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Abstract—Variable-speed drives (VSDs) combined with doubly-
fed machines (DFMs) offer interesting flexibility for power
electronic drive design. These also provide opportunities for con-
trolling interactions with an ac grid. Design options are most ver-
satile for the VSD DFM when the machine stator can be operated
from an ac or a dc source, selected as appropriate. This paper pre-
sents a silicon-controlled rectifier (SCR)-based transfer switch
that can connect the stator of the DFM either to an ac source or a
dc source “on-the-fly.” Current commutations of the SCRs and a
“bumpless” transition in shaft behavior are both controlled from
the rotor. Experimental results demonstrate wide-speed-range and
four-quadrant operation of the drive achieved with a rotor con-
verter rating that is one third of the DFM power rating.

Index Terms—Commutation, control, doubly-fed machine
(DFM), power electronic converter, SCR, static transfer switch
(STS).

I. INTRODUCTION

ARIABLE-SPEED drives (VSDs) are critical in many in-

dustrial and commercial applications. These drives are in-
creasingly relevant not only for process and motion control but
also for optimizing energy consumption, e.g., in heating, venti-
lation, and air-conditioning units. The demand for efficient,
cost-effective, and sustainable solutions for different industrial
sectors has led to a larger market penetration of high-power
VSDs [1]. Essentially all machine types have been explored
for high-power VSDs, including squirrel-cage induction [2],
synchronous [3], permanent magnet [4], doubly-fed induction
[5], and superconducting machine [6]. At higher voltage and
current levels (e.g., for machines in the megawatt range and
beyond), creating a VSD using a power converter becomes a
challenge. VSD power converters at higher power levels might
require combining multiple semiconductor devices in series and
parallel, due to limited available device ratings [7]. Operating
switching frequencies become constrained to limit the switch-
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Fig. 1. Proposed configuration of the switched-DFM drive.

ing losses in the devices leading to poorer dynamic performance
and greater harmonic distortion of the motor and the line-side
waveforms of the drive [8].

A doubly-fed machine (DFM) offers useful possibilities for
reducing the required rating of the associated power converter.
This has made the DFM attractive, for example, in wind gen-
eration applications where a limited range of operating speed
around synchronous speed substantially reduces the required
power converter size, typically to one third compared with that
of the electrical machine size [9]. This size reduction is lost if
the required operating speed range of the drive is increased.

In applications where a dc source is available, or can be
made from an existing ac source (as in a ship propulsion drive),
a switched-DFM drive can enable wide-speed-range operation
with reduced power converter rating [10]. The drive operates in
one of the two modes as shown in Fig. 1.

* DC mode: At low speeds, the stator of the DFM is con-
nected to the dc source, making the DFM behave as a
wound-field synchronous machine.

* AC mode: At higher speeds, the stator is switched to the
fixed-frequency ac supply, transforming the DFM to the
traditional doubly-fed induction machine.

The rotor of the DFM is always fed from a controlled converter.
The rotor converter rating can be a third of the machine power
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rating while operating on a speed range of —0.5 to 1.5 p.u.
(normalized to synchronous speed corresponding to the ac
source frequency). Furthermore, the operating speed range of
the drive can be extended to +1.5 p.u. with the same rotor
converter power rating by changing the phase sequence of the
ac source connection to the stator. A reduction in the required
converter rating translates into savings on the transformer and
filter size for the overall drive [10]. The proposed drive can
be seamlessly controlled across the complete operating speed
range [11].

A critical challenge for practically implementing a switched-
DEM drive is developing a cost-effective switching circuit
that can connect the stator to either of the sources, dc or ac,
on-the-fly and reversibly. A complex switching circuit in the
DEFM stator made with self-commutating devices such as in-
tegrated gate-commutated thyristor, gate turn-off thyristor, and
insulated-gate bipolar transistor [12] is counter to the benefit
of a reduced rotor converter. Alternatively, sluggish mechanical
switches [13] controlling the stator connection can significantly
impact the shaft behavior during transition, leading to poorly
controlled speed/torque variations [14], and even forcing the
switched-DFM drive to operate in two isolated stages—starting
and operating [15]. Using SCRs for the stator transition be-
tween ac and dc voltages can provide a balance between
complexity and performance. SCRs are still some of the most
capable high-power devices available [16]. A single device can
handle large currents and block large voltages. However, SCRs
require special considerations to ensure device turn-off.

This paper presents an SCR-based static transfer switch
(STS) that can connect the stator of the proposed DFM drive to
either the ac or the dc source “on-the-fly,” with well-controlled
speed/torque variations at the shaft output. Two sets of SCRs
are used to connect the sources to the stator of the DFM. Only
one set is turned on during each operating mode of the DFM
drive to connect the corresponding source to the stator. The dc-
side SCRs are continuously on when the DFM drive is operating
in the dc mode. The ac-side SCRs switch at line frequency in
the ac mode of operation of the DFM drive. This minimizes
switching losses in the overall transfer switch without increas-
ing harmonic distortions of the stator waveform.

Development of an STS suitable for the proposed DFM drive
is focused on two different aspects. Appropriate conditions
based on the DFM stator current and the dc and ac source
voltages are derived, which ensure natural commutation of all
outgoing SCRs simultaneously during both the dc-to-ac and
ac-to-dc transitions. Next, these conditions are superimposed
with requirements from the DFM perspective, which can ensure
bumpless mechanical behavior at the shaft. During mode tran-
sitions, careful control of the rotor power electronics not only
ensures natural commutation of the outgoing SCR bank but also
makes a seamless transition at the shaft.

