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Study on Direct Torque Control Methods of a Doubly
Fed Induction Machine Working as a Stand-Alone

DC Voltage Generator
Paweł Maciejewski and Grzegorz Iwanski , Senior Member, IEEE

Abstract—The article presents a comparison of different Direct
Torque Control methods of a Stand-Alone Doubly Fed Induction
DC-Voltage Generator, with classic field oriented control used as a
benchmark. The system consists of a doubly fed induction gener-
ator the stator circuit of which is connected to the DC-bus with a
diode rectifier, and the rotor circuit converter is connected to the
same DC bus. The main problem of this power generation system
are large torque oscillations caused by a nonlinear diode rectifier
connected to the stator. Three direct torque control algorithms are
described as a means of reduction of this drawback with simulta-
neous control of DC bus voltage and stator voltage frequency. The
methods differ by the second variable used for control in parallel
to the torque control path. The selected second variable is the d
component of the rotor current vector, the d component of the stator
flux or the stator flux module.

Index Terms—Autonomous power source, DC generator, direct
torque control, doubly fed induction generator (DFIG).

I. INTRODUCTION

THE main application of a doubly fed induction machine
DFIG is AC power generation [1]. However, recently its

use for DC voltage generation has been intensively studied
[2]–[6]. The main focus is on DC micro grid [2], [3] as well
as autonomous operation with DC output [4], [5]. Like in AC
systems, here its main advantage is the reduced size of the
power converter and frequency stabilization despite variable
rotor speed. Autonomous operation of DFIG for AC power
generation has been studied in recent years [7]–[9]. In the case
of nonlinear load, electromagnetic torque Tem pulsations occur.
Similarly, in the case of the DFIG-DC system described in the
paper, torque pulsations may be significant due to the nonlinear
character of the diode rectifier. They can be eliminated with
various techniques such as resonant controllers [3] and active
filtration [2].

In AC stand-alone operation, the goal is to regulate stator
voltage and frequency independently of the load condition. The
most popular control approaches are amplitude-angle regulation
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and field oriented control (FOC) [7]–[10]. Recently direct torque
control (DTC) for autonomous DFIG has been developed [11],
[12]. This control method allows simple and effective torque
pulsation reduction in the DFIG-DC power generation system.
For an AC system, torque stabilization during unbalanced and
nonlinear load feeding has no justification due to the main goal,
which is high quality symmetrical sinusoidal stator voltage. In
contrast, in the DFIG-DC system, torque oscillations cancella-
tion can be applied, as the stator voltage shape is less important,
because it is not directly used for other load supply.

The previously proposed solutions for the DFIG-DC system
have some drawbacks. In the method proposed by Marques
[3] resonant controllers have been implemented, for which the
anti-windup structures are not trivial. To achieve satisfactory
torque pulsation reduction, a large number of those oscillatory
terms operating in parallel have to be implemented. It causes
problems with proper tuning of such a controller composed
of several dynamic terms operating in parallel. Furthermore,
even slight frequency changes in dynamic states cause that
the oscillatory terms resonant frequency must be adapted. Yu
[13] suggests using an active filtering function of the load side
converter. This solution increases the cost of the system and
can be justified when, besides feeding the three-phase rectifier,
the stator of the machine supplies directly other loads requiring
high quality stator voltage. In the DFIG-DC system operating
without an additional AC load connected to the stator terminals,
the use of the second power converter is questionable. In [12]
Gundavarapu proposed DTC control for DFIG-DC with the use
of a switching table and histeresis controllers. This is similar to
DTC control proposed in [14], well documented in literature.
This type of control produces high torque pulsations and has
variable switching frequency. Moreover, in case of autonomous
systems, precise frequency control is difficult to achieve. The
method proposed by Marques in [15] based on finite state
predictive control also involves the difficulty of complex stator
freqency control, but due to predictive control, which is fast,
torque pulsations are insignificant.

This paper presents a comparison of three direct torque control
methods with PWM modulation for a stand-alone DC voltage
generation DFIG system. A model of the machine is presented
in Section II. Section III outlines field oriented control FOC as a
background to the proposed and tested DTC methods. The DTC
methods are presented in sections IV-VI. Section VII describes
instantaneous power p component waveforms influencing the dc

This work is licensed under a Creative Commons Attribution 4.0 License. For more information, see https://creativecommons.org/licenses/by/4.0/
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Fig. 1. Scheme of the stand-alone DC voltage generator with a doubly fed
induction generator.

bus voltage, whereas Section VIII and IX describe simulation
and experimental tests results.

