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Abstract—A topology, so called, Double-Delta Sourced Winding
(DDSW) has been proposed to improve harmonic properties in high-
power conversion systems. In this paper, a pulse-width modulation
method is proposed to further optimize the harmonic properties in
DDSW-based systems. Specifically, it is described through
mathematical analyses how to modify voltage references for
reducing harmonics in combination with DDSW. The effectiveness
of the proposed method is assessed with experimental results. As a
result, the proposed method revealed 40% further reduction of
harmonic current.

I. INTRODUCTION

A circuit connection topology, so called, Double-Delta
Sourced Winding (DDSW), would be useful to mitigate ripple
currents by virtue of its multi-level voltage output [1]-[3]. In
particular, this topology is attractive in high-power systems, where
multiple windings and converters are inherently essential for
power sharing [4]-[6]. It was shown in the literatures that DDSW
could be feasible in power conversion systems based on a
transformer or an electrical machine with dual three-phase
windings. Specifically, active and reactive powers were adjusted
for a grid application [2], and the vector control was achieved for
a motor application [3].

In the previous literatures [1]-[3], a Pulse-Width Modulation
(PWM) for DDSW was based on a simple interleaving method [1],
[7]. This interleaving method uses two PWM-carriers presenting
the phase difference by 180 degrees. For example, winding
voltages in a DDSW-based system are shown in Fig. 1 from [1]
when its PWM is based on the conventional method. In the figure,
although their fundamental phases are identical, phase-shifted
patterns are observed in the scope of PWM because of the
interleaving. Even though the number of voltage levels is
increased up to nine by DDSW [1], the employment of the voltage
levels does not appear to be optimal.

A PWM output, in general, presents fluctuations with respect
to its average value for a given period. These fluctuations are
inevitable because voltage levels available for PWM are finite in
converters. In order to mitigate PWM ripples, the magnitude of the
fluctuation should be thus minimized for each PWM period.
However, in the conventional PWM method, the fluctuation at the
region of negative peak of fundamental voltage is much larger than
that at the region of zero-crossing of fundamental voltage as shown

in Fig. 1. This fact corroborates that the PWM strategy for DDSW
may be further optimized.

In this paper, after a new concept for PWM is described in a
voltage vector plane, its implementation is delineated as a carrier-
based scheme with mathematical analyses. The effectiveness of
the proposed method is evaluated with experimental results.

Figure 1. Winding voltage by conventional PWM in DDSW [1].

II.  VOLTAGE SYNTHESIS IN DDSW

Two converters are essential for DDSW as shown in Fig. 2.
The PWM combination of these converters should be considered



for better harmonic properties not only in the converter-side but
also in the other side that is magnetically coupled. In fact, the
current flowing into this coupled winding is more critical in
practical applications. In detail, this coupled current corresponds
to a grid current of transformer or a rotor current of electrical
machine. Furthermore, there are associated harmonic regulations
for grid currents to comply with [8], and the degree of torque
ripples is dependent on harmonics of rotor currents. Therefore, the
combinational influence of converters should be more considered
on the coupled winding than the converter winding.

The combinational influence of converters intuitively appears
to be explained with the summation of each converter’s outputs.
By assuming a balanced three-phase structure in Fig. 2, a per-phase
circuit can be derived as presented in Fig. 3. For simplicity, it is
also assumed that Ly, is large enough, and that L, is identical to the
parallel inductance of two leakage inductances, denoted by Ls,
close to va1 and veo. The voltage drop on L, is then derived as (1)
from Fig. 3.
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where v, is grid voltage.

In transformer applications, because the current flowing into
L, corresponds to a grid current, the characteristics of the voltage
drop detailed in (1) is important for the compliance with relevant
standards [8]. When considering (1), the combinational influence
of converters to the coupled winding is explained with the sum of
var and voy as expected. Therefore, the combinational influence
from the converters can be extended for three-phase as (2).
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where the grid voltages are disregarded only for considering
PWM effects of the converters.