II. STS ANALYSIS

SCR-based STSs have been extensively used to supply un-
interrupted power to critical loads [17]-[21]. A traditional
operational scheme in these STS is detecting a disturbance in
the primary ac source, followed by transitioning of the load to
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Fig. 2. Ideal transfer switch connected to the DFM stator winding to alter the
connection between ac and dc sources as necessary, based on operating speed.

an alternate ac source, both of the sources being of identical
voltage and frequency. However, for the proposed DFM drive,
the transfer occurs between an ac and a dc source of widely dif-
ferent voltage magnitudes, with the load having variable power
factor and regeneration capability. This is a challenge because
the two sources cannot be “synchronized” [22] for transfer.
Additionally, the load, in this case, the DFM, cannot withstand
partial phase transfer [23]. The transfer operation between the
dc and ac source is triggered based on the operating speed of
the DFM and the designed mode-transition speed. This makes
the source-transfer mechanism integral to the switched-DFM
drive operation rather than as a means to provide occasional
back-up power.

This section begins with a review of the ideal requirements
for a transfer of the stator of the DFM between an ac and a
dc source. Conditions are identified in an ac cycle such that
all three phases can undergo simultaneous natural commutation
during the source transition.

A. Requirements for an Ideal Transfer Switch

A schematic of an ideal transfer switch connected to the
DFM is shown in Fig. 2. The DFM can be connected to either
of the two sources, i.e., ac or dc, based on the configuration of
switch S7 and Ss. It is assumed that the dc and the ac sources
share a common reference. In practice, the dc source may be
created from the ac source using a transformer rectifier. In dc
mode, the dc source only supplies the resistive losses in the
stator of the DFM. Consequently, the power rating of the trans-
former rectifier is a fraction of the DFM power rating.

Several characteristics of transfer-switch operation are
required.

e The ac and dc sources should not be shorted, i.e., S; and

So cannot be ON simultaneously.

e The DFM stator current should not be instantaneously
interrupted, i.e., S1 and S; cannot be both OFF abruptly
with a nonzero DFM stator current.

e The three phases should always switch together, i.e., the
three phases of the stator are connected to a single source,
either dc or ac, at any instant. This ensures that the DFM
will not experience severely unbalanced stator voltages that
can lead to unacceptable disturbances in the stator flux.
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Fig. 3. Three-phase SCR-based transfer switch connected to the stator of
the DFM.

A few other characteristics are also necessary.

e The DFM should experience minimal perturbation in elec-
tromagnetic torque and speed at the shaft during source
transition.

e Additional “supporting” circuitry, e.g., forced commu-
tation circuit, should be minimized to limit cost and
complexity.

Because switch S; should block bidirectional voltage and carry
bidirectional current, an antiparallel configuration of SCRs for
each phase is required as in a standard STS. Switch Ss appears
to carry only unidirectional current and to block bidirectional
voltage, such that a single SCR for each phase is sufficient.
However, the DFM stator-current polarity can reverse during
load transients in the dc mode and during the ac-to-dc source
transition. Therefore, an antiparallel configuration of the SCRs
for each phase is required to replace the ideal switch S5.

B. Identification of Instances for Natural Commutation for a
Three-Phase SCR-Based Transfer Switch

The proposed SCR-based three-phase transfer switch con-
nected to the stator of the DFM is shown in Fig. 3. One of the
sources is dc of magnitude V., and the other is a three-phase ac
source represented by phase voltages V,, V3, and V.. The rotor
is fed from the controlled converter.

1) Transition From DC to AC Source: Assuming initially
that the stator of the DFM is connected to the dc source, at
steady state, the stator current is positive in the A phase and
negative in the B and C' phases. This implies that SCRs Té‘l? I
Td% r» and TdC;’ r are conducting. These three SCRs are classi-
fied as the “conducting bank.” The complementary SCRs Tdi R
de?;, r» and TdCC’ r» classified as the “nonconducting bank,” do
not take part during this transition, and the gate signals to these
SCRs are disabled at the onset of the transition. A commutation
diagram can be established for all three phases using the stator
A-phase winding axis as reference, as shown in Fig. 4. The dc-
source voltage magnitude, shown as a dashed line, is relatively
small compared with the ac-source voltage. Before the transi-
tion, the stator voltage vector V. (where V.| = (2/3)V4.) and

3149

A4 & C - Natural
- Commutation

C - Natural
Commutation

All-Forced
 Commutation

| All - Natural
Commutation

o
B - Natural \lL y
& Commutation | —
A & B - Natural
Commutation

Fig. 4. Commutation diagram during dc-to-ac source transition.

the current vector I, are both stationary, aligned, and oriented
toward the A-phase axis, whereas the incoming ac voltage
vector V. is rotating at the ac-source frequency, i.e., Wac.