II. SYSTEM DESCRIPTION AND MODELING

The analyzed system shown in Fig. 1 consists of a doubly
fed induction machine connected to the DC-bus with a diode
rectifier on the stator side. The rotor of the machine is fed by a
power converter connected to the DC-bus.

Standard equations of the machine are used for the control
synthesis.

vs = Rs is +
d

dt
ψs + jωsψs (1)

vr = Rr ir +
d

dt
ψr + j (ωs − pωm)ψr (2)

ψs = Ls is + Lmir (3)

ψr = Lr ir + Lmis (4)

Te =
3

2
pLm (irdisq − irqisd) (5a)

Te =
3

2
p
Lm
Ls

(ψsqird − ψsdirq) (5b)

Cdc
dvdc
dt

= −isq + iL (6)

in which ψr – rotor flux, ψs – stator flux, Tem – electromagnetic
torque, p – pole pairs, Lm – magnetizing inductance, Lr – rotor
inductance, Ls – stator inductance, σ = 1− L2

m

LrLs
, Cdc – dc

bus capacity, iL – load current, vr, vs – rotor and stator voltage,
vdc – dc voltage, Rr, Rs – rotor and stator resistance.

Stator voltage frequency control methods can be divided into
two groups: with open loop frequency control and with closed
loop frequency control. In open loop frequency control the
frequency of stator voltage is set arbitrarily by reference angular
speed of coordinates frame and the transformation angle is calcu-
lated as a difference between reference angle (integrated angular
speed) and rotor position [16]. This is the simplest way used, e.g.,
in field oriented control FOC. Another way of stator frequency
regulation relies on stator flux vector module regulation. The
absolute value of the first harmonic of electromotive force is
represented by (7).

|Es| = ωs |ψs| (7)

Fig. 2. Scheme of field oriented control for the DFIG-DC system.

It can be deduced that for constant stator voltage (so the
stator electromotive force if stator resistance voltage drop is
neglected), frequency of stator voltage can be set by a change
of the stator flux vector module [4]–[12]. A possible inaccuracy
may occur, caused by inadequate flux reference to the desired
stator voltage pulsation. The inaccuracy can be compensated for
by a superior controller of stator voltage pulsation if necessary.

III. FIELD ORIENTED CONTROL OF THE DFIG-DC SYSTEM

The FOC control method described in [7] is an example
of a method with open loop frequency control. This control
system is composed of rotor current vector components in the dq
reference frame as presented in Fig. 2. The reference d current
vector component is set on the magnetizing current level. The q
vector current component is set by a DC voltage regulator. This
ensures orientation of the reference frame along the stator flux
space vector. The demanded value of magnetizing current can be
measured or estimated on the basis of the machine parameters.
This method (FOC) as the most frequently published method for
the DFIG-DC system will be used as a reference for comparison
of torque pulsations in this paper.

IV. DIRECT TORQUE AND ROTOR CURRENT VECTOR D

COMPONENT CONTROL - DTIdC

In the DFIG-DC system one of the desired properties is
reduction of torque pulsations. This can be achieved by direct
torque control [11]. As described in Section II, pulsation can
be controlled by controlling stator flux or rotor slip. This is
an equivalent approach to slip angle control described in lit-
erature [17]. In the proposed direct control methods with open
loop frequency control, one regulator is responsible for torque
control, whereas the second one for controlling the machine
magnetization. The voltage pulsation is achieved by setting an
arbitrary rotor reference frame transformation angle.

The direct torque and rotor current d component control
DTIdC presented in Fig. 3 consists of a d rotor current vector
component regulator and a torque regulator.

As far as the first term in parentheses of equation (5b) is at
a negligible level, we can derive that Te ∼ irq . This occurs in
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Fig. 3. Scheme of the DTIdC control method for the DFIG-DC system.

two situations. The first one is for ideal orientation of reference
frame with flux (ψsq = 0), and second one is for ( ird = 0). The
product of both componentsψsqird shows that this term in (5b) is
incomparably smaller than the main component ψsdirq not only
in these two cases, but in a relatively wide range of reference
frame positions. Thus, from the torque control path point of view,
precise orientation of the reference frame along the stator flux
vector is not necessarily the most important, whereas as it will
be shown in the simulation results section, referencing ird close
to zero can be interesting and may be an inspiration for future
research.

