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Abstract—In this paper, coupling between active and reactive
powers in conventional direct power control (DPC) strategies is an-
alyzed and a new direct DPC method for doubly fed induction ma-
chine without rotor position sensors is presented. Coupling analysis
is done on an improved DPC strategy with rotor flux controllers in
the stator reference frame. The presented control strategy is done
by controlling the rotor flux in the grid flux reference frame. The
rotor flux command is calculated using a predicted stator flux, the
stator current command, and the stator resistance. Moreover, the
rotor position is estimated by comparing measured and estimated
values of the rotor current. Furthermore, to reduce the method’s
sensitivity to the parameter inaccuracies, the mutual inductance of
the machine is updated during the machine operation by the error
between the magnitudes of the measured and estimated values of
the rotor current.

Index Terms—Component, direct decoupled power control
(DDPC), direct power control (DPC), doubly fed induction gen-
erator (DFIG), doubly fed induction machine (DFIM), model ref-
erence adaptive system (MRAS), sensorless.

NOMENCLATURE

Ψs , Ψr Stator and rotor flux linkage, vectors.
Vs , Vr Stator and rotor voltage vectors.
Is , Ir Stator and rotor current vectors.
ω1 , ωr , ωslip Synchronous, mechanical, and slip speeds.
Rs , Rr Stator and rotor resistance.
Lls , Llr Stator and rotor leakage inductance.
Lm Machine mutual inductance.
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Fig. 1. Hardware setup for controlling a DFIM.

I. INTRODUCTION

IN recent years, using renewable energy sources instead of
the fossil fuel is constantly increasing. Most of the renew-

able energy sources come from natural events, which mostly
have random characteristics. Wind energy as one of the natural
renewable energy sources is used to generate power through
wind turbines connected to an electric generator. Because of the
randomness of wind speed in different areas, a flexible electric
generation system is required to maintain constant frequency
voltage and stable power. The doubly fed induction generator
(DFIG) has characteristics which makes it a very good solution
for wind generation application. The DFIG ability to operate in a
rather large margin (±30%) around the synchronous frequency
satisfies the requirements for a good wind generation system.
First power control scheme for doubly fed induction machine
(DFIM) was presented in 1983 which uses a cycloconverter to
feed the rotor in order to control the stator power [1]. In the
recent common configuration as shown in Fig. 1, the machine
stator is directly connected to the grid and the rotor is fed by a
three phase inverter at its rated power.

Vector control (VC) is commonly applied on DFIG using
either flux-oriented [2], [3] or stator-voltage-oriented methods
[4], [5]. In these methods, the stator flux and mechanical torque
(or the stator power components) are assumed to be decoupled
and controlled by the rotor current components along the real
and imaginary axes of stator flux reference frame.

An alternative control method is the direct torque control
(DTC) method which was first introduced for induction ma-
chines in [6] and [7] and quickly became a very good alternative
to the commonly used VC methods. In the DTC method, the
electromagnetic torque is instantaneously controlled based on
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a predefined voltage vector lookup table in order to control the
electromagnetic torque. However, the faster transient response
compared to the conventional VC comes at the cost of incon-
stant switching frequency and higher torque ripple [8]. Work
has been done by the researchers to address the problems of
DTC by using space vector pulse width modulation (SVPWM)
control technique for the inverter instead of switching tables to
reduce torque ripple [9]–[11].

The direct power control (DPC) is established upon the prin-
ciples of the DTC which directly controls the machine power.
The DPC method uses switching tables to apply proper values of
the rotor voltage components [12], [13]. To solve the inconstant
switching frequency and the stator power components ripple,
the SVPWM method is proposed to feed the rotor [14], [15].
Improvement of the DPC method proposes predictive power
models, which allows the method to calculate the rotor voltage
directly from the power components, and increase the power
quality delivered by the generator [16], [17]. Further research
is done on applying high performance nonlinear controllers like
sliding mode controllers [18] and model based predictive con-
trollers [19]. In [20] and [21], an improved DPC method with
a high performance under unbalanced grid conditions is intro-
duced. To increase system reliability, several sensorless control
methods have been developed [22]. A complete overview in-
cluding introduction, modeling, and different control methods
for DFIMs is presented in [23]. In most DPC strategies, the
stator resistance is neglected, and therefore, the stator flux mag-
nitude is considered to be constant. However, the existence of
the stator resistance causes the stator flux to be affected by the
changes in stator current or power flow. This results in variations
in stator flux, which is the reference frame in most of the intro-
duced methods, and causes coupling between the stator power
components. This problem can be solved by compensating the
effect of stator resistance voltage drop on rotor flux (or voltage)
control loop. Moreover, the grid flux is chosen as the reference
frame, in which the stator voltage vector is always at 90◦ ahead
of the grid flux vector. This results in the stator power to be only
affected by the stator current components. Therefore, the rotor
flux can be calculated and controlled in this reference frame in a
way to decouple the stator active and reactive power controllers.