For the A phase, turning off the gate signal to SCR T(ﬁ F

and firing SCR Tfé  when the ac-source A-phase voltage is
greater than the dc-source voltage naturally steers the stator
current from the dc to ac source. This implies that the ac-source
voltage vector must be within the arc PP’ in Fig. 4 to ensure

natural commutation of SCR T dé’ - Similarly, for the B and

C' phases, SCRs Td% r and T(gﬁ p can be turned off naturally
by deactivating the gate signal to these SCRs and firing gate
pulses to SCRs T} 5, and T/ , during the negative half cycle
of the B and C' phase ac-source voltages, respectively. These
conditions are met when the ac-source voltage vector is within
the arc QQ’ and RR/, respectively, in the commutation diagram
in Fig. 4. Different sectors evolve in the commutation diagram,
which demarcates possible commutation for the outgoing three-
phase SCRs. The sector of +30° where all the three arcs
overlap indicates the special region for the ac-source voltage
vector where natural commutation can occur for the dc-side
conducting bank.

After the source transition, SCRs Tzt . T2 5. and TS
continue to supply the DFM stator current. These SCRs form
the “succeeding bank.” With a sufficient dead time, depending
on the turn-off time of the SCRs, the gate signals to the remain-
ing SCRs on the ac side Ty p, T% ;. and T ., collectively
named as the “concluding bank,” are enabled. This completes
the transfer of the stator of the DFM to the ac source.

2) Transition From AC to DC Source: Conversely, when the
stator of the DFM is initially connected to the ac source, all ac-
side SCRs Tyt p, Tjt o TR . TS . TS, gy and TS, p operate
on 180° conduction mode depending on the stator voltage and
current. This implies that three of the six SCRs conduct at the
instant of transition, which constitutes the conducting bank.
The remaining three complementary SCRs, forming the non-

conducting bank, do not influence the transition, and the gate
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Fig. 5. Commutation diagram during ac-to-dc source transition.

signals to this bank can be turned off. On the dc side, three
SCRs (succeeding bank) turn on at the instant of transition for
each phase, commutating the current from the ac source to the
dc source. The remaining three dc-side SCRs (concluding bank)
are turned on after a sufficient dead time to avoid shoot-through
problems between the ac and dc sources. Unlike in the dc-to-
ac source transition, the SCRs that constitute these four banks
depend on the stator-current polarity at the instant of transition.
Consequently, the conditions of the source voltages required for
natural commutation of the conducting bank during the ac-to-
dc source transition need to be determined based on the stator-
current polarity.

For example, when the stator-current vector I, is in the sector
of +£30° in Fig. 5, SCRs T} 1, T2 1. and T 5 constitute the
conducting bank, whereas SCRs 7/} R TaC p»and TS .. form
the nonconducting bank. During the perlod when the ac source
A-phase voltage is less than the dc source voltage turning off
the gate signal to SCR T} ac  and firing SCR Td _p Will naturally
commutate the stator A- phase current from the ac source to the
dc source. This condition is met when the ac-source voltage
vector is within the arc PP’ Similarly, for the B and C
phases, SCRs T, R and T, R can naturally commutate the
stator current to SCRs Tda R and TS, & at the instant when the
ac source B and C phase voltages are positive, shown by arcs
QQ' and RR/, respectively. In this case, SCRs T&i’ w1 dﬁé I
and TdCC p form the succeeding bank. To ensure all the three
phases undergo natural commutation at the same instant, the
ac-source voltage vector must be within 150° and 210° where
the arc PP’, QQ)', and RR' overlap, as shown in Fig. 5. Finally,
the complementary dc-side SCRs Té‘; IR Td]i p-and TdC; pinthe
concluding bank are provided with gate pulses after a sufficient
dead time to complete the source transition.

This analysis can be extended for other possible polarities of
the three-phase stator current such that natural commutation of
the outgoing ac-side SCRs is ensured. The sectors of natural
and forced commutation for each phase also rotate along with
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the stator-current vector location. Table I summarizes the SCRs
that form the conducting and succeeding banks at the instant of
transition depending on the stator-current polarity. Moreover,
this table highlights the requirement on the ac-source voltage
vector to make simultaneous natural commutation of the con-
duction bank SCRs. The angle ¢ in Table I depends upon the
magnitudes of the dc- and the ac-source voltage vector and can
be calculated as

e =cos ! ||“idc||. (1)

Based on Table I, the common requirement for simultaneous
natural commutation of the ac-side SCRs is that the stator
power factor angle # must be between 120° and 240° irrespec-
tive of the location of the stator current vector. The comple-
mentary region of natural commutation of the conduction bank
SCRs between the two mode transitions, i.e., dc-to-ac in Fig. 4
and ac-to-dc in Fig. 5, is due to the relative magnitude of the
source voltages, as expected.

III. CONTROL OF DFM DRIVE WITH TRANSFER SWITCH

The three-phase SCR switch analysis using the commutation
diagrams shown in Figs. 4 and 5 indicates that transitions
between the dc- and ac-mode operation of the DFM can occur
on-the-fly without shorting the sources or interrupting the load
current. With appropriate constraints on the ac-source voltages
depending on the DFM stator current at the instant of transition,
a simultaneous natural commutation for all the outgoing SCRs
can be ensured. These constraints for natural commutation
must be observed to avoid the need for additional commutation
circuitry.