Because the winding voltages on the right-side in (2) can be
expressed with respect to switching functions of each converter
and DC-link voltage [1], stationary d-q voltage can be derived as
(3-a) from (2) through Clarke’s transformation in (3-b). Both DC-
link voltages for converters are assumed to be identical as V.

v ap V4 Sa Sr
o [E T Vi | = (A (S, [+ By S s (3-2)
® Vo S, S,
L2t -2 -2 o)
310 B2 B2l
1 -1 0
A =B, = . (3-¢)
1/\3 1/\3 —2/3

Given that each switching function can present unity or zero,
the pairs of d-q voltage made by DDSW are indicated as finite
vectors in a voltage plane as depicted in Fig. 4. Specifically, the
voltage vectors from each converter in Fig. 4(a) are combined into
the voltage vectors for the coupled winding in Fig. 4(b). The vector
distribution in Fig. 4(b) is identical to that of a three-level
converter except 30-degree rotation.
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Figure 3. Per-phase equivalent circuit for DDSW.
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Figure 4. Position of voltage vectors by DDSW when V. is 100V in d-q plane of
voltage: (a) for each converter, (b) for coupled winding.

In that the voltage vectors are distributed like a three-level
converter, an optimal PWM strategy for DDSW can be similar to
that for open-end winding [9], [10]. However, in the open-end
winding case, two converters forcibly share identical converter
currents due to its structure. Namely, as only one three-phase
current is of concern to determine six switching functions, two
converters for the open-end winding can be regarded as one three-
level converter if their DC-link voltages are equal. On the contrary,
different three-phase currents can flow in each converter of
DDSW-based systems. That is, separate current regulators are
normally dedicated to each converter [2], [3]. Furthermore, it



should be noted that the coefficients for each voltage in (1) are
actually dependent on intermediate impedances of a DDSW-based
system. Strictly speaking, the purpose of PWM for DDSW is then
aimed at quasi three-level operations. In the proposed method,
after two sets of three-phase voltage references are initially
computed for the current regulation of each converter, they are
aptly modified for the quasi three-level operation without
deteriorating the current regulations.

The conventional PWM for DDSW can be understood with an
example shown in Fig. 5. Normally, almost identical reference
vectors are assigned to both converters, CNV; and CNV;, for the
current regulations. However, the appearing sequences of voltage
vectors to synthesize the reference vectors are opposite in each
converter due to the interleaving effect as shown in Figs. 5(b) and
5(c). As aresult, in synthesizing the combined reference vector ‘R’,
three voltage vectors indicated by circles are used for PWM in the
combined voltage plane as shown in Fig. 5(a). That is, when the
conventional PWM is employed, the nearest surrounding vectors
to the combined reference vector may not be used for voltage
synthesis, which is detrimental to harmonic properties.

For better harmonic properties, each converter should employ
only the nearest surrounding vectors for the voltage synthesis. One
example is shown in Fig. 6 to explain the principle of the proposed
method. In here, one converter is used to maintain a pivot vector
as shown in Fig. 6(b) while the other converter generates enclosing
vectors as presented in Fig. 6(c). The combined reference vector
‘R’ can then be synthesized with only the nearest surrounding
vectors as indicated by circles in Fig. 6(a). By alternately
exchanging the roles of each converter, the proposed PWM
method can be applied without degrading the current regulations.

III.  REFERENCE MODIFICATION IN PROPOSED PWM

A. Fundamental Concepts to Explain Proposed Method

Several concepts need to be mentioned before explaining the
proposed method. In general, voltage vectors in a two-level
converter form a hexagon [11], [12]. If the magnitude of a voltage
vector is not null, it is referred to as effective vector, and only one
combination of switching functions is matched to it as shown in
Fig. 7. In this paper, if only one of switching functions presents
unity for an effective vector, it is denoted by single-one vector
(SOV). On the contrary, if only one of switching functions
presents zero, it is represented by single-zero vector (SZV). As
shown in Fig. 7, every sector of the hexagon (S1~S6) is separated
by a SOV and a SZV. Therefore, the principle of PWMs can be
explained in terms of SOV and SZV regardless of the actual sector
which a reference vector belongs to.

A space vector modulation (SVM) for a three-phase reference
can be easily carried out by using a triangular waveform as shown
in Fig. 8 [13], where only the half period for PWM, represented by
Tsamp, 18 presented. Simply, if a voltage reference is higher than the
triangular-wave in real time, its switching function presents unity.
Otherwise, the value of switching function corresponds to zero. In
fact, SVM intended in Fig. 8 is mathematically based on (4) [12].
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As mentioned earlier, because every sector is bounded by a
SOV and a SZV, each effective vector is indicated by SOV or SZV
as its subscript in (4).
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Figure 6. Employment of voltage vectors in proposed PWM.

