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An SVPWM Strategy With Extended Linear
Modulation Range for Dual Three-Phase Machine

Drives Under Unbalanced Power Sharing Conditions
Xiaochen Ma , Bin Li , Guidan Li , and Qiaoman Zhu

Abstract—In this article, a new space vector pulsewidth modu-
lation (SVPWM) strategy is proposed for dual three-phase (DTP)
machine drives. The proposed strategy is based on vector space
decomposition (VSD) and mainly targets the scenario where power
of the two subthree-phase winding sets of the machine is unequal.
In the basic VSD-based SVPWM strategies, the constraints of non-
negative dwell time of the basic vectors result in zero linear mod-
ulation range when the DTP machine is under unbalanced power
sharing conditions. Different from them, this article investigates
the maximum linear modulation capability of VSD-based SVPWM
under power sharing by removing the dwell time constraints of
the basic vectors. In this regard, only the physical limitations of
the dwell time of each phase need to be guaranteed. According to
this principle, a two-step-based design procedure of the proposed
modulation strategy is presented in detail, followed by a numerical
analysis regarding its linear modulation boundary. Moreover, the
performance comparisons with many other typical VSD-based
SVPWM strategies are also conducted. It has been theoretically
and experimentally proven that the proposed SVPWM solution can
obtain maximum linear modulation range when the DTP machine
is under unbalanced power sharing.

Index Terms—Dual three-phase machine, linear modulation,
power sharing, space vector pulsewidth modulation, vector space
decomposition.

I. INTRODUCTION

MULTITHREE-PHASE machines that possess multiple
subthree-phase winding sets exhibit outstanding merits,

such as reduced current ratings, lower torque ripples, higher
control flexibility, as well as enhanced fault-tolerant capabil-
ity over their conventional three-phase counterparts [1], [2].
Nowadays, they have already played a crucial role for appli-
cations in wind generations, electric propulsion systems, and so
on [3], [4].

Manuscript received 28 June 2023; revised 30 September 2023 and 21
November 2023; accepted 23 December 2023. Date of publication 26 December
2023; date of current version 16 February 2024. This work was supported
by the Tianjin Research Innovation Project for Postgraduate Students under
Grant 2022BKY067. Recommended for publication by Associate Editor D. Lee.
(Corresponding author: Bin Li.)

Xiaochen Ma, Bin Li, and Guidan Li are with the School of Electrical and
Information Engineering, Tianjin University, Tianjin 300072, China (e-mail:
maxc@tju.edu.cn; elib@tju.edu.cn; lgdtju@tju.edu.cn).

Qiaoman Zhu is with Jianghuai Advance Technology Center, Hefei 230088,
China (e-mail: qiaoman_0121@tju.edu.cn).

Color versions of one or more figures in this article are available at
https://doi.org/10.1109/TPEL.2023.3347304.

Digital Object Identifier 10.1109/TPEL.2023.3347304

In multithree-phase machine drives, an interesting feature
is to control the current in each subthree-phase winding set
independent of that in other subthree-phase winding sets, which
is hereinafter referred to as “power sharing”. First, for series-
connected bus structure, utilizing the unbalanced power of dif-
ferent subthree-phase winding sets of the machine can com-
pensate for the imbalance of bus power, thereby achieving bus
voltage equalization [5], [6]. Second, when different subthree-
phase winding sets of the machine are fed by independent energy
sources, the power sharing control of machine can result in
the power regulation among different energy sources. Hence,
in addition to realizing the inherent electromechanical energy
conversion function of machine, it can also be regarded as
an effective way to achieve optimal energy management in
multiple energy sources system without the need for additional
power converters [6], [7], [8]. Third, by setting half of the
subthree-phase winding sets to the motoring state and the re-
maining subthree-phase winding sets to the generation state, the
active power can be circulated among different subthree-phase
winding sets, thus achieving load testing without the need for
additional load machine [9], [10]. From the potential values of
the abovementioned three aspects, it can be seen that the research
on power sharing control for multithree-phase machine drives is
of great significance.

For multithree-phase machine modeling, multistator (MS)
and vector space decomposition (VSD) are two representative
methodologies [11]. In MS model, the standard three-phase
Clarke and Park transformations are applied to each subthree-
phase winding set individually. Hence, the power sharing in-
formation of the machine is intuitive. Nonetheless, there is an
issue of magnetic coupling among different winding sets in
this model, which may lead to potential instability [12]. On
the contrary, VSD is a decoupled modeling method due to the
introduction of several mutually orthogonal subspaces (i.e., fun-
damental subspace and harmonic subspaces) [13]. As a result,
stability and robustness of the drive system can be promoted
[12]. Under VSD modeling, the mechanism to achieve power
sharing of multithree-phase machine has also been recognized
[6], [14]. Specifically, the unbalanced power among different
subthree-phase winding sets can be regulated by setting appro-
priate reference currents/voltages in each harmonic subspace,
while the reference currents/voltages in fundamental subspace
reflect the total power production.
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Relying on the advantages of VSD, currently, various types
of VSD-based space vector pulsewidth modulation (SVPWM)
strategies have been studied for dual three-phase (DTP) ma-
chine drives. The VSD-based four-active-vector-type (VSD-4V)
SVPWM is widely employed to deal with the DTP machines
with two isolated neutral points. According to the vector length
difference in fundamental subspace, options for selecting such
four active vectors include the 4L method [13], the 2L+2ML
method [15], some 2L+1ML+1M methods [16], and some
3L+1M methods [16], [17], where L, ML, and M represent large
vector, medium-large vector, and medium vector, respectively.
These specific implementation methods of VSD-4V SVPWM
have characteristic differences within the switching cycle, but
the linear modulation ranges are completely the same [16], [17],
[18]. In addition to the basic VSD-4V SVPWM, many modi-
fied VSD-based SVPWM strategies have also been explored to
suppress the common-mode voltage [19], reduce the harmonic
distortion factor [20], PWM current harmonics [21], or address
the issues caused by unbalanced dc bus voltages [22].

Regarding all the aforementioned VSD-based SVPWM
strategies, a common feature is that the amplitude of the ref-
erence voltage vector (RVV) in harmonic subspace is zero.
However, in the case of harmonic suppression, this is not the
optimal solution since nonzero harmonic injection is often re-
quired to offset the original harmonic components [23], [24],
[25]. Thus, it is best for the SVPWM to have linear modulation
capability of nonzero RVV in harmonic subspace (i.e., not only
in fundamental subspace). Unfortunately, as analyzed in [26],
once the amplitude of the harmonic subspace RVV becomes
nonzero, the basic VSD-4V SVPWM will have zero linear
modulation range. To compensate for this deficiency, the idea
of splitting the modulation into two independent stages per
PWM cycle is proposed in [25]. Specifically, the first modulation
stage selects four active vectors to synthesize the nonzero RVV
in fundamental subspace, while the second modulation stage
reselects four active vectors to synthesize the nonzero RVV in
harmonic subspace. Thanks to the complete decoupling of the
two stages, both subspaces can achieve linear modulation under
nonzero RVVs. Nevertheless, the doubled modulation stage in
this approach leads to undesired multiple switching. To avoid
such issue, in [26], an optimization method is further provided
by generating the equivalent single pulse for each inverter phase
within a PWM cycle. In summary, owing to the capability in
linearly modulating nonzero RVVs in both fundamental and
harmonic subspaces, the two-modulation-stage-based SVPWM
strategies proposed in [25] and [26] are good candidates for DTP
machine drives with harmonic regulation requirements.

As aforementioned, unbalanced power sharing of the DTP
machine can be achieved by setting nonzero voltage commands
in both fundamental and harmonic subspaces. Therefore, in
essence, as long as the SVPWM strategy can achieve nonzero
RVV linear modulation in both subspaces (such as those in [25]
and [26]), it can be then applied to power sharing conditions.
Nonetheless, with regard to the existing SVPWM techniques
and their corresponding analysis, two main problems can still
be found as follows.

1) For VSD-based SVPWM strategies with nonzero RVV
modulation in both fundamental and harmonic subspaces,
whether the linear modulation range can be further ex-
tended is not clear.

2) Although power sharing control and harmonic regulation
both belong to nonzero RVV modulation in fundamental
and harmonic subspaces, there are still significant differ-
ences in frequency feature of the harmonic subspace RVV
in these two scenarios. Due to neglecting the impact of
RVV frequency feature, conventional methods for solving
the linear modulation boundary in harmonic regulation
scenario will not be suitable for evaluating the real linear
modulation boundary in power sharing control scenario.

