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The Dual-Current-Loop Controlled Doubly Fed
Induction Motor for EV/HEV Applications
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Abstract—With the proposed dual-current-loop control algo-
rithm, the torque and air-gap flux of a doubly fed induction motor
are controlled directly. Compared to the singly fed permanent mag-
net and induction motors, the torque–speed operation region for
electric vehicle/hybrid electric vehicle applications is nearly dou-
bled with the proposed dual-current-loop control algorithm for
a given battery voltage. Computer simulations and experimental
results are provided to verify the proposed control algorithm.

Index Terms—Control of traction motor, doubly fed induction
motor (DFIM), electric vehicle/hybrid electric vehicle (EV/HEV),
torque–speed characteristics.

I. INTRODUCTION

R ECENTLY, electric vehicles (EVs) and hybrid electric
vehicles (HEVs) have received much attention due to their

high fuel efficiency and low emissions. The EV/HEV traction
motors, the core components for the applications, should be
designed to meet the following requirements [1]–[4]:

1) high torque density and power density;
2) wide torque–speed capability;
3) high efficiency over wide torque–speed ranges;
4) high reliability and robustness;
5) low cost in manufacturing and maintenance.
Currently, interior permanent magnet (IPM) motor and cage

induction motor (IM) are the two most popular choices for
EV/HEV traction motors. A rare-earth IPM motor exhibits a
high torque density, wide speed–torque range, compact size,
and high efficiency due to the strong magnetic field provided by
the rare-earth magnets, while a cage IM has no external source
for the magnetic field. To provide torque, an IM has to rely upon
its rotor slip relative to the synchronous speed to generate the
rotor current. As a consequence, the torque density of a cage IM
is lower and size larger than that of an IPM motor. Moreover,
the dual mechanical port machine and switched reluctance ma-
chine are also proposed and discussed for EV/HEV applications
[5], [6].

Though often used as a variable-speed, constant-frequency
generator such as in wind power, lately the doubly fed induc-
tion machine is proposed as a potential candidate for EV/HEV
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Fig. 1. Singly fed motor drive system in EV/HEV applications.

Fig. 2. DFIM drive system in EV/HEV applications.

applications, especially for its much extended regions of both
constant torque and constant power operation [7]–[11]. Both
IPM motor and IM are the singly fed motors, and their sys-
tem configurations for typical traction applications are shown in
Fig. 1. The essential difference between a DFIM traction system
and a singly fed traction system is that the DFIM system has two
inverters, one for the stator windings and another for the rotor
windings. In operation, both inverters are actively controlled.
Fig. 2 shows the DFIM traction system with its controller and
power inverters. In EV/HEV applications, there is only one bat-
tery pack and, therefore, two inverters share the same battery
pack with a common dc bus voltage. The kVA ratings of the
two inverters are the same and each is a half of the total system
kVA rating. For optimal performance in EV/HEV traction ap-
plications, the traction motor has to be matched by a properly
designed controller and several control algorithms of the DFIM
have been studied [8]–[10].
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A vector control strategy of the DFIM is proposed in [8].
In the vector control algorithm, both the stator and rotor cur-
rents are decoupled into magnetizing and torque components.
However, for a DFIM, the stator and rotor magnetizing currents
are coupled. For this reason, a magnetizing current decoupling
controller is employed in the algorithm. In addition, a torque
current decoupling controller is also designed due to the torque
current of the stator, and the rotor is coupled by the stator/rotor
turns ratio. Then, four current regulators are required because
the magnetizing and the torque currents of the stator and the
rotor are controlled independently. Four-quadrant operation ex-
perimental results are provided, but without discussion on how
to determine the torque and the magnetizing current references.

In order to optimize the current references, a minimum cop-
per loss and power distribution control strategy is proposed for
the DFIM [9]. In this strategy, the motor speed is the control
objective and four currents are controlled independently. There-
fore, three degrees of control freedoms are available in addition
to the speed control: the first one is used to manage the rotor
flux, the second one to distribute power to the stator and rotor,
and the last one to implement the minimum copper loss. Ex-
perimental results are provided and copper loss minimization is
realized. However, the minimum copper loss strategy requires
the knowledge of accurate motor parameters.

