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Abstract: The utilization of renewable energy sources aids in the economic development of a country.
Among the various renewable energy sources, wind energy is more effective for electricity production.
The doubly fed induction generator is an extensively known wind turbine generator for its partially
rated power converters and dynamic performance. The doubly fed induction generator assists the
wind turbine to function with a wide speed range. Hence, the steady-state performance analysis
of a doubly fed induction generator helps enable it to operate efficiently at a specific wind turbine
speed. In this paper, a 2 MW variable speed pitch regulated doubly fed induction generator with
a speed range of 900–2000 rpm was opted for steady-state analysis. This was followed by the
design and modelling of a doubly fed induction generator in Matlab/Simulink environment, and
the analyses were performed using mathematical equations computed via Matlab coding. The
steady-state magnitudes were calculated with rotor magnetization idr = 0. The closed-loop stator
flux-oriented vector control is applied to the rotor side converter for controlling the designed doubly
fed induction generator model. The simulation results were compared with computational values to
establish a workable model with less than 10% error. The simulation model can be used for predicting
the performance of the machine, fault analysis, and validation of existing DFIG at a steady state.

Keywords: doubly fed induction generator; wind turbine; renewable energy; rotor control; steady
state model

1. Introduction

Energy plays a vital role in the day-to-day existence of human life. A major part of
energy generation comes from burning fossil fuels, such as coal and natural gas. With
increasing concern over the emission of greenhouse gases and the reducing capacities of
non-renewable resources, increased attention is being paid to the consumption of renewable
energy sources. Renewable energy sources have a positive impact on the improvement in
the economy of a country. Amid the different types of renewable energies, wind power
has been extensively used for its low impact on the environment, reduced cost, and other
benefits [1–3]. In general, the wind system tends to have fixed speed or variable speed
wind turbine (WT) generators. The variable speed WT is the most popular among them
for extracting the maximum energy from the wind [4]. Customary variable speed WT
generators do not allow frequency regulation resulting in changes in grid frequency, and
this highlights the necessity for frequency regulation technologies in WTs [4–6].

The doubly fed induction generator (DFIG) stands out to be one of the most sought-
after systems as WT generators. In DFIG, the stator windings are directly coupled to
the grid, while the rotor windings are connected through slip-rings and back-to-back
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voltage source converters [7]. The converter at the grid side is termed grid side converter
(GSC) and at the rotor side as rotor side converter (RSC). These are coupled by DC-link,
which assists to retain the voltage deviations within an acceptable range. Such a structure
offers several advantages such as fixed frequency power generation under variable wind
speeds, decoupled control of active and reactive power, and different operating modes.
In addition, the DFIG has the choice of small converter ratings, and consequently fewer
losses with better efficiency and reduced cost. At present, the DFIG structure contributes
to approximately 50% of the wind power market [8]. The RSC control embraced robust
stator flux-oriented vector control (FoC) as it is the most comprehensive and proven one.
The purpose of the vector control is to make the AC machine behave like a DC machine,
which includes carrying out a decoupling between the flux and torque components. In
DFIG, the FoC allows to decouple the active and reactive powers effectively, and hence it is
employed for analyzing the DFIG under a steady state (SS). Similarly, the main function
of GSC control is to keep the DC-link voltage almost constant and to provide reactive
power when required as per the grid codes. The control technique adopted for it is the
grid voltage-oriented vector control. It also maintains the output frequency fixed on the
other hand the output voltage will be adjusted in order to facilitate the active and reactive
power exchange.

