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Control, Operation, and Stability Characteristics of 
Grid-Forming Type III Wind Turbines

Shahil Shah   and   Vahan Gevorgian
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Abstract—This paper explores the control, operation, and 
stability characteristics of grid-forming Type III wind turbines. 
The paper shows that the grid-forming operation mode requires 
the redesign of only the slower control loops for active and 
reactive power control, whereas the faster current control imple-
mentation can stay the same as grid-following wind turbines. The 
paper also shows that the operation of a wind turbine in the grid-
forming mode results in higher mechanical stress because of the 
slower speed of the active power control. The paper compares the 
stability characteristics of the grid-forming and grid-following 
operation modes of Type III turbines by comparing the sequence 
impedance responses for both operation modes. It is found that 
the grid-forming operation mode substantially reduces the risks 
of subsynchronous oscillations between Type III wind turbines 
and series-compensated transmission lines. Moreover, the grid-
forming Type III wind turbines can operate stably with 
extremely weak grids. The findings of this paper are demon-
strated using PSCAD simulations of a 2.5-MW Type III wind 
turbine operating in grid-forming and grid-following modes. 
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RODUCTION

Synchronous generators have served as the bedrock of electric 
power systems by providing voltage and angle stability at the 
fundamental frequency. They “form” the grid by acting as 
voltage sources and ensure that the frequency and magnitude of 
voltages at different nodes stay within a tolerable range of their 
nominal values. On the other hand, inverter-based resources 
(IBRs), such as wind and PV generators, operate in grid-
following (GFL) mode by behaving as a current source feeding 
into the grid. Many studies, however, have identified that at least 
a portion of IBRs must operate in grid-forming (GFM) mode as 
their penetration increases to higher levels, reaching 100% [1].

Several installations of GFM inverter-based battery energy 
storage systems have been commissioned for microgrid and 
island applications [2], and a few are also integrated into bulk 
power system applications [3], [4]. GFM control of PV inverters 

and wind turbines is more difficult than that of storage inverters 
because of the lack of dispatchability in these resources. The 
implementation of GFM control in wind turbines is even more 
challenging than in PV inverters because of the complex 
dynamics of rotating generators and the aerodynamics of wind 
turbine rotors. Siemens Gamesa recently operated a small wind 
power plant with several 3.2-MW Type IV wind turbines 
operating in GFM mode using droop-based voltage and 
frequency control [5], [6]; however, there is very little infor-
mation available on the operation of doubly-fed induction 
generator (DFIG) based Type III wind turbines in GFM mode. 
Type III wind turbines have a comparable share as Type IV wind 
turbines in terms of installed capacity, and they are preferred for 
land-based wind power plants; hence, it is important to evaluate 
the GFM operation mode for Type III wind turbines.

The electrical controls of Type III wind turbines operating in 
GFM mode are expected to be significantly more complex than 
those of Type IV wind turbines because the generator is directly 
connected to the grid, which basically requires the operation of 
the induction generator as a voltage source, similar to a 
synchronous generator. In addition to control, it is important to 
evaluate the operational characteristics of GFM wind turbines, 
which include addressing the following:

1) Whether the operation of a Type III wind turbine in GFM 
mode will increase the mechanical stress on the turbine

2) Whether the GFM operation will affect the average power 
production from the wind turbine

3) Whether additional storage and/or changes to the 
mechanical pitch control are required for the GFM mode; 
and

4) Whether the turbine can operate in maximum power point 
tracking (MPPT) mode or it must be operated with some 
curtailment.

Existing wind power plants using GFL wind turbines are 
prone to low-frequency stability problems when they operate 
under weak grid conditions [7], [8]. Moreover, wind power plants 
using GFL Type III wind turbines are also prone to SSO when 
they operate in close proximity of series-compensated trans-
mission lines [9]. Hence, it is important to evaluate the stability 
characteristics of GFM Type III wind turbines to understand how 
they will perform with weaker grids and series-compensated 
transmission lines.

