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Abstract—This letter focuses on the fault recovery analysis of
inverters using multi-loop droop based grid-forming control, tak-
ing into account different current limiting strategies. A criterion
is proposed to determine when the inverter can exit the current
limiting mode after fault clearance. The theoretical findings are
verified through electromagnetic transient simulations using the
direct (d)-axis priority-based current limiting method, circular
current limiting method, and virtual impedance method.

Index Terms—Grid-forming control, transient behavior, cur-
rent limiting, fault recovery.

I. INTRODUCTION

RID-forming (GFM) inverters are becoming increasingly
essential for the operation of future power-electronic-
based grids. While GFM inverters function as voltage sources
and offer various grid support capabilities, such as fre-
quency/voltage regulation, and back-start capabilities, they
encounter stability issues when faced with large disturbances.
Control challenges associated with GFM inverters during
grid faults are discussed in [1]. Unlike synchronous machines
which can withstand several times their rated current, GFM
inverters have limited overload capability. Therefore, imple-
menting a current limiting strategy becomes important to
protect the inverter during transient events. Two commonly
employed current limiting techniques reported in existing
literature are the virtual impedance (VI) method [2] and the
current saturation (CSA) method [3]. The concept of the VI
is to increase the output impedance of the voltage source
converter (VSC) by a virtual value. The CSA technique is
implemented by saturating the current reference during over-
current periods.

With different current limiting strategies, the transient stabil-
ity criteria of the GFM inverter, such as critical clearing time
(CCT) and critical clearing angle (CCA), differ. These criteria
have been investigated in previous studies [4], [5]. However,
the criterion for determining when the GFM inverter returns
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Fig. 1. Overall layout and control of the GFM inverter.

to the normal operation is lacking. In [5], the assumption was
made that the GFM inverter could return to normal operation
at the intersection point on the P — § curves between normal
operating and current limiting modes. However, no theoretical
illustration is provided to validate this assumption. Theoretical
analysis of the fault recovery process of GFM inverters with
the d-axis priority-based current limiter is presented in [6].
The criterion for switching between the current limiting mode
and normal operation mode remains an unresolved question.

Motivated by this concern, this letter provides a theoretical
explanation of the fault recovery process in multi-loop droop
controlled GFM inverters with different kinds of current lim-
iters. The main contributions of this letter are summarized as
follows: (1) proposing a criterion to determine when the GFM
inverter transitions back to normal operation mode after fault
clearance, and (2) validating the theoretical findings through
electromagnetic transient (EMT) simulations with the d-axis
priority-based current limiter, circular current limiter, and VI
method.

II. MuLTI-LOOP DROOP CONTROLLED-GFM INVERTERS

The system configuration and control diagram of a droop
controlled GFM inverter are given in Fig. 1. The grid is
represented by an ideal AC voltage source connected in series
with impedance Ry, Lg. vg, is the GFM inverter terminal
voltage. iy is the current through filter Ry1, Lyi; vy is the
voltage across capacitor C'f; i, is the the current through filter
Ry, Lyo; and vy is the grid voltage.

The P —w and (Q — V droop control generate the phase
angle and the magnitude of the inverter voltage as given in
Fig. 1. The inner dual-loop proportional integral (PI) control
is utilized to trace the voltage reference. The VI method or the
CSA method can be chosen to avoid over-current. Because the
multi-loop droop control regulates the filter capacitor voltage
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vy, the equivalent circuit can be represented by a voltage
source behind impedance Ryo + jXyo. In the subsequent
discussion, we will use By and Xy to denote RRyp and Xyo.

ITII. POST-FAULT SYNCHRONIZATION ANALYSIS AND
PROPOSED CRITERION FOR CURRENT LIMITING MODE
TRANSITION

This section discusses the fault recovery of droop
controlled-GFM inverters with different current limiting strate-
gies. To ensure clarity in explaining the post-fault behavior of
the inverter, its model is simplified and certain assumptions
are made: (1) the inverter filter dynamics are ignored, (2)
the voltage control and current control dynamics are ignored,
(3) the DC voltage of the inverter is assumed to be constant,
and (4) the analysis is only applicable to balanced faults and
unbalanced faults are not considered in this work. It should
be noted that those neglected factors (1)-(2) are thoroughly
considered in the high-fidelity EMT simulations conducted in
this work.

