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Abstract—Switched doubly-fed machines (DFM) offer unique
opportunities for creating drives for wide speed range operation
with reduced power converter requirements. Seamless perfor-
mance of the drive is desirable in these applications across
the complete speed range, that is, a smooth transition between
operating modes and speed ranges. This paper presents a
comparison of two switched-DFM drive topologies based on the
transient performance specifically around the mode transition
speed. Thyristor-based transfer switch operation is compared for
the two topologies.

I. INTRODUCTION

Reduced requirements for space and thermal remediation
are beneficial or even essential requirements for drives in many
applications, especially high power applications for propulsion
in ships and locomotives [1]. Stationary applications also ben-
efit from drives that provide useful features like controllable
power factor presented to the mains utility without adding
to the size or expense of a drive. Generally, these high
power variable speed drives (VSD) comprise power converters
and electric motors rated on the order of one to several
tens of megawatt. Traditionally in these applications, either
permanent magnet synchronous [2] or squirrel-cage induction
[3] machines have been used. However, these machines have
a single electrical port and a single mechanical port for
electromechanical energy conversion, thereby requiring a full
power converter for variable speed operation.

A doubly-fed machine (DFM) has two accesible electrical
ports to control energy conversion that adds extra flexibility for
drive design. This flexibility has been widely used in limited
speed range application such as in wind power generation to
reduce the converter size to a third of the shaft power [4]. In
contrast, however, a propulsion application often requires wide
operating speed range, including negative drive speed, along
with different drive torque requirements. Reconfiguration of
the DFM “on-the-fly” offers significant possibilitites for reduc-
ing the power processed by the power converter while allowing
wide-speed four-quadrant operation of the VSD [5]. These
switched-DFM drives have transfer switches that connect one
winding (stator) of the DFM to different sources (dc or ac)
or short them together based on the rotor speed. A controlled
power converter controls electromechanical energy conversion
from the other winding (rotor) as shown in Fig. 1.

Configurations of the switched-DFM drives reported in the
literature can be broadly classified into two topologies. In the
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Figure 1. Generalized switched-DFM drive architecture: At lower shaft speed,
the stator is either shorted (LSI) or is connected to a dc source (LSS). At
higher shaft speed, the stator is connected to the ac source on-the-fly through
the transfer switch.

low-speed induction topology (LSI), the DEM stator is shorted
at lower drive speed [6], which makes the DFM operate like
a cage-induction machine. The rotor power converter not only
provides the complete shaft mechanical power but also the
total excitation current required by the DFM. In the low-speed
synchronous (LSS) topology, the DEM stator is connected
to a dc source at lower drive speeds [7], which configures
the DFM similar to a wound-field synchronous machine. In
this configuration, the rotor power converter provides the
complete shaft power while the DFM magnetizing current is
shared between the dc source and the rotor power converter to
maintain a constant stator flux [8]. At higher drive speeds, in
either of the topologies, the DFM stator is connected to the ac
source created by an in-situ prime-mover-generator set. During
high-speed operation, the rotor power converter controls the
slip power to achieve shaft speed control. The transition speed
at which the DFM reconfigures between the low-speed mode
and the high-speed mode depends on the topology and the
required drive torque-speed characteristic.

Seamless performance or “bumpless” switching of the
propulsion drive is of prime importance when transition-
ing between operating modes. The two topologies of the
switched-DFM have different mode transition requirements
and, therefore, vary in transient performance near the mode
transition speed. This paper presents a comparison of the two
topologies based on the drive performance near the mode



transition speed. The requirements on the DFM during the
mode transition are examined. A proposed thyristor-based
transfer switch undergoes natural commutation along with
a controlled torque at the shaft. The comparison helps in
selecting a preferred topology for a given application based
on the allowable performance variation of the end application.
For example, in ship propulsion, a larger variation in the
propeller shaft speed may be tolerable as the propeller and the
ship speeds are decoupled through the ship and water inertia.
However, in a locomotive the shaft speed directly dictates
the vehicle speed and, thereby, a smaller variation from the
reference drive torque and speed must be ensured for seamless
performance.

II. DYNAMIC PERFORMANCE AND CONTROL DURING
MODE TRANSITION

The DFM can be thought of as either a synchronous
machine or an induction machine during the low-speed mode
or as an ac-source-connected doubly-fed induction machine in
the high-speed mode. In individual modes, an indirect field-
oriented control can enable smooth operation of the drive. The
major challenge appears at the mode transition instant when
the DFM stator and the rotor power electronic control must
be reconfigured “on-the-fly” i.e., while the shaft is turning and
producing torque. In this section, first, a generalized DFM
transition model with appropriate assumptions is presented.
This model can universally represent the mode transition
behavior of the DFM irrespective of the stator connection.
The requirement for the natural commutation of the thyristors
(SCRs) in the transfer switch are next analyzed and compared
for the two topologies. Finally, the DFM requirements for a
seamless transition are presented for the LSI topology and
contrasted with the LSS topology.

