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Abstract—Optimized pulse patterns (OPPs) minimize the har-
monic distortions of inductive loads. To simplify the analysis and
computation, quarter- and half-wave symmetry is typically im-
posed. Moreover, for three-level converters, the switch positions
are required to be non-negative in the positive half-wave of the
fundamental period. This article investigates the impact of these
restrictions on the harmonic distortions. By relaxing the symmetry
requirements and by allowing also negative switch positions in the
positive half-wave of the fundamental period, the current distor-
tions can be reduced by up to one-third compared to the traditional
OPP formulation.

Index Terms—Half-wave symmetry, medium-voltage drives,
optimized pulse patterns (OPPs), quarter-wave symmetry,
synchronous optimal pulsewidth modulation.

I. INTRODUCTION

O PTIMIZED switching signals reduce the harmonic dis-
tortions in the converter currents [1] and, thus, reduce the

harmonic losses in the load. This is particularly important for
high-power converters operating at low switching frequencies.
The switching signals can be calculated offline by using either
selective harmonic elimination (SHE) or optimized pulse pat-
terns (OPPs).

SHE was first mentioned in 1964 [2]. By setting specific
harmonics to zero, an algebraic system of equations is derived,
whose solutions are the switching angles. The technique was
further developed in [3] and [4], and later became popular for low
switching frequency applications. For each modulation index,
multiple solutions typically exist. To identify all solutions of the
system of equations, the method of resultants can be used as
proposed in [5].

The concept of OPPs, also referred to as synchronous optimal
pulsewidth modulation, was first published in 1977 [6]. This
offline modulation technique minimizes the entire (weighted)
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harmonic content in the switching signal instead of eliminating
individual harmonics [7]. To this end, an optimization problem
is formulated with a cost function that captures the current
distortions. By minimizing the cost function subject to con-
straints on the fundamental voltage component and the order
of the switching angles, an optimal set of switching angles
is derived for each modulation index. This optimal solution
is typically unique. The comparison of three-level OPPs with
the corresponding SHE solutions reveals the superior harmonic
performance of the OPPs [8]. The OPP problem formulation
was extended to multilevel converters in [9].

In both modulation methods, quarter- and half-wave symme-
try is typically imposed on the switching signal. For the SHE
problem, the restrictive nature of the quarter-wave symmetry
condition was first reported in [10]. Several new solutions
emerge for two-, three-, and multilevel switching signals when
relaxing quarter-wave symmetry, unattainable for the traditional
quarter- and half-wave symmetry problem formulation. Fur-
thermore, the removal of quarter-wave symmetry reduces the
overall harmonic distortions in the switching signal for certain
half-wave symmetric (HWS) solution sets [11]. The additional
relaxation of half-wave symmetry results in an infinite number
of solutions [12] in the SHE problem.

Only recently, symmetry relaxation in OPPs has been inves-
tigated. In [13] and [14], two-level OPPs with relaxed quarter-
wave symmetry are computed, which achieve lower harmonic
distortions in the converter current in certain intervals of the
modulation range. Two-level pulse patterns with only half-wave
symmetry imposed are also beneficial when considering the
isotropy properties of an electrical machine. As shown in [15],
such OPPs result again in lower harmonic distortions in certain
intervals of the modulation range.

Another restriction is commonly made for multilevel switch-
ing signals: In the positive half-wave of the fundamental pe-
riod, only non-negative switch positions are considered and
vice versa for the negative half-wave. This results in unipolar
pulse patterns. The relaxation of this restriction by allowing
multipolar switch positions has not been studied yet, as the
published research on OPPs with relaxed symmetry was done
only for two-level pulse patterns, to which this restriction is not
applicable. We also consider nonzero initial switch positions,
which have not been investigated in the unified SHE approach.

It is often assumed that the traditional OPPs achieve minimal
harmonic current distortions and that, consequently, no switch-
ing pattern exists with lower current distortions. However, the
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Fig. 1. Single-phase,2π-symmetric pulse pattern (solid) withk = 8 switching
angles αi and switching transitions Δui. The pulse number is d = 2. The am-
plitude of the fundamental component (dashed) corresponds to the modulation
index m.

typical assumptions on symmetry and polarity of the switch
positions impose restrictions on the search space, which can
lead to suboptimal results. In this article, these implicitly made
restrictions are relaxed, which increases the search space and
allows us to find solutions with lower harmonic distortions.

This article is structured as follows. In Section II, the nomen-
clature is introduced and the objective function is derived. The
harmonic analysis of the pulse pattern for different symmetry
conditions is presented in Section III, based on which four differ-
ent optimization problems are derived in Section IV. Section V
discusses the resulting OPPs and their harmonic performances,
which are experimentally verified in Section VI. Finally, Section
VII concludes the article.

II. OPTIMAL PULSE PATTERNS

We start by defining the pulse number d = fsw
f1

as the ratio
of the average semiconductor switching frequency fsw to the
fundamental frequency f1 of the single-phase switching sig-
nal. Let k denote the number of switching transitions in one
fundamental period. For the three-level neutral-point-clamped
inverter, each switching transition corresponds to a turn-on tran-
sition in one of the four semiconductor switches in a phase-leg.
Within one period, this gives an average of k

4 turn-on transitions
per semiconductor. Thus, the average switching frequency per
semiconductor is fsw = k

4 f1, resulting in the pulse number
d = k

4 .
Assuming symmetry between the phases, the three-phase

switching signal can be constructed from the single-phase
switching signal. Therefore, we consider that the single-phase
case is sufficient when formulating the OPP problem.

A. Pulse Pattern

We consider a 2π-periodic OPP without any additional sym-
metry imposed. We refer to this as full-wave symmetry. A
full-wave symmetric (FWS) OPP with pulse number d is defined
by 4d+ 1 switch positions ui with i ∈ {0, . . . , 4d} and 4d
switching anglesαi with i ∈ {1, . . . , 4d} (see Fig. 1). Due to the
2π-periodicity, the initial switch position matches the last switch
position, i.e., u0 = u4d. The ith switching angle corresponds to
the ith switching transition Δui = ui − ui−1. It follows that the
ith switch position ui is given by the sum of the first i switching

transitions added to the initial switch position u0

ui = u0 +

i∑

j=1

Δuj . (1)

Switching by more than one level up or down is generally
prohibited for multilevel inverters; this restricts the switching
transitions to Δui ∈ {−1, 1}. Furthermore, for the three-level
inverter, the switch positions are restricted to ui ∈ {−1, 0, 1}.

