
248 IEEE TRANSACTIONS ON INDUSTRY APPLICATIONS, VOL. 51, NO. 1, JANUARY/FEBRUARY 2015

Power Converter Sizing for a Switched Doubly Fed
Machine Propulsion Drive

Arijit Banerjee, Student Member, IEEE, Michael S. Tomovich, Student Member, IEEE,
Steven B. Leeb, Fellow, IEEE, and James L. Kirtley, Jr., Life Fellow, IEEE

Abstract—Doubly fed machines (DFMs) can be used to make
variable speed drives (VSDs) that not only provide full shaft
speed control but also avoid the need for a dc electrical bus
capable of providing full mechanical shaft power. This makes
the DFM attractive for any VSD application where the primary
power source is ac. Switching configuration of the DFM on-the-fly
opens up opportunity to operate the DFM on a wider speed
range with reduced power electronics. This paper explores the
design requirements for a switched DFM rotor power electronics
in full-speed-range VSD applications, including propulsion drives.
Tradeoffs are examined for power electronics sizing versus tran-
sient settling characteristics.

Index Terms—AC machines, drive design, electric vehicles, min-
imization, motor drives, power conversion.

NOMENCLATURE

vdc, vPE DC supply voltage and power electronics voltage
rating [per unit (p.u.)].

is, ir Stator and rotor currents (referred to the stator)
(p.u.).

rs, rr Stator and rotor resistances (referred to the stator)
(p.u.).

xs, xr, xm Stator, rotor (referred to the stator), and mutual
inductances (p.u.).

τ Electromagnetic torque (p.u.).
ωB Base frequency (same as ac supply frequency)

(rad/s).
vs, vr Stator and rotor voltages (referred to the stator)

(p.u.).
ωs, ωe Stator flux frequency and rotor speed (p.u.).
ωT , ωmax Transition speed between modes and maximum

speed (p.u.).
Ir Rated rotor current (referred to the stator) (p.u.).
δ Angle between stator flux and stator voltage (rad).
ψs Stator flux (p.u.).
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Xd, Xq d- and q-axis components of X .
Xdc, Xac Corresponding dc mode and ac mode values of X .

I. INTRODUCTION

DOUBLY fed machines (DFMs) have been predominantly
used for applications with a limited speed range of op-

eration such as in power generation in wind turbines and fly
wheel energy storage [1], [2]. The major advantage of using
a DFM for such applications, as opposed to a squirrel cage
or a synchronous motor, is that it requires reduced power
electronics capability. However, in applications where a wider
speed range is desirable, as in propulsion, typical approaches
to power electronics and source connection fail to reduce the
power electronics requirement.

Operating DFMs in different configurations using multiple
switches open up opportunity in achieving wider operating
speed range with reduced power electronics. Denoting this
group of DFM-based drives as “switched DFM,” it typically
has a controlled converter on the rotor, whereas the stator is
connected to one or many sources through switches. Depending
on the operating speed, the stator switch configurations are
altered to ensure different operating modes of the DFM. For
example, [3] reported a drive configuration in which, during
low-speed operation, the stator is shorted, whereas during high-
speed operation, the stator is connected to an ac source. Similar
approaches have been used for developing and conceptualizing
variable speed drives (VSDs) for hydroelectric power stations
[4], ship propulsion [5], and centrifugal loads [6].

Unlike the configuration of shorting the stator, the switched
DFM in [5] proposes to use a dc source excitation in low-
speed operating mode. This leads to reduced structural noise
at low operating speeds critical for ships intended for naval
applications [7], [8]. The proposed drive, shown in Fig. 1, has
two modes of operation: dc or low-speed mode and ac or high-
speed mode. In dc mode, the stator of the DFM is connected
to a dc supply, and the machine is equivalent to a wound field
synchronous machine. In ac mode at higher shaft speeds, the
stator of the DFM is connected to the ac supply. The rotor is
driven by variable frequency power electronics in both modes.
This arrangement can be controlled to operate the DFM drive
in and through the two modes seamlessly [9].