1.1. Literature on DFIG Steady-State Analysis (SSA)

Many attempts have been made to carry out the SSA of DFIG due to its ever-increasing
popularity. However, a comprehensive SSA along with a computer simulation model and
performance analysis would provide a detailed understanding of the DFIG wind turbine’s
operational characteristics. With this viewpoint, the present work was carried out and the
relevant literature is presented. In 2018, a SS mathematical model of DFIG was derived
using the spatial vector technique under different operation zones of the wind turbine [9].
This method allows determining the operating points of any wind turbine by knowing
the data and parameters of the wind turbine. In the same year, the stator flux-oriented
vector control of DFIG-based wind turbines using space vector pulse width modulation
was carried out and their performances were studied in [10] and found to be more effective.
Later, in 2019, a computer simulation of DFIG and a vector control implementation for GSC
and RSC were carried out to provide active power to the grid [11]. Subsequently, the stator
field-oriented control (SFOC) of DFIM was discussed in [12], which is based on the sliding
mode flux observer algorithm and the strategy is found to be effective under parameter
variations. In 2020, the SSA of DFIG is presented with different magnetizing strategies
for specific operating wind turbine modes [13]. This work discusses the mathematical
modelling of DFIG in SS using stator flux-oriented vector control which is found too
effective. In 2021, simplified SS modelling of DFIG with its operational features in a stand-
alone wind energy conversion system with rotor control is discussed in [14]. Later, an SS
solution to synchronous DFIG (sDFIG) orientated by references of the rotor flux for RSC
and stator voltage for GSC is suggested. The analysis is summarized, and it is concluded
that the sDFIG performs well when wind speed is lower than its critical value [15]. Another
recent article on DFIM rotor flux orientation vector control with machine modelling for a
wide speed range application is discussed in [16]. In 2022, the computation of SS values of
DFIG using an accurate method for calculation is proposed in [17]. The simulation time
domain results summarize that the SS values are matching with initialization values. As
stated above, a comprehensive work of SS performance analysis with a working computer
simulation model could be a promising work.

1.2. Significance of the Paper

The SSA of DFIG can be implemented in a global optimization environment to design
the DFIG converters associated with the wind turbine. The analytical technique is a useful
tool for minimizing the non-linear optimization process, which may be time-consuming and
inefficient for handling digital issues. A single solution for the rotor control variables Vr and
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ψ exists for each SS operating point. This helps to derive the SS characteristics from a given
torque-speed array emulating a three-blade wind turbine. Proper SS conditions prevent the
system from numerical instability. A computer simulation study of the DFIG generation
system makes it possible to create an adequate model description. The design purpose is
an interpretation of the physical nature of work processes as well as the developer systems’
competency needs. The developed computer simulation shall be used to investigate the
DFIG in a wide speed range of 900 to 1800 rpm. The SSA under certain operating modes
provides information about the syst-em’s behavior including stator and rotor active power,
power losses, current variations, and voltage variations. The overall paper structure is
as follows: initially, a literature review on the present work is briefly presented with
the paper’s significance in Section 1. Section 2 describes the SS mathematical modelling,
MATLAB simulation and the control of a doubly fed induction generator is presented.
In Section 3, the steps for implementing and analyzing the DFIG’s SS performance are
presented along with the results. In Section 4, the validation of the system design with SS
plots is carried out with relevant results and a comparative analysis is presented. Finally,
the findings are concluded in Section 5.

2. Modelling, Simulation, and Control of DFIG

In the wind power sector, the DFIG based wind turbine with a variable speed variable-
pitch control scheme is the most prevalent wind power generator. This machine may be
used as a grid-connected or stand-alone unit. To optimally extract the power from the wind
and precisely predict its performance, a complete insight of the modelling, control, and SSA
of this machine in both operation modes is required. In this paper, the author design and
examine three-phase PWM voltage source converter models defined in the ABC and DQO
synchronous reference frames, as well as their control strategies. Furthermore, utilizing
Matlab/Simulink software, a DFIG-based wind turbine model coupled to a constant voltage
and frequency grid is designed, as well as its associated generator control framework. This
control mechanism, as well as the SS behavior of the wind plant, are clearly outlined.
Figure 1 shows the DFIG models as well as the three-phase two-level PWM voltage source
converter models. The control schemes are also necessary to achieve optimum output
power from the wind turbine. The RSC control and the GSC control are two of these control
techniques. The GSC controller is used to keep the voltage across the capacitor constant and
ensure that the grid operates at a unity power factor. The torque, active power, and reactive
power are all controlled by the rotor-side converter controller. As the most complete and
established RSC control, it is coupled with powerful stator flux-oriented vector control. The
vector control’s goal is to make the AC machine act like an independently stimulated DC
machine, which involves decoupling the flux and torque components.
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Figure 1. Configuration of DFIG wind turbine with RSC and GSC control.

