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Enhanced Active Power Transfer and Stability for
Grid-Following Inverters Within an Ultraweak Grid

Guangda Ma"?, Student Member, IEEE, Chuan Xie

and Jianxiao Zou

Abstract—Grid-following (GFL) inverters face both severe large-
signal destabilization (LSD) and small-signal destabilization risks
in ultraweak grids. To address the LSD risk, this article reveals the
effect of reactive current injection (RCI) on the power-angle prop-
erty, terminal voltage, and maximum transferable active power
(MTAP) in the presence of different short-circuit ratio (SCR)
conditions. Then, the feasible ranges for active power and RCI
are developed to prevent LSD and terminal voltage violation. By
excluding the possibility of LSD with an enhanced MTAP, the
small-signal stability of the GFL inverter is ensured by applying
the impedance stability criteria. In this article, an optimization
problem with constraints of internal and external stabilities is
established to redesign the gains of the current controller, with-
out requiring real-time detection during the solution process. The
redesigned gains effectively ensure the small-signal stability of the
GFL inverter while keeping a relatively high phase-locked loop
(PLL) bandwidth in an ultraweak grid with SCR = 1.1, which is
lower than that achieved by state-of-the-art methods. Finally, the
simulation and experimental results confirm the effectiveness of the
proposed guideline.

Index Terms—Current controller design, grid-following inverter,
stability, ultraweak grid.

1. INTRODUCTION

UE to their superior controllability and high-quality
Dpower, grid-following (GFL) inverters are still mainly
power transfer interfaces for renewable energy resources inte-
grated into the power grid [1]. However, GFL inverters suffer
from both instability issues and limited active power transfer
capacity, especially in weak grid conditions having a low short-
circuit ratio (SCR) [2], [3]. To ensure the stable operation of
the inverter-grid system in weak grids, both system operators
and academic communities are working to tackle these unstable
issues, and representative works are compared and summarized
in Table 1.
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The small-signal stability analysis of GFL inverters focuses
on their dynamic performances when small disturbances occur
in the input signals of the control part [4]. During the dynamic
process, a phase difference occurs in the phase-locked loop
(PLL) between the actual grid phase and the simulated control
one. This will result in the negative admittance characteristics of
the PLL added to the inverter output admittance [5], [6]. Accord-
ing to impedance stability criteria, the inverter-grid system will
destabilize if the intersection frequency between the inverter and
grid appears in the low-frequency negative real-part admittance
range [7]. Based on these insights, small-signal destabilization
(SSD) is characterized by the divergence of the PLL output
signal along with severe low-frequency oscillations [8], [9], [10].

One simple way to improve the small-signal stability of
GFL inverters is to limit the PLL bandwidth, but this degrades
dynamic performance [11]. Another improvement in the PLL
scheme is modifying its control structure, such as introducing
an extra filter for reshaping the admittance characteristics of the
PLL [9], [12]. However, the reconstruction of PLL in the existing
inverters is troublesome and impractical [4]. To circumvent this
limitation, an active damper is presented in [13] to mitigate the
small-signal instability issue by an extra inverter connecting to
the point of common coupling (PCC). However, this approach
increases both the cost and the implementation complexity of the
system. Furthermore, some studies focus on reshaping the in-
verter output admittance by alleviating the interactions between
the PLL and the grid impedance [4]. However, the complete
decoupling of the PLL from the grid impedance is difficult.
Also, active damping feedback loops can improve small-signal
stability, for example, by modifying the current reference [3] or
altering the output of the current controller [14], [15]. However,
these additional loops in the control structure will increase the
system’s complexity [16].

Recently, the redesign of the current controllers, such as
the proportional-resonant (PR) controller and the proportional-
integral (PI) one, has been demonstrated as a more effective
solution for tackling unstable issues of GFL inverters in weak
grid conditions [6], [17], [18]. It is revealed in [14] and [18]
that the inverter output admittance is affected by both the PLL
and the current controller in the low-frequency range. So, the
small-signal stability can be improved by the inverter output ad-
mittance reshaping via tuning the current controller parameters,
which offers a cost-effective solution without any reconstructing
work in the control part [17], [18]. In [6], a single-input single-
output transfer-function-based redesign guideline is proposed to
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TABLE I
COMPARISON OF THE STATE-OF-THE-ART TECHNIQUES FOR IMPROVING SMALL-SIGNAL STABILITY

Ref. Description Advantages Disadvantages Studied SCR
[2], [11], Limiting the PLL Lo Stabilization effect sacrifices the dynamic
1] bandwidth. It is simple and easy to operate. performance. >1
9] Modifying the PLL control It can maintain a suitable PLL bandwidth. Itis troublesom§ anfi impractical for the 25
structure. existing inverters.
[13] Connecting an extra It avoids modifying the work on the Increasing cost and implementation 10
inverter to the PCC. existing inverter. complexity.
4] Alleviating the interactions It can maintain a suitable PLL bandwidth. Complete decouplmg is unattainable, and 108
between control loops. the control structure is extremely complex.
[3], [14], Using the active damping It avoids modifying wprk to the PLL and More complex control structure. 128.3.5
[15] control loop. keeps good dynamic performance.
[61, [17], Redesign of the current It is reliable and cost-effective without any Small-signal stability in the ultra-weak grid is 2422

[18] controller in the weak grid.

reconstruction work in the control part.

not always guaranteed.

mitigate the side-effect of the PLL on the inverter output admit-
tance by increasing the P gain of the current controller. However,
itignores the redesign of the I gain. Furthermore, the PI gains of
the current controller from a circuit perspective are redesigned
in [17] to enhance the inverter output impedance magnitude,
and yet greatly degrade the internal stability margin, which may
trigger the destabilization of GFL inverters. A region of current
controller gains is provided in [18] based on the internal stability
margin constraints and the inverter output impedance analysis.
However, it requires a cumbersome trial-and-error process to
ensure the stability of the GFL inverter, which relies heavily on
the design experience.

