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Abstract

Under weak-grid conditions, grid-following (GFL) control of doubly fed induction genera-
tors (DFIGs) suffers from reduced stability margins, deteriorated dynamic performance,
and intensified oscillations near the stability boundary. To address these issues, a pre-
synchronized switching strategy between GFL and grid-forming (GFM) modes, triggered
by locally measured operating variables, is proposed. Based on the GFL control model,
the evolution of system dynamics with decreasing short-circuit ratio is analyzed, thereby
elucidating how reduced grid strength progressively weakens robustness and disturbance
rejection and eventually leads to instability. To characterize this deterioration, a set of
normalized indices is constructed to quantify the oscillation levels of active power, phase-
locked loop frequency, and point of common coupling voltage, enabling reliable identifica-
tion of control-performance deterioration. A pre-synchronization scheme based on a virtual
power closed loop is then developed, allowing the target mode to converge to the current
operating point prior to takeover and enabling smooth bidirectional switching between
GFL and GFM modes. Hardware-in-the-loop results demonstrate that the proposed strat-
egy accurately detects GFL performance deterioration and effectively suppresses boundary
oscillations while mitigating switching transients, thereby enhancing the adaptability of
DFIGs to variations in grid strength.

Keywords: doubly-fed induction generator (DFIG); weak grid; GFL/GFM mode switching;
pre-synchronization; local operating parameters

1. Introduction

With the increasing penetration of converter-interfaced wind generation, long-distance
power transmission, declining short-circuit capacity at grid connection points, and reduced
system inertia have become increasingly common. Weak-grid operation has become an
important operating condition for wind turbines, particularly in distributed wind applica-
tions [1,2]. Under such conditions, the challenge of grid-connected control is not simply
a reduced stability margin. More fundamentally, weakening grid strength intensifies the
dynamic coupling between the turbine and the external grid, leading to progressive perfor-
mance deterioration. For the widely used grid-following (GFL) control, this deterioration
typically manifests as reduced damping and intensified oscillations, and may eventually
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lead to instability [3,4]. Quantifying and suppressing GFL performance deterioration under
weak-grid conditions is therefore essential for stable operation.

The origin of this deterioration has been studied mainly through analysis of the cou-
pling between doubly-fed induction generator (DFIG) converter control and the external
weak grid. For GFL-controlled DFIGs, the phase-locked loop (PLL) and the associated
reference-frame construction have been shown to exert a strong influence on damping
characteristics and stability margins under weak-grid conditions [5]. As grid strength de-
creases, the PCC voltage becomes more sensitive to current disturbances. This strengthens
the coupling between synchronization dynamics and grid impedance, thereby increas-
ing negative-resistance behavior and oscillatory risks over a wider frequency range [6].
Based on this understanding, some studies have sought to improve weak-grid adaptability
without departing from the conventional GFL framework. In particular, the influence
of short-circuit ratio (SCR) on the DFIG stability boundary and on the feasible range
of controller parameters has been clarified in [4], while [2] investigates the relationship
between PLL tuning and oscillatory behavior. Although such approaches can alleviate
synchronization-induced stability problems, they still rely on PLL-based synchronization.
Other efforts have moved beyond this path by restructuring synchronization mechanisms
or redesigning control modes, including voltage-controlled DFIG operation [7], hybrid
synchronization in which the rotor-side converter (RSC) and grid-side converter (GSC)
adopt different synchronization modes [8], and hybrid GFL/GFM control [9]. By introduc-
ing voltage-source control, power synchronization, or grid-forming (GFM) features, these
methods reduce dependence on external voltage phase tracking and provide alternative
means to improve weak-grid adaptability. In addition, Ref. [10] shows that GFM-controlled
DFIGs can enhance electrical stability under weak-grid conditions. Overall, existing work
has improved DFIG control from the perspectives of PLL optimization, synchronization
restructuring, and hybrid control, whereas switching decisions and switching execution
across varying grid strengths remain much less studied.

As the adaptability of a single GFL mode becomes increasingly constrained by grid-
strength variations, recent studies have turned to the formulation of GFL/GFM switching
criteria. A first group of studies formulates switching criteria through SCR-related strength
indices. Ref. [11] proposes the generalized operational short-circuit ratio (gOSCR) and
its critical value to characterize the stability boundary of multi-converter systems under
practical operating conditions, whereas Ref. [12] evaluates the stability and stability margin
of heterogeneous GFL converter systems using generalized SCR (gSCR). In a similar vein,
Ref. [13] employs a virtual dynamic SCR to construct switching-related control criteria, and
Ref. [14] quantifies the stability and stability margin of hybrid GFL/GFM systems using
voltage and current strength indices. A second group formulates switching criteria directly
from impedance modeling or online estimation. In [15], a GFL/GFM switching boundary
is established from impedance analysis, while Ref. [16] identifies grid-strength variations
through online grid-impedance estimation and uses them to construct a switching criterion.
These studies provide quantitative bases for switching-criteria design, but their criteria
still depend largely on explicit grid-strength or impedance information. In practice, such
quantities are often difficult to obtain accurately, and some identification procedures require
additional disturbance injection or external excitation. By contrast, switching decisions
based on locally observable signs of performance deterioration can reduce reliance on
accurate grid-strength estimation. From this standpoint, the formulation of switching
criteria based on local operating parameters remains insufficiently explored.

The dynamic performance of GFL/GFM mode switching directly determines the
disturbance level induced by control-mode transition under weak-grid conditions. Low-
disturbance switching therefore requires the target control mode to be accurately initialized
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at the correct steady-state operating point. Existing methods can be divided into two cate-
gories. In [17], both modes remain active and the transition is achieved through weighting,
so that the switching process remains smooth near a common operating point. For schemes
without simultaneous operation, by contrast, the target control mode must be initialized
before control transfer. In [18], smooth switching is achieved by adjusting only the outer
loops while keeping the inner-current-loop references consistent during the transition.
In [19], a switchable GFL/GFM control structure is constructed within a unified framework,
in which both modes share the same measurements and inner current loop. In [20], fast
phase locking is used to improve phase alignment across the transition, given the different
angle-generation mechanisms of GFL and voltage-source GFM. In [21], mode transfer and
state recovery are investigated under fault ride-through and current-limiting scenarios.
In short, existing methods mainly suppress switching disturbances through weighted
transition, operating-point consistency, unified control structures, or phase alignment. For
DFIGs under weak-grid conditions, the central issue in non-simultaneous switching lies
in the initialization of the target mode. However, the initial operating point of the target
mode is determined from the current DFIG operating state. Under weak-grid conditions,
the GFL operating state may already have deteriorated, so the resulting initialization error
can directly increase the switching disturbance.