This paper explores these aspects of GFM Type III wind 
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turbines. The paper first describes the control methods for 
realizing GFM capability in Type III turbines. It is shown that 
only the slower control loops need to be redesigned for the GFM 
control of Type III turbines. On the operational characteristics, 
the paper shows that the speed of the active power control of 
GFM turbines is slower than that of GFL turbines; this results in 
increased mechanical stress and could affect the annual power 
production from the turbine. These effects, however, can be 
mitigated to some extent using advanced pitch control. Finally, 
the stability characteristics of the GFM mode are compared with 
those of the GFL mode by comparing the sequence impedance 
responses of a Type III wind turbine for both operation modes. It 
is found that GFM Type III wind turbines have substantially 
lower risk of experiencing SSO problems than GFL Type III 
wind turbines. Moreover, the GFM mode allows stable operation 
of wind turbines with extremely weak grids; there might be 
stability issues, however, for operation with very strong grids. 

The rest of the paper is organized as follows: Section II 
presents control methods for operating Type III wind turbines in 
the GFM mode. Section III and IV, respectively, discuss the 
operational and stability characteristics of GFM Type III wind 
turbines. Section V presents conclusions of this paper.

II.  TURBINE CONTROL FOR GFL AND GFM MODES

In the GFM mode, the turbine should behave as a voltage 
source and stay synchronized with the grid during small distur-
bances. The control methods for operating a DFIG-based Type 
III wind turbine as a voltage source can be classified broadly into 
two categories: vector control methods [10]–[12] and scalar 
control methods [13], [14]. Vector control methods are preferred 
for controlling DFIGs because of their superior performance and 
ability to ride-through fault events.

A.   Vector Current Control of DFIG
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Fig. 1. DFIG-based Type III wind turbine with vector current control of RSC and GSC.

g. 1 shows a DFIG with vector current control implemented 
in the back-to-back converters. The same implementation is used 
for the GFM and GFL operation modes. The d- and q-axis refer-
ences for the grid-side converter (GSC) output currents, igd and 
igq, are derived, respectively, from the dc bus voltage and reactive 
power control loops. The q-axis reference, igq, in Fig. 1 is fixed at 
zero by assuming that no reactive power is supplied by the GSC. 
The grid voltage angle for the dq current control of the GSC is 
obtained using a phase-locked loop (PLL) for the GFL operation 
mode. The GFM operation mode can also use a PLL for the dq 
current control of the GSC because the main function of the GSC 
is to regulate the dc bus voltage, and its control does not influence 
the GFL or GFM behavior of the turbine. On the contrary, the 
outer control loops of the rotor-side converter (RSC) and the way 
the rotating reference frame for the vector control of the RSC is 
defined are key for operating the turbine in either the GFL or 
GFM operation modes.

B.   RSC Control for GFL Mode

The outer control loops of the RSC for the GFL operation 
mode are shown in Fig. 2. The d- and q-axis references for the 
rotor currents, ird and irq, are obtained, respectively, from the 
active and reactive power control loops; this basically shows that 
the turbine will behave as a current source for controlling its 
power output. The angle of the rotating dq reference frame, with 
respect to the rotor winding axis, used for the vector control of the 
RSC is obtained using the PLL output, PLL, and the rotor 
position with respect to the stator winding axis, m:

r PLL m–= (1)
This report is available at no cost from the National Renewable Energy Laboratory at www.nrel.gov/publications.

2



Fig. 2. Outer control loops of the RSC for GFL operation mode.
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nizing the induction generator output currents with the grid 
voltages. 