It is clear that the switch positions pose an additional de-
gree of freedom in the optimization problem. Thus, there
are two sets of optimization variables: the set of switching
angles αF = [α1 . . . α4d]

T , and the set of switch positions
uF = [u0 . . . u4d−1]

T . Both sets have 4d elements.

B. Objective Function

OPPs aim to minimize the harmonic distortions in the inverter
output current. To achieve this, the total demand distortion
(TDD) of the current is adopted for the objective function in
the OPP computation. The current TDD

ITDD =
1√
2Inom

√∑

n �=1

(
în

)2

(2)

is the square root of the sum of the squared current harmonic
amplitudes în of ordern relative to the nominal (or rated) current,
where Inom is the rms value of the nominal current.

Let ûn denote the amplitude of thenth harmonic of the single-
phase pulse pattern. For a three-level inverter, the amplitude of
the corresponding voltage harmonic is v̂n = Vdc

2 ûn, where Vdc

is the dc-link voltage.
Assume that the inverter is connected to an inductive load

with inductance Lσ . The amplitude of the nth current harmonic

directly follows as în =
v̂n

nω1Lσ
, where ω1 = 2πf1 denotes

the angular fundamental frequency. Note that for an inductive
machine, Lσ corresponds to the total leakage inductance. The
stator resistance is neglected.

Substituting both mathematical relationships in (2) gives

ITDD =
1√

2Inomω1Lσ

Vdc

2

√√√√
∑

n�=1

(
ûn

n

)2

. (3)

We interpret (3) as ITDD = C
√
J . The constant C depends

only on the inverter and load parameters, whereas the term

J =
∑

n�=1

(
ûn

n

)2

(4)

is a function of the amplitudes of the switching signal harmonics.
Minimizing the current TDD is, thus, equivalent to minimizing
J , which is chosen as the general objective function for the OPP
optimization problem.

III. HARMONIC ANALYSIS OF PULSE PATTERNS

The harmonic distortion of the switching signal can be com-
puted by using a Fourier series expansion. With the assumption
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TABLE I
FOURIER COEFFICIENTS an AND bn WHEN IMPOSING FULL-WAVE SYMMETRY, HALF-WAVE SYMMETRY, OR QUARTER- AND HALF-WAVE

SYMMETRY ON THE SWITCHING SIGNAL

of 2π-periodicity, the single-phase switching signal is repre-
sented by

u(θ) =
a0
2

+
∞∑

n=1

(
an cos(nθ) + bn sin(nθ)

)
(5)

with the Fourier coefficients

an =
1

π

∫ 2π

0

u(θ) cos(nθ) dθ, for n ≥ 0 , and

bn =
1

π

∫ 2π

0

u(θ) sin(nθ) dθ, for n ≥ 1 . (6)

The amplitude ûn of the nth switching signal harmonic is
given by ûn =

√
a2n + b2n . With this, the objective function (4)

becomes a function of the Fourier coefficients

J =
∑

n�=1

a2n + b2n
n2

. (7)

To derive the Fourier coefficients, consider that the switching
signal is a piece-wise constant function with 4d+ 1 intervals,
(see Fig. 1). The integrals of the Fourier coefficients (6) can, thus,
be written in 4d+ 1 terms of which the limits are the switching
angles and the switch positions are a constant factor

an =
1

π

[
u0

∫ α1

0

cos(nθ) dθ + u1

∫ α2

α1

cos(nθ) dθ

+ · · ·+ u4d

∫ 2π

α4d

cos(nθ) dθ

]
. (8)

With the help of (1), the switch positions can be represented as
the sum of the switching transitions. This allows us to rearrange

the integrals as follows

an =
1

π

[
u0

∫ α1

0

cos(nθ) dθ + (u0 +Δu1)

∫ α2

α1

cos(nθ) dθ

+ · · ·+
⎛

⎝u0 +
4d∑

j=1

Δuj

⎞

⎠
∫ 2π

α4d

cos(nθ) dθ

⎤

⎦ (12)

=
1

π

[
u0

∫ 2π

0

cos(nθ) dθ +Δu1

∫ 2π

α1

cos(nθ) dθ

+ · · ·+Δu4d

∫ 2π

α4d

cos(nθ) dθ

]
(13)

=
1

π

[
u0

∫ 2π

0

cos(nθ) dθ +

4d∑

i=1

Δui

∫ 2π

αi

cos(nθ) dθ

]
.

(14)

Note that the upper limit of each integral is 2π. Solving the
integrals leads to the compact expression in (9) in Table I for
the Fourier coefficients an of pulse patterns with full-wave
symmetry. Similar expressions can be derived for the Fourier
coefficients bn. The FWS pulse patterns consist of harmonics of
all orders and different phase shifts, represented by an and bn,
as well as the dc-offset a0.

By imposing half-wave symmetry, the Fourier coefficients
depend only on one half-wave of the pattern, as the second
half-wave relates to the first one by u(π + θ) = −u(θ). This
eliminates all even harmonics in the switching signal including
the dc-offset. The remaining odd harmonics vary in magnitude
and phase (see (10) in Table I).
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Fig. 2. Overview of the three-level OPP problems, depending on the imposed restrictions of the pulse pattern.

We additionally impose quarter-wave symmetry, i.e.,
u(π − θ) = u(θ), on the HWS pulse pattern.1 The combined
quarter- and half-wave symmetry turns the Fourier coefficients
an to zero (see (11) in Table I). This restricts the phases of the
harmonics to 0◦ and 180◦; the magnitudes of the switching signal
harmonics are directly given by ûn = bn.

For more details on the derivation of the Fourier coefficients
when imposing different symmetries, the interested reader is
referred to [16]. A detailed derivation of (11) is provided in [17,
Ch. 3 Appendix A].

