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Abstract—Doubly-Fed Machines (DFMs) are well-known for 

limited speed range applications such as in wind power 

generation due to their reduced requirement in power electronic 

rating. Switched DFM drives offer the same benefit on power 

electronic requirement but operate on a wide speed range. This 

makes them attractive for wide speed range high power 

applications, for example in ship propulsion. A unique controller 

is needed to fit the different demands of a switched DFM drive, 

specifically where both ac and dc supplies are available. This 

paper presents a control architecture for a Switched DFM drive 

intended for propulsion application. The proposed architecture 

adapt to the on-the-fly changes in DFM configuration and 

seamlessly control the speed/torque during these variations. 

   NOMENCLATURE 

ϵ : Rotor A-phase angle w.r.t stator A-phase axis (radians) 

Is̅ , Ir̅ : Stator and rotor current space vector (A) 

J, B : Total Inertia (kgm2) & frictional coefficient (Nm-s/rad) 

𝑇1, 𝑇2, 𝑇3 : Filter time constant (sec) 

𝑃 : Number of poles 

𝑅𝑠, 𝑅𝑟 : Stator and rotor resistances (Ohms) 

𝐿𝑠, 𝐿𝑟, 𝑀 : Stator, rotor and mutual inductances (H) 

Sw : Switching signal for ac-dc mode changeover 

𝜏, 𝑇𝐿 : Electromagnetic and load torque (N-m) 

Vac̅̅ ̅̅ ,  Vdc
̅̅ ̅̅    : ac and dc voltage space vector (V) 

𝑉�̅�, 𝑉�̅�  : Stator and rotor voltage space vector (V) 

, e : Rotor speed in mech. rad/s and in elec. rad/s 

s, ac : Stator flux frequency & ac supply frequency (rad/s) 

 : Angle between stator voltage and stator flux vector 

ψ
s̅
, ψr̅̅̅  : Stator and rotor flux space vector (V-s) 

Ψs , Δ : Steady state stator flux magnitude and angle in ac mode 

ψ
s𝛼

, ψ
s𝛽

 : Stator flux components in α- ref. frame (V-s) 

ψ
s
, 𝜃s 

: Stator flux mag. [(sα
2 + s

2)] (V-s) & angle  

[tan-1(s/sα)] w.r.t stator A-phase (radians) 

Xd, Xq : d and q axis components of any space vector �̅�  

Xdc, Xac : dc and ac mode value of variable 𝑋 

X* : Reference value of variable 𝑋 

 

I. INTRODUCTION 

Conventional variable speed drives typically operate from a 
dc bus.  That is, a converter controls and operates an electric 
machine by consuming and shaping power from a dc bus.  
When dc input power is naturally available, e.g., in an electrical 
vehicle where batteries or a fuel-cell may serve as a storage 
source, this approach can be attractive.  For transportation 
systems with ac generation [1], and where ac power is desirable 
for other loads besides motive power (e.g., on a ship), providing 
a dc bus for a variable speed drive can be an expensive 

proposition. This approach requires total conversion of the 
ship's generated power to dc, and then reconstruction of 
variable ac waveforms using an inverter.  A significant 
investment in power electronics is required, not only for the 
inverter bus also for the power-factor corrected rectifier likely 
needed to interface with the ac generator.  

A Doubly-fed Machine (DFM) offers a way to construct a 
variable speed drive without processing every joule of shaft 
power from a dc bus [2]. The usage of power converters to 
handle only the slip power has led to the predominant usage of 
DFMs in reduced speed range applications such as in wind 
power generation [3] and in flywheel energy storage [4], [5]. 
For example, a typical wind generation DFM drive has one-
third power electronics rating compared to the DFM power 
rating. 

However, a wide operating speed range is required in a 
propulsion application including operation at zero speed. The 
advantage of the conventional DFM drive is lost because in this 
case the power electronic converter rating must be equal to that 
of the DFM. Other approaches like feeding the DFM with 
controlled double inverters on both the windings increases the 
speed range with rated torque capability at all speeds [6], [7]. 
Although this has the advantage of having complete control on 
both the stator and the rotor excitation [7]-[11], the total power 

 

 Fig. 1.    Proposed configuration of a switched DFM drive. 
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electronic converter rating matches with the rated mechanical 
shaft power. 

Reconfiguring the DFM drive on-the-fly increases the 
operating speed range without sacrificing the advantage of 
reduced power electronic. These “Switched DFM” class of 
drives essentially behave as different conventional electrical 
machines based on the operating speed. One of the proposed 
approaches include operation of the DFM as an induction 
machine at low speeds and as grid connected doubly fed 
induction machine at high speeds [12], [13]. An alternative 
approach at lower speeds is to operate the DFM as a 
synchronous machine [14]. The proposed configuration is 
shown in Figure 1. The drive has two sources (fixed frequency 
ac from the prime mover/generator and low voltage dc), either 
one of which can be connected to the stator through a transfer 
switch. The rotor is connected to a power electronic converter 
that can make variable frequency ac power. In dc or low speed 
mode - in which the stator is connected to the dc supply - the 
DFM behaves like a separately excited synchronous machine. 
Stationary magnetic field in the stator reduces structural noise 
of the DFM, which is crucial in naval applications [15]. In ac or 
high speed mode - in which the stator is connected to the ac 
supply – the machine behaves like a standard doubly fed 
induction machine, analogous to a windmill generator. The 
mode changeover is made depending on the operating rotor 
speed and designed transition speed. 