Without using the current controller, a direct torque control
algorithm is introduced in [10]. In this algorithm, the torque of
the DFIM is controlled through stator and rotor fluxes by using
two hysteresis controllers. The idea is to maintain the stator
flux and rotor flux to their nominal values so as to control the
torque angle. A reduced flux model is built with the following
assumptions: a) neglect the resistive effect in the windings for the
considered operating frequencies and b) neglect coupling terms
in the flux model. However, these two assumptions will degrade
control accuracy of torque whenever the operating frequency is
low and the winding resistance not negligible. Moreover, both
the stator and the rotor time constants must be significantly
larger than the inverter switching time, required by the direct
torque control algorithm. The large time constant requirement
may only be met with high power machines close to megawatt
ratings. The speed tracking experimental result is provided, but
issues of flux weakening region operation are not addressed in
the paper. The above papers have partially demonstrated that the
DFIM can be well controlled for different goals. However, these
algorithms also indicate that satisfactory control algorithms are
still in need with regard to using DFIM in EV/HEV applications.

In our previous research, attention is focused on efficiency
comparison of a DFIM with a singly fed motor in variable
speed drives and the control algorithm is treated lightly [11].
In this paper, a dual-current-loop control algorithm is proposed
and investigated in detail. By controlling the torque and air-gap
flux, the proposed algorithm ensures DFIM high performance in
both the extended constant torque and extended constant power
regions. In addition, analysis is given to confirm that the algo-
rithm is parameter insensitive, and that neither the magnetizing
current nor torque current needs to be decoupled.

Following Section I, in Section II, the torque–speed char-
acteristics of the DFIM are reviewed to set up the necessary

background for proposing the dual-current-loop algorithm. In
Section III, the controller structure and principles related to the
proposed dual-current-loop control algorithm are described and
analyzed. In Section IV, simulations and experimental testing
are conducted and results presented to verify the effectiveness
of the proposed control algorithm. Finally, the paper concludes
with the contribution highlights and possible future work.

II. TORQUE–SPEED CHARACTERISTICS OF THE DFIM

For an electric motor, its torque capability is generally con-
strained by the allowable current fed into the windings without
excessive loss/heat. On the other hand, its speed range is con-
strained by the available voltage supply because the high back
EMF in high speed may disable the controlling capability of the
supply voltage.

Specifically, compared to an IM and IPM motors of the same
size, the torque capability of a DFIM is almost the same since
their current capability is about the same, only limited by the
conduction losses and thermal dissipations. However, the speed
range of a DFIM can be doubled because both the DFIM stator
and rotor windings can be supplied with the supply voltage to
handle the induced-back EMFs. The electromechanical power
of the DFIM can be divided into the stator and rotor windings,
equally or unequally as the controller prefers, regardless of the
motor speed. The torque–speed characteristics are summarized
in Fig. 3(a)–(c).

In Fig. 3(a), we assume that the DFIM is operated only as
a conventional synchronous motor. In Fig. 3(b), the DFIM is
operated as an IM in the subsynchronous mode and in this way,
the rotor regenerates the slip power back into the voltage supply,
while the stator takes power from the voltage supply. If both the
stator and rotor windings are allowed to take power from the sup-
ply voltage, the base speed will be doubled and so is the constant
torque region. The same argument also applies to the constant
power region when the air-gap flux of the DFIM is weakened.
As a result shown in Fig. 3(c), both the constant torque and con-
stant power regions of a DFIM are doubled without a boosted
dc bus voltage. The purpose of this paper is to develop an op-
timized control algorithm to fully explore the torque and speed
capabilities of a DFIM for EV/HEV applications.

III. PROPOSED DUAL-CURRENT-LOOP CONTROL ALGORITHM

The dynamic equations of a DFIM can be written in (1)
through (10) and are utilized to develop the DFIM control
algorithm:

vds = Rsids +
dλds

dt
− ωsλqs (1)

vqs = Rsiqs +
dλqs

dt
+ ωsλds (2)

λds = Lsids + Lm idr (3)

λqs = Lsiqs + Lm iqr (4)

vdr = Rridr +
dλdr

dt
− ωrλqr (5)
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Fig. 3. Torque–speed characteristics of the DFIM. (a) Synchronous mode.
(b) Subsynchronous mode. (c) Supersynchronous mode.

vqr = Rriqr +
dλqr

dt
+ ωrλdr (6)

λdr = Lr idr + Lm ids (7)

λqr = Lr iqr + Lm iqs (8)

Te = 1.5p
Lm

Ls
(λqsidr − λdsiqr ) (9)

ωmr =
1
p
ωer =

1
p

(ωs + ωr ) . (10)

The subscripts “s” and “r” refer to the variables associated
with the stator and rotor windings, respectively. vs and vr are
the stator and rotor voltages; is and ir are the stator and rotor
currents; Rs and Rr are the stator and rotor resistance; Lm ,Ls,
and Lr are the magnetizing, stator, and rotor inductances, re-
spectively; λs and λr are the stator and rotor flux linkages; ωs is
the stator winding electrical angular velocity and ωr is the rotor
winding electrical angular velocity; ωmr is the rotor mechanical
angular velocity and ωer is the rotor electrical angular velocity
in radius per second; and p is the pole pair number. Note that
(10) works when the stator phase sequence is different from the

Fig. 4. DFIM equivalent circuit in the vector notation.

rotor phase sequence, as the stator phase sequence is clockwise
and the rotor phase sequence anticlockwise.

