predefined value Vs max-

Fig. 13 presents an operating condition with /, = —0.21 p.u.,
I, = —0.21 p.u., and rated PCC grid voltages. As depicted
in Fig. 13, the LC-StatCom currents present low-frequency
distortion under CM due to overmodulation. Nevertheless, by
using the proposed DM strategy, the LC-StatCom currents are
sinusoidal. The simulation results in Fig. 13 are in agreement
with those in Fig. 11.

Furthermore, the inductive operation enhancement previously
discussed in Section IV-B is corroborated via simulation. Fig. 14
presents a transition from DM to CM under 50% inductive
power. For the sake of comparison with Fig. 5(b), Veiysmax =
1.117971 has been adjusted in order to guarantee that my is
approximately 0.85 and r,, is approximately 0.55. The result
shows that the LC-StatCom can provide 50% inductive reactive
power by using the proposed DM strategy, while by using a con-
ventional CM, the converter is overmodulated, and the currents
present low-frequency distortion. This result is in agreement
with Fig. 5(b), where 50% inductive reactive power atr,, = 0.55
can only be attained by using the proposed DM strategy. This
result effectively demonstrates the capability of the proposed
DM strategy to enhance the inductive range in LC-StatCom
applications. Unlike methods in [10], [18], and [19], the pro-
posed DM strategy represents a hardware-free solution with no
associated losses.

VII. CONCLUSION

A DM technique for CVR reduction in the CHB-StatCom with
a star configuration has been proposed in this article. The pro-
posed DM strategy takes into account the CVR and the capacitor
voltage dynamics, and as a result, it produces a better converter
steady-state performance, particularly when small capacitance
values are used. In addition to preserving the known DM benefit
of lower switching losses, the proposed DM strategy yields
reduced capacitance requirements and an enhanced inductive
operation for the LC-StatCom. Experimental results verified
the validity of the proposed DM strategy for CHB-StatComs,
while showing its potential for capacitance reduction, inductive
operation, and negative-sequence current compensation range
enhancement in comparison with CM. Simulation results show
the feasibility of the proposed DM strategy in a practical LC-
StatCom system and illustrate the effectiveness of the proposed
DM strategy in dealing with severe unbalanced grid conditions
and its ability to outperform CM.

REFERENCES

[1] A. M. Alcaide et al., “Discontinuous-PWM method for multilevel N-cell
cascaded H-bridge converters,” IEEE Trans. Ind. Electron., vol. 68, no. 9,
pp- 7996-8005, Sep. 2021.

[2] Y.Ko, M. Andresen, G. Buticchi, and M. Liserre, “Thermally compensated
discontinuous modulation strategy for cascaded H-bridge converters,”
IEEE Trans. Power Electron., vol. 33, no. 3, pp. 2704-2713, Mar. 2018.

[3] Y. Neyshabouri, K. K. monfared, H. Iman-Eini, Q. Xiao, and M. Farhadi-
Kangarlu, “Cascaded H-bridge based STATCOM with improved ride
through capability of submodule failures,” IEEE Trans. Ind. Electron.,
to be published, doi: 10.1109/TIE.2021.3071703.

2799

[4] R. Picas, S. Ceballos, J. Pou, J. Zaragoza, G. Konstantinou, and V. G.
Agelidis, “Closed-loop discontinuous modulation technique for capacitor
voltage ripples and switching losses reduction in modular multilevel
converters,” IEEE Trans. Power Electron., vol. 30, no. 9, pp. 4714-4725,
Sep. 2015.

[5] N. Nguyen, B. Nguyen, and H. Lee, “An optimized discontinuous PWM
method to minimize switching loss for multilevel inverters,” IEEE Trans.
Ind. Electron., vol. 58, no. 9, pp. 3958-3966, Sep. 2011.

[6] A. M. Hava, R. J. Kerkman, and T. A. Lipo, “A high-performance gen-
eralized discontinuous PWM algorithm,” IEEE Trans. Ind. Appl., vol. 34,
no. 5, pp. 1059-1071, Sep./Oct. 1998.