The proposed switched DFM drive has significantly 
different challenges from a control perspective compared to a 
standard grid connected doubly fed induction machine [16]- 
[21] or a wound rotor synchronous machine [22]. The rotor 
power electronics control has to adapt to the change in the 
machine configuration on-the-fly and should be able to control 
the individual modes (dc or ac) of the drive operation. 
Inappropriate mode transition can lead to undesirable 
speed/torque variation at the shaft [12]. This limitation has 
often led to the usage of the switched DFM drive in applications 
with two discrete operating regions instead of a standard high 
power drive [13]. As the excitation in the stator undergoes a 
step change during mode changeover, the control scheme must 
ensure a stable and “bumpless” transition such that the coupled 
mechanical load and electrical sources are subjected to minimal 
disturbances. The proposed drive has to operate with a dc stator 
flux at low speed that makes stator flux estimation challenging 
in the presence of measurement offset and drift. In addition, all 
of this must work in the context of a propulsion load that can 
experience sudden disturbances of load torque. This paper 
addresses these above challenges and proposes an architecture 
that can ensure a seamless control for the DFM drive at all 
operating modes including the instance of mode transition. In 
addition, the DFM can provide controllable power factor to an 
ac grid or ship microgrid which is also explored in this paper. 

II. OPERATIONAL BENEFITS OF SWITCHED DOUBLY FED 

MACHINE DRIVES  

Neglecting leakages and winding resistances of the DFM, 
for a specific stator flux magnitude ψsdc, the required rotor 
voltage is proportional to the rotor speed in dc mode and is 
given by, 

r e sdcdc
v    (1) 

In ac mode, the stator flux magnitude is set by the ac source 
voltage and frequency. Assuming the stator flux magnitude to 
be ψsac, the required rotor voltage is proportional to the rotor 
slip speed and is given by, 

r ac e sacac
v      (2) 

The stator flux magnitude in the dc mode is a design choice 
that is directly influenced by the required torque capability in 
low speed operation. For ship propulsion, the load torque is 
proportional to the square of the operating speed. This implies 
a lower torque capability at lower speed may be sufficient for 
the drive. In this case, the dc mode stator flux can be less than 
the ac mode stator flux. In other applications where a rated 
torque capability is required for the drive even at lower speeds, 
identical magnitudes of operating stator flux in dc as well as in 
ac mode is necessary. 

Assuming equal stator flux magnitudes in both the modes, 
(1) and (2) are normalized with respect to ωacψsac. The 
normalized required rotor voltage is plotted against the 
normalized rotor speed as shown in Fig. 2. A transition between 
the modes at 0.5 p.u rotor speed will ensure that the maximum 
required rotor voltage is 0.5 p.u while the drive operates in 0-
1.5 p.u speed range. Assuming the current rating of the rotor 
power electronics to be 1 p.u, the power sharing between the 
stator and rotor at different speeds is also plotted in Fig. 2. The 
rotor power electronics needs to control only 0.5 p.u power 
while the maximum mechanical power that is delivered at the 
shaft is 1.5 p.u at maximum speed. 

In a practical DFM, the dc source has to supply only the 
resistive losses in the stator. Therefore, the rating of the dc 
source is a small fraction of the DFM power rating. The dc 
source is similar to an exciter in a synchronous generator. 
However, no control capability of the dc source is required in 
the proposed configuration, making it easy to construct from 
the ac source using a transformer-diode rectifier. 

Apart from reducing the required rotor converter rating, the 
proposed drive also offers benefits on efficiency, output/EMI 
filter rating, and dc bus capacitor rating. DFM drives for wind 
turbines are known for better efficiencies of the power 

 
Fig. 2.    The maximum power flow in the rotor is one-third of the 

maximum shaft power with 0-1.5 p.u operating speed range for an ideal 
DFM. 
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converter, as only one-third of the total power is processed by 
the converter compared to a full converter drive [23]. Similar 
benefits in efficiency is expected from the proposed switched 
DFM drive. Reduction of the required dc bus voltage to control 
the drive over the complete speed range directly translates into 
reduction of conduction and switching losses in the converter. 
In high power applications, where available device rating limits 
the power handling capacity of the converter, the proposed 
drive architecture extends the capability limit of the drive 
without sacrificing the speed range [24]. 

III. CONTROL ARCHITECTURE FOR A SWITCHED DFM 

The proposed control architecture is based on the indirect 
field oriented control. A doubly fed induction machine for wind 
application is traditionally controlled in the stator flux 
orientation [17] or the natural flux/grid flux orientation [18]. In 
a propulsion application, e.g. on-board a ship with a fixed 
voltage and frequency ac service, ignoring winding resistance, 
the stator flux will be fixed during ac mode by the ship ac 
service. The rotor inverter can be used to strictly control the 
shaft torque. Based on the remaining drive capability, the rotor 
inverter can also share the magnetizing current and control the 
stator power factor. In dc mode, the stator flux is set by both the 
stator and rotor magnetizing current. As the stator dc source is 
uncontrolled, the rotor inverter must ensure a desired stator flux 
level and then command the necessary torque. To control both 
modes seamlessly, it makes sense therefore to model the 
machine in a reference frame oriented to the stator flux. 