C.   RSC Control for GFM Mode
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Fig. 3. Outer control loops of the RSC for GFM operation mode: a) active 
power control through stator frequency control, b) reactive power control through 
stator voltage magnitude control, c) position of dq reference frame for vector 
control of the RSC with respect to the stator windings axis, s, and rotor windings 
axis, r, d) d- and q-axis components of stator currents, e) reference for the q-axis 
component of the rotor currents, and f) reference for the d-axis component of the 
rotor currents.
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g. 3 shows the outer control loops of the RSC for operating a 
Type III wind turbine in GFM mode. It is evident that the control 
implementation is much more complicated for the GFM 
operation mode. As shown in Fig. 3a) and b), the active and 
reactive power control loops generate, respectively, the reference 
for the frequency, s, and magnitude, vm, of voltages at the stator 
terminals; hence, in GFM mode, the turbine will behave as a 
voltage source for controlling its power output.

For controlling the frequency of stator voltages, as shown in 
Fig. 3c), the stator frequency reference, s,ref, is used to generate 
angle, r, of the rotating reference frame used for the vector 
current control of the RSC shown in Fig. 1. Note that the angle r
of the control reference frame is with respect to the rotor 
windings axis, which is also rotating at mechanical speed m rad/
s. The purpose of using r that is derived from s,ref is to control 
the frequency of the rotor currents such that the frequency of the 
stator voltages will track the reference s,ref. Note that, unlike the 
GFL mode, which uses a PLL for obtaining r, the GFM mode 
uses an internal frequency reference for deriving r. 

For controlling the magnitude of stator voltages, as shown in 
Fig. 3b), the voltage control compensator Hvm(s) generates 
reference for the magnetizing current of the induction generator, 
ism, depending on the error between the reference and 
measurement of the stator voltage magnitude: vm,ref and vm, 
respectively. Basically the stator voltage magnitude is controlled 
by regulating the magnetic flux linking the stator windings. The 
magnetizing current of the induction generator, ism, is not directly 
measurable, but its reference can be used for developing 
reference for the q-axis component of the rotor currents, irq, as 
follows:

The d- and q-axis components of the stator flux in the rotating 
reference frame used for the vector control of the RSC can be 

written in terms of the stator and rotor current components as:

sd L– sisd Lmird+=

sq L– sisq Lmirq+=
(2)

Moreover, the stator voltage equation in the rotating reference 
frame can be written as [15]:

vsd R– sisd

dsd

dt
----------- ssq–+=

vsq R– sisq

dsq

dt
----------- ssd+ +=

(3)

The negative sign in front of the terms containing isd and isq in (2) 
and (3) is because of the source convention used for the stator 
currents in Fig. 1. For voltage-oriented control of the DFIG [15], 
the q-axis component of stator voltage, vsq, is zero in steady-state. 
Based on (3), this implies that the d-axis component of the stator 
flux, sd, should be zero in steady-state if the voltage drop across 
the stator winding resistance, Rs, is negligible. Similarly, the q-
axis component of the stator flux in steady state can be obtained 
by using (3) and ignoring the voltage drop across the stator 
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winding resistance. The steady-state values of the d- and q-axis 
components of the stator flux for voltage-oriented control are 
given by [15]:

sd 0=  and sq

V1

s
------–= (4)

where V1 is the steady-state value of vsd, and it is the same as the 
amplitude of the phase voltages at the stator terminals.

The stator flux can be related with the magnetizing current, 
ism, and the dq-axis components of the stator currents using (2) as 
follows:

sq L– mism L– sisq Lmirq+= = (5)

Again, the negative signs in (5) are because the source 
convention is used for the stator currents. Eq. (5) is used to derive 
reference for irq in Fig. 3e) based on the reference for the magne-
tizing current, ism, as follows:

irq,ref ism,ref–
Ls

Lm
------isq+= (6)

It is important for the above described control method for 
regulating the frequency and magnitude of voltages at the 
generator terminals that the rotating reference frame used for 
vector control is locked with the stator voltages. As shown in (4), 
the d-axis component of the stator flux, sd, must be zero for the 
reference frame aligned with the stator voltages. Hence, based on 
(2), the rotating reference frame can be locked with the stator 
voltages by regulating the d-axis component of the rotor currents 
to follow the reference:

ird,ref

Ls

Lm
------ isd= (7)

To derive the d- and q-axis references for the rotor currents 
using (6) and (7), we need to obtain the dq-axis components of 
the stator currents, isd and isq. They are obtained using Park’s 
transformation as shown in Fig. 3d). The angle of the rotating 
reference frame with respect to the stator windings axis, s, 
required for implementing the Park’s transformation, is obtained 
from the frequency reference, s,ref, as shown in Fig. 3c).