While [3] apparently used an iterative method to choose a
transition speed to minimize the rotor converter size, [5] and [6]
used steady-state load torque-speed characteristic to determine
the size of the controlled rotor converter. However, there are
multiple design variables that need to be considered in order
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Fig. 1. Proposed configuration of a switched DFM drive enabling wide-speed-
range operation with reduced power electronics.

to design a switched DFM drive. This paper presents a design
procedure for the proposed switched DFM drive shown in Fig. 1
based on the requirement of a drive torque-speed capability.
The design goal is to minimize rotor power electronics re-
quirement while the DFM is operated on a full-speed range
within rated conditions. The process will be illustrated using
a demonstration DFM with practical machine parameters. The
drive design includes the selection of different design variables
such as the transition speed between the operating modes, dc
mode stator voltage, rotor power electronics voltage and current
rating, ac mode synchronous speed, maximum speed, and ac
mode reactive power capability.

For a typical ship propulsion drive, the steady-state load
torque requirement is proportional to the square of the shaft
speed. Based on mechanical requirements, the maximum com-
mandable shaft torque required in the “low-speed” region can
be either the same as or lower than the rated drive torque in the
“high-speed” mode. For the example design, the required low-
speed torque capability for the drive is considered to be 75% of
the high-speed torque capability.

II. DFM DRIVE CAPABILITY ANALYSIS AND DESIGN

The rotor power converter sizing requirement is analyzed
using a steady-state DFM model. Transient analysis is also
performed to ensure that the designed drive operates seamlessly
during mode transition. A steady-state DFM model in stator
flux orientation can be derived ignoring the time-derivative
terms in the machine model [9]. Using normalized variables and
parameters with respect to base quantities, the machine can be
described by

vsd = rsisd (1)
vsq =ωsψs + rsisq (2)
vrd = rrird − (ωs − ωe)ψrq (3)
vrq = rrirq + (ωs − ωe)ψrd (4)

whereas the normalized electromagnetic torque is governed by

τ = −xm

xs
ψsirq (5)

and the normalized flux linkage equations are

ψs =xsisd + xmird (6)

0 =xsisq + xmirq (7)

ψrd =xrird + xmisd (8)

ψrq =xrirq + xmisq. (9)

The rotor quantities used in the model are referred to the
stator. Therefore, to obtain actual rotor values, the turns ratio
from the stator to the rotor must be considered. The ac source
voltage and the rated stator current are considered to be base
quantities and hence are unity in normalized form. The ac
supply frequency is chosen as the base quantity for the stator
flux frequency and the rotor speed. This makes normalized
stator flux frequency ωs zero in dc mode and unity in ac mode.

A. Rotor Power Electronics Requirement for an Ideal DFM

As a precursor, an analysis of an ideal DFM is considered
to illustrate the benefit of the proposed drive in reducing
power electronics requirement for full-speed-range operation.
The impact of drive torque requirement on minimizing rotor
power electronics is evaluated, which directly translates into the
design choice of the mode transition speed and the maximum
operating speed of the drive.

Assuming zero resistances, leakages, and negligible magne-
tizing current, the normalized rotor current rating (referred to
the stator) is equal to the stator current rating of unity. Using
(3), (4), and (6)–(9), the rotor voltage required is

vr = |ωs − ωe|ψs. (10)

The operating stator flux in ac mode is determined by the ac
supply voltage and frequency and hence is always unity. For
maximum utilization of the DFM, the rotor current rating of
the DFM sets the current rating of the rotor power electronics.
Unity rotor current and stator flux ensure that maximum torque
capability of the DFM is utilized in ac mode.

The choice of stator flux in dc mode depends on the torque
requirement in low-speed mode. For a unity torque requirement
in low-speed mode, the rotor current and the stator flux must
be maintained at unity. If dc mode stator flux is unity, then
required rotor voltage is proportional to speed in dc mode and
proportional to slip speed in ac mode, as shown in Fig. 2. As a
concrete example, a transition at “A” from dc mode to ac mode
will ensure operation of the drive from 0- to 1.5-p.u. speed
while requiring a maximum rotor voltage of 0.5 p.u. (operating
on OAEB path in Fig. 2).