If each voltage reference is classified as Vimax, Vined, and Vimin
according to its relative magnitude to the others, the analysis on
PWM can be further generalized. In Fig. 8, voltage differences of
a three-phase reference are proportional to the application times of
effective vectors due to the linearly changed slope of the



triangular-wave. Specifically, the difference between V. and
Vmed 18 related to the application time of SOV while the difference
between Vieq and Vi, is associated with the application time of
SZV. This is because only one switching function presents unity if
and only if Vmax is solely higher than the triangular-wave, and only
one switching functions presents zero if and only if Vmin is
exclusively lower than the triangular-wave. Therefore, (4) can be
rearranged into (5) when it comes to the generalized voltage
references.
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Figure 7. Definition of voltage vectors for two-level converter.
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Figure 8. PWM based on a triangular waveform.
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The meaning of (5) is that a three-phase reference voltage for
the current regulation can be synthesized during Tsamp with a
triangular-wave having the slope of Vao/Tsamp. On the basis of the
aforementioned concepts, it is detailed how the proposed method
is implemented.

B. Carrier-Based Implmenetation for Proposed Method
As mentioned earlier, each converter has to alternately change

its role for the proposed PWM: pivoting mode and enclosing mode.

In addition, because PWM period for the current regulation is
given as Tmp, the role change must be made within Tgamp not to
degrade the current regulation. The equal time for each mode, as
presented in (6), appears to be reasonable given that symmetrical
PWMs are commonly good for better harmonic properties.

T =T =T /2. (6)
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If Tpivee in (6) is inserted into (5) to substitute with Tsamp, (7)
can be derived.
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When compared to (5), it is inferred from (7) that a three-phase
voltage in (7-b) can be synthesized during 2Ty With a triangular-
wave having the slope of Vu/Tpivor. Based on this insight, carrier
waves in Fig. 9 would be used for the proposed PWM when
considering the symmetry. In particular, as described in (7-b), the
voltage references to be synthesized during 2Ty are two times to
the initial voltage references in each converter. For the proposed
PWM, these doubled references should be split into two sets of
three-phase references, which are respectively utilized in pivoting
mode and enclosing mode.
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Figure 9. PWM based on a triangular waveform.

Equation (7) needs to be modified for a carrier-based PWM
when considering the relationship between Fig. 8 and (5). That is,
(5) is given for a carrier-based PWM during the half period of the
carrier. Therefore, given that (7-a) is given for 2Ty, Which is the
full period of the triangular-wave in Fig. 9, equation (7) can be
modified into (8) for each converter.

ot 1 Tpivot

= {{}sovl (Vmaxl - Vmedl) + \_}szvl (Vmedl - Vminl)
2Tpiv01 Vdc ’ (8)

+Vsov2 (Vmax2 - Vmch) + VSZV2 (Vmch - VminZ )}

where Vimaxi, Vimedi, and Vmini are modified references for pivoting
mode, and Vimax2, Vined2, and Vminz for enclosing mode. In addition,
SOV and SZV for each mode in (8) may be different with those in
(7-a).



C. Reference Modification by Proposed Method

It is now explained how to derive the modified references in (8)
from the original references in (7-b). The combined voltage plane
in Fig. 4(b) can be divided into sub-sectors as shown in Fig. 10 for
a 60-degree range. These sectors can be distinguished by some
conditions with respect to the original references.
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Figure 10. Sector division in the combined plane.
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This condition actually means that the summation of
(Vinaxs—Vmeds) and  (Vieds—Vmins) 18 smaller than Vg, If this
summation is multiplied by Tpivo/Vae according to (7), it
corresponds the total application time of effective vectors.
Therefore, the total application time is smaller than Tp;yo under this
condition, and a combined reference vector can be synthesized
within the half period of the triangular-wave in Fig. 9. This fact
indicates that zero vectors, VPy in Fig. 10, can be used as a pivot
vector because the combined reference vector is located in SS1.

A modification can be made in (7) to derive (9) with the
addition of zeros, which is numerically meaningless.
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Equation (9) is then rearranged into (10) that has exactly the
same format with (8).
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When comparing (8) and (10), the voltage differences, which
are proportional to the application times for SOV and SZV, are
derived as (11) for each mode.
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Two points are inferred from (10) and (11) for this sector.
Firstly, SOV and SZV are not changed by the proposed method.
Secondly, values of three-phase references are specified by adding
zero-sequence voltages because the voltage differences are only
given in (11). For example, three-phase references for each mode
in SS1 are derived as (12) when the initial phases of Vimax, Vimed,
Vmin in (7) are assumed to be a, b, and c, respectively. In addition,
zero-sequence voltages can be determined such that all of three-
phase references intersect with the carrier wave unless the
converter is under over-modulation.
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where V and V5 are zero-sequence voltages and should be
carefully determined because they can affect the switching
frequency of each converter.