2.1. SS Model of DFIG

The model comprises a DFIG specifically a wound rotor induction generator which
has a power converter connected to the sliprings of the rotor. The stator is directly coupled
to the grid. The various parameters of the machine are defined in Table A1. For deriving
the SS magnitudes of DFIG by magnetizing the machine through a rotor with idr = 0, the
step-by-step procedure is as follows [13]. By assuming SS and the alignment of the stator
flux with the d-axis, it is possible to obtain the following sets of the equation:

idst =

∣∣∣∣→ψst

∣∣∣∣
Lst

(1)

iqst= −
Lm′
Lst

iqrt (2)

vdst= Rst idst (3)

vqst= Rstiqst+ωst

∣∣∣∣→ψst

∣∣∣∣ (4)

∣∣∣→vst

∣∣∣2= v2
dst+v2

qst (5)

Tem1= −
3
2

p
Lm′
Lst

∣∣∣∣→ψst

∣∣∣∣ iqrt (6)
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First, it is necessary to calculate the stator flux amplitude of the machine. From these
six sets of equations, it is easy to compute the stator flux using Equations (7)–(10). For
the calculation of stator flux, we only need the parameters of the machine, stator voltages,
stator currents, and torque.

∣∣∣∣→ψst

∣∣∣∣ =
√
−B′ ±

√
B′2−4A′C′

2A′
(7)

A′ =
(

Rst

Lst

)2
+ω2

st (8)

B′ = 4
3

RstTem1ωst

p
− |vst|2 (9)

C′ =
(

2
3

RstTem1

pLm′

)2
(10)

Once the flux is obtained, the remaining SS magnitudes can be calculated using the
below equations in a step-by-step manner. The rotor current is derived using the following
three equations.

idrt= 0 (11)

iqrt =
Tem1

− 3
2 p Lm ′

Lst

∣∣∣∣→ψst

∣∣∣∣ (12)

∣∣∣∣→irt

∣∣∣∣2= i2drt+i2qrt (13)

The magnitude of the stator currents,∣∣∣∣→ist

∣∣∣∣2= i2dst+i2qst (14)

The rotor speed and slip using the following two equations

ωrt = ωst − ωmec (15)

s =
ωrt

ωst
(16)

The rotor voltages from the following three equations.

vdrt= Rrtidrt − ωrtσLrtiqrt (17)

vqrt= Rrtiqrt+ωrtσLrtiqr +ωrt
Lm′
Lst

∣∣∣∣→ψst

∣∣∣∣ (18)

∣∣∣→vrt

∣∣∣2 = v2
drt+v2

qrt (19)

The rotor fluxes using,
ψdrt= Lm′idst+Lrtidrt (20)

ψqrt = Lm′iqst +Lrtiqrt (21)∣∣∣∣ →ψrt

∣∣∣∣2= ψ2
drt+ψ

2
qrt (22)
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The active powers of the machine, stator, and rotor by

Pmec= Tem1
ωmec

p
(23)

Pst =
3
2
(v dstidst+vqstidst) (24)

Prt =
3
2
(
vdrtidrt+vqrtidrt

)
(25)

The reactive powers of the stator and rotor

Qst =
3
2
(v qstidst +vdstiqst) (26)

Qrt =
3
2
(v qrtidrt +vdrtiqrt) (27)

The efficiency for motoring mode using Equation (28) and generator mode using
Equation (29).

ηDFIM =
Pmec

Pst+Prt

∣∣∣∣I f , Pmec> 0 (28)

ηDFIM =
Pst+Prt

Pmec

∣∣∣∣I f , Pmec< 0 (29)

where, idst, iqst, vdst, vqst, idrt, iqrt, vdrt, vqrt, Ψdrt, and Ψqrt are the current, voltages, and

flux alignment in the d-axis and q-axis.
∣∣∣∣→ψst

∣∣∣∣, ∣∣∣∣→ψrt

∣∣∣∣, ∣∣∣→v st

∣∣∣, ∣∣∣→v rt

∣∣∣, ∣∣∣∣→i st

∣∣∣∣, and
∣∣∣∣→i rt

∣∣∣∣ are the

magnitudes of flux, current, and voltage. Tem1,ωst,ωrt,ωmec, s, Pmec, Pst, Prt, Qst, and Qrt
is the torque, speed, slip, active, and reactive powers of the machine. ηDFIM is the efficiency
of the machine. Lm′, Lst, Lrt, Rst, and Rrt are the self, mutual inductances, resistances of the
stator, and rotor windings. The subscript notation st and rt is used to indicate the stator
and rotor.