A. DFM Model in Stator Flux Orientation 

A DFM in the stator flux reference frame can be described 
using standard electrical machine equations [25]. The stator 
flux axis coincides with the d-axis, and the q-axis leads it by 

90. The electrical dynamics of the DFM are governed by: 

s sd s sd

d
V R I

dt
    (3) 

 rd rd r rd s e rq

d
V R I

dt
        (4) 

 rq rq r rq s e rd

d
V R I

dt
        (5) 

sq s sqs

s

s

V R Id

dt







   (6) 

The electromagnetic torque is governed by: 

3

2 2
s rq

s

P M
I

L
    (7) 

The flux linkage equations are: 

s s sd rdL I MI    (8) 

0 s sq rqL I MI   (9) 

rd r rd sdL I MI    (10) 

rq r rq sqL I MI    (11) 

A simplified mechanical load equation is: 

L

d
J B T

dt


     (12) 

For a ship propulsion load, J will include the shaft, entrained 
water, and the ship inertia.  

B. Control Architecture Block Diagram 

The control architecture for the proposed drive comprises 
two sections: 

(a) The stator flux magnitude ψs, stator flux angle s (with 
respect to the stator A-phase axis), and the stator flux 
frequency ωs are estimated based on the measurement 
of the ac and dc source voltages, rotor current, and rotor 
mechanical speed, as shown in Fig. 3. The estimated 
stator flux angle is used to transform relevant variables 
to the stator flux reference frame. In steady state, the 
stator flux frequency is zero in dc mode and equal to 
the ac source frequency in ac mode. However, at mode 
changeover, the stator flux frequency goes through a 
transient. Estimating the stator flux frequency enables 
smooth torque production under all operating 
conditions by providing appropriate feed-forward 
terms for the rotor current controllers. 

(b) The commands to the rotor inverter and the stator 
source transition Sw are generated based on the 
estimated internal variables, terminal measurements, 
and the reference set points, as shown in Fig. 4. Full 
mechanical control of the DFM is achieved from the 
rotor.  

The rotor q-axis current reference is generated depending 
on the desired torque. Based on the required drive torque-speed 
characteristic, the drive may be designed to have different 
torque capability in low and high speed region. This results in 
different saturation limits at the output of the speed controller 
τdc or τac based on the operating mode as shown in Fig. 4. The 
torque limits are transitioned with a low pass filter of 
appropriate cut-off frequency during mode transition. This 
avoids a step change in the demanded q-axis current when the 
drive is operating at its peak torque capability while undergoing 
a mode transition. For example, in a drive designed with lower 
torque capability in dc mode compared to ac mode, the time-
constant T1, relevant during acceleration, is chosen to be equal 
to or slower than the DFM stator time constant. This allows the 
stator flux to settle to a steady value in ac mode before a higher 
torque is demanded. However, the time-constant T2, relevant 
during braking, is chosen to be significantly faster than the 
DFM stator time constant. 

 
Fig. 3.   Estimation of machine internal variables based on terminal 

measurements required for the proposed control architecture. 
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The rotor d-axis current Ird performs different functions 
during the two modes. In dc mode, Ird is used to maintain the 
stator flux magnitude. In ac mode, Ird is used to control the 
stator reactive power within the ratings of the rotor power 
electronic converter. Thus, based on the operating mode, Ird* is 
generated from either the stator reactive power controller or the 
stator flux controller. The rotor d-axis current limit is based on 
the commanded rotor q-axis current such that the DFM/rotor 
power electronics converter current rating Irated is not exceeded 
during any of the operating modes as shown in Fig. 4. 

 At the instant of mode transition, the stator flux vector 
changes from being stationary in the stator reference frame to a 
rotating one at the ac source frequency.  The operating stator 
flux magnitude may also change based on the drive design. This 
directly impacts the shaft torque and the power transients seen 
by the ac source during the mode transition. Two degrees of 
freedom can be utilized to ensure that the stator flux is 
minimally perturbed. The first degree of freedom is the 
switching instant at which the stator connection of the DFM is 
changed between the dc and ac sources. This is appropriately 
chosen by the synchronizer, shown in Fig. 4 that commands 
binary signal Sw to the transfer switch. Based on the relative 
magnitude of the designed transition speed and the actual 
mechanical speed of the rotor, a transition command Sw* is 
generated. Sw* is fed to the synchronizer along with the 
estimated stator flux angle and the measured ac and the dc 
source voltages that computes Sw.  

The remaining degree of freedom to suppress the stator flux 
oscillation during the mode transition is by actively 
commanding the d-axis rotor current. This is achieved by 
appropriate design of the stator flux controller (effective in dc 
mode) and the stator flux transition controller (effective in ac 
mode). 

C. Stator Flux Estimator 

The most important aspect of stator flux oriented control is 
the estimation of stator flux magnitude and angle under all 

operating conditions. In a DFM, the stator flux is generally 
estimated either through a voltage model based on the 
differential equations or a current model based on the flux 
linkage equations [26]. Alternatively, the stator flux can be 
estimated from stator voltage vector by assuming that it lags the 
voltage by 90° [17]. As the proposed drive configuration 
undergoes voltage and flux transients, this assumption need not 
be always true. The voltage model incorporates integrators in 

the stationary reference frame α given by,  
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In ac mode, the integrators can be approximated with low pass 
filters in practical implementations [25], avoiding problems 
with measurement offset and drift in the integral computations 
[26]. The cutoff frequency of these low-pass filters must be well 
below the signal frequency. However this approximation of the 
integral with a low pass filter remains impractical in dc mode, 
where the signal frequency is zero.  

