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Transient Modeling and Postfault Stability Analysis of GFM-DFIG Considering
Rotor-Side Current Limitation

Ling Zhan
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Abstract—This letter establishes transient models of current-
limited grid-forming doubly fed induction generator (GFM-DFIG)
that incorporate the dynamics of the voltage controller. Based on
the switching logic between normal operation and current lim-
itation, the impact of the saturated current angle on the tran-
sient performance of the system is revealed. Theoretical analysis
and experimental results demonstrate that GFM-DFIG exhibits
three distinct transient behaviors after fault clearance, including
withdrawal of current limitation, high-frequency oscillations, and
remaining locked in saturation, which guide the selection of current
limiting parameters.

Index Terms—Current limitation, fault recovery, grid-forming
doubly fed induction generator (GFM-DFIG), transient stability.

1. INTRODUCTION

S THE penetration of renewable energy sources continues
A to increase, the global installed capacity of wind turbines
is experiencing rapid expansion [1], [2]. This paradigm change
requires the implementation of grid-forming (GFM) strategies
by doubly fed induction generators (DFIGs) to support the
frequency and voltage of the power grid [3], [4].

Recently, transient stability of GFM units under large dis-
turbances has received widespread attention. Li et al. [5] ana-
lyzed the mechanism by which improper controller parameters
lead to transient instability in GFM-DFIG. An improved hy-
brid synchronization method is then proposed to enhance the
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stable equilibrium point (SEP) and transient damping of the
system. However, the study assumes that the rotor-side current
of the DFIG is always within the maximum permissible range,
which may lead to an overly optimistic assessment of transient
performance.

Due to the voltage source characteristics of GFM-DFIG, it is
crucial to select an appropriate current limitation algorithm for
protecting the rotor-side converter (RSC) during contingencies.
The application of current limiters can effectively restrict fault
currents, as the current controllers in GFM devices are typically
designed for rapid command tracking [4], [5]. Compared to
the circular limiter [4], the priority-based limiter [6], [7] has
an additional degree of freedom in the saturated current angle
(SCA), allowing for more flexible parameter configurations.
Moreover, its ability to adjust the ratio of dg-axis current during
fault conditions is also recommended by IEEE P2800 [8].

Since the priority-based limiter is consistently triggered dur-
ing severe faults, further investigation is required to assess
whether the system can restore normal operation with guaran-
teed transient stability after fault clearance. Previous research
has conducted extensive studies on the postfault behavior of
voltage source converters (VSCs). Huang et al. [6] revealed
the instability mechanism of a GFM-VSC equipped with d-axis
priority-based limiter after fault restoration. Fan and Wang [7]
illustrated the impact of short-circuit ratios and current limiter
parameters on the fault recovery process of a GFM-VSC. Further
efforts focus on optimizing the SCA to increase the critical
clearing time of the system [9], and identifies the current sat-
uration procedure in GFM-type IV wind turbines caused by the
priority-based limiter [10].

While the above studies provide valuable insights for under-
standing the impacts of the limiter, the unique characteristics of
the DFIG system necessitate a separate investigation. When a
priority-based limiter is applied in GFM-DFIG, the main differ-
ence lies in that the output of the RSC is the rotor voltage, while
it performs the GFM function on the stator side. In other words,
an asynchronous machine acts as an intermediary between the
control objective and its implementation. This inherent machine
dynamics and the coupling between rotor voltage control and
stator GFM capability introduce unique challenges compared
to VSC implementations. To address this gap, the dynamics of
the voltage controller need to be considered to fully analyze the


https://orcid.org/0009-0008-6539-8247
https://orcid.org/0000-0003-3286-4607
https://orcid.org/0009-0009-5212-9352
https://orcid.org/0000-0003-2036-6328
https://orcid.org/0000-0003-4816-084X
https://orcid.org/0000-0002-6535-2221
mailto:zhanling@zju.edu.cn
mailto:binhuee@zju.edu.cn
mailto:12110058@zju.edu.cn
mailto:nianheng@zju.edu.cn
mailto:nianheng@zju.edu.cn
mailto:qidl@zju.edu.cn
mailto:zhaozhijian@windeyenergy.com
mailto:21410077@zju.edu.cn
https://doi.org/10.1109/TPEL.2025.3568597

11980

il =0,
Current [©
controller| s
/

GSC L ) o e T ':
Lgabe
Vs i _I @M_# | kaLL+k7PLL/s |
I |
w, |
|
RSC .
[ m 5 b @
umbcl l'm/mi imbcl
PWM Stator Side/Rotor Side
Park Transformation
dy|

rdg

v i
P l rdq

Current | i |
controller L

Priority limiter ~ Voltage controller

Fig. 1.  System block diagram of GFM-DFIG during the transient process.

transient performance of GFM-DFIG, which is fundamentally
different from that of a VSC. And the interplay between the
generator, the voltage controller, and the current limiter has not
been sufficiently studied.