For accurate operation of the position/speed sensorless con-
trol, the machine quantities such as rotor position, stator, and
rotor flux vectors must be estimated. These estimations require
the exact values of the machine voltages, currents, and param-
eters. In case of a DFIM, both the stator and rotor currents and
voltages can be measured. This is an important advantage of
DFIM over other types of electrical machines. Having these ex-
tra measurable quantities causes the estimation process to be
robust to the machine parameters inaccuracies. Moreover, the
estimated parameters of the machine can be enhanced during the
control process, by using the error between measured and esti-
mated quantities. As an example, the measured and estimated
rotor current vector, consisting of magnitude and angle, can be
used to enhance the rotor position estimation. The following
sections will first give a quick introduction to the DFIM fol-
lowed by an improved conventional DPC method [24]. Then,
the coupling between the active and reactive powers due to stator

Fig. 2. Equivalent Circuit of DFIM in the rotor frame.

resistance will be discussed. Subsequently, the proposed direct
decoupled power control (DDPC) method is explained, and fi-
nally, sensorless control and parameter correction strategy are
presented.

II. DFIM

A. Model Equations

The equivalent circuit of the DFIM in the rotor reference
frame is shown in Fig. 2.

According to Fig. 2, stator and rotor flux equations in the
rotor reference frame can be written (the r superscript stands for
rotor reference frame) as

−→
ψr

s = Ls
−→
Ir
s + Lm

−→
Ir
r (1)

−→
ψr

r = Lm
−→
Ir
s + Lr

−→
Ir
r (2)

where Ls = Lm + Lls and Lr = Lm + Llr . For the stator and
rotor voltages, we have
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−→
Ir
s +

d
−→
ψr

s

dt
+ jωr

−→
ψr

s (3)

−→
V r

r = Rr
−→
Ir
r +

d
−→
ψr

r

dt
. (4)

According to (1) and (2), stator current can be written as
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where σ = (LsLr − L2
m )/LsLr . According to (3) and by ne-

glecting the stator resistance, the stator active power can be
written as

Ps =
3
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In the same way, the stator reactive power equation is
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The stator flux in the stationary stator frame can be obtained
using the following equation (the s superscript stands for stator
reference frame):

−→
ψs

s =
∫

(
−→
V s

s − Rs
−→
Is
s )dt. (8)

Because the resistive voltage drop on the stator windings
has a small effect on the stator flux magnitude, the stator flux
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Fig. 3. Stator and rotor fluxes in the rotor reference frame (αr –βr ).

magnitude can be considered constant in both stationary and
rotor reference frames:

−→|ψs
s | =

−→|ψr
s | =

∣
∣
∣
∣

∫
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s dt

∣
∣
∣
∣
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Using (5)–(7) and considering the constant magnitude of the
stator flux vector from (9), the stator active and reactive powers
can be rewritten as
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(11)

where δsr is the angle between the stator and rotor flux vectors.

III. DPC OF DFIM

A. Control Strategy

According to the active and reactive powers (10) and (11),
power can be controlled by controlling the magnitude and rela-
tive angle of either the rotor or stator fluxes. In common prac-
tice, the DFIM stator is directly connected to the grid and its
flux magnitude and angle are determined by the stator voltage
and current. Therefore, direct control of the machine active and
reactive powers can be achieved, by applying the accurate ro-
tor flux magnitude and angle (relative to the stator flux). As
mentioned earlier, the stator flux magnitude is considered to be
constant due to negligible stator resistance effect.

It can be seen from (10) and (11) that controlling the active
and reactive powers of the machine’s stator has direct linear
relation with the rotor flux components (along the quadrature
and direct axis of the stator flux). Therefore, it is appropriate to
use the stator flux vector as the reference frame for the control
process. On the other hand, eventually the rotor voltages and
currents must be calculated and applied in the rotor reference
frame.