As shown in Fig. 9, when one converter is in pivoting mode,
the other converter is in enclosing mode. Therefore, if the
references according to (12-a) are used for PWM in one converter,
the references according to (12-b) are simultaneously used for
PWM in the other converter. In each converter, the three-phase
references by (12-a) and (12-b) have to be computed at once per
Tsamp for pivoting mode and enclosing mode, respectively.

In the remaining sectors, Vmaxs—Vmins 18 larger than or equal to
Vg even if it is not explicitly mentioned. In addition, pivot vectors
in those sectors must be VP, or VP, under the consideration of
vector summations in Fig. 10 because the magnitude of pivot
vectors must be synthesized by a single converter during Tpiyor.
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This condition indicates that the application time of a SOV is
larger than or equal to that of a SZV, which is corroborated with
the earlier explanations, related to Fig. 8 and (4). Therefore, a
combined reference vector from (7-b) is closer to the SOV than the
SZV. For example, in Fig. 10, as VP; corresponds to the SOV, the
combined reference vector is located in SS2 or SS3. A pivot vector
should be geometrically close to a combined reference vector in
order to employ the nearest surrounding vectors for PWM.
Therefore, under this condition, a SOV should be selected as a
pivot vector. In order to apply the SOV as the pivot vector, one
reference voltage has to be greater than the other reference



voltages by Vg during the whole pivoting period. This assignment
for pivoting mode can be derived according to (13), which is
numerically equal to (7).

-, 1 T =
Vie—— B0V (Voo + Ve =V =V
2T Vdc { sov ( maxs dc dc meds)

pivot

+\_}szv ' (Vmeds + 0-0- Vmins )}

(13)

By simply rearranging (13), equation (14) can be derived,
matched to (8).
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By assigning the pivot vector, the enclosing vectors are
automatically computed as shown in (14). In particular, the sign of
Vmaxs—Vdae—Vmeds determines whether the combined reference
vector belongs to SS2 or SS3. If it is positive, the corresponding
sector is SS2, and the SOV and SZV in (7) is identically used for
each mode. Otherwise, the SOV in enclosing mode is changed by

another SOV, denoted by Y%

Fig. 7, the new SOV and the o;iginal SOV are symmetrical to the
original SZV. This case is described with (15), which is
numerically identical to (14).
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As shown in (14) and (15), if a combined reference vector is
close to a SOV, Vmaxs 1s subtracted by V. in enclosing mode to
compensate for the usage of SOV as a pivot vector. Just the relative
magnitudes among three phases are changed in (15) on contrary to
(14). If three-phase references are obtained by adding zero-
sequence voltages from (14) or (15), no difference is observed for
the proposed PWMs in SS2 and SS3 as presented in (16), where
three-phase references for each mode are derived under the same
assumption with (12) in terms of phase sequences.
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This condition indicates that the application time of a SZV is
larger than that of a SOV, and a combined reference vector from
(7-b) is closer to the SZV than the SOV. For instance, in Fig. 10,
given that VP, corresponds to the SZV, the combined reference
vector is located in SS4 or SS5. A SZV is thus selected as a pivot
vector under this condition, and Vmins is added by V4 in enclosing
mode to compensate for the usage of SZV as a pivot vector. Under
the identical assumption to (16), three-phase references for each
mode are then derived as (17).
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Finally, the reference modification by the proposed PWM
method for each converter can be summarized with the examples
of (12), (16), and (17), where the initial phases of Vimax, Vineds Vimin
are assumed to be a, b, and c, respectively. For practical utilization,
depending on the reference voltage conditions, the identical
procedures have only to be applied for a three-phase reference after
the initial phases of Vimax, Vined, Vmin are detected.

In fact, a switching frequency of the proposed method can be
altered by how to set zero-sequence voltages in pivoting mode and
enclosing mode. The relevant discussion is very important, but it
is not the scope of this paper. Instead, it is notified that the total
number of switching instants for three phases per 2Tsmp Was
smaller than or equal to six in the following experimental results
by the proposed method. Under the consideration of the switching
frequency according to Fig. 8 for Tsmp, this criterion means that
the switching frequency of the proposed method was identical to
that of the conventional method.

