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Abstract—Grid-forming inverters must limit fault currents
while preserving synchronism with the grid and their voltage-
support behavior. However, current limiters interacting with
integral action can trigger integrator windup and post-fault
instability. In this paper, we addressed this by designing a
dynamic anti-windup compensator for grid-forming inverters. We
propose a way to represent the control so that it can be applied to
the Direct Linear Anti-Windup architecture, which provides sta-
bility guarantees. Three-phase fault simulations showed that the
proposed anti-windup prevents integrator accumulation during
current saturation and avoids post-fault instability. The approach
complements recent current-limiting strategies for grid-forming
inverters by providing a constructive method for stability and
performance guarantees with minimal changes to typical grid-
forming inverter controls.

Index Terms—Inverter-based resources, grid-forming inverter
control, current limiting, anti-windup, linear matrix inequalities,
stability

I. INTRODUCTION

Grid-forming (GFM) inverters are expected to replace exist-
ing inverter-based resources (IBR) for wind and solar energy,
as the proportion of IBR with respect to synchronous gener-
ation increases. Unlike grid-following (GFL) inverters, which
behave like a current source that are synchronized with the grid
through the use of phase-locked loops, grid-forming inverters’
behavior is similar to a voltage source behind an impedance.
Recent reviews of state-of-the-art of GFM control strategies
are given in [1], [2].

While it might seem logical and desirable only to have
grid-forming inverters, because it is possible to emulate the
behavior of a synchronous machine or perform better, it comes
with several constraints. First, the DC bus must be strong
and have sufficient energy stored to be able to maintain
its voltage as constant as possible during a fault. Second,
the power electronics are sensitive to over-currents (because
they affect the junction temperature), which necessitate the
use of current-limiting control strategies. A comprehensive

review of current-limiting control strategies is detailed in [3].
Current limiting dominates the inverter’s dynamics during and
after a disturbance, and can strongly affect device-level and
system-level stability (including synchronism). A source of
undesirable post-fault instability is the integrator windup in the
voltage control loop that causes the current limiter to clamp
the current reference to the saturated value for an extended
period of time after the fault has been cleared. Adding anti-
windup helps by preventing integrator accumulation when the
limiter is active.

The problem of limiting over-currents in GFM inverters re-
mains a significant challenge. The two important questions are
where in the overall control scheme the current limiter should
be implemented and how to design a limiter/compensator to
achieve fast current limitation without compromising post-
fault recovery and stability. The solutions range from the
virtual impedance method that belongs to the indirect methods
of current limiting [4], [5], to the concept of virtual power and
power reference and angle freeze that has been introduced
to help improve the post-recovery transient stability [6]–[8].
Some methods embed the current limiter in the grid-forming
architectures such as saturation-informed or cross-forming
designs [9], [10]. Many require careful design and lack for-
mal stability and performance guarantees or are difficult to
implement in practice. By far one of the simplest and most
practical solutions is to introduce a cascaded control structure
with very fast internal current control loop, which belongs
to the direct methods of current limiting [11]. Saturating the
current control reference thus achieves the desired limiter
performance but introduces the problem of integral windup.
Therefore, designing an anti-windup compensation becomes
critical to ensure fast regulator recovery and post-fault stability.

The paper addresses this challenge by applying a systematic
design procedure to the anti-windup (AW) compensator de-
sign. Specifically, we use a Euclidean-norm saturation, embed
it as a dead-zone input in the standard direct linear anti-
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windup (DLAW) architecture, and synthesize a full-order AW
compensator through the use of Algorithm 2 presented in [12].

The advantage of this method is the focus on maintaining
some performance during the saturation as an explicit objective
and the guarantee of global asymptotic stability (GAS) for a
stable closed-loop linear plant. The results demonstrate that
the designed AW compensator achieves the desired objective
of fast recovery of post-fault conditions without jeopardizing
large-signal stability.

This paper is organized as follows. The grid and control
models are detailed in Sec. II. In Sec. III, we discuss the anti-
windup algorithm. In Sec. IV, case studies are presented and
the simulation results are shown. Finally, the conclusions of
this paper are stated in Sec. V.

II. GRID AND CONTROL MODEL

A. Grid and control

The grid for this study consists of an ideal voltage source
with an RL line impedance. In order to be able to apply
the DLAW algorithm, all grid quantities are expressed in the
direct-quadrature (dq) frame and in per unit. The inverter is
modeled as a controlled voltage source with an RL filter, as
seen in Fig. 1.