A. Post-fault Synchronization of the Priority-based Current
Limiter

During a voltage fault, there is a possibility that the current
will exceed the maximum allowable value. To limit the current,
a d-axis priority based current limiter can be utilized,

Tas = T5ar Tfqs = g if\/ T+ 17 < Tnax, (D
i;ds = Imax> i}qs = 0 lf\ / Z?d + Z?q > Imax7

where i%,,1%7,4, are the saturated dq currents. 7%, i}, are
the inverter-side current references generated by the voltage
control loop. Iy« is the maximum allowable current reference.

When the d-axis priority current limiter is triggered, the
current is synchronized along the d-axis. After the fault is
cleared, the active power delivered to the grid by the GFM
inverter while it is still in the current limiting mode can be
expressed as follows,

P= Vquax COS(ég - 6droop)7 2

where V; is the magnitude of the grid voltage, and ¢, is the
phase angle of the grid. daro0p is the inverter phase angle, which
is the integral of the inverter angular frequency generated ac-
cording to the P—w droop: w = wyef+m p(Pref— Preas ), Where
wrer 18 the reference frequency, m,, is the droop coefficient, P¢
is the active power set-point, and Ppe,s is the measured active
power.

B. Post-fault Synchronization of the Circular Current Limiter

The circular current limiter is also considered in this work,

Z',j("ds = i}d’ Z.;(”qs = Z;q lf\/ Z?”d + Z?fq < Imaxa
@ g Imax 0% o Imax . . .
Sd = g 1f,/2?cd+zfcq > Iax.-

S . Sy S i, 2
fas = vy e T g
(3)

The active power delivered during the current limiting mode
can be expressed as follows,

P = Vylnax cos(g — @), “)

where ¢ is the angle of the output current.

According to findings in [7], the inner control loop with a
circular current limiter can be represented as a voltage source
behind an equivalent resistance R. in the current limiting
mode. Then, the following equation holds,

Edrooplfsdroop - Vg 46(]
R, +Rf+Rg+j(Xf+Xg)
where Fgaop is generated according to the ¢Q — V' droop:
Egroop = Vief + mq(Qref — Qmeas), Where V¢ is the reference
voltage magnitude, m, is the droop coefficient, Qs is the
reactive power reference, and QQpe,s 1S the measured reactive
power. In this work, my is set to 0. Therefore, Eyoop is fixed
at Ve (ie., 1 p.u.).
According to (5), R, can be calculated as follows,

Ro= (G~ (X;+X,)%) ~ (Rf +R,), (6

where G = (E3 o, + V5 — 2Edr00pVy €05(Jaroop = 99))/ Tt
The magnitude and angle of the inverter output current
during the current limiting mode is given by,
Edroopéddroop - Vg 469
Re+Ry+ Ry +j(X;+ X))
By substituting (6) into (7), we can obtain the expression
of ¢,

‘ = Ima)u (5)

Imax4¢ =

)

Y - XZ
RZ + XY’ ®
where @ = R, + Ry + Ry, X = X; + X, 72 =
Edroop €08 ddroop — Vg €05 6g, Y = Edroop SiN ddroop — Vy Sin 0.
After obtaining ¢, the active power delivered by the inverter
during the current limiting mode can be calculated based on

.

¢ = arctan

C. Post-fault Synchronization of the
Method

The principle of the VI method is to emulate the effect of
the physical impedance when over-current is detected, where
the virtual impedance Xy; and the virtual resistance Ry are
given by [5],

Virtual Impedance

Xor — %KVI(SI if 61 >0,
vi— 0 if I <0,

Ry = 0 Xy,

)
(10)

where Ky is the VI impedance proportional gain, o is the
virtual impedance ratio Ry;/Xvi, and 61 = Iy — I.x(Where
I denotes the measured current magnitude).