The active and reactive power controllers, Hp(s) and Hq(s), 
respectively in Fig. 3a) and b), can be implemented using propor-
tional (P), integral (I), or proportional + integral (PI) control. The 
proportional control is equivalent to the droop control used in 
synchronous generators. With the proportional control, the error 
between the active and reactive power references and the actual 
power output of the turbine will be zero in steady state if the 
frequency and magnitude of grid voltages are fixed at the 
nominal values. On the other hand, the GFM turbine will provide 
primary frequency and voltage response by modulating its active 
and reactive power output whenever the frequency and 
magnitude of grid voltages move away from their nominal 
values. Note that a headroom is required for the wind turbine to 
provide primary frequency response by operating it at an off-

MPPT power level; one method to maintain active power reserve 
is to use a de-loading curve instead of the MPPT curve for gener-
ating the active power reference depending on the rotor speed 
[11]. Unlike the proportional control, there will not be any 
steady-state errors between the active and reactive power refer-
ences and the actual power output of the turbine, irrespective of 
the frequency and magnitude of grid voltages; hence, the GFM 
turbine will exactly follow its active and reactive power 
commands in steady state. However, it must be ensured that the 
active power reference is not higher than the maximum available 
power to avoid stability problems; such operation even during a 
transient condition can destabilize the wind turbine.

D.   Pitch Control and Aerodynamics

The pitch control and aerodynamics of the wind turbine are 
kept the same for the GFL and GFM modes for comparison. The 
aerodynamics of the wind turbine are modeled based on a GE 
report on wind turbine modeling for power system studies [16]. 
The pitch control ensures that the wind turbine speed does not 
exceed 1.2 p.u.; it gets activated whenever the turbine speed starts 
increasing beyond 1.2 p.u., and it returns the rotor speed to 1.2 
p.u. by increasing the pitch of the wind turbine blades. The pitch 
angle range is from 0o to 25o. The pitch angle stays at 0o if the 
wind turbine rotor speed is less than 1.2 p.u., enabling the wind 
turbine to extract maximum power from the wind. Implemen-
tation of the aerodynamic model, MPPT control, and pitch 
control of the wind turbine in PSCAD is borrowed from [17].

III.  TURBINE OPERATION IN GFL AND GFM MODES

This section compares the operational characteristics of GFL 
and GFM modes using PSCAD simulations of a 2.5-MW Type 
III wind turbine. The RSC and GSC controls are implemented for 
both the GFL and GFM modes as described in the previous 
section. Fig. 4 shows the response of the wind turbine for the 
GFL and GFM modes when the wind speed is suddenly 
increased from 5 to 12 m/s at t = 10 s. As shown, for both the 
operation modes, the turbine responds to the change in the wind 
speed, and its power output increases from 0.4 MW to the rated 
level of 2.5 MW. However, the turbine reacts faster in the GFL 
mode, and its active power output quickly increases to 2.5-MW 
level. Moreover, as soon as the power output of the GFL turbine 
reaches 2.5 MW, it settles to the final value with minimum 
overshoot. Because the turbine operates as a current source in the 
GFL mode, its current output is quickly controlled to minimize 
overshoot beyond the rated power level. On the other hand, the 
power output of the turbine in the GFM mode increases at a 
slower rate than that of the GFL mode, and the turbine also 
experiences some overshoot. This is because the active power 
output of the turbine in the GFM mode is controlled by 
modulating the frequency of the stator voltages, which is an 
indirect control, and its response speed is also affected by the 
inertia of the induction generator.