To this end, aiming at DTP machine drives, a new SVPWM
strategy suitable for power sharing conditions is studied in this
article. The main contributions of the proposal are as follows.

1) A new modulation method based on allowing negative
dwell time of the basic vectors is proposed for VSD frame-
work. By this way, the achievable direction of nonzero
vector synthesis becomes arbitrary, thereby creating the
capability of nonzero RVV linear modulation in both
fundamental and harmonic subspaces.

2) When nonzero RVV exists in both fundamental and har-
monic subspaces, a more accurate method for solving the
linear modulation boundary is investigated. Different from
the conventional analysis methods, the proposed method
fully considers the frequency feature of the RVV, thereby
excavating more potential regions for achieving linear
modulation.

3) Compared with the existing SVPWM strategies that
also have nonzero RVV linear modulation capability in
both fundamental and harmonic subspaces, the proposed
SVPWM strategy can achieve maximum linear modula-
tion range under unbalanced power sharing conditions.

The rest of this article is organized as follows. Section II ana-
lyzes the model and vector features of DTP machine drives under
power sharing. In Section III, the design idea of the proposed
strategy and the analysis of its linear modulation boundary are
demonstrated, followed by the comparisons with many other
strategies. Experimental results are presented in Section IV.
Finally, Section V concludes this article.

II. MODEL AND VECTOR ANALYSES OF DTP MACHINE

DRIVES UNDER POWER SHARING

A. Model of DTP Machine Under Power Sharing

Fig. 1 shows the studied drive system, where the machine
has two subthree-phase winding sets (ABC and DEF) with π/6
spatial shift angle [12]. By the VSD transformation matrix in
[27], the phase variables of the DTP machine can be mapped into
three orthogonal subspaces, namely αβ subspace, xy subspace,
and o1o2 subspace. For the studied machine, o1o2 subspace can
be ignored due to isolated neutral points.

To analyze power sharing of DTP machine, by applying the
0 and π/6 phase shifted Clarke transformation matrices in [27]
to ABC and DEF sets, respectively, the relation between VSD
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Fig. 1. Voltage source inverter fed DTP machine drive system.

Fig. 2. Current vectors iα1β1 and iα2β2 under power sharing. (a) iα1β1 and
iα2β2 are aligned. (b) iα1β1 and iα2β2 are not aligned.

variables and two subthree-phase variables can be obtained as

F αβ = 0.5(F α1β1+F α2β2), F xy = 0.5(F α1β1−F α2β2)
∗

(1)
where α1β1 and α2β2 denote the stationary reference frame of
the first subthree-phase winding set and second subthree-phase
winding set, respectively; the vector F can be voltage u, current
i, and flux ψ; “�” means complex conjugate operation.

For DTP machine under power sharing, Fig. 2 shows two
different types of current vectors in the first subthree-phase
winding set (iα1β1) and second subthree-phase winding set
(iα2β2). iα1β1 and iα2β2 are aligned in Fig. 2(a), while they are
not aligned in Fig. 2(b). As the total power is solely determined
by the VSD current iαβ , the vector sum of iα1β1 and iα2β2 (=
2iαβ) needs to remain unchanged (i.e.,

−→
OA in Fig. 2) according

to (1). Hence, if K1: K2 (K1+K2 = 1) is the required power
sharing ratio of the two subthree-phase winding sets, it means
that the projection ratio of iα1β1 and iα2β2 on

−→
OA should be

K1: K2.
Under this premise, Fig. 2(a) and (b) will result in the same

total power and power sharing ratio. However, the amplitudes
of iα1β1 and iα2β2 in Fig. 2(a) are evidently the minimal. Thus,
to achieve power sharing with minimum copper loss, iα1β1 and
iα2β2 should be controlled as in Fig. 2(a), which yields

iα1β1 = 2K1 · iαβ , iα2β2 = 2K2 · iαβ . (2)

From the above analysis, two conclusions can be drawn as
follows.

1) Based on (1), ixy will be nonzero as long as iα1β1�iα2β2

for power sharing. Moreover, even under power sharing,
both iα1β1 and iα2β2 still need to rotate counterclockwise
at the fundamental frequency to achieve circular rotational
magnetomotive force (MMF). So, (1) indicates that iαβ
and ixy will rotate at the fundamental frequency, but their

Fig. 3. RVVs of DTP machine drives under power sharing. (a) αβ subspace.
(b) xy subspace.

directions are counterclockwise and clockwise, respec-
tively.

2) If power sharing is expected to be achieved with minimum
copper loss, by combining (1) and (2), the nonzero ixy
should further have the following features:

ix = (K1 −K2)iα, iy = (−K1 +K2)iβ . (3)

B. RVVs Under Power Sharing

As analyzed in Section II-A, no matter minimum copper loss
is required or not, both iαβ and ixy will be nonzero under power
sharing. To realize the required rotation features of iαβ and ixy,
the RVV in αβ subspace (uref

αβ) and the RVV in xy subspace
(uref

xy) should also be nonzero and rotate at the fundamental
frequency ωe, with their directions being counterclockwise and
clockwise, respectively.

Fig. 3 shows the RVVs in both αβ and xy subspaces under
power sharing. To describe the phase relationship of uref

αβ (phase
angle is θref

αβ) and uref
xy (phase angle is θref

xy), the phase angle
difference γ (constant value) can be introduced as

γ = −(θref
αβ + θref

xy). (4)

Subsequently, uref
α , uref

β , uref
x , and uref

y can be represented as⎧⎨
⎩u

ref
α =

∥∥∥uref
αβ

∥∥∥ cos θref
αβ , uref

β =
∥∥∥uref

αβ

∥∥∥ sin θref
αβ

uref
x =

∥∥uref
xy

∥∥ cos(θref
αβ + γ), uref

y = − ∥∥uref
xy

∥∥ sin(θref
αβ+γ).

(5)

C. Model of DTP Voltage Source Inverter

The DTP inverter presented in Fig. 1 is responsible for
modulating the RVVs in αβ and xy subspaces. The voltage
of both dc buses is Udc. Under VSD model, the DTP inverter
generates totally 26 = 64 basic vectors, including 60 active
vectors and four zero vectors. The active vectors can be clas-
sified into four categories with lengths of 0.6440Udc (large,
L), 0.4714Udc (medium-large, ML), 0.3333Udc (medium, M),
and 0.1725Udc (small, S). Fig. 4 shows the distribution of the
basic active vectors in αβ and xy subspaces. All vectors are
represented by the equivalent decimal numbers of the 6-bit
binary numbers “SFSESDSCSBSA”, where SA, …, SF are the
switching states (1: upper switch is ON, 0: lower switch is ON) of
phases A, …, F, respectively. The black labels 1−12 represent
the sector numbers Nαβ and Nxy ofαβ subspace and xy subspace,
respectively.
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Fig. 4. Basic active voltage vector distribution of DTP voltage source inverter.
(a) αβ subspace. (b) xy subspace.

Fig. 5. Vector synthesis of the basic VSD-4V strategy when θref
αβ= −π/12.

(a) αβ subspace. (b) xy subspace.

III. PROPOSED VSD-BASED SVPWM STRATEGY

A. Basic Idea

As pointed out in Section I, the basic VSD-4V SVPWM strate-
gies do not have nonzero RVV linear modulation capability in
harmonic (xy) subspace. By taking the 2L+2ML vector selection
method as an example, the specific vector synthesis feature of
the basic strategy can be analyzed in Fig. 5. When θref

αβ=−π/12,
the four active vectors 43, 9, 41, and 13 should be selected. Due
to the non-negative constraints of the vector dwell time, one can
find from Fig. 5(a) that the dwell times of vectors 43 and 9 need
to be zero to synthesize uref

αβ . Thus, as indicated in Fig. 5(b), the
achievable vector synthesis directions in xy subspace are only
the directions of vectors 41 and 13. If the actual direction of uref

xy

is not consistent with the vectors 41 or 13, then the modulation
of uref

xy will fail.
From the abovementioned analysis, one can consider that

the reason for modulation failure in xy subspace is the lack of
capability to synthesize nonzero vector with arbitrary directions.
Hence, the main objective of this article is to find a way to
broaden the feasible direction of the nonzero vector synthesis in
xy subspace.