Regardless of which manner has been chosen – reference
d component of the rotor current vector at the magnetizing
current level giving ψsq close to zero, or ird = 0, equation
(5b) simplifies. From (4) and simplified (5b) vrq as a function
of electromagnetic torque can be derived:

vrq = − 2Ls
3ψsdpLm

(
RrTe + σLr

d

dt
Te

)
+ ωrψrd (8)

It can be described using the following transfer function:

Te
vrq

(s) =
A

sσLr +Rr
(9)

A = − 3ψsdpLm
2Ls

(10)

The torque reference is given by a DC voltage regulator. From
equations (5b) and (6), the following can be derived with the
assumption of no load conditions and orientation of the reference
frame with the stator flux vector:

dvdc
dt

= −2

3

1

ψsdpCdc
Te (11)

The above equation can be described using the following
transfer function:

vdc
Te

(s) =
1

sB
(12)

B = − 3

2
ψsdpCdc (13)

Fig. 4. Scheme of the DTψdC method for the DFIG-DC system.

In order to derive the transfer function for control of the rotor
current vector d component, a full model of disturbances and
decoupling terms is introduced. It is obtained by inclusion of
the stator voltage equation (1) and flux equations (3), (4) in the
rotor voltage equation (2). Thus, the full model of the control
plant, stator voltage disturbance and couplings between control
paths is given by:

vrd = Rrird + σLr
d

dt
ird +

Lm
Ls

(vsd −Rsisd)

+ ωsψsq − (ωs − pωm)ψrq. (14)

Assuming for the case of ψsq close to zero, (14) can even be
simplified to:

vrd = Rrird + σLr
d

dt
ird − (ωs − pωm)ψrq. (15)

In both cases the control plant can be described using the
following transfer function:

ird
vrd

(s) =
1

sσLr +Rr
(16)

V. DIRECT TORQUE AND STATOR FLUX VECTOR D

COMPONENT CONTROL - DTψdC

The direct torque and stator flux d component control DTψdC
method presented in Fig. 4 consists of a stator flux vector
d component regulator and a torque regulator. The reference
torque signal is given by a DC voltage regulator. In stand-alone
DFIG systems, the machine should be kept magnetized at no
load conditions. This involves supplying a sufficient value of
magnetizing current on the rotor side, in order to maintain
constant voltage on the stator terminals despite lack of DC load.

The reference flux vector d component is assumed to be equal
to its length and is calculated on the basis of the requested
magnetization current at no load conditions

ψ∗
sd = |ψ∗

s| = |im| Ls, (17)
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whereas the actual value of the flux vector ψsd component is
calculated after decomposition of (3) to the dq components.

ψsd = Ls isd + Lmird. (18)

The vrd equation can be derived from (2)-(4) after decompo-
sition to orthogonal dq components.

vrd =
Rr
Lm

ψsd +
Lr
Lm

d

dt
ψsd − ωrψrq (19)

The above equation can be described using the following
transfer function:

ψsd
vrd

(s) =
Lm

sLr +Rr
(20)

The transfer function for the DC bus voltage and torque
control path is the same as described by (10)-(15) because the
same equations are used for linear model derivation.

It has to be noted that in the presented field oriented control
method (Fig. 2), and both direct torque control methods (Fig. 3
and Fig. 4) with the arbitrary referenced d component of rotor
current vector or the d component of stator flux vector, respec-
tively, precise orientation of the reference frame along stator
flux vector is not reached without extra structures modifying
d axis commanded variables. Slight phase shift between frame
orientation and stator flux orientation does not cause consider-
able problems, which will be shown in Section VII presenting
simulation results of the DFIG-DC system with the 2MW DFIG
model.

