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Vector Control of Double-Delta Sourced Winding for
a Dual-Winding Induction Machine
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Abstract—Ripple currents can be mitigated in motor drives by
applying double-delta sourced winding (DDSW), which uses a mul-
tilevel operation approach with two-level converters. In practice, a
dual-winding induction machine (DWIM) has been considered for
this application due to its inherent compatibility with DDSW. The
modeling of a DDSW-based DWIM is discussed for vector control,
and a decoupling method between converters is proposed to im-
prove the dynamic response of the current regulation. In addition,
torque control is discussed for a situation in which one of the con-
verters is dropped out. The effectiveness of the proposed methods is
assessed via experiments under low switching frequencies because
DDSW is appropriate for high-power applications, where multiple
windings are essential. It was confirmed that the total harmonic
distortion of the converter currents was decreased by 67.7% when
an 11-kW DWIM was driven on the basis of DDSW. Furthermore,
the bandwidth of the current regulation could be increased by
113.7% owing to the proposed decoupling method.

Index Terms—Double delta, fault, induction machine, multilevel,
vector control.

I. INTRODUCTION

THE double-delta sourced transformer (DDST) was pro-
posed to mitigate ripple currents through multilevel op-

erations [1]. This topology is based on the fact that multiple
windings are essential for power sharing in high-power systems
[2]–[4]. In particular, induction machines are mainly used in
large-scale industrial drives and are broadly classified accord-
ing to their starting methods [5]–[7]. One type uses a series
winding connection for starting and a parallel winding con-
nection for normal operation. The induction machine for this
starting method is known as a dual-winding induction machine
(DWIM) and is deemed an appropriate candidate for use with
double-delta sourced winding (DDSW).

A vector control scheme should be discussed for a DWIM be-
cause it is essential for high-performance drives [8]–[10]. The
conventional modeling of DWIM may be helpful for vector con-
trol in DDSW schemes [11], [12]. However, the stator windings
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of induction machines are generally assumed to be wye con-
nected in the literature, whereas they must be delta connected
in DDSW schemes. Hence, by considering the delta connec-
tion, the electrical modeling of a DWIM is newly derived with
respect to converter currents as opposed to winding currents.
Accordingly, torque, flux, and slip equations are detailed for
vector control of the DWIM for which DDSW is applied.

In addition, decoupling control between converters should be
discussed with regard to current regulation. That is, every wind-
ing in DDSW is simultaneously affected by both converters.
Although this can lead to better harmonic properties in combi-
nation with interleaving [1], [13], it increases the design com-
plexity with reference to the current regulation when compared
to cases in which dual-stator windings are separately driven [14].
For simple implementation and better dynamics, it is desirable
to minimize any voltage/current couplings in the current reg-
ulation. In this paper, a novel decoupling method is proposed
for which the voltage equation of a DDSW-based DWIM is
rewritten.

Meanwhile, in DDSW, if one of the converters is dropped out
for any reason, it would be desirable to continuously keep the
other converter working. If one converter cannot operate due to
a fault, it is isolated from the system by the opening of breakers
[15]. Thus, under this form of single-converter operation, dif-
ferent modeling should also be derived for vector control. Even
if the remaining converter solely deals with the series windings,
it can operate with an identical dc-link voltage under its normal
current limit. The harmonic property of the currents under this
form of single-converter operation is shown as well.

All of the proposed methods are evaluated with a small-scale
induction machine, which is a commercial product designed for
dual-voltage sources, specifically 220/440 V. In the experimen-
tal results, the characteristics of DDSW are clearly confirmed
at winding voltages and converter currents. It is also assessed
whether the torque is regulated as intended through the vec-
tor control scheme. In addition, the effects of the decoupling
method are discussed when torque references vary in a stepwise
manner.

II. DOUBLE-DELTA SOURCED WINDING

In Fig. 1(a), electrical connections are shown when DDSW
is applied to motor drives. For simplicity, the magnetic cou-
pling between the rotor and stator windings is depicted as a
rotary transformer [16]. The influence of converters can be
better understood when only the stator windings are consid-
ered, as shown in Fig. 1(b) [1]. In this figure, the three-phase
outputs from two converters are connected to the “abc” and
“rst” nodes, and the pairs of windings with identical back
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Fig. 1. Circuit diagrams when DDSW is applied to motor drives: (a) Motor
and converters connection and (b) stator windings only.