2.2. Simulation of DFIG

The overall simulation model of the electrical system, which comprises the DFIG, is
shown in Figure 2. An asynchronous machine was used to represent the DFIG model with
its rotor parameters referred to as the stator side. The stator was connected to a three-phase
programmable voltage source. The rotor was connected to a power electronic converter
RSC implemented by a universal bridge with three arms and ideal switches. We used a
two-level PWM generator to control the RSC. The control signal for the PWM generator
(Vabc_ref) came from the RSC control block. Instead of a GSC, a DC voltage source was used
to simplify the system. Zero-order hold was used at the input for the control block for Ir,
Vs, θ, and ωm to make the system work as close to reality as possible. All the elements
presented a constant sample time 1/fsw. The DC voltage source had the same value as bus
voltage. In the RSC control block, a field-oriented control for current loops was considered
for controlling the RSC. It is discussed in the next subsection.
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Figure 2. Simulation model of a 2 MW DFIG with RSC Control.

2.3. Implementation of RSC Control

The control block implemented the DFIG vector control in the synchronous reference
frame as shown in Figure 3. The id reference and speed reference were initially set to zero.
Ir and vs. were obtained from the three-phase measurements block andωm were obtained
from the measurement signals output of the DFIG model.

Figure 3. Stator flux-oriented Vector Control of RSC of DFIG.
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The two inner current control loops use the transformation blocks dq to DQ, DQ to
abc, abc to DQ, and DQ to dq. The PWM generator used a normalized triangular wave
(−1 to 1), so the control block output was also normalized using the gain block with value
1/(Vbus/2). A third harmonic injection at the control output was used to extract more
voltage for a given dc–dc bus voltage. It allowed the output voltage to be improved by
15%. The transformation angle θr was obtained from the stator voltages angle thetas and
rotor angle θm. It was given as inputs to the transformation blocks. In the outer loop, a
speed PI regulator was implemented to control the speed of the machine. The upper and
lower limits were defined by Tem. In the inner loop, two PI regulators were required to
control the id and iq currents according to the reference values. The kp and ki values were
found using the transfer function of the designed system. The upper and lower limits were
defined by Vbus/sqrt (3). The cross-coupling terms were cancelled using the cancellation
of cc block. The idr and iqr were obtained from the output of transformation blocks of the
rotor current Ir. The output of the speed PI regulator was multiplied by the gain to give the
iqr_ref. Thus, the stator flux-oriented vector control was implemented.

3. SS Performance Analysis of DFIG

The DFIG’s working characteristics are influenced by both the applied stator voltage
and the injected rotor voltage. The direct and quadratic components of the injected rotor
voltage are defined as proportional to the stator voltage for simulation purposes and are
varied to observe the effect of changes in the active and reactive powers, copper losses,
electromagnetic torque, power factor, and fluxes characteristics. In this article, the different
operational points are used to depict DFIG’s behavior. For analyzing the performance of
DFIG under SS operating conditions, the following steps are involved in the programming:

Step 1: Start executing the program.
Step 2: Initialize the DFIM parameters (Table A1) and read the torque-speed array for

emulating a 3-blade wind turbine.
Step 3: Check for condition, if the slip is equal to the maximum slip.
Step 4: If true, go to step 10; Otherwise, go to step 5.
Step 5: Calculate the stator and rotor parameters along with the mechanical parameters

under each operating point extracted from the torque-speed array.
Step 6: Determine the operating mode with mechanical torque value; go to step 7, if

torque is positive; go to step 8, if torque is negative.
Step 7: Calculate the efficiency for doubly fed induction motor; then go to step 3.
Step 8: Calculate the efficiency for doubly fed induction generator; then go to step 3.
Step 9: Plot the results; stator and rotor current (Is and Ir), stator and rotor power (Pr and

Ps | Qs and Qr), electromagnetic torque (Tem) and speed (n), and efficiency.
Step 10: Program executed.

The SSA is mainly about the representative magnitudes of the DFIG model. The torque-
speed data array as an input that emulates a 3-blade WT obtained from a 2 MW “Mitsubishi-
MWT 92” wind turbine datasheet. The obtained parameters are provided in Table A1.
During the execution, the SS magnitudes from a minimum speed of 900 rpm to a maximum
speed of 1800 rpm are calculated. Further, through the MATLAB program, the parameters
are calculated for different rotor speeds and plotted as per the Equations (1)–(29). Figure 4
shows the rotor generation strategy, that makes the d-axis rotor current zero (Idr = 0).
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Figure 4. SS Characteristics of 2 MW DFIG Idr = 0; (a) Torque, (b) Total Power, (c) Stator and Rotor
Power, (d) Stator Current, (e)Rotor Current, (f) Stator and Rotor Voltage, (g) Stator Reactive Power,
(h) Rotor Reactive Power, (i) Efficiency.