Against this background, this paper addresses bidirectional GFL/GFM switching of
DFIG wind turbines under weak-grid conditions by focusing on two closely related issues.
The first is how to characterize the dynamic signatures of GFL performance deterioration
using local operating signals and convert them into a switching criterion. The second is
how to establish an accurate steady-state operating point for the target control mode during
transition and realize the corresponding bidirectional handover mechanism. To address
these issues, an integrated solution is developed, composed of a local-parameter-based
switching criterion, a virtual-power-loop-based pre-synchronization mechanism, and a
bidirectional state-transition strategy. The main contributions are summarized as follows.

(1) The coupling between GFL control and PCC voltage in weak-grid-connected DFIGs
is analyzed, and the mechanism of GFL performance deterioration under weak-grid
conditions is clarified. The coordinated oscillatory behavior of power, frequency, and
voltage responses near the stability boundary is identified, providing the physical
basis for switching-criterion design.

(2) A local-parameter-based GFL/GFM switching criterion is proposed. Without re-
quiring online estimation of grid impedance or SCR, the method identifies the de-
terioration of GFL control from the oscillatory signatures of local signals, including
stator active power, PLL frequency, and PCC voltage, thereby enabling an objective
forward-switching decision under weak-grid conditions.

(3) A virtual-power-loop-based pre-synchronized switching method and a bidirectional
GFL/GFM switching framework are proposed for DFIG wind turbines. By driving the
target mode toward the current steady-state operating point before control transfer, the
proposed method enables smooth and stable bidirectional pre-synchronized switching
with improved adaptability under weak-grid conditions.

The remainder of this paper is organized as follows. Section 2 presents the mod-
eling framework and switching requirements under weak-grid conditions. Section 3
analyzes the weak-grid-induced coupling mechanism and stability characteristics of GFL
control. Section 4 develops the bidirectional GFL/GFM switching criterion and the pre-
synchronization switching method. Section 5 provides HIL-based validation. Section 6
concludes the paper.
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2. Modeling Framework and Weak-Grid Switching Requirements
2.1. GFL and GFM Control Models

GFL and GFM are two typical control modes for DFIG grid-connected operation.
Under GFL control, synchronization is established from the grid voltage angle, and power
injection is regulated through current control. Under GFM control, the converter actively
establishes its terminal voltage through synchronous-machine emulation and exchanges
power with the grid on that basis. The typical GFL and GFM control structures for a DFIG
are shown in Figure 1.

___________

GFL: equivalent current source Q GFM: equivalent voltage source O
v

Current
PI
(a)

'I XD \ Grid

@ DFIG

————— RSC

dg—abc

Ps*,Qs*

Current
PI

GFM
Control

(b)
Figure 1. Typical stator-side control structures of the DFIG: (a) GFL; (b) GFM.

The typical GFL structure is shown in Figure la. The control of the DFIG rotor-
side converter generally consists of a PLL, an outer power-control loop, and an inner
current-control loop. The PLL extracts the synchronization angle from the PCC voltage
and provides the reference for coordinate transformation. The outer power-control loop
generates current references from the active- and reactive-power commands, while the
inner current-control loop ensures fast tracking of these references. As a result, the dy-
namic behavior of GFL control depends directly on the PCC voltage, particularly on its
phase angle.

The typical GFM structure is shown in Figure 1b. In this mode, the rotor-side controller
no longer relies on the grid voltage angle as the synchronization reference. Instead, it
internally establishes the magnitude, frequency, and phase of the converter terminal voltage.
Its control structure typically includes a voltage-forming loop together with an inner
current-control loop. Unlike GFL, which behaves as a controlled current source at the
terminal, GFM behaves as a controlled voltage source. Its power exchange with the grid
is therefore governed by the internally established terminal voltage rather than by grid-
angle tracking.

In summary, both GFL and GFM enable power exchange between the DFIG and the
grid through closed-loop control, but they differ in how synchronization is achieved. GFL
relies on the grid voltage angle and regulates power through current control, whereas
GFM establishes the converter terminal voltage through internal voltage-forming control
and exchanges power on that basis. Consequently, the two modes exhibit different power
dynamic responses to PCC-voltage disturbances under weak-grid conditions.

2.2. Weak-Grid Characterization

As the equivalent grid impedance increases, the sensitivity of the PCC voltage to
injected power becomes more pronounced. For wind turbine control, this means that the
PCC voltage can no longer be approximated as a stiff external quantity. Instead, both its
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phase angle and magnitude vary with the turbine output power, thereby coupling the
turbine power with the PCC voltage. As a result, PCC voltage disturbances no longer
act merely as external inputs, but can feed back into the turbine active-power output,
thereby forming an additional coupling loop that underlies the dynamics under weak-
grid conditions.

In engineering practice, grid strength is commonly characterized by the SCR, which
characterizes the support strength of the external grid seen from the PCC and can be used
to reflect the strength of weak-grid coupling. Under weak-grid conditions, however, the
actual coupling strength between the turbine and the PCC voltage depends not only on the
short-circuit capacity of the grid but also on the instantaneous grid-connected active power.
Therefore, the conventional SCR defined with rated power cannot accurately represent the
actual coupling strength under different operating conditions, and this mismatch becomes
more pronounced as the grid weakens. To account for this operating-point dependence,
the equivalent short-circuit ratio (ESCR) is introduced as

Sc
ESCR = P—g, (1)
where S is the short-circuit capacity at the PCC and Py is the grid-connected active power.
This quantity reflects the actual grid strength at different operating points.

