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Abstract: The doubly fed induction generator is widely used in wind power applications. For
stand-alone operation of this machine, the control of the stator flux with fixed voltage and frequency
has been proposed. This paper extends the stator flux control of the doubly fed induction machine
by droop mechanisms, which vary the setpoint of flux magnitude and frequency depending on
active and reactive power. This gives the doubly fed induction generator system unknown grid
supporting and grid forming performance. The validation of the proposed control scheme has been
conducted on a 10 kVA testbed system. The closed-loop behavior of the system has been proven to
enable grid-tied and islanded operation with the same control structure. The system response to load
changes and islanding events show no disruptive transients in both conditions.

Keywords: doubly fed induction generator; stator flux control; droop control; microgrid; voltage-fed
control; distributed energy generation; islanding; phase intervention

1. Introduction

Wind energy is a major renewable energy source. Wind energy plants can be classified
with respect to their drivetrain configuration [1]. For modern variable-speed wind turbines,
in many cases, synchronous generators or squirrel cage machines are used to convert
mechanical power into electrical power. In these concepts, fully rated power converters are
employed to transmit the generated power to the electrical grid. To enable a grid stabilizing
behavior comparable to a classical synchronous generator used in conventional power
plants, many approaches have been proposed that operate the inverters in a voltage-fed
fashion [2–5] so that the inverter behaves in many aspects, such as a synchronous generator.
One strategy uses droops for frequency and voltage magnitude, reproducing classical
ancillary services, such as frequency and voltage support.

However, for wind energy plants equipped with a doubly fed induction generator
(DFIG) and a power converter controlling the rotor circuit, no comparable grid forming
control has been established. Due to the partial power rating of the inverter supplying the
rotor circuit of the generator only, the DFIG concept is still widely employed, especially in
the power range below 3 MW [6]. In Figure 1, the power conversion and grid connection
structure of a DFIG-based wind turbine is shown.

While the stator of the induction generator is directly connected to the electrical grid,
the rotor side converter (RSC) operates the rotor circuit with only a fraction of the generated
power transmitted through the converted depending on the machine slip.

The classical control schemes for the RSC have been derived from the established
schemes used for adjustable motor drives. Typically, they are current controlled [7], where
the set-points of the current controllers are derived from the references for active/reactive
power, torque or voltage magnitudes [8,9]. The current control is usually done in a rotating
reference frame. The reference frame is either voltage- or flux-oriented, which means
that the d-axis of the reference frame is oriented along the stator voltage or flux (stator or
rotor). Current control is also possible in the stationary reference frame using proportional
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resonant controllers, with a high or infinite gain at grid frequency [10–12]. The current
control approach has the persuasive advantage of easy inverter protection by limiting the
set-point values of the controllers but relies on an existing electrical grid that forms the
connection point of the wind energy system.

Gear
DFIG

RSC GSC

GridTransformer

LCL-filter LCL-filter

Figure 1. Main structure of electrical power conversion for DFIG-based power plants.

To enable a stand-alone operation, i.e., autonomously supplying electrical loads, some
concepts have been proposed to control the voltage at the generator terminal at a fixed
frequency [13–16]. These concepts rely on a cascaded structure where an outer voltage
control loop supplies the set-point for an inner rotor current control loop using the RSC.
Instead of controlling the voltage directly [17], in [13,16], it has been proposed to control
the stator flux to achieve the stand-alone operation. Using the stator flux linkages has the
advantage that they are directly connected to the power of the machine, so these state
variables are much less volatile compared to the stator voltage, for instance. In stationary
operation, the stator flux linkages and the voltage magnitude are directly connected by the
frequency if the voltage drop across the stator resistance is neglected.

In order to increase the grid support capabilities, in [18], it was proposed to adopt
the rotor current set-points depending on the grid frequency and voltage magnitude after
detecting an islanding event by means of corresponding droops. During the islanding
events, significant oscillations have been observed. A similar structure has been proposed
in [19] for stand-alone operation. In [20], the influence of different orientation systems on
stability in low-voltage grids have been compared, but no results concerning transients,
load changes or islanding events have been presented.