Despite the varieties of current controller redesign methods
that have been reported, the investigation scopes are mainly
concentrated on the weak grid conditions with 2 < SCR < 10.
With the large-scale integration of renewable energy resources
into the power grid, grid strength has trended to be weaker,
leading to ultraweak grid conditions with SCR < 2 [19], [20]. In
such scenarios, these methods in [6], [17], and [18] may fail to
ensure the stable operation of the GFL inverters. Furthermore,
the presumptive operating condition of a unit power factor
(PF) for GFL inverters, as assumed in most previous studies,
is also impractical [19]. Especially in a weak grid, the power
transfer capacity is limited [21], and hence, a proper amount
of reactive current injection (RCI) to lift the power transfer
capability of the GFL inverters is recommended [19]. When
the active power reference surpluses the maximum transferable
active power (MTAP) or the RCI is improper, the large-signal
destabilization (LSD) may be triggered due to the nonexistence
of the equilibrium point (EP) in the power-angle curve or the
nonconvergence system state. Therefore, the LSD risk must be
excluded in the inverter-grid system before investigating the
small-signal stability in an ultraweak grid [2], [8]. However,
the current controller redesign methods in [6], [17], and [18] are
conducted without considering the large-signal stabilities.

This article tries to simultaneously address these two issues
by precluding the risk of LSD before carrying out the current
controller redesign based on the small-signal stability enhance-
ment. Feasible current references and active power reference are
provided to lift the active power transfer of the GFL inverter and
exclude the risk of LSD, as well as to satisfy the terminal voltage
restriction. Based on this, the gains of the current controller
can be redesigned by considering the worst case of the grid

impedance to ensure the stable operation of the GFL inverter
without lowering the PLL bandwidth. The contributions of this
article are summarized as follows.

1) The RCI constraints are provided for different SCR con-
ditions to ensure the system’s ability for the state to
converge to the EP and the terminal voltage, keeping an
acceptable operating range. The GFL inverter with these
RCI constraints can avoid the LSD risk under ultraweak
grid conditions of SCR > 1.1, considering active power
transfer capacity and the terminal voltage restriction.

2) The ranges for the active power reference are presented
for different SCR conditions to ensure the existence of the
EP and meanwhile outputting the MTAP.

3) The PR gains are redesigned by solving an established
optimization problem with constraints of internal and
external stabilities. During the solution process, real-time
impedance detection is not required. The proposed re-
design method can ensure sufficient stability margin in
GFL inverters when interfaced with ultraweak grids.

The rest of this article is organized as follows. In Section II,
the large-signal stability of the inverter-grid system is analyzed
to prevent the LSD risk. In Section III, a small-signal model
of the GFL inverter is built in the aS-frame to reveal the SSD
mechanisms in ultraweak grids. The redesign guideline for the
PR gains is elaborated in Sections IV, and V validates the effec-
tiveness of the proposed redesign method through simulation and
experimental results. Finally, Section VI concludes this article.

II. ANALYSIS OF THE LARGE-SIGNAL STABILITY FOR THE
INVERTER-GRID SYSTEM

A. Description of the Studied Inverter-Grid System

Fig. 1 illustrates the general diagram of a three-phase GFL
inverter integrated into the power grid via an LCL filter, where
Ly, Lo, and C represent the inverter-side inductor, the grid-side
inductor, and the filter capacitor, respectively. In the power part,
the grid impedance consists of the grid resistance R, and the grid
inductance L,, where L, includes Lo, transformer leakage, and
line inductance I:g. Uoabes Vabes Uabes 11abe, and Iqpe represent
the inverter output voltages, capacitor voltages, grid voltages,
inverter-side currents, and grid-side currents, respectively. The
control part of the GFL inverter includes the PLL, the power
control loop, and the current control loop. The synchronization
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Fig. 1.  General diagram of the inverter-grid system.
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Fig. 2. Static equivalent circuit of the inverter-grid system.

signal is provided by the synchronous reference frame (SRF)
PLL, which is based on the phase of v,;.. The power control loop
generates the current references iy, where i 4,y is derived from
the active power control loop (APCL) and i .y is predetermined,
as described in Section II-C. Furthermore, the PWM signals
of the switching devices are produced by the current control
loop, where G;.(s) represents the current controller to eliminate
the steady-state tracking error of the current reference [22] and
improve the small-signal stability of the GFL inverter in this
article, Gg.(s) stands for the total delay link, Gf(s) denotes
a bandpass filter (BPF) of the capacitor voltage feedforward
(CVF) loop to suppress current startup inrush [23], which are
expressed as

Gic (S) - kip + kirﬁ

Gy (s) = e 1:5Tss (1)

Gy(s)= %
where k;;, is the P gain of G;.(s), k;, is the R gain of G;.(s), T
is the sampling period, and wy, is the BPF bandwidth of G(s).
Note that G(s) is a unit at the nominal angular frequency wy,
i.e., 0 dB in the magnitude and 0° in the phase.