To that end, this letter develops transient models of GFM-
DFIG considering rotor-side current limitation under different
operating conditions. The postfault behavior of the system under
various controller parameters is revealed, which includes with-
drawal of current limitation, high-frequency oscillations, and
remaining locked in saturation. Finally, theoretical analysis is
validated through experimental tests.

II. CURRENT-LIMITED GFM-DFIG

Fig. 1 presents the block diagram of a current-limited GFM-
DFIG during the transient process. Since the grid-side converter
(GSC) operates on a fast time scale with grid-following control,
it can promptly transmit the slip power fluctuations from the
RSC, ensuring the input—output balance in the dc link. Therefore,
this letter simplifies the analysis by replacing the GSC with
a constant dc voltage source Vgc [S], [11]. vgabe and ugabe
represent the grid voltage and stator voltage, respectively, while
isabe and i ,pc denote the stator and rotor currents. P signifies
the active power output. Reference angle 6" and slip angle Ostip
calculated from the power controller are used for coordinate
transformation of stator-side and rotor-side variables, respec-
tively. To achieve the primary objective of voltage restoration
after the fault and to ensure a smooth transition of the control
strategy, this letter selects a constant voltage magnitude refer-
ence to implement reactive power regulation during the transient
process [4], [7]. The specific circuit and controller parameters
are provided in Table I.

The voltage controller is designed based on the DFIG stator
voltage equation in the dg-frame. The feedforward from voltage

reference ugif] is added to the proportional-integral (PI) regulator
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TABLE I
SYSTEM AND CONTROLLER PARAMETERS

PARAMETER Value PARAMETER Value
Ve, Grid voltage 563V w1, Rated angular frequency 1007 rad/s
P, Power reference 2.75 MW Lg, Grid inductance 0.25 p.u.
K., Turn ratio 0.35 Ly, Stator inductance 6.35 p.u.
np, Pairs of poles 2 L, Rotor inductance 6.53 p.u.
Rs, Stator resistance 0.01 p.u. Ln, Magnetizing inductance 6.17 p.u.
Ry, Rotor resistance 0.01 p.u. E, Voltage reference 1pu
R,, Virtual resistance 0 Ly, Virtual inductance 0.1 p.u.
K, Droop gain 0.01 p.u. I'max, Maximum current 1.5 p.u.

that eliminates the voltage deviation, and its output represents
the reference stator flux linkage 1"

After the voltage loop, a commonly utilized priority-based
limiter is cascaded to restrict the magnitude of RSC output
current, which can be expressed as

sref ref
%ref _ Zigq HZIEQ ’ S Imax
rdq — . s

Imaxejcp HZ:SEJH > Imax

e))

where i;gf] and %{32 are the outputs of the voltage controller and

current limiter, respectively. ¢ denotes the SCA.

For the transient saturation phenomenon that may occur dur-
ing faults, it is assumed that its impact can be addressed through
standard compensation techniques or hardware protection, and
the detailed dynamics of these phenomena have a minimal effect
on the fault recovery characteristics of GFM-DFIG. Therefore,
this letter does not include a detailed model for RSC saturation,
which is also a common practice in existing literature on DFIG
low voltage ride through [11], [12].

III. TRANSIENT MODELING

While steady-state models, such as the T-equivalent circuit,
can represent the DFIG during stable operation, they fail to
adequately capture the complex characteristics during transient
process, including the interactions between machine dynamics,
voltage controllers, and current limiters. Therefore, transient
models of GFM-DFIG under both normal operation and current
limiting conditions will be established in this section.

During normal operation, the introduction of the feedforward
term uggg results in the output of the voltage PI regulator being
approximately zero, as it merely serves to mitigate the impacts
of modeling errors. To prevent wind-up in fault periods, the
integral coefficient of the voltage loop is set to zero when the
current limiter is triggered [4], [7]. Such a control scheme can
reduce the order of the GFM-DFIG transient model and enhance
the dynamic response capability of the system [13].

The voltage controller shown in Fig. 1 can be expressed as

ref E — Zvisdq + kpv (E - Zvisdq - usdq) + jwlLsisdq
jwle

Zrdq -
2

where Z,, = R,+jw1 L, represents the virtual impedance.
By combining the stator voltage equation of the DFIG with
Kirchhoff’s voltage equation for the grid inductance, usqq and
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Isdq in (2) can be calculated as follows:

- stgdq + jwngLmirdq

ol = Lg+ Ls 3
o — jvgdq + wleirdq
. wi(Lg + Ls)

where vgqq = V,e ™/, with power angle & defined as the phase
difference between reference voltage E and grid voltage vgqq.