To capture the dominant coupling between the turbine power and the PCC voltage
under weak-grid conditions, the grid is represented by a simplified model consisting of
an ideal voltage source in series with an equivalent impedance. Let the ideal grid voltage
be ugridzo and the PCC voltage be UpccZfpcc. The two are connected through the
equivalent impedance Zg = Rg + jX,. Since the transmission lines and the upstream grid are
typically characterized by high reactance and low resistance at the fundamental frequency,
the following analysis adopts the inductive-grid approximation Xy >> Rg. Under this
condition, the active power delivered to the grid can be expressed as

Ugrid - Upcc .
Py = —gnTsm(GPcc)- 2)

Linearization around the steady-state operating point (Pg, Upcc,0, Orcc,0) yields

Abpcc(s) Xg
G s) = =— . 3
trcc P (5) APg(s) UgriaUpcc,0c0s(fpcc,o) ©)

Thus, in the vicinity of the operating point, the active-power perturbation and the
PCC angle perturbation satisfy an approximately static proportional relationship. As Xg
increases, the grid weakens, and the gain from active-power disturbance to PCC angle
disturbance increases accordingly. This relationship provides the basis for the subsequent
small-signal coupling analysis. For grids with non-negligible resistance, the grid resistance
should be retained in the derivation of (2)-(3).

2.3. Mode-Switching Requirement of DFIG Under Weak-Grid Conditions

As grid strength weakens, the DFIG operating problem no longer manifests merely as
a static performance issue under a single control mode, but instead becomes a problem of
matching the operating mode to the external grid condition. When grid support is suffi-
ciently strong, the PCC voltage remains approximately stiff, and normal grid-connected
operation can be maintained under GFL control. As the grid strength decreases, how-
ever, the additional coupling loop between the turbine power and the PCC voltage is
progressively strengthened, driving the GFL operating state toward its stability boundary
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and potentially leading to reduced damping and aggravated oscillations. Under such
conditions, the operating mode needs to shift from GFL to GFM in order to maintain stable
grid-connected operation. Correspondingly, when the external grid condition recovers, the
GFL mismatch caused by grid weakening no longer persists, and the system should retain
the capability to return to GFL operation.

Accordingly, under weak-grid conditions, DFIG operation requires both forward
mode takeover and reverse mode restoration. Specifically, when the GFL operating state
progressively approaches its stability boundary as the grid weakens, smooth takeover by
GFM is required; when the external grid condition recovers, stable transfer back to GFL
should be achieved.

3. Weak-Grid-Induced Coupling Mechanism in GFL

The mode-switching requirement under weak-grid conditions arises from the strength-
ening of the additional coupling between GFL control and the PCC voltage. Constructing
an effective switching criterion requires clarifying the evolution of this coupling as grid
strength decreases and identifying the oscillatory characteristics that develop near the
stability boundary. Accordingly, a unified analysis of the dominant coupling mechanism
and stability evolution under weak-grid conditions is required.

3.1. Coupling Mechanism Between GFL Dynamics and PCC Voltage

For GFL control, the PLL provides the synchronous reference angle for both the power
and current control loops and therefore constitutes the key link in the additional coupling
between the PCC voltage and the GFL dynamics. A transient mismatch between the actual
PCC voltage angle and the PLL output angle causes a projection error of the current vector
in the actual grid-voltage-oriented reference frame, which is further fed back into the active-
power output. This mechanism is the fundamental origin of the additional coupling. As
the grid strength decreases, the effect of this coupling is progressively amplified, eventually
leading to stability issues in GFL operation under weak-grid conditions.

The transient mismatch angle o is defined as the deviation of the PLL output angle
from the actual PCC voltage angle. Around the operating point, its small-signal expression
is given by:

Aoe = AbprL — Abpcc. 4)

where Afpy, denotes the perturbation of the PLL output angle.
Within the PLL, the corresponding g-axis detection error of the PCC voltage can be
expressed as

Ueq = _UPCCSin(Ue)' (&)

By setting o = 0 at the operating point and linearizing (5), one obtains
Aueq = —UpccpAde. (6)

The PLL regulates the error input Aueq through a PI controller and generates the
estimated PCC voltage angle through an integrator:

KppLL + KipLL/s

AOpLL(s) = Atieg(s) - B ’ )

where K, pr and K ppL are the proportional and integral gains of the PLL PI controller.
From (4), (6), and (7), the PLL angle-tracking transfer function is given by

_ Nfpri(s) Upcc,o (Kp,pLis + Kiprr)
Abpcc(s) 5%+ Upcc,oKp prs + UpccoKipir”

(8)

GGPLL,QPCC (s )
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Accordingly, the transfer function from the PCC voltage angle perturbation to the
transient mismatch angle is given by

Ave(s) s?
G §)=———+"_ =G s)—1=— 9
outrce (5) Abpcc(s) Orur Orcc (5) 52 + Upcc,oKp,prrs + Upcc,oKipLL ®)

Since Ace is defined as the difference between the PLL output angle and the actual
PCC voltage angle, all control loops established with 8p; 1, as the synchronous angle include
this mismatch angle. In addition to participating in the PLL angle-tracking loop, this
transient mismatch angle causes a projection deviation of the current vector in the actual
grid-voltage-oriented reference frame, thereby entering the turbine power-control process.

Under grid-voltage orientation, based on the steady-state power relationship, the tur-
bine active-power perturbation around the operating point can be linearized as a function
of the perturbation of the rotor d-axis current:

uPCC,O L A .(g)

APy = ——FFERALY, (10)

where L, and Ls denote the magnetizing inductance and stator inductance, and iﬁg) is the
rotor d-axis current in the actual grid-voltage-oriented reference frame.

On the control side, the active-power PI controller generates the rotor d-axis current
reference as

K‘ *
Ai:cgc) = <Kp,p + ;P> (APg — APg), (11)

where K, p and K; p are the proportional and integral gains of the active-power PI controller.
In the perturbation analysis, the active-power reference perturbation AP; is assumed to be
zero, i.e., AP; =0.

With the closed-loop tracking dynamics of the inner current loop taken into account,
the rotor d-axis current in the PLL reference frame can be written as

=P AP, (12)

where Tj is the equivalent time constant of the inner current loop.
Accordingly, the rotor current satisfies the following coordinate transformation relation
between the PLL reference frame and the actual grid-voltage-oriented reference frame:

(8) , .(c)
ha | _ |cos(oe) —sin(oe) | |iyg
Lﬁé)] a Lin(ae) cos(0e) ] Lﬁa) : (13)

Linearization around the steady-state operating point yields

Ai®) = Al — il Ac, (14)

(c)
rq,
operating point.