Fig. 2. Winding voltage in the conventional structure.

electromotive forces (EMFs) are separated by the Greek letters
“αβγ.” Thus, it can be inferred that each winding is affected by
both of the converters. In other words, the pulse width modula-
tion (PWM) of one converter affects all of the winding voltages
simultaneously. Therefore, the harmonic distortions of the wind-
ing currents could be improved by appropriately adjusting the
PWM combination for both converters.

The effect of DDSW can be clearly demonstrated by com-
paring the voltage and current of the conventional structures,
shown in Figs. 2 and 4 with those in Figs. 3 and 5. Hereafter, the

Fig. 3. Winding voltage in DDSW.

Fig. 4. Converter currents in the conventional structure.

Fig. 5. Converter currents in DDSW.

conventional structure refers to the case where each three-phase
delta winding is galvanically isolated when driving [1]. In ad-
dition, the phase difference between the PWM carriers of each
converter was set to 180° for both the conventional structure and
DDSW.

At first, the winding voltages of α1 (see Fig. 1) are shown
in Figs. 2 and 3 according to the winding structures when an
11-kW DWIM is driven with no load at the rated speed. By
comparing the figures, it is easily recognized that the voltage
level is increased by DDSW, as in the case of DDST [1]. The
property of the winding voltages is reflected directly into the
converter currents, as shown in Figs. 4 and 5. While the fun-
damental currents are around 12.6 A for both figures, the total
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Fig. 6. Conceptual winding structure of a two-pole DWIM for DDSW.

harmonic distortion (THD) of the current is decreased by 67.7%,
from 31.5% to 10.2%, by means of DDSW. When considering
DDST [1], even if the interleaving effect is nearly identical on
the rotor side for both the conventional structure and DDSW,
it is very different on the stator side. This improvement on the
stator side originates from the different winding structure and
can contribute to higher conversion efficiency by mitigating the
harmonics.

The back EMFs induced on α1 , β1 , and γ1 are ideally ex-
pected to be identical to those on α2 , β2 , and γ2 , respectively.
In other words, two sets of the three-phase windings are identical
in terms of their influence on the rotating flux. The equivalent
two-pole machine can, thus, be modeled for a DWIM, as shown
in Fig. 6. Because this machine does not correspond to the case
of a split phase belt [17], [18], the mutual coupling between the
leakage inductances could be neglected.

III. MODELING OF A DWIM FOR DDSW

Each winding of a DWIM has an identical voltage rating.
Therefore, the rated voltage of a DWIM in a series connection
would be twice that in parallel connection. For example, in
Fig. 6, if the windings of ap1 and ap2 are series connected for
440 V, their parallel connection would be used for 220 V. That
is, a commercial 220-/440-V DWIM can be used for DDSW.

The magnetic couplings among the stator and the rotor wind-
ings are derived as (1) by the principle described in the literature
[8]

⎡
⎣

λα1
λβ1
λγ1

⎤
⎦ = Lls

⎡
⎣

iα1
iβ1
iγ1

⎤
⎦ + LmsAm

⎡
⎣

iα1 + iα2
iβ1 + iβ2
iγ1 + iγ2

⎤
⎦ + LmsTrs

⎡
⎣

iar
ibr
icr

⎤
⎦

(1-a)
⎡
⎣

λα2
λβ2
λγ2

⎤
⎦ = Lls

⎡
⎣

iα2
iβ2
iγ2

⎤
⎦ + LmsAm

⎡
⎣

iα1 + iα2
iβ1 + iβ2
iγ1 + iγ2

⎤
⎦ + LmsTrs

⎡
⎣

iar
ibr
icr

⎤
⎦

(1-b)
⎡
⎣

λar
λbr
λcr

⎤
⎦ = (Llr +LmsAm)

⎡
⎣

iar
ibr
icr

⎤
⎦+LmsTsr

⎡
⎣

iα1 +iα2
iβ1 + iβ2
iγ1 + iγ2

⎤
⎦ . (1-c)

Here, Lls and Llr are the leakage inductances of the stator
and rotor windings, respectively. In addition, Lms is the mutual
inductance. The unexplained matrices in (1) are shown as

Am =

⎡
⎢⎣

1 −1/2 −1/2
−1/2 1 −1/2
−1/2 −1/2 1

⎤
⎥⎦ (2-a)
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(2-b)
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(
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3
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(
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(
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3

)
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(
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2π

3

)
cos θr

⎤
⎥⎥⎥⎥⎥⎥⎥⎥⎦

(2-c)

where θr is the rotor angle, which is defined in Fig. 6.
The flux equation in (1) pertains to the winding currents.