If a lower electromagnetic drive torque capability is accept-
able at low speed, for example, 75% to that at high speed,
the stator flux in dc mode can be reduced to 0.75 p.u. while
maintaining the rotor current at unity across the complete speed
range. The reduction in stator flux in the dc mode directly



250 IEEE TRANSACTIONS ON INDUSTRY APPLICATIONS, VOL. 51, NO. 1, JANUARY/FEBRUARY 2015

Fig. 2. Ideal DFM: rotor power electronics voltage rating of 0.5 p.u. can
enable an operating speed range of 0–1.5 p.u. (OAEB), whereas a voltage rating
of 0.43 p.u. enables an operating speed range of 0–1.43 p.u. (OCED).

impacts the required rotor voltage since the slope of the rotor
voltage requirement curve in Fig. 2 is proportional to the stator
flux. In this case, transitioning at “C” enables the drive to
operate on a speed range from 0 to 1.43 p.u. while requiring
a maximum rotor voltage of 0.43 p.u. (OCED path). In general,
the transition speed that minimizes the maximum required rotor
voltage can be computed equating required voltage in the dc and
ac modes at the mode transition using (10), i.e.,

vrdc|ωT
= | − ωT |ψsdc = |1− ωT | = vrac|ωT

= vPE. (11)

Since the rotor current is maintained at unity for maximum
torque production, the stator flux magnitude in dc mode ψsdc

is identical to the maximum torque in dc mode τdc, and (11)
simplifies to

ωT =
1

τdc + 1
. (12)

Using (11) and (12), the minimum required rotor power elec-
tronics voltage rating is given by

vPE =
τdc

τdc + 1
. (13)

Using (10) in ac mode and (13), the associated maximum
achievable shaft speed in ac mode with the minimum rotor
power electronics voltage rating can be computed as

ωmax =
2τdc + 1

τdc + 1
. (14)

Assuming no mechanical losses, the maximum shaft power
is achieved at the maximum speed and is identical to (14) since
the torque at maximum speed is unity. The minimum rotor
power electronics power rating that enables wide-speed-range
operation is identical to (13) since the rotor current is always
maintained at unity. When the required dc mode torque is 75%
to that of the rated torque, the minimum rotor power electronics
rating can be 30% of maximum shaft power while operating
on a speed range of 0–1.43 p.u. Equations (13) and (14) can

Fig. 3. Ideal DFM: lowering the requirement of the low-speed torque lowers
rotor power electronics requirement and maximum shaft speed (for a designed
ac supply frequency and number of pole pair).

be used to compute the ratio of VPE/ωmax, which is also the
ratio of minimum rotor power electronics rating to maximum
shaft power at unity maximum rotor current and maximum shaft
torque. Fig. 3 shows the benefit and the design tradeoffs for the
proposed drive architecture using (13) and (14).

The maximum speed requirement for the drive can be
achieved in three ways. First, by choosing the ac supply fre-
quency precisely in cases where system-level design is possible,
e.g., a “blank slate” design for a ship or a train. Second,
choosing and designing a DFM with a specific number of poles
in cases where the ac supply frequency is fixed. Finally, if either
of the above two is already constrained, the maximum speed
will be set by the minimum voltage rating of the rotor power
electronics. An increase in the maximum speed requirement
will increase the voltage rating of the rotor power electronics.

To summarize, for proper utilization, the torque capability of
the DFM must be equal to the required torque at high speed.
Since in ac mode the stator flux is strictly determined by the ac
supply voltage and frequency, the choice of high-speed torque
requirement strongly influences the rotor power electronics cur-
rent rating. The choice of low-speed-mode torque requirement
strongly influences rotor power electronics voltage rating (since
by fixing rotor current to be the same as in ac mode, the dc mode
stator flux can be altered). The torque requirements signifi-
cantly influence the transition speed, the maximum speed, and,
of course, the required rotor power electronics power rating.

B. Drive Design for a Nonideal DFM

The presence of resistances, leakages, and finite magnetizing
current in a practical DFM must be taken into account while
minimizing the rotor power electronics rating such that the
machine is operated within its rated capability. In practice,
the stator and rotor current ratings might not be equal, and
hence, the rated stator current is chosen as the base current
for normalization, whereas the rated rotor current reflected to
the stator is designated as Ir p.u. This section will review
design considerations for a practical DFM propulsion drive.
Specific examples will be illustrated using parameters from our
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TABLE I
DFM PARAMETERS

experimental machine (1 hp, 220 V/150 V, 60 Hz, four pole,
1800 r/min) shown in Table I. The ac source is considered to
be 220 V 60 Hz for this analysis. These parameters are not
representative of a real ship propulsion motor.