Substituting (12) into (14) and combining the result with (10) yields

where i, is the steady-state g-axis current in the PLL reference frame at the

UpccoLm [Kpp + Kip/s
L Tis + 1

AP, — il Ace|. (15)

Apg == rq,0
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Further rearrangement yields the feedback transfer function from the transient mis-
match angle to the active-power output:

()

Go o (5) = APy(s) (UpccoLm/Ls)izg 16)
Pg/U'e AUe(S) 1 i (uPCCOLm) (Kp/l;:FKiip/S) .
b iS+

Equation (16) indicates that the transient mismatch angle enters the active-power
control channel through the projection deviation of the current vector, thereby introducing
dynamic feedback into the active-power output.

Equations (3), (9), and (16) represent the power-to-PCC-angle transfer function, the
PCC-angle-to-mismatch-angle transfer function, and the mismatch-angle-to-active-power
feedback transfer function. Cascading these three transfer functions yields the open-
loop path of the dominant additional coupling loop under weak-grid conditions. The
corresponding equivalent open-loop transfer function L.p(s) can be written as:

chl(s) = GQpcc,Pg (S) GO‘e,QPCC (S) GPg,O"e (S) (17)

Substituting (3), (9), and (16) into (17) yields

XgLmi') 2
Lepi(s) = LU -gcj;(rgo ) : Upccolm \ ((Kpp+Kip/s\ 1" (18
sgrid PCCO) (52 4 Upcc,0Kp,pLLs + Upcc,oKipLL) {1 + ( " ) ( & s )]

Equation (18) shows that the external grid parameters enter this coupling loop through
the coefficient Xg/[Ugyig-cos(fpcco)], and an increase in Xg strengthens the additional
coupling. The active-power small-signal model of the system in GFL mode, with the
additional coupling taken into account, is shown in Figure 2.

" Grid Small- -signal Model | { SPLL Small-signal Model _-—(—E—é}_l_e;‘:;ltor Active Power Small-signal Model
APg(s) N ~Xgrid | AQPcc(s) ) Aae =Aird® (s UPcc oLm APg(s)

| | UrccoUgrdacos(Orcc,o) | P, E ;

E E : : H P control }‘7 :

' AOpLL(S) T]S+1

i AOrcc(s) . Ace(s) P APy(s)

1 rcc, Py = E . 3 . Oe,Orcc =" xA__ /N . 9 b 8,0 = T A - /N E . 16

{Goser(s) APs) (Eq ()% iG oree(s) AQPCC(S)( q ()% | Graod) = =Ko (s) (Eq. (16))

Figure 2. Active-power small-signal model of the system in GFL mode with the additional coupling.

3.2. Stability Characteristics of GFL Under Weak-Grid Conditions

Based on (18), the closed-loop characteristic equation associated with the additional
coupling loop under weak-grid conditions can be written as

1+ Lepi(s) = 0. (19)

Accordingly, the influence of grid strength on the closed-loop dynamics can be exam-
ined from two complementary perspectives: closed-loop pole trajectories and sensitivity-
based robustness analysis.

Figure 3 shows the trajectories of the closed-loop characteristic roots as SCR decreases.
As the grid weakens, one complex-conjugate pole pair gradually approaches the real axis
and eventually evolves into two real poles. Meanwhile, the dominant rightmost real pole
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continues to move toward the imaginary axis and, under sufficiently weak-grid conditions,
crosses into the right-half plane, which leads to instability. This result indicates that weak-
grid conditions affect not only the locations of the dominant closed-loop poles, but also the
form of the dominant mode. From the root-locus trajectories, a reduction in grid strength
continuously amplifies the additional coupling mechanism identified in Section 3.1 and
pushes the closed-loop system toward the stability boundary.

T T T
150 o 150 / - i 150 |
1007 i 100 SCR=1.68 | 100 |
| | |

50 = 50 ‘ \3 dp 50 e goR=1 147 T

) ! ) SCR=1303 | Q | SCR=1 147

¥ 0 ® d ¥ 0 2 x>t &0 vl
£ O | @ E O
—50 it =50 | —50 |
18 I |
~100 i —100 \ : ~100 !
| | |
~150 G 150 X ~150 !
; ! ! !

-2 -15 -1 -05 0 -5 —4 -3 -2 -1 0 —20 -10 0 10 20 30

Real (x10%) Real (x10?) Real

Figure 3. Closed-loop pole trajectories as SCR decreases from 10 to 0.9.

However, under weak-grid conditions, closed-loop performance deterioration appears
before any pole enters the right-half plane. To characterize this behavior, the sensitivity
function is introduced as

1
5() = ————, 20
and its peak value is defined as
M = max|S(jw)]. (21)

Here, S(s) characterizes the sensitivity of the closed-loop system to external distur-
bances and model uncertainty, and M, represents the maximum amplification level over
frequency. In general, a larger Ms indicates weaker disturbance rejection capability and
poorer closed-loop robustness. In the numerical evaluation, M; is obtained over the control-
frequency range from 0 to 3000 rad/s. The upper limit is above the current-loop bandwidth,
so the main dynamic range of the averaged control model is included.

Figure 4a presents the magnitude responses of | 5(jw) | under several representative
SCR conditions. As SCR decreases, the sensitivity peak rises continuously, indicating
that the system becomes increasingly sensitive to disturbances and parameter deviations
over specific frequency ranges. Figure 4b further summarizes this tendency through the
variation of the sensitivity peak M. It can be observed that Ms increases nonlinearly
as SCR decreases, with a markedly faster rise near the critical weak-grid region. This
behavior indicates a continuous reduction in closed-loop robustness, a weaker tolerance to
disturbances, and an accelerated deterioration in dynamic performance.

Taken together, the above results show that the evolution of closed-loop stability is
accompanied by a simultaneous weakening of performance. Under weak-grid conditions,
the GFL system exhibits two stability-related characteristics. First, decreasing SCR drives
the dominant closed-loop poles toward the stability boundary and eventually causes
instability. Second, even before the poles cross into the right-half plane, the sensitivity peak
has already increased substantially, indicating that closed-loop performance deteriorates
prior to instability. Therefore, the influence of weak-grid conditions on GFL is reflected not
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[S(jw) |

10

100

only in the eventual loss of stability, but also in the progressive weakening of robustness
and disturbance rejection capability.