IV. OPP OPTIMIZATION PROBLEMS

The general unrestricted three-level OPP optimization prob-
lem with full-wave symmetry and multipolar switch positions is
derived. Imposing first half-wave symmetry and, then, quarter-
wave symmetry leads to the second and third OPP problems,
respectively; both consider multipolar switch positions. Finally,
the switch positions are restricted to unipolar values, which
yields the traditional OPP problem with quarter- and half-wave
symmetry and unipolar switch positions. The characteristics of
these four OPP optimization problems are summarized in Fig. 2.

The following three requirements must always be met: the
magnitude of the fundamental component must be equal to the
modulation index m, where m ∈ [0, 4

π ], the pulse pattern has

1Note that we assume that quarter-wave symmetry and half-wave symmetry
are unrelated concepts. For example, pulse patterns with quarter-wave symmetry
but without half-wave symmetry can be constructed, e.g., by allowing for a dc
offset. For this reason, we distinguish between quarter- and half-wave symmetry,
and we define quarter-wave symmetry without the implication of half-wave
symmetry.

a zero dc-offset, and the phase of the fundamental component
must be zero.

Consider that third-order voltage harmonics, i.e., integer
multiples of three, are in phase. When assuming a symmetric
three-phase system with a floating star point, these so-called
common-mode harmonics entail no harmonic current. There-
fore, only harmonics of nonthird orders, i.e., n = 2, 4, 5, 7, . . .,
are considered in the objective function.

A. Full-Wave Symmetry

Assuming2π-periodicity in the general OPP problem requires
u4d = u0; this implies an even number k of switching angles in
the pulse pattern. Owing to d = k

4 , this allows for noninteger
pulse numbers d ∈ {1, 1.5, 2, 2.5, . . .} for FWS OPPs.

With these requirements, the full-wave symmetry optimiza-
tion problem can be written as

minimize
αF ,uF

J(αF , uF ) =
∑

n=2,4,5,7,...

a2n + b2n
n2

subject to a0 = 0, a1 = 0, b1 = m

0 ≤ α1 ≤ α2 ≤ . . . ≤ α4d ≤ 2π

ui ∈ {−1, 0, 1} and ui+1 − ui ∈ {−1, 1}
∀ i ∈ {0, . . . , 4d− 1} (15)

where αF = [α1 . . . α4d]
T and uF = [u0 . . . u4d−1]

T are the
vectors containing the optimization variables, and an and bn
are the Fourier coefficients given in (9).
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B. Half-Wave Symmetry

Imposing half-wave symmetry reduces the problem dimen-
sion to 2d switching angles within [0, π], and 2d switch po-
sitions, where symmetry requires u2d = −u0. This implies an
even number of switching transitions within one half-wave, i.e.,
d ∈ N.

Due to the absence of even harmonics in the HWS pulse
pattern, the dc-offset a0 is always zero (see (10) in Table I).
The constraint on the dc-offset can, thus, be dropped and only
harmonics of orders n = 5, 7, 11, . . . are considered in the ob-
jective function. This leads to the problem formulation

minimize
αH ,uH

J(αH , uH) =
∑

n=5,7,11,...

a2n + b2n
n2

subject to a1 = 0, b1 = m

0 ≤ α1 ≤ α2 ≤ . . . ≤ α2d ≤ π

ui ∈ {−1, 0, 1} and ui+1 − ui ∈ {−1, 1}
∀ i ∈ {0, . . . , 2d− 1} (16)

with αH = [α1 . . . α2d]
T and uH = [u0 . . . u2d−1]

T .

C. Quarter- and Half-Wave Symmetry

Additionally imposing quarter-wave symmetry restricts the
independent switching angles to one quarter of the fundamental
period and reduces their number to d. Furthermore, quarter-
and half-wave symmetry requires the initial switch position u0

to be zero.
The Fourier coefficients (11) are zero for even-order harmon-

ics. The phase shifts of the harmonics are either 0◦ or 180◦.
As a result, the fundamental component always has zero phase,
and the constraint a1 = 0 can be dropped. For quarter- and
half-wave symmetry, the OPP problem with αQ = [α1 . . . αd]

T

and uQ = [u1 . . . ud]
T results in

minimize
αQ,uQ

J(αQ, uQ) =
∑

n=5,7,11,...

(
bn
n

)2

subject to b1 = m

0 ≤ α1 ≤ α2 ≤ . . . ≤ αd ≤ π

2

ui ∈ {−1, 0, 1} and ui − ui−1 ∈ {−1, 1}
∀ i ∈ {1, . . . , d}. (17)

D. Quarter- and Half-Wave Symmetry With Unipolar Switch
Positions

In the traditional unipolar OPP problem formulation, the
switch positions are required to be non-negative in the pos-
itive half-wave of the fundamental period. Together with the
requirement that the initial switch position has to be zero,
i.e., u0 = 0, the switching transitions directly follow to Δui =
(−1)1+i ∀ i ∈ {1, . . . , d} for three-level pulse patterns. Thus,
the sequence of switch positions becomes us = [0 1 0 1 . . .]T ,
which eliminates the switch positions as optimization variables.

TABLE II
SYSTEM PARAMETER FOR OPP COMPUTATION

Fig. 3. QaHWS pulse patterns with d = 2, m = 0.6 and unipolar switch
positions.

For the traditional OPP problem, the switching angles in the first
quarter of the fundamental period remain as optimization vari-
ables αs = [α1 . . . αd]

T . The resulting optimization problem is
as follows

minimize
αs

J(αs) =
∑

n=5,7,11,...

(
bn
n

)2

subject to b1 = m

0 ≤ α1 ≤ α2 ≤ . . . ≤ αd ≤ π

2
. (18)

V. OPP COMPUTATION

OPPs resulting from all four previously formulated optimiza-
tion problems are computed for a three-level neutral-point-
clamped inverter connected to a three-phase medium-voltage
induction machine. The system parameters are given in Table II.
In a per unit system (pu) based on the rated values in this
table, the induction machine has a total leakage inductance of
Xσ = 0.255 pu. For the computation, the fmincon solver of
MATLAB was used.