However, ensuring a smooth and controlled speed/torque
production and a mechanically bumpless shaft behavior during
the transition is also essential. Here, the DFM constraints
are determined. Furthermore, the appropriate rotor converter
control is described for making the transition as smooth as
possible while crossing between the low- and high-speed op-
erating regions. The effect of the demanded drive torque on the
operation of the SCR-based transfer switch is examined. As a
precursor, this section revisits ideal mode transition conditions
to ensure a mechanically bumpless transition from the DFM
perspective using a synchronizer. Reference [11] presents more
detailed analysis and functionality of the synchronizer.

A. Synchronizer

The DFM is connected to the ac source when the rotor speed
is greater than the designed transition speed. Conversely, it is
connected to the dc source in low-speed mode. A mode transi-
tion is required as the speed crosses the operating boundary in
either direction. This transition must occur at a proper instant
when the “incoming” source voltage is as consistent as possible
with the operating state of the DFM prior to transition to min-
imize disturbances in the stator flux and in the electromagnetic
torque. The synchronizer module measures the incoming source
voltage vector, transforms the measurement to the stator-flux
reference frame, and waits for the proper match of the d-axis
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TABLE 1
CLASSIFICATION OF OUTGOING AC-SIDE AND INCOMING DC-SIDE SCRS FOR AN AC-TO-DC SOURCE
TRANSITION BASED ON THE STATOR-CURRENT VECTOR LOCATION

Location of stator current vector | Conducting bank (ac side) | Succeeding bank (dc side) | Required ac source voltage vector
—30° < I < 30° Th o TE o TS & T8 T8 . 18 o 150° < £V, < 210°
30° < /I < 90° TA .. TE .. TS o T8 TP TS & 210° < LVge < 360° — &
90° < /I < 150° T TE 0 TS R TE 5 T8 . TS o 360° — & < LVge < 330°
150° < /15 < 210° Th o TE o TS Ti o Th TS —30° < LVac < 30°
210° < ZI; < 270° T o TE p Tk T8 5 TE .. TC L 30° < LVae <&
270° < /15 < 330° Th o TR o TS v T8 . TE . 78 L £ < LVge < 150°

TABLE 1I
MACHINE PARAMETERS

DFM Parameters

Stator resistance (Rs) 3.575 Q
Rotor resistance (R;) 4.229 Q
Stator leakage inductance (Lis) | 9.6 mH
Rotor leakage inductance (L) 9.6 mH
Mutual inductance (M) 165 mH
Moment of inertia (J) 0.01 kgm?2

Frictional coefficient (B)
PMSG Parameters

Back emf constant
Stator resistance

0.0025 Nm — s/rad

0.1061 V — s/rad
0.5 Q2

and the ¢-axis (leads d-axis by 90° by convention) components
to initiate the transition using Sw signal in Fig. 1.

For dc-to-ac mode transition, the d-axis component of the
incoming ac voltage is matched to the existing d-axis volt-
age from the dc-source connection, which minimizes flux-
magnitude perturbation. The synchronizer chooses a transition
time when the incoming ac voltage appears with a positive
g-axis component, permitting the stator-flux frequency to tran-
sition from zero to a positive finite value. The required con-
ditions become apparent from examining the DFM machine
equations as shown in [11].

In the case of ac-to-dc mode transition, the d-axis component
of the incoming dc voltage is matched to the existing d-axis
voltage from the ac-source connection. A negative g-axis com-
ponent of the incoming dc voltage ensures proper transition of
stator-flux frequency to zero. Adhering to the requirement for
the ac-to-dc transition is considerably relaxed compared with
the dc-to-ac transition due to the presence of a stator-flux con-
troller on the DFM rotor-side control that can affect the stator-
flux magnitude in the dc mode. Analysis using a simplified
nonlinear DFM plant model shows that the ac-to-dc transition
can be performed over a wider region in the ac cycle without de-
grading the drive performance.

Satisfying the synchronizer constraint and the natural com-
mutation region constraint of the outgoing SCRs will ensure
the least perturbation on the DFM without requiring forced
commutation circuits for the SCRs. For the mode transitions,
the demanded drive torque at the transition instant is critical in
determining whether the two constraints can be simultaneously
satisfied.

B. DC-to-AC Mode Transition With DFM Constraints

In the low-speed dc mode, the rotor d-axis current con-
trols the stator-flux magnitude while the rotor g-axis current
sets the electromagnetic torque. The electromagnetic torque is

Region of natural
commutation for all
three phases

U/sde \
d-axis

Fig. 6. Space vector diagram during dc-to-ac transition that ensures minimum
flux perturbation and natural commutation of the conducting SCR bank under
high-drive-torque demand.

determined by the stator-flux magnitude and the rotor g-axis
current, i.e.,

3PM

Tde = *551|wsdc|qu- (2)
The rotor g-axis current can be expressed in terms of the
stator g-axis current and the machine parameters (see Table II),
yielding a torque expression

3P —
Tde = §5|¢sd0‘lsq- (3)

Fig. 6 shows the stator voltage vector V., stator current
vector I,, and the stator-flux vector 1.4, all of which are
stationary relative to the DFM stator axis in the low-speed dc
mode. Designating the angle between the stator-flux vector and

the stator voltage vector as ¢, (3) is represented as

Tae = o [Buac| [T sin @)
22

If the drive-torque demand is sufficiently large, (4) indicates
that the angle ¢ is large as depicted in Fig. 6. Under this
condition, for a transition to ac mode, the synchronizer chooses
an instant when the “incoming” ac voltage vector V,. exhibits
a d-axis component that matches the existing d-axis stator
voltage. This precise instant is illustrated in Fig. 6. As V. is
within the sector of natural commutation for all three phases (as
derived in Section II-B), a dc-to-ac mode transition is ensured
with the least perturbation to the DFM. All of the dc-side
conducting banks undergo natural commutation.