Here in Figure 4a, the torque (Tem) is negative so the machine in this case operates
as a generator. In Figure 4b, we have the mechanical power (Pt), which is nothing but the
product of torque and speed. Then in Figure 4c, we have the active power of the rotor and
stator (Pr and Ps). The maximum active power is around 2 MW. Max rotor power is around
400 kW. The active power of the rotor is negative and positive depending on the rotational
speed. In Figure 4d,e, we have the stator (Is) and rotor currents (Ir). The rotor current is
bigger than the stator current. Accordingly, in Figure 4g,h, we have the stator reactive
power (Qs) and rotor reactive power (Qr). We can see that Qs increase with the rise in rotor
speed whereas Qr decreases with a rise in rotor speed. Then, in Figure 4f we have the stator
(Vs) and rotor voltages (Vr). We can see that the stator is directly connected to the grid, so
the stator voltage amplitude is always constant. Whereas the rotor voltage magnitudes
depend on the speed. At synchronous speed, it is minimum. At the two extremes, we have
high voltages. We are working with a rotor referred to as the stator, so these magnitudes
are not real magnitudes. If we convert to the rotor side and work, we will have the voltages
very near to stator voltages. Finally, in Figure 4i we have the efficiency of the DFIG at a SS.

Here, we have the mechanical power (Pm), which is nothing but the product of torque
and speed. Then we have the active power of the rotor and stator (Pr and Ps). The stator
active power is much bigger than the rotor active power. The maximum active power is
around 2 MW. Max rotor power is around 400 kW. The active power of the rotor is negative
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and positive depending on the rotational speed: the stator currents, red Qr = 0 and blue
for Idr = 0. When we make Qr = 0, the Is is lower than when Idr = 0. On the contrary, for
the rotor current, we see that with Idr = 0, the rotor current is lower. Then we have the
stator and rotor voltages. We can see that the stator is directly connected to the grid, so the
stator voltage amplitude is always constant. Whereas the rotor voltage magnitudes depend
on the speed. At synchronous speed, it is minimum. At the two extremes, we have high
voltages. We are working with a rotor referred to as the stator, so these magnitudes are
not real magnitudes. If we convert to the rotor side and work, we will have the voltages
very near to stator voltages. Then we have the reactive power. With Idr = 0, we have high
reactive power, and with the other generation strategy, which has 0 reactive power. Finally,
rotor reactive power behavior in both cases, and finally, we have the efficiency.

The steps followed for the analysis using SS equations are discussed as a flowchart in
Figure 5. The left branch discusses the computational method using mathematical equations.
The right branch discusses the performance analysis of DFIG using the MATLAB/Simulink
model. In the end, the results are compared to validate the simulation.

Figure 5. SS response of the simulated system with a rotor speed of 188.5 rad/sec; (a) Speed,
(b) Torque, (c) Stator Voltage, (d) q-axis Current, (e) d-axis Current, (f) Stator Current, (g) d-axis
voltage, (h) q-axis Voltage, (i) Rotor Current.
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4. Results and Discussion

The developed model is simulated in the following procedure for obtaining the results,

Step 1: From the SS graph, the values are selected corresponding to the speed, of 1800 rpm.
Thus, the speed reference is given as 1800*(2*pi/60).

Step 2: The rate limiter for speed variation is set with the slew rate of 100 radians per
second (100/1).

Step 3: Set the load torque of simulation to −10,894 Nm corresponding to the speed of
1800 rpm. The negative torque signifies generator mode.

Step 4: The time constant of the speed PI regulator is reduced to 1/4th of its value to
make the speed regulator work four times faster.

Step 5: Strong perturbation is caused because the machine is directly connected to the
grid, which is not done in practical situations. The startup transient is ignored as
the focus of this work to analyze the machine under SS.

Step 6: Run the simulation.

