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Effects of Control Loop Interactions on Maximum
Power Transfer Capability of Weak-grid-tied
Grid-following Inverters

Weihua Zhou, Mohammad Hasan Ravanji, Nabil Mohammed, and Behrooz Bahrani

Abstract—The maximum power transfer capability (MPTC)
of phase-locked loop (PLL)-based grid-following inverters is of-
ten limited under weak-grid conditions due to passivity viola-
tions caused by operating-point-dependent control loops. This
paper reveals and compares the mechanisms of these violations
across different control strategies. Using admittance decomposi-
tion and full-order state-space models for eigenvalue analysis,
MPTC limitations from control loops and their interactions are
identified. The small-signal stabilities of different control loops
are compared under varying grid strength, and both static and
dynamic MPTCs for each control mode are examined. This pa-
per also explores how control loop interactions impact the
MPTC, offering insights for tuning control loops to enhance sta-
bility in weak grids. For example, fast power control improves
the MPTC when paired with a slow PLL, while power control
has minimal effect when the PLL is sufficiently fast. The find-
ings are validated through frequency scanning, eigenvalue anal-
ysis, simulations, and experiments.

Index Terms—Grid-following inverter, control loop interac-
tion, power transfer capability, small-signal stability, admittance
decomposition, weak grid.

1. INTRODUCTION

HASE-LOCKED loop (PLL)-based grid-following invert-

ers (GFLIs) are widely used for renewable energy inte-
gration [1]. In addition to basic alternating current control
(ACC) and PLL, various additional control loops such as ac-
tive power control (APC), reactive power control (RPC), DC-
link voltage control (DVC), and alternating voltage control
(AVC) are commonly employed [2], [3]. However, the inter-
actions between these nonlinear control loops and weak
grids, characterized by low short-circuit ratios (SCRs), can
limit the maximum power transfer capability (MPTC) [4],
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[5]. Therefore, it is crucial to develop a fundamental under-
standing of the MPTC limitations imposed by these control
loops.

In addition to the dynamic MPTC induced by control in-
teractions, the static MPTC, which depends on grid SCR and
reactive power transfer rather than control dynamics, can al-
so be limited by the power-angle relationship [6], [7]. It is
assumed in [6] and [7] that the static MPTC is always larger
than the dynamic MPTC, and can only be achieved if a suffi-
ciently slow PLL is used. However, whether this assumption
consistently holds requires further investigation. In [6], the
ACC, APC, and AVC are proven to have negligible effects
on the dynamic MPTC compared with the PLL, indicating
that the minimum SCR for rated active power injection is
1.32 when only the PLL is considered. In contrast, [8]
shows that a faster ACC provides higher positive damping to
the point-of-common-coupling (PCC) voltage in the current-
control time scale when only the ACC is considered. Never-
theless, focusing solely on the PLL or ACC, as in [6], [8],
may oversimplify the dynamic MPTC. The coupling effects
of ACC-PLL on dynamic MPTC are explored in [9]-[11],
[12]-[14], and [15], [16] to improve the designs of PLL,
ACC, and auxiliary stability enhancement modules, respec-
tively. However, the effects of power and voltage control on
dynamic MPTC are neglected in [9]-[16].

The effects of APC and DVC on dynamic MPTC are dis-
cussed in [17], where both ACC and PLL are omitted, show-
ing that faster DVC and slower APC improve weak-grid sta-
bility. In [7] and [18], the effects of APC, AVC, and PLL are
examined, while the ACC is still ignored. It is shown in [18]
that a fast AVC or PLL enhances dynamic MPTC, while [7]
indicates that a slow APC, AVC, or PLL extends dynamic
MPTC. In contrast, [19]-[21] consider the effects of APC,
AVC, PLL, and ACC, concluding that AVC can reduce dy-
namic MPTC. However, these studies assume that the cas-
caded loops are decoupled, thereby overlooking the impact
of control interactions on dynamic MPTC.