B. Analysis of the Large-signal Stability Conditions for the
Inverter-Grid System

Fig. 2 shows the static equivalent circuit of the inverter-grid
system, where the GFL inverter is regarded as a controlled
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current source, the uppercase italic symbols are the amplitudes
of corresponding elements, § denotes the power angle between
Vand U, and ¢ represents the PF angle. Using the superposition
theorem, the static equation of the network is [24]

Va+iVyg=(Rg+jXy) - (ig +jiq) + U (cosd —jsind) (2)

in the dg-frame, where X is the grid reactance, and subscripts
d and g denote the dg-components of corresponding elements.

When the GFL inverter is in a steady state, the input error of
the PLL is eliminated, i.e., V, = 0 [2]. Thus, V4 and J can be
deduced from (2) that

Va= \JU — (Xyia + Ryig)* — Xyiq + Ryia 3
6 = arcsin

XgiatRyiq
et

According to (3), the inverter’s output active power P, is
calculated by

2
P, = 0.75U— sin (20) — 1.5U44 sin ()
Xy
o Uigcos(0) Usin (8) — Ryig\”
2 Ul glq
+ 1.5Ry |1 X, + < X, .
(4)
The SCR is defined as [19]
c 1.5U2 1.5U2
. Sac _ 1.5U 5U )

Sn N ‘Zg‘ Sn - XgSn\/1+Oéz2

where A is the SCR value, S, is the short-circuit power of the
grid, S,, is the rated power of the GFL inverter, and «, is the
reciprocal of the quality factor for grid impedance, i.e., Ry/X,.

Substituting (5) into (4), the power-angle equations of the
GFL inverter can be rewritten as

P, = 0.505,+/1 + a?sin (26) — 1.5U4, sin (9)

1.5U%42

— Uiy cos (0
r Sn/1+02 q¢0s (9)
. 2
+ Lo (5 /TreTsin) L5072
1.50 e ASny/ 1402

(6)

For the sake of simplicity, R, is usually ignored as the worst-
case in the stability analysis and design [25]. Let 0P,/0d = 0,
yields

1.5U4% 1.5U44)%+8(1S,)>
Om = arccos( fot (4/\SZQ) +8(25n) )

. SN\ 2
Pom = Pols_5 = Sn- [—0.75;1 +0.25 (;—Q) + 812

) ity (i) o
X%ﬁ_ ()"
@)

where I, is the nominal current, and ¢,, presents the maximum
power angle corresponding to the ideal MTAP of the GFL
inverter, i.e., P,,,. As seen in (7), both §,, and P,,, increase
with the increasing i, amplitude.
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Fig. 3. P,-6 curves in different A and i, conditions, where o; = 1.25.

Considering that every GFL inverter has an upper output
current limitation to guarantee thermal safety [26], substituting
this maximum output current limitation, i.e., a;l, (o; is the
current-carrying capacity [21]) into (2), yields

. Uy/a?12—42
0, = arcsin <1.5M>

MSh

— __Sn 2 iq 2 2 2 iq 2 iq
Pou—Po‘5:5u—T g — 1, . A —Oéi+ T, 1.

®)
where §,, represents the upper limit power angle corresponding
to the upper limit output current, and P,, denotes the actual
MTAP of the GFL inverter considering the upper limit output
current. From (8), it can be observed that ¢, decreases as the
i, amplitude increases, while P, increases at first and then
decreases.

The P,-0 curves are depicted for different scenarios in Fig. 3.
As seen, the large-signal stability conditions of the inverter-grid
system can be summarized as follows [2].

1) The existence of the EP, i.e., the active power reference

P, should be less than P,,,.
2) The system state converges to the EP, i.e., §,, should be
restricted below §,, where 0P,/05 > 0.

When the SCR decreases such that the MTAP falls below P,
the inverter—grid system loses its EP, as shown in Fig. 3 by the
red P,-d curve. A proper amount of the RCI may restore the
MTAP beyond P,,, and avoid the LSD [19], which is depicted
in Fig. 3 by the green P,-6 curve. However, if the amount of
RCI is improper, ¢, may exceed d,,, posing the LSD risk [2],
which is depicted in Fig. 3 by the orange P,-0 curve. Therefore,
the quantum of the RCI should be carefully allocated to ensure
large-signal stability.

C. Reactive Current Injection Constraints for GFL Inverter

By substituting i, = 0 into (7) and (8), it follows that §,,, = /4
and 0, = arcsin(a,;/A). From this, it can be easily inferred that
the large-signal stability condition 2) holds when A > 1.41q;,
which prevents the GFL inverter from the LSD risk under unit
PF operation. This result coincides with the scenarios in [6],
[17], and [18], where small-signal stability is sufficient for stably
operating the GFL inverters without analyzing the large-signal
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Fig. 4.  Plot of i4-A with the constraints of (9) and (10).

stability. When A < 1.41¢;, a proper amount of the RCI should
be applied to the GFL inverter to ensure large-signal stability.
Considering the critical condition of the large-signal stability
condition 2), i.e., §,, = d.,,, and substitute it into (7) and (8),
giving the minimal amplitude /,; of the RCI as follows:

N2 N\ 2 4
3— (% +\/—3+6ﬂ +(u
I(I1:In 0%2*)\2' <)L) 6 (A) ()L)

€)

In practice, the terminal voltage of the inverter-grid system is

stringently restricted to a certain range for supporting an eligible

service life [21], i.e., V < a,U (a, is the voltage restriction

coefficient which is usually less than 1.05 [19]). Considering

the critical condition and substituting V = «,U and § = ¢,, into
(3), the maximal amplitude /2 of the RCI can be obtained as

2Y) 12 2
|(1—av))» _ai‘ln.
200\

Iy = (10)

Equations (9) and (10) give the range of RCI for the inverter-
grid system to obey the large-signal stability condition 2) and
the terminal voltage restriction rule. Fig. 4 depicts the feasible
region of the RCI with the constraints of (9) and (10), where «,
= 1.05. As shown in Fig. 4, the RCI is feasible in the green-
shadow region, where -/ ;o < i, < —I,;. When A <1.1a, Igef
can only be set to —/ ;2 to prevent violating the terminal voltage
restriction, but violating the large-signal stability condition 2).
The GFL inverter shall be operated at grid conditions of A >
1.1ey; to prevent the LSD risk and obey the terminal voltage
restriction rule. Notably, when a; = 1.1 and «,, = 1, the weak
grid conditions of A > 1.27 can ensure the large-signal stability
condition 2), which is in line with the result in [27].