— SCR =10.00 17
" )
SCR p N | — SCR =6.00 15
A % _SCR=5OO 13
Z ) — SCR=3.80
3 11
// — SCR =4.00
/ —SCR=300 = °? .
\ —SCR=2.00 7 l
' —SCR =150 5
=—————————F— —SCR=-1.20 3 l
Y —SCR=1.14 : D%
0 05 1 15 2 25 3 10 8 6 4321
w (rad/s) (x10°) SCR

(a) (b)

Figure 4. Sensitivity-based performance characterization over the SCR range: (a) magnitude of the
sensitivity function | S(jw) | for representative SCR values; (b) variation of the sensitivity peak Ms
with SCR.

4. Bidirectional GFL/GFM Switching Methodology

Under weak-grid conditions, the GFL mode may exhibit deteriorated dynamic perfor-
mance and even lose stability, making active mode switching necessary. Timely identifica-
tion of performance deterioration and smooth mode transition once the switching criterion
is met are therefore essential for maintaining stable operation.

4.1. Switching Criterion Based on Local Operating Parameters

As grid strength decreases, deterioration of GFL performance does not typically
first appear as an abrupt change in steady-state variables, but is first reflected in the
sustained amplification of local oscillatory responses. The oscillatory components in the
power response, synchronization dynamics, and PCC voltage-coupling response gradually
increase and exhibit clear coordinated amplification. Accordingly, forward switching to
GFM should be triggered not by a transient anomaly in any single variable, but by the
coordinated growth of local oscillatory responses as the system approaches the weak-
grid boundary.

Based on this observation, the forward-switching criterion does not rely on online
grid-strength estimation, but instead uses local operating responses to assess the proximity
of the current GFL mode to the mismatch boundary under weak-grid conditions. Near this
boundary, the system may not yet be unstable, but the oscillatory modes associated with
the power response, PLL synchronization response, and PCC voltage-coupling response
are already significantly intensified, indicating a progressive loss of closed-loop robustness
and disturbance rejection capability. Under such conditions, continued GFL operation
may further deteriorate system performance. The switching criterion should therefore be
established directly from local signatures of the mismatch state.

To quantify the mismatch characteristics described above, stator active power Ps, PLL
output frequency fpr 1, and PCC voltage magnitude Upcc are selected as the monitoring
signals, representing the power response, PLL synchronization response, and PCC voltage-
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coupling response, respectively. For each signal, x €{Ps, fprL, Upcc}, its slowly varying
steady-state component is first extracted over a time window of length T4, as

1 Ndc_1 Td
= x(k—1), Ng = =3¢, (22)
Ndc l_;) ( ) C

Xdc (k>

Here, k denotes the discrete-time index, T is the sampling period and i is the sum-
mation index. The window length T, is set to 0.2 s, shorter than the dominant power-
regulation time scale of the DFIG unit. This setting retains the low-frequency operating
trend while suppressing oscillatory components and measurement noise through moving-
average filtering.

On this basis, the oscillatory component is defined as

Xosc (k) = x(k) — xgc (k). (23)

This operation extracts the oscillatory component from the original response for
subsequent weak-grid mismatch identification. The root-mean-square (RMS) value of this
oscillatory component is then computed over a short window of length Ty to characterize
the local oscillation energy level:

1 Nrms*l 2 . Trms
Xrms (k) = N Y 22 (k—1i), Nms= T (24)
i=0

Here, x:ms is used to characterize the energy level of local oscillations rather than
spectral components at a fixed frequency. The RMS window T is set to 0.1 s, within
the time scale of Ty., so that the RMS calculation characterizes the local oscillation
level after the slowly varying component is removed. Since the oscillation frequency
near the weak-grid boundary varies with the operating condition, RMS-based charac-
terization provides a more robust measure of mismatch-mode amplification than fixed-
frequency detection.

To eliminate the influence of differences in the oscillation baseline under different
operating conditions, a background component is further extracted over a slower time scale
with T}, as

Np—1
Xrms,de (k) = Nib i;) Xrms(k —1), Np = % (25)

Here, T}, is set to 3 s, much larger than Tyys, so that the background oscilla-
tion level is updated slowly and remains a stable reference for evaluating sustained
oscillation enhancement.

The normalized oscillation-enhancement index is then defined as

xrms(k)

h(k) = Xrms dc(k).

(26)

Accordingly, three normalized indices, Ip, I;, and Iy, are obtained to quantify the
enhancement of active-power oscillations, PLL synchronization oscillations, and PCC
voltage-coupling oscillations relative to their respective background levels. In this form,
the weak-grid mismatch state is transformed into a set of comparable local oscillation-
energy indices.

Since the mismatch near the weak-grid boundary is manifested as an overall oscillation
enhancement jointly involving the power response, PLL synchronization response, and
PCC voltage-coupling response, the forward-switching criterion is defined based on the
joint triggering of all three indices. This joint-triggering scheme effectively avoids false
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switching decisions caused by transient fluctuations of a single index under individual

active-power regulation, reactive-power regulation, or local voltage disturbances. Only the

simultaneous and sustained enhancement of all three responses is taken to indicate that the

current GFL mode has entered the mismatch state near the weak-grid boundary.
Accordingly, the forward-switching condition is defined as

I,>2 [>2, Iy>2, 27)

with a holding time of T}oq = 0.5 s. The threshold value of 2 is selected to balance
detection sensitivity and false-triggering suppression. Since the monitored variables are
slowly varying operating quantities, the indices are calculated from the RMS values of the
extracted oscillatory components after the slowly varying components are removed. Thus,
an index value above 2 indicates that the local oscillation level has increased to more than
twice the background level, which provides a sensitive indication of weak-grid-induced
deterioration. The 0.5 s holding time is longer than T;ms and much shorter than Ty, which
improves triggering accuracy through sustained confirmation while avoiding the loss of
detection sensitivity caused by an elevated background oscillation level.

When all of the above conditions are satisfied, the current GFL mode is considered
to have entered the mismatch state near the weak-grid boundary, thereby triggering the
forward transition from GFL to GFM. In this way, the joint criterion not only suppresses
false triggering caused by single-channel transient disturbances, but also provides a more
reliable indication of the overall mismatch state near the weak-grid boundary. The pro-
posed criterion uses only local operating signals and does not require online impedance
identification, active disturbance injection, or inter-unit communication, which makes it
simple, reliable, and suitable for local implementation.