When the VI is triggered, the new voltage reference can be
obtained,

(11
12)

U}é = ’U;d - (RVIifd - XVIifq);
Vg = Vfq — (Rviigq + Xviiga),
where v}d = Edroop, v}q =0.
When the VI method is activated, the following equation
applies,
Edroopladroop - thé(sg
Ry+Xy+ Ryy Jrj(Xf + Xy +Xvr)

‘ = Imax~ (13)
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Substituting Ry; = 0 Xy into (13), we can obtain,

—M + /M2 — (1+02)(R? + X? - G)
1+ 02

where Ry = Ry + Ry, Xy = X5+ X, M = oRy + X,.

Similar to the circular current limiting method, the active

power delivered by the inverter using the VI method in the

current limiting mode can be expressed via (4), in which

the current angle ¢ can be calculated via (8), specifically
R:Rf+Rg+UXVI,X:Xf+Xg+XVI.

Xvi = , (14

D. Criteria for Transitioning Operation Modes

Assuming a fault occurs at the point of common coupling
(PCC) and V, drops to zero, the active power (Ppeas) drops
to zero. Then, the inverter frequency w = MpPer + Wret.
As m, and P are determined, the inverter phase angle
ddroop increases linearly with the fault duration. Once the fault
is cleared, V, recovers to its nominal value and §, = 0°.
However, a significant deviation between gro0p and d, persists,
and Iy remains at I, It is only when dgro0p decreases to a
certain value, denoted as d.;;, that the inverter exits the current
limiting mode. At this moment, R, = 0, Ry; = 0, Xy; = 0,
and the following equation holds,

FElaroopLOexit — Vy £0°
droop—Zexit —__~9 = Inax- (15)
Ry + Ry +J(Xf +Xg)
By solving (15), we can obtain,
EZ 4+ VZ—12 (R?+ X?)
Oexit = arccos roop g max Tt i . (16)
' ( 2E‘droop‘/g

With the known de, the current angle at this moment,
Qexit, can be obtained through the equation I, Z@exit =
(EaroopL0exit — VgZdy)/(R: + jX¢). Subsequently, the active
power delivered by the inverter at this moment can be ex-
pressed as,

Pexit = VgImax COS(59 - Qbexit)- (17)
E. Operation Mechanism of GFM Inverters under Voltage
Faults

Assuming that the inverter is connected to a stiff grid (i.e.,
Vg = 1pu, d, = 0°,X, = 0,R; = 0), for a scenario
where Xy = 0.2 p.u,Ry = 0.02 p.u.,FPe = 0.6 p.u,
Inax = 1.5 p.u., and the synchronization process of the
inverter with different current limiting strategies is given in
Fig. 2. Initially, the inverter operates at point a. If a fault
occurs and voltage drops to zero, the inverter’s active power
also drops to zero. The fault is cleared at point b, the operation
shifts to points ¢, d, e using the circular current limiter, d-axis
priority current limiter, and VI method, respectively. As the
active power at c,d, e exceeds the set-point, the phase angle
begins to decrease. In the case of the d-axis priority current
limiter and circular current limiter, when the phase angle
decreases to ey (i.€., points f ), the inverter exits the current
limiting mode and moves to point g, subsequently returning
to the pre-fault operation point a. For the VI method, the
inverter transitions from point e to f as the virtual impedance
progressively decreases. It then exits the current limiting mode,
moves to point g, and finally returns to point a.

7 . " " "
—Unsaturated P — § curve
——P — § curve with d-axis priority current limiter
61 P — § curve with circular current limiter ]
—P — § curve with virtual impedance method
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Fig. 2. P(6) curves with different current limiting methods.
IV. CASE STUDIES

A test system, as depicted in Fig. 1, is modeled in PSCAD
to validate the theoretical analysis presented in Section III. The
nominal power of the inverter is 100 MW. The P — w droop
coefficient is 0.01. The PWM switching frequency is 10 kHZ.
It is assumed that the inverter is connected to an infinite bus
with the nominal grid voltage of 230 kV.