IV. EXPERIMENTAL RESULTS

The proposed method was tested in two experimental systems.
At first, two-level converters for DDSW were composed of 600V-
75A intelligent power modules as shown in Fig. 11. Their control
algorithms were fully implemented with a DSP board based on
TMS320C28346. With these converters, two DDSW-based PWM
systems were tested, namely, a 6-kVA transformer system with
two sets of three-phase secondary windings in Fig. 12 and an 11-
kW induction machine drive system with two sets of three-phase
stator windings in Fig. 13.

Initially, the proposed method was compared with the
conventional method in the transformer system. The switching
frequency was 2.5 kHz for both PWM methods to emulate a high-



power system, and the DC-link voltages were set to 260 V when
the transformer was connected to an 110V-60Hz grid. This test set-
up was considered for a battery energy storage system whose
battery is fully charged, and the modulation index (MI) to V4/v/3
was 0.67 V/V. When the rated current flew into the grid, winding
voltages by each method were shown in Fig. 14.

Figure 12. 6 kVA DDSW-based transformer.

Figure 13. Test set-up for 11 kW DDSW-based induction machine.

Nine levels are used to synthesize the winding voltages in the
DDSW system by both PWM methods. However, because PWM
was modified by the proposed method to utilize only the nearest
surrounding vectors, its effect could be confirmed with the
mitigation of current ripples as shown in Fig. 15. When the
fundamental of the grid current i, was about 43 A, its Total
Harmonic Distortion (THD) was decreased by the proposed
method from 13.4 % to 7.6 %. In addition, when the fundamental
of the converter current i, was about 22 A, its THD was decreased
by the proposed method from 13.4 % to 8.3 %. From these results,

it can be noted that ripple currents has been reduced by virtue of
the proposed method not only in the coupled winding but also in
the converter-side winding.
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Figure 14. Winding voltages in DDSW-based transformer: (a) conventional PWM
method, (b) proposed PWM method.
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Figure 15. Converter current and grid current in DDSW-based transformer: (a)
conventional PWM method, (b) proposed PWM method.

The harmonic properties depending on MI can be evidently
observed in the DDSW-based system for the induction machine.
For the induction machine drives, the DC-link voltages were set to
315V, and the switching frequency was 1.25 kHz. While the MI
cannot be lowered under a certain value in the transformer
application due to the grid voltage, wide variation of MI is possible
by the speed control in the induction machine drives because the
back Electromotive Force (EMF) is proportional to the speed.
When the induction machine was driven with no load by the V/f
control at 20, 40, and 60 Hz, the winding voltages by each method
were presented in Figs. 16 and 17.

The merits of the proposed method are more obvious at low
and high MIs. Firstly, when MI was 0.33, the maximum level used
for the voltage synthesis was 2/3- V. in the proposed method while
that was 4/3- V. in the conventional method. That is, in the voltage
synthesis, PWM fluctuations from an average voltage during a
switching period could be minimized by the proposed method.
This also corroborates that the voltage variation of windings (dv/dt)
can be kept low by the proposed method, which is good for
mitigating leakage currents in high-power systems. Secondly,
when MI was 0.99, the winding voltage could become closer to a
sine-wave by the proposed method. Specifically, when the
fundamental magnitude was at its peak, the zero-potential was still
used for the voltage synthesis in the conventional method while it
does not at all in the proposed method. Through the overall MI
range, it can be recognized that, in the view point of the PWM



fluctuations, the proposed method would be better than the
conventional method.
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Figure 16. Winding voltages by conventional PWM for the induction machine:
when MI is (a) 0.33, (b) 0.66, (c) 0.99.

(l|)| i ’l{l MH M !U w -

i i TSt
%_’ HH hy " ll Hl i ll}

lm e T

- S, _‘m it A l'” ”\‘ il ‘|‘|‘

Figure 17. Winding voltages by proposed PWM for the induction machine: when
Ml s (a) 0.33, (b) 0.66, (c) 0.99.

V. CONCLUSION

In this paper, a PWM method has been proposed to achieve
quasi three-level operations for the systems based on double-delta
sourced winding. The proposed method is easily implemented

with carrier-waves, and its principle to modify the voltage
references for the current regulation has been mathematically
discussed. The effectiveness of the proposed method has been
validated with experimental results based on two different systems,
a transformer with two sets of secondary windings, and an
induction motor with two sets of stator windings. It has been
shown that current ripples has been reduced by 40% through the
proposed PWM method.
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