4.2. Pre-Synchronized Switching via a Virtual Power Closed Loop

The control structure for bidirectional pre-synchronized GFL/GFM switching based
on a virtual-power closed loop is shown in Figure 5. The system incorporates both GFL
and GFM controllers, while only the currently active mode is connected to the rotor-side
converter of the DFIG during normal operation. Once a switching command is issued, the
standby mode is activated, and its outer-loop state is established through a virtual-power
closed loop. Control authority is transferred only after the pre-synchronization condition

is satisfied.

Current Inner Loop Y { Park transformation

: _/_:[dqétxﬁ% ap—abc P

0

Ev
n
Qs —(D“- =— Qfb,v,GFM

2] _@
Vg GFL Mode
OrLL e
GFL Tra,GrL"
PS* +
GFL Pre-syn. GFM Pre-syn.
SPLL S1®; 82 ®; SS® 51@;5:®; @

X 2 " OrLL
< o) Usm{abe—dq ! ! i GFM Mode

QS_CS o Qfb,v,GFL

S1(D); S2 inactive; S3 (D

Figure 5. Control structure of bidirectional pre-synchronized GFL/GFM switching based on a
virtual-power closed loop.
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The proposed pre-synchronization structure is developed for the outer power loop of
the standby mode. During pre-synchronization, the feedback power used by the standby
mode is defined as follows:

{ Py = —Py + PI(Ps — Py) 28)

be,v = *Qv+PI(Qs - QV) .

Here, Ps and Qs denote the instantaneous stator active and reactive powers of the
DFIG, respectively. P, and Qy denote the virtual active and reactive powers of the standby
mode during pre-synchronization. These virtual power quantities are calculated from the
rotor-current references generated by the standby mode as follows:

P _ i:duPCCLm
5 — d¥PCCEm
i
0, = U X irqUpccLlm (29)
V= Qglm I

In this feedback structure, the virtual power is used as the standby-mode feedback
to establish its outer loop. The difference between the actual stator power and the virtual
power is then processed by a PI controller, so that the standby operating point tracks the
current DFIG operating point. When the following synchronization conditions are satisfied:

{ [Po—R| <ep (30)
|Qs - Qv| <eQ

where ep and eq denote the prescribed synchronization error thresholds for the active-power
and reactive-power channels, respectively, the standby mode is deemed to be aligned with
the current operating point of the DFIG, and switching can then be executed.

Under this structure, once a switching command is issued, the currently active
mode continues to regulate the DFIG, while the standby mode undergoes outer-loop
pre-synchronization through the virtual-power closed loop. Control authority is trans-
ferred once the operating state of the standby mode has become aligned with the current
DFIG operating state under the active mode. At the switching instant, the virtual-power
feedback is replaced by the actual machine power feedback, and the inner-current-loop PI
controller is reset to remove the residual integral state accumulated while the target mode
is inactive.

As a result, when the target mode takes over, its operating state is already aligned
with the current DFIG operating state under the active mode, thereby reducing transient
disturbances during the switching process. The same pre-synchronization structure applies
to both switching directions: for forward switching to GFM, GFM serves as the target mode
and completes pre-synchronization; for reverse switching back to GFL, GFL serves as the
target mode and completes pre-synchronization using the same structure.

4.3. State-Transition Strategy

The state-transition relationships of the GFL/GFM switching system are shown in
Figure 6. The transition structure comprises two main operating states and two intermediate
states, namely the GFL state, the GFM state, the GFM pre-synchronization state, and the
GFL pre-synchronization state.

When the system operates in the GFL state and the forward-switching criterion is
satisfied, it enters the GFM pre-synchronization state. In this intermediate state, GFL
continues to regulate the machine, while GFM performs pre-synchronization. Once the
synchronization criterion is satisfied, the system transitions to the GFM state, thereby
completing the forward mode switch.
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Figure 6. State-transition relationships of the GFL/GFM switching system.

After switching to GFM, the local oscillatory features used to indicate weak-grid deteri-
oration are suppressed. Thus, the local-operating-indicator-based criterion cannot serve as
the basis for reverse switching, and a prescribed timed return command is adopted. When
the system operates in the GFM state, the return to GFL is triggered with a prescribed time
delay. Once the return command is issued, the system enters the GFL pre-synchronization
state. In this state, GFM continues to regulate the machine, while GFL performs pre-
synchronization. Once the synchronization criterion is satisfied, the system transitions to
the GFL state, thereby completing the reverse mode switch.

5. HIL-Based Validation

This chapter presents the HIL results of bidirectional GFL/GFM switching for the
DFIG unit. In the tests, the GSC uses conventional vector control to regulate the DC-link
voltage and remains unchanged during stator-side control-mode switching. It verifies the
smoothness and operating adaptability of the pre-synchronized switching process under
different operating conditions, and further demonstrates the effectiveness of the proposed
bidirectional switching strategy under reduced-SCR conditions. The main case-study
parameters are listed in Table 1.

Table 1. Parameters of the HIL simulation system.
Parameter Value Parameter Value
rated voltage 1140 V switching frequency 10 kHz
pre-synchronization ep/eq 60 kW/
rated frequency 50 Hz error threshold 60 kVar
rated power 517 MW VSG inertia coefficient | 800
rated DC-link voltage 1800 V VSG damping coefficient D 3360
stator-to-rotor voltage ratio 1140/425 current-loop bandwidth 370 Hz
number of pole pairs 2 PLL bandwidth 8.4 Hz
rated slip —0.158 test SCR range 2.3-4.1
rated wind speed 10.8 m/s HIL simulation time step 0.5 us

5.1. GFM Pre-Synchronized Switching Under Rated Conditions

The HIL test results of switching from GFL to GFM under rated operating conditions
are shown in Figure 7.

As shown in Figure 7a, the pre-synchronization trigger arrives at t;. Before t;, GFM
remains in the standby state. After t;, GFM enters the pre-synchronization state, where
the feedback power Pg, gpyv in Figure 7b is provided by the virtual power defined in (28).
Meanwhile, the GFM power angle ¢ and excitation voltage E in Figure 7c,d gradually
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approach the steady-state values corresponding to the current operating condition of the
DFIG unit.
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Figure 7. Switching results from GFL to GFM under rated operating conditions: (a) trigger signal u;
(b) feedback power Pg, cpv in GFM mode; (c) power angle o in GFM mode; (d) excitation voltage E
in GFM mode; (e) rotor current 7; (f) stator current is; (g) generator active and reactive powers Pg
and Qg; direct switching without pre-synchronization: (h) rotor current i, (i) stator current is; and
(j) generator active and reactive powers Pg and Qy.