Still taking θref
αβ= −π/12 as the example, the basic idea

of the proposed SVPWM strategy is demonstrated in Fig. 6.
Different from the conventional principle, this article removes
the non-negative constraints of the vector dwell time. Thus, as
depicted in Fig. 6(a), it can be considered that the candidate
active vectors include not only the original vectors 43, 9, 41, and
13, but also their opposite vectors 20, 54, 22, and 50 if negative

Fig. 6. Vector synthesis of the proposed strategy when θref
αβ= −π/12. (a) αβ

subspace. (b) xy subspace.

dwell time occurs. In this case, the RVV in αβ subspace (uref
αβ)

can be synthesized by various dwell time combinations from
these eight vectors (dwell times of vectors 43, 9, 20, and 54 can
be nonzero as long as these vectors do not produce components
perpendicular to uref

αβ). Consequently, as shown in Fig. 6(b), the
achievable vector synthesis directions in xy subspace have more
selectivity.

Furthermore, it is worth noting that the proposed strategy
without non-negative dwell time constraints still only needs to
select four original basic vectors (e.g., vectors 43, 9, 41, and 13
when−π/12≤θref

αβ<π/12) by the sector judgment onuref
αβ . When

the calculation shows that the dwell time of an original vector
should be negative to synthesize uref

αβ and uref
xy , applying the

negative dwell time to the original vector is equivalent to apply-
ing the same positive dwell time to the corresponding opposite
vector. Therefore, the proposed strategy can be achieved without
changing the dwell time expressions of the basic vectors. As a
consequence, in practical implementation, the toggling point of
applying either the original vector or the opposite vector does
not require prior judgment.

B. Design Procedure of the Proposed SVPWM Strategy

In light of the potential advantages by allowing negative dwell
time of the basic vectors, a two-step-based design procedure is
presented in this section to form the complete version of the
proposed SVPWM strategy.

1) Step-1: Cancel the Non-Negative Dwell Time Constraints
of Each Basic Vector: This step selects two L active vectors
and two ML active vectors in αβ subspace adjacent to uref

αβ

as the starting point. The two original selected ML vectors are
defined as UI and UIV in this article, while the two original
selected L vectors are defined as UII and UIII. For instance,
when −π/12≤θref

αβ<π/12, based on Fig. 6(a), UI, UII, UIII, and
UIV are vectors 43, 9, 41, and 13, respectively. According to
volt-second principle, the dwell times of UI−UIV (TI−TIV)
and the dwell time of zero vector (Tzero) can be calculated
by

⎡
⎢⎢⎢⎢⎣
UIα UIIα UIIIα UIVα 0
UIβ UIIβ UIIIβ UIVβ 0
UIx UIIx UIIIx UIVx 0
UIy UIIy UIIIy UIVy 0
1 1 1 1 1

⎤
⎥⎥⎥⎥⎦

⎡
⎢⎢⎢⎢⎣
TI
TII

TIII

TIV

Tzero

⎤
⎥⎥⎥⎥⎦ = TPWM

⎡
⎢⎢⎢⎢⎣
uref
α

uref
β

uref
x

uref
y

1

⎤
⎥⎥⎥⎥⎦ (6)
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where TPWM is the PWM cycle; Uiα, Uiβ , Uix, and Uiy are the
projections of Ui (i = I, II, III, IV) on α-, β-, x-, and y-axis,
respectively.

When uref
αβ lies in the first sector of αβ subspace (i.e., Nαβ

= 1, −π/12≤θref
αβ<π/12), by labeling uref

α , uref
β , uref

x , and uref
y as

uref
α_s1, uref

β_s1, uref
x_s1, and uref

y_s1, respectively, TI−TIV and Tzero

can be given as⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

TI =
√
3TPWM
2Udc

[
(2−√

3)uref
α_s1 + uref

β_s1

−(2 +
√
3)uref

x_s1 − uref
y_s1

]

TII =
√
3TPWM
2Udc

[
(
√
3− 1)uref

α_s1 + (1 +
√
3)uref

β_s1

+(1 +
√
3)uref

x_s1 + (
√
3− 1)uref

y_s1

]

TIII =
√
3TPWM
2Udc

[
(
√
3− 1)uref

α_s1 − (1 +
√
3)uref

β_s1

+(1 +
√
3)uref

x_s1 − (
√
3− 1)uref

y_s1

]

TIV =
√
3TPWM
2Udc

[
(2−√

3)uref
α_s1 − uref

β_s1

−(2 +
√
3)uref

x_s1 + uref
y_s1

]

Tzero = TPWM

[
1−

√
3

Udc
(uref

α_s1 − uref
x_s1)

]
.

(7)
For uref

αβ in any sector 1–12 of αβ subspace, according to the
vector distribution shown in Fig. 4, TI, TII, TIII, TIV, and Tzero

can be obtained by substituting (8) into (7)⎧⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎩

uref
α_s1 = uref

α cos[(Nαβ − 1) · π
6 ] + uref

β sin[(Nαβ − 1) · π
6 ]

uref
β_s1 = −uref

α sin[(Nαβ − 1) · π
6 ] + uref

β cos[(Nαβ − 1) · π
6 ]

uref
x_s1 = uref

x cos[(Nαβ − 1) · 5π
6 ] + uref

y sin[(Nαβ − 1) · 5π
6 ]

uref
y_s1 = −uref

x sin[(Nαβ−1) · 5π
6 ]+uref

y cos[(Nαβ−1) · 5π
6 ].

(8)
By taking ||uref

αβ || = 0.4Udc, ||uref
xy || = 0.15Udc, and γ = π/4

as an example, Fig. 7 shows the resulted TI−TIV and Tzero by
Step-1. The vector angle θref

αβ of uref
αβ is ranged from 0 to 2 rad.

As can be seen, except for zero vector, all active vectors exhibit
negative dwell times within a partial interval of θref

αβ .
Compared with the conventional SVPWM, another signif-

icant difference occurred by Step-1 is that the dwell time of
each vector no longer varies periodically in each Nαβ sector.
Instead, the periodic variation of the vector dwell time is only
reflected within the odd sectors (Nαβ = 1, 3, …, 11) or within
the even sectors (Nαβ = 2, 4, …, 12). In Fig. 7, Tzero of the even
Nαβ sectors is lower than that of the odd sectors, so the even
sectors represent the high modulation depth stage, while the
odd sectors are the low modulation depth stage. In this regard,
a more detailed analysis will be explained in Section III-C.

2) Step-2: Average the Dwell Time of Center Zero Vector and
Edge Zero Vector: After obtaining TI−TIV and Tzero through
Step-1, this step considers the generation of the dwell times
TA–TF of phases A–F (upper switches). Conventionally, the
relationship between Ti (i = A, B, C, D, E, F) and TI−TIV

and Tzero can be shown as

Ti = TI · SI_i + TII · SII_i + TIII · SIII_i + TIV · SIV_i + Tzero/2
(9)

where SI_i, SII_i, SIII_i, and SIV_i are the switching states Si (=
1 or 0) of the basic vectors UI, UII, UIII, and UIV, respectively.

Fig. 7. TI−TIV and Tzero against θref
αβ under ||uref

αβ || = 0.4Udc, ||uref
xy || =

0.15Udc, and γ = π/4 after Step-1.

Fig. 8. Switching sequence of TA–TF under ||uref
αβ || = 0.4Udc, ||uref

xy || =

0.15Udc, and γ = π/4. (a) θref
αβ= 0. (b) θref

αβ= π/3.