However, it is more practical to consider the converter currents
than the winding currents because current sensors for the current
regulation are commonly installed in the converters. Equation
(3) is derived from Fig. 1(b) by Kirchhoff’s current law

⎧
⎨
⎩

ia = iα1 − iγ2
ib = iβ1 − iα2
ic = iγ1 − iβ2

(3-a)

⎧
⎨
⎩

ir = iα2 − iγ1
is = iβ2 − iα1
it = iγ2 − iβ1

. (3-b)

When considering (3), (1) can be rearranged into the form of
(4) by subtraction between the fluxes
⎡
⎣

λa
λb
λc

⎤
⎦ = Lls

⎡
⎣

ia
ib
ic

⎤
⎦ +

3
2
Lms

⎡
⎣
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⎤
⎦ + LmsTrs

⎡
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iu
iv
iw

⎤
⎦ (4-a)

⎡
⎣

λr
λs
λt

⎤
⎦ = Lls

⎡
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is
it

⎤
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3
2
Lms

⎡
⎣

ia + ir
ib + is
ic + it

⎤
⎦ + LmsTrs

⎡
⎣

iu
iv
iw

⎤
⎦ (4-b)

⎡
⎣

λu
λv
λw

⎤
⎦ =

(
Llr +

3
2
Lms

) ⎡
⎣

iu
iv
iw

⎤
⎦ + LmsTsr

⎡
⎣

ia + ir
ib + is
ic + it

⎤
⎦ (4-c)

⎡
⎣

iu
iv
iw

⎤
⎦ =

⎡
⎣

iar − icr
ibr − iar
icr − ibr

⎤
⎦ . (5)

A new definition of rotor currents can be derived as (5)
through their subtractions to maintain the consistency between
(1) and (4). That is, (4) can be regarded as a fictitious model
of a DWIM as a control. In terms of converter currents, the
voltage equation of a DDSW-based DWIM would be com-
pletely derived if the resistance drop is added to the time
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differential of (4). Initially, the winding voltages are expressed
with the converter voltages as in (6) by the superposition
principle [1]

⎧
⎨
⎩

vα1 = vae − vse
vβ1 = vbe − vte
vγ1 = vce − vre

(6-a)

⎧
⎨
⎩

vα2 = vre − vbe
vβ2 = vse − vce
vγ2 = vte − vae

. (6-b)

In these equations, the subscript “e” represents the effective
converter voltage without common-mode components, and the
sum of the three-phase effective voltage is null. The influence of
common-mode components can be disregarded for the current
regulation [19].

The voltage equation can be derived with (7) through sub-
traction, similar to the flux in (4)

⎡
⎣

vaf
vbf
vcf

⎤
⎦ =

⎡
⎣

vα1 − vγ2
vβ1 − vα2
vγ1 − vβ2

⎤
⎦ = Rs

⎡
⎣

ia
ib
ic

⎤
⎦ +

d

dt

⎡
⎣

λa
λb
λc

⎤
⎦

=

⎡
⎣

2vae + vre
2vbe + vse
2vce + vte

⎤
⎦ (7-a)

⎡
⎣

vrf
vsf
vtf

⎤
⎦ =

⎡
⎣

vα2 − vγ1
vβ2 − vα1
vγ2 − vβ1

⎤
⎦ = Rs

⎡
⎣

ir
is
it

⎤
⎦ +

d

dt

⎡
⎣

λr
λs
λt

⎤
⎦

=

⎡
⎣

2vre + vae
2vse + vbe
2vte + vce

⎤
⎦ (7-b)

⎡
⎣

vu
vv
vw

⎤
⎦ =

⎡
⎣

var − vcr
vbr − var
vcr − vbr

⎤
⎦ = Rr

⎡
⎣

iu
iv
iw

⎤
⎦ +

d

dt

⎡
⎣

λu
λv
λw

⎤
⎦ (7-c)

where Rs and Rr are the stator and rotor winding resistances,
respectively.