When the deviation between the virtual power feedback and the actual unit power
satisfies the threshold specified in (30), the mode-switching signal is issued at 5, as shown
in Figure 7a. At this instant, the GFM feedback power is switched from the virtual power
to the measured unit power. GFM then takes over system control, while GFL returns to
standby, thereby completing the mode transition. The pre-synchronization duration is
0.94s.

As shown in Figure 7e—g, the rotor current 7, stator current is, and the unit active and
reactive powers Pg and Qg all undergo smooth transitions, with no observable disturbance.

The direct-switching results without pre-synchronization are shown in Figure 7h—j.
Direct switching is performed at t; without activating the pre-synchronization process.
After direct switching, the maximum disturbances in rotor-current and stator-current
amplitudes reach 2.58 kA and 1.27 kA, corresponding to 29.2% and 37.8% of their respective
pre-switching steady-state values. The maximum active-power disturbance is 1.32 MW,
corresponding to 25.8% of the pre-switching steady-state active power. The transient
process lasts approximately 0.72 s. These results indicate that, without pre-synchronization,
the target GFM mode is not aligned with the current operating point before takeover,
resulting in significant current and power transients.
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5.2. GFL Pre-Synchronized Switching Under Rated Conditions

The HIL test results of switching from GFM to GFL under rated operating conditions
are shown in Figure 8.
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Figure 8. Switching results from GFM to GFL under rated operating conditions: (a) trigger signal
ui; (b) feedback power Pg, g1, in GFL mode; (c) rotor dg-axis current references ir,dq* in GFL mode;
(d) rotor current iy; (e) stator current is; (f) generator active and reactive powers Pg and Qg; direct
switching without pre-synchronization: (g) rotor current i, (h) stator current is; and (i) generator
active and reactive powers Py and Qg.

As shown in Figure 8a, the pre-synchronization trigger arrives at ¢;. Before #;, GFL
remains in the standby state. After t;, GFL enters the pre-synchronization state, where the
stator feedback power Pg, gpr, in Figure 8b is provided by the virtual power defined in (28).
Meanwhile, the GFL rotor dq-axis current references i,y and irq" in Figure 8c gradually
approach the steady-state values corresponding to the current operating condition of the
DFIG unit.

When the deviation between the virtual power feedback and the actual stator power
satisfies the threshold specified in (30), the mode-switching signal is issued at 5, as shown
in Figure 8a. At this instant, the GFL feedback power is switched from the virtual power
to the measured stator power. GFL then takes over system control, while GFM returns to
standby, thereby completing the mode transition. The pre-synchronization duration is 0.21 s.
Owing to the lower power inertia of GFL than GFM, the corresponding pre-synchronization
time is shorter.

As shown in Figure 8d-{, the rotor current i,, stator current is, and the unit active and
reactive powers Pg and Qg all undergo smooth transitions, with no observable disturbance.

The direct-switching results without pre-synchronization are shown in Figure 8g—i.
Direct switching is performed at t; without activating the pre-synchronization process.
After direct switching, the maximum disturbances in rotor-current and stator-current
amplitudes reach 3.53 kA and 1.33 kA, corresponding to 39.9% and 39.6% of their respective
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pre-switching steady-state values. The maximum active-power disturbance is 0.74 MW,
corresponding to 14.5% of the pre-switching steady-state active power. The transient
process lasts approximately 0.16 s. These results indicate that, without pre-synchronization,
the target GFL mode is not aligned with the current operating point before takeover,
resulting in significant current and power transients.

5.3. Bidirectional Pre-Synchronized Switching Under Variable Wind Speeds

Figure 9 presents the HIL test results of bidirectional GFL/GFM mode switching under
variable wind speed conditions, with the system initially operating in GFM mode.
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Figure 9. Results of bidirectional mode switching under variable wind speed conditions: (a) trigger
signal uyi; (b) wind speed vw; (c) power angle o in GFM mode; (d) excitation voltage E in GFM
mode; (e) rotor dg-axis current references ir,dq=6 in GFL mode; (f) rotor current i;; (g) stator current is;
(h) generator active and reactive powers Pg and Qg.

As indicated by the trigger signal in Figure 9a, the operating mode is switched to GFL
at t; and t3, and back to GFM at f; and t4. All switching actions are carried out while the
wind speed in Figure 9b continues to vary.

During t;—t; and t3—t4, the system operates in GFL mode. In these intervals, the
GFL rotor dg-axis current references ir,dq’E in Figure 9e serve as the active control variables,
whereas the GFM power angle ¢ and excitation voltage E in Figure 9¢,d remain in the
standby or pre-synchronization state.

Before t;, during t,—t3, and after t4, the system operates in GFM mode. In these
intervals, the GFM power angle ¢ and excitation voltage E serve as the active control
variables, whereas the GFL rotor dg-axis current references ir,dq* remain in the standby or
pre-synchronization state.

As the wind speed increases, the active power in Figure 9h rises from 3 MW to
5.12 MW, while the reactive power remains at zero. Accordingly, the rotor and stator
currents in Figure 9f,g increase in magnitude. Meanwhile, the phase sequence of the
rotor current reverses, indicating a transition of the DFIG from subsynchronous to super-
synchronous operation. Overall, throughout DFIG operating-point migration, the active
and reactive powers, together with the stator and rotor currents, remain smooth during
repeated bidirectional mode switching, with no observable disturbance. These results
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demonstrate the adaptability of the proposed pre-synchronized switching method under
varying operating conditions.
5.4. Mode Switching Under Reduced System Short-Circuit Ratio

The system is initially operated in GFL mode under rated operating conditions. The
HIL results of mode switching under a reduced system SCR are shown in Figure 10.
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Figure 10. Results of mode switching under reduced SCR conditions: (a) system SCR; (b) voltage
at the PCC upcc; (c) frequency at the PCC fpcc; (d) generator active power Pg; (e) operational
performance indices Ip, If, and Iy; (f) trigger signal uy; (g) rotor current ir; (h) stator current is.