4.1. Simulation Results

The simulation results of SSA at two different operating points of 1800 rpm with load
torque of −10,894 and 1273.21 rpm with a torque of −5285, can be seen in Figure 6a,b. The
change in operating point is initiated at a time instant of 6 s through a step signal. For a
smooth transition, a rate limiter has been used with a rate of 100/seconds. The model is
run with a reference speed of 1273.21 rpm and torque of −5285 Nm and at 6 s, the rotor
reference speed is changed to 188.4 rad/s ((1364 rev/min × 2π rad/rev)/(60s/min) =
188.4 rad/s) corresponding to 1800 rpm. The operating point shifts from subsynchronous
mode to super-synchronous mode. The synchronous speed of the machine is 1500 rpm.
The new SS is reached at 6.5 s. The speed controller tracks the reference value for both
subsynchronous and super-synchronous modes. The machine operates in subsynchronous
mode and later switches to super-synchronous speed as per the reference. The rotor and
stator currents have the value corresponding to the specific operating point in Figure 5
corresponding to a rotational speed of 1273.2 rpm and 1800 rpm with rotor magnetizing
technique (idr = 0). The rotor voltages (sqrt(Vdrˆ2 + Vqrˆ2)) also follow the same. The
absolute active power and reactive powers of the system will be obtained with correct
voltages and currents.

The Idref (Figure 5e) is maintained at 0, as we maintain reactive power at zero during
a SS. The Iq current (Figure 5d) varies from 1176 A to 2103 A, to reach the new operating
point corresponding to a speed-torque (1800 rpm & −10,602 Nm). Iq is responsible for
controlling the torque. The current controllers work properly as the d and q component
currents follow the reference. The rotor voltages Vd and Vq (Figure 5g,h) vary in such a
way that along with the rotor current, the generator generates the required real power of
approximately 130 kw and 323 kw. The stator voltage in Figure 5c is constant with a peak
amplitude of 563 V as no variation is made at the stator. The stator current in Figure 5f
changes from 1362 A to 2079 A as the stator of the generator nearing synchronous speed
draws less power. The rotor current in Figure 5i changes from 1174.5 A corresponding to a
SS of 133 rad/sec and during synchronous speed, the frequency of rotor current becomes
zero (DC). After crossing synchronous speed, the generator operates at super synchronous
speed with a rotor current of 2019 peak amplitude. The machine operates as a conventional
3 phase synchronous generator.

4.2. Comparative Analysis

The steps followed for the analysis using SS equations are discussed in the flowchart,
depicted in Figure 6. The left branch discusses the computational method using mathe-
matical equations. The right branch discusses the performance analysis of DFIG using the
MATLAB/Simulink model. In the end, the results are compared to validate the simulation.
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Figure 6. Process of DFIG’s SS performance analysis.

The most representative SS magnitudes of DFIG and they are compared to the cal-
culated SS values available in Figure 5 corresponding to Idr = 0 for a rotational speed
of 1800 rpm and 1273.21 rpm. It is observed that the SS magnitudes both computed and
simulated are similar in Figures 7–14. The results are tabulated for further analysis. The SS
magnitudes obtained through programming for two different operating points correspond-
ing to a speed of 1800 rpm and 1273.21 rpm are shown in Figures 7a, 8a, 9a, 10a, 11a, 12a,
13a and 14a. The simulation model is run for these two operating points from 0 s to 6 s for
a speed of 1273.21 rpm and from 6 s to 10 s for a speed of 1800 rpm. The most significant
magnitudes are shown in Figures 7b, 8b, 9b, 10b, 11b, 12b, 13b and 14b. The values of
stator current are calculated to be 1200.52 A, which is similar to the simulated SS value
of 1362.82 A for a speed of 1273.21 rpm. Again, for a speed of 1800 rpm, the calculated
value of stator current is 2124.85 A and the SS value of 2079.7 A is within comparable limits.
Figure 7a,b show the values for comparison.
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Figure 7. (a) Calculated stator current; (b) Stator current of the designed system.

The values of rotor current are calculated to be 1011.98 A, which is similar to the
simulated SS value of 1214.42 A for a speed of 1273.21 rpm. Again, for a speed of 1800 rpm,
the calculated value of stator current is 2076.2 A and the SS value of 2114.37 A is within
comparable limits. Figure 8a,b show the values for comparison.

Figure 8. (a) Calculated rotor current; (b) Rotor current of the designed system.

The values of stator voltage are calculated to be 563.383 V, which is similar to the
simulated SS value of 563.382 V for all operating points as the stator voltage remains
constant. Figure 9a,b show the values for comparison.

Figure 9. (a) Calculated stator voltage; (b) Stator voltage of the designed system.

The values of rotor voltages are calculated to be 86.0158 V, which is similar to the
simulated SS value of 87.1958 V for a speed of 1273.21 rpm. Again, for a speed of 1800 rpm,
the calculated value of stator current is 106.294 V and the SS value of 104.47 V is within
comparable limits. Figure 10a,b show the values for comparison.
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Figure 10. (a) Calculated rotor voltage; (b) Rotor voltage of the designed system.