In conventional strategies, due to the non-negative TI–TIV, the
above method for determining TA–TF can ensure equal dwell
time of center zero vector (Tzero_center) and edge zero vector
(Tzero_edge). However, since TI–TIV may be negative after Step-1
of the proposed design, it will lead to unequal Tzero_center and
Tzero_edge. As a more detailed explanation, based on the same
conditions as Fig. 7(i.e., ||uref

αβ ||= 0.4Udc, ||uref
xy ||= 0.15Udc, γ=

π/4), Fig. 8(a) and (b) shows the switching sequence of TA–TF

obtained by (9) when θref
αβ= 0 and θref

αβ = π/3, respectively. As
can be seen, in Fig. 8(a), since the rising edge of SC lags behind
its falling edge, it results in positive Tzero_edge but negative
Tzero_center. On the other hand, in Fig. 8(b), since the high-level
duration of SB exceeding TPWM, it results in positive Tzero_center
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Fig. 9. Flowchart of the proposed SVPWM strategy.

but negative Tzero_edge. In both cases, due to the inability to
ensure that the dwell time of all phases is within [0, TPWM],
the corresponding switching sequences cannot be achieved in
practice. In other words, at relatively high modulation depths,
even if Tzero (= Tzero_center+Tzero_edge) can be always positive,
modulation failure may still occur due to negative Tzero_center

or negative Tzero_edge.
Fortunately, as long as Tzero (= Tzero_center+Tzero_edge) is

non-negative, such modulation failure can be avoided by further
optimizing Tzero_center and Tzero_edge. Specifically, if Tzero≥0,
one can set Tzero_center = Tzero_edge = 0.5Tzero≥0 to ensure the
dwell time of each phase is in an achievable state. To realize this,
the dwell times of phases A–F should be adjusted accordingly.
In detail, the dwell times TA’–TF’ of each phase adjusted by
this step can be obtained through (10) to realize Tzero_center =
Tzero_edge⎧⎪⎪⎨

⎪⎪⎩
T ′
j = Tj + (TPWM −max{TA, TB, TC}

−min{TA, TB, TC}) /2
T ′
k = Tk + (TPWM −max{TD, TE, TF}

−min{TD, TE, TF}) /2
(10)

where j = A, B, C, and k = D, E, F.
Finally, Fig. 9 displays the complete flowchart of the proposed

SVPWM strategy.

C. Linear Modulation Boundary of the Proposed SVPWM
Strategy

This section conducts an analytic analysis for the linear mod-
ulation boundary of the proposed SVPWM strategy under power
sharing. As uref

αβ and uref
xy are both nonzero vectors under power

sharing, two modulation indices Mαβ and Mxy can be introduced
to reflect the modulation depth of αβ subspace and xy subspace,
respectively. Their definitions are as follows:

Mαβ =

∥∥∥uref
αβ

∥∥∥
Udc/2

, Mxy =

∥∥uref
xy

∥∥
Udc/2

. (11)

According to the aforesaid design procedure, it can be known
from Fig. 8 that non-negative Tzero_center and Tzero_edge are the
preconditions for achieving linear modulation. Therefore, on the
basis of (10), the linear modulation boundary of the proposed
strategy corresponds to the case where the minimum value of
Tzero is equal to 0.

Fig. 10. Variations of Tzero under constant ||uref
αβ || and ||uref

xy || (||uref
αβ || =

0.4Udc, ||uref
xy || = 0.15Udc). (a) uref

xy rotates with 5ωe. (b) uref
xy rotates with ωe.

For solving linear modulation boundary, the general approach
is based on ||uref

αβ || and ||uref
xy ||, ensuring that the global minimum

value of Tzero is equal to 0 when θref
αβ and θref

xy both vary from
0 to 2π. Essentially, such method only considers the amplitude
relationship between uref

αβ and uref
xy . In fact, however, without

considering the factors such as the frequency relationship be-
tween uref

αβ anduref
xy , it may not obtain the most accurate results.

For a more detailed explanation, Fig. 10 shows the effect
of uref

xy rotation frequency on Tzero under constant ||uref
αβ || and

||uref
xy || (||uref

αβ || = 0.4Udc, ||uref
xy || = 0.15Udc). First, Fig. 10(a)

shows the Tzero when uref
xy rotates with 5ωe under two different

phase angles γ. As seen, the influence of different γ on the
minimum value of Tzero is negligible. Next, Fig. 10(b) shows
the Tzero when uref

xy rotates with the fundamental frequency ωe

under the above γ angles. Compared with those in Fig. 10(a),
it can be seen that the minimum value of Tzero is now changed
with γ significantly. This means that even if ||uref

αβ || and ||uref
xy ||

remain constant, the lower the RVV rotational frequency, the
more diverse the linear modulation capability may be.

Hence, to more accurately find the linear modulation bound-
ary, it is vital to consider the frequency and phase relationship of
each subspace RVV. With (5), (7), (8), and (11), the expression
for Tzero considering all these factors can be derived as

Tzero = TPWM

×
[
1−

√
3

2

(
Mαβ cos[θ

ref
αβ − (Nαβ − 1)π6 ]

−Mxy cos[(θ
ref
αβ + γ) + (Nαβ − 1) 5π6 ]

)]
.

(12)

Equation (12) can be regarded as the analytical form of Tzero

shown in Fig. 7. As intuitively seen from Fig. 7, Tzero is incon-
sistent between odd Nαβ and even Nαβ . Fig. 11 illustrates the
reason for such phenomenon. First, whenuref

αβ is in the first sector
of αβ subspace (Nαβ = 1), Fig. 11(a) shows the distribution
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Fig. 11. Distribution of different zones in xy subspace whenuref
αβ is in different

sectors (Nαβ ) of αβ subspace. (a) Nαβ = 1. (b) Nαβ = 2. (c) Nαβ = 3.
(d) Nαβ = 4.

of the eight candidate active vectors of the proposed SVPWM
strategy in xy subspace. Taking these vectors as boundaries, the
xy subspace can be divided into three zones, namely Zone-I
(brown), Zone-II (blue), and Zone-III (white). Followed by the
same principle, when Nαβ is equal to 2, 3, and 4, distribution of
the corresponding three zones in xy subspace can be obtained,
as shown in Fig. 11(b), (c), and (d), respectively. As can be seen
from Fig. 11(a)–(d), as long as Nαβ increases by 1 (�Nαβ = 1),
the sectors of Zone-I, Zone-II, and Zone-III in xy subspace all
decrease by 7 (�Nxy_Zone=−7). However, when Nαβ increases
by 2 (�Nαβ = 2), �Nxy_Zone becomes to −2.

The reason for dividing such zones in xy subspace based on the
candidate vectors is that different zones use different types of
vectors for synthesis, thereby leading to different modulation
depths. As analyzed in Fig. 3, uref

αβ and uref
xy have the same

rotation frequency, but their rotation direction is opposite. Thus,
under any Nαβ , only �Nxy_Zone = −�Nαβ can ensure that the
types of vectors for xy subspace synthesis remain unchanged.
The �Nxy_Zone = −2 obtained from Fig. 11 for �Nαβ = 2
satisfies this condition, but �Nxy_Zone = −7 for �Nαβ = 1
obviously does not. So, it means that there are two kinds of
modulation depths in xy subspace, reflected, respectively, when
Nαβ is odd and even. And it is also the reason why the dwell
time of each vector shown in Fig. 7 cannot vary periodically
in each Nαβ sector. Due to this unique feature, to calculate the
linear modulation boundary, it is necessary to judge the Nαβ

(odd or even) of uref
αβ when uref

xy is located in the zone with
higher modulation depth. Such task depends on the position
relationship between uref

αβand uref
xy , which can be reflected by

the phase angle γ. Thus, when uref
xy is located in the zone with

higher modulation depth, the type of Nαβ (odd or even) can be
evaluated by γ, and the final conclusion can be provided as

{
if γ ∈ [π2 ,

3π
2 ), thenNαβ = odd

if γ ∈ [0, π2 ) ∪ [ 3π2 , 2π), thenNαβ = even.
(13)

TABLE I
LINEAR MODULATION BOUNDARY OF THE PROPOSED SVPWM STRATEGY

By relying on the periodicity in each odd Nαβ sectors and the
periodicity in each even Nαβ sectors, one can only analyze Nαβ

= 1 and Nαβ = 2 for simplicity. Therefore, by combining (12),
(13) and letting the minimum value of Tzero equal to 0, the linear
modulation boundary of the proposed SVPWM strategy can be
obtained based on the specific ranges of γ. The detailed results
are listed in Table I. The function f (Mαβ , Mxy, γ) is

f(Mαβ ,Mxy, γ)

=Mαβ cos

[
Z + arctan

(
Mαβ +Mxy

Mxy −Mαβ
tanZ

)]

−Mxy cos

[
Z − arctan

(
Mαβ +Mxy

Mxy −Mαβ
tanZ

)]
(14)

where Z = γ/2+(Nαβ-1)·π/2; and Nαβ (= 1 or 2) can be
determined by (13) according to the specific angle of γ.

Based on (14) and Table I, Fig. 12(a) exhibits the linear
modulation boundary of the proposed SVPWM strategy with
γ ranging from 0 to 2π. Besides, Fig. 12(a) also shows the
linear modulation boundary obtained without considering the
frequency feature of the RVV. As a partial view, the two-
dimensional cross-sectional images by Fig. 12(a) at γ = π/4
and γ = π/2 are shown in Fig. 12(b) and (c), respectively. From
Fig. 12(a)–(c), three conclusions can be drawn as follows.