The control interactions between the DVC and PLL are
examined in [22]-[24], showing that instability in the PCC
voltage and DC-link voltage can arise from the coupling be-
tween the DVC and PLL at high power output. This cou-
pling can be mitigated by increasing the DVC bandwidth or
reducing the PLL bandwidth. The control interaction be-
tween the DVC and AVC is explored in [25], revealing that
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the AVC introduces negative damping to the DVC, which
can be reduced by increasing the AVC bandwidth. The inter-
action between APC and PLL is studied in [26]-[29], indicat-
ing that a faster APC introduces more negative damping to
the PLL-dominant oscillation mode. Further, the control in-
teractions between any two controllers (ACC, PLL, APC,
and AVC) are analyzed in [30]. It is shown that a fast ACC
and a slow APC improve the dynamic MPTC across a wide
range of PLL bandwidth, while a fast AVC increases the
MPTC when the PLL bandwidth is low and vice versa. Addi-
tionally, APC exhibits minimal coupling with ACC, while in-
creasing the AVC bandwidth clearly improves dynamic
MPTC across a wide range of ACC bandwidth. Moreover,
reducing the APC bandwidth enhances dynamic MPTC over
a wide range of AVC bandwidth.

Based on the above literature review, several research
gaps can be identified. First, most existing studies focus on
the effects of only one or two control loops such as PLL or
ACC, while neglecting the coupling effects between multiple
control loops. Second, the state-space and admittance meth-
ods employed in prior studies have limitations in capturing
insights of eigenvalue analysis and the mechanisms behind
passivity violations. Finally, a more systematic and compara-
tive investigation is needed to fully understand the impact of
reactive power, considering both static and dynamic MPTCs.

To address the identified research gaps, this paper con-
ducts a comparative analysis of the effects of control loop in-
teractions on both static and dynamic MPTCs, utilizing state-
space and admittance methods. The key contributions of this
paper are summarized as follows.

1) Sequential derivation of state-space, real-space-vector,
and complex-space-vector representations, enabling the anal-
ysis of eigenvalue-based dominant-mode relocation and ad-
mittance-based passivity violation mechanisms.

2) Decomposed admittance models that reveal the contri-
butions of individual control loops to admittance passivity
and identify the coupling effects of the ACC, PLL, and pow-
er control on the MPTC.

3) Demonstration that open-loop power control (OLPC)
and closed-loop power control (CLPC) have limited effects
on admittance reshaping when the PLL is sufficiently fast.
However, a fast ACC or power control significantly im-
proves the MPTC when a slow PLL is used.

The remainder of this paper is organized as follows. Sec-
tion II presents the MPTC of GFLI. The studied system is
described, and the impact of the PLL on MPTC is analyzed.
Section III explores the effects of OLPC and CLPC on
MPTC. Experimental verification is provided in Section IV.
Finally, conclusions are drawn in Section V.

II. MPTC oF GFLI

A. System Description

Figure 1 illustrates the single-line diagram of a GFLI,
which is equipped with an inductance filter L, and its parasit-
ic resistance R, The grid impedance is modeled as a resistor
R, in series with an inductor L, A synchronous-reference-
frame PLL aligns the phase angle of the injected current
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with the PCC voltage. The proportional-integral (PI)-control-
ler-based ACC incorporates a PCC-voltage feed-forward
channel with coefficient y, along with dg-axis decoupling ca-
pability. Two first-order low-pass filters with time constants
T, and T, are used to filter out high-frequency measurement
noise from v, and ig;, respectively. The superscript ¢ indi-
cates the controller reference frame, while r denotes the real
space vector. Power regulation can be achieved using either
OLPC or CLPC. Other parameters are provided in Table

SAI in Supplementary Material A.

B. Impact of PLL on MPTC

The theoretical derivation of the admittance interactions
between the ACC and PLL is detailed in Supplementary Ma-
terial B. Building on this, the impact of the PLL on MPTC
is investigated as follows.