Although the LSD risk can be prevented by lowering P,
however, low-output active power is not desired with renew-
able energy resources. The ability of GFL inverters to transfer
higher active power is what makes them cost-effective and more
meaningful. To graphically analyze the influence of the RCI on
the MTAP, P, with different RCIs and A is depicted in Fig. 5.
When A > 5.41a;, unit PF operation delivers more power and
is, thus, preferable. For 1.41a; < A < 5.41q, although the LSD
does not occur, enabling the RCI is beneficial as it markedly
enhances MTAP. When A < 1.41a; , the RCI within —/,; and
-1, is mandatory to ensure large-signal stability. Therefore, Pgy,
should be chosen from the orange-shaded region in Fig. 5 to
guarantee the EP and maximize MTAP. Note that P, is below
;S due to the terminal voltage restriction.
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Block diagram of the SRF-PLL.

III. ANALYSIS OF THE SMALL-SIGNAL STABILITY FOR THE
GFL INVERTER

A. Small-Signal Modeling of the GFL Inverter

In this section, taking into account the RCI, the small-signal
model of the GFL inverter is developed in the «5-frame to reveal
the SSD mechanisms in ultraweak grids.

First, v4 and v, are expressed as

vg| | cos(f) sin(8)| [va
vg|  |—sin(f) cos(0)| |vg
by using aS-components, where 6 is the PLL’s output phase.

Next, imposing small-signal disturbances, § and v are decom-
posed into

(11)

{v=v0+Av (12)

0 =00+ A0

where subscript o denotes steady-state values of variables and
prefix A represents the small-signal perturbation. Considering
cos(Af) ~ 1 and sin(A#) ~ A#, and neglecting the high-order
small-disturbance terms [5], (11) can be sorted into

Avg = Avg cos (8p) + Avgsin (6p) + A - vgo
Av, = —Avy sin (0y) + Avg cos (0p) — Ab - vgg
Vo = Va0 €0s (o) + vaosin (By) = vo

Vg0 = —Va0 sint (8) + vgo cos (6p) = 0.

13)

Fig. 6 shows the block diagram of the SRF-PLL, where
G c(s) represents the PI controller, and the CRG denotes the
current reference generator [28]. Taking the a-axis as an exam-
ple, by perturbing the variables in the time-domain equations,
the linearized small-signal model of the PLL can be obtained as

Af = f Awdt = f (kpnp + k’pm f) A’qut
Aiaref = Aidref - COS (90) — idrefoAa - sin (90) — iqrefO
AB - cos (0y)
(14)
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where k11, and kp11; represent the proportional and integral gains
of Gpiic(s), respectively. From (14), it indicates that the phase
difference induced by the PLL dynamics is manifested through
the CRG, which directly affects the production of the current
references [14]. Furthermore, this disturbance current is injected
into the grid, which creates a negative damping component in
the inverter output admittance and may deteriorate the stability
of the system. Note that i, can be set according to (9) and
(10) in an ultraweak grid.

Since igycf is derived from the APCL, its linearized small-
signal form can be expressed as

Aidref = 7Gp (S) . (UQAid —+ Z.drefOAUd + ’L'qrefoAUq)
(15)
where G, (s) is the PI controller of the APCL. Readers can refer
to [9] for more details.
Substituting (15) and (13) into (14), by applying the Laplace
transform, the small-signal model of PLL in the s-domain is
derived as

Avg (s)=—=A0 vy + 0.5 [Avg (s — jwo) — Avg (s + jwo)]
+0.5 [Av/g (S - j(.UQ) + A’Uﬁ (S +jw0)]
Af (s) = GP”%(S) - Avg (s)
Aigrer (s) = —0.5G, (s)
vo [Aig (8) + Nig (s + j2w0)]
—vg [Af (s — jwo) + A0 (s + jwo)]
Figrefo [Avqa (8) + Avg (s + j2wo)]
—jigrefo [Ava (8) + Avg (s + j2wo)]
+J0.5igre o [AO (s — jwo) — AB (s + jwo)]
—0.50gre 0 [AO (s — jwo) + A (s + jwo)] -

(16)
For the three-phase balanced inverter-grid system, v, can be
expressed as

Va0 Avg
Vo = Vg cos (0p) —vo sin (0y) - AO + Awv cos (6p)
VB0 Aﬂ/—; (17)

—
vg = vy sin (fy) +vg cos (By) - AB + Avsin (6p) .