Figure 1. Grid model (part of the plant)

Since the grid quantities are expressed in the dq frame,
the nonlinear Park transformation from abc to dq is avoided.
Furthermore, the grid quantities are in the inverter dq frame
instead of the grid dq frame. It is applied upstream to the grid
voltage Vgdq so that the whole system is linear time invariant.
The inverter control used is a grid forming P-f, Q-V droop-
controlled voltage source converter with the following droop
control law:

ω = ωref +mp (P − Pref) ,

V = Vref + nq (Q−Qref) .
(1)

For the anti-windup design, the unconstrained controller
needs to be linear time invariant. In order to achieve this, we
kept the power calculation stage of the droop controller outside
of the control and treated the deviations of the calculated
powers from the setpoints ∆P = P−Pref and ∆Q = Q−Qref

as exogenous inputs to the controller as seen in Fig. 2.
The V-Q droop serves as the primary controller driving

the voltage controller, and the current reference outputs of
the voltage controller, Idref

and Iqref , serves as the input
to the saturation nonlinearity stage. The entire unconstrained
controller is shown in figure 2.

Figure 2. Unconstrained controller

Figure 3. Saturation nonlinearity

B. Euclidean-magnitude limiter and dead-zone

We impose a magnitude (Euclidean) current limit on the
current references, i.e. ∥idq,ref∥2 =

√
i2d,ref + i2q,ref . The

nonlinear coefficient ρ(idq,ref) can be expressed as:

ρ(idq,ref) = min

(
1,

Imax

∥idq,ref∥2

)
(2)

We define yc = idq,ref ∈ R2 and u0 = Imax ∈ R>0 and we
can express the saturation function as satu0

, (yc) = ρ(yc) yc
and the dead-zone input ϕ(yc) = satu0

(yc)− yc. The DLAW
framework requires that the saturation nonlinearities via dead-
zone signals satisfy a sector condition in order establish the
stability guarantees and to derive the linear matrix inequalities
(LMIs) [12]. Lemma 1 demonstrates that magnitude saturation
fits the DLAW sector condition.

Lemma 1 (Global sector condition for Euclidean-norm satu-
ration). Let m ≥ 1, and u0 > 0 be a scalar saturation limit.
Let the Euclidean-norm (magnitude) saturation function be:

satu0
(yc) = ρ(yc) yc, ρ(yc) = min

(
1,

u0

∥yc∥2

)
, (3)

for yc ∈ Rm, with the convention ρ(0) = 1. Let the associated
dead-zone nonlinearity be:

ϕ(yc) = satu0
(yc)− yc. (4)

Then, for any diagonal positive definite matrix S ∈ Rm×m,
the following global sector inequality holds:

ϕ(yc)
′S−1

(
ϕ(yc) + yc

)
≤ 0, ∀ yc ∈ Rm. (5)
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Figure 4. Current control loop (part of the plant)

Proof. We consider two cases.

Case 1: ∥yc∥2 ≤ u0. In this case ρ(yc) = 1 in (3), so that
satu0

(yc) = yc and hence ϕ(yc) = 0 from (4). Therefore

ϕ(yc)
′S−1

(
ϕ(yc) + yc

)
= 0′S−1yc = 0 ≤ 0,

and (5) holds. The inequality also holds trivially for yc = 0.

Case 2: ∥yc∥2 > u0. Define

α =
u0

∥yc∥2
∈ (0, 1).

Then by (3) we have satu0
(yc) = αyc, and from (4)

ϕ(yc) = αyc − yc = (α− 1)yc, ϕ(yc) + yc = αyc.

The sector inequality reduces to(
α− 1

)
y′c S

−1
(
αyc

)
=

(
α− 1

)
α y′c S

−1yc ≤ 0,

Because α ∈ (0, 1), the product α(α− 1) is strictly negative,
and y′c S

−1yc ≥ 0 since S−1 is positive definite. Therefore

ϕ(yc)
′S−1

(
ϕ(yc) + yc

)
=

(
α− 1

)
α y′c S

−1yc ≤ 0

for all yc with ∥yc∥2 > u0.
Combining the two cases, inequality (5) holds for all yc ∈

Rm.