1) PLL-induced MPTC Ignoring PCC Voltage Variation

The contribution of PLL to the gg- and dg-axis admittance
components of ¥3"™ can be derived from (S6) in Supplemen-
tary Material B as:

-1, ,G

1l
—-G™p s) = ___&d " pl
1,,pll,qq( ) S+ Vz_dell
I G (M
—qu (S) — gq— pll
R S+ Vz,den
where G and G, are the gg-axis component of ac-

tive-current-related admittance G} and the dg-axis compo-
nent of reactive-current-related admittance GY%j, respectively;
G, is the PLL contrller; /, , and 1, , are the d- and g-axis ac-
tive currents, respectively; and V,, is the PCC voltage. At

the DC frequency point, (1) becomes:

-1
_G:T;{Jl,qq(szo) = Vg’d
2.d
, @)
m, _ _ &9
_Gi,pﬁ,dq(s_o) - VZ,d

Equation (2) indicates that the gg-axis admittance behaves
as a negative resistor under inverter mode, while the dg-axis
admittance behaves as a negative or positive resistor depend-
ing on whether there is reactive current absorption or injec-
tion, respectively.

Since the gg-axis admittance component plays a crucial role
in determining the MPTC of the GFLI [31], Fig. 2 illustrates
the vector diagrams of —G7f , expressed in (1), and the gg-ax-
is grid admittance component Y, ., as the active current /,,
and PLL bandwidth @, increase. The phase angles of ~G[}j ,
and Y, at the low-frequency point @, denoted as o and
—¢, are confined within [90°,180°] and [ —90°, 0° ], respective-
ly. Adverse control interactions are assumed to occur when
the phase angle difference exceeds 180° at the point where
their magnitudes intersect. It is important to note that accu-
rate stability analysis should be performed using the general-
ized Nyquist criterion or eigenvalue locus analysis.

Equation (1) shows that excessive d-axis current injection
increases the magnitude of —G}f , while keeping its phase
angle ¢ unchanged, which induces instability. This behavior
is depicted in Fig. 2(a) as:
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Fig. 1. Single-line diagram of a GFLIL.
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It can be derived from (1) that a high PLL bandwidth in-
creases both the magnitude and phase angle of -G} ., as
shown in Supplementary Material C, which induces instabili-
ty. This behavior is depicted in Fig. 2(b) as:

-G,

o;+¢,>180° w,, increases

‘<‘ gqqZ’

i, plL 99,3
“)

‘ -G qq4‘ > ‘ gqqz‘ o,+ ¢, > 180°, stability decreases

The Bode diagrams of the measured and analytical input ad-
mittance ¥2"™ of GFLI are plotted, as shown in Fig. 3. In the
legend of Fig. 3, the three numbers represent the values of ac-
tive current 1}y, reactive current /7}, and PLL bandwidth w ,
respectively; and Y, ¥, ¥ , and Y 4« are the dd-, dg-, qq-, and
gd-components of input matrix Yc‘l’”“‘ of GFLI, respectively.
The grid is modeled as an ideal voltage source to maintain the
PCC voltage v; , constant. As expected, increased active pow-
er injection only increases the gg-axis admittance magnitude,
while increased reactive power absorption increases only the
dg-axis admittance magnitude, which is consistent with (1).
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Fig. 3. Effects of active current I}y, reactive current /7, and PLL band-

&9
width e, on input admittance ¥§"™ of GFLL.

Figure 4 illustrates the eigenvalue loci of the system. The
PCC voltage vj, is assumed to remain constant to prevent
power-angle-relation violations.

The plot shows that the PLL-induced eigenvalue pair
shifts into the right-half plane when high active power is in-
jected. In Fig. 4(a), decreasing the SCR from 3.0 to 2.0 and
1.0 with ¢=280° reduces the PLL-induced dynamic MPTC,
denoted as ppj ., from 2.6 p.u. to 1.1 and 0.1 p.u., respec-
tively. In Fig. 4(b), increasing wp“ from 697 rad/s to 1394
and 2091 rad/s slightly decreases ppj ., from 1.1 p.u. to 1.0
and 0.9 p.u., respectively. Figure 4(c) shows that increasing

g™ from 0.3 p.u. to 0.6 and 0.9 p.u. reduces pl ., from 0.9
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p-u. to 0.6 and 0.4 p.u., respectively. Lastly, Fig. 4(d) indi-
cates that increasing the ACC bandwidth w,, from 400 rad/s
to 4000 rad/s and 8000 rad/s improves low-frequency stabili-
ty, aligning with the insights in (S6) of Supplementary Mate-
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Fig. 4. Eigenvalue loci of system as active power p™ increases from 0.1 p.u. to 5.0 p.u.. (a) SCR changes with ;=697 rad/s, ¢"'=0 p.u., and ®