With the concept of the complex space vector [8], the three-
phase variables in (4) and (7) are presented as rotating vectors
on a plane. In addition, these complex vectors can be considered
in the rotating reference frame, which rotates with an arbitrary
rotating frequency, ω. Then, (8) can be obtained from (4) while
(9) can be determined from (7)

�λdqs1 = Ls�idqs1 + Lm(�idqs2 +�idqr) (8-a)

�λdqs2 = Ls�idqs2 + Lm(�idqs1 +�idqr) (8-b)

�λdqr = Lr�idqr + Lm(�idqs1 +�idqs2) (8-c)

�vdqs1 = Rs�idqs1 +
d

dt
�λdqs1 + jω ·�λdqs1 (9-a)

�vdqs2 = Rs�idqs2 +
d

dt
�λdqs2 + jω ·�λdqs2 (9-b)

�vdqr = Rr�idqr +
d

dt
�λdqr + j(ω − ωr) ·�λdqr (9-c)

Fig. 7. Equivalent d-q model of a DDSW-applied DWIM.

where Lm is equal to 1.5·Lms . In addition, Ls is the sum of Lls
and Lm , and Lr is the sum of Llr and Lm . To prevent confusion
due to the presence of several three-phase voltages in (7), it
should be noted at (9) that �vdqs1 is the complex space vector
from vaf , vbf , and vcf in (7). This also applies to �vdqs2 from
vrf , vsf , and vtf . As an example of the complex space vector,
�vdqs1 represents vds1 + jvqs1 .

On the basis of (9), the equivalent circuit of the DWIM with
DDSW can be depicted as shown in Fig. 7 in the arbitrary
rotating reference frame, identical to those of a DWIM in the
literature [11]. However, the ratings of the currents, voltages,
and fluxes must be discussed further for the complete modeling
of a DDSW-based DWIM.

As is well known with regard to induction machines, the d-
axis rotor flux and the slip frequency are respectively derived as
(10) and (11) from (9) if the synchronously rotating d-q axis is
set such that the q-axis rotor flux is null. This also means that ω
in (9) is set as the synchronously rotating speed

λdr =
Lm

1 + s · Lr/Rr
(ids1 + ids2) (10)

ωsl = ω − ωr =
Rr

Lr

Lm

λdr
(iqs1 + iqs2) (11)

where “s” indicates the Laplace operator.
Pertaining to the rotor flux and the slip frequency, their equa-

tions with respect to the converter current have the formats iden-
tical to those of the winding currents. However, the magnitude
of the converter currents is

√
3 times that of the winding currents

when considering (3). The rated rotor flux in the converter-based
model then becomes

√
3 times that in the winding-based model.

This has to be recognized as a scale difference between the
modeling methods. As mentioned earlier, a fictitious plant was
assumed to derive the flux and voltage equations in terms of the
converter currents.

The scale difference also appears to arise for the slip fre-
quency in (11) due to the q-axis currents. However, because
the rotor flux in the denominator offsets the scale difference
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of the q-axis currents, the magnitude of the slip frequency is
identical in both of the winding-based and the converter-based
models.

In addition, the torque equation can be derived from the power
equation, where the products of the voltages and currents in (9)
are summed. Specifically, the electrical power of the DDSW-
based DWIM, Pe , can be expressed as

Pe = ηm · Re[�vdqs1 ·�i∗dqs1 + �vdqs2 ·�i∗dqs2 + �vdqr ·�i∗dqr] (12)

where the asterisk “∗” represents the complex conjugate, and
ηm is introduced for scaling.

After eliminating copper losses and the varying energy of
the inductances [8], the component related to the torque can be
separated. Thus, the torque equation can be derived as

Te =
1
2

P
2

Lm

Lr
· λdr(iqs1 + iqs2). (13)

Because the rotor flux and the q-axis current in the
converter-based model are

√
3 times their counterparts in the

winding-based model, ηm must be 1/2 for a consistent power
dimension.

As is widely known in the literature [8], vector control for
a DDSW-based DWIM can also be achieved by adjusting the
d-q currents when considering (10) and (13). Specifically, the
d-axis currents are effective when used to modulate the rotor
flux, while the q-axis currents can be used to modulate the
torque. In addition, the synchronous frequency can be obtained
from the sum of the slip frequency from (11) and the rotating
frequency ωr .