The estimation problem in both the modes can be greatly 
simplified by computing the stator flux with a hybrid estimator 
that uses flux linkage equations (a current model) augmented 
with the voltage model (13). Using stator flux equation (current 
model) in (13) to replace the stator current yields, 

( )js

s s r s

s

R d
V M I e

L dt

     (14) 

The rotor current in the stationary reference frame is given by:  

j

r r rI jI I e 

    (15) 

Using (15) in (14) and rearranging real and imaginary parts 

gives,  

 

 Fig. 4.   Control architecture of the proposed DFM drive using the estimated machine internal variables and terminal measurements to command the rotor 

inverter and the stator transfer switch based on the reference set point. 

Vr*

Stator flux 
controller  
(dc mode)

+
-

+
-

e

s*

e*

Synchronizere

Vdc

Vac

s
Sw*

Sw

dq



d-axis current 
controller

q-axis current 
controller

2

3

s

Vrq*

+
-

Ird

Ird*

+
-

Irq

Irq*

(Irated)2 - (Irq*)2

Sw

Stator flux transition  
controller

& 
Reactive power 

controller
(ac mode)

Qs*

3PM
4Ls

Speed 
controller

Sw
dc

ac

s



*

Vrd*

Feedforward 
terms for 
current 

controllers

s

Vsq

Ird

Irq

r

1
sT1+1

1
sT2+1

Sw

Pulse width 
modulator

Rotor 
inverter 

gate 
signals

Transfer 
switch 

commanddc

ac

s

s



s



s s

s s s r

s s

s s

s s s r

s s

R R Md
V I

dt L L

R R Md
V I

dt L L

   

   

 

 

  

  

 (16) 

These expressions for the components of stator flux are 
governed by first order differential equations that correspond to 
“low-pass” transfer functions relating the “input” voltages and 
currents to the “output” fluxes. This flux estimator is attractive, 
as its low pass quality can minimize the effect of voltage and 
current measurement noise.  

By avoiding the direct use of stator current in the flux 
estimator, a mechanism for potentially detecting parameter 
variations as the machine operates is preserved. Based on the 
estimated stator flux and the measured rotor currents, the stator 
currents can be estimated using (8) and (9). A direct 
measurement of the stator currents can potentially be compared 
against the estimated values to verify the stator flux estimation. 
Disagreement between the measured and the estimated stator 
current can be used to trigger the need for in-situ revision of the 
machine parameters.  

Apart from the stator flux magnitude and angle, other 
necessary estimated variables for proper control of the proposed 
drive include the stator flux frequency and the angle δ, defined 
as the angle between the stator flux vector and the stator voltage 
vector.  While δ can be easily calculated based on the estimated 
stator flux angle and the measured stator voltage, the stator flux 
frequency can be estimated from the transformed stator voltage, 
rotor current, and the DFM parameters using (6) and (9). 

D. Design of the Rotor Current and Speed Controller  

Both dc and ac modes require a feedback loop to control the 

speed and the d and q axis rotor currents. The q-axis current 

controller can be designed using (9) and (11) to find rq in terms 

of Irq and thereby substituting the result in (5). The equation 

governing the q-axis rotor current dynamics is: 

 
2

E

E

rq r rq r rq s e rd

sR

L

M d
V R I L I

L dt
  

 
     

 
 

(17) 

The drive Vrq is provided by the rotor inverter. The desired Vrq
* 

is computed as the output of a proportional-integral (PI) 
compensator added to a speed voltage term that cancels the 

cross-coupling effect of rd in (17). rd is indirectly estimated 
using (8) and (10) as: 

2

rd r rd s

s s

M M
L I

L L
 

 
   
 

 (18) 

The overall q-axis current controller along with the involved 
machine dynamics based on (17) is shown in Fig. 5. 
Proportional and integral gains (Kp  and Ki) of the controller are 
chosen to ensure loop stability, desired transient response, and 
acceptable steady-state error.  

The design of the d-axis current controller is similar. (18) 
and (3) are used in (4), which is translated to measured or 
estimated variables using (8)-(11) to obtain: 
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 (19) 

This equation is used to design a d-axis current controller with 
a PI compensator. The equivalent inductance and resistance of 
the machine dynamics LE and RE are appropriately changed in 
the Fig. 5 using (19) to design Kp  and Ki for the PI compensator. 
The ‘equivalent voltage’ terms are added to the PI compensator 
output. 

Finally, the shaft speed control is designed using (12) and 
by noting that the electromagnetic torque is related to the q-axis 
rotor current through (7). The bandwidth of the speed controller 
is chosen such that it is much slower than the q-axis current 
controller bandwidth. This is a design choice that will 
determine the final performance of the propulsion drive. A PI 
compensator stabilizes the speed loop in the experiments 
presented in this paper.  

E. Design of the Stator Flux Controller in dc mode 

In dc mode, the stator flux magnitude for the DFM needs to 
be completely controlled through the rotor since the dc voltage 
source connected to the stator is uncontrolled. Using (8) in (3), 

 

1s s

rd s s sd

s s

Voltage term

L Ld
I V

MR dt M MR
     

(20) 

A PI compensator responsive to the estimated flux error is used 
along with the voltage term to control the d-axis rotor current 
and, therefore, the stator flux magnitude. The previously 
discussed rotor d-axis current compensator is a minor loop 
within the stator flux controller, as shown in Fig. 4. Therefore, 
the bandwidth of the flux controller is chosen such that it is 
significantly lower than the d-axis current controller. 