rad/s. (b) PLL bandwidth w, changes with SCR=2.0, ¢™=0 p.u., and @
.. =400 rad/s. (d) ACC bandwidth

acce

Figure 5(a) shows simulation results of the PLL-induced
MPTC ppj o With SCR=1.0, $=80°, and w,,, =400 rad/s. It
is evident that when the reference value of reactive power
¢rs=0 p.u. and w ;=697 rad/s, the system becomes unstable
and oscillates at 1.8 Hz when the reference value of active
power pP increases from 0.1 p.u. to 0.15 p.u. at 25 s, align-
ing with Fig. 4(a). Stable injection of 0.35 p.u. active power
is achieved by decreasing w; from 697 rad/s to 69.7 rad/s at
30 s, which corresponds to the behavior of the eigenvalue lo-
ci in Fig. 4(b). The system becomes unstable when 0.41 p.u.
active power is injected at 45 s and regains stability at 48 s
with the injection of 0.5 p.u. reactive power. The power-angle-
induced MPTCs without reactive power injection and with 0.5
p.u. reactive power injection pf | are 0.4 p.u. and 0.83 p.u., re-
spectively. Thus, the instability observed between 25 s and
30 s and between 45 s and 48 s results from adverse control in-
teraction and violations of power-angle relation, respectively.
In Fig. 5(a), pgy;; 1s the maximum transferable active power.

Figure 5(b) presents the simulation results with SCR=2.0,
$=80°, w,, =697 rad/s, pl3=0.1 p.u., and ¢p;=0 p.u.. The
system clearly oscillates at 240 Hz when o, increases from
4000 rad/s to 8000 rad/s at 1 s, consistent with Fig. 4(d).
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rial B. However, higher w,, results in high-frequency insta-
bility induced by time delay. Therefore, a trade-off between
high- and low-frequency stability should be considered when
tuning the ACC.
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=400 rad/s. (c) Reactive power ¢™ changes with SCR=2.0, w ;=697 rad/s, and
changes with SCR=2.0, w ;=697 rad/s, and ¢™'=0 p.u..

2) PLL-induced MPTC Considering PCC Voltage Variation

Since increasing active power injection under an inductive
grid slightly decreases the PCC voltage v; ,, this leads to a
slight increase in the PLL-related admittance components in
(1) and a corresponding decrease in the stability margin.
Therefore, the PLL-induced MPTC obtained from Fig. 4(a),
(b), and (d) may be marginally higher than the actual PLL-
induced MPTC. Specifically, the PLL-induced MPTC with
SCR=1.0 slightly decreases from 0.119 p.u. in Fig. 4(a) to
0.118 p.u. in Fig. 6(a), confirming this observation.

Since increasing reactive power injection under inductive
grid conditions significantly increases v, this results in a
noticeable decrease in the PLL-related admittance compo-
nents in (1) and thus an increase in the stability margin. Con-
sequently, the PLL-induced MPTC observed in Fig. 4(c)
may be smaller than the actual PLL-induced MPTC. Specifi-
cally, when ¢™ is 0.3 p.u. and 0.9 p.u., the PLL-induced
MPTC increases from 0.90 p.u. and 0.48 p.u. in Fig. 4(c) to
1.00 p.u. and 1.00 p.u. in Fig. 6(b). However, the MPTC de-
creases when reactive power injection rises to 1.2 p.u. and 1.5
p.u.. Additionally, the oscillation frequency slightly decreases
as reactive power injection increases. Figure 6(c) and (d) pro-
vides simulation verification of the results shown in Fig. 6(b).
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Based on Section II, several insights into the MPTC of
the ACC-PLL GFLI can be drawn. First, while the ACC it-
self does not directly limit the MPTC, the PLL-induced
MPTC p}) ... decreases as the ACC bandwidth w,.. decreas-
es. Second, the power-angle-violation-induced MPTC p”: |
can be considered the theoretical upper limit regardless of the
control strategy employed. pgﬂll decreases from pyi, t0 Py .
if the PLL bandwidth w , is sufficiently large. Third, increas-
ing the SCR boosts both pp. ., and pJ ..., while increasing re-
active power injection increases py,,; but decreases pp .-