IV. DECOUPLING METHOD FOR CURRENT REGULATION

Regulation of the converter currents is essential because the
torque and flux are modulated by regulating these currents.
However, this regulation is not simple because multiple cou-
plings between the converters exist in terms of the voltage and
current.

Initially, voltage coupling should be considered, which can
be understood with (7). In the equation, each converter current
is affected by two effective voltages, denoted by the subscript
“e,” from different converters. That is, current regulation of one
converter cannot be achieved without considering the output of
the other converter. This fact is confusing when designing the
current regulation because six phases appear to be considered
together.

This voltage coupling problem can be solved by adding an
intermediate stage. According to (7), the “abc” current is only
affected by vaf , vbf , and vcf , while the “rst” current is affected
by vrf , vsf , and vtf . That is, in terms of these intermediate
voltages, current regulators can be separately designed as if
each converter is operating independently. After the regulators
compute the references into intermediate voltages, they can
be translated into the actual voltage references for each con-
verter. This translation can be derived from (7) as (14) in the d-q

reference frame

TP =
2
3

⎡
⎢⎢⎣

cosθr cos
(

θr − 2π

3

)
cos

(
θr +

2π

3

)

−sinθr −sin
(

θr − 2π

3

)
−sin

(
θr +

2π

3

)

⎤
⎥⎥⎦

(14-a)

[
vds1
vqs1

]
= TP

⎡
⎣

vaf
vbf
vcf

⎤
⎦ = TP

⎡
⎣

2vae + vre
2vbe + vse
2vce + vte

⎤
⎦ =

[
2vd1 + vd2
2vq1 + vq2

]

(14-b)
[
vds2
vqs2

]
= TP

⎡
⎣

vrf
vsf
vtf

⎤
⎦ = TP

⎡
⎣

2vre + vae
2vse + vbe
2vte + vce

⎤
⎦ =

[
vd1 + 2vd2
vq1 + 2vq2

]

(14-c)⎡
⎢⎢⎣

vd1
vd2
vq1
vq2

⎤
⎥⎥⎦ =

1
3

⎡
⎢⎢⎣

2 −1 0 0
−1 2 0 0
0 0 2 −1
0 0 −1 2

⎤
⎥⎥⎦

⎡
⎢⎢⎣

vds1
vds2
vqs1
vqs2

⎤
⎥⎥⎦ (14-d)

where vd1 , vq1 , vd2 , and vq2 are the d-q voltages of the effective
converter voltages, while vds1 , vqs1 , vds2 , and vqs2 are those of
the intermediate voltages.

At this stage, the current coupling should be considered as
well, as defined by (4). In a manner similar to voltage coupling,
each instance of stator flux is affected by two currents from
different converters. When considering (8) and (9), this current
coupling results in flux coupling.

In order to discuss flux decoupling, the voltage equation needs
to be changed from (9) to (15) by eliminating the rotor cur-
rent variables, which are not deemed measurable variables in
squirrel-cage induction machines [12]

�vdqs1 =
(
Rs +

RrL2
m

L2
r

)
�idqs1 + Lss

d

dt
�idqs1 + Lsc

d

dt
�idqs2

+
RrL2

m

L2
r

�idqs2 + jωLls�idqs1 + �vcomm

(15-a)

�vdqs2 =
(
Rs +

RrL2
m

L2
r

)
�idqs2 + Lss

d

dt
�idqs2 + Lsc

d

dt
�idqs1

+Rr L2
m

L2
r

�idqs1 + jωLls�idqs2 + �vcomm

(15-b)

Lsc = Lm − L2
m/Lr (15-c)

Lss = Ls − L2
m/Lr = Lls + Lsc (15-d)

�vcomm =
Lm

Lr

(
− Rr

Lr
+ jωr

)
·�λdqr + jωLsc(�idqs1 +�idqs2).