Fig. 3 shows the stator and rotor flux vectors in the rotor
reference frame.

According to (10), (11), and (4) active and reactive powers
and rotor voltage equations can be written as follows:

Ps =
3
2

Lm

σLsLr
ω1ψsdψrq (12)

Fig. 4. Rotor flux controller.

Qs =
3
2

ω1

σLs
ψsd

(
Lm

Lr
ψrd − ψsd

)

(13)

Vrd = RrIrd +
dψrd

dt
+ ωslipψrq (14)

Vrq = RrIrq +
dψrq

dt
− ωslipψrd. (15)

By neglecting the rotor resistance in (14) and (15), one has

dψrd

dt
= Vrd − ωslipψrq (16)

dψrq

dt
= Vrq + ωslipψrd. (17)

It can be seen that controlling the active and reactive powers
can be achieved by having the accurate rotor flux along the
q- and d-axis, respectively. One can conclude from (16) and
(17) that controlling the rotor flux components along the dq-
axis can be done by applying the correct rotor voltages in the
corresponding axis. Since there is a rotational voltage caused by
the slip frequency, the motion induced rotor voltages are feed
forwarded to decouple the rotor flux control loops. One can
see from (16) and (17) that the actual rotor flux is calculated
by integrating the applied rotor voltage. In other words, there
is an integrator in the plant (i.e., the machine block diagram).
Therefore, the rotor flux controller just need a proportional P
controller to achieve zero steady-state error for step input, and
an integrator is not needed. However, a small integral gain is
used to compensate the effect of rotor resistance and machine
parameters inaccuracies. The rotor flux control loop is shown in
Fig. 4.

IV. COUPLING BETWEEN ACTIVE AND REACTIVE POWERS

A. Analyzing the Effect of Stator Power and Current
on Stator Flux Frame

The previous section shows that the active and reactive pow-
ers of the stator can be controlled by controlling the q and d
components of the rotor flux along the stator flux vector. Ac-
cording to (12) and (13), the power control can be decoupled
when the stator flux phasor is considered to be constant and un-
affected by the changes in the machine stator power. However,
according to (8), the stator flux is affected by the changes in
stator current due to the existence of stator resistance, which
rotates the reference frame.

To analyze the coupling between the stator power components
control loops, it is necessary to analyze the impact of stator
current on the stator flux. For the sake of simplicity, this analysis
is done in the stator voltage reference frame (VsQ = |�Vs | and
VsD = 0). Therefore, the stator flux can be calculated using the
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Fig. 5. Effects of the stator active power variations on the stator flux (zero
reactive power).

Fig. 6. Effects of the stator active power variations on the stator flux (nonzero
reactive power).

following equations:

ψ̇sD = RsIsD + ω1ψsQ (18)

ψ̇sQ = VsQ + RsIsQ − ω1ψsD . (19)

Considering the equations in a steady-state sinusoidal condi-
tion, the stator flux vector can be expressed as follows:

−→
ψs =

Rs
−→
Is

jω1
+

−→
Vs

jω1
. (20)

It can be seen from (18)–(20) that both the magnitude and
angle of the stator flux vector are affected by the stator current
variations. The stator current can be divided into active and
reactive components, by its projection in direction and quadrant
to the stator voltage. Then, the effect of each current component
on the stator flux can be analyzed.

1) Effect of stator current active component on stator flux:
According to (20), this effect is shown in Figs. 5 and 6.
Figs. 5 and 6 show that the active component of the stator

current changes the magnitude of the stator flux vector without
considerably affecting its angle.

1) Effect of stator current reactive component on stator flux:
According to (20), this effect is shown in Fig. 7.
Fig. 7 shows that the reactive component of the stator cur-

rent changes the angle of the stator flux without considerably
affecting its magnitude.

Fig. 7. Effects of the stator reactive power variations on the stator flux (a) zero
(b) nonzero active power.

Fig. 8. DFIM equivalent circuit in the stator flux reference frame.