For the inverter, it is assumed that Per = 0.6 p.u., Xy =
0.2 p.u., and Ry = 0.02 p.u.. For the grid impedance, we first
consider X, = 0. A three-phase bolted fault is applied to the
system at PCC at t = 1.2 s, and the fault duration is 120 ms.
When I,,x = 1.5 p.u., the inverter current magnitude, phase
angle, active power, and grid voltage with different current
limiting methods are shown in Fig. 3. It can be observed that
ddroop Starts to increase when the fault occurs. After the fault
clearance, the phase angle begins to decrease, but the inverter
cannot immediately return to the normal operation mode. With
the continued decrease of dgro0p, the inverter transitions out
of the of the current limiting mode. The simulated values
of ddroop are 0.301 rad,0.279 rad, and 0.284 rad for the
14 priority current limiting, circular current limiting, and VI
method, respectively. The simulation and analytical results of
the inverter’s active power at this point, denoted as Pe;, are
presented in Table I. As a static model is used in this work
for positive sequence analysis, there exist minor differences
between the simulation results and the analytical findings.

Different network impedance X, settings are taken into
account with Ry = 0.02 p.u., Xy = 0.2 p.u., Ry = 0.02 p.u.,
and I« = 1.5 p.u.. The comparisons between the theoretical
results and the simulation results are given in Table II. The
results validate the effectiveness of the proposed criterion
under different network impedance settings.

Different Ip,x settings are also considered, and the com-
parison between the theoretical results and simulation results
is shown in Table I. It can be found that the simulated
dexit Values exhibit slight disparities across different current
limiting strategies. These differences may arise from variations
in voltage and current control dynamics resulting from the
implementation of different current limiters. Those factors are
not considered in the theoretical calculation of d.;;. However,
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TABLE I
COMPARISON BETWEEN ANALYTICAL AND SIMULATION RESULTS WITH DIFFERENT Iyax
Tmax ] Oexit (rad) _ P.i: (p-u.) Fau}t
(p-u.) A?:il)ﬁgal iq priority | Circular VI Arrl:izﬁsal 1q priority | Circular VI du(i:il)() n
1.2 0.242 0.241 0.218 0.224 1.171 1.170 1.108 1.095 70
1.5 0.303 0.301 0.279 0.284 1.453 1.475 1.342 1.389 120
2 0.405 0.393 0.359 0.392 1.909 1.938 1.820 1.836 200
2.5 0.508 0.484 0.449 0.504 2.345 2.335 2.238 2.217 300
TABLE II
COMPARISON BETWEEN ANALYTICAL AND SIMULATION RESULTS WITH DIFFERENT Xg
Xg ] Oexit (rad) ] Pt (pou.) Fau}t
(p-u.) A?:izﬁzal iq priority | Circular VI A?:izﬁgal iq priority | Circular VI dll(l;iz;) n
0.1 0.458 0.456 0.429 0.443 1.403 1.482 1.380 1.385 200
0.15 0.535 0.534 0.507 0.514 1.392 1.483 1.383 1.339 220
0.2 0.613 0.610 0.583 0.592 1.378 1.463 1.393 1.322 250
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Fig. 3. Simulation results, (a) Current magnitude, (b) Phase angle, (c) Active

power, (d) PCC voltage.

the simulation results align well with the analytical results with

different [, and fault durations.

V. CONCLUSION

The post-fault synchronization of a multi-loop droop con-

trolled GFM inverter utilizing the d-axis priority-based current
limiter, circular current limiter, and virtual impedance method
has been analyzed in this work. A criterion for the inverter to
exit the current limiting mode has been introduced. Theoretical
analysis results have been validated through numerical EMT
simulations.
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