(15-e)

Due to the flux coupling, there are cross-coupled differen-
tial terms in (15-a) and (15-b). In the literature, this differential
cross-coupling is ignored, and only speed-related terms are used
for feed-forward control in addition to the output of the propor-
tional and integral (PI) controllers [12]. For flux decoupling
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Fig. 8. Fundamental structure of a current regulator.

control, (15) can be rearranged again into
⎡
⎣Lss Lsc

Lsc Lss

⎤
⎦ · d

dt

[
�idqs1

�idqs2

]
=

⎡
⎣�vdqs1

�vdqs2

⎤
⎦

−

⎡
⎢⎢⎢⎣

(
Rs +

RrL2
m

L2
r

)
�idqs1 +

RrL2
m

L2
r

�idqs2 + jωLls�idqs1 + �vcom m

(
Rs +

RrL2
m

L2
r

)
�idqs2 +

RrL2
m

L2
r

�idqs1 + jωLls�idqs2 + �vcom m

⎤
⎥⎥⎥⎦

.

(16)
Then, the voltage equation can be derived as (17) through

matrix inversion
[
�vdqe1
�vdqe2

]
= Rss

[
�idqs1
�idqs2

]
+ Lse

d

dt

[
�idqs1
�idqs2

]

+
[
Rsc�idqs2 + jω(Lss�idqs1 − Lsc�idqs2) + �vcomm

Rsc�idqs1 + jω(Lss�idqs2 − Lsc�idqs1) + �vcomm

] (17-a)

[
�vdqs1
�vdqs2

]
=

1
Lse

[
Lss Lsc
Lsc Lss

] [
�vdqe1
�vdqe2

]
(17-b)

Rss =
RsLss

Lls
+

RrL2
m

L2
r

(17-c)

Rsc =
RrL2

m

L2
r

− RsLsc

Lls
(17-d)

Lse = Lss + Lsc . (17-e)

Here, the differential cross coupling shown in (15) no longer
appears in (17) by virtue of the matrix inversion of (16). How-
ever, the transformation of the voltage references in (17-b) is
also required for this decoupling effect. The current regulators
can then be designed with respect to (17-a) instead of (15).

The electrical circuit of every axis in (17-a) can be modeled
with an Rss−Lse load and another disturbance that is described
by the third term on the right side in the equation. Then, when
a PI controller is employed, the control block diagram for each
axis is drawn as shown in Fig. 8. In order to compensate for
the disturbance in (17-a), which is also denoted by vff in Fig. 8,
its estimated form, v̂ff , can be fed-forward. If this feed-forward
compensation is perfect (v̂ff = vff ), the dynamic response of
the current regulation can be expressed as (18) by setting the PI
gains according to (19) [20]

i
i∗

=
ωc

s + ωc
(18)

kp = Lseωc , ki = Rssωc (19)

where ωc is the bandwidth of the current regulator. That is, if
the parameters are accurate in terms of the gain setting and the

feed-forward compensation, the response of the current regula-
tion would be that of a first-order low-pass filter.

V. SINGLE-CONVERTER OPERATION IN A DDSW-BASED

DWIM

Two converters are fundamental for DDSW, as shown in
Fig. 1. However, one of them can be dropped out for any reason,
such as a fault. In preparation for such a disconnection, single-
converter operation needs to be considered. For instance, if the
“rst” converter is disconnected in Fig. 1, the voltage equation
can be derived via (20) due to the series connection of each
winding

⎡
⎣

3vae
3vbe
3vce

⎤
⎦ = 2Rs

⎡
⎣

ia
ib
ic

⎤
⎦ + d

dt

⎡
⎣

λα1 + λβ2 − λβ1 − λγ2
λβ1 + λγ2 − λγ1 − λα2
λγ1 + λα2 − λα1 − λβ2

⎤
⎦

= 2Rs

⎡
⎣

ia
ib
ic

⎤
⎦ + d

dt

⎡
⎣

λa
λb
λc

⎤
⎦ .

(20)

In fact, the “abc” flux in (20) differs from that in (4), and it
can be defined as⎡

⎣
λa
λb
λc

⎤
⎦ =

(
2Lls +

3
2
Lms

) ⎡
⎣

ia
ib
ic

⎤
⎦ + LmsTrsf

⎡
⎣

ix
iy
iz

⎤
⎦ (21-a)

⎡
⎣

ix
iy
iz

⎤
⎦ =

⎡
⎣

iar − ibr
ibr − icr
icr − iar

⎤
⎦ (21-b)

Trsf =
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)
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(
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π

3

)
cos (θr + π) cos

(
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3

)

⎤
⎥⎥⎥⎦ .(21-c)

Moreover, given that the subtractions between the rotor cur-
rents in (21-b) are also different from those in (5), the rotor flux
equation is newly derived as
⎡
⎣

λx
λy
λz

⎤
⎦ =

⎡
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(22-a)

Tsrf [θr ] =
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(
θr − π

3

)

⎤
⎥⎥⎥⎥⎦

.