The goal is to minimize the rotor power electronics re-
quirements while the machine operates with a desired torque
capability across the complete speed range within rated con-
ditions. The sizing of the rotor power electronics starts with
selecting the rotor power electronics current rating such that
the candidate DFM is utilized to its maximum capability in
ac mode. Once the current rating is determined, the dc mode
stator flux is minimized to achieve the low-speed drive torque
requirement. This directly impacts the rotor power electronics
voltage rating by affecting the slope of the required rotor
voltage, as highlighted in Fig. 2. A choice of dc mode stator
flux also fixes the required dc supply voltage. Finally, the
transition speed and the maximum speed are set to minimize
the voltage rating and, therefore, the power rating of rotor
power electronics. Additionally, the limits on the d- and q-axis
currents are computed for both modes to ensure that the DFM
operates within the rated limits of stator and rotor currents.

1) AC Mode: Choice of Rotor Power Electronics Current
Rating: Due to the possibility of different current ratings in
the stator and the rotor in a practical DFM, the rotor power
electronics current rating must be chosen such that the machine
stator and rotor current limits are not exceeded. The objective is
to utilize the candidate DFM to its maximum torque capability
in high-speed mode. Assume that the stator is connected to a
stiff ac voltage source

v2sd + v2sq = 1. (15)

Since rs in a typical machine is small, (15) can be simpli-
fied using (1), (2), and (7) to compute the stator flux in ac
mode, i.e.,

ψsac = 1 +
rsxm

xs
irq. (16)

The rotor current limit requires that

i2rd + i2rq ≤ I2r . (17)

The stator current limit necessitates

i2sd + i2sq ≤ 1. (18)

Fig. 4. AC mode: the DFM stator and rotor current ratings limit the maximum
allowable rotor d- and q-axis currents, which set the rotor power electronics
current rating.

Using (6) and (7), the stator currents can be substituted with
rotor currents in (18), which results in(

ψsac − xmird
xs

)2

+

(
−xmirq

xs

)2

≤ 1. (19)

Constraints (17) and (19) are plotted in the d−q rotor current
plane, as shown in Fig. 4. The intersection area of the two
constraints sets the safe operating current limits in ac mode.
The maximum torque capability of the DFM is achieved when
maximum negative q-axis current can be fed to the rotor of
the DFM within the safe operating area. In the example DFM,
the maximum torque capability is achieved when the rotor
q-axis current is identical to the rotor current rating and the rotor
d-axis current is zero. The rotor power electronics current
rating, therefore, must be equal to the rotor current rating.

2) AC Mode: Determination of Maximum Torque Capability
of the Candidate DFM: With the maximum q-axis rotor current
that can be driven into the rotor being known, using (5) and
(16), the maximum torque capability of the candidate DFM can
be computed as

τmax =
xm

xs

(
1− rsxm

xs
Ir

)
Ir. (20)

If the torque requirement at high speed is smaller than the
capability, the candidate DFM will be an oversized machine,
left unutilized from the torque capability perspective. The
“extra” capability may be utilized for reactive power control. If
the torque requirement is larger than the capability, an alternate
DFM design must be selected. Equations (5) and (16) are used
to plot the maximum torque capability of the example DFM
(τmax = 0.663 p.u.) and the drooping behavior of the stator flux
with increasing torque due to the resistances and leakages in the
machine, as shown in Fig. 5.

3) AC Mode: Choice of Rotor D-Axis Current Limit: In ac
mode, a secondary objective may be to achieve power factor
control on the stator when connected to the ac source. For exam-
ple, any extra or spare rotor inverter and DFM capability may
be used achieve reactive power control of the ship microgrid.
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Fig. 5. AC mode: droop characteristic of the stator flux with torque due to
presence of stator resistance and leakages for the example DFM.

This is an exciting opportunity to allow the drive to assist
with overall power system stability and an opportunity that
may make the DFM VSD attractive in many other applications
besides propulsion.