The main contribution of this paper is to extend the stator flux control of the DFIG by
the droop control mechanisms known from full-power-rated inverter solutions. The aim
is to operate the DFIG in a grid-forming mode, where the same control structure is used
for grid-tied, stand-alone or islanded operation. In the case of an islanded grid involving
the parallel operation of several generating units, the droop-based approach is inherently
capable of performing power sharing according to the implemented droops.

The paper focuses on the grid forming nature of the proposed stator flux control
and thereby does not cover any low-voltage ride through scenarios. Since the inner
current control loop, however, is based on classical approaches, the well-established
solutions [21,22] can be integrated into the control scheme, making the DFIG capable
of low-voltage ride through. In addition, this paper does not cover the aspects of turbine
control.
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The paper is structured as follows: First, the stator flux control is described, and
the extension using the frequency and voltage magnitude droops is discussed. Second,
experimental results obtained from a laboratory setup are presented, which illustrate the
operational properties using the proposed control scheme. Simulation results of a more
complex three-node system follow. The article ends with a discussion and conclusion.

2. Stator Flux Control

The equivalent space vector circuit diagram in an arbitrary reference frame rotating at
the angular frequency ωK is shown in Figure 2.

Rs Lsi

Lm

Lri Rr

vs Ψ̇s Ψ̇r vr

is ir

jωKΨs j(pω − ωK)Ψr

Figure 2. Equivalent space vector circuit diagram of DFIG.

The stator flux Ψs of the machine can be calculated using the stator is and rotor ir
current [23]

Ψs
s−→ = Ls · is

s−→− Lm · is
r−→, (1)

where Ls and Lm are the stator and magnetizing inductances, respectively. This formulation,
however, has the disadvantage that the flux depends on the inductances that vary significantly
at different operating points due to the iron saturation. To avoid this dependency, the stator
flux can be alternatively calculated by the integration of the stator voltage over time

Ψs
s−→ =

∫
vs

s−→− Rs · is
s−→dt. (2)

On the other hand, the integration method is sensitive against even minor offset errors
in stator voltage and current. Stabilizing the voltage integration by the low-pass filtered
flux calculated from the currents will again result in strong dependency on the non-linear
inductances. Therefore, we propose approximating the integration itself by a low-pass filter
with a low cut-off frequency ωLP compared to the grid frequency ωG [24]. For frequencies
far beyond the cut off frequency, the low-pass filtering results in a phase shift of the
output signal of nearly 90◦. The resulting amplitude and phase error of the low-pass filter
approximation with respect to the ideal integrator at grid frequency is compensated by
a subsequent vector rotation established by the exponential in Equation (3). Usually, the
voltage drop across the stator resistance can safely be neglected as they are in a range
of 0.005...0.015 pu. As a result, the transfer function of the implemented open-loop flux
estimator is given by

Ψs
s−→(s)

Vs
s−→(s)

' 1
1 + s/ωLP

ωG
ωLP

exp− arctan ωLP
ωG , (3)

which is independent of any machine parameters. The aim of the proposed DFIG control is
to guide the stator flux space vector in the stationary reference frame on a circular trajectory
with a given magnitude and rotational frequency, such that in stationary conditions, the
generator acts like a three-phase voltage source. As shown in [16], the stator flux can be
controlled by the rotor currents in a cascaded structure with an inner fast rotor current
control loop and an outer slower stator flux control loop. The cross-coupling between the
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d- and q-components in the inner rotor current control loop are reduced by introducing the
corresponding feedforward terms for the induced voltages. The resulting control structure
is shown in Figure 3.
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Figure 3. Main control structure.

During the design of the PI-control parameters of the rotor current controller,

FPI,i(s) = KPi ·
1 + sTRi

sTRi
, (4)

the LCL-filter between the RSC and the rotor has to be taken into account. The reset time,
TRi, of the controller has been set to compensate for the open stator time constant of the
plant while neglecting the filter capacitance of the filter. To avoid excitation of the filter
resonance, the proportional gain KPi is set such that the cut-off frequency of the rotor
control loop is 10x lower than the resonant frequency of the LCL-filter.