[71 A. M. Hava, R. J. Kerkman, and T. A. Lipo, “Simple analytical and
graphical methods for carrier-based PWM-VSl drives,” I[EEE Trans. Power
Electron., vol. 14, no. 1, pp. 49-61, Jan. 1999.

[8] O. Ojo, “The generalized discontinuous PWM scheme for three-phase
voltage source inverters,” IEEE Trans. Ind. Electron., vol. 51, no. 6,
pp. 1280-1289, Dec. 2004.

[9] M. M. Ertay and A. Zengin, “Analysis of the discontinuous PWM
controlled D-STATCOM for reactive power compensation applications,”
Tehnicki Vjesnik., vol. 21, no. 4, pp. 825-833, Aug. 2014.

[10] G. Farivar, C. D. Townsend, B. Hredzak, J. Pou, and V. G. Agelidis,
“Passive reactor compensated cascaded H-bridge multilevel LC-StatCom,”
IEEE Trans. Power Electron., vol. 32, no. 11, pp. 8338-8348, Nov. 2017.

[11] Z.He,L.Zhang, T.Isobe, and H. Tadano, “Dynamic performance improve-
ment of single-phase STATCOM with drastically reduced capacitance,” in
Proc. IEEE 3rd Int. Future Energy Electron. Conf. ECCE Asia, Jun. 2017,
pp. 1413-1418.

[12] G. Farivar, C. D. Townsend, B. Hredzak, J. Pou, and V. G. Agelidis, “Low-
capacitance cascaded H-bridge multilevel StatCom,” IEEE Trans. Power
Electron., vol. 32, no. 3, pp. 1744-1754, Mar. 2017.

[13] T.Isobe, L.Zhang, H. Tadano, J. A. Suul, and M. Molinas, “Control of DC-
capacitor peak voltage in reduced capacitance single-phase STATCOM,”
in Proc. IEEE 17th Workshop Control Model. Power Electron., Jun. 2016,
pp. 1-8.

[14] T. Isobe, D. Shiojima, K. Kato, Y. R. R. Hernandez, and R. Shimada,
“Full-bridge reactive power compensator with minimized-equipped ca-
pacitor and its application to static var compensator,” IEEE Trans. Power
Electron., vol. 31, no. 1, pp. 224-234, Jan. 2016.

[15] D. Shiojima, M. Cheng, T. Isobe, and R. Shimada, “Control and design
principle of SVC-MERS—A new reactive power compensator with line
frequency switching and small capacitor,” in Proc. IEEE Energy Convers.
Congr. Expo., Sep. 2012, pp. 2045-2052.

[16] G. Farivar, J. Pou, and A. Tripathi, “LC-StatCom with symmetrical I-
V characteristic: Total harmonic distortion study,” in Proc. Asian Conf.
Energy, Power Transp. Electrific., Oct. 2017, pp. 1-5.

[17] G. Farivar, J. Pou, and A. Tripathi, “LC-StatCom with symmetrical I-
V characteristic—Power loss analysis,” in Proc. 19th Eur. Conf. Power
Electron. Appl., Sep. 2017, pp. 1-10.

[18] G. Farivar, C. Townsend, J. Pou, and B. Hredzak, “Low-capacitance
StatCom with modular inductive filter,” IEEE Trans. Power Electron.,
vol. 34, no. 4, pp. 3192-3203, Apr. 2019.

[19] E.R.Rodriguez et al., “Enhancing inductive operation of low-capacitance
cascaded H-bridge StatComs using optimal third-harmonic circulating
current,” IEEE Trans. Power Electron., vol. 36, no. 9, pp. 10788-10800,
Mar, 2021.

[20] E. R. Ramos, R. Leyva, G. G. Farivar, H. D. Tafti, C. D. Townsend, and
J. Pou, “Incremental passivity control in multilevel cascaded H-bridge
converters,” IEEE Trans. Power Electron., vol. 35, no. 8, pp. 8766—-8778,
Aug. 2020.