1) For power sharing scenarios, due to the reduced frequency
of the RVV in xy subspace (fundamental frequency) com-
pared with harmonic regulation scenarios, considering
the RVV frequency feature can effectively excavate more
regions where the proposed strategy can achieve linear
modulation.

2) After considering the RVV frequency feature, different
γ angles result in different degrees of linear modulation
range expansion, but the most obvious expansion regions
are all around Mαβ = Mxy.

3) The maximum achievable linear modulation range of the
proposed SVPWM strategy corresponds to γ = π/2 or
3π/2.



4534 IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 39, NO. 4, APRIL 2024

Fig. 12. Linear modulation boundary of the proposed SVPWM strategy. (a)
Overall perspective. (b) Cross section at γ = π/4. (c) Cross section at γ = π/2.

D. Comparisons With Other VSD-Based SVPWM Solutions

In this section, the basic VSD-4V SVPWM strategies and
the two-modulation-stage-based SVPWM strategies presented
in [25] and [26] are considered for comparisons.

1) Comparison of Linear Modulation Range: As a fair
premise, the RVVs in αβ and xy subspaces for all compared
strategies are considered to rotate at a constant speed along a
circular trajectory, so as to achieve circular rotational MMF [i.e.,
the RVVs inαβ and xy subspaces should have the characteristics
in Fig. 3 and (5)].

For the basic VSD-4V SVPWM strategies in [13], [15], [16],
and [17], due to the constraints of non-negative dwell time of
the basic vectors, all of them suffer from zero linear modulation
range if the RVV amplitude in xy subspace is nonzero. For the
strategy in [25], due to the split of modulation in αβ subspace
and xy subspace, its linear modulation boundary is determined
by the non-negative Tzero in each modulation stage, and the final
result can be given as

Mαβ +Mxy − 2/
√
3 = 0. (15)

Different from [25], [26] considers Tzero from the complete
PWM cycle. This will slightly help to extend the linear modula-
tion range, because it is only necessary to ensure non-negative
Tzero in the whole PWM cycle (no need to further ensure that
Tzero of each modulation stage is non-negative). By means of
the analysis method in Section III-C, the linear modulation
boundary of the SVPWM strategy in [26] under power sharing

Fig. 13. Linear modulation boundary comparison of different VSD-based
SVPWM strategies under power sharing when γ = 5π/12.

can be derived as

Mαβ cos

[
Y + arctan

(
Mxy −Mαβ

Mαβ +Mxy
tanY

)]

+Mxy cos

[
Y − arctan

(
Mxy−Mαβ

Mαβ +Mxy
tanY

)]
+

2√
3
=0

(16)

where Y = γ/2+floor(12.5-6γ/π)·π/12. From (16), it can be
further proven that the maximum linear modulation boundary
corresponds to γ = π/12+k·π/6, where k = 0, 1, …, 11.

Based on Table I and (14)–(16), Fig. 13 graphically compares
the linear modulation boundaries of different SVPWM strate-
gies. γ is chosen to be 5π/12. As seen, even though γ = 5π/12
corresponds to the maximum linear modulation capability of
the strategy in [26], the linear modulation range only slightly
improves compared with that in [25]. For the proposed strategy,
although γ = 5π/12 does not correspond to its maximum linear
modulation capability, the improvement over the strategies in
[25] and [26] is still prominent.

On the other hand, if Mxy in (14)–(16) are all equal to 0 (i.e.,
balanced power sharing), then all strategies will have the same
linear modulation boundary as follows:

Mαβ = 2/
√
3, Mxy = 0. (17)

2) Comparison of Computational Burden: For the basic
VSD-4V strategies, the four active vectors depend entirely on
uref
αβ , so sector judgment only needs to be performed in αβ

subspace. Then, based on five calculations of vector dwell time
(four active vectors plus 1 zero vector) and six calculations of
dwell time for each phase A–F, the operation task is completed.

For the strategies in [25] and [26], the doubled modulation
stages mean almost all operations of the basic VSD-4V strategies
need to be doubled. The only difference is that Tzero only needs
to be calculated once in [26], while it requires twice in [25] due
to the split PWM cycle.

For the proposed strategy, even if there are a total of eight
candidate vectors (four original vectors and four nonoriginal
vectors) in a modulation cycle, the four nonoriginal vectors are
equivalent vectors under negative dwell time of the four original
vectors. Thus, as long as four original vectors are selected
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TABLE II
PERFORMANCE COMPARISON OF DIFFERENT VSD-BASED SVPWM STRATEGIES

through the sector judgment on uref
αβ , then which of the eight

candidate vectors should be finally used depends entirely on the
positive or negative values of the dwell time calculation results
of the four original vectors [as can be seen from (7) and (8),
positive or negative only depends on Nαβ and the given uref

α ,
uref
β , uref

x , and uref
y ]. In other words, sector judgment only needs

to be performed once for Nαβ , while the calculation of vector
dwell time only needs to be focused on the four original active
vectors and one zero vector (i.e., a total of five calculations).
Moreover, from Fig. 9, it can be seen that except the need of (10)
to average Tzero_center and Tzero_edge, the number of calculations
for phase dwell time is also kept at the minimum value of six
for the six-phase machine.

3) Summary: Different features of all the relevant SVPWM
strategies are summarized in Table II. Among different strate-
gies, the proposed strategy has the maximum linear modulation
range under unbalanced power sharing. Besides, in terms of
computational burden, compared with the strategies in [25] and
[26] that also have linear modulation capability under unbal-
anced power sharing, the proposed strategy has fewer sector
judgments, fewer calculations for vector dwell time, and fewer
calculations for phase dwell time, which can compensate for
the need to average Tzero_center and Tzero_edge. In conclusion,
the proposed SVPWM strategy can be considered as a com-
petitive solution for DTP machine drives under power sharing
conditions.

IV. EXPERIMENTAL VERIFICATION

In machine control framework, the factor directly related to
SVPWM is the voltage commands. Hence, to more clearly and
intuitively verify the principle of the proposed strategy and com-
pare it with other strategies under power sharing, the experiment
with open-loop voltage direct control is first conducted. After
that, the power sharing results of the proposed SVPWM strategy
under complete closed-loop control are further presented.

By taking DTP permanent-magnet (PM) synchronous ma-
chine (PMSM) as the tested machine, Fig. 14 shows the overall
experimental setup. The specific parameters of the DTP PMSM
drives are listed in Table III.

Fig. 14. Experimental setup of the DTP PMSM drives.

TABLE III
PARAMETERS OF THE DTP PMSM DRIVES IN THE EXPERIMENT

A. Open-Loop Voltage Control

In this experiment, the DTP PMSM is controlled by the
diagram shown in Fig. 15 for open-loop power sharing. As
analyzed in Section II-B, unbalanced power sharing state of the
machine corresponds to nonzero uref

αβ and uref
xy both rotating at

the fundamental frequency. Thus, open-loop power sharing can
be achieved by setting reference voltages uref

d , uref
q , uref

z1, and uref
z2

in synchronous frame to specific dc values directly. As long
as uref

z1 and uref
z2 are not zero simultaneously, unbalanced power

sharing can be then achieved. The inverse Park transformation
from dq and z1z2 subspaces to αβ and xy subspaces can be
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Fig. 15. Diagram of open-loop voltage control for power sharing.

Fig. 16. Voltage control with uref
d = -4 V,uref

q = 13 V, uref
z1= −1.2 V, and

uref
z2=−1 V for the proposed SVPWM strategy with Step-1 under Udc = 40 V.

(a) Dwell times of the basic vectors. (b) Phase dwell times TA and TD. (c) Actual
voltage trajectory in αβ subspace. (d) Actual voltage trajectory in xy subspace.

represented in complex vector form as [27]

F αβ = F dqe
jθe , F xy = F z1z2e

−jθe (18)

where θe is the rotor electrical position of the DTP PMSM.
1) Verification of the Two-Step Design of the Proposed

SVPWM Strategy: First, Fig. 16 shows the experimental re-
sults for the proposed SVPWM strategy with only Step-
1. The reference voltages are selected as uref

d = −4 V,
uref
q = 13 V, uref

z1= −1.2 V, and uref
z2= −1 V. The dc

bus voltage Udc is 40 V. The load torque provided by
the load machine is adjusted to make the speed equal to

Fig. 17. Voltage control with uref
d = −4 V, uref

q = 13 V, uref
z1= −1.2 V, and

uref
z2=−1 V for the proposed SVPWM strategy with Step-1 under Udc = 26 V.