The limit of the rotor d-axis current rating, which affects
stator power factor, can be obtained from the stator and rotor
current ratings. From (16), (17), and (19), for a particular q-axis
rotor current, the upper limit is

ird|max ≤ Min

⎛
⎜⎝√

I2r − i2rq,

(
1 +

rsxm

xs
irq

+xs

√
1−

(
xmirq
xs

)2
)/

xm

⎞
⎟⎠ (21)

whereas the lower limit is

ird|min ≥ Max

⎛
⎜⎝−

√
I2r − i2rq,

(
1 +

rsxm

xs
irq

−xs

√
1−

(
xmirq
xs

)2
)/

xm

⎞
⎟⎠. (22)

For the parameters of the example machine, the stator current
limit imposes a minimum d-axis rotor current of negative value,
which does not provide any benefit in ac mode unless the
DFM has to operate as a reactive power sink. The minimum
d-axis rotor current is, therefore, chosen to be zero. The chosen
operating area for the rotor current is shown in Fig. 4.

4) DC Mode: Choice of DC Mode Stator Flux and Source
Voltage: The design process continues with selection of dc
mode stator flux and dc source voltage based on the required
torque in dc mode. This directly influences the to-be-selected
rotor power electronics voltage rating by affecting the slope of
the required rotor voltage curve relative to the operating speed
in dc mode. As an example, the required torque in dc mode is
chosen as 75% of the ac mode torque (equivalent to 0.498 p.u.
for the example DFM). Assuming that the positive dc supply
is connected to the stator A phase, whereas the negative is
connected to the B and C phases, Fig. 6 shows the space vectors
of the stator flux and voltage. Denoting the angle between
the stator voltage vector and the stator flux vector as δ, the

Fig. 6. DC mode: steady-state space vector diagram.

electromagnetic torque in dc mode can be expressed using (5)
and (7) as

τdc = isψsdc sin δ (23)

where is = vdc/rs.
The required torque in dc mode should be achieved at

minimum stator flux magnitude, which implies that the stator
current and the angle δ need to be maximized within allowable
limits. The upper bound on δ for steady operation is 90◦, and
the upper bound on the stator current is determined by two
constraints. First, the stator current rating of the machine must
not be exceeded. Second, the reflected rotor current must not
exceed the power electronics and the DFM current ratings both
in the steady state and during transients. These bounds can be
simultaneously mapped on a δ−is plane, as shown in Fig. 7. To
keep the machine stator current within its RMS rating (since the
stator current is dc)

is ≤
1√
2
. (24)

Using (7) and (23)

irq = − xs

xm
is sin δ. (25)

Similarly, (6) can be rearranged in dc mode, resulting in

ird =
ψsdc

xm
− xs

xm
is cos δ. (26)

At steady state, the stator voltage vector, current vector, and
A-phase axis coincide, as shown in Fig. 6. Therefore, to keep
the rotor current within its rated limit at steady state, (23), (25),
and (26) are combined to obtain

ir=

√(
− xs

xm
is sin δ

)2

+

(
τdc

xmis sin δ
− xs

xm
is cos δ

)2

≤Ir.

(27)

The rotor current must also be within its rated limit during
transient torque demand. A step change in torque demand of τdc
from zero can be considered as the worst case in this regard. The
DFM model described by (1) and (2) is extended to incorporate
the time-derivative terms, resulting in

vsd = rsisd +
1

ωB

dψs

dt

vsq = rsisq + ψsdc
1

ωB

dδ

dt
. (28)
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Fig. 7. DC mode: bounds on allowable stator current due to the stator and
rotor current limits with respect to the angle δ.

With zero torque demand initially, the angle δ is zero, implying
that the stator flux and dc source voltage vectors are aligned
along the stator A-phase axis. The stator flux is maintained
constant using rotor d-axis current, from (28)

isd =
vdc
rs

= is. (29)

Using (6) and (29), the required rotor d-axis current to maintain
the stator flux constant is obtained as

ird =
ψsdc

xm
− xs

xm
is. (30)

Equation (28) also suggests that the angle δ does not instan-
taneously change with the change in torque demand. A step
demand in torque of τdc will require a q-axis rotor current from
(5) as

irq = − xsτdc
xmψsdc

. (31)

Therefore, using (23) in (30) and (31), the dynamic limit on the
d- and q-axis rotor currents can be formulated as

ir =

√(
− xs

xm
is sin δ

)2

+

(
τdc

xmis sin δ
− xs

xm
is

)2

≤ Ir.