3152

Region of natural / 0

commutation for A ¢
and C phases \[

N
AN
N
~N
/
/7 / .
/ !4 Region of natural
C/ —id commutation for all
Wsdc ~ three phases
~
~
d-axis
Fig. 7. Space vector diagram during dc-to-ac transition that ensures minimum

flux perturbation and natural commutation of conducting SCR bank under low-
drive-torque demand.

However, under low-drive-torque demand, natural commu-
tation in all the three phases might not occur. This situation
is illustrated in Fig. 7. In a case with the angle § relatively
small, the synchronizer does not find an instant within the arc of
natural commutation that also matches the d-axis component of
the “incoming” ac-source voltage to that of the existing d-axis
component of the stator voltage.

Fortunately, for transition instances with low-drive-torque
demand, the rotor power electronics are lightly loaded and have
plenty of capability to modulate the d-axis rotor current to damp
the stator-flux transient. Hence, in lightly load conditions, the
synchronizer chooses the best or “last possible” instant to make
the transition, at VTLC/ in Fig. 7. This moment is when natural
commutation for all outgoing dc-side SCRs is still possible. The
occurrence of larger swings of stator-flux transient is damped
by a full-state feedback controller that minimizes the stator-flux
oscillation [11].

The boundary that defines a low-drive-torque demand is
determined by the selected operating stator-flux magnitude in
the dc mode and the dc- and ac-source voltages. The boundary
condition of low-drive-torque demand occurs when the syn-
chronizer finds V. exactly on the edge of the sector of natural
commutation for all the three phases at the instant when the
d-axis component of the source voltages match, i.e., from the
geometry shown in Fig. 7, i.e.,

Vid = |Vae| €08 8imin = [Viae| cos A (5

and

™

A — 5min = - 6

5 (6)

Solving (5) and (6), the boundary of “low drive torque” is given
by 6mins i.e.,

5min = tanil <\/§ -2 ||“fic||> . (N

IEEE TRANSACTIONS ON INDUSTRY APPLICATIONS, VOL. 51, NO. 4, JULY/AUGUST 2015

The minimum torque below which the demanded drive torque
is termed “low” can be written using (4) and (7) as

Tdc,min = g§|¢sdc| H;?:‘ sin [tanl <\/§2 “j:izl >:| . (8)

C. AC-to-DC Mode Transition With DFM Constraints

The two major differences in the high-speed ac mode of
DFM operation compared with that of dc-mode operation are,
first, the angle between the stator voltage and the stator flux
(0) is relatively fixed and is close to 90° independent of the
mechanical load (assuming small stator resistance) and, second,
the stator voltage V.., the stator current I, and the stator flux
1.,e Vectors rotate at the ac-source frequency relative to the
stationary dc-source voltage vector Vg, and the stator-winding
axis. The stator voltage and current must be at least 120° out of
phase for the ac-to-dc transition to occur with all outgoing ac-
side SCRs undergoing natural commutation simultaneously as
shown in Section II-B. This implies that the active power flow-
ing to the stator must be negative during the transition, which is
inherently achieved by the drive operation. The mode transition
of ac to dc is necessary when the drive speed goes below the
designed transition speed, which requires a braking action and,
therefore, a reverse power flow in the stator. The braking torque
is commanded using the rotor g-axis current. The remaining
requirement on maintaining the stator power factor can be
achieved using the reactive power controller on the rotor power
electronics. The reactive-power controller commands the rotor
d-axis current to create the required phase between the stator
voltage and the current for natural commutation of the outgoing
ac-side SCRs (conducting bank).

With properly controlled rotor currents, the ac-to-dc source
transition can be initiated during any part of the ac cycle based
on the values in Table I. This flexibility is due to the presence
of an antiparallel SCR bank on the dc side that can potentially
shorten the ac-to-dc source transition time. However, a careful
choice of transition instant is necessary to ensure smooth transi-
tion of the stator flux (from ac to dc) of the DFM and, therefore,
a controlled torque output at the shaft. To illustrate the correct
transition region for ac-to-dc transition from a DFM perspec-
tive, the state-plane analysis is used, as in [11]. Assuming a
large rotor-current controller bandwidth, the nonlinear DFM
plant during source transition can be simplified in state-space
form as

_Rs MR,
d V] _ VLw; Vdfifa +{ L. ]Ird. )
at | s ~Vacsind . 1, 4%, 0

This is identical to the plant model derived in [11] except
that (9) represents the DFM after the transition of the stator to
the dc source. The initial condition of the stator-flux magnitude
15 is equal to the ac-mode stator-flux magnitude |t)sq.| prior
to the transition. Similarly, the initial condition for the angle
0 is determined by the switching instant from the ac source
to the dc source. After the transition to the dc source, the
rotor d-axis current is commanded based on the stator-flux
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Fig. 8. Phase plane analysis: Determination of the desired switching instant
during the ac-to-dc transition. Improper switching instant can lead to a collapse
of the stator-flux magnitude, leading to an uncontrolled shaft torque
perturbation.