Modulation indices in the range from 0 to 4
π with a step size

of 0.01 were considered. At each modulation index, each opti-
mization problem was solved for 100 random initial conditions,
which increases the probability of finding the global minimum.
The infinite sum of harmonics in the objective function was
approximated by considering the first 100 harmonics. This can
be justified by the fact that the amplitudes of the harmonic
currents are very small at high frequencies.

In the multipolar optimization problems (15), (16), and (17),
the switching angles αi and the switch positions ui are the
optimization variables. Due to the restriction of the switch
positions to integer values, these problems are mixed-integer
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Fig. 4. (a) Pulse pattern and (b) harmonic current spectrum of the QaHWS OPP with d = 3,m = 0.6 and unipolar switch positionsui ∈ {0, 1}, ∀i ∈ {1, . . . , d}.

Fig. 5. (a) Pulse pattern and (b) harmonic current spectrum of the QaHWS OPP with d = 3, m = 0.6 and multipolar switch positions ui ∈ {−1, 0, 1}, ∀i ∈
{1, . . . , d}.

optimization problems. For a small number of switching angles,
it is a common practice to enumerate all feasible sequences of
switch positions (switching sequences) [18]. For each switch-
ing sequence, the optimization problem reduces to a nonlinear
optimization problem with the switching angles as optimization
variables.2

OPPs with pulse numbers 2 and 3 were computed for all
four optimization problems. For the FWS problem, also the
noninteger pulse numbers 1.5 and 2.5 were considered.

A. Quarter- and Half-Wave Symmetric (QaHWS) Optimized
Pulse Patterns

We consider an OPP with quarter- and half-wave symme-
try and pulse number 2, as shown in Fig. 3. Recall that the
fundamental component of the pulse pattern has to have zero
phase shift. When allowing multipolar switch positions, the
second switch position u1 becomes an optimization variable.
This leads to two possible switching sequences. When choosing
u1 = −1, all switch positions in the positive half-wave of the
fundamental period are negative. This corresponds to a phase
shift of 180◦ of the fundamental component, which makes the
optimization problem infeasible. Therefore, the only feasible
switching sequence for the multipolar, QaHWS OPP with pulse
number 2 is the traditional switching sequence with unipolar
switch positions, as shown in Fig. 3. Consequently, this results
in the well-known traditional OPP.

For higher pulse numbers, e.g., pulse number 3, and when
allowing multipolar switch positions, several feasible switching
sequences for QaHWS OPPs arise. Besides the traditional OPP
with unipolar switch positions, as shown in Fig. 4(a), one ex-
ample of a multipolar switching sequence is shown in Fig. 5(a).
The amplitudes of the corresponding current harmonics up to the
50th order are shown in Figs. 4(b) and 5(b). In this example with
modulation indexm = 0.6, the optimal solution is the multipolar
OPP, which reduces the current TDD by 25% relative to the
current TDD of the traditional unipolar OPP. The low-order har-
monics are particularly reduced, whereas harmonics of higher
order are slightly increased.

Considering the entire modulation range, the current TDDs
of the two QaHWS OPPs are compared in Fig. 6. Allowing
multipolar switch positions reduces the current TDD in the
highlighted interval of modulation indices. In Table III, the range
of modulation indices for which the current TDD can be reduced,
and the maximum absolute and relative reductions of the current
TDD within this interval are listed. Note that in the remainder of

2A generalized formulation of the optimization problem for multilevel OPPs
was presented in [19]. The two sets of optimization variables are combined into
a single set, which reduces the mixed-integer problem again to a nonlinear opti-
mization problem. However, this approach is based on the assumption of quarter-
and half-wave symmetry and, thus, not directly applicable to optimization
problems with half-wave and full-wave symmetry. For the SHE formulation with
half-wave symmetry, a similar approach of virtual firing angles was presented
in [20].
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Fig. 6. Current TDDs of QaHWS OPPs with d = 3.

TABLE III
INTERVALS OF CURRENT TDD REDUCTION WHEN ALLOWING MULTIPOLAR

SWITCH POSITIONS FOR QAHWS OPPS WITH d = 3

the modulation range, the unipolar and the multipolar problem
formulations yield the same OPPs.

Another important metric is the common-mode switch posi-
tion of an OPP. The common-mode switch position is the sum of
the three single-phase switching signalsux = 1

3 (ua + ub + uc),
where ua, ub, and uc are the switching signals in the phases
a, b, and c, respectively. The common-mode voltage can be
directly calculated from the common-mode switch position with
vx = Vdc

2 ux. We consider the maximum common-mode switch
position over a fundamental period of both OPPs in Fig. 7 for the
entire modulation range. The multipolar OPP reduces the current
TDD in Interval I, but increases the maximum common-mode
voltage by up to three times. This is clearly a disadvantage, and
such OPPs might not be suitable for some loads. Alternatively,
the common-mode switch position could be limited to 2

3 , at the
expense of a slightly higher current TDD.

B. Half-Wave Symmetric Optimized Pulse Patterns

Relaxing quarter-wave symmetry and allowing multipolar
switch positions increases the search space of the three-level
OPP problem in two ways. First, the domain of the switching
angles increases, which allows the optimization variables to vary
within one half-wave of the fundamental period, i.e.,αi ∈ [0, π].
Compared with the traditional OPP solutions, this means that
switching angles can be shifted beyond π

2 . Examples of such
HWS OPPs are shown in Fig. 8 for pulse numbers 2 and 3.
We can see that in both OPPs, more than half the switching
angles in one half-wave occur in one quarter of the fundamental
period. This results in new optimal solutions, which reduce the
current TDD by up to 19% relative to the QaHWS OPPs for
pulse number 2.

Fig. 7. Maximum common-mode switch positions of QaHWS OPPs
with d = 3.

The search space is further increased in HWS OPPs by turning
the initial switch position into an additional optimization vari-
able with u0 ∈ {−1, 0, 1}. This gives rise to additional feasible
switching sequences, even for pulse number 2. Examples for
OPPs with these multipolar switching sequences are shown
in Fig. 9.