A. Principles of the DFIM Dual-Current-Loop Algorithm

To illustrate the principles of the control algorithm, it is conve-
niently to describe the DFIM dynamics in the vector format. As
stated in the previous section, Te is the electromagnetic torque
that can be rewritten in the vector form as

Te = 1.5pLm (
⇀
i s×

⇀
i s′

r ) (11)

Te = 1.5pLm isi
s′
r sin δ (12)

where
⇀
i s′

r is the rotor current vector referred to the stator side,
in terms of the magnitude and angle transformation. The mag-
nitude transformation is decided by the stator/rotor turns ratio
(ns/nr ) and the angle transformation is decided by the ro-
tor electrical angle θer . In the vector format, the relationships
among the various current vectors are as follows:

⇀
i s = is ∠ θs (13)

⇀
i r = ir ∠ θr (14)

is′r = ir ×
(

nr

ns

)
(15)

⇀
i s′

r = is′r ∠ θs′
r = is′r ∠ (θr + θer ) (16)

δ = θs − θs′
r = θs − θr − θer (17)

where θs is the stator current angle and θr is the rotor current

angle; θs′
r stands for the angle of current vector

⇀
i s′

r ; the current
phase shift angle δ represents the angular difference between
⇀
i s and

⇀
i s′

r .
In terms of the vector notation, the DFIM equivalent circuit

has been depicted in Fig. 4.

The relationship among the stator current
⇀
i s , rotor current

⇀
i s′

r , and magnetizing current
⇀
i m can be simply described by

the vector diagram as shown in Fig. 5.
As illustrated by the vector diagram, the magnetizing current

is the sum of the stator and rotor current vectors that can be
written as

⇀
i m = +

⇀
i s+

⇀
i s′

r (18)

with its magnitude given by

im =
√

i2s + is′2r + 2isis′r cos δ. (19)
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Fig. 5. Stator and rotor current vector diagram.

Fig. 6. Constant torque and constant power region of the DFIM.

The air-gap flux linkage can be obtained by

λm = Lm im = Lm

√
i2s + is′2r + 2isis′r cos δ. (20)

Note that the vector expressions of the electromagnetic torque
and air-gap flux in (12) and (20) form the kernel for the proposed
dual-current-loop control algorithm. It is noted that there are
three degrees of control freedoms as evidenced by (12) and

(20): the amplitudes of
⇀
i s and of

⇀
i s′

r , and the phase angle δ
between the two current vectors. Controlling the torque and air-
gap flux only takes two degrees of freedoms. In our proposed
control algorithm, the third control freedom is proposed for
maximum torque per ampere purpose. For the rotor current
control, the control objective will be identical to that of the
stator and, therefore, no additional control freedoms will be
needed for the rotor, which can be expressed by

is = is′r = ieq . (21)

Then, (12) and (19) become

Te = 1.5pLm i2eq sin δ (22)

im =
√

2i2eq + 2i2eq cos δ. (23)

It is clearly shown by (22) that, for a given ieq , the maximum
torque can be achieved whenever δ is equal to 90◦. In (23),
the magnetizing current im can be regulated by controlling ieq

and δ. So, there is no need to split the magnetizing current into
additional the stator and rotor components. For a given ieq , as δ
increases from 0◦ to 180◦, the magnetizing current im decreases
from 2ieq to 0 accordingly.

B. Implementation of the Dual-Current-Loop Algorithm

The proposed control algorithm is designed and implemented
for variable speed operation in EV/HEV applications. The
torque–speed characteristics of a DFIM are shown in Fig. 6.

The implementation of the proposed dual-current-loop control
algorithm is shown by the controller block diagram in Fig. 7.
The dual-current-loop algorithm can generate the right values
of ieq and δ for each operating point inside both the constant
torque and constant power regions.

In the constant torque region, the primary goal is to provide
sufficient torque and fast dynamic response. To meet this goal,
the proposed control algorithm keeps the maximum allowable
air-gap flux without core saturation. Then, the torque demand is
satisfied by the dual current close loops.