VI. DIRECT TORQUE AND STATOR FLUX VECTOR MODULE

CONTROL - DT|ψ|C

Lack of precise orientation of the frame in the previously
discussed methods does not cause stator frequency deviation,
but only phase displacement between the reference frame and
the stator flux vector. Conversely, in the classic direct torque
and flux module control DT|ψ|C presented in this section, the
synchronization structure is obligatory, when stator frequency
stabilization is requested. The synchronization structure can be
made in different manners, whereas all of them are used for
modification of the flux reference module.

In [12] the authors proposed a DTC method with closed loop
frequency control with hysteresis torque and flux controllers.
This type of inner controllers results in significant torque pulsa-
tions and variable switching frequency depending on the width
of hysteresis and algorithm sampling frequency [6]. Switching
frequency torque pulsations resulting in this control method
can be greater than those caused by a stator connected diode
rectifier [12]. It questions the justification of the use of hysteresis
controllers.

The direct torque and stator flux module control DT|Ψ|C
method is presented in Fig. 5. The main difference between
this control method and the previous methods is the way of
transformation angle calculation. In DT|Ψ|C the slip angle for
transformation is the result of the stator flux angle and me-
chanical angle subtraction. This is a similar approach to the
classic DTC method described in literature [14]. In contrast to
DTΨdC, in the d axis the stator flux module is controlled. The

Fig. 5. Scheme of the DT|ψ|C control for the DFIG-DC system.

transformation angle is calculated as the difference between the
actual stator flux angle and mechanical angle.

Due to inaccuracy of flux reference determination (flux vector
average length changes depending on the stator current and
stator voltage shape), stator voltage frequency may differ from
the reference value. To compensate for this difference a stator
frequency outer controller (corrector) is implemented in the
proposed control method. The actual stator voltage pulsation ωs
is determined using second order generalized integrator (SOGI).

VII. DISCUSSION ON THE INSTANTANEOUS

POWER P COMPONENT

DC voltage oscillations are directly generated by the instan-
taneous p component of power flowing to the DC circuit. This
power is the sum of stator ps and rotor pr power. The average
value of the p component of power is definitional active power.
Electromagnetic power (calculated as a product of electromag-
netic torque and mechanical speed) reduced by the power of
losses on the stator and rotor resistances gives total active power
as a sum or stator and rotor active powers (21) responsible for
energy delivery to the DC bus.

Te_avgωm −Rs
(
i2sa_rms + i2sb_rms + i2sc_rms

)
−Rr

(
i2ra_rms + i2rb_rms + i2rc_rms

)
= Ps + Pr (21)

The same cannot be derived for instantaneous power ps and
pr. It could be derived for the constant flux vector, such as in
a DFIG-AC system with sinusoidal stator voltage (so constant
stator flux), but not in the analyzed DFIG-DC system, in which
the nonlinear character of the diode rectifier causes nearly six
step voltage on the stator side, and, consequently, flux changes.
It means that instantaneously energy is not taken only from the
electromechanical conversion, but also from demagnetization
of the machine (when equivalent flux vector decreases), and
in another point, not whole mechanical energy conversion is
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delivered to the DC circuit through stator and rotor side, but
part of this energy is used for magnetization increase (when
equivalent flux vector increases).

The instantaneous power equation is given by (22)

Teωm − 3

2
Rs
(
i2sd + i2sq

)− 3

2
Rr
(
i2rd + i2rq

)− pΔψ = ps + pr

(22)
whereas pΔψ is the instantaneous power responsible for field
changes, the average value PΔψ of which equals zero. The
instantaneous value can be calculated in the following way, as
the magnetizing and leakage inductances energy changes dEL

dt .

pΔψ =
dELσs

dt
+
dELσr

dt
+
dELm

dt
(23)

which can be further derived as

pΔψ =
3

2

(
Lσs
2

d
(
i2sd + i2sq

)
dt

+
Lσr
2

d
(
i2rd + i2rq

)
dt

+
Lm
2

d
(
(isd+ird)

2+(isq+irq)
2
)

dt

⎞
⎠

=
3

2

(
Ls
2

d
(
i2sd+i

2
sq

)
dt

+
Lr
2

d
(
i2rd+i

2
rq

)
dt

+Lm
d (isdird+isqirq)

dt

)

=
3

2

⎛
⎝Ls
2

d
(
|is|2

)
dt

+
Lr
2

d
(
|ir|2

)
dt

+ Lm
d (is · ir)

dt

⎞
⎠ , (24)

in which is · ir is a dot product of stator and rotor current vectors.
Depending on the control method, torque pulsations differ,

and the sum of instantaneous stator ps and rotor pr power will
differ as well. The waveform of this summarized power does not
correspond to the waveforms of electromagnetic torque as the
oscillations characters are different. Simulation results of elec-
tromagnetic power calculated as Teωm, sum of instantaneous
stator and rotor power (ps + pr), instantaneous power of losses
on stator and rotor resistances (ploss), and instantaneous power
represented stator and rotor flux changes (pΔψ) are shown in
Fig. 6.