F. Design of the Reactive Power Controller in ac mode 

In ac mode, the stator flux magnitude is predominantly set 
by the ac source voltage and frequency. Assuming a negligible 
stator resistance in (3) and (6),  

sq s sq sq ac

s

s s ac

V R I V V


  


    (21) 

The d-axis rotor current in this mode is commanded to control 

the flow of stator reactive power to and from the ac mains as 

in a standard wind turbine application [19]. Any desired stator 

 

Fig. 5.   Block diagram for the design of q-axis current controller: Kp and 
Ki are chosen based on the first order plant model. 
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reactive power, within the machine and inverter limits, can be 

provided according to:   

 
3

2
s sq sd sd sqQ V I V I   (22) 

Substituting stator current components in terms of rotor 
currents using (8) and (9) in (22) and rearranging, the required 
rotor d-axis current necessary to command the steady-state 
reactive power flow on the stator can be computed as: 

* *1 2

3

sd s

rd s rq s

sq sq

V L
I I Q

M V MV


 
   
 
 

 (23) 

G. Design of the Stator Flux Transition Controller during dc 

to ac mode transition 

During dc to ac mode transition, the stator flux moves from 

being controllable from the rotor to a state set by the ac supply. 

While the q-axis rotor current is completely devoted to 

torque/speed control of the DFM, only the d-axis rotor current 

is available to affect the magnitude and frequency of the stator 

flux during the transition. 

Assuming a high current controller bandwidth, a simplified 

non-linear plant model of the DFM during a dc to ac mode 

transition can be developed to design the stator flux transition 

controller. Rearranging (20), 

s s

s s sd rd

s s

R MRd
V I

dt L L
      (24) 

Replacing the q-axis rotor current in (6) using (7) yields, 

2

41

3

sq s

s

s s

V R

P
 

 
   (25) 

After the stator connection is switched to the ac source, the 

angle between the stator flux vector and the stator voltage 

vector  can be computed as: 

ac s

d

dt


    (26) 

and of course, the total stator voltage vector magnitude equals 
the resultant from the d-axis and q-axis components. 

2
2 2 ; sin ; cossd sq ac sq ac sd acV V V V V V V      (27) 

Using (24)-(27), the non-linear DFM plant model can be 
described in state space form as, 
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 (28) 

The model is equivalent to the well-known model [27] that has 
been used in grid connected doubly fed induction generator 
stability studies except that the q-axis current is replaced with 
the electromagnetic torque. Equating individual rows of (28) to 
zero, results in the nullclines [28] for the plant in the state plane 
diagram as shown in Fig. 6. The intersection of the two null-
clines determine the target steady-state operating point in ac 
mode of operation denoted by B in Fig. 6.  

The dc mode stator flux magnitude and the instant of 
switching given by Sw determines the initial condition for the 
states in (28). For example, an operating dc mode stator flux 
level of 0.75 p.u (normalized to the no-load ac mode stator flux) 
is considered. Switching from dc mode to ac mode at the instant 
when the incoming ac source voltage vector leads the stator flux 
vector by 86º sets the initial state of the non-linear plant 
described by (28) to be at A, as shown in the Fig. 6. The 
autonomous response of the non-linear plant during the dc to ac 
mode transition with the d-axis rotor current command set to 
zero and constant torque command forms a spiral in the state 
plane, suggesting a stable transition. However, there are two 
important observations. First, as the stator flux goes through the 
transition, the magnitude increases beyond the rated operating 
flux. If the stator flux that can be handled by the rotor inverter 
is higher than the designed value, the rotor power electronics 
will be voltage limited and will not be able to control the rotor 
current, resulting in undesirable torque and power disturbances. 
Second, there is sloshing of power back and forth between the 
stator and the ac power supply each time the stator flux goes 
above and below the steady-state flux level, respectively.  

A stator flux transition controller is designed to affect the 
trajectory of the states of the simplified model during the mode 
transition, and to damp the stator flux oscillations. This is a full-
state feedback controller with estimated state variables setting 
the d-axis rotor current command. The   non-linear plant model, 
described by (28), is linearized across the ac steady-state 
operating point to design the controller gains. The linearized 
model obtained is: 
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while the ac mode steady-state operating point is given by,  
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Fig. 6.   State plane analysis: Trajectory of stator flux magnitude and angle 

in the state plane during dc to ac mode transition. A corresponds to the 

initial state while B is the target state for ac mode operation. 
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Using the pole placement method, the poles of the closed 
loop plant can be appropriately placed to ensure stability, 
sufficient damping, and lower bandwidth compared to the d-
axis current controller. The complete controller is shown in Fig. 
7, where gain K1 and K2 correspond to the gains of the stator 
flux transition controller. High pass filters are used with time 
period T3, equal to the stator time constant, such that the 
controller is effective only during the mode transition and does 
not affect the steady-state rotor d-axis current command. This 
eliminates the effects of inaccuracy in estimation of the ac mode 
steady-state operating points Ψs and Δ. With the designed full 
state feedback controller, the transition from B to A is without 
any oscillation as can be seen in Fig. 6. As the input matrix in 
(29) has a single non-zero element, the control vectors are 
effective only along the stator flux magnitude axis in the state 
plane, as shown by arrows in Fig. 6. The rotor d-axis current 
limiter has a large impact on the allowable damping and, 
therefore, on the state trajectory. The output of the reactive 
power controller and the stator flux transition controller are 
summed together to command the rotor d-axis current 
controller in ac mode. 

H. Synchronizer 

The appropriate choice of transition instant, commanded by 
Sw, is the remaining degree of freedom for minimizing the 
stator flux perturbation during mode transition. The switching 
instant of the sources in the stator directly affects the initial 

condition of  in (28). The starting point on Fig. 6 for δ is set 
on an ad-hoc basis to illustrate the effect of the stator flux 
transition controller on the state trajectory during dc to ac mode 
transition. This section will discuss on the choice of appropriate 

instant of transition command Sw to minimize the perturbation 
in the stator flux, and hence in the shaft torque and speed. Two 
methods are used to illustrate and corroborate the correct 
transition instance. First, a space vector method will be used to 
analyze the correct instant of transition. This will be validated 
using the state plane analysis introduced in the previous section. 