Remark. Lemma 1 and Remark 5 in [12] show that, for a
component-wise saturation satu0

(·), the associated dead-zone
ϕ(yc) = satu0(yc) − yc satisfies ϕ(yc)

′S−1(ϕ(yc) + ω) ≤ 0
globally when ω = yc is used in the modified sector condition.
The lemma above shows that the same global sector inequality
holds when the saturation is defined via the Euclidean norm
as in (3). Therefore, the global DLAW synthesis conditions
of Theorem 2 and Algorithm 2 in [12] remain valid when
the component-wise saturation is replaced by a magnitude
saturation.

III. PROBLEM FORMULATION AND DLAW
ARCHITECTURE

We use the standard DLAW architecture from [12] and
apply it to our system, where the plant and unconstrained
controller are separated by the saturation nonlinearity, and
where the anti-windup (AW) compensator is dynamic and full-
order, i.e. naw = np + nc. The dead-zone input entering the
anti-windup compensator is given by ϕ(yc) = satu0(yc)− yc.

Figure 5. The DLAW architecture

The exogenous inputs w are the deviations from the power
setpoints and the grid voltage setpoints, i.e.:

w = [∆P, ∆Q, ∆vg,d, ∆vg,q] (6)

where ∆P = P−Pref , ∆Q = Q−Qref , ∆vg,d = vg,d−vg,dref
,

and ∆vg,q = vg,q − vg,qref .
Let the linear time invariant plant and linear time invariant

unconstrained controller be represented together as:

ẋp = Apxp +Bpu satu0
(yc) +Bpw w

yp = Cpxp +Dpu satu0
(yc) +Dpw w

z = Czxp +Dzu satu0
(yc) +Dzw w

ẋc = Acxc +Bcyp +Bcw w

yc = Ccxc +Dcyp +Dcw w

(7)

with ∆ = Im −DcDpu nonsingular. The unsaturated closed-
loop matrix is:

A =

[
Ap +Bpu∆

−1DcCp Bpu∆
−1Cc

Bc

(
Ip +Dpu∆

−1Dc

)
Cp Ac +BcDpu∆

−1Cc

]
(8)

and is required to be Hurwitz (nominal stability).

A. Anti-windup architecture

We use the standard DLAW form with full-order dynamic
AW:

ẋp = Apxp +Bpu satu0
(yc) +Bpw w

yp = Cpxp +Dpu satu0
(yc) +Dpw w

z = Czxp +Dzu satu0
(yc) +Dzw w

ẋc = Acxc +Bcyp +Bcw w + vx

yc = Ccxc +Dcyp +Dcw w + vy

ẋaw = Aawxaw +Baw(satu0
(yc)− yc)

vx =
[
Inc

0
]
(Cawxaw +Daw(satu0(yc)− yc))

vy =
[
0 Im

]
(Cawxaw +Daw(satu0

(yc)− yc))

(9)

where vx and vy are the anti-windup output signals. We
chose the performance signals z to represent, in this work,
the discrepancy between the saturated reference current and
the measured current, which are given by:

z = WP

[
Idref,sat − Iconvd

Iqref,sat − Iconvq

]
(10)
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Figure 6. Current magnitude limited to 1.2 pu during a 100 ms three-phase
fault with a grid with a short-circuit ratio of 15 for the saturated current a)
with the DLAW AW b) with the IF AW and c) without AW.
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Figure 7. Current magnitude limited to 1.2 pu during a 100 ms three-phase
fault with a grid with a short-circuit ratio of 1.5 for the saturated current a)
with the DLAW AW b) with the IF AW and c) without AW.

Where WP is a specific weight for performance, set to 5 in
this work.

After defining z, we can define Cz , Dzu and Dzw. In our
case these matrices are:

Cz = WP

[
0 0 −Iconvd 0

0 0 0 Iconvq

]

Dzu = WP

[
Idref,sat 0

0 Iqref,sat

]
Dzw = 02×4

(11)

B. LMI Synthesis

We follow the standard three-stage procedure from Algo-
rithm 2 in [12], which are: dilated LMIs, congruence to recover
Q, and convex AW synthesis where Q is fixed.