2.1. Control of Frequency and Magnitude

In quasi-stationary operation and neglecting the voltage drop at the stator resistance,
the stator flux control results in a fixed stator voltage magnitude, vs−→ ≈ jωs Ψs−→. The
simplified equivalent circuit shown in Figure 4 applies for the connection of the DFIG to
the grid with the appropriate phasor diagram. The resulting impedance seen from the
stator side mainly consists of the short circuit impedance of the feeding transformer in
addition to the stator resistance and line filter. Other impedances usually have negligible
effects on grid stability.

Figure 4. (a) Equivalent circuit. (b) Phasor diagram.
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The active and reactive power components flowing to the grid depend mainly on the
voltage amplitudes on both sides, the voltage angle δV between inverter and grid voltage
and the resulting longitudinal impedance. Typically, the voltage angle is small so that
the approximations sin δV ' δV and cosδV ' 1 can be applied. In addition, the resistive
component of the resulting filter impedance is small compared to the inductive component.
As a result, using per unit quantities, the power relations are given by

p ≈ vG
vsc

(vs · δV) =
vG
vsc

(ωsψs · δV), q ≈ vG
vsc

(vs − vG) =
vG
vsc

(ωsψs − vG), (5)

where p and q represent the active and reactive power in per unit, respectively; vsc
represents the relative s/c voltage drop of the filter impedance; vs and vG denote the
magnitude of stator and line voltage in per unit, respectively; ψs represents the per unit
stator flux magnitude; δV represent the angle between stator and line voltage phasors. These
equations form the basics of grid control on a transmission level with high X/R values,
where the active power p mainly depends on the voltage angle δV , and the reactive power
q is mainly determined by the voltage amplitude difference and thus on the magnitude of
stator flux. Both equations are well decoupled as long as the resistive component of the
resulting impedance can be neglected, which is usually the case for transmission lines with
typically high X/R ratios.

The primary control of conventional power plants with synchronous generators apply
an active power dependent droop control for frequency and a voltage magnitude droop
control depending on the reactive power. Depending on the type of power plant, the slope
of the frequency droop is typically in the range of 2. . . 6%, see Figure 5a.

Figure 5. (a) Droop control of frequency. (b) Droop control of voltage or stator flux magnitude.

This droop control of frequency causes good load sharing according to their p-f-curve
and ensures inherent synchronism of the generators. Each power plant delivers the amount
of active power according to its individual p-f-curve at the stationary condition. Using
proper filter elements and tracking the p-f-curve by a secondary control, the dynamic
behavior and load sharing can be controlled safely with regard to the specific type of power
plant and the overall control objective.

In practice, a change in grid frequency greater than 100 mHz is only observed in very
rare cases in the European grid. Thus, the corresponding power changes are usually less
than 4% due to primary control. The aim is to maintain this grid’s stabilizing feature
by controlling the DFIG accordingly. The droop control generates set-point values for
frequency and stator flux amplitude. Under some conditions, this implementation can be
shown to provide a similar dynamic behavior to a virtual synchronous machine [25]. The
goal is not to reproduce the synchronous generator in all details but to extract its essential
properties for grid stability.
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2.1.1. Frequency Control

In [5,26,27], it has been proposed to extend the basic concept of frequency droop
control by an additional phase intervention, which feeds the power error directly onto the
voltage phase angle, see Figure 6. In principle, this corresponds to a differential intervention
of the active power error to the frequency. The analytical gains design for this structure has
been discussed in [28]:

kφ = 2π · k f · f0 · Tp, f il

where the closed loop transfer function results in

Gc(s) =
1

1 + s vsc
k f ·2π f0

. (6)

−
∆p

kf

Frequency droop
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+
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1
1+sTpfil

pref,pu,fil

Figure 6. Enhanced Frequency control with phase intervention.