1) Dc-to-ac Transition 
Assuming the DFM is operating steadily in dc mode, Vsd 

and Vsq are the d-axis and q-axis components of the dc source 
voltage in the stator flux reference frame, as shown in Fig. 8 (a). 
These components along with the stator flux are stationary in 
space. The ac voltage vector Vac represents the to-be-connected 
ac supply.  Assuming the direction of the shaft rotation is 
counter-clockwise, the vector Vac rotates counter-clockwise at 
the ac supply frequency relative to the d-q reference frame. 

 Assuming that the stator flux magnitude before and after 
the mode transition is identical, for minimal perturbation of the 
stator flux magnitude, (3) must be equated to zero during mode 
transition. This implies that the d-axis component of the 
incoming ac voltage must be equal to the existing d-axis 
voltage, ignoring the effect of the stator resistance. The two 
instances where the d-axis voltages matches are at t2 and t3 in 
Fig. 8(a). Additionally, the stator flux frequency must transition 
from zero to the ac supply frequency, which is governed by (6). 
A positive q-axis component of ac voltage drives the stator flux 
frequency towards the ac supply frequency. Thus, switching at 
t3 ensures that the mode transition is accomplished with 
minimal disturbance to the stator flux. 

A generalized approach based on the state plane analysis 
can be used to determine the correct transition instant in cases 
where the stator flux magnitudes in the two modes are unequal. 
For example, assuming the dc mode stator flux to be 0.75 p.u 
as compared to the ac mode stator flux, the switching instant 
can place the initial condition for the state trajectory anywhere 
in the line XY in Fig. 9. Without the stator flux transition 
controller, if the transition instant is set at A or B, the state 
trajectory makes a larger magnitude swing of the stator flux 
when compared to the transition instant C. Essentially, C is the 
intersection of the first null-cline with the dc mode stator flux 
level. This is the identical condition of equating (3) to zero, as 
formulated using the space vector method. The second 

 

Fig. 7.   Non-linear simplified plant model valid during transition from dc 

to ac mode as described by (28) with the stator flux transition controller. 
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Fig. 8.   Determination of the correct instant of transition based on the existing stator voltage, stator flux space vector, and with the incoming source voltage 

vector. (a) dc to ac mode transition (b) ac to dc mode transition. 
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condition of positive q-axis voltage is satisfied by the choice of 
positive δ. 

2) Ac-to-dc Transition 
During the ac to dc transition, Vsd and Vsq are initially the d-

axis and q-axis components of the ac voltage in the stator flux 
reference frame as shown in Fig. 8(b). However, in this case, 
the incoming dc source voltage vector rotates clockwise at the 
ac supply frequency relative to the d-q reference frame. Using 
the same argument as in the dc to ac transition, matching the d-
axis component of the incoming dc voltage with Vsd and 
ensuring that the q-axis component of the dc voltage is negative 
or zero makes t3 the optimal switching instant from ac to dc. 
The stator flux controller in this case actively controls the stator 
flux after the transition by rotor d-axis current command and 
ensures a smooth transition. Similar state plane analysis can be 
used for determining correct transition instant for drive designs 
with unequal dc and ac mode stator flux levels. 

A flowchart of the synchronizer scheme is shown in Fig. 10 
that pulls these two observations about the correct transition 
instance. Based on the Sw* command and the correct instant of 

transition, the binary signal Sw is generated. When the drive is 
operating in dc mode, a command to connect the stator to the ac 
source will set the Q bit of the RS-latch. In ac mode, a command 
to connect the stator to the dc source will reset the bit. 

IV. EXPERIMENTAL RESULTS 

A 1 HP, 220 V/ 150 V, 60 Hz, 4 Pole, 1800 rpm DFM has 
been used to illustrate the control architecture experimentally. 
The DFM parameters are given in Table I. Two Texas 
Instruments High Voltage Motor Control & PFC Developer’s 
Kits, named Kit-I and Kit-II, are used for this purpose as shown 
in Fig. 11. These kits have Intelligent Power module PS-21765 
as the power stage with a built in gate driver [29]. The kits also 
have programmable Piccolo microcontroller TMS320F28035 
with a 32-Bit CPU and a 60 MHz clock. The kits are modified 
to enable reading of relevant measurements like voltages and 
currents through the in-built 12-bit ADCs. Kit-I is programmed 
to emulate either an ac source of 134 V, 40 Hz or a dc source of 
20 V through open-loop duty ratio command. The choice of the 
ac source voltage ensures that the off-the-shelf DFM remains 
within the rated operating speed. The rotor is connected to Kit-
II. The complete control architecture is programmed in the 
TMS320F28035 microcontroller placed in Kit-II. The mode 
switching command Sw 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 two the dc and ac sources, this setup is chosen for 
demonstration of the control architecture to ensure a 
“bumpless” transition. For realistic high power applications, the 
inverter topology and modulation technique may be suitably 
selected based on the availability of the device ratings, 
allowable harmonic content in the generated waveforms, and 
allowable converter losses. The DFM is also mechanically 
coupled to a Permanent Magnet Synchronous Generator 
(PMSG) which is connected to an electronic programmable 
load bank that can operate in controlled current mode.  