The stator real power in Figure 11b, varies from 824.698 kW to 1693.45 kW corre-
sponding to a speed of 133.33 rad/sec (1273.21 rpm) to 188.5 rad/sec (1800 rpm) and is
comparable with the calculated value of −824.545 kW and −1693.620 kW as shown in
Figure 11a. The stator real power in Figure 12b, varies from 824.698 kW to 1693.45 kW
corresponding to a speed of 133.33 rad/sec (1273.21 rpm) to 188.5 rad/sec (1800 rpm). With
a transition peak of 261.395 kW. The stator reactive power in Figure 13b, remains constant
at 589.357 kVAR. The rotor real power in Figure 11b varies from 130.217 kW to 319.068 kW
corresponding to a speed of 133.33 rad/sec (1273.21 rpm) to 188.5 rad/sec(1800 rpm). The
rotor reactive power in Figure 13b changes from 14.067 kVAR to −64.57 kVAR to meet the
reactive power demands during subsynchronous and super-synchronous conditions.
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Figure 12. (a) Calculated rotor real power; (b) Rotor real power of the designed system.
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The stator reactive power in Figure 13b, varies from 589.357 kVAR to 590.238 kVAR
for change in speed from 1273.21 rpm to 1800 rpm. This is similar to the calculated values
of 591.097 kVAR and 596.696 kVAR in Figure 13a.

Figure 13. (a) Calculated stator reactive power; (b) Stator reactive power of the designed system.

The rotor reactive power in Figure 14b changes from 14.067 kVAR to −64.57 kVAR
to meet the reactive power demands during subsynchronous and super-synchronous
conditions. The values are comparable to the calculated values of 12.4827 kVAR and
−69.5111 kVAR in Figure 14a.

Figure 14. (a) Calculated rotor reactive power; (b) Rotor reactive power of the designed system.

The values of Is, Ir, Vs, Vr, Ps, Pr, Qs, and Qr obtained through computation and
simulation for the specific operating point are tabulated in Table 1. The error between the
computed and simulated values are calculated and it is found that an overall error of less
than 10% is observed for a speed of 1800 rpm and an error of less than 20% is observed for
an operating speed of 1273.21 rpm. Hence, it is established from the acquired results that
the designed system is working properly and can be used for future analysis.

Table 1. Comparison of SS magnitudes.

SS Magnitudes
Nr = 1273.21 rpm/T = −5285 Nm Nr = 1800 rpm/T = −10,894 Nm

Computed
Values

Simulated
Values Error (%) Computed

Values
Simulated

Values Error (%)

Stator Current
(Is) (A) 1200.52 1362.82 13.51 ↑↑ 2124.85 2079.7 2.12 ↓↓

Rotor Current
(Ir) (A) 1011.98 1194.6 18.04 ↓↓ 2076.2 2114.37 1.83 ↑↑
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Table 1. Cont.

SS Magnitudes
Nr = 1273.21 rpm/T = −5285 Nm Nr = 1800 rpm/T = −10,894 Nm

Computed
Values

Simulated
Values Error (%) Computed

Values
Simulated

Values Error (%)

Stator Voltage
(Vs) (V) 563.383 563.382 – 563.383 563.382 –

Rotor Voltage
(Vr) (V) 86.0158 87.1958 1.37 ↑↑ 106.294 104.47 1.71 ↓↓

Stator Real
Power (Ps) (W) −824,545 −824,698 – −1,693,620 −1,693,450 –

Rotor Real
Power (Pr) (W) 129,972 130,217 0.18 ↑↑ −323,542 −319,068 1.38 ↓↓

Stator Reactive
Power (Qs)

(VAR)
591,097 589,357 0.29 ↓↓ 596,696 590,238 1.08 ↓↓

Rotor Reactive
Power (Qr)

(VAR)
12,482.7 14,607.3 17.02 ↑↑ −69,511.1 −64,570 7.10 ↓↓

↑↑ indicates percentage increased from computed value; ↓↓ percentage decreased from the computed value.