As shown in Figure 10a, the system SCR is reduced at ;. As the SCR decreases, the
control performance progressively deteriorates. By t;, the oscillations in the PCC voltage
upcc, the PCC frequency fg, and the generator active power Pg in Figure 10b—d become
significantly more pronounced. This deterioration is quantified by the power index Ip,
frequency index I;, and voltage index Iy in Figure 10e. After tp, all three indices rise
simultaneously from values close to 1 and reach a maximum of 4.3. Once the prescribed
threshold is exceeded, the GFM pre-synchronization signal in Figure 10f is triggered at
t3. After pre-synchronization is completed, the mode-switching signal is issued at t4, and
the system enters GFM operation. Following the transition, the oscillations in voltage,
frequency, and power are all markedly attenuated, and the performance indices return to
their pre-deterioration levels.

To verify the bidirectional switching capability, the system is switched back to GFL
at t5 according to the preset sequence. Since the SCR remains unchanged, the control
performance deteriorates again after the reverse transition. Once the forward-switching
criterion is satisfied again, GFM pre-synchronization is reinitiated at t¢, and the system
is switched back to GFM at t7. It should be noted that, during the reverse transition
from GFM to GFL, the GFM channel is frozen with a delay so that the system can rapidly
return to GEM if performance deterioration occurs after the switch-back. As shown in Fig-
ure 10f, the pre-synchronization interval for the second transition to GFM is clearly shorter
than that for the first, and the corresponding duration of deteriorated GFL operation is
also reduced.
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Detailed waveforms of the PCC voltage and the stator and rotor currents around t4
are shown in Figure 11. As shown in Figure 11a—c, before t,, deteriorated GFL performance
causes evident distortion in upcc, ir, and is. After the system is switched to GFM, these
distortions are rapidly suppressed.
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Figure 11. Detailed waveforms around ¢4 under reduced SCR conditions: (a) voltage at the PCC upcc;
(b) rotor current #; (c) stator current .

These results show that, when a reduced SCR leads to deteriorated GFL performance,
the proposed switching strategy can trigger GFM takeover in a timely manner based on the
operational performance indices. After the reverse transition back to GFL, the system can
still return rapidly to GFM if performance deterioration reappears, thereby confirming the
effectiveness of the proposed bidirectional switching strategy under weak-grid conditions
and its capability for repeated response to renewed deterioration.

5.5. Mode Switching Under Increasing Wind Speed

The HIL results of mode switching under increasing wind speed are shown in
Figure 12, with the system initially operating in GFL mode.

As shown in Figure 12a, the wind speed v,, increases progressively from 9.4 m/s,
leading to a corresponding rise in the generator active power. With the resulting operating-
point migration, the ESCR gradually decreases, as shown in Figure 12b. During this process,
the control performance progressively deteriorates. By ¢, the oscillations in the PCC voltage
upcc, the PCC frequency fpcc, and the generator active power Pg in Figure 12c—e have all
become significantly more pronounced.

The power index Ip, frequency index If, and voltage index Iy in Figure 12f provide
a quantitative measure of this deterioration. It is worth noting that, before t1, Ip exhibits
fluctuations due to normal power regulation, whereas I; and Iy remain essentially stable.
Only after ¢; do all three indices increase simultaneously. This indicates that the proposed
index set can distinguish fluctuations caused by normal regulation from the coordinated
rise of multiple indices caused by control-performance deterioration, thereby enabling
reliable identification of the deteriorated operating state. Once the threshold is exceeded,
the GFM pre-synchronization signal in Figure 12g is triggered at t,, and the mode-switching
signal is issued at f3, after which the system enters GFM operation.

As seen from Figure 12c—f, after the transition to GFM mode, the oscillations in voltage,
frequency, and power are all markedly reduced, and the performance indices return to their
pre-deterioration levels. Meanwhile, the rotor current i, and stator current is in Figure 12h,i
adjust with the power variation and remain smooth throughout the switching process, with
no observable disturbance.

These results show that increasing wind speed can reduce the effective SCR and
deteriorate GFL performance, while the proposed switching strategy can still trigger timely
GFM takeover based on the operational performance indices.
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Figure 12. Results of mode switching under increasing wind speed conditions: (a) wind speed vy;
(b) equivalent SCR; (c) voltage at the PCC upcc; (d) frequency at the PCC fpcc; (e) generator active
power Pg; (f) operational performance indices Ip, It, and Iy; (g) trigger signal uy;; (h) rotor current ir;
(i) stator current is.

6. Conclusions

This paper investigates bidirectional GFL/GFM mode switching for DFIG wind tur-
bines under weak-grid conditions with a predominantly inductive grid impedance. The
results show that weak-grid deterioration of GFL-controlled DFIGs does not begin with
abrupt instability. Instead, control performance progressively degrades as the system
approaches the stability boundary, with increasingly coordinated oscillations in power, fre-
quency, and voltage that eventually develop into instability. On this basis, a unified frame-
work is established around performance-deterioration identification, pre-synchronized
takeover by the target mode, and smooth bidirectional state transition. Within this frame-
work, a switching criterion based on local operating variables, a pre-synchronization
mechanism based on a virtual power closed loop, and the corresponding bidirectional
state-transition strategy are developed.

The HIL results confirm that the proposed method enables smooth bidirectional
switching between GFL and GFM under both rated and variable-wind operating condi-
tions. Under both direct SCR reduction and ESCR reduction caused by operating-point
variations, the proposed indices can distinguish local fluctuations associated with normal
operation from coordinated oscillatory responses caused by control-performance deterio-
ration, thereby enabling timely GFM takeover. After the reverse transition back to GFL,
the system can still return rapidly to GFM if deterioration reappears. Taken together, these
results demonstrate that the proposed method can effectively suppress oscillations near the
weak-grid stability boundary, mitigate switching transients, and improve the adaptability
of DFIG wind turbines to variations in grid strength.
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Future work will further investigate the engineering applicability of the proposed
switching criterion and pre-synchronization strategy through full-scale experiments or
field tests under wider ranges of grid strength, wind speed, and disturbances.
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Abbreviations

The following abbreviations are used in this manuscript:

DFIG  Doubly-Fed Induction Generator
PCC  Point of Common Coupling

PLL Phase-Locked Loop

SCR  Short-Circuit Ratio

ESCR  Equivalent Short-Circuit Ratio
GFL Grid-Following

GFM  Grid-Forming
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