If Ap is Hurwitz and (19) in [12] is feasible, the saturated
closed loop with the designed AW exhibits: (i) small-signal
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Figure 8. Current magnitude limited to 1.2 pu during a 5 seconds three-phase
fault with a grid with a short-circuit ratio of 15 for the saturated current a)
with the DLAW AW b) with the IF AW and c) without AW.
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Figure 9. Current magnitude limited to 1.2 pu during a 5 seconds three-phase
fault with a grid with a short-circuit ratio of 1.5 for the saturated current a)
with the DLAW AW b) with the IF AW and c) without AW.

preservation (when ϕ = 0); (ii) GAS for w ≡ 0; and (iii) an
induced L2 bound ∥z∥2 ≤ γ∥w∥2.1 This procedure yields
global asymptotic stability for w≡0 and the above L2 bound
[12].

IV. CASE STUDIES AND RESULTS

In this section, simulation studies are conducted to charac-
terize the performance of the DLAW anti-windup approach.
For a three-phase fault scenario, we compare the system
response with no anti-windup, with a baseline integral-freeze
(IF) anti-windup, and with the proposed DLAW anti-windup
method presented in this work. The integral freeze AW re-
places the input of the integrator of the voltage PI control with
a signal value of zero when the current saturation is reached.

The first case study is a three-phase fault starting at the fifth
second and lasting 100 ms on a strong grid with a short circuit

1Regional variants and fixed-order options follow the same pattern with
generalized-sector LMIs, which are omitted for brevity. For additional details,
see [12].
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ratio (SCR) of 15, where the results are shown in Fig. 6. The
results for a weak grid with a SCR of 1.5 are presented in
Fig. 7.

As it can be seen in the results of Fig. 6 for the strong
grid case, without AW, the limiter clamps the current and
the controller integrator winds up, producing a sluggish and
potentially unstable post-fault recovery. The same problem
occurs with the integral feeze AW where the limiter clamps
the current and the current signal is trapped in a similar
limit cycle as in the case without AW. With the synthesized
DLAW control, the dead-zone signal drives vx and vy to cancel
the windup. The current limiting is respected, and the states
converge to the nominal equilibrium once exogenous input

disturbance subsides, i.e.
[
∆vg,d
∆vg,q

]
→ 0.

The results in Fig. 6 show the weak grid case with the
inverter current magnitude having the same behavior without
AW. The IF AW manages to work under a weak grid. The
DLAW AW also work similarly to the IF AW but with a
smaller current incursion.

The second case study compares a strong grid Fig. 8
and a weak grid Fig. 9 for a three-phase 5 seconds fault
starting at the fifth second. The 5 seconds three-phase fault
is a test where we neglect the effects of the protection to
stress the cumulative effect of integration and see whether
the anti-windup can recover the unconstrained response even
after very long integral windups. Fig. 8 and Fig. 9 show
the saturated current magnitude with: a) the current saturated
inverter without AW, b) the current saturated inverter with
integral freeze AW and c) the current saturated inverter with
DLAW AW.

The results of Fig. 8 in a strong grid show that DLAW
anti-windup is able to recover after the fault even with an
extended integral wind-up period. In the weak grid case shown
in Fig. 9, we see that the IF AW and DLAW AW have similar
performance.

V. CONCLUSION

In this paper it was shown that using the DLAW anti-windup
method for the over-current limiting can mitigate instability
problems on a droop-controlled inverter.

We presented a constructive method for anti-windup design
for GFM inverters with magnitude current limiting, using the
DLAW architecture and LMI-based Algorithm 2 of [12]. We
have adapted the model so that it satisfies the requirements
for the algorithm and have shown the applicability of the Eu-
clidean magnitude saturation. The method preserves nominal
small-signal behavior, prevents integral windup during current
saturation, and guarantees global asymptotic stability with an
L2 bound. Simulations on a droop-controlled 1-MW inverter
confirmed robust post-fault recovery while enforcing current
limits.

Furthermore, the GAS result of Algorithm 2 holds under the
standard intrinsic limitations: global exponential stability with
bounded input is impossible unless the plant is exponentially
stable; with a Hurwitz Ap, DLAW achieves GAS with an L2

bound. For marginally stable or exponentially unstable plants,
regional designs (generalized sector) or nonlinear MRAW are
appropriate alternatives (outside the scope of this paper).

In the future, extension to this work will involve the case
of single-phase current limiting, as most contingencies involve
single line to ground faults [3]. The behavior of this current
limiter in the case of Type-IV wind turbine connected to the
DC bus machine-side inverter will also be the topic of future
work.
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