5. Conclusions

In this paper, the SS performance analysis of the DFIG based WT with rotor magne-
tizing strategy Idr = 0 and the DFIG system design in MATLAB/Simulink is presented.
For the analysis, a 2 MW DFIG WT was chosen with torque-speed datasets of an MWT
92 Mitsubishi WT design. The SS magnitudes of the DFIG were computed based on SS
equations and the values were plotted. These SS values were further used for the validation
of the designed system for a specific operating mode corresponding to a rotor speed of
1800 rpm. The simulation results were, in turn, compared with the calculated value and the
overall error in SS magnitudes was found to be less than 10% which shows the acceptable
performance of the designed system. The designed system can be used by the scientific
community for a detailed study of the wind turbine based DFIG such as WT behavior under
fault, performance under various test conditions, and for further research on the topic.
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Nomenclature

idst d-axis stator side current (A)
iqst q-axis stator side current (A)
vdst d-axis stator side voltage (V)
vqst q-axis stator side voltage (V)
idrt d-axis rotor side current (A)
iqrt q-axis rotor side current (A)
vdrt d-axis rotor side voltage (V)
vqrt q-axis rotor side voltage (V)
Ψdrt d-axis rotor flux (Wb)
Ψqrt q-axis rotor flux (Wb)∣∣∣∣→ψst

∣∣∣∣ Magnitude of stator flux (Wb)∣∣∣∣→ψrt

∣∣∣∣ Magnitude of rotor flux (Wb)∣∣∣→v st

∣∣∣ Magnitude of stator voltage (V)∣∣∣→v rt

∣∣∣ Magnitude of rotor voltage (V)∣∣∣∣→i st

∣∣∣∣ Magnitude of stator current (A)∣∣∣∣→i rt

∣∣∣∣ Magnitude of rotor currents (A)

A’,B’,C’ Constants used for calculations
Iabcst Stator Currents (A)
Iabcgr Grid Currents (A)
Vbus DC link voltage (V)
Iqrt

* q-axis grid current reference (A)
ωmec

* Rotor electrical speed reference (rad/sec)
KQrt, KPrt Constants used to derive the rotor current ref.
p Number of pole pairs
idgr d-axis grid side current (A)
Vdgr d-axis grid side voltage (V)
Lm′ Mutual Inductance (H)
Lst Stator Inductance (H)
Lrt Stator Inductance (H)
Rst Stator Resistance (Ω)
Rrt Rotor Resistance (Ω)
Tem1 Electromagnetic Torque of machine (Nm)
ωst Frequency of stator voltages and currents (rad/s)
ωrt Frequency of rotor voltages and currents (rad/s)
ωmec Rotor electrical speed (rad/s)
s Slip of the machine
Pmec Mechanical Power at turbine shaft (W)
Pst Active power of the stator (W)
Prt Active power of the rotor (W)
Qst Reactive power of the stator (VAR)
Qrt Reactive power of the rotor (VAR)
ηDFIM Efficiency of the machine
Vabcst Stator voltages (V)
Vabcgr Grid Voltages (V)
Iabcrt Rotor Currents (A)
Vbus

* DC link voltage reference (V)
Qst

* Stator reactive power reference (VAR)
KQgr, KPgr Constants used to derive the grid current ref.
edrt, eqrt Cancellation of cross coupling terms in rotor currents
edgr, eqgr Cancellation of cross coupling terms in grid currents
iqgr q-axis grid side current (A)
Vqgr q-axis grid side voltage (V)
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Appendix A

Table A1. Parameters of the proposed DFIG.

Parameters Ratings

Machine stator frequency in Hz *fsm = 50
Machine stator power in watts *Psm = 2 × 106

Machine rated speed in rpm *Nm = 1500
Machine stator voltage in volts *Vsm = 690
Machine stator current in amps *Ism = 1760
Machine torque in Nm *Tem = 12,732
Poles p = 4
turns ratio (stator to rotor) u = 1/3
Machine rotor voltage in volts *Vrm = 2070
Slip (max) Smax = 1/3
Machine rotor voltage referred to stator Vrm_stator = (Vrm*smax)*u
Stator resistance in ohms Rst = 2.6 × 10−3

Leakage inductance (stator/rotor) in Henry Llsr = 0.087 × 10−3

Magnetizing inductance in Henry Lm’ = 2.5 × 10−3

Rotor resistance referred to stator in ohm Rrt = 2.9 × 10−3

Stator inductance in Henry Lst = Lm’ + Llsr
Rotor inductance in Henry Lrt = Lm’ + Llsr
DC bus voltage referred to stator in volts Vbus = Vrm_stator ×

√
2

* rated value of the machine
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