III. ErrecTs OF OLPC AND CLPC ON MPTC

A. MPTC of GFLI with OLPC

1) Admittance Interactions of ACC, PLL, and OLPC

Based on (S1) in Supplementary Material B and the block
diagram of the OLPC in Fig. 7(a), with detailed expressions
provided in Supplementary Material D, the closed-loop re-
sponse of Ai;, in Fig. SI(c) considering the OLPC can be
derived as:

acc g~ol ref 5]
=G G AS™ + A dq+Algdq+Algdq

&dq
Aigdq G, lesz dq+G, il Av;dq
Alg = ﬂ‘c"(—GV,leAv;’dq—Gv_,pll Avy dq) ©)
A2, = GG Gl (Gl A, + Gl AV )
where Aif', shows the effect of PLL itself; Ait?, shows the

&dq gdq
interactions of ACC and PLL; and Ai, , shows the interac-

tions of ACC, PLL, and OLPC. The definitions of variables
in these equations can be found in Supplementary Material
B, and are not given here. Compared with (S5) in Supple-
mentary Material B, the OLPC introduces an additional
Alg 4, 10 (5), which can be reformulated as:

— (A, +iAr,) =
Gacchel(a_jb)(]g,d+j]g¢q) AV . SAV;q 6
2 Vo) V. G (6)
Vz’d(1+STv)(a +b ) S+Vo G
a=Ri+SLi+ G GG,
(7
b= (1 _GdelGi,lpf)a)lLf
- Sl ey
ref P e’
As;eﬁ AV e + Alg;q

C
AV gt

Mref

(b)
— ACC; — PLL; — Transformation and filtering; — OLPC; — CLPC

Fig. 7. Reformulation of block diagrams. (a) OLPC. (b) CLPC.
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Equation (6) can be reformulated as:

.| s acc,m gvml ml s
_ [Algzd} — Yr;c3,m|:Av2,d:| _ GL‘ GG [sz.d} )
Aixsg.q Av;q Vz,d(l +STv) AV;JJ

GGyl a b
Ge‘xcc, m_ acc — del |: :|
o a+b* L-b a

1 0
:‘;11 = 0 -5 (9)
s+V, de“

ml _ |:Ig.d _]g,q:|
o 1 29 Ig-d

The definitions of variables in the above equations can be
found in Supplementary Material B. Clearly, G:‘;H makes the
contribution of OLPC to the input admittance asymmetry.
Furthermore, ¥ ™ in (8) can be decomposed as:
S GRS EaE

—bs

_ToF . a
GGy S+ VZ.dell G G S+ Vz,dell
aceY de —us od aceY del —bs 0q
s+V, den s+V, deu
V,(1+sT,)(a*+b?) V,(1+sT,)(a*+b?)

(10)
where Y5*™P and ¥P*™9 represent the admittance compo-
nents of ¥2°™ related to active current and reactive current,
respectively. Similar to the effect of the PLL on the input ad-
mittance of the GFLI ¥Y}"™, the PLL does not influence the
dd- and qd-axis components of ¥*™ However, the ACC,
PLL, and OLPC all impact the dg- and gg-axis admittance
components. Unlike the effects of active and reactive cur-
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rents on ¥2"'™, both the active and reactive currents influ-
ence all four admittance components of ¥ ™. Since a>b,
the active current predominantly affects the dd- and gg-axis
admittance components, while the reactive current primarily
influences the dg- and gd-axis components. Figure 8(a), de-
rived from (5), presents the equivalent circuit model of the
GFLI with OLPC. In this model, the impedance/admittance
contributions from the filter, ACC, active current via PLL,
reactive current via PLL, active current via OLPC, and reac-
tive current via OLPC are represented by Z", Z)", ¥Y;", Y,
YS", and YY", respectively. The corresponding expressions are
provided in the fourth row of Table I, where Z", Z), Y;"-
Y¢" represent the impedance/admittance components induced
by the L filter, ACC, active current effect via PLL, reactive
current effect via PLL, active current effect via OLPC, reac-
tive current effect via OLPC, active current effect via CLPC,
and reactive current effect via CLPC, respectively.