According to (17), it is found that Av, = jAvg [28], and thus
(16) can be rewritten as

Niaref (s) = Diares-11(8) + Daref—p ()
Gpl (9)

——
Aigrer—11(8) = —0.5G), (s) vg A, (5)
Gp2(s)

_O-5Gp (3) [idrefO_ jiqref0+jUO' lel (5 - jWO)] Ava (3)
Ton(s)
+0.5 (idrefO + jiqrefO) lel (3 - jWO) Ava (S)
Nigref—p (8) = Gp1 (s 4 j2wp) Aig (s + j2wo)
+Gp2 (s + j2wp) Avg (s + j2wp)

Tonp(s)
—0.5 (idrefO - jiqrefO) Hp]l (S + JWO) A’l}a (S + J2UJO)
. _ Af(s—jwo) __ Ghie (s—jwo)
lel (5 —_]LU()) - jAvu(s)o - S—jUJO':'UO'Gpl]c(s_jWO)

(13)
where Hpii(s — jwo) is the transfer function of PLL, Aiy ref-11(s)
is the current reference yielding from Av,(s), G,;(s) is the
transfer function from Aig,ef.11(5) to Aig(s), Gpa(s) is the



9990

Fig.7. Control diagram of the small-signal model for the three-phase balanced
GFL inverter.

transfer function from Ai . 11(s) to Av,(s) considering G, (s),
Tpn(s) is the transfer function from Aigper11(s) to Avy(s)
without G, (s), Aiq refp(s) is the current reference yielding from
Avy(s + j2wg), and all items of (s + j2wq) are derived from
the frequency-coupling effect (FCE) [28]. Since the FCE arises
from the dg-rotating transformation in the control, the FCE only
appears around the dg-rotating frequency, so that it produces an
insignificant effect on the impedance characteristics of the GFL
inverter [14]. For simplicity, the FCE is commonly neglected
in the modeling and design analysis. Considering Aiq ref (5) =
Aigref-11(5), the control diagram of the small-signal model for
the three-phase balanced GFL inverter is shown in Fig. 7.
Regarding Av,,(s) as disturbance, Ai,(s) can be expressed as

Te(s)

. Gic (S) Gde (S) )
A = A

o ls) = G (5) Gae (5) —oret ()

i Yomﬂ(s) T

YC(S) Yf(s)

LiCs?+1 -
- 108 + + Gf (S) Gd@ (S) Ava (S)

Lis+ Gic(8)Gae (8)  L1s+ G (5) Gge ()

= —T.(s)Gp1 (5) Ain (s)
You(s)

—_—
— | Te(5) Gpa (8) + =T (s) Tyon (8) +Yori (s) | Ava (s)

19)

where T.(5), Yc(5), Y(5), Yori(s), and Ypi1(s) are the closed-loop
transfer function and subadmittance of the inner current control
loop, subadmittance of the CVF loop, subadmittance without the
PLL, and subadmittance of the PLL, respectively. All of them
can be derived from Fig. 7 by applying the Mason rule. Readers
can refer to [23] for more details.

According to (19), the inverter output admittance Y,(s) can
be expressed as

Aiq (s)  To(s) Gya (5) + You (5) + Yoru ()

Yo (s) = S Ava (s) 1+ T (s) Gp (s)

(20)

IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 41, NO. 6, JUNE 2026

1 Y (s) Y (s)

Y (5) r~——

S

Magnitude(dB)
TS
S S S

=
(=3

[
(=]

Phase(deg)
© %
o O O
£

5
S

T T
—

-180

10 10° 10

Freq. (Hz)

Fig. 8. Bode plot of Y.(s), Yori(s), and Y, (s).

B. Stability Conditions and Admittance Characteristics

Combined (20) with Av,(s) — Aua(s) = Ain(s)-Zy(s), the
overall closed-loop current response taking into account the
influence of the PLL can be derived as

_ Yo (s)
1+Y5(s)/Yy (s)

According to impedance stability criteria, the inverter-grid
system is stable if the following two conditions hold [15].

1) Internal Stability Condition: The GFL inverter can operate

stably in a stiff grid, i.e., T.(s) is asymptotically stable.

2) External Stability Condition: The ratio of Y, (s) to the grid

admittance Yy(s) = 1/ Z,(s) meets the Nyquist stability
criterion.

If the external stability condition holds, the magnitude-phase
characteristic curves of the two admittances are not intersected,
or the phase margin (PM) ¢, at the intersection frequency f;
is larger than 0, viz.,

Ome = 180° — [£Y, (j2r f;) — LY, (j2m f;)] > 0.

Aiy (s) = Aug, (s). 21

(22)

Since the grid impedance is mainly inductive, the phase of
Y, (s) should be less than 90° at f; to ensure the small-signal stable
operation of the GFL inverter. Fig. 8 shows the Bode plot of
Y.(s), Y,(s), and Y,,;(s), where the red shadow regions indicate
that the phase angle of the admittance exceeds £90°, i.e., small-
signal unstable regions. As seen, the phase of Y.(s) is always
less than 90° in the low-frequency range. Although the phase of
Y,ri(s) is beyond 90° around wq due to the adverse influence of
the CVF loop, f; usually does not enter these frequencies due to
the small magnitude of Y,,,;(s) [18]. When the PLL is considered
in the control system, Y,(s) will further extend the potentially
unstable low-frequency range, which is a main cause that may
lead to the SSD for the GFL inverter.