[21] D. Lu, J. Zhu, J. Wang, J. Yao, S. Wang, and H. Hu, “A simple zero-
sequence-voltage-based cluster voltage balancing control and the negative
sequence current compensation region identification for star-connected
cascaded H-bridge STATCOM,” IEEE Trans. Power Electron., vol. 33,
no. 10, pp. 8376-8387, Oct. 2018.

[22] G. Farivar et al., “Cascaded H-bridge low capacitance static compensator
with modular switched capacitors,” IEEE Trans. Ind. Electron., vol. 68,
no. 7, pp. 5944-5954, Jul. 2021.

[23] A. Choudhury, P. Pillay, and S. S. Williamson, “Discontinuous hybrid-
PWM-based DC-link voltage balancing algorithm for a three-level neutral-
point-clamped (NPC) traction inverter drive,” IEEE Trans. Ind. Appl.,
vol. 52, no. 4, pp. 3071-3082, Jul./Aug. 2016.

[24] S. Mukherjee, S. K. Giri, and S. Banerjee, “A flexible discontinuous
modulation scheme with hybrid capacitor voltage balancing strategy for
three-level NPC traction inverter,” IEEE Trans. Ind. Electron., vol. 66,
no. 5, pp. 3333-3343, May 2019.


https://dx.doi.org/10.1109/TIE.2021.3071703

2800

[25] C. D. Townsend, H. D. Tafti, G. G. Farivar, and J. Pou, “Analytic spec-
tral analysis technique for converters operating with oscillatory DC-link
voltage components,” IEEE Trans. Power Electron., vol. 35, no. 12,
pp. 13540-13553, Dec. 2020.

[26] R. H. Park, “Two-reaction theory of synchronous machines generalized
method of analysis—Part I,” Trans. Amer. Inst. Elect. Eng., vol. 48, no. 3,
pp. 716-727, Jul. 1929.

Qingxiang Liu (Student Member, IEEE) received the
B.Sc. degree in electrical engineering from Wuhan
University, Wuhan, China, in 2018, and the M.Sc.
degree in power electronics in 2019 from the Nanyang
Technological University, Singapore, where he is
currently working toward the Ph.D. degree with the
Energy Research Institute@NTU, Interdisciplinary
Graduate Programme.

His research interests include modulation and con-
trol of power converters, multilevel converters, and
flexible ac transmission system devices.

Ezequiel Rodriguez (Student Member, IEEE) was
born in Tarragona, Spain, in 1994. He received the
B.S. (Hons.) degree in electrical engineering and the
M.S. (Hons.) degree in engineering and technology of
electronic systems from Universitat Rovira i Virgili,
Catalonia, Spain, in 2016 and 2017, respectively.

He has submitted his Ph.D. thesis to the School
of Electrical and Electronic Engineering, Nanyang
Technological University (NTU), Singapore. He is
currently a Postdoctoral Research Associate with the
Energy Research Institute, NTU. His research inter-
ests include modeling and control of power electronic converters, with an
emphasis on modular multilevel cascade converters for energy storage and
flexible ac transmission system applications.

AL

Glen G. Farivar (Senior Member, IEEE) received
the B.Sc. degree in electrical engineering from the
Nooshirvani Institute of Technology, Babol, Iran, in
2008, the M.Sc. degree in power electronics from the
University of Tehran, Tehran, Iran, in 2011, and the
Ph.D. degree in electrical engineering from the Uni-
versity of New South Wales, Sydney, NSW, Australia,
in 2016.

He is currently a Senior Research Fellow with the
Energy Research Institute, Nanyang Technological
University, Singapore. His research interests include
renewable energy systems, high-power convertors, energy storage, flexible ac
transmission system devices, and hybrid electric vehicles.

Salvador Ceballos received the M.S. degree in
physics from the University of Cantabria, Santander,
Spain, in 2001, and the M.S. and Ph.D. degrees in
electronic engineering from the University of the
Basque Country, Bilbao, Spain, in 2002 and 2008,
respectively.