Since the dominant dynamics of transient stability lie in the
low-frequency range at the electromechanical time scale, it can
be assumed that the RSC output current can always track the
command [5], [13]. Therefore, transient models of GFM-DFIG
under different operating conditions can be established.

A. Normal Operation

. . . . . o Tref o .ref
When the current limiter is not triggered, iraq = irgq = frdq

holds. Therefore, substituting (3) into (2), i;ﬁg can be recalculated
as follows:

-ref

wl(Lg + Lg)E — ijUgdq — wlstgdq
rdq — .

wle(Zv + jwng)

“

According to (1), GFM-DFIG transitions from normal oper-
ating conditions to current limiting mode, if

s 2{6 e S||ih(d)]| > Lmax)

(5
where the set S denotes the unit circle, and the expression for

if_gg is provided in (4).

B. Current Limitation

When the priority-based limiter is triggered, the following
condition is satisfied:

Z.rdq = azﬁl - nlaxejw- (6)
Substituting (3) and (6) into (2), z{fjg can be rewritten as shown
in (7), where A1 and Mo are expressed in (8)
ik =
E_)\l_kpv (LsUgdq‘f’]—WIl‘L_‘g_I[;mImaxej‘P —E+)\,1) + iLj_}f
g el g s
. (7
]OJle
_ o Zy
)\'1 - wl(LQngLs) ) (8)
Aoy = jvgdq + w1 L Inax €% .

Based on (1), GFM-DFIG switches from current limiting state
back to normal operation mode, if

0 € Qs é {5/ €S |||Z€32(5,)H < Imax}

9

where the expression for z{gg is given in (7) and (8).

Combining (3) and (6), active power output of GFM-DFIG in

current limiting state can be calculated in (10), with i34, denoting
the conjugate of the complex stator current
% Lmv Imax COS + )
-Plimiting = Re {usdqzsdq} = - (90 ) . (10)

L, + L,
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Fig. 2. (a) Transient stability of GFM-DFIG under different SCA selections.

(b) Zoomed-in view.

IV. TRANSIENT STABILITY ANALYSIS

Based on (5), (9), and (10), transient stability of current-
limited GFM-DFIG can be analyzed, as shown in Fig. 2(a).
Here, the red and blue lines represent the SEPs and unstable
equilibrium points (UEPs) of the power angle curves under
current limiting state respectively, which vary with the SCA
plotted on the y-axis. The abscissas of the purple stars represent
the positions of operating points at the instant of fault clearance,
with green arrows indicating the direction of movement in the
subsequent moment. It can be observed that between adjacent
SEPs and UEPs, § moves to the left after fault recovery since the
power angle curve is located above the active power reference. In
the remaining regions, § moves to the right after fault clearance.

Fig. 2(b) illustrates the specific movement of operating points
under different SCA selections. In Case I, § moves into the
yellow region after fault clearance, indicating 0 €25 and § &)y
holds. Therefore, GFM-DFIG can exit the current limiting state
and remain in normal operating condition, when ¢ = —0.4 rad
is applied. The pink region entered in Case 2 represents the
set §€Q2N 1, indicating that while €25 allows GFM-DFIG
to restore normal operation, §&€€); causes the output of the
voltage controller to trigger the limiter again. As a result, the
priority-based limiter introduces high-frequency oscillations in
GFM-DFIG due to repeated switching of operating modes. As
shown in Case 3, when ¢ = —1.4 rad is selected, the system sta-
bilizes at a SEP in the current limiting state before reaching the
region corresponding to €27 and 25. Consequently, GFM-DFIG
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remains locked in the saturation mode even after fault clearance.
Three different operating conditions are summarized in Table II.

V. EXPERIMENTAL VERIFICATION
A. Control Hardware-in-Loop Simulations

Simulations based on a control hardware-in-loop platform are
conducted to validate the theoretical analysis. The DFIG and
corresponding converter, as shown in Fig. 1, are simulated in
the Typhoon HIL 602+ environment with a time step of 1 pus.
The control strategies are implemented on the TMS320F28335
DSP accompanied by an field programmable gate array (FPGA)
control board. Under different SCA selections, simulation re-
sults when the grid voltage drops to 0.2 p.u. are shown in Fig. 3.

As shown in Fig. 3(a), GFM-DFIG does not exit the cur-
rent limiting state immediately upon grid voltage restoration.
This corresponds to the continuously decreasing operating point
indicated by the green arrow, as shown in Fig. 2(b), before
entering the yellow region. Subsequently, § €25 and 6 €24 hold,
allowing the system to restore normal operation and return to its
original equilibrium point. It can be observed that GFM-DFIG
achieves fault ride-through in this case with the RSC output
current effectively constrained.