(a) Phase dwell times TA and TD. (b) Actual voltage trajectory in αβ subspace.
(c) Actual voltage trajectory in xy subspace.

200 r/min. As can be seen by Fig. 16(a), with Step-1, nega-
tive dwell times of active vectors occur sometimes to provide
preconditions for synthesizing the non-zero uref

αβ and uref
xy . Be-

sides, Fig. 16(b) shows the phase dwell times TA and TD (re-
spectively, represents the dwell time of the two subthree-phase
winding sets). Due to the relatively low modulation depth in this
case, TA and TD obtained by (9) [i.e., without the optimization
of (10) by Step-2] can be within the range of [0, TPWM]. Hence,
linear modulation in both αβ and xy subspaces can be achieved,
and the actual voltage trajectories in αβ and xy subspaces are
both circular with no distortion, as shown in Fig. 16(c) and (d),
respectively.

Next, based on the same speed, uref
d , uref

q , uref
z1, and uref

z2, the
experiment for the proposed SVPWM strategy with only Step-1
is further conducted by reducing Udc to 26 V. In this case,
it can be observed from Fig. 17(a) that TA has reached the
saturation state (0 and TPWM) for a certain time. Consequently,
overmodulation occurs and the actual voltage trajectories in αβ
and xy subspaces depicted in Fig. 17(b) and (c) no longer appear
to be circular, especially that in xy subspace.

Then, with Udc = 26 V and the same speed, uref
d , uref

q , uref
z1,

and uref
z2, Fig. 18 shows the experimental results for the pro-

posed SVPWM strategy with Step-1 and Step-2. Compared with
Fig. 17(a), it can be observed by Fig. 18(a) that the waveform
shape of phase dwell time has been modified through Step-2.
Since TA’ is no longer maintained at 0 and TPWM for a certain
time, the saturation state is exited. Hence, both αβ subspace and
xy subspace achieve linear modulation again, resulting in the
circular actual voltage trajectories shown in Fig. 18(b) and (c),
respectively. Compared with the experimental results in Fig. 17,
the function of Step-2 to further expand the linear modulation
range can be, therefore, confirmed.

Moreover, by the experimental results in Fig. 18, one can
also find that the linear modulation boundary of the proposed
SVPWM strategy is just reached. This is because the minimum
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Fig. 18. Voltage control with uref
d = −4 V, uref

q = 13 V, uref
z1 = −1.2 V, and

uref
z2= −1 V for the proposed SVPWM strategy with Step-1 and Step-2 under

Udc = 26 V. (a) Phase dwell times TA’ and TD’. (b) Actual voltage trajectory
in αβ subspace. (c) Actual voltage trajectory in xy subspace.

and maximum values of TA’ and TD’ happen to be 0 and
TPWM, respectively, while the actual voltage trajectories in both
subspaces are still circular. In this case, based on the specificuref

d ,
uref
q , uref

z1, uref
z2, and Udc given previously, it can be calculated by

(11), (18), and Fig. 3 that⎧⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎩
Mαβ =

√
uref
d

2
+uref

q
2

Udc/2
= 1.0463

Mxy =

√
uref
z1

2
+uref

z2
2

Udc/2
= 0.1202

γ = arctan
(

uref
z1

uref
z2

)
− arctan

(
−uref

d

uref
q

)
= 0.5776 rad.

(19)

Since the resulted Mαβ , Mxy, and γ generally meet the
relationship in Table I, the correctness of theoretical analysis
regarding linear modulation boundary of the proposed SVPWM
strategy can be verified.

2) Linear Modulation Range Comparison of Different
SVPWM Strategies: This experiment compares the linear mod-
ulation range of different SVPWM strategies when the DTP
PMSM is under power sharing. In addition to the proposed strat-
egy, the basic VSD-4V SVPWM strategy in [15] (Strategy-1)
and the two-modulation-stage-based SVPWM strategy in [26]
(Strategy-2) are considered. Same working conditions for all the
three strategies are guaranteed by the same Udc and the same
reference voltages (uref

d =−1.4 V, uref
q = 12 V, uref

z1=−1.7 V, and
uref
z2 = −0.24 V). The speed of the DTP PMSM is maintained

at 150 r/min in all comparisons by adjusting the load torque
provided by the load machine.

First, the comparison is carried out under Udc = 28 V.
Fig. 19(a) shows the actual voltage trajectory and boundary
of the effective modulation range (BEMR) in αβ subspace
under the three strategies, while those in xy subspace under the
three strategies are given in Fig. 19(b). The BEMRs in αβ and
xy subspaces are obtained by the maximum achievable ||uref

αβ ||
and ||uref

xy || without changing ||uref
αβ ||/||uref

xy ||, and the maximum

achievable ||uref
αβ || and ||uref

xy || of Strategy-1, Strategy-2, and the
proposed strategy are determined by the modulation constraints
in [15] and [26], and this article, respectively. Since the RVVs
in αβ and xy subspaces of all the strategies rotate along circular
trajectories, the linear modulation boundary of each strategy
corresponds to the inscribed circle of its BEMRs.

From Fig. 19(a-1) and (b-1), it can be noticed that although
there are certain regions within the BEMRs of Strategy-1, the
inscribed circle radius of BEMR in both subspaces is 0. Thus, for
such case with ||uref

αβ ||�0 and ||uref
xy ||�0, linear modulation in αβ

and xy subspaces cannot be achieved. For Strategy-2, it can be
found from Fig. 19(a-2) and (b-2) that the inscribed circle radius
rαβ of BEMR in αβ subspace and the inscribed circle radius rxy
of BEMR in xy subspace are 14.20 V and 2.019 V, respectively.
Since rαβ>||uref

αβ || = 12.08 V and rxy>||uref
xy || = 1.717 V, linear

modulation in both subspaces is achieved. As a result, the actual
voltage trajectories inαβ and xy subspaces are both circular. For
the proposed strategy, it can be seen from Fig. 19(a-3) and (b-3)
that it not only has circular actual voltage trajectories in αβ and
xy subspaces, but also has higher rαβ (15.47 V) and higher rxy
(2.198 V), which means the extended linear modulation range
can be possessed.

Next, the three strategies are retested under a reduced Udc of
22 V. The experimental results under this condition are shown in
Fig. 20. Due to the decrease in dc bus voltage, the BEMRs of each
strategy shrink accordingly. For Strategy-1, since the inscribed
circle radius of BEMR in both subspaces is still 0, the distorted
modulation in αβ and xy subspaces shown in Fig. 20(a-1) and
(b-1) are similar to those in Fig. 19(a-1) and (b-1), respectively.
Regarding Strategy-2, as seen by Fig. 20(a-2) and (b-2), rαβ
and rxy are reduced to 11.16 V and 1.586 V, respectively. Due
to rαβ<||uref

αβ || and rxy<||uref
xy ||, the actual voltage trajectories

in αβ and xy subspaces completely coincide with the BEMR
of the corresponding subspaces and, hence, overmodulation
occurs. In this case, only the proposed strategy can maintain
linear modulation in both subspaces. And this is because rαβ
(12.15 V) and rxy (1.727 V) are still not less than ||uref

αβ || and
||uref

xy ||, respectively, as shown in Fig. 20(a-3) and (b-3).
Furthermore, under the given reference voltages (uref

d =
−1.4 V, uref

q = 12 V, uref
z1= −1.7 V, uref

z2 = −0.24 V), by using
(18) and VSD inverse transformation, the expected fundamental
components of phase voltages uA and uD can be calculated
as 12.6265 V and 11.7638 V, respectively. Fig. 20(d) and (e)
shows the fast Fourier transform (FFT) results for the equivalent
uA and uD, respectively, under the three strategies with Udc =
22 V. Since the proposed strategy can synthesize circular rotating
RVVs in both subspaces, not only the desired fundamental
components of uA and uD are output, but also the total har-
monic distortion (THD) values are the minimal. For Strategy-1,
although the fundamental components of uA and uD are close
to the expected values, the most obvious distorted modulation
trajectories in αβ and xy subspaces lead to the highest THD. For
Strategy-2, although the distortion of the modulation trajectories
in αβ and xy subspaces is not significant, the actual trajectories
have shrunk. Thus, in addition to the increase in THD of uA and
uD compared with the proposed strategy, the main problem is
also reflected in the decrease in fundamental output capability.
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Fig. 19. Voltage control with uref
d = −1.4 V, uref

q = 12 V, uref
z1= −1.7 V, and uref

z2 = −0.24 V under Udc = 28 V using the SVPWM strategy in [15] (Strategy-1),
the SVPWM strategy in [26] (Strategy-2), and the proposed SVPWM strategy. Actual voltage trajectory (cyan) and BEMR (red) under the three strategies in (a)
αβ subspace and (b) xy subspace.