The additional feedforward path onto the voltage phase enables excellent damping,
independent of the selected active power filter time constant. Thus, the slope k f of the
frequency droop can be set similarly to those in conventional power plants maintaining a
well-damped system response. Using this design, the response time is typically very fast,
much less than 100 ms. By means of an additional set-point filter, the desired overall time
constant can be increased to a desired value with respect to the targeted frequency inertia.

2.1.2. Stator Flux Magnitude Control

According to Equation (5), the difference in voltage magnitudes of the stator and grid
is proportional to the reactive power. In order to stabilize the grid voltage to a desired
value, the amount of reactive power will be set as a function of the grid voltage, see
Figure 5b. Instead of directly controlling the stator voltage magnitude, the desired stator
flux magnitude can be adjusted accordingly. At constant frequency, the stator flux control
will also yield a constant voltage magnitude neglecting the typically small voltage drop
at the stator resistance. The stator flux amplitude is adjusted depending on the reactive
power supplied to the grid, see Figure 7.

kΨ
qact,pu

+

Ψs0

1
1+sTqfil

qact,pu,fil
Ψs

Figure 7. Adjustment of stator flux magnitude.

Thus, operating the DFIG like a voltage source or synchronous generator with
adjustable frequency, phase and amplitude, the generator inherently gives ancillary grid
services, such as frequency and voltage support. On a grid frequency change, the generator
will immediately respond with a corresponding change in active power, and on a voltage
sag, the generator will immediately increase the reactive power. In addition, it ensures
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adequate sharing of active and reactive power among multiple feeding power plants. These
important properties are to be maintained by modern control strategies for DFIG in order
to ensure grid stability with the future increase in renewable energy sources.

3. Experimental Validation of the Control Scheme

The test bench, see Figure 8, consists of a back-to-back 10 kVA inverter with corresponding
LCL-filters, a grid representation and a fault branch [29]. The impedances of the grid and
the fault branch can be changed in a wide range. With the help of contactors Q1... Q3, an
islanding event and dynamic changes of transmission impedances can be realized. The
parameters of the test bench have been chosen as to emulate a real 3 MW wind power
plant with typical pu values for filter and grid impedances, switching frequency and
filter resonance frequencies of LCL-filters. Since low-power transformers usually have
lower X/R values than high-power transformers, transformers with a low short-circuit
impedance have been used, which have been artificially increased by external chokes with
low-resistive components.

Grid

LV FRT

Load

=

=

=
DFIG

Rotor side
LCL-flter

Rotor side
converter

Grid side
converter

Grid side
LCL-flter

−Q3
−Q1

−Q2

Figure 8. Single line diagram of the test bench.

The controller for the back-to-back inverter uses a 200 MHz dual core signal controller
of the type TMS320F28379D from Texas Instruments. The RSC is controlled by one core, the
GSC by the other one, and data exchange is done via on-chip shared memory. The control
algorithm of the RSC is set up in accordance to the structures shown in Figures 3, 6 and 7.
The software of the main control functions was generated by the code generation tool
from the simulation structure. The functions and tasks for inverter protection, pulse
width modulation, A/D conversion, communication and state machine were developed
separately. The system parameters are summarized in Table 1.

Table 1. System Parameters.

Symbol Parameter Value Units

f Grid frequency 50 Hz

SN Nominal apparent power 10 kVA

fT Switching frequency 1950 Hz

Tp f il Filter time constant for active power 100 ms

Tq f il Filter time constant for reactive power 100 ms

k f Frequency droop 4%

kφ Phase intervention gain 0.4 rad/pu

kψ Stator flux droop 1

fLP Cut off frequency of flux estimator 5 Hz
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In grid-tied operation, the excellent behavior of the control scheme could be verified.
Figure 9 shows the voltages and currents at the point of common coupling (PCC) when the
active power set-point changes from 50% to 100%. The rise time is about 20 ms, and the
response is well damped.