A. Generalized stator-flux transition model

Assuming that the rotor current is managed by a high-
bandwidth controller and that the drive runs with a relatively
low speed controller bandwidth, a closed-loop rotor current-
controlled DFM can be modeled using a state-space represen-
tation with two state variables, the stator flux magnitude 1,
and the stator flux angle 6 with respect to the stator voltage.
The model, independent of the stator connection, is described
as:
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The parameters of the normalized state-space model are the
stator resistance rg, the stator inductance x4, and the mutual
inductance x,,. The steady-state condition of the stator flux
for the individual stator connection is obtained by equating (1)
to zero with an appropriate stator source voltage Vsource and
the frequency wsource based on the connection. For example,
(Vsourc27 Wsource) ChangeS in (1) as (17 1), (’L’dc, 0), and

} i (1)

(0, 0) depending on the stator connection to the ac source, to
the dc source (v4.) , or whether the stator windings are shorted
together respectively. In the shorted configuration, the stator
flux angle ¢ is relative to the A-phase stator axis as the stator
voltage is zero. Assuming a positive drive torque 7, the steady-
state condition is graphically represented by S.S in the s — ¢
phase plane as shown in Fig. 2 depending on the stator winding
connection. When the operating point is perturbed from the
steady-state condition, the vector field drives the stator flux
trajectory in the phase plane.
When the stator is connected:

1) to the dc source (low-speed mode, LSS topology) - The
steady-state is represented by a stationary point in the
s — § plane with the 1, corresponding to the designed
stator flux magnitude (0.72 p.u). The sine of the angle o
depends on the drive torque demand. The operating point
S'S'is inherently a saddle point as observed based on the
vector field direction. The operating point is stabilized
by proper feedforward terms in the stator flux magnitude
controller [8].

2) as a short (low-speed mode, LSI topology) - The DFM
operation is represented by a line in the ©s — § plane
with the 1 corresponding to the designed stator flux
magnitude (0.9 p.u). In this case, the time derivative of §
depends on the drive torque demand. The time derivative
of § corresponds to the slip speed.

3) to the ac source (high-speed mode) - The steady-state
is once again represented by a stationary point in the
s — & with 1y >~ 1 and § ~ 90°. The operating point
is fairly independent of the drive torque demand for a
negligible stator resistance.

A source change-over instantly maps the operating point
from one vector field to the other (depending on the pre-
and post-transition stator connection) with the identical stator
flux magnitude and with initial § decided by the transition
instant. The state trajectory to the final steady-state condition
is governed by the vector field and the d-axis current controller
command i,q. At the source transition instant, the different
constraints on the DFM and on the SCR-based transfer switch
are:

1) seamless and controllable drive torque,

2) required rotor voltage within the designed maximum
limit to prevent uncontrolled rotor current,

3) minimal stator flux magnitude swing to prevent satura-
tion in the DFM magnetic circuit,

4) natural commutation of the SCRs in the transfer switch,
and

5) stator and rotor currents within the respective ratings.

B. Thyristor-based transfer switch operation

The SCR-based transfer switch developed for the LSS
topology [9] can be easily adapted for the LSI topology by
replacing the dc source with a short as shown in Fig. 3. The
transfer switch has twelve thyristors that connect the stator
either to the ac source or to the dc source/short depending
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Figure 2. Comparison of the steady-state operating condition S\S and the vector field for the individual stator connections. The stator is (a) connected to the
dc source, (b) shorted together, or (c) connected to the ac source. A mode transition maps the steady-state condition in the pre-transition vector field as a

perturbation in the post-transition vector field.

on the chosen topology. In the LSS topology, assuming the
stator is initially connected to the dc source, the current
direction in the stator is positive in the A-phase and negative
in the B- and C-phases at steady-state. For a simultaneous
natural commutation of the outgoing SCRs Tlg‘w I ngw R
and Tgm g the incoming ac source must have a positive A-
phase and a negative B- and C-phase voltages with respect to
the common ground. This constraint limits the possible natural
commutation regions for the outgoing SCRs and requires that
the incoming ac voltage vector is within +30° (sector I) as
shown in Fig. 4(a) [9].

However, the stator winding carries a bidirectional current
at slip frequency during the low-speed operation in the LSI
topology. The alternating current polarity opens up possibility
of the SCR current commutation in the other sectors as
well. The three outgoing SCRs will have simultaneous natural
commutation provided that the incoming ac source voltage
vector is in the same sector as the stator current vector at the
instant of mode transition. The three SCRs on the shorted-
side and the three SCRs on the ac source side that participate
in the current commutation are determined by the location of
the stator current vector. For example, with the stator current
vector in sector IV as shown in Fig. 4(b), the stator current
from the SCRs 712, p, 115, 1, and T)f, » commutate to the
SCRs T,ﬁghﬂ, T,ﬁghyF, and Thcz‘gh,F at the source transition
instant.