VIII. COMPARISON OF SIMULATION RESULTS

Simulation tests are provided for the 2MW DFIG model, as for
this range it is economically and technically justified. Machine
parameters are shown in the appendix (Tab. III). Fig. 7 presents
the simulation results of two FOC methods.

The first (Fig. 7a) presents a results of control structure
adapted from the DFIG-AC system presented in [7] to the DFIG-
DC system, through replacement of stator voltage controller
by the DC bus voltage controller. The method shows precise
orientation of reference frame along the stator flux vector. The
second (Fig. 7b) presents a results of FOC method from Fig. 2.
In this method we can observe slight phase shift of the reference
frame manifested by non-zeroed q component of the stator flux
vector. Despite this phase shift, the obtained results are similar,
and both methods entail significant torque oscillations.

Fig. 6. Instantaneous powers waveforms in the DFIG-DC system.

Introduction of a torque controller in the q axis instead of the q
component of current (DTIdC) provides insignificant reduction
of electromagnetic torque pulsation, but visibly (about three
times) reduces DC voltage oscillations (Fig. 8a). Setting the d
component of current to zero, the phase shift between reference
frame orientation and stator flux vector increases, but both torque
and DC voltage oscillations are two times smaller than for FOC
methods (Fig. 8b).

Replacement of the current regulator in the d axis by a flux
regulator (DTψdC, DT|ψ|C) provides larger reduction (three
times) of machine torque, independently whether the regulated
variable is the d component of flux (Fig. 9a) or the flux module
(Fig. 9b). For both direct torque control methods with flux
regulators results are similar despite slight phase shift between
the reference frame and the stator flux vector position. DC
voltage ripples are at the same level as in FOC.

IX. EXPERIMENTAL RESULTS

The experimental studies were conducted with DFIG con-
nected from the stator side to a 6-pulse diode rectifier and
fed on the rotor side from a 2-level converter connected to
the stator side DC bus (Fig. 10). The machine is driven using
a vector controlled induction motor with speed control. The
control methods of the DFIG-DC system were implemented on
a TMS320F28335 microcontroller. The data has been registered
using a Yokogawa DL850 scope recorder. The parameters of the
proportional-integral controllers in the proposed direct torque
control methods are shown in Table I.

In case of the DTIdC method (Fig. 12), approximately 50%
reduction of torque pulsation peaks comparing to FOC (Fig. 11)
is achieved in the experiment. The amplitude of torque pulsation
fundamental harmonic is reduced 4 times in comparison to
the FOC method. The DTIdC method allows to control the
stator frequency and voltage amplitude. In case of the DT|ψ|C
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Fig. 7. Simulation results of the 2MW DFIG-DC system with FOC control methods, a) from [7] with DC voltage controller, b) from Fig. 2.

Fig. 8. Simulation results of the 2MW DFIG-DC system with DTIdC control methods, a) with i∗rd = im , b) with i∗rd = 0.
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MACIEJEWSKI AND IWANSKI: STUDY ON DIRECT TORQUE CONTROL METHODS 859

Fig. 9. Simulation results of the 2MW DFIG-DC system with direct torque and flux control, (a) DTψdC, (b) DT|ψ|C.

Fig. 10. Scheme of the small scale laboratory setup of the DFIG based stand-
alone DC voltage generating system.

TABLE I
PI CONTROLLERS SETTINGS IN EXPERIMENT

method presented in Fig. 13 further torque pulsation reduction is
achieved, resulting in 70% reduction in relation to FOC. Table II
provides a synthetic comparison of results obtained with the
analyzed methods both in simulation and experimental tests. As
the power range of simulation and experimental models differs,
the absolute value of torque oscillations differs. Independently

Fig. 11. Experimental results of the FOC method in steady state.

of that in both simulation and experiment, torque ripples are the
smallest for direct torque and flux module control.