(a)

(b)

Figure 9. Load step change in grid-tied condition: (a) PCC-currents and (b) PCC-voltages.

The ability to operate at varying rotor speeds and, thereby, slips is shown in Figure 10.
The mechanical speed has been changed from 10% supersynchronous speed to 10%
subsynchronous speed within 2.5 s. Stator and rotor currents do not show any disruptive
transients during these significant speed changes.

Figure 10. Change from supersynchronous speed to subsynchromous speed.

The advantage of the proposed stator flux control is evident, especially after an
islanding event. In Figure 11, the DFIG is first connected to the grid with full power. At
4.5 s, the DFIG is disconnected from the grid and feeds a residual load of only 40%. There
are no significant transients, and the voltage at the PCC slightly rises due to the reduced
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voltage drop across the line filter, see Figure 11b. The frequency is not constant anymore in
islanded operation but varies slightly according to the implemented frequency droop.

(a)

(b)

Figure 11. Islanding event at full power: (a) PCC-currents and (b) PCC-voltages.

The system behavior at load changes in islanded mode is presented in Figure 12.
The load has been changed from 20% to 100% and back within about 650 ms. During the
full-load period, the voltage drops again slightly, but otherwise, no disruptive transients
occurred.

(a)

(b)

Figure 12. Load step change in grid-tied condition: (a) PCC currents and (b) PCC-voltages.
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4. Simulation of 3-Node Grid

To evaluate the performance of the proposed control system in a more complex
environment, a system consisting of a 3-node grid, see Figure 13, has been modeled in
Simulink®.

Figure 13. Modeled 3-node grid with 2 DFIGs.

The 3-node grid consists of a grid connection on one node and two DFIGs on the other
nodes. Both DFIGs are equally rated and parameterized, but the line impedances between
the node are different. The transmission line impedance between the two DFIGs is 0.1 pu,
and the transmission line impedances between the DFIG1/DFIG2 and the grid are 0.2 pu
and 0.3 pu, respectively. A load with 1.0 pu is connected to the grid and a load of 0.5 pu is
connected to the DFIG2, while DFIG1 has no load connected directly. The simulation is
carried out as a full EMT simulation, and the result is shown in Figure 14.

Figure 14. Simulation results of grid-forming operation in a 3-node grid: (a) active power. (b) reactive power, (c) voltage
magnitudes and (d) frequency.

When the simulation commences, both DFIGs are in idle mode, i.e., all the power
for both the loads is supplied by the grid. At t = 0.5 s, the reference power for DFIG1 is
ramped up to 0.75 pu within 200 ms. The power drawn from the grid reduces accordingly.
The voltage at DFIG1 is increased due to the flux droop. During the rise time of active
power, the frequency is increased slightly in order to build up the proper voltage angle and
decays back to the grid frequency. At t = 0.9 s, the power reference of DFIG2 is ramped
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up to 0.75 pu. As a result, the active power drawn from the grid decays to almost zero. At
t = 1.2 s, the grid is disconnected from the node, and the DFIGs supply the residual grid
consisting of three transmission lines and two loads alone. From now on, the frequency is
no more fixed, and both rise according to their p-f curves. The node voltages decrease after
islanding because of missing reactive power from the grid. After islanding, the DFIGs show
effective active and reactive power sharing despite significant asymmetries in the network
transmission lines. The simulation has proven that the proposed stator flux control is well
suited for grid-tied operation as well as for islanding events or island operation.

5. Conclusions and Future Work

It has been shown that wind energy plants equipped with doubly fed induction
generators can achieve excellent grid forming and grid supporting behavior using stator
flux control with droops for frequency and magnitude. The main control scheme is
applicable for grid-tied operation as well as for islanded operation. In many aspects,
the system behaves like a conventional power plant. The experimental validation has
confirmed the concept. The achieved system dynamics are satisfactory and show no
disruptive transients. Future work will cover the integration with other producers into a
dynamic virtual power plant (DVPP) as well as the system response to symmetrical and
asymmetrical grid faults.
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