B. Analyzing the Coupling Between Stator Active and
Reactive Powers in Conventional DPC Strategies

In conventional DPC strategies, stator active and reactive
powers are controlled by controlling the rotor flux q and d
components along the stator flux vector, respectively. However,
because of stator resistance voltage drop effect, the stator flux
is not constant and is affected by stator power variations as dis-
cussed in previous section. To find a solution for decoupling the
power control loops, first, coupling between the stator power
components control loops should be analyzed. Fig. 8 shows the
equivalent circuit of a DFIM in stator flux reference frame.

According to the equivalent circuit in Fig. 8, the stator active
and reactive powers can be calculated as

Ps = Vsq Isq + VsdIsd (21)
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Qs = Vsq Isd + VsdIsq . (22)

In (21) and (22), the stator voltage and current can be written
in terms of stator and rotor flux according to the equivalent cir-
cuit of Fig. 2 (in which the rotor leakage inductance is neglected
and therefore, Ll = Lls ).

Vsd = ψ̇sd − Rs

Ll
(ψrd − ψsd) (23)

Vsq = ω1ψsd − Rs

Ll
ψrq (24)

Isd =
1
Ll

(ψrd − ψsd) (25)

Isq =
1
Ll

ψrq . (26)

By substituting the stator voltage and current from (23)–(26)
into (21) and (22), the following equations can be written for
the stator power components:

P =
1
Ll

[

ψrq

(

ω1ψsd − Rs

Ll
ψrq

)

− Rs

Ll
(ψrd − ψsd)2

+ ψ̇sd(ψrd − ψsd)
]

(27)

Q=
1
Ll

[

(ψrd−ψsd)
(

−2Rs

Ll
ψrq + ω1ψsd

)

+ ψrq ψ̇sd

]

. (28)

Equations (27) and (28) show that due to stator resistance,
each stator power components have nonlinear relation to both
of the rotor flux components and cannot be controlled indepen-
dently. Since the leakage inductance is small, the term (Rs /Ll)
is not negligible.

Note that by letting Rs = 0 and considering the stator flux to
be constant in (27) and (28), the power components equations
will be the same, as mentioned in (12) and (13). This coupling
between stator power control loops can also be verified using
the machine’s vector diagram during stator power commands.
According to the equivalent circuit of the machine in Fig. 2, the
stator current components can be written in terms of stator and
rotor flux vectors as follows:

Isd =
ψrd − ψsd

Ll
(29)

Isq =
ψrq

Ll
. (30)

In conventional DPC of DFIM, the stator active and reactive
powers are controlled using the q and d components of the rotor
flux, respectively. Therefore, two vector diagrams can be shown
for each stator power component command. (Note that the rotor
leakage inductance is neglected in the following diagrams.)

1) Stator active power command:
According to (12), the stator active power command changes

only the q component of the rotor flux command. Thus, using
(27) and Fig. 7, the vector diagram of the process is shown in
Fig. 9.

According to (12) and Fig. 9, changes in the q component
of the rotor flux can change both the stator active and reactive

Fig. 9. Vector diagram of the DFIM after the stator active power command.

Fig. 10. Vector diagram of the DFIM after the stator reactive power command.

power components due to the effect of stator resistance, which
verifies the coupling between stator active and reactive power
control loops. Fig. 9 shows the process of applying active power
command while the reactive power control loop is open.

1) Stator reactive power command:
According to (13), the stator reactive power command affects

only the d component of the rotor flux command. This procedure
is depicted in Fig. 10 after stator reactive power command.

According to (13) and Fig. 10, an increase in the d compo-
nent of the rotor flux initially causes the stator current to increase
along the d-axis. However, because of the stator resistance ef-
fect, the d component of the stator current will create a negative
amount of stator flux along the q-axis, which rotates the ref-
erence frame and creates coupling between active and reactive
power control loops. Fig. 10 shows the process of applying a re-
active power command while the active power controller loop is
open. There are two main reasons for the coupling between the
stator power components in this control strategy: 1) existence
of stator resistance which causes the stator flux magnitude and
angle to be affected by stator power variations; and 2) the stator
voltage and current vectors are changed due to the rotation of
the stator flux reference frame. In the next section, a solution
for these problems is proposed.