(22-b)

Through similar derivations, the rotor flux and the slip fre-
quency can be represented as

λdr =
Lm

1 + s · Lr/Rr
ids1 (23)

ωsl = ω − ωr =
Rr

Lr

Lm

λdr
iqs1 . (24)
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Fig. 9. Test machine (left) and load machine (right).

When compared to (10) and (11), the currents related to the
“rst” converter are disappeared in (23) and (24). This feature is
also observed in the torque equation under the single-converter
operation

Te =
1
2
· P

2
Lm

Lr
· λdr · iqs1 . (25)

That is, if identical currents are kept on the d-q axis of the re-
maining converter, the torque output during the single-converter
operation becomes one quarter that under normal operation.
However, because the rated excitation current, referring to the
rated d-axis current, is less than one quarter of the rated wind-
ing current in large-scale induction machines, the d-axis current
under the single-converter operation can be increased further.
That is, even if the d-axis current is doubled for the remaining
converter, the maximum q-axis current is not significantly re-
duced for the purpose of limiting the current. By doubling the
d-axis current under the single-converter operation, the torque
and the output power can be extended to nearly half of their
rated counterparts under normal operation. For the current reg-
ulation, the voltage equation in (26) is finally derived. Because
there is no cross coupling during the single-converter operation,
the current regulators can be simply designed according to (26)
in the manner displayed in (17-a) and in Fig. 8

3�vdq = 2
(
Rs +

RrL2
m

L2
r

)
�idqs + Lsf

d

dt
�idqs

+
Lm

Lr

(
− 2Rr

Lr
+ jωr

)
·�λdqr + jωLsf�idqs (26-a)

Lsf = Lss + Lls . (26-b)

VI. EXPERIMENTAL RESULTS

An 11-kW (1800 r/min, 58 N�m) DWIM, as shown in Fig.
9, with a voltage rating of 220/440 V, is used in the discussion
of the proposed modeling and control methods for a DDSW-
based DWIM. According to the definitions in (8) and (9), Rs
and Rr were 0.478 and 0.172 Ω, while Lls(≈ Llr) and Lm
were 1.449 and 55.54 mH, respectively. A dc machine was me-
chanically coupled with DWIM to generate various load condi-
tions. In addition, two-level converters were composed of 600-V
75-A intelligent power modules, as shown in Fig. 10, and their
dc links were set to 310 V. The carrier frequency was set to
2.5 kHz for the subsequent experiments, while the results shown

Fig. 10. Two converters connected to the test machine.

Fig. 11. Torque output under normal operation.

in Figs. 2–5 were obtained with 1.25 kHz carriers to show
more obvious differences. The carrier frequency was set low
enough to emulate multimegawatt drives. All of the control al-
gorithms were digitally implemented in a DSP board based on
TMS320C28346.

Initially, the torque equation in (13) was examined as shown
in Fig. 11, where the test machine was under a speed control
scheme at 1200 r/min, and the load torque, Tload , was changed
by 20 N·m. Although the torque output of the test machine,
TDWIM , was changed by 21.7 N·m, it should be noted that
TDWIM and Tload in Fig. 11 were calculated with each ma-
chine’s parameters. Although the parameter estimations were
carried out to be as accurate as possible, some parameter errors
may be reflected. During several tests with different torque vari-
ations, only negligible errors between TDWIM and Tload were
observed. Therefore, it is confirmed that the value of 1/2 is ap-
propriate for ηm in (12). In Fig. 11, the d-q current is presented
only for the “abc” converter because it was nearly identical to
that of the “rst” converter.

The majority of high-power motor drives are related to
fan/pump operations, where the load is proportional to the square
of the rotation speed. Thus, the fan/pump load was emulated us-
ing the load machine, as shown in Figs. 12 and 13. Because the
d-axis currents are constantly regulated to their rated value in
Fig. 13, the q-axis currents are similarly changed with Tload in
Fig. 12. The aspect of the ripple currents in Fig. 13 was changed
because the PWM property of DDSW varied depending on the
modulation index.