controller with an output limiter that follows a control law
given by

% Kz - Ls .
rd — <Kp + S> [W}sdc' - /(bs} - mvdc COS 57

1174 < Irdlimis.  (10)

The assumption of large rotor-current controller bandwidth
allows to couple (9) and (10) by
(1)

Ird = I,*d S [_I'r'd,limit7 I’rd,limit]-

The nonlinear dynamics for the state trajectories are shown
in Fig. 8. It is assumed that the initial ac-mode stator-flux
magnitude is 0.45 V-s, whereas the final dc-mode stator-flux
magnitude is 0.3 V-s (based on the prototype DFM drive de-
sign). Based on the instant of transition, governed by the initial
0, the states for the nonlinear system described by (9), (10),
and (11) follow different trajectories during the ac-to-dc mode
transition. The steady-state condition for angle ¢ is determined
by the demanded braking torque as given by (4). As can be
seen in Fig. 8, the least perturbation in the stator flux during
the transition occurs when the initial § is within the stable zone
marked in Fig. 8. For other switching instances, the stator-flux
magnitude completely collapses, leading to a significant uncon-
trolled shaft torque behavior. Therefore, for a guaranteed stable
ac-to-dc transition, the desirable range of the stator-flux angle
at the instant of transition must be within zero and 90°. With
the stator flux lagging the stator voltage nearly by 90°, the cor-
responding suitable region is when the ac-source voltage vector
is within 0° and 90° with respect to the stator A-phase axis.

The requirement of reverse active-power flow necessary for
the natural commutation of the ac-side SCRs might not be sat-
isfied under certain drive-torque requirements. For example, a
gradual ramp-down command for the drive reference speed, or a
mode transition initiated because of load disturbances does not
necessarily need a negative drive torque at the transition speed.
In these cases, either a forced commutation circuit should be
added on to the ac-side SCRs, or a secondary transition speed
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Fig. 9. Flowchart for controlling the SCR-based transfer switch and the ac-
source, phase-sequence, change-over relay for four-quadrant operation of a
switched-DFM drive.

can be designed depending on the applications. If the rotor
speed goes below the designed secondary transition speed,
the speed controller is momentarily disabled with deliberate
sufficient braking torque commanded to the drive. This ensures
proper conditions necessary for the natural commutation of the
ac-side conducting bank. The speed controller comes back into
the control loop after the mode transition. Fluctuations to drive
speed are insignificantly perturbed during this short maneuver
because of the presence of the mechanical inertia of the drive.

D. Operation of the Transfer Switch and Phase Change
Over Relay

Based on the above analysis, a flowchart of the transfer-
switch operation is outlined in Fig. 9. A hysteresis band is in-
troduced around the designed mode-transition speed to prevent
chattering between the operating modes. The absolute rotor
speed |w;-| must be greater than wy for a dc-to-ac mode transi-
tion. An ac-to-dc mode transition is initiated when |w;, | is below
wra, With w1 > wpe. For cases where the braking torque is
insufficient to cause reverse power flow in the stator even with
the drive speed lower than w9, a secondary transition speed
wrs is selected, where wps > wrs. As the rotor speed reaches
wrs while decelerating, being in ac mode, a braking torque
is commanded at the shaft with the speed controller disabled.
The delay T} introduced between enabling gate signals to the
succeeding SCR bank and the concluding SCR bank depends
on the turn-off time of the chosen SCRs.

A phase-sequence change-over relay is connected between
the ac source and the SCR-based transfer switch to extend the
DFM drive operation range to all four quadrants. The relay
operates only during the dc-mode operation of the drive with
a hysteresis band around zero speed. The ac-source phase
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Fig. 10. Experimental setup used to demonstrate the proposed drive. In practice, the ac source created using the open-loop inverter and the LC filter will be

replaced by a prime-mover-driven synchronous generator or an ac grid.

sequence is commanded to be ABC for rotor speed greater than
wpo and ACB for drive speed less than —wpg, where wpg <
wrs. This prevents on-load operation of the relay. As an alter-
native, the relay can be replaced with two additional antiparallel
SCRs cross-connecting the phases of the DFM with the ac
source. This also increases operational reliability for applica-
tions that need frequent four-quadrant operation, replacing the
mechanical operation of relay contact surfaces.

IV. EXPERIMENTAL RESULTS

A 1-HP, 220-V/150-V, 60-Hz, and four-pole DFM has been
used to illustrate the proposed switched-DFM drive. Two Texas
Instruments High Voltage Motor Control and PFC Developer’s
Kits, named Inverter-I and Inverter-II and connected to a
common dc bus, are used for the demonstration. Inverter-I is
programmed to operate open-loop pulsewidth modulation, gen-
erating 110 V (phase peak) and 40 Hz (fundamental), as shown
in Fig. 10. An output LC filter is used to filter the harmonics
of Inverter-I and generate sinusoidal ac voltages emulating an
ac source. The choice of ac-source voltage and frequency is
selected such that the drive operates within the rated operating
speed of the prototype DFM.