From the impedance perspective, the PLL introduces an extra
low-frequency negative admittance at Y,(s), whose frequency
range is widened with the increase of PLL bandwidth [5],
[6]. Therefore, one simple method to enhance the small-signal
stability of GFL inverters is to reduce the PLL bandwidth at the
cost of degradation in the dynamic performance of the PLL. On
the other hand, looking into (20), Y,(s) is affected by both the
PLL and the current controller [17]. Fig. 9 shows the admittance
results for different PR gains. Comparing Fig. 9(a) and (b), it
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Fig. 10.  Bode plot of Y, (s) with different RCIs.

can be seen that Y,,(s) is more affected by the redesign of
the current control gains than Y,;i(s). Therefore, these redesign
methods can improve small-signal stability of GFL inverters via
reshaping Y, ;(s) to counter the side-effect of Y,1(s). In addition,
the magnitude of Y,(s) is more affected by the retuning current
controller gains than the phase of Y, (s). Hence, a more attractive
alternative is to redesign the current controller gains [6], [17],
[18], meanwhile keeping a wider bandwidth of the PLL, which
may be conducive for the grid synchronization during the grid
voltage faults.

Since the bandwidth of the APCL is typically set to around a
few Hz [2], well below wq, the effect of the APCL on the external
stability of the GFL inverter can be neglected [6]. Moreover, the
effect of the RCI on Y,(s) is graphically analyzed in Fig. 10,
which concentrates on the low-frequency range. Although the
low-frequency small-signal stable range of Y, (s) is extended, the
increased amplitude may cause f; to shift leftward in ultraweak
grids, aggravating the SSD risk.

IV. REDESIGN GUIDELINE OF THE CURRENT CONTROLLER

In ultraweak grids, f; typically falls within the low-frequency
range. However, an unstable low-frequency range exists for the
GFL inverter owing to the negative admittance characteristics
of the PLL. In this section, a redesign guideline for the current
controller is presented to ensure sufficient stability margin in
GFL inverters when interfaced with ultraweak grids of A >
110[1
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A. Preselection of PR Gains Based on the Internal Stability
Condition

The PR gains can be preselected using the transfer function-
based frequency response method to satisfy the internal stability
condition. Although this has been well-discussed in previous
works [6], [23], it is briefly reviewed here for integrity.

According to (20), the inverter’s open-loop transfer function
T,(s) can be derived as

T, (s) = Gic (8) Gae (8)/(L15).
Then, the PM ¢,,,; of T,(s) can be given by

(23)

Omi =7+ LT, (jwe)

w0>>wczk,-p/L1 T
~ 3 — arctan

k")—%% 4)
ipWe

where w, is the cutoff angle frequency of the current control
loop. ¢,y is usually set from 30° to 60° to ensure that the GFL
inverter has sufficient robustness and good dynamic response.
According to (24), 0.06w; < w. < 0.lws is recommended,
which can effectively ensure 30° < ¢,,; < 60°. To mitigate
the side-effect of the resonator, ¢ = arctan(k;,. / k;,w ) should
be designed sufficiently small [23], typically less than 0.1. In
addition, k;, cannot be designed too small, which will reduce
the system’s tracking accuracy. Consequently, the PR gains can
be preselected as

Kipt Kipu
— ——
0.0ﬁwsLl S kip S OlwsLl
kirl Kiru (25)

— —
0.01w5 § kir § 0.06k¢plws<po

where k., and k;;,; are the upper and lower boundaries for k;p,,
and k;,, and k;,; are the upper and lower boundaries for k...

B. Reselection of PR Gains Based on the External Stability
Condition

In this article, the PR gains are reselected within the prese-
lected region that developed from internal stability, to extend the
fulfillment of the external stability condition in ultraweak grids
of L > 1.1a;. Note that if the GFL inverter is small-signal stable
in the worst case of the grid impedance (A = 1.1qy), then the
external stability condition will always be kept in ultraweak grids
of L > 1.1a,. The reason is that when grid stiffness increases,
i.e., decreasing in grid impedance, the interaction frequency of
the inverter-grid system f; will shift towards the right, viz., away
from the negative admittance zone (unstable region), and PM of
external stability ¢,,. will increase as A increases. Hence, the
worst case of the grid impedance, i.e., grid impedance associated
with A = 1.1ay, is selected for the further controller parameter
reselection, viz.,

1.5U2
Z, = — 5. 2
g (8) 1.1&1' . W()Sns ( 6)
Based on (19), f; can be derived from
|Yo (_]27rf2)| = |Yg (jzﬂ'fi)l 27)
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where ig..r is set as —0.484a;,1, to ensure the system’s ability
for the state to converge to the EP in ultraweak grids of A >
1.1041‘.

Then, it can be found from (22) and (27) that both f; and ¢,
are effectively tuned by adjusting k;;, and k;,. Figs. 11 and 12
show three-dimensional (3-D) plots of f; and ¢,,. within the
preselected region, respectively. As seen in Fig. 11, f; increases
and moves away from fy (fo = 50 Hz) as k;;, rises, and the growth
efficiency of f; will be increased with the decrease of k;,. As
shown in Fig. 11, a larger k;;, and a smaller k;,- can ensure
> 0, consistent with the result in [18]. However, the relationship
of ¢, and k;, is not monotonic. Simply lowering k;,- does not
necessarily offer a higher ¢,,,¢.

C. Redesign Guideline

With the abovementioned analyses, the PR gains where the
feasible region, i.e., 30° < y,,; < 60° and @, > 0, can effec-
tively ensure the small-signal stabilization of the GFL inverter.
Therefore, the PR gains will be redesigned by establishing the
following optimization problem as follows:

maxX QyPme + (1 - aw) Pmi
s.t. k;ipl S k‘ip S kipu

kirl < kir < kiru

Pme >0

(28)

where v, is the weight factor of stability margins, which should
be taken in the range of 0.2 to 0.8 to freely trade off the system’s
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Fig. 13.  Flowchart for the proposed redesign guideline of the PR controller.

dynamic performance and the robustness against variations in
power circuit parameters and grid impedance.