V. DDPC OF DFIM

A. DFIM Model in Grid Flux Reference Frame

As shown in the previous section, the stator flux reference
frame is affected by changes in stator power which consequently
changes dq components of the stator voltage and current. Such
a reference frame deviation disturbs the decoupled properties of
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Fig. 11. dq equivalent circuit of DFIM in the grid flux reference.

dq control loops. To solve this problem, one needs a reference
frame to be stationary relative to either the stator voltage or cur-
rent vectors. To achieve this goal, the grid flux reference frame
is chosen. In this reference frame, the grid flux is calculated by
the following equation:

−→
ψs

g =
∫

−→
V s

s dt. (31)

In (31), the stator voltage vector is equal to the grid voltage
and is totally independent of the stator current vector. Moreover,
the stator voltage vector is always on the q-axis

Vsq = |−→V s |, Vsd = 0. (32)

In this reference frame, the active and reactive power equa-
tions can be written as

Ps = Vsq Isq (33)

Qs = Vsq Isd . (34)

Equations (33) and (34) show that the stator active and reac-
tive power components can be controlled using q and d com-
ponents of the stator current, respectively. To develop a control
strategy, the model of the DFIM in the grid flux reference frame
should be introduced. Fig. 11 shows the dq equivalent circuit of
the machine in the grid flux reference frame.

According to Fig. 11, by neglecting the rotor leakage induc-
tance (Ll = Lls ), the stator current components can be written
as follows:

Isd =
ψrd − ψsd

Ll
(35)

Isq =
ψrq − ψsq

Ll
. (36)

B. DDPC of DFIM

According to the proposed control system in Section III, the
power control is done by controlling the corresponding rotor
flux components along the d- and q-axis. In Section IV, it is
shown that the magnitude and angle of the stator flux vector
change with the stator power variation. This causes both d and
q components of the stator current vector to be affected by the
dq rotor flux commands. To solve this problem, the accurate
relation between rotor flux vector and stator current vector is

Fig. 12. Equivalent circuit of the machine from the stator and rotor flux
viewpoint in the grid flux reference frame.

Fig. 13. Active and reactive power controllers.

necessary. Fig. 12 shows the machine equivalent circuit from
the stator and rotor currents point of view.

By neglecting the rotor leakage inductance (Ll = Lls ), the
rotor flux vector dq components can be written as follows:

ψrd = ψsd + LlIsd (37)

ψrq = ψsq + LlIsq . (38)

In (37) and (38), the stator flux vector dq components is a
function of the stator current. Therefore, the rotor flux vector
command can be obtained based on the stator current command
as follows:

−→
ψr = fdq (

−→
Is ) + Ll

−→
Is . (39)

Also, since stator active and reactive power components have
linear relations with Isq and Isd , respectively, the stator current
command can be obtained from the power controllers, as shown
in Fig. 13.

To obtain the rotor flux vector commands, fdq (Is) is defined
as the predicted stator flux vector as a function of stator cur-
rent vector command. It should be noted that the actual stator
flux vector cannot be used in calculating the rotor flux vector
command because the rotor flux cannot be controlled instanta-
neously. By applying the described rotor flux vector command,
the active and reactive powers can be controlled decoupled from
each other. Fig. 14 shows the vector diagram of the active power
control of the machine.

Fig. 14 shows that after an increasing active power command,
the old control only increases the q component of rotor flux
command. However, the new method has also additional slight
increase in the d component of that command to compensate
the additional required stator flux. Therefore, by predicting this
increase (in the stator flux component along the d-axis) and
adding it to the new rotor flux command, the stator current can
be kept on the q-axis and in phase with the stator voltage. Fig. 15
shows the same procedure during reactive power command in
the proposed method, where the changes of the stator flux vector
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Fig. 14. Vector diagram of the DFIM rotor flux command after a step increase
in the reference active power in the proposed strategy.

Fig. 15. Vector diagram of the DFIM rotor flux command after a step increase
in the reference reactive power in the proposed strategy.

along the q-axis is compensated by the rotor flux additional q
component command along with its normal command along the
d-axis.

C. Calculating Stator Flux Command

There are two ways to calculate the stator flux command
which are based on the equivalent circuit of the machine in
either the grid flux reference frame or in stationary frame.