In practice, Inverter-I and the output LC filter will be re-
placed with an ac source generated using a prime-mover-driven
synchronous generator or an ac grid. Inverter-II is programmed
with the control algorithm developed for switched-DFM drive
as described in [11]. The dc bus that feeds power to both the
inverters is generated using a 200-V power supply. The two
diodes D7 and D- are used to prevent any reverse power flow
to the power supply. The switch S; and the braking resistor
R1(110 €2) are used to dissipate power and limit the dc-bus
voltage during braking operation of the drive. In practice, the
dc bus will be created using a front-end converter interfacing
the synchronous generator or the ac grid, as shown in Fig. 1.

The dc source is a separate 20-V power supply. Two diodes
D3 and Dy and a capacitor C (film-type, 16 uF) are added
at the output of the dc source to emulate a rectified dc source.
The switch S; and the resistor R2(10 €2) dissipate power and
maintain the dc-source voltage at the DFM terminal during the
ac-to-dc source transition. The DFM is also mechanically cou-
pled to a permanent-magnet synchronous generator (PMSG)
that is connected to a dc electronic load bank through a diode
bridge. The diode bridge helps in maintaining the polarity of

o
8
o
@
S

[

SCR Gate Signals

Fig. 11. Prototype SCR-based transfer switch used for the experimental
demonstration.
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Fig. 12. Evaluation of the performance of the drive across the complete
operating speed range. (Top) Speed response for a step command in reference
speed; the different acceleration and deceleration rates at different speed ranges
is as per the drive design. (Middle) Stator current that is either fixed-frequency
(40 Hz) ac or dc. (Bottom) Controlled rotor current with operating frequency
in the range of 0—24 Hz: (A)—drive speed is at positive ac-source synchronous
speed; (B)—drive speed is at zero speed (equivalent to dc synchronous speed);
(C)—drive speed is at negative ac-source synchronous speed.

the generated voltage connected to the load bank, irrespective
of the direction of rotation of the PMSG. The electronic load
bank is commanded to draw load current based on the operating
speed of the DFM drive. This can emulate different types of
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transition.

load profiles including the quadratic load torque curve that is
typical for a ship propeller. The parameters of the DFM and the
PMSG are shown in Table I.

The prototype SCR-based transfer switch built is shown in
Fig. 11. Additionally, diodes are in series with each SCR to
enable faster turn-off during mode transition. An RC snubber of
330 €2 and 6.8 nF is connected in parallel with the SCRs to limit
the dv/dt stress. In practice, the window of +30° for natural
commutation of outgoing SCRs, as shown in Fig. 6, might need
to be reduced taking into account the dead time of the SCRs.
For example, considering a turn-off time of 250 us for the
chosen SCR will result in the allowable window to be +24°
(for a 60-Hz ac source) for safe commutation of the outgoing
SCRs. Proper design with the fast-recovery high-power diodes
can enable reducing this required dead time for high-power
applications.

The experiments performed on the complete drive evaluate
the SCR switch as well as the DFM operation under different
loading conditions, explained in the following sections. The
ac-source synchronous speed for the drive is 1200 r/min. The
designed dc-to-ac source transition speed, i.e., wr1, and the ac-
to-dc source transition speed, i.e., wro, are 720 and 684 r/min,
respectively. The ac-to-dc secondary transition speed is chosen
as 648 r/min. Finally, the chosen phase change-over speed, i.e.,
wro, 18 30 r/min.

A. Performance of the Three-Phase SCR-Based Transfer Switch

With the DFM initially operating at 1800 r/min, two suc-
cessive steps of —1800 and 1800 r/min is commanded to the
reference speed as shown in Fig. 12. This evaluates the speed
performance of the drive across the complete speed range under
no load. The phase-sequence change-over relay and the SCR-
based transfer switch seamlessly transfers the stator between
the different operating regimes. The stator current A-phase
current is either dc or 40 Hz depending on the operating speed,
whereas the rotor A-phase current is appropriately controlled
using Inverter-I1.

Fig. 13 shows the performance of the SCR-based transfer
switch during the instant of dc-to-ac mode transition. The mode
transition occurs at t = 0 when the ac source A-phase voltage is
greater than dc-source voltage and the ac source B and C' phase

voltages are negative, as shown in Fig. 13(a). Initially, the dc-
side SCRs T3¢ jo, Ty . and Tf) ;, conduct [see Fig. 13(b)].
After the tranéition, the ac-side SCRs start conducting, as
shown in Fig. 13(c), without any discontinuity in the DFM
stator current.

Similarly, Fig. 14 shows the performance of the transfer
switch during the ac-to-dc source transition. At the instant of
the transition (¢ = 0), the rotor power converter ensures that the
phase currents are of opposite polarity to that of the ac-source
phase voltages for simultaneous natural commutation of all the
three phases as can be seen in Fig. 14(a) and (b). The DFM
stator current transitions seamlessly from the ac source to the
dc source as shown in Fig. 14(c). After the DFM stator is tran-
sitioned to the dc source, the stator A-phase current is initially
negative. During this instant, the switch S5 is turned on, and
power is dissipated in the resistance R, thereby maintaining
the dc voltage across the capacitor C'.