As shown in Fig. 4, because the output power of the turbine in 
the GFM mode increases at a slower rate during a sudden jump in 
This report is available at no cost from the National Renewable Energy Laboratory at www.nrel.gov/publications.
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 Fig. 4. Response of a 2.5-MW Type III wind turbine to a sudden change in 
wind speed from 5 to 12 m/s at t = 10 s for GFL and GFM operation modes.
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the wind speed, the speed of the rotor will increase at a faster rate 
in the GFM mode because of the higher mismatch in the 
available aerodynamic power in the wind and the electrical power 
output of the turbine. Because of this, the pitch control of the 
turbine gets activated sooner in the GFM mode than in the GFL 
mode. The pair of traces in the bottom-most plot in Fig. 4 show 
that the mismatch between the aerodynamic power and the 
turbine power output increases to a higher value in the GFM 
mode than the GFL mode before it settles back to zero after the 
pitch control brings down the aerodynamic power.

This discussion shows that a wind turbine will face higher 
mechanical stress or a mismatch in the aerodynamic power and 
the turbine power output during transient conditions when it is 
operated in the GFM mode. This could impact the life of the wind 
turbine when it is operated in the GFM mode, but the quantifi-
cation of this impact requires further investigation. It can also be 
inferred from the pitch angle response in Fig. 4 that the speed of 
the pitch control does not affect the additional mechanical stress 
faced by the wind turbine in the GFM mode; the pitch control 
reacts only after the wind turbine speed has reached the upper 
limit—1.2 p.u. in this case. The pitch control can be designed to 
respond to the power mismatch in addition to the turbine speed to 
reduce the power mismatch and hence the mechanical stress on 
the turbine during transient conditions. There might be 
challenges, however, in estimating the power mismatch in real-
time and such advanced pitch control might also reduce the 
power production from the wind turbine.

IV.  STABILI

1 Hz 10 Hz 100 Hz 1000 Hz
200

100

0

100

200
1 Hz 10 Hz 100 Hz 1000 Hz
0

20

40

60

80

Fig. 5. Comparison of the positive-sequence impedance response, Zp(s), of a 
2.5-MW Type III wind turbine for operation in GFM and GFL control modes. 
GFM mode: blue lines with triangles (simulations); GFL mode: black lines with 
circles (simulations) and red solid lines (analytical model).
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TY OF GRID-FORMING TYPE III TURBINES

A.   Subsynchronous Oscillations

Impedance-based methods have proven effective for evalu-
ating the stability of IBRs under different grid conditions and 
their impact on the stability of bulk power systems, mainly 
because they do not depend on white-box models of IBRs [18]. 
Fig. 5 compares the positive-sequence impedance response of the 
2.5-MW Type III wind turbine when it is operated in GFM and 
GFL modes. Note that the phase response of the impedance in 
Fig. 5 for the GFL mode is higher than +90o at subsynchronous 
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Fig. 6. Comparison of the positive-sequence impedance response of a 2.5-MW 
Type III wind turbine operating in GFM and GFL control modes with the 
impedance of the grid at its terminals, Zg(s). The grid consists of a series-com-
pensated line with 20% compensations.
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frequencies; this signifies negative resistance or damping at 
subsynchronous frequencies, which could result in SSO when the 
a wind power plant with such turbines supplies directly to a 
series-compensated transmission line. On the other hand, Fig. 5 
shows that for the same physical design, pitch control, and 
aerodynamics, the turbine does not exhibit negative resistance or 