1) Calculating stator flux command in the grid flux frame:
Here, the stator flux vector is calculated in terms of stator

voltage and current vectors as follows:

ψsd =
∫

(RsIsd − ω1ψsq )dt (40)

ψsq =
∫

(Vsq + RsIsq − ω1ψsd)dt. (41)

The block diagram of these calculations is shown in Fig. 16.
1) Calculating stator flux command in the stationary frame:
The stator flux command in the grid flux frame can be also cal-

culated by transferring the stator currents to the stator stationary
αβ frame and then, using the following equation:

−→
ψ

∗
sαβ =

∫

(−→V sαβ + Rs
−→
I

∗
sαβ )dt (42)

where
−→
I

∗
sαβ is the stator current command in the stator sta-

tionary frame. By transforming the Ψ∗
sαβ back to the grid flux

Fig. 16. Estimation of the reference stator flux vector using the equivalent
circuit method.

Fig. 17. Estimation of the reference stator flux vector using the stator station-
ary frame method.

frame, the reference stator flux in the dq frame can be obtained.

ψ∗
sd = ψ∗

sα cos θg − ψ∗
sβ sin θg (43)

ψ∗
sd = ψ∗

sα cos θg − ψ∗
sβ sin θg (44)

where θg is the grid flux vector angle in the stator stationary
frame. Fig. 17 shows the block diagram of this calculation.

VI. SENSORLESS OPERATION AND PARAMETER CORRECTION

A. Sensorless Operation

Slip and rotor angle estimation is based on the difference of
the same quantity in two different reference frames, which in this
case is the rotor current. The rotor current in the rotor reference
frame can be obtained by directly measuring the current at the
rotor terminals. Since the rotor current oscillates with the slip
frequency, the angle of the rotor measured current vector is
an accurate estimation of the slip angle. On the other hand,
the rotor current in the synchronous reference frame can also
be calculated using the machine voltage and flux equations,
which oscillates with the synchronous frequency. The difference
between the rotor current angles in the rotor and synchronous
reference frame will result in the (electrical) rotor angle, which is
the mechanical rotor angle multiplied by motor pole pairs. This
rotor angle can be used to transform any parameter from the
synchronous frame to the rotor frame and vice versa. Therefore,
by knowing the difference between the rotor current angle and
the grid flux angle in the synchronous frame, one can allocate
the grid flux angle, in the rotor frame. Fig. 18 shows the grid flux
and rotor current in the rotor, stator, and stator flux reference
frames.

The equation regarding the calculation of the slip and rotor
angles is

θslip = θg = θr
ψg = θs

ψg − (θs
I r − θr

I r ). (45)
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Fig. 18. Rotor current and Grid flux in both the stator and rotor reference
frame.

In (45), the angle of the grid flux in the stator frame θs
ψg can be

calculated by the estimation of the grid flux in (31). Therefore,
one has

θs
ψg = tan−1

(∫

V βs
s dt

∫

V αs
s dt

)

. (46)

Also, the angle of the rotor current in the stator reference
frame is calculated by using the estimated rotor current in the
following equation:

−→
I r =

−→
ψ s − Ls

−→
I s

Lm
(47)

θs
I r = tan−1(

∫

(V βs
s − RsI

βs
s )dt − LsI

βs
s

∫

(V αs
s − RsIαs

s )dt − LsIαs
s

) (48)

where Vsαβ and Isαβ are the measured stator voltage and current
at the stator terminals.

Finally, the angle of the rotor current in the rotor frame can
be directly calculated from the measured rotor currents at the
rotor terminals

θr
I r = tan−1 Iβr

r

Iαr
r

. (49)

B. Parameter Correction

Obtaining the accurate rotor and slip angles relies on having
the precise values of the machine’s parameters. One of the most
important parameters used in estimating the machine’s flux and
current vectors is the mutual inductance between the rotor and
stator windings. Inaccuracies in this particular parameter will
lead to wrong estimation of the rotor current and, therefore,
inaccurate estimation of rotor and slip angles. To tackle this
problem, a simple form of the model reference adaptive system
(MRAS) is used, which is based on comparing a measured value
with the estimated value of a same quantity of the system and
use the error signal to correct specific parameters in the model.
In this case, one has both the measured and estimated value of
the rotor current. The difference between the angles of these
two values is used to estimate the rotor angle. But according
to (47), the difference between the amplitude of the measured

Fig. 19. MRAS loop for correcting the mutual inductance.

Fig. 20. Complete control diagram of the proposed decoupled DPC method.

Fig. 21. Four-KW experimental setup.

and estimated value of the rotor current can be used to correct
the value of Lm . Fig. 19 shows the diagram of the described
method.