A. Experimental Evaluation of the Dynamic Performance of 

the Overall Controller 

For the experimental setup, a speed comparator with 
hysteresis is used to generate the mode transition command Sw* 
to prevent chattering between the two modes. That is, a dc to ac 
mode transition is commanded when the rotor speed is above 
720 rpm. However, an ac to dc mode transition is commanded 

 

Fig. 10.   Flowchart of Synchronizer: The shaft speed is compared to the 

designed transition speed using a hysteresis comparator to compute Sw*.  

The correct transition instant command Sw is used to change the stator 
connection to the source. 
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Fig. 9.   State plane analysis for finding optimum switching instant during 

dc to ac mode: The stator flux magnitude swing is minimum when the 

initial condition in (28) is at C as compared to A or B. The stator flux 

transition controller is disabled in this analysis. XY: dc mode stator flux 
magnitude level. 

 

1.3 1.35 1.4 1.45 1.5 1.55 1.6 1.65 1.7
0.7

0.8

0.9

1

1.1

1.2

 

 

N
o

rm
al

iz
ed

 s
ta

to
r 

fl
u

x
w

.r
.t

 b
as

e 
ac

 m
o

d
e 

fl
u

x

 (rad)

Nullcline setting top row in (28) to zero

Nullcline setting bottom row in (28) to zero

Autonomous response: Initial condition @ A or B

Autonomous response: Initial condition @ C

X A

C
B Y

 
Fig. 11.  Experimental Setup: Two TI HV Motor Control Kits are used 
to evaluate the proposed control architecture. 
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when the rotor speed is below 648 rpm. The transition speed 
selection for the experimental setup takes into account the non-
idealities of the prototype DFM like resistances and leakages 
[30]. The ac supply synchronous speed is 1200 rpm. 

1) Performance of the Controller during Acceleration 
To evaluate the performance of the complete controller, a 

step command in speed of 1800 rpm is given at t=0. The 
measured speed is shown in Fig. 12(a), which undergoes a 
mode transition at t=0.94 sec. As the dc mode torque limit is set 
to 75% of the ac mode torque, the slope of the speed curve is 
steeper in ac mode as compared to that in dc mode. Fig. 12(b) 
illustrates the transition of the estimated stator flux frequency 
from zero to 251 rad/s. The transient in the estimated stator flux 
frequency is critical for providing the feed-forward terms of the 
current controller to ensure proper reference tracking of the 
individual axis currents. This is shown in Fig. 12(c), where the 
q-axis reference current is tracked properly by the q-axis 
feedback current even during mode transition.  Perturbations in 
the stator flux magnitude results in perturbation of the q-axis 
current reference for a commanded torque. The frequency of 
these perturbation is in the order of ac source frequency. Fig. 
12(d) shows the A-phase stator and rotor current during 
acceleration. The stator current is initially dc that changes to 40 
Hz at the transition instant. The rotor current is accordingly 

controlled from the rotor inverter. The rotor current frequency 
gradually increases as the rotor speed increases in the dc mode. 
After the transition to ac mode, the rotor current frequency 
decreases until rotor speed reaches ac synchronous speed. This 
is sub-synchronous operation. Beyond this speed, the rotor 

 
(a) 

 
(b) 

 
(c) 

 
(d) 

Fig. 12.   Experimental results with a step command of 1800 rpm in reference speed with the DFM initially in standstill condition. A dc to ac mode 

transition occurs at t=0.94 sec when the shaft speed crosses the transition speed of 720 rpm  (a) Measured  shaft speed. (b) Estimated stator flux frequency 

at the instant of transition. (c) Tracking of the q-axis current at the transition instant; The reference is set by the speed controller. (d) Measured stator and 
rotor A–phase currents; While the stator current changes from dc to a 40 Hz ac at transition, rotor current is precisely controlled to ensure a bumpless 

transition. 

 

0.5 1 1.5 2 2.5 3 3.5
0

500

1000

1500

2000

Time (sec)

S
p

ee
d

 (
rp

m
)

 

 

transition speed

ac source synchronous speed

dc mode ac mode

0.8 0.85 0.9 0.95 1 1.05 1.1 1.15 1.2

0

50

100

150

200

250

300

Time (sec)

S
ta

to
r 

fl
u

x
 f

re
q

u
en

cy
 (

ra
d

/s
)

ac modedc mode

0.8 0.85 0.9 0.95 1 1.05 1.1 1.15 1.2
-4

-3.5

-3

-2.5

Time (sec)

R
o

to
r 

q
-a

x
is

 c
u

rr
en

t 
(A

)

 

 

Feedback

Reference

dc mode ac mode

0.5 1 1.5 2
-6

-4

-2

0

2

4

6

Time (sec)

A
-p

h
as

e 
cu

rr
en

t 
(A

)

 

 

Stator

Rotor

ac modedc mode

 
Fig. 13.   Experimental Results: The electromagnetic torque for the DFM 

during dc to ac transition instant. (A) With different torque capability of 

the DFM in the dc and ac mode (B) With identical torque capability of the 

DFM drive in the dc and ac mode. 
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current frequency increases in the super-synchronous operation 
again as expected. 