During the high-speed-to-low-speed mode transition, the
stator power factor angle must be between 120° and 240° for
simultaneous natural commutation of the outgoing ac source
side SCRs. The requirement is identical for both the switched-
DEFM topologies. The three outgoing SCRs on the ac-source
side and the three incoming SCRs on the dc-source side that
take part in the current commutation are set by the location
of the stator current vector and is given in [9].

C. Low-speed to high-speed mode transition

While the constraint of having the ac voltage vector and
the stator current vector within a 60° sector ensures natural
commutation of the outgoing SCRs, a correct instant within the
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Figure 3. SCR-based transfer switch that connects the stator either to the ac
source (in high-speed mode) or to the dc source/short (in low-speed mode).

sector enables the drive torque and the rotor speed controllable
and bump-less during the mode transition. The low-speed-
to-high-speed mode transition in the LSS topology has been
discussed in detail in [9] and will be highlighted here only for
the sake of comparison.

Assuming that the DFM is operating in the low-speed mode,
the correct instant for a seamless transition is determined by
the synchronizer when the d-axis component of the incoming
ac source voltage vector matches that of the existing d-
axis component of the stator voltage. Additionally, the g-axis
component of the incoming ac source voltage vector must
be positive at the transition instant [8]. In the LSI topology,
the d-axis components of the stator voltage and current are
inherently zero by the stator configuration. For any positive
drive torque, the stator current vector leads the stator flux
vector by 90°. Therefore, the synchronizer requirement can
be satisfied when the stator current vector is in phase with
the incoming ac voltage vector as shown in Fig. 4(a). For
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Figure 4. Space-vector representation of the stator variables for a seamless
transition from low-speed to high-speed mode with natural commutation of
the SCRs. (a) LSI topology: The stator flux and the stator current vectors
rotate at slip frequency in the opposite direction compared to the incoming ac
source voltage vector for a positive drive torque demand. (b) LSS topology:
The stator flux and the stator current vectors are stationary.

the DFM rotor rotating in the clockwise direction with a
positive drive torque, the stator current vector and the stator
flux vector rotate in the counter-clockwise direction at slip
frequency. The incoming ac voltage vector, however, rotates
in the clockwise direction relative to the stator winding axis.
The in-phase requirement can be achieved at least once every
fundamental ac source cycle and automatically satisfies the
constraint for natural commutation of the outgoing SCRs for
any positive drive torque. In general, the low-speed-to-high-
speed mode transition inherently involves a positive drive
torque requirement at the shaft.

For a low-speed-to-high-speed mode transition in the LSS
topology, the incoming ac source voltage vector need not
necessarily be in phase with the stator current at the correct
transition instant as determined by the synchronizer because
the stator contributes to the DFM magnetizing current. In the
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Figure 5. Stator flux trajectory comparison for a high-speed to low-speed
mode transition. Top: LSS topology: The initial § must be within specific
limits to ensure a controllable torque during mode transition Bottom: LSI
topology: The mode transition is stable and seamless for all initial d.

LSS topology, the stator current and the stator flux vectors are
stationary relative to the stator winding axis. The constraints
of natural commutation of the outgoing SCRs and the correct
instant of transition for seamless transition at the DFM shaft
are satisfied for high drive torque demand as shown in Fig.
4(b). At lower drive torque demand with the angle § relatively
small, the requirement for natural commutation of the outgoing
SCRs is given priority and the DFM stator is switched at
the boundary of sector I. Not meeting the optimum instant
of transition from the DFM perspective leads to additional
perturbation in the stator flux during source change-over. Extra
care is needed for the drive to operate with controllable
current without being voltage limited on the rotor converter. A
smoother transition can still be achieved with proper damping
using rotor d-axis current controller after the source transition.
The boundary of the light load torque is given in [9].

D. High-speed to low-speed mode transition

With the DFM initially operating in the high-speed mode,
the constraint of the stator power factor angle for the natural
commutation of the outgoing SCRs can be satisfied by a
reverse active power flow and with an appropriate stator
reactive power control using the rotor converter command. The
stator flux trajectory at the instant of the high-speed-to-low-
speed mode transition is compared for the two topologies in
Fig. 5. Assuming the initial normalized stator flux magnitude
is unity and the final stator flux magnitude for the low-speed
mode is 0.72, the stator flux trajectory follows a different path
based on the transition instant set by the initial angle §. For
the LSS configuration, the initial § has to be within zero and
90° for a stable high-speed-to-low-speed mode transition [9].
Beyond this range of 4, the stator flux magnitude collapses
below the target stator flux magnitude (represented by A
in Fig. 5), which can lead to an uncontrolled shaft torque
disturbance. The required constraint for the initial § is ensured
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Figure 6. Experimental setup to compare the transient performance of the two topologies. The ac source is made from two synchronous generators that can
supply 700 W individually while the switched-DFM drive consumes 80% of the generated active power at rated operating condition.

by switching from the ac to the dc source when the ac source
voltage vector is within zero and 90° with respect to the stator
A-phase axis. The final § is negative due to the negative drive
torque demand as applicable during braking.