To prevent the parameter correction loop dynamics from af-
fecting the power control algorithm, a very small proportional
gain is set in the applied PI controller.

C. Complete DDPC Block Diagram

The complete block diagram of the proposed method is shown
in Fig. 20.

VII. SIMULATION AND EXPERIMENTAL RESULTS

The proposed method has been simulated on a 4-KW DFIM.
The rotor windings are fed by a SVPWM controlled inverter,
operating with the switching frequency of 10 KHz. The dc-link
voltage has been set on 200 V and is kept constant by a grid-
connected converter during the process. The control strategy is
also applied to a DSP-based 4-KW experimental setup, showed
in Fig. 21 to validate the simulation results. The machine pa-
rameters used in the simulation are given in Table I.
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TABLE I
MACHINE PARAMETERS

Fig. 22. Simulation result of the stator active (W) and reactive power (Var)
during reactive power command using the proposed strategy.

The power controllers’ constants are Kp = 6 and KI = 2.
The proportional gain of the flux controller is Kp = 50.

Fig. 22 shows the active power of the machine is unaffected
by the fast response of the stator reactive power, which confirms
the decoupling between active and reactive power control. To
compare the proposed strategy and the conventional DPC, the
simulation is done when the power controllers are open loop and
the active power controller output is changed manually by a step
function. The rotor flux vector and the stator power variations
in the conventional DPC and the proposed DDPC are shown in
Figs. 23–25 respectively.

Fig. 25 shows that the active and reactive powers are reason-
ably decoupled from each other in the proposed DDPC control
process. Fig. 26 shows the estimated slip angle of the machine
along with rotor speed variation.

Fig. 26 shows that the proposed sensorless strategy is able to
accurately estimate the slip angle.

Fig. 27 shows that the proposed parameter correction loop is
able to effectively compensate large machine parameter errors.
Also because of the slow operation of the controller used in
the loop, it has ignorable effect on the power control dynamics.
In Fig. 28, difference between the calculated stator flux angle
using the correct mutual inductance and the stator flux angle

Fig. 23. Rotor flux vector of the DFIM during step change of the active power
controller while the power controllers are open loop (conventional DPC).

Fig. 24. Stator power variation of the DFIM during step change of the active
power controller while the power controllers are open loop (conventional DPC).

Fig. 25. (a) Rotor flux vector and (b) stator power variations of the DFIM
during step change of the active power controller while the power controllers
are open loop (proposed DDPC).
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Fig. 26. Estimated slip angle (in degrees) of the machine according to the
changes in the rotor speed.

Fig. 27. Estimated mutual inductance of the machine during operation with a
100% error of the Lm at the start up (H).

Fig. 28. Stator flux angle error during operation (in degrees).

using the estimated mutual inductance is depicted. One can see
from Fig. 28 that the estimation error of the stator flux angle
reaches zero when the estimated Lm reaches its actual value in
Fig. 27. In the following, the experimental results for the stator
power output using the proposed power control are shown.

Fig. 29 shows that the proposed strategy can be used practi-
cally to control the power in a decoupled form, confirming the

Fig. 29. Experimental results of the DDPC. Active and reactive power.

Fig. 30. Experimental results of estimated slip angle in subsynchronous rotor
speed.

Fig. 31. Experimental results of estimated slip angle in supersynchronous
rotor speed.

simulation results shown in Fig. 22. (Note that the longer power
response time is due to mechanical limitations of the experimen-
tal setup and does not harm the main focus on the decoupling
process.)

Figs. 30 and 31 show that the sensorless operation can ac-
curately estimate the machine slip angle. Note that the spikes
in Figs. 30 and 31 have a length of 2π rad and a frequency of
50 Hz.
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VIII. CONCLUSION

In this paper, after analyzing the coupling between the active
and reactive power control in the conventional DPC methods,
an improved DDPC for the DFIM is proposed. Simulation and
experimental results show the effectiveness of this method in
decoupling the control loops of the stator active and reactive
powers. Moreover, simulation and experimental results verify
that the proposed method can accurately estimate the slip and
rotor angles needed for the DPC control. The SVPWM con-
trolled inverter of the rotor side maintains the switching fre-
quency constant which reduces the power ripple. Furthermore,
robustness to the variation of the machine mutual inductance
Lm is achieved using a simple MRAS method.
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