(32)
Equations (24), (27), and (32) set the allowable stator current
limit for the required dc mode torque, as shown in Fig. 7. The
minimum dc mode stator flux can be computed from (23) as

min
is,δ

ψsdc =
τdc

is sin δ

Subject to :

δ < 90◦

is(δ) is bounded by (24), (27), (32). (33)

The minimum stator flux is obtained at the angle δmax, as shown
in Fig. 8. The minimum stator flux obtained for the example
DFM is 0.75 p.u. The angle δmax and the obtained minimum

Fig. 8. Maximum operating δ is chosen such that dc mode stator flux is
minimized that reduces required rotor power electronics voltage rating.

Fig. 9. DC mode: the stator and rotor currents of the DFM are within the rated
value for all operating drive torque and with minimum stator flux magnitude.

stator flux magnitude can be used to compute the required dc
source voltage using (23).

Fig. 9 shows that the chosen dc mode stator flux magnitude
achieves the drive torque requirement within the allowable
bounds on the DFM current ratings and the allowable δmax. The
rotor d- and q-axis current limits in dc mode are different than
in ac mode. This must be appropriately accounted in the drive
controller.

5) Rotor Power Electronics Voltage Rating: Computation of
Transition Speed and Maximum Speed: With the minimized
stator flux in dc mode and the rotor current in ac mode, (1)–(9)
can be used to compute the rotor voltage requirement for the en-
tire operating speed range. This is plotted in Fig. 10. Comparing
with the rotor voltage requirement of the ideal DFM in Fig. 2,
there are notable differences due to presence of nonidealities in
the DFM.

Not only that nonzero rotor voltages are required at zero and
unity speeds but also the magnitude depends on the polarity of
the demanded electromagnetic torque. This implies a different
rotor voltage requirement during acceleration and deceleration
for the drive load. To minimize required rotor voltage to operate
the drive under all operating conditions, a mode transition speed
is chosen such that required rotor voltage in dc mode for max-
imum positive torque is equal to that in ac mode for maximum
negative torque. The maximum operating speed of the drive can
be obtained based on the chosen minimum rotor voltage and
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Fig. 10. Example DFM: 0.52 p.u. rotor power electronics voltage rating can
enable operation within 0–1.49 p.u. speed.

Fig. 11. Example DFM: one-third rotor power electronics power rating can
control the net active power flowing to the DFM while operating on a speed
range of 0–1.49 p.u.

voltage requirement in ac mode for maximum positive torque.
For the example DFM, the required rotor power electronics
voltage rating is 0.52 p.u. while operating on a speed range of
0–1.49 p.u. The sharing of total active power between the stator
and the rotor for the nonideal DFM is shown in Fig. 11. The
maximum power being handled by the rotor power electronics
is 0.39 p.u., whereas the maximum total active power fed to the
DFM is 1.13 p.u. Therefore, a rotor power electronics of one-
third power rating can be used to control the example DFM
over the complete speed range. Depending on the efficiency of
the DFM and the mechanical drive train, the net output shaft
power is determined.

Fig. 12 shows the steady-state torque-speed capability of the
example DFM with the proposed drive architecture. A typical
propulsion load torque is also shown, which is proportional to
the square of rotor speed and matches the maximum torque
capability of the DFM at maximum speed.

Fig. 12. Designed drive torque-speed capability of the example DFM using
the proposed architecture with a typical propulsion load torque.

Fig. 13. Example DFM: effect of different low-speed torque requirements on
the rotor power electronics power rating and voltage rating (top) and on the
transition speed and maximum shaft speed (bottom).

In general, the procedure can be used for designing the
switched DFM drive with different drive torque capability
requirements in low speed. Fig. 13 shows the effect of different
dc mode torque capability requirements on the rotor converter
size and operating drive speed for the example DFM. The effect
is similar to an ideal DFM, as shown in Fig. 3.