However, the ac-source-to-shorted-stator configuration
change-over is always stable in the LSI topology, irrespective
of the initial § set by the mode transition instant as shown
in Fig. 5. This implies that the ac source voltage vector
can be anywhere relative to the stator winding during high-
speed-to-low-speed mode transition. The direction of the state
trajectory is opposite to that of the vector field shown in Fig.
2(b) due to the negative drive torque demand during braking.
After the transition, the steady-state condition corresponds to
the line XY in Fig. 5.

III. EXPERIMENTAL RESULTS

The experimental setup used to compare the transient per-
formance of the two topologies of the switched-DFM drive is
shown in Fig. 6. The 146 V (line-to-line, rms), 40 Hz ac source
is created using two parallel-operated synchronous generators
that provide power to the switched-DFM drive. The stator of
the DFM is connected to a SCR-based transfer switch that
can toggle the stator connection to the ac source during high-
speed mode operation. During low-speed mode operation the
stator is connected either to a separate dc source in the LSS
topology or is shorted together in the LSI topology using the
switch Si,q. The rotor of the DFM is connected to the ac grid
using a back-to-back converter configuration using two Texas
Instruments High Voltage Motor Control & PFC Developer’s
Kits. The grid voltage and frequency has been chosen such
that the off-the-shelf 1 HP, 220V/150V, 4 pole, 1800 rpm DFM
operates within the rated speed at rated stator flux magnitude
in high-speed operating mode. The parameters of the DFM are
given in [5]. The DFM is connected to a load generator, which
can operate with different load torque profiles with respect to
the speed. The mode transition is determined by a hysteresis
comparator that compares the rotor speed to the high w» and
low threshold wy setpoints. For the LSI topology, wi 4 is 597
rpm and ws ¢; is 633 rpm. For the LSS topology, w1 ss is 757
rpm and wy 4, is 793 rpm respectively.

In the LSI topology, the stator currents and the ac source
voltages during mode transitions are shown in Fig. 7(a) and (b)

respectively. The ac source voltage follows a ABC' sequence.
At the low-speed-to-high-speed mode transition instant in
Fig.7(a), the polarity of the stator currents match the polarity
of the respective ac source phase voltages implying a natural
commutation of the outgoing SCRs. The phase sequence of the
stator current changes from AC'B to ABC' at the transition
instant. At the high-speed-to-low-speed mode transition instant
in Fig. 7(b), the polarity of the stator current is opposite to
the polarity of the ac source phase voltage due to the reverse
active power flow and a stator reactive power control using
the rotor converter. The phase sequence of the stator current
after and before the transition remains the same in this case.

The most critical transient performance comparison for the
two topologies is the drive behavior near the mode transition
speed. The drive response for an alternating reference speed
command encompassing the mode transition speed is com-
pared in Fig. 8. With an identical constant load torque at the
shaft, both the topologies speed response is identical. A higher
overshoot during high-speed-to-low-speed mode transition is
due to the requirement of the reverse power flow to achieve
the natural commutation of the outgoing SCRs.

In the next experiment, the reference speed is set midway
between the lower and higher threshold of the hysteresis
comparator that commands the mode transition. An oscillating
load of 18% to 55% of the full load makes the perturbation in
the rotor speed such that the DFM drive operates in the low-
and high-speed modes alternatively. The LSS topology exhibits
a larger swing in the rotor speed due to the load disturbance as
it has more constraints to satisfy for proper mode transition.

IV. CONCLUSIONS

This paper presents a comparison of transient performances
of the two switched-DFM drive topologies. Different consid-
erations and constraints are highlighted to ensure a seamless
transition at the shaft for the individual topologies. Analysis
and experimental results shows a smoother performance of the
LSI topology compared to the LSS topology in and around the
mode transition speed due to relaxed constraints for the source
change-over. The seamless performance of the switched-DFM
drive can result in a compact and efficient drive with reduced
power converter size enabling wide speed range operation
suitable for many high power applications.
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Figure 7. Experimental results: Ac source phase voltages and the stator
currents during the mode transition instances in the LSI topology. (a) The
stator current is at slip frequency when shorted and transitions to grid
frequency at the low-speed-to-high-speed mode transition instant. (b) The
stator current is initially at grid frequency and changes over to slip frequency
during high-speed-to-low-speed mode transition.
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