Fig. 20. Voltage control with uref
d =−1.4 V, uref

q = 12 V, uref
z1=−1.7 V, and uref

z2 =−0.24 V under Udc = 22 V using the SVPWM strategy in [15] (Strategy-1),
the SVPWM strategy in [26] (Strategy-2), and the proposed SVPWM strategy. Actual voltage trajectory (cyan) and BEMR (red) under the three strategies in (a)
αβ subspace and (b) xy subspace. FFT results under the three strategies for the (c) equivalent uA and (d) equivalent uD.

Fig. 21. Diagram of closed-loop control for power sharing.

3) Investigation of Computation Time for Different SVPWM
Strategies: To further investigate the computational burden of
different SVPWM strategies under experimental conditions,
based on the control structure shown in Fig. 15 and the TI micro-
controller TMS320F28379D, the measured results of computa-
tion time for each strategy within a modulation cycle are shown
in Table IV. As seen, due to the doubled modulation stage, the
strategies in [25] and [26] require more computation time than
the basic VSD-4V strategy in [15]. Besides, the computation
time of the strategy in [25] is higher than that in [26] due to
one more calculation for vector dwell time and the additional
operation to split the PWM cycle, as illustrated in Table II. For
the proposed strategy, if only Step-1 is executed, it will have
similar computational tasks to the basic VSD-4V strategy in
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Fig. 22. Closed-loop control with Udc = 60 V, reference speed = 400 r/min, load torque = 5 Nm, and power sharing ratio from 1:1 to 4:1 for the proposed
SVPWM strategy. (a) iA, iD, ud, and uq. (b) iA, iD, uz1, and uz2. (c) FFT results for iA under 1:1 power sharing. (d) FFT results for iD under 1:1 power sharing.
(e) FFT results for iA under 4:1 power sharing. (f) FFT results for iD under 4:1 power sharing. (g) iA, iD, id, and iq. (h) iA, iD, iz1, and iz2.

TABLE IV
COMPUTATION TIMES OF DIFFERENT STRATEGIES IN THE EXPERIMENT

[15] (details are in Table II). And the experimental results in
Table IV can also verify this. In addition, if both Step-1 and
Step-2 of the proposed strategy are executed, the computation
time is still lower than the strategy in [25] and almost the same as
the strategy in [26]. This indicates that the two-stage modulation
avoided by the proposed strategy can basically compensate for
the additional computation time required to average Tzero_center

and Tzero_edge in Step-2.

B. Closed-Loop Control

In this experiment, the proposed SVPWM strategy is in-
vestigated by closed-loop power sharing control. To achieve
minimum copper loss, (3) should be satisfied. Optionally, based
on (18), (3) can be realized by setting reference currents iref

z1 and

iref
z2 in z1z2 synchronous frame as

iref
z1 = (K1 −K2)i

ref
d , iref

z2 = (−K1 +K2)i
ref
q . (20)

The control diagram is shown in Fig. 21. By setting Udc

to 60 V, reference speed nref to 400 r/min, and load torque to
5 Nm, Fig. 22 provides the dynamic results when power sharing
command for the two subthree-phase winding sets changes from
1:1 to 4:1.

During the switching of power sharing ratio, Fig. 22(a) and
(b), respectively, shows the changes in dq-axis voltages and z1z2-
axis voltages with the changes in phase currents iA and iD. As
seen, when power sharing ratio is 1:1, ud, uq, uz1, and uz2 are
−9 V, 21 V, 0 V, and 0 V, respectively, resulting in ||uref

αβ ||�0 and
||uref

xy || = 0. When power sharing ratio is switched to 4:1, ud, uq,
uz1, and uz2 are −9 V, 21 V, −2.4 V, and −1.8 V, respectively.
Under 60 V dc bus voltage, similar to (19), one can calculate
that Mαβ , Mxy, and γ here are 0.3808, 0.05, and 0.5224 rad,
respectively. Based on these Mαβ , Mxy, and γ, it is known from
(14) and Table I that the proposed SVPWM strategy can achieve
linear modulation for 4:1 power sharing. Moreover, Fig. 22(c)
and (d) shows the FFT results for iA and iD under 1:1 power
sharing, respectively, while the corresponding results under 4:1
power sharing are given in Fig. 22(e) and (f). With the linear
modulation, the main source of current THD is the nonideal
characteristics such as inverter nonlinearity. The corresponding
problem can be solved by further introducing the well-developed
harmonic suppression strategies.
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To further demonstrate the implementation principle of power
sharing under current closed-loop control, Fig. 22(g) and
(h), respectively, shows the changes in dq-axis currents and
z1z2-axis currents with the changes in iA and iD. Similar to the
dq-axis voltages shown in Fig. 22(a), the dq-axis currents shown
in Fig. 22(g) also remain unchanged (id = 0 A and iq = 4.2 A)
before and after the power sharing ratio change, verifying that the
dq-axis variables only reflect the total power and are independent
of power imbalance. On the other hand, the z1z2-axis currents
shown in Fig. 22(h) are both 0 A under 1:1 power sharing, while
they are finally stabilized at 0 A and -2.6 A under 4:1 power
sharing, respectively. Under 4:1 power sharing command (i.e.,
K1 = 0.8, K2 = 0.2), since id = 0 A, iq = 4.2 A, iz1 = 0 A,
and iz2 = -2.6 A are generally in accordance with (20), it means
that the 4:1 power sharing is finally achieved by the closed-loop
control.

V. CONCLUSION

This article proposes a new VSD-based SVPWM strategy for
DTP machine drives under unbalanced power sharing condi-
tions. According to the characteristics of the RVVs under power
sharing, a two-step-based design procedure is illustrated to form
the SVPWM strategy. The first step is to remove the non-negative
dwell time constraints of the basic vectors. By this way, the
achievable direction of nonzero vector synthesis becomes arbi-
trary, and the nonzero RVV linear modulation capability in both
αβ and xy subspaces can be created. Considering the unique
dwell time features of the vectors resulting from the first step,
the second step further extends the linear modulation range by
averaging the dwell time of center zero vector and edge zero vec-
tor. For solving the linear modulation boundary in such case, an
analysis method considering the RVV frequency feature is also
presented. Compared with other typical VSD-based SVPWM
strategies, the theoretical and experimental analyses indicate
that the proposed strategy can be a competitive alternative for
DTP machine drives with power sharing requirements due to the
extended linear modulation range.

REFERENCES

[1] S. Wang, K. Imai, and S. Doki, “A novel decoupling control scheme
for non-salient multi-three-phase synchronous machines based on multi-
stator model,” IEEE Trans. Ind. Appl., vol. 59, no. 1, pp. 886–896,
Jan./Feb. 2023.

[2] S. Rubino, F. Mandrile, E. Armando, I. R. Bojoi, and L. Zarri, “Fault-
tolerant torque controller based on adaptive decoupled multi-stator model-
ing for multi-three-phase induction motor drives,” IEEE Trans. Ind. Appl.,
vol. 58, no. 6, pp. 7318–7335, Nov./Dec. 2022.

[3] I. Subotic, O. Dordevic, J. B. Gomm, and E. Levi, “Active and reactive
power sharing between three-phase winding sets of a multiphase induction
machine,” IEEE Trans. Energy Convers., vol. 34, no. 3, pp. 1401–1410,
Sep. 2019.

[4] S.-W. Hwang, D.-K. Son, S.-H. Park, G.-H. Lee, Y.-D. Yoon, and M.-S.
Lim, “Design and analysis of dual stator PMSM with separately controlled
dual three-phase winding for eVTOL propulsion,” IEEE Trans. Transp.
Electrific., vol. 8, no. 4, pp. 4255–4264, Dec. 2022.

[5] H. S. Che, E. Levi, M. Jones, M. J. Duran, W.-P. Hew, and N. A. Rahim,
“Operation of a six-phase induction machine using series-connected
machine-side converters,” IEEE Trans. Ind. Electron., vol. 61, no. 1,
pp. 164–176, Jan. 2014.