C. Dynamic Analysis: Mode Transition Consideration
on Drive Design

A dynamic analysis of the proposed drive is required to
ensure that the designed rotor power electronics has sufficient
capability to drive the machine through the transition between
modes without undesirable shaft and power disturbances. In
ac mode, the stator flux is set by the ac source voltage and
frequency, whereas in dc mode, the stator flux magnitude is
controllable through the stator flux controller [9]. The stator
flux magnitude, therefore, transitions from a controllable state
to an uncontrollable state in a dc-to-ac mode changeover.
Assuming that the current controller bandwidth is sufficiently
high, the dynamics involved in the dc-to-ac mode transition can
be simplified with two state variables: the stator flux magnitude
and the angle between the stator flux and the stator voltage. In
ac mode

vsd = cos δ

vsq = sin δ. (34)
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Fig. 14. Phase plane plot: stator flux trajectory for a dc-to-ac mode transition
with and without flux transition controller.

Using (6), (7), (28), and (34), the stator flux transient dynamics
during dc-to-ac mode transition are governed by

1

ωB

d

dt
ψs = cos δ − rs

xs
ψs +

rsxm

xs
ird

1

ωB

dδ

dt
=1− 1

ψs
sin δ − 1

ψs

rsxm

xs
irq. (35)

This model is equivalent to the widely used DFM model [10]
for stability analysis of grid-connected doubly fed induction
generator. The initial value of the stator flux magnitude is
obtained from operating level in dc mode, whereas the initial
value for the angle is obtained from the switching instant from
dc mode to ac mode as determined by the synchronizer [9].

For the autonomous response of the DFM during a dc-to-ac
mode transition, the d-axis rotor current is set to zero, and the
q-axis rotor current is commanded based on the required torque.
The autonomous response of the nonlinear model described by
(35) is shown in the phase plane plot in Fig. 14. Although
the transition is stable, the stator flux swings higher than the
desired level. The maximum stator flux that can be handled by
the rotor inverter based on the steady-state design, as shown
in Fig. 5, is marked in Fig. 14. This can make the rotor
power electronics voltage limited, and the DFM will experience
undesirable torque and power disturbances. Since the q-axis
current is used to control the torque of the DFM under all
operating modes, the d-axis current can be used to suppress the
stator flux swing during the transition. In the example DFM, the
stator flux transition controller [9] ensures that, during dc-to-ac
mode transition, the stator flux magnitude remains within the
design limit.

III. EXPERIMENTAL RESULTS

Experiments have been performed on the example DFM to
illustrate sizing benefit of the rotor power electronics for the
proposed DFM drive while the DFM is operated within its rated
condition. Two Texas Instruments High Voltage Motor Control
and PFC Developer’s Kits, which are named Kit-I and Kit-II,
are used for this purpose. Kit-I is programmed to emulate

Fig. 15. Experimental result: speed response of the switched DFM drive for a
step command in speed.

either an ac source of 134 V 40 Hz or a dc source of 20 V.
The choice of the ac source voltage ensures that the off-
the-shelf DFM remains within the rated operating speed of
1800 r/min. The rotor is connected to Kit-II. The complete
controller is programmed in TMS320F28035 placed in Kit-II.
A mode switching command from Kit-II switches the excitation
of Kit-I. Although this would not be the case in an actual
implementation where a transfer switch will connect the stator
between the dc and ac sources, this setup is chosen to validate
the rotor power converter sizing benefit.

The DFM drive is subjected to a step command in a speed of
1.5 p.u. Once steady state is reached, zero speed is commanded,
as shown in Fig. 15. A unique controller [9] ensures a smooth
operation of the proposed drive in and through the two modes.
The internal relevant variables during the experiment are
recorded from the digital-to-analog converter output of Kit-II.
The measured voltages are additionally corrected for device and
brush drops.