damping at subsynchronous frequencies when it is operated in the 
GFM mode. This shows that Type III wind turbines are less 
likely to experience SSO problems when they are operated in the 
GFM mode. Fig. 6 compares the positive-sequence impedance 
response of the 2.5-MW wind turbine when it is operated in GFM 
and GFL modes with the impedance response of the grid with a 
series-compensated transmission line with 20% compensation. 
Following the principles of the impedance-based stability 
analysis [18], [19], it can be inferred from Fig. 6 that the turbine 
forms an unstable subsynchronous resonance (SSR) mode at 8 
Hz with the series-compensated transmission line when it is 
operated in the GFL mode. On the other hand, the turbine forms a 
stable SSR mode at 10 Hz when it is operated in the GFM mode. 
Indeed, PSCAD simulations of the turbine shown in Fig. 7 
confirm that its operation in the GFL mode with a series-compen-
sated line will result in SSO, whereas it will operate stably with 
the series-compensated line when it is operated in the GFM 
mode. Fig. 5 also shows the impedance response of the 2.5-MW 
turbine for the GFL operation mode obtained using a mathe-
matical model presented in [9]. We will develop a similar model 
for the sequence impedance of Type III wind turbines for 
operation in the GFM mode; it will explain the fundamental 
factors that make GFM Type III wind turbines less likely to 
experience the SSO problems with series-compensated trans-
mission lines.

B.   Impac

Fig. 8. Output power of a 2.5-MW Type III wind turbine operating in the GFM 
mode during a sudden change in wind speed from 5 to 12 m/s at t = 30 s. Grid 
SCR is 4 (weak grid) for the upper trace and it is 8 (strong grid) for the lower 
trace.
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Fig. 8 shows the active power output of the 2.5-MW wind 
turbine during a sudden change in wind speed from 5 to 12 m/s 
when it is operated in the GFM mode for two different grid 
conditions. The simulations are performed for two different 
values of grid strength: first when the grid short-circuit ratio 
(SCR) is 4 and second when it is 8. It is evident that the GFM 
This report is available at no cost from the National Renewable Energy Laboratory at www.nrel.gov/publications.
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turbine becomes unstable for the stronger grid. On the other hand, 
the GFM turbine operates stably when the grid is weaker with the 
SCR of 4. In fact, we have seen in PSCAD simulation studies that 
the GFM turbine can operate stably with an extremely weak grid 
and that it can also operate in stand-alone mode and supply local 
loads. This is because of the voltage source behavior of the GFM 
turbine. Because of its voltage source characteristics, GFM wind 
turbines require a certain amount of impedance between the wind 
plant and the grid. The stability problem with GFM wind turbines 
appears only for very strong grids, and it can be easily avoided by 
inserting reactors in front of the turbines or using high-impedance 
turbine transformers to maintain a certain grid impedance under 
all operating conditions.

V.  CONCLUSION

In this paper, we presented the control, operation, and stability 
characteristics of GFM Type III wind turbines and compared 
them with the standard GFL Type III wind turbines. The paper 
showed that the GFM mode can use the same pitch control and 
vector control current as the GFL turbine; the GFM mode is 
implemented through slower outer control loops that regulate the 
active and reactive power output of the turbine by modulating, 
respectively, the frequency and magnitude of voltages at the 
generator terminals. The paper showed that the speed of the 
active power control is slower in the GFM operation mode, 
which could result in increased mechanical stress on the turbine 
than a similar GFL turbine. The impact of more mechanical stress 
on the life of the turbine, mitigation solutions, and their potential 
impact on average power production requires further investi-
gation. By comparing the positive-sequence impedance response 
of a Type III wind turbine for operation in the GFL and GFM 
modes, the paper showed that a GFM Type III wind turbine is 
less likely to suffer from SSO problems when it is operated with 
series-compensated transmission lines. The paper also showed 
that GFM wind turbines can operate stably with extremely weak 
grids, but they may experience low-frequency stability problems 
under very strong grid conditions. This behavior is opposite to the 
GFL wind turbines, which are prone to low-frequency oscilla-
tions during operation with weaker grids.
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