The modulation index of the HWS OPP with pulse number
3 in Fig. 9(b) matches that of the multipolar OPP with quarter-
and half-wave symmetry in Fig. 5(a). This facilitates a direct
comparison of the two OPPs. While the QaHWS OPP has two
negative pulses in the positive half-wave of the fundamental
period, the HWS OPP switches only once to the negative level
in the positive half-wave. The latter reduces the current TDD
by another 5.31% relative to the current TDD of the multipolar
QaHWS OPP.

Consider again the entire modulation range. In Fig. 10, the cur-
rent TDDs of HWS OPPs are compared with those of QaHWS
OPPs. This is done for pulse numbers 2 and 3. The figure
shows that for both pulse numbers, the HWS solutions reduce
the current TDD in three intervals of the modulation range.
For the remaining modulation indices, the solutions correspond
to the traditional QaHWS OPPs. The corresponding ranges of
modulation indices for which the current TDD is improved,
and the maximum absolute and relative improvements of the
current TDD within these intervals are listed in Table IV for
pulse number 2 and in Table V for pulse number 3.

For both pulse numbers, the lower current TDDs in Inter-
val I are exclusively achieved by OPPs with multipolar switch
positions such as the OPPs in Fig. 9. In Intervals II and III,
OPPs with unipolar switch positions and shifted switching an-
gles, such as the OPPs in Fig. 8, lead to the reductions of the
current TDD.

Fig. 11 shows the switching angles in the first half-wave (from
0 to π) of the HWS OPP with pulse number 2. The Intervals I,
II, and III correspond to the respective intervals in Fig. 10(a).
Within these intervals, quarter-wave symmetry is abandoned. In
particular, within Intervals II and III, the third angleα3 is moved
into the first quarter-wave. Outside of these three intervals,
quarter-wave symmetry arises, because it minimizes the current
distortions and not because it was imposed.
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Fig. 8. HWS OPP with (a) d = 2 and m = 0.8, and with (b) d = 3 and m = 1.05 with unipolar switch positions and shifted switching angles.

Fig. 9. HWS OPP with (a) d = 2 and m = 0.54, and with (b) d = 3 and m = 0.6 with multipolar switch positions.

Fig. 10. Current TDDs of HWS and QaHWS OPPs compared for (a) pulse number d = 2 and (b) pulse number d = 3.

TABLE IV
INTERVALS OF CURRENT TDD IMPROVEMENT WHEN RELAXING

QUARTER-WAVE SYMMETRY FOR d = 2

TABLE V
INTERVALS OF CURRENT TDD IMPROVEMENT WHEN RELAXING

QUARTER-WAVE SYMMETRY FOR d = 3
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Fig. 11. Switching angles for the HWS OPP with pulse number d = 2.

Fig. 12. Maximum common-mode switch positions of HWS and QaHWS
OPPs for pulse number d = 2.

Fig. 13. Maximum common-mode switch positions of HWS and QaHWS
OPPs for pulse number d = 3.

The maximum common-mode switch positions resulting from
the HWS OPPs with pulse numbers 2 and 3 are shown in Fig. 12
and Fig. 13 over the entire modulation range. The respective
intervals of current TDD reductions are also indicated in these
figures. We can see from Fig. 12 that for pulse number 2,
the maximum common-mode switch position never exceeds 2

3 .

Fig. 14. FWS OPP with pulse number d = 2.5 and m = 0.8.

Moreover, in Interval II, the OPP with shifted switching angles
reduces the maximum common-mode switch position. This
means that for pulse number 2 OPPs with relaxed quarter-wave
symmetry achieve a superior performance in terms of current
TDD and common-mode voltage.

For pulse number 3, we can observe a similar behavior in the
maximum common-mode switch position from Fig. 13. Recall
that the current TDD reduction in Interval I, which is achieved
by the QaHWS OPP with multipolar switch positions, entails an
increase in the common-mode voltage. In comparison, the HWS
OPP with multipolar switch positions achieves a reduction of the
common-mode voltage in this interval. Thus, we conclude for
pulse number 3 that relaxing quarter-wave symmetry lowers the
current TDD and partly mitigates the adverse increase in the
common-mode voltage.

C. Full-Wave Symmetric Optimized Pulse Patterns

Last, we consider the optimization problem of FWS OPPs.
Interestingly, at least for pulse numbers 2 and 3, the resulting
switching patterns exhibit half-wave symmetry; imposing half-
wave symmetry, therefore, has no adverse effect on the opti-
mality of OPPs. However, it halves the number of optimization
variables and, therefore, shortens the computation time.

As stated in Section IV, full-wave symmetry gives rise to
OPPs with noninteger pulse numbers. An example of such an
OPP with pulse number d = 2.5 is shown in Fig. 14. Even
though this OPP constitutes an entirely new pulse pattern, close
inspection of the two individual half-waves reveals that the
pattern is the combination of two HWS OPPs: one with pulse
number 2 from 0 to π [see Fig. 8(a)], and another one with pulse
number 3 from π to 2π. Another OPP with the same current
distortions exists, where the first half-wave corresponds to the
OPP with pulse number 3 and the second one to the HWS OPP
with pulse number 2.

This characteristic has also been observed for other modula-
tion indices and noninteger pulse numbers. More specifically,
the two half-waves of an FWS OPP with the noninteger pulse
number d appear to correspond to the half-waves of two OPPs
with half-wave symmetry: one with integer pulse number 
d�,
and another one with integer pulse number �d
. Note that 
d�
and �d
 refer to the floor and ceiling operation, respectively,
rounding d to the smaller and larger integer.
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Fig. 15. Current TDDs of FWS OPPs with noninteger pulse numbers and
HWS OPPs with integer pulse numbers.

Fig. 16. Current TDDs of the traditional unipolar QaHWS OPPs.

Fig. 15 shows the current TDDs of the FWS OPPs with pulse
numbers 1.5 and 2.5 together with those of the HWS OPPs with
integer pulse numbers over the entire modulation range. We can
see that for each modulation index, the OPPs with noninteger
pulse numbers yield significantly different current TDDs than
those with integer pulse numbers. More specifically, the current
TDDs of OPPs with noninteger pulse number are bounded from
above and below by those of OPPs with floor- and ceil-rounded
integer pulse numbers. This is in line with the earlier observation
that OPPs with noninteger pulse numbers d are the combination
of OPPs with pulse numbers 
d� and �d
.