The measured rotor voltage magnitude command, reflected
to the stator, is plotted with respect to the measured speed
to illustrate the reduction in requirement of the rotor voltage
power electronics while operating on the complete speed range,
as shown in Fig. 16(a) and (b) (during acceleration and de-
celeration, respectively). The experimental results resemble the
simulation result obtained from a dynamic model developed in
MATLAB. As expected from the design analysis, the voltage
requirement profile is different during acceleration and decel-
eration. The maximum required rotor voltage is 0.45 p.u. while
operating on a speed range of 0–1.5 p.u. The sharing of the
total active power being fed to the DFM is shown in Fig. 16(c)
and (d) (during acceleration and deceleration, respectively).
While the total active power handled by the DFM reaches
900 W at full speed, the rotor power electronics handle only
300 W across the complete speed range, resulting in a rotor
power electronics sizing of one third of the total power rating.
The actual transition speed depends on the correct instant of
transition as governed by the synchronizer [9] for a “bumpless”
mode transition. Additionally, a hysteresis comparator between
the measured speed and the designed transition speed ensures
a chatter-free mode transition. This leads to a slightly different
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Fig. 16. Experimental result: performance variable measured during the step response of the DFM. The ac synchronous speed is set at 1200 r/min (corresponding
to 1 p.u.), whereas the mode transition speed is set at 720 r/min (corresponding to 0.6 p.u.). (a) Measured rotor power electronics voltage command during
acceleration (full positive torque) versus shaft speed. (b) Measured rotor power electronics voltage command during deceleration (full negative torque) versus
shaft speed. (c) Sharing of the active power fed to the DFM between the stator and the rotor during acceleration. (d) Sharing of the active power fed to the DFM
during deceleration. (e) Sharing of the reactive power fed to the DFM between the stator and the rotor during acceleration. (f) Sharing of the reactive power fed to
the DFM between the stator and the rotor during deceleration.

transition speed during acceleration and deceleration. The shar-
ing of the reactive power is shown in Fig. 16(e) and (f) (during
acceleration and deceleration, respectively). In dc mode, the

rotor power electronics supplies the reactive power to the DFM
entirely. In ac mode, the reactive power can be shared between
stator and rotor depending on the designed extra capability of
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Fig. 17. Experimental result: drive torque-speed capability. Low-speed mode
has 75% torque capability to that of high-speed mode as designed.

the rotor power electronics. In Fig. 16(e), the entire reactive
power in ac mode is supplied by the stator by commanding zero
d-axis rotor current. A step demand in reactive power from the
ac source during the dc-to-ac mode transition can be nullified
by proper control of the front-end converter to be placed in an
actual system. In Fig. 17(f), during deceleration, rotor power
electronics partly share the reactive power requirement of the
DFM as programmed by commanding rotor d-axis current.

The electromagnetic torque developed by the DFM drive
during the acceleration and deceleration process is plotted in
Fig. 17. The dc mode torque limit is set as 75% to that of the
ac mode torque limit as demonstrated in the design process.
The result is compared against the dynamic model simulation
in MATLAB. As the actual speed of the DFM is near the com-
manded speed, the speed controller reduces the electromagnetic
torque demand. This can be seen beyond the speed of 1.44 p.u.
in positive torque region required during acceleration and
0.06 p.u. in negative torque region during deceleration.

IV. CONCLUSION

This paper has discussed a design process for a switched
DFM drive. Two mode operations permit full-speed-range VSD
when an ac utility is available. While ac-mode operation im-
pacts the current rating, dc-mode operation impacts the voltage
rating of the rotor power electronics. Given a DFM and torque
requirements, the rotor power electronics can be minimized
with proper choice of transition speed between modes and
maximum desirable speed. Although an exemplary design has
been shown with a propulsion load torque profile, the design
can be iterated for other desirable load torque profiles such
as traction, which require higher torque in low speed and
lower torque in high speed. Using similar drive architecture
but designing for higher dc mode torque compared with ac
mode torque can satisfy the traction torque requirement. The
drive architecture also provides flexibility of introducing a third
mode, i.e., “high-speed dc” mode, when the ac mode can be
switched back to dc mode but with lower effective stator flux,
allowing a field weakening operation. The design approach
described can be also used to design switched DFM drive with

shorted stator in low-speed mode. Furthermore, the drive shown
in this paper operates in two quadrants, i.e., with positive speed
and bipolar torque. The drive can be easily operated in negative
speed ranges in dc mode with no further modification. With an
added phase changing switch for the ac source, the drive can
be operated in all the four quadrants of the speed-torque region
with symmetrical capability.
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