To discuss the decoupling method, the load machine was
speed controlled at 900 r/min, while the test machine was torque
controlled. Then, TDWIM was step changed by 30 N·m, as
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Fig. 12. Fan/pump emulation—speed, torque, and modulation indices.

Fig. 13. Fan/pump emulation—d-q currents.

Fig. 14. Dynamics of the current regulation—conventional method.

Fig. 15. Dynamics of the current regulation—proposed method.

shown in Figs. 14 and 15, where the decoupling methods were
different. Because the current responses to their references were
designed to follow (18), those responses could be numerically
described with their bandwidth. Specifically, when the intended
bandwidth was 150 Hz in all cases when using the same param-
eters for each gain setting, the actual bandwidth was computed
as 50.2 Hz from 3τ in Fig. 14 for the conventional method
[12], whereas it was 107.3 Hz in Fig. 15 for the proposed de-
coupling method. This improvement was possible because the
cross-coupled differential terms were successfully decoupled
in the proposed method. Although the bandwidth of the pro-
posed method remained smaller than the designed bandwidth,

Fig. 16. Torque output under single-converter operation.

Fig. 17. Torque output under single-converter operation at twice the d-axis
current.

it should be noted that nominal parameters were used for the
gain settings, and the feed-forward compensation scheme may
not be perfect.

In addition, the torque equation of (25) was examined under
single-converter operation, where the “rst” converter is discon-
nected. As a reduction of the torque per current was expected,
the load torque was changed by 5 N·m at 1200 r/min, as shown
in Fig. 16, which was one quarter of that in Fig. 11. The q-axis
current was then changed by 11.7 A to increase 8.2 N·m in
TDWIM . In other words, the torque per q-axis current was
0.7 N·m/A, whereas it is 1.36 N·m/A in Fig. 11. This occurs
because the rotor flux was halved during the single-converter
operation. In Fig. 17, the results when doubling the d-axis cur-
rent are shown against identical load torque variations. The
torque per q-axis current in the figure became twice that in
Fig. 16. That is, during the single-converter operation, if the
rotor flux is maintained as the original rated value of the normal
operation, the torque capability can be held at half that during
the normal operation.

To show ripple currents during the single-converter operation,
the converter currents are shown in Fig. 18 at the rated speed
with no load torque. In addition, the carrier frequency was set
to 1.25 kHz for a fair comparison to the results shown in Figs. 4
and 5. In principle, it appears plausible that the ripple property
worsens under the single-converter operation because one of
the converters is dropped out during the interleaving process.
However, as shown in Fig. 18, the THD of ia was 11.2% when the
fundamental current was 13.5 A. That is, the harmonic property
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Fig. 18. Converter currents under fault operation.

under single-converter operation is comparable to that under
normal DDSW operation. A more detailed description of this
phenomenon is available in the literature [19]. That is, even if the
turn number of windings is doubled by the series connections in
the single-converter operation, the magnitude of stator fluxes is
not doubled as shown in (20). This is why the maximum power
becomes halved in the single-converter operation. Although the
utilization factor of the windings is normally desirable to be
large in the view point of power conversion, its reduction is
inevitable under the single-converter operation. However, these
surplus windings can contribute to the interleaving effect shown
in Fig. 18 because two different-phase windings are excited by
one line-to-line voltage that is pulse-width modulated by the
single converter.

VII. CONCLUSION

In this paper, the application of DDSW to a DWIM was
discussed. Initially, it was described how vector control is im-
plemented for a DDSW-based DWIM. For control purposes, an
equivalent model was derived with respect to the converter cur-
rents. The feasibility of the proposed vector control scheme was
tested by emulating a fan/pump load. In addition, a decoupling
method between the converters was proposed to improve the dy-
namic response of the current regulation. As a result, the control
bandwidth could be increased by 113.7% when identical param-
eters were used for control settings. Finally, the single-converter
operation was also considered, where one of the converters is
disconnected from DDSW. For this operation, after vector con-
trol was discussed, the ripple properties were shown in terms of
the converter current. It was confirmed that the torque capability
under single-converter operation can be held to half that under
normal operation without any degradation of the ripple of the
converter current. This paper has been previously presented in
the conference [21].
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