[6] I. Zoric, M. Jones, and E. Levi, “Arbitrary power sharing among three-
phase winding sets of multiphase machines,” IEEE Trans. Ind. Electron.,
vol. 65, no. 2, pp. 1128–1139, Feb. 2018.

[7] M. J. Duran, I. González-Prieto, A. González-Prieto, and F. Barrero,
“Multiphase energy conversion systems connected to microgrids with
unequal power-sharing capability,” IEEE Trans. Energy Convers., vol. 32,
no. 4, pp. 1386–1395, Dec. 2017.

[8] S. Hu, M. Xiong, Z. Liang, and X. He, “Torque distributed control
strategy for the dual three-phase PMSM in hybrid energy storage system
application,” IEEE Trans. Ind. Electron., vol. 67, no. 4, pp. 2544–2552,
Apr. 2020.

[9] F. Luise, S. Pieri, M. Mezzarobba, and A. Tessarolo, “Regenerative testing
of a concentrated-winding permanent-magnet synchronous machine for
offshore wind generation—Part I: Test concept and analysis,” IEEE Trans.
Ind. Appl., vol. 48, no. 6, pp. 1779–1790, Nov./Dec. 2012.

[10] A. A. Abduallah, O. Dordevic, M. Jones, and E. Levi, “Regenerative
test for multiple three-phase machines with even number of neutral
points,” IEEE Trans. Ind. Electron., vol. 67, no. 3, pp. 1684–1694,
Mar. 2020.

[11] S. Rubino, O. Dordevic, E. Armando, I. R. Bojoi, and E. Levi, “A novel
matrix transformation for decoupled control of modular multiphase PMSM
drives,” IEEE Trans. Power Electron., vol. 36, no. 7, pp. 8088–8101,
Jul. 2021.

[12] Y. Hu, Z. Q. Zhu, and M. Odavic, “Comparison of two-individual
current control and vector space decomposition control for dual three-
phase PMSM,” IEEE Trans. Ind. Appl., vol. 53, no. 5, pp. 4483–4492,
Sep./Oct. 2017.

[13] Y. Zhao and T. A. Lipo, “Space vector PWM control of dual three-phase
induction machine using vector space decomposition,” IEEE Trans. Ind.
Appl., vol. 31, no. 5, pp. 1100–1109, Sep./Oct. 1995.

[14] I. Zoric, M. Jones, and E. Levi, “Arbitrary d–q current sharing in three-
phase winding sets of multi-phase machines,” J. Eng., vol. 2019, no. 17,
pp. 4173–4177, Jun. 2019.

[15] X. Wang, Z. Wang, and Z. Xu, “A hybrid direct torque control scheme
for dual three-phase PMSM drives with improved operation perfor-
mance,” IEEE Trans. Power Electron., vol. 34, no. 2, pp. 1622–1634,
Feb. 2019.

[16] S. M. Suhel and R. Maurya, “Realization of 24-sector SVPWM with new
switching pattern for six-phase induction motor drive,” IEEE Trans. Power
Electron., vol. 34, no. 6, pp. 5079–5092, Jun. 2019.

[17] K. Marouani, L. Baghli, D. Hadiouche, A. Kheloui, and A. Rezzoug, “A
new PWM strategy based on a 24-sector vector space decomposition for a
six-phase VSI-fed dual stator induction motor,” IEEE Trans. Ind. Electron.,
vol. 55, no. 5, pp. 1910–1920, May 2008.

[18] S. Paul and K. Basu, “Overmodulation techniques of asymmetrical six-
phase machine with optimum harmonic voltage injection,” IEEE Trans.
Ind. Electron., vol. 68, no. 6, pp. 4679–4690, Jun. 2021.

[19] M. A. E., M. S. Shaikh, and R. Maurya, “Performance investigation on
SVPWM sequences based on reduced common-mode voltage in dual
three-phase asymmetrical machine,” IEEE Trans. Energy Convers., vol. 36,
no. 4, pp. 2884–2893, Dec. 2021.

[20] K. Cui, C. Wang, M. Zhou, and S. Sun, “Comprehensive investigation
of space-vector PWM including novel switching sequences for dual
three-phase motor drives,” IEEE Trans. Transp. Electrific., vol. 9, no. 1,
pp. 1350–1362, Mar. 2023.

[21] Z. Zhang, Z. Wang, X. Wei, Z. Liang, R. Kennel, and J. Rodriguez,
“Space-vector-optimized predictive control for dual three-phase PMSM
with quick current response,” IEEE Trans. Power Electron., vol. 37, no. 4,
pp. 4453–4462, Apr. 2022.

[22] W. Liao, M. Lyu, S. Huang, Y. Wen, M. Li, and S. Huang, “An en-
hanced SVPWM strategy based on vector space decomposition for dual
three-phase machines fed by two DC-source VSIs,” IEEE Trans. Power
Electron., vol. 36, no. 8, pp. 9312–9321, Aug. 2021.

[23] G. Feng, C. Lai, W. Li, Z. Li, and N. C. Kar, “Dual reference frame based
current harmonic minimization for dual three-phase PMSM considering
inverter voltage limit,” IEEE Trans. Power Electron., vol. 36, no. 7,
pp. 8055–8066, Jul. 2021.

[24] S. Liu, Z. Song, Y. Liu, Y. Chen, and C. Liu, “Flux-weakening controller
design of dual three-phase PMSM drive system with copper loss mini-
mization,” IEEE Trans. Power Electron., vol. 38, no. 2, pp. 2351–2363,
Feb. 2023.

[25] J. Prieto, J. A. Riveros, and B. Bogado, “Multifrequency output voltage
generation for asymmetrical dual three-phase drives,” in Proc. IEEE Int.
Electric Machines Drives Conf., 2017, pp. 1–6.



MA et al.: SVPWM STRATEGY WITH EXTENDED LINEAR MODULATION RANGE FOR DUAL THREE-PHASE MACHINE DRIVES 4541

[26] J. Xu, M. Odavic, Z.-Q. Zhu, Z.-Y. Wu, and N. M. A. Freire, “Modulation
restraint analysis of space vector PWM for dual three-phase machines
under vector space decomposition,” IEEE Trans. Power Electron., vol. 36,
no. 12, pp. 14491–14507, Dec. 2021.

[27] K. Yu, Z. Wang, X. Wang, and Z. Zou, “An online flux estima-
tion for dual three-phase SPMSM drives using position-offset injec-
tion,” IEEE Trans. Power Electron., vol. 36, no. 10, pp. 11606–11617,
Oct. 2021.

Xiaochen Ma was born in Hebei, China, in 1995.
He received the B.S. degree from Fuzhou University,
Fuzhou, China, and the M.S. degree from Tianjin
University, Tianjin, China, in 2018 and 2021, respec-
tively, both in electrical engineering. He is currently
working toward the Ph.D. degree in electrical engi-
neering with Tianjin University, Tianjin, China.

His research interests include power converters and
electric machine drives.

Bin Li was born in China, in 1976. He received the
Ph.D. degree in electrical engineering from Tianjin
University (TJU), Tianjin, China, in 2006.

From 2014 to 2015, he was a Visiting Scholar with
the Department of Electrical Engineering and Com-
puter Science, University of Central Florida, Orlando,
FL, USA. He is currently a Professor with the School
of Electrical and Information Engineering, TJU. His
research interests include electric machine design and
control.

Guidan Li was born in China, in 1975. She received
the M.S. and Ph.D. degrees in electrical engineering
from Tianjin University (TJU), Tianjin, China, in
2004 and 2009, respectively.

From March 2014 to March 2015, she was a Vis-
iting Scholar with the University of Central Florida,
Orlando, FL, USA. She is currently a Professor with
the School of Electrical and Information Engineering,
TJU. Her research interests include power electronics
and their applications.

Qiaoman Zhu was born in Anhui, China, in 1999.
She received the B.S. degree from Anhui Univer-
sity, Hefei, China, and the M.S. degree from Tianjin
University, Tianjin, China, in 2020 and 2023, respec-
tively, both in electrical engineering.

She is currently with the Jianghuai Advance Tech-
nology Center, Hefei, China. Her research interests
include fault-tolerant control of multiphase motors,
pulsewidth modulation, and harmonic analysis of
multiphase converters.



<<
  /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 true
  /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 true
  /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