Since 2002, he has been with Tecnalia Research
and Innovation, Derio, Spain, where he is currently
a Principal Researcher with the Energy and En-
vironment Division. His research interests include
multilevel converters for high- and medium-voltage
applications, fault-tolerant power electronic topologies, renewable energy sys-
tems, and power systems with high penetration of power converters.

IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 37, NO. 3, MARCH 2022

Christopher D. Townsend (Member, IEEE) received
the B.E. and Ph.D. degrees in electrical engineering
from the University of Newcastle, Callaghan, NSW,
Australia, in 2009 and 2013, respectively.

He was with ABB Corporate Research, Visteras,
Sweden, for three years, where he worked on next-
generation high-power converter technologies. Since
then, he has held various postdoctoral research po-
sitions including at the University of New South
Wales, Sydney, NSW, Australia; the University of
Newcastle, Callaghan, NSW, Australia; and Nanyang
Technological University, Singapore. In 2019, he joined the Department of Elec-
trical, Electronic and Computer Engineering, University of Western Australia,
Crawley, WA, Australia, as a Senior Lecturer. He has authored more than 60
published technical papers and has been involved in several industrial projects
and educational programs in the field of power electronics. His research interests
include topologies and modulation strategies for multilevel converters applied in
power systems, renewable energy integration, and electric vehicle applications.

Dr. Townsend is a Member of the IEEE Power Electronics Society and the
IEEE Industrial Electronics Society.

Ramon Leyva (Senior Member, IEEE) received
the M.Sc. and Ph.D. degrees in telecommunica-
tion engineering from the Universitat Politecnica
de Catalunya, Barcelona, Spain, in 1992 and 2000,
respectively.

He was a Visiting Professor with the Laboratory
for Analysis and Architecture of Systems (CNRS),
Toulouse, France, in 2002-2003, 2009, and 2010 and
with the Colorado Power Electronics Center, Univer-
sity of Colorado at Boulder, Boulder, CO, USA, in
2012. He is currently an Associate Professor with the
Departament d’Enginyeria en Electronica, Electrica i Automatica, Universitat
Rovira i Virgili, Tarragona, Spain. He has coauthored more than 100 scientific
publications, two books, and one patent. He has been involved in more than
20 R&D projects. He serves as a Reviewer for several IEEE and IET scientific
publications. His research interests include nonlinear and robust control of power
converters and renewable energy.

Josep Pou (Fellow, IEEE) received the B.S., M.S.,
and Ph.D. degrees in electrical engineering from the
Technical University of Catalonia (UPC), Barcelona,
Spain, in 1989, 1996, and 2002, respectively.

In 1990, he joined the Faculty of UPC as an Assis-
tant Professor and became an Associate Professor in
1993. From February 2013 to August 2016, he was
a Professor with the University of New South Wales
(UNSW), Sydney, NSW, Australia. He is currently a
Professor with the Nanyang Technological University
(NTU), Singapore, where he is the Program Director
of Power Electronics with the Energy Research Institute@NTU and the Co-
Director of the Rolls-Royce with NTU Corporate Lab. From February 2001 to
January 2002, and from February 2005 to January 2006, he was a Researcher
with the Center for Power Electronics Systems, Virginia Tech, Blacksburg, VA,
USA. From January 2012 to January 2013, he was a Visiting Professor with the
Australian Energy Research Institute, UNSW. He has authored more than 370
published technical papers and has been involved in several industrial projects
and educational programs in the fields of power electronics and systems. His
research interests include modulation and control of power converters, multilevel
converters, renewable energy, energy storage, power quality, HVdc transmission
systems, and more-electrical aircraft and vessels.

Dr. Pou is an Associate Editor for IEEE JOURNAL OF EMERGING AND SE-
LECTED TOPICS IN POWER ELECTRONICS. He was a Co-Editor-in-Chief and an
Associate Editor for IEEE TRANSACTIONS ON INDUSTRIAL ELECTRONICS. He
is the recipient of the 2018 IEEE Bimal Bose Award for Industrial Electronics
Applications in Energy Systems.




<<
  /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