In Fig. 16, the current TDDs of the traditional, unipolar
QaHWS OPPs are shown for the integer pulse numbers 1, 2,
and 3. The figure shows that at certain modulation indices, the
current TDD of the higher pulse number equals that of the
smaller one. At m = 0.8, for example, the current TDDs of
the OPPs with pulse numbers 1 and 2 are both 15.3%. When
relaxing symmetry and allowing multipolar switch positions,
we observe from Fig. 15 that at each modulation index, there
is a considerable reduction in the current TDD when increasing
the pulse number.

VI. EXPERIMENTAL RESULTS

The results in Section V are verified with a small-scale
experimental setup. The setup consists of a squirrel-cage

TABLE VI
MACHINE PARAMETER OF THE EXPERIMENTAL SETUP

Fig. 17. Inverter phase voltage with d = 3 and m = 0.6.

induction machine, with its parameters shown in Table VI, and
three Infineon F3L030E07 evaluation boards each fitted with
an F3L75R07W2E3 three-level IGBT module. The OPPs are
stored in lookup tables on a field-programmable gate array.

To ensure a proper analysis, the neutral point of the NPC
converter is required to be fixed to zero. This can easily be
achieved by using two power supplies; one for each half of
the dc-link voltage. However, the power supplies available for
the experimental setup limit the dc-link voltage to Vdc = 160V.
A load is added to the machine with equal torque in all measure-
ments. The rated parameters of the machine are used as base
values for the per unit system.

The inverter is operated at the operating points of the four
OPPs shown in Figs. 8 and 9. At each operating point, the
phase voltage and current are measured when applying, first,
the traditional QaHWS OPP and, second, the HWS OPP. For
example, the waveforms of the measured and theoretical phase
voltages resulting from the HWS OPP with d = 3 and m = 0.6
are shown in Fig. 17.

From the measured inverter phase current, the harmonic am-
plitudes are computed and the current TDD is calculated. The
current harmonics resulting from the traditional QaHWS OPP
with d = 3 and m = 0.6 are shown in Fig. 18. At the same
operating point, the theoretically computed current spectrum is
shown in Fig. 4(b). Note that due to the low dc-link voltage and
different leakage inductance in the experimental setup, different
values for the current harmonics result. However, inspection of
the two figures reveals a similar profile of the harmonic spectra.
The noise in the experimental results is caused by nonidealities
in the setup. Additionally, the current harmonics from the ex-
perimental calculations may differ from the theory due to the
neglected stator resistance in the theoretical calculations.

The reduction of the current distortions by the proposed
relaxed OPPs can be observed by comparing Fig. 18 with
Fig. 19. The latter shows the harmonic spectrum of the
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Fig. 18. Experimentally obtained current harmonic spectrum of the QaHWS
OPP with d = 3 and m = 0.6.

Fig. 19. Experimentally obtained current harmonic spectrum of the HWS OPP
with d = 3 and m = 0.6.

TABLE VII
COMPARISON OF THE CURRENT TDDS IN THEORY AND CALCULATED FROM

THE EXPERIMENTAL MEASUREMENTS AT FOUR OPERATING POINTS

phase current resulting from the HWS OPP with d = 3 and
m = 0.6, which results in a significant reduction of the 11th
and 13th harmonics.

The current TDDs obtained from all eight OPPs, the tra-
ditional and relaxed OPPs at the four operating points, are
summarized in Table VII and compared with the theoretical
results. In all four operating points, a similar reduction of the
current TDD is achieved by the HWS OPPs, which verifies the
theory.

VII. CONCLUSION

Quarter- and half-wave symmetry and unipolar switch po-
sitions are universally imposed when computing three-level
OPPs, limiting the search space within which the “optimal”
switching pattern can be found. This article has shown that these
restrictions lead, in general, to suboptimal solutions. By relaxing
quarter-wave symmetry and by considering multipolar switch
positions, OPPs with lower harmonic distortions can be found.

More specifically, OPPs with pulse number 2 and half-wave
symmetry reduce the current distortions by up to 20%, when
compared to traditional OPPs with quarter- and half-wave
symmetry. Besides the relaxation of quarter-wave symmetry,
the somewhat artificial restriction of unipolar switch positions
can be removed for OPPs with pulse number 3; by allowing
also negative switch positions in the positive half-wave of the
fundamental period, the switch positions are included in the
optimization problem. This reduces the current distortions by
up to 31% for pulse number 3. These results are verified with a
small-scale experimental setup.

REFERENCES

[1] A. Edpuganti and A. K. Rathore, “A survey of low switching frequency
modulation techniques for medium-voltage multilevel converters,” IEEE
Trans. Ind. Appl., vol. 51, no. 5, pp. 4212–4228, Sep. 2015.

[2] F. G. Turnbull, “Selected harmonic reduction in static D-C–A-C invert-
ers,” IEEE Trans. Commun. Electron., vol. CE-83, no. 73, pp. 374–378,
Jul. 1964.

[3] H. S. Patel and R. G. Hoft, “Generalized techniques of harmonic elimina-
tion and voltage control in thyristor inverters: Part I–Harmonic elimina-
tion,” IEEE Trans. Ind. Appl., vol. IA-9, no. 3, pp. 310–317, May 1973.

[4] H. S. Patel and R. G. Hoft, “Generalized techniques of harmonic elimi-
nation and voltage control in thyristor inverters: Part II–Voltage Control
Techniques,” IEEE Trans. Ind. Appl., vol. IA-10, no. 5, pp. 666–673,
Sep. 1974.

[5] J. N. Chiasson, L. M. Tolbert, K. J. McKenzie, and Z. Du, “A unified
approach to solving the harmonic elimination equations in multilevel
converters,” IEEE Trans. Power Electron., vol. 19, no. 2, pp. 478–490,
Mar. 2004.

[6] G. S. Buja and G. B. Indri, “Optimal pulsewidth modulation for feeding AC
motors,” IEEE Trans. Ind. Appl., vol. IA-13, no. 1, pp. 38–44, Jan. 1977.

[7] G. S. Buja, “Optimum output waveforms in PWM inverters,” IEEE Trans.
Ind. Appl., vol. IA-16, no. 6, pp. 830–836, Nov. 1980.