B. Performance of the DFM Drive With the SCR-Based
Transfer Switch

The performance of the proposed switched-DFM drive under
different operating conditions is evaluated next. The electronic
load bank is programmed to draw current proportional to the
square of the rotor speed. This emulates a quadratic load-torque
curve similar to a typical ship propulsion load. The step re-
sponse of the DFM drive for the full-speed-range four-quadrant
operation is shown in Fig. 15(a). In this case, the drive-torque
capability for the complete speed range, along with the load
torque, is shown in Fig. 15(b). The drive torque and the speed of
the DFM are seamlessly controlled across the complete speed
range. In a ship, this kind of requirement can arise during crash-
back situations. The braking torque in the ac mode is com-
manded such that the drive can operate at unity power factor as
required for the natural commutation of the ac-side SCRs. The
active power shared between the stator and the rotor of the DFM
is shown in Fig. 15(c) for the positive drive torque across the
complete speed range. As designed, the rotor power electronics
handles only a third of the total active power that is fed to the
DFM for the complete speed range. The sharing of power for
the negative-drive-torque case is a mirror image of the profile
shown in Fig. 15(c) along the y-axis.
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To evaluate the performance of the drive under the reduced-
drive-torque requirement at the transition speeds, a ramp is
commanded in the reference speed with a slope of 360 r/min/s.
The speed response of the drive is shown in Fig. 15(d), along
with the commanded drive torque in Fig. 15(e). During accel-
eration, the demanded drive torque at the dc-to-ac transition
instant (marked as A) is 2.2 Nm, whereas the “low drive torque”
limit for the prototype drive calculated using (8) is 2.6 Nm.
During deceleration at instant B, the rotor speed goes below
the chosen secondary transition speed of 648 r/min. The com-
manded drive torque required, even at this rotor speed, is still
positive such that the ramp down in speed can be maintained. In
this case, the requirement of reverse power flow for the natural
commutation of the ac-side SCRs cannot be met. As explained,
a short pulse of a negative torque, as can be seen at B in
Fig. 15(e), ensures the correct condition for the natural com-
mutation of the outgoing ac-side SCRs and a source transition
to dc source is achieved. The corresponding A-phase stator and
rotor currents of the DFM are shown during this ac-to-dc tran-
sition. The speed response of the DFM is unperturbed, and the
ramp speed response is achieved without distortion.

Next, the drive is subjected to an alternating reference speed
across the complete speed range as shown in Fig. 15(g). The
reference speed oscillates with a step size of 400 r/min at 0.5 Hz
across the entire speed range. The speed response profiles A and
B are completely in ac mode with positive ac-source frequency.
The profiles D, E, and F' are completely in dc mode, and the
profiles [ and I are again in ac mode with stator ac-source
phase sequence reversed. The speed profiles C' and G corre-
spond to the case when the DFM drive partially operates in the
dc and ac modes across the designed transition speed. As can
be seen, the mode transitions are seamless even with an alter-
nating reference speed. The settling time of the speed response
increases with the operating speed because of the increase in the
load torque (as programmed using the electronic load bank).

Finally, the drive is subjected to a load disturbance of zero to
70% of the rated load at different operating speeds, as shown
in Fig. 15(h). The speed response profile A remains completely
in dc mode for the load disturbance, and the profiles C, D, F,
and F' are completely in ac mode. For profile B, the reference
speed is set at 684 r/min, which is midway between the dc-to-
ac source transition speed (720 r/min) and secondary ac-to-dc
transition speed (648 r/min). As the load goes to zero, the rotor
speed overshoots beyond 720 r/min, leading to a dc-to-ac source
transition. Eventually, the speed settles to 648 r/min operating
in the ac mode. At the next instant when the drive is subjected
to the 70% rated load, the rotor speed falls below the secondary
transition speed of 648 r/min, leading to an ac-to-dc source
transition. This can be seen in the stator-flux magnitude, shown
in Fig. 15(i). The stator-flux magnitude oscillates between the
designed dc-mode level and the ac-mode level, as set by the ac
source. The drive performance is stable and equivalent without
any notable differences under all operating regimes.

The phase-plane analysis used to ascertain the proper switch-
ing instant during an ac-to-dc source transition is experimen-
tally validated, as shown in Fig. 16. Different initial conditions
of §, depending on the switching instant, lead to the different
trajectories of the stator-flux magnitude from the ac-mode level
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transition, based on the initial condition of ¢ that depends on the switching
instant.

to the dc-mode level. As expected, for Case A, the stator flux
collapses during the ac-to-dc transition, leading to uncontrolled
shaft torque.

V. CONCLUSION

This paper has presented and demonstrated an SCR-based
STS that can change stator supply between an ac and a dc
source on-the-fly for a switched-DFM drive. Rotor-current
control not only allows bumpless transition between modes
but also enables reduction of SCR commutation circuits by
controlling the phase angle between the stator voltage and the
stator current during the transitions. Using SCRs to construct
the transfer switch, while allowing instantaneous transition
without shorting the sources or impairing the load currents, en-
ables significant reduction of controlled power electronics and
associated passive-auxiliary components. With no additional
circuit required for the commutation of the SCRs and reduced
rotor converter size, the proposed transfer-switch-based drive
architechture is a cost-effective solution suitable for high-power
applications. The proposed transfer switch opens up a mech-
anism for operation of the switched-DFM drive that can be
adjusted based on the specific drive design and transient perfor-
mance requirement. With the availability of high-power SCRs
with large short-time current ratings, a hybrid transfer switch
with parallel mechanical relays can be devised to reduce losses
(conduction) in the transfer switch to an even greater extent.
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