In the constant power region, the top priority is to control
the flux weakening level because the DFIM will have stability
problems when it works without the flux weakening control.
Flux weakening controls are also required for IPM and IM
working beyond base speed, a negative magnetizing current is
needed to demagnetize PMs in the IPM flux weakening control,
and a reduced magnetizing current is needed in the IM flux
weakening control [12]–[16]. Therefore, the flux weakening
control is desired and included in the proposed algorithm. The
air-gap flux is controlled directly by the magnetizing current,
which turns the air-gap flux control into the magnetizing current
control. In Fig. 7, the magnetizing current reference is obtained
from a flux controller which can be implemented by different
methods. An open loop algorithm is used in this paper which
sets the magnetizing current reference inversely proportional to
the speed in the constant power region. By using this algorithm,
the magnetizing current decreases as speed increases when the
DFIM works beyond base speed.

Another function of the flux weakening control is to realize
the full utilization of the maximum inverter voltage. This is
because if the inverter voltage is not fully utilized, then the
DFIM will need more current than necessary, resulting in high
conduction losses in both the motor and inverter. The air-gap
flux weakening control of the DFIM is achieved by reducing the
magnetizing current through controlling the angle difference δ

between the stator and rotor current vectors
⇀
i s and

⇀
i s′

r . Based
on the magnetizing current, stator current, and rotor current, the
current phase shift angle δ can be calculated by the following
equation:

δ = cos−1
(

i2m − i2s − is′2r

2isis′r

)
. (24)

Note that in Fig. 6, there is a region below the green dashed
line where ieq could be so small that it could result in a very small

magnetizing current
⇀
i m . In such a situation, the air-gap flux

λm will become much smaller than the allowable and desirable
levels in the constant torque region and constant power region.
To avoid the too small flux levels as previously mentioned, we
can let δ be equal to 90◦ so that we can achieve the objectives of
both the maximum torque per ampere objective and reasonable
air-gap flux level.

The implementation of the proposed dual current control of
the DFIM is based on the above principle discussion. The es-
sential and ultimate goal is to control the DFIM to the desired
flux level and torque production. The directly controlled system
variables, based on (12) and (19), will be the three variables of
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Fig. 7. Block diagram of the control algorithm for the DFIM drive system.

the currents, that is, the stator and rotor currents, is and ir , and
their angle difference δ. As illustrated in Fig. 7, all the three
variables can be regulated through the current closed loop con-
trol. The current closed loop control based on the PI regulator
can be designed by frequency response, genetic algorithm, poles
placement, complex vector, real-time gain tuning, and internal
model control method [17]–[21]. The current regulator design
in this paper is made by trial and error with consideration of
transient response, overshoot, oscillation, and saturation. For
all current regulators, the proportional gain Kp is 2.75 Ω and
integral gain Ki is 0.0045 Ω/s. In the controller block diagram,
the torque reference is generated automatically by the speed
PI regulator. The air-gap flux reference is set to the rated flux
level when the DFIM works in the constant torque region and
inversely proportional to the speed in the constant power region.
For a given air-gap flux, the current phase shift angle δ is ob-
tained through (24). If δ is less than 90◦, we will set δ to 90◦ for
the maximum torque per ampere purpose.

In the control block diagram, K1 is the gain of speed ref-
erence used to determine the stator winding electrical angular
velocity and K2 is the ratio of the rotor current to stator current.
In order to make the stator and rotor windings work with the
same frequency, K1 is set to 0.5 in the implementation. For the
maximum torque per ampere control, K2 is set to 1 as indicated.
However, both K1 and K2 are adjustable if desired for any spe-
cial purposes. Note that the d–q decoupling notations used in
Fig. 7 have no relevance to the real magnetizing and torque
components. The d–q decoupling loops in the control block
diagram are only used to control the stator and rotor current
vectors.

TABLE I
RATING AND PARAMETERS OF DFIM

IV. SIMULATION AND EXPERIMENTAL VERIFICATION

Computer simulation and experimental testing are conducted
to verify the dual-current-loop control algorithm and results are
summarized in this section. The specifications and parameters
of the DFIM in simulation and testing are listed in Table I.