It can be observed that depending on the control method rotor
current pulsations differ, but are not eliminated fully, because
the machine flux is not constant. Possibly, like in the method
discussed in [3], more exact results can be obtained with the
use of oscillatory terms as regulators of torque in one axis
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Fig. 12. Experimental results of the DTIdC method in steady state.

Fig. 13. Experimental results of the DT|ψ|C method in steady state.

TABLE II
COMPARISON OF TORQUE PULSATIONS OBTAINED FOR DIFFERENT METHODS

IN EXPERIMENTAL AND SIMULATION RESULTS

and current/flux in the second axis, and keeping torque pul-
sations reduced the rotor current pulsation significantly. How-
ever, implementation of oscillatory terms must be very careful.
They can create reference rotor voltage oscillations higher than
possible in realization with the available DC voltage value for
adequately matched DC voltage to the machine turns ratio. In
[3] the available DC voltage is much higher than related to the
stator to rotor turns ratio and assumed speed range, so the rotor

Fig. 14. Comparison of FOC and DTIdC in experimental tests.

Fig. 15. Experimental results of DTIdC before and after step loading.

converter has better abilities in the torque oscillations reduction.
However, implementation of resonant terms for direct torque
control methods requires further studies.

Experimental results in Fig. 14 present a direct comparison
of torque pulsation for the DTIdC and FOC methods by switch-
ing between the control methods during the DFIG-DC system
operation. Experimental results of step loading for the proposed
control methods of DFIG-DC are shown in Fig. 15-16. Oscil-
lograms show DC-voltage, stator voltage, stator current, rotor
current and electromagnetic torque. All the proposed methods
allow to maintain a reference value of DC voltage after step
loading with a relatively short transient.

Short, approximately 200 ms, voltage dips occur due to
voltage controller action. In case of more demanding applica-
tion, dips can be shortened by applying a feed-forward load
power/current signal with the use of a load current sensor.

Fig. 17-18 present step unloading and finally no-load oper-
ation for the DTIdC (Fig. 17) and DT|ψ|C (Fig. 18) method.
Change of the rotor current frequency after unloading can be
observed due to the stator frequency controller action.

Experimental results of variable speed operation for the pro-
posed control methods of the DFIG-DC system are shown in
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Fig. 16. Experimental results of DT|ψ|C before and after loading.

Fig. 17. Experimental results of DT|ψ|C at no load condition.

Fig. 18. Experimental results of DT|ψ|C at no load condition.

Fig. 19-20. Oscillograms show DC-voltage, stator voltage, stator
current, rotor current and electromagnetic torque. All the pro-
posed methods allow operation in sub- and super-synchronous
speed region as well at synchronous speed.

Fig. 19. Variable speed operation of DTIdC controlled DFIG-DC.

Fig. 20. Variable speed operation of DT|ψ|C controlled DFIG-DC.

X. SUMMARY

This paper presents simulation and experimental results of
comparison between three direct torque control methods and the
field oriented control method for a stand-alone DFIG-DC volt-
age generator. Two of the proposed methods (DTIdC, DTψdC)
have open loop frequency control, and the DT|ψ|C method
requires closed loop frequency control. The analyzed control
methods were compared through simulation and experiments
at the angle of torque oscillations reduction. The influence of
the methods on generated instantaneous power p component
oscillations responsible for DC bus voltage oscillations was
discussed.

The laboratory test and simulations have shown that the largest
torque pulsations were achieved in field oriented control. The
direct torque control methods result in the smallest torque pul-
sations, and from among the three analyzed and tested methods
the smallest torque pulsations have been achieved for direct
torque control methods with flux controllers in the d control
axis (DTψdC, DT|ψ|C).

The methods with open loop frequency control (both FOC
and DTC) with an arbitrarily referenced variable in the d axis,
entail slight phase shift between the reference frame orientation
and the stator flux vector position. However, this displacement
of the reference frame does not visibly influence the results.
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APPENDIX

TABLE III
PARAMETERS OF THE 2MW SIMULATED DFIG-DC UNIT

TABLE IV
PARAMETERS OF THE LABORATORY DFIG-DC UNIT
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