[8] J. A. Pontt, J. R. Rodriguez, A. Liendo, P. Newman, J. Holtz, and J. M.
S. Martin, “Network-friendly low-switching-frequency multipulse high-
power three-level PWM rectifier,” IEEE Trans. Ind. Electron., vol. 56,
no. 4, pp. 1254–1262, Apr. 2009.

[9] A. K. Rathore, J. Holtz, and T. Boller, “Generalized optimal pulsewidth
modulation of multilevel inverters for low-switching-frequency control
of medium-voltage high-power industrial ac drives,” IEEE Trans. Ind.
Electron., vol. 60, no. 10, pp. 4215–4224, Oct. 2013.

[10] J. R. Wells, B. M. Nee, P. L. Chapman, and P. T. Krein, “Selective harmonic
control: a general problem formulation and selected solutions,” IEEE
Trans. Power Electron., vol. 20, no. 6, pp. 1337–1345, Nov. 2005.

[11] M. S. A. Dahidah, G. Konstantinou, N. Flourentzou, and V. G. Agelidis,
“On comparing the symmetrical and non-symmetrical selective harmonic
elimination pulse-width modulation technique for two-level three-phase
voltage source converters,” IET Power Electron., vol. 3, no. 6, pp. 829–842,
Nov. 2010.

[12] J. R. Wells, P. L. Chapman, and P. T. Krein, “Generalization of selective
harmonic control/elimination,” in Proc. IEEE 36th Power Electron. Spec.
Conf., Jun. 2005, pp. 1358–1363.

[13] A. Tripathi and G. Narayanan, “Optimal pulse width modulation of
voltage-source inverter fed motor drives with relaxation of quarter wave
symmetry condition,” in Proc. IEEE Int. Conf. Electron., Comput. Com-
mun. Technol., Jan. 2014, pp. 1–6.

[14] A. Tripathi and G. Narayanan, “High-performance off-line pulse width
modulation without quarter wave symmetry for voltage-source inverter,”
in Proc. Int. Conf. Adv. Electron. Comput. Commun., Oct. 2014, pp. 1–6.

[15] A. D. Birda, J. Reuss, and C. Hackl, “Synchronous optimal pulse-width
modulation with differently modulated waveform symmetry properties for
feeding synchronous motor with high magnetic anisotropy,” in Proc. Euro.
Conf. Power Electron. Appl., Sep. 2017, pp. P.1–P.10.

[16] G. Scheuer, “Investigation of the 3-level voltage source inverter (VSI)
for flexible AC-transmission systems (FACTS) exemplified on a static var
compensator (SVC),” Ph.D. dissertation, ETH Zurich, Zurich, Switzer-
land, 1997.

[17] T. Geyer, Model Predictive Control of High Power Converters and Indus-
trial Drives. New York, NY, USA: Wiley, 2016.



5752 IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 35, NO. 6, JUNE 2020

[18] A. K. Rathore, J. Holtz, and T. Boller, “Synchronous optimal pulsewidth
modulation for low-switching-frequency control of medium-voltage mul-
tilevel inverters,” IEEE Trans. Ind. Electron., vol. 57, no. 7, pp. 2374–2381,
Jul. 2010.

[19] J. Lago and M. L. Heldwein, “Generalized synchronous optimal pulse
width modulation for multilevel inverters,” IEEE Trans. Power Electron.,
vol. 32, no. 8, pp. 6297–6307, Aug. 2017.

[20] A. Prez-Basante, S. Ceballos, G. Konstantinou, J. Pou, I. Kortabarria, and I.
M. de Alegra, “A universal formulation for multilevel selective-harmonic-
eliminated PWM with half-wave symmetry,” IEEE Trans. Power Electron.,
vol. 34, no. 1, pp. 943–957, Jan. 2019.

Annika Birth (S’19) received the B.Sc. degree in
electrical engineering from the University of Applied
Sciences Stralsund, Stralsund, Germany, in 2017. She
is currently working toward the M.Eng. degree in
electrical engineering with the Stellenbosch Univer-
sity, Stellenbosch, South Africa, which is in col-
laboration with ABBs Corporate Research Centre,
Baden-Dättwil, Switzerland.

Her research interests include optimized pulse
patterns and model predictive control for medium-
voltage drives.

Tobias Geyer (M’08–SM’10) received the Dipl.-Ing.
and Ph.D. degrees in electrical engineering from
ETH Zurich, Zurich, Switzerland, in 2000 and 2005,
respectively, and the Habilitation degree in power
electronics from ETH Zurich, Zurich, Switzerland,
in 2017.

After his Ph.D., he spent three years at GE
Global Research, Munich, Germany, and another
three years at the University of Auckland, Auckland,
New Zealand. In 2012, he joined ABBs Corporate
Research Centre, Baden-Dättwil, Switzerland, where

he is currently a Senior Principal Scientist for power conversion control. He
was appointed as an extraordinary Professor with Stellenbosch University,
Stellenbosch, South Africa, from 2017 to 2020. He is the author of more than
130 peer-reviewed publications, 30 patent applications, and the book Model
predictive control of high power converters and industrial drives (Wiley, 2016).
He teaches a regular course on model predictive control at ETH Zurich. His
research interests include medium-voltage and low-voltage drives, utility-scale
power converters, and model predictive control.

Dr. Geyer received the 2017 First Place Prize Paper Award in the Transactions
on Power Electronics, the 2014 Third Place Prize Paper Award in the Trans-
actions on Industry Applications, and two prize paper awards at conferences.
He is a former Associate Editor for the Transactions on Industry Applications
(from 2011 until 2014) and the Transactions on Power Electronics (from 2013
until 2019). He was an International Program Committee Vice Chair of the
IFAC Conference on Nonlinear Model Predictive Control in Madison, WI,
USA, in 2018.

Hendrik du Toit Mouton (S’98–M’00) received
the B.Sc., B.Sc.Hons, M.Sc., and Ph.D. degrees in
mathematics degrees from the University of the Or-
ange Free-state, Bloemfontein, South Africa, in 1986,
1987, 1988, and 1991, respectively and the B.Eng.
and Ph.D. degrees in electrical engineering from the
Stellenbosch University, Stellenbosch, South Africa,
in 1996 and 2000, respectively.