Solving the above optimization problem not only achieves
the stable operation of the GFL inverter in ultraweak grids of
A > l.1ay, but also provides sufficient stability margins and
avoids the cumbersome trial-and-error process in [18]. Fig. 13
illustrates the flowchart for the proposed redesign guideline for
the PR controller, where k., and k;,-, are denoted as the mth k;,
and the nth k., respectively. First, the g-axis current reference
is set based on (9) and (10) by considering the worst case of grid
impedance to exclude the risk of LSD. Second, the PR gains are
preselected based on (25) to ensure the internal stability of the
GFL inverter. Finally, the PR gains are redesigned by solving the
optimization problem to ensure satisfactory stability margins of
the GFL inverter.

D. Case Study

The power stage parameters are given in Table II, where P,
=0.95,, ensures the existence of the EP. The PLL parameters are
listed in Table III, where the PLL bandwidth is set as 754 rad/s.

Given that a; = 1 and o, = 1.05, A is set to 1.1, igper is set
to —3.42 A (—0.484 p.u.) to exclude the risk of LSD, and L, is
preset as 40.5 mH in (26) to account for the worst-case scenario.
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TABLE II
POWER STAGE PARAMETERS
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TABLE IV
CONTROLLER GAINS OF DIFFERENT METHODS

Symbol Description Value (p.u.)
M Rated power 1.05kVA (1)
P,, Active power reference 0.945 kW (0.9)
Ve Dc-link voltage 300V (1.73)
L Inverter-side inductor 2.0 mH (0.045)
L, Grid-side inductor 2.0 mH (0.045)
C Filter capacitor 3.5 uF (0.015)
1 Sampling/switching freq. 10 kHz (200)
U Amplitude of grid voltage 100 V (1)

o Nominal angular freq. 314 rad/s (1)
TABLE 111
CONTROLLER PARAMETERS
Symbol Description Value
kpip Proportional gain of PLL 10.3
Fpuii Integral gain of PLL 5490
kpp Proportional gain of APCL 0.001
ki Integral gain of APCL 0.1
Whpe BPF bandwidth 6.28
kip Proportional gain of PR 12.57
ki, Resonant gain of PR 628
X157
60°
é% 40° 40°
X 12.57
Y 2842 »
0° 733.92 — 20°
73553 L— 2 3
15 1
p 20 0 103

Fig. 14.  Top view of 3-D plot of ¢, with variations of k;;, and k;, within the
preselected region.

Based on (25), the preselected region of the PR gains is [7.57,
12.57] for k;;, and [628, 2842] for k; -, respectively. Fig. 14 shows
the 3-D plot of ¢,,; with variations of k;;, and k;,. As seen, the
preselected region of the PR gains can effectively ensure 30° <
Omi < 60°.

Setting av,, = 0.5, the redesign results of the PR gains from
solving the optimization problem are k;;, = 12.57 and k;,. = 628,
along with ¢,,,; = 35.53° and ¢,,,. = 40.27°.

E. Comparison of Theoretical Results for Different Design
Methods

In the same cases of grid condition (A = 1.1), current ref-
erences (igof = —0.4841,), and active power reference (Pgy,
= 0.9§,,), comparisons with the other redesign rules [6], [17],
[18] are provided to highlight the advantages of the proposed
redesign guideline. The design results of these methods are listed
in Table IV. The design of k;), in [6] shows a dramatically large

Method
Symbol Proposed [6] [17] [18]
kip 12.57 450 13 12.5
ki 628 127.2 4751 11700
Ome 40.2° —53° —14° —32°
Y”(.v) Prop. = = = . YU(.\')[I7] — Yg(.\‘)

7. ] P—— Y($)[6]  mmmmm Y () [18]

5 -25

o

2 -

£-30

]

=

&
vy

Phase(deg)

Freq. (Hz)

Fig. 15. Bode plot of the inverter output admittances under different design
rules, where k;,- in [18] is set as a mid-value (11700).

result beyond its upper boundary. The design range of k;, in
[18] cannot always ensure the small-signal stability of the GFL
inverter in A = 1.1, resulting in a cumbersome trial-and-error
process. The Bode plot of the inverter output admittances of
different design rules is shown in Fig. 15. When the PR gains
are redesigned using the proposed method, the phase of Y,(s)
at 62.2 Hz is about 49.8° which has a large and positive PM to
ensure stable operation of the GFL inverter, whereas the PMs of
other design rules are all negative.

V. SIMULATION AND EXPERIMENTAL VERIFICATION
A. Simulation Verification

A time-domain simulation is built in MATLAB/Simulink to
validate the effectiveness of the proposed design method. The
inverter output admittance is measured via numerical simulation.
The measurement procedure is referred to [29]. Fig. 16 shows
the Bode plot of the theoretical and measured results. As seen,
the measured output admittance is in close accordance with the
theoretical one, and the GFL inverter is small-signal stable in A
= 1.1 due to ¢, < 90°, which confirms the correctness of the
theoretical analysis.

B. Large-Signal Stability Verification Experiments

Experiments are carried out on a scaled-down GFL inverter
system. The photo of the experimental setup is shown in Fig. 17,
which consists of four three-phase LCL-type inverters, with one
serving as the GFL inverter under test. The control algorithm
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Fig. 18.  Experimental waveforms under different RCIs.

is implemented on the dSPACE 1005 platform for real-time
control. The discretization period of the digital controller is set
equal to the sampling period.