The electromagnetic torque during the acceleration is 
shown in Fig. 13. The torque limit is changed at the DFM stator 
time constant ensuring a smooth transfer from the dc to ac 
mode. Additionally, the acceleration test is repeated with 
identical dc mode and ac mode torque limits as shown again in 
Fig. 13. In both the cases, the electromagnetic torque undergoes 
a near “bumpless” transition as the mode changes from the dc 
to ac mode. The performance of the stator flux transition 
controller is evaluated during the acceleration test. The 
estimated stator flux during the dc to ac mode transition is 
shown in Fig. 14. The top figure shows the comparison of the 
simplified non-linear model with that of the experimentally 
observed without any stator flux transition controller. As 
expected, the stator flux magnitude oscillates before settling 
down to the ac mode level as determined by the ac source, 
equivalent to the spiral in Fig. 6. With effective stator flux 
transition controller, the stator flux settles to the ac mode level 
faster and without oscillation. 

2) Performance of the Controller during Deceleration and 

Reactive Power Control 

The speed response of the DFM drive when a step 

command of zero rpm is set as reference while the DFM is 

initially operating at 1800 rpm is shown in Fig. 15(a). In this 

case, the ac to dc mode transition speed is effective at 648 rpm. 

The reactive power controller in ac mode ensures that the stator 

voltage and current are in phase, as seen in the A-phase 

waveforms in Fig. 15(b). With sudden braking as commanded 

by setting the reference speed to zero, the active power to the 

stator reverses. The reactive power controller ensures a 180º 

phase between the stator A-phase voltage and current. 

B. Dynamic Performance of the Controller for Reference 

Speed Tracking 

To verify the dynamic performance of the proposed drive, 
four sets of alternating reference speed commands are given as 
inputs to the controller as shown in Fig. 16. First, the reference 
speed alternates between 200 rpm and 600 rpm (corresponding 
to waveform A). This regime is entirely in dc mode. In the 
second set, the reference speed alternates between 600 rpm and 
1000 rpm (corresponding to waveform B). In this case, the 
controller switches between ac and dc modes based on the 
actual speed. In the third set, the reference speed alternates 
between 1000 rpm and 1400 rpm (corresponding to waveform 
C). This regime is entirely in ac mode. As the ac synchronous 
speed is 1200 rpm, in this case, the rotor operates in between 
sub synchronous and super synchronous regions. Finally, the 
reference speed alternates between 1400 rpm and 1800 rpm 
(corresponding to waveform D). As the dc mode torque limit is 
set to a lower value compared to that of the ac mode, the slope 
of the speed response in A is lower compared to that in C and 
D, as shown in Fig. 16. For B, the slope of the speed response 
changes similar to that as observed in Fig. 12(a). 

C. Performance of the Controller under Load Disturbance 

In order to verify the disturbance rejection of the proposed 

drive under sudden load torque variations, the programmable 

load bank connected to the DFM driven PMSG is used. The 

reference speed is set to (A) 540 rpm, (B) 720 rpm, (C) 900 

rpm, (D) 1260 rpm, and (E) 1800 rpm, as shown in Fig. 17(a). 

 
Fig. 14.   Experimental Results: Comparison of stator flux transition with 
simulation using the non-linear simplified model of the plant during dc to 

ac mode transition. Top: Without stator flux transition controller. Bottom: 

With stator flux transition controller. 
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Fig. 15.   Experimental Results: The reference speed is set to zero at t=6.06 

sec with initially the DFM running at 1800 rpm. The transition speed is set 
as 648 rpm below which dc mode is engaged. Top: Measured shaft speed 

Bottom: Evaluation of the stator reactive power controller before and after 

the step change in reference speed. 
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The electronic load bank is programmed to turn on and off at a 

frequency of 0.5 Hz in constant current mode. Sudden change 

in the electrical load of the PMSG changes the load torque at 

the DFM shaft. The speed response of the DFM drive is tightly 

controlled near the reference speed. The PMSG offers more 

shaft torque loading at a higher speed since the terminal 

voltage of the PMSG is proportional to the shaft speed. In this 

experiment, power drawn by the electronic load bank under 

different operating speeds are (A) 60 W, (B) 80 W (C) 100 W 

(D) 140 W, and (E) 200 W. For case (B), the hysteresis 

comparator of the speed for mode transition is deliberately 

replaced with a single transition speed of 720 rpm. This 

compels the drive to operate in the dc and ac mode erratically 

as can be seen by the stator flux magnitude oscillating between 

the dc mode level and ac mode level in Fig. 17(b). Even 

operating right at the transition speed, the rotor speed is 

controlled tightly at the desired speed irrespective of the 

operating mode and load variations. 

 TABLE I: DFM  PARAMETERS 

Stator resistance 3.575  

Rotor resistance 4.229  

Stator leakage inductance 9.6 mH 

Rotor leakage inductance 9.6 mH 

Mutual inductance 165  mH 

Moment of inertia 0.01 kgm2 

Frictional coefficient 0.0025 Nm-s/rad 

 

V. CONCLUSION 

This paper discusses and demonstrates control architecture 
for a switched DFM suitable for a propulsion application where 
both ac and dc power are available. With a proper choice of 
transition speed, the proposed configuration can enable full 
speed range for the drive with minimal power electronics. The 
results show that the proposed controller works equivalently 
under the tested operating conditions (dc mode, ac mode, and 
during transitions between ac and dc modes). The results also 
validate the operation of the stator flux estimator, synchronizer, 
reactive power controller and stator flux transition controller. A 

more robust controller may include an on-line parameter 
estimation scheme to update not only the DFM parameters, but 
also tune the controller for variable load friction and inertia. 
Finally, proper switching between dc and ac modes and a 
controlled flux transition with reactive power control (in ac 
mode) opens up opportunities for system level design choices 
to be made that can minimize weight and cost of the propulsion 
drive. 
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