Asillustrated in Fig. 3(b), the operating point enters the region
corresponding to §&€Q,N; with ¢ = —1.1 rad. Thereafter,
GFM-DFIG experiences high-frequency oscillations introduced
by the priority-based current limiter, which severely jeopardizes
transient stability of the system.
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TABLE I
SUMMARY OF DIFFERENT TRANSIENT BEHAVIORS

Case number Regions entered in Fig. 2

Post-fault behaviors in Fig. 3

1 Yellow (6€; and Q) Exit saturation mode
2 Pink (0eQ,NQ) High frequency oscillations
3 Red line (SEP in saturation state) Remain in saturation mode

As shown in Fig. 3(c), when ¢ = —1.4 rad is applied,
GFM-DFIG stabilizes at an abnormal equilibrium point in the
current limiting state before entering the region corresponding
to the exit from the saturation mode. Although DFIG system
remains synchronized with the grid, successful fault recov-
ery is prevented by the continuous activation of the current
limiter.

The variation of the system’s critical clearing time with re-
spect to the SCA is illustrated in Fig. 4. It can be observed
that a smaller SCA enhances the fault ride-through capability
of the DFIG. Therefore, to improve the transient performance
of the system while avoiding undesirable postfault behaviors, it
is advisable to select the smallest possible SCA, provided that
successful current limitation withdrawal is ensured.

B. Full Hardware Experiments

To further compare the transient performance of different
current limiters, full hardware experiments are conducted using
the experimental platform, as shown in Fig. 5. The back-to-
back converter and its associated controllers are implemented
on the Rtunit RTU-BOX206 platform, with the output from
GFM-DFIG linked to an Actionpower PRE2020S grid simulator.
Detailed experimental parameters are given in Table III.

Fig. 6 presents the experimental results of GFM-DFIG
equipped with circular limiter when the grid voltage drops to 0.5
p-u. Flag = 1 indicates normal operation, while Flag = 0 signifies
fault current limiting. As shown in Fig. 6(b), when the fault
durationis 1.4 s, the active power output of the DFIG experiences
significant fluctuations after the grid voltage is restored. It is
important to note that during the transient phase, the reverse
flow of active power may pose a risk of damaging the generator
system, which is unacceptable in practical applications [13].

TABLE III
DETAILED EXPERIMENTAL PARAMETERS

PARAMETER Value PARAMETER Value
Ve, Grid voltage 82V w1, Rated angular frequency 1007 rad/s
Pyom, Rated power 1000 W P9, Power reference 0.8 p.u.
K., Turn ratio 0.36 Ly, Stator inductance 3.49 p.u.
np, Pairs of poles 3 L, Rotor inductance 3.55p.u.
R, Stator resistance 0.07 p.u. L, Magnetizing inductance 342 p.u.
R, Rotor resistance 0.06 p.u. E, Voltage reference 1.05 p.u.
Ry, Virtual resistance 0.2 p.u. Ly, Virtual inductance 0.2 p.u.
K, Droop gain 0.01 p.u. Imax, Maximum current 1.22 p.u.

Therefore, when using the circular current limiter, the critical
clearing time of GFM-DFIG is 1.3 s.

Fig. 7 presents the experimental results of GFM-DFIG
equipped with priority-based limiter when the grid voltage drops
to 0.5 p.u., where the SCA is set at o = —0.7 rad. During the fault
period, the rotor current is effectively limited. It can be observed
that the critical clearing time of the system is extended to 1.9's,
which represents a 46% increase compared to the result obtained
when using the circular limiter. Therefore, GFM-DFIG with the
priority-based limiter selected in this study demonstrates the
enhanced fault ride-through capability.

However, the additional control degree of freedom provided
by the SCA must be carefully adjusted. This is necessary to
avoid the occurrence of undesirable high-frequency oscillations
and sustained saturation, as shown in Fig. 8(b) and (c). To
theoretically investigate the above issue, the impact of the SCA
on the system’s transient performance is quantitatively analyzed,
which can guide the selection of current-limiting parameters for
improving the robustness of GFM-DFIG.
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VI. CONCLUSION

This letter investigates the postfault transient stability of
GFM-DFIG equipped with a priority-based limiter. Since an
asynchronous machine serves as an intermediary between the
control objective and its implementation, the dynamics of the
voltage controller are considered when establishing transient
models under normal operation and current-limiting conditions.

According to the control mode switching logic, theoretical
analysis reveals three transient behaviors of GFM-DFIG after
fault recovery. In addition to the withdrawal of current limitation,
unexpected high-frequency oscillations on both the stator and
rotor sides caused by the repeated switching of operating modes,
and remaining locked in saturation due to stabilization at an
abnormal equilibrium, might also occur. After selecting the SCA
based on the theoretical analysis presented in this letter, better
transient performance can be achieved compared to existing
current limitation control techniques, while the effective fault
current constraint and the robustness of GFM-DFIG are also
guaranteed.
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