To verify the correction of the RCI and the given P, for
ensuring the large-signal stability in an ultraweak of A = 1.1,
Fig. 18 shows the experimental waveforms under different RCIs.
When ig.p = —0.4841,, the GFL inverter can keep a stable

IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 41, NO. 6, JUNE 2026

Horizontal

. vpooviv [ [AR00E div)
AR } 000 EYREYERYE T )
T

[LOA/div]

0 AR 1)1 At
------------------------ R VvV TR T

il 7 [10dBm diy

T T i
! \lll I}” |l|‘]r"m|l‘“|‘,|1
o TR e o

L ) 2000 [ 0,08 "

(a)
Horizontal
| 1 i i e
S o msray
144 (LI 5Tl
T AM b ‘Wx ,Tngerm;uorm\
) |1 |sie52A |
SRR ==
§ il
‘,w“hru“.;‘“‘
P, [1000W div]
204 i '. i
W ‘?“‘"‘h "
I
wr P =0.25; Sy Pon=0.65,
A o B S S [ B SN 1 * [
- A0 Hz »en

[10dBin/div] e

— i

10dBm div
| N o

N

il
S

" pfa " =du
‘!J‘“jbl‘\‘l“"f‘( TR T NI vy :""Ir" L i"i‘" i) ;"i'\é‘jcdg WA
QO‘})&L‘EJA‘L{HQQLQQ tt'_i"'“;‘: ! 900ms l|2|l i

v Soues | W)E  wpm G g e i i

(b)
Fig. 19. Experimental waveforms in an ultraweak of A = 1.1 with different
active power references where (a) i; = —0.484/,, and (b) i; = 0.

operation due to the existence of a stable EP, and the power-angle
characteristic is similar to the green line in Fig. 3. When i4,.f =
0, the inverter-grid system loses the EP, and the power-angle
characteristic is similar to the red line in Fig. 3. Therefore,
the GFL inverter suffers from the severe near-fundamental-
frequency oscillation triggering the LSD, and the oscillation
frequency is around 55 Hz according to the fast Fourier transform
(FFT) analysis result of the current from 100 ms to 400 ms. The
experimental result highlights the importance of considering
large-signal stability when designing to improve small-signal
stabilization of the GFL inverter. Additionally, the rms value
of v in this experiment is 72.521 V, which complies with the
terminal voltage restriction, and the measured P, is 940.09 W,
which is the result of ignoring grid resistance power loss and
matches the expected MTAP value.

In addition, Fig. 19 shows the experimental waveforms with or
without the RCI in an ultraweak of A = 1.1 with different active
power references. When iy, = —0.4841,,, the GFL inverter can
deliver power stably under different active power references.
When i4; = 0, the GFL inverter can ensure power output
at active power references of 0.2 p.u. and 0.4 p.u., while the
APCL loses its power synchronization control at active power
reference of 0.6 p.u., resulting in LSD. The experimental results
demonstrate that the developed RCI range can enhance the active
power transfer capability in ultraweak grids.
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C. Small-Signal Stability Verification Experiments

Furthermore, to verify the effectiveness of the proposed de-
sign method for ensuring the small-signal stability of the GFL
inverter in an ultraweak of A = 1.1, Fig. 20 gives the experimental
waveforms in A = 1.1 with the proposed method and one of
the state-of-the-art redesign methods having the biggest PM
(see in Fig. 15). Note that both the proposed method and the
comparison method use the same amount of reactive current
to exclude the risk of LSD. It can be observed that the GFL
inverter triggers oscillation when the PR gains are designed by
the redesign method in [17]. According to the FFT analysis result
of the current from 100 ms to 400 ms, the oscillation frequency
is around 68 Hz, which is almost consistent with the theoretical
expectation in Fig. 15. When the PR gains are redesigned by the
proposed guideline, the GFL inverter returns to a stable state, as
shown in the FFT analysis result of the current from 900 ms to
1.2 s. The experimental results demonstrate the effectiveness of
the proposed redesign guideline in improving the small-signal
stability of the GFL inverter to A = 1.1.

D. Dynamic Experiments

Fig. 21 gives the dynamic experimental waveforms in the
ultraweak grid of A = 1.1. As seen, it takes about seven
fundamental periods for the output active power to track the
reference when the step change of the active power reference
from 0.9 p.u. to 0.5 p.u.
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VI. CONCLUSION

To prevent the GFL inverter from the low-frequency oscil-
lations in an ultraweak grid, both large-signal and small-signal
stabilities are taken into consideration in the control design of
this article.

Through the large-signal stability analysis in terms of the
power-angle curves, different large-signal stability conditions
are figured out for different SCR scenarios. To be specific, when
SCR > 1.41a; (ay is the current carrying capacity), the RCI is
not mandatory for the absence of the LSD risks, yet the RCI
is recommended since it can sharply enhance the maximum
transfer active power (MTAP) of the GFL inverter; when SCR >
5.41a, the unit PF operation without the RCI is more advisable
since the RCI will cut down delivered capacity for the active
power; when SCR < 1.41¢;, the RCI is mandatory due to the
large-signal unstable risk, the lower boundary for SCRis 1.1¢;
under the terminal voltage restriction coefficient of 1.05.

By precluding the LSD risk, an optimization problem is estab-
lished to redesign the PR gains. By leveraging the optimization
problem, the cumbersome trial-and-error process and real-time
impedance detection are avoided, and the designed results can
achieve the small-signal stable operation of GFL inverters with
an enhanced MTAP under ultraweak grid conditions.

Designing a complete reactive power control structure that
dynamically addresses different problems, such as active power
transfer capability enhancement and reactive power compensa-
tion, would be a meaningful future work.
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