A. Simulation Investigation and Results

A computer model of the DFIM system with the proposed
dual-current-loop control algorithm as shown in Fig. 7 has been
developed in the PSIM simulator. In simulation, the DFIM sys-
tem is investigated to track a speed command in four-quadrant
operation from 1800 to −1800 r/min within 1.2 s. The reason
to investigate the DFIM in the speed range of ±1800 r/min is
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Fig. 8. Simulation results of the DFIM in four-quadrant operation.

to let the DFIM experience both the motoring and generating
modes in both directions and covering speeds below and above
the base speed of 1200 r/min. The speed tracking performance
is shown in Fig. 8. From the top to bottom are the traces of
the stator current, rotor current, speed command and simulated
actual speed, and the current angle between the stator and ro-
tor current vectors. As the results indicate, we have controlled
the stator and rotor currents and frequencies (power) equally
over the entire speed range through the proposed dual-current-
loop algorithm. It is also notable that the current magnitudes of
the stator and rotor currents are different. This is because the
turn numbers of the stator and rotor windings are different. In
addition, the phase angle between the stator and rotor current
vectors is always controlled as a variable to optimize the torque
production and magnetizing current for either constant torque
or constant power mode.

As expected, with the dual-current-loop control algorithm,
the DFIM system works well in both the constant torque and
constant power regions. The phase angle δ is adjusted by the
algorithm automatically and satisfactory torque and speed per-
formance is achieved. It should be pointed out that for the speed
range covered in simulation, the applied voltage to the DFIM is
only half of the voltage needed for an equivalent singly fed IPM
and IM machines.

B. Experimental Testing and Measured Results

To further verify the effectiveness of the proposed control
algorithm, experimental testing is conducted on an actual DFIM
system with the same specifications and parameters as those

Fig. 9. DFIM experimental system.

specified in computer simulation. Fig. 9 shows a photo of the
lab setup of the DFIM system, including the DFIM, the back-
to-back converter consisting of two identical inverters, and the
DSP-based control hardware and software.

Note that in the experiment, the dc bus voltage of the inverters
is 200 V, only a half value of dc bus voltage for the same DFIM
system to run in the speed range of ±1800 r/min if it were singly
fed. The experimental testing results are shown in Fig. 10.

In the testing, the DFIM is commanded to track a speed ref-
erence similar to that used in the simulation. The speed reversal
from +1800 to −1800 r/min is also commanded to accomplish
within 1.2 s.

The recorded results by a digital scope are explained here.
Trace 1 is the rotor current, trace 2 the stator phase current, trace
3 the actual speed, and trace 4 the speed command. The phase
angle between the stator and rotor current vectors phase angle
cannot be recorded due to the equipment limit. As shown by the
actually recorded traces, the DFIM speed tracking performance
is achieved and satisfactory.

Compared to the simulation results, the amplitudes of the
actual currents are slightly different due to the differences in
frication and inertia between the simulation model and the real
system. However, both results show a very good dynamic speed
response and the results from simulation and actual experimental
testing are in good agreement in general. It is evident that with
proposed dual-current-control algorithm, the DFIM system is
well controlled both in the motoring and generating modes,
covering both the constant torque and constant power regions in
either rotating direction.
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Fig. 10. Experimental results of the DFIM in four-quadrant operation.

V. CONCLUSION

With an original idea of the dual-current-loop algorithm, this
paper contributes to the control of DFIMs for EV/HEV appli-
cations. The concept and features of the proposed dual-current-
loop control algorithm are described in detail.

By analytical investigation, computer simulation, and exper-
imental testing, the merits of the proposed dual-current-control
algorithm are revealed and fully verified. The advantages of ap-
plying the proposed control algorithm to a DFIM include the
following.

1) In both the constant power and constant torque regions, the
torque and air-gap flux of the DFIM are directly controlled
by the two current vectors, providing a stable and accurate
powertrain solution to EV/HEV application.

2) The amplitudes of the stator and rotor current vectors
and the phase angle between them provide three degrees
of control freedoms. In additional to the torque and flux
control, one control freedom can be used for maximum
torque per ampere or efficiency control for the DFIM.

3) When the algorithm is applied, only half of a dc bus volt-
age is required to achieve the full torque–speed range,
or doubled torque–speed range if a rated dc bus voltage
is used, compared to an equivalent singly fed machine.
This is valuable and an attractive feature to EV/HEV
applications.

4) The DFIM system with the proposed algorithm has less
dependence on motor parameters than the other types of
control algorithms for singly fed motor or DFIM. In the
proposed algorithms, magnetizing inductance Lm is the
only needed parameter.

Different from the conventional DFIM control with only
a rotor side control loop, the dual loop control of both the

stator and rotor sides of a DFIM is an interesting and not
well-explored area. More research activities are planned and
currently in progress using the dual current loop and other algo-
rithms. New results from the planned research including motion
sensorless control and brushless DFIM will be reported in our
future papers.
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