He is currently a Professor in electrical engineering
with Stellenbosch University, and also Leader of the
Power Electronics Research Group. He has authored

and coauthored more than 130 journal and conference papers in mathematics
and power electronics.

His research interests include multilevel converters, modelling and control of
power electronic converters, and class-D audio amplifiers.

Martinus Dorfling (S’19) received the B.Eng. de-
gree in electrical and electronic engineering and the
M.Eng. degree in electrical engineering from the Stel-
lenbosch University, Stellenbosch, South Africa, in
2015 and 2018, respectively, where he is currently
working towards the Ph.D. degree in electrical engi-
neering.

His research interests include optimized pulse pat-
terns, model predictive control, and the implementa-
tion of control algorithms on field programmable gate
arrays.



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 0
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
    /Algerian
    /Arial-Black
    /Arial-BlackItalic
    /Arial-BoldItalicMT
    /Arial-BoldMT
    /Arial-ItalicMT
    /ArialMT
    /ArialNarrow
    /ArialNarrow-Bold
    /ArialNarrow-BoldItalic
    /ArialNarrow-Italic
    /ArialUnicodeMS
    /BaskOldFace
    /Batang
    /Bauhaus93
    /BellMT
    /BellMTBold
    /BellMTItalic
    /BerlinSansFB-Bold
    /BerlinSansFBDemi-Bold
    /BerlinSansFB-Reg
    /BernardMT-Condensed
    /BodoniMTPosterCompressed
    /BookAntiqua
    /BookAntiqua-Bold
    /BookAntiqua-BoldItalic
    /BookAntiqua-Italic
    /BookmanOldStyle
    /BookmanOldStyle-Bold
    /BookmanOldStyle-BoldItalic
    /BookmanOldStyle-Italic
    /BookshelfSymbolSeven
    /BritannicBold
    /Broadway
    /BrushScriptMT
    /CalifornianFB-Bold
    /CalifornianFB-Italic
    /CalifornianFB-Reg
    /Centaur
    /Century
    /CenturyGothic
    /CenturyGothic-Bold
    /CenturyGothic-BoldItalic
    /CenturyGothic-Italic
    /CenturySchoolbook
    /CenturySchoolbook-Bold
    /CenturySchoolbook-BoldItalic
    /CenturySchoolbook-Italic
    /Chiller-Regular
    /ColonnaMT
    /ComicSansMS
    /ComicSansMS-Bold
    /CooperBlack
    /CourierNewPS-BoldItalicMT
    /CourierNewPS-BoldMT
    /CourierNewPS-ItalicMT
    /CourierNewPSMT
    /EstrangeloEdessa
    /FootlightMTLight
    /FreestyleScript-Regular
    /Garamond
    /Garamond-Bold
    /Garamond-Italic
    /Georgia
    /Georgia-Bold
    /Georgia-BoldItalic
    /Georgia-Italic
    /Haettenschweiler
    /HarlowSolid
    /Harrington
    /HighTowerText-Italic
    /HighTowerText-Reg
    /Impact
    /InformalRoman-Regular
    /Jokerman-Regular
    /JuiceITC-Regular
    /KristenITC-Regular
    /KuenstlerScript-Black
    /KuenstlerScript-Medium
    /KuenstlerScript-TwoBold
    /KunstlerScript
    /LatinWide
    /LetterGothicMT
    /LetterGothicMT-Bold
    /LetterGothicMT-BoldOblique
    /LetterGothicMT-Oblique
    /LucidaBright
    /LucidaBright-Demi
    /LucidaBright-DemiItalic
    /LucidaBright-Italic
    /LucidaCalligraphy-Italic
    /LucidaConsole
    /LucidaFax
    /LucidaFax-Demi
    /LucidaFax-DemiItalic
    /LucidaFax-Italic
    /LucidaHandwriting-Italic
    /LucidaSansUnicode
    /Magneto-Bold
    /MaturaMTScriptCapitals
    /MediciScriptLTStd
    /MicrosoftSansSerif
    /Mistral
    /Modern-Regular
    /MonotypeCorsiva
    /MS-Mincho
    /MSReferenceSansSerif
    /MSReferenceSpecialty
    /NiagaraEngraved-Reg
    /NiagaraSolid-Reg
    /NuptialScript
    /OldEnglishTextMT
    /Onyx
    /PalatinoLinotype-Bold
    /PalatinoLinotype-BoldItalic
    /PalatinoLinotype-Italic
    /PalatinoLinotype-Roman
    /Parchment-Regular
    /Playbill
    /PMingLiU
    /PoorRichard-Regular
    /Ravie
    /ShowcardGothic-Reg
    /SimSun
    /SnapITC-Regular
    /Stencil
    /SymbolMT
    /Tahoma
    /Tahoma-Bold
    /TempusSansITC
    /TimesNewRomanMT-ExtraBold
    /TimesNewRomanMTStd
    /TimesNewRomanMTStd-Bold
    /TimesNewRomanMTStd-BoldCond
    /TimesNewRomanMTStd-BoldIt
    /TimesNewRomanMTStd-Cond
    /TimesNewRomanMTStd-CondIt
    /TimesNewRomanMTStd-Italic
    /TimesNewRomanPS-BoldItalicMT
    /TimesNewRomanPS-BoldMT
    /TimesNewRomanPS-ItalicMT
    /TimesNewRomanPSMT
    /Times-Roman
    /Trebuchet-BoldItalic
    /TrebuchetMS
    /TrebuchetMS-Bold
    /TrebuchetMS-Italic
    /Verdana
    /Verdana-Bold
    /Verdana-BoldItalic
    /Verdana-Italic
    /VinerHandITC
    /Vivaldii
    /VladimirScript
    /Webdings
    /Wingdings2
    /Wingdings3
    /Wingdings-Regular
    /ZapfChanceryStd-Demi
    /ZWAdobeF
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 900
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.00111
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 1200
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.00083
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.00063
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create PDFs that match the "Suggested"  settings for PDF Specification 4.0)
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