OLPC GFLI PCC !
1 o o
iGol,m Gacc,m 1 i 8.dq
g ;.Cl > Y;“ Y4m Ysm Y()m T
Sref sz > 2.dg
(a)
CLPC GFLI PCC
; s +
: m2 ,~ace,m z" Ly d
: GPq 2 GCI 2 ! ym ym Yo ym e -,
m gref - 3 4 7 8 Vi
Gpg> S™ VA 2.dq
(b)
Fig. 8. Equivalent circuit model of system. (a) GFLI with OLPC. (b) GF-

LI with CLPC.

TABLE I
EXPRESSIONS OF DECOMPOSED IMPEDANCE/ADMITTANCE COMPONENTS

Control z" zr yr Yr Yr e o Yo
GFLI with ACC anlccl»m Zg]ccz_ m
-1 -1
GFLLwith ACCPLL (6] 2z (Gra) zz=m -Gnp -G
-1 o
GFLI with OLPC (G\Tpu ) Z;CCL‘“ (Gs.jpll ) Z:lccz. m _Gi,n:;l[l’ _Gi::;lc} Y(ﬁ°3’ m,p Y(ﬁﬂ’ m.q
-1 i
GFLI Wlth CLPC G;ZZ(G:]pll) Z:lccl.m G:(;Z( G\Tp]l) Z;ccz.m _Gln;lli _GllILl? ch;ci m,p Y‘SCS.m.q

2) OLPC-induced MPTC

Figure 9 illustrates the vector diagrams of the gg-axis com-
ponents of Y™ and ¥ ™ in (10), i.e., Y™ and Y™,
at the investigated low-frequency point w;, Figure 9(a)

mvest*
shows that increasing active current injection increases the ad-
mittance magnitude while keeping its phase angle o, between
(90°,180°) unchanged. Similarly, increasing the reactive cur-
rent absorption increases the admittance magnitude and main-
tains its phase angle o, between ( —90° 0°) unchanged. This
implies that active current injection weakens system stability,
while reactive current absorption improves it. Additionally, the
OLPC directly links reactive current to the gg-axis admittance,
which contrasts with the case of GFLI with ACC-PLL, where
the gg-axis admittance is indirectly influenced by the reactive

current through PCC voltage perturbation. In addition, Fig. 9

(b) shows that increasing the PLL bandwidth w decreases
the magnitudes of Y™ and Y5 ™. This suggests that the

dg- and gg-axis admittance components of GFLI with ACC-
PLL and OLPC may become similar if the PLL bandwidth
is sufficiently wide.

B(s) B(s)
ypedmp ypedmp
ol,gq.2 Yplclm.p . ol,gq,3 ch3,|n‘p
<. folggl Oy Ll lgg4 | O
okaal L0y g P LU
ch}.n{.'c’]"“* G(s) chS.m.q‘” - G(s)
ol,qq,1 YPC3,m>q olgq.4 chlmAq
ol,qq.2 ol,gq.3

(@) (b)

Fig. 9. Vector diagrams of Y, (f}_c;'qm'p and Y(ﬁf;;'z""q. (a) Variations in active and
reactive currents. (b) Changes in PLL bandwidth o .
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Figure 10 shows the measured and analytical input admit-
tances of the GFLI with OLPC, where in the legend, the
three numbers represent the values of active current 7}y, reac-
tive current /;, and PLL bandwidth w,, respectively. The
grid is emulated as an ideal voltage source to maintain a con-
stant PCC voltage v; ;. Clearly, increased active or reactive
power injection raises the magnitudes of all four admittance

components, which is consistent with (10).

10°
10!
10"
10° : : '

1Yad (8)
3333
[Yyl (5)

< 180 < 1807 -

>3§ 0-#“* I 04

180 ‘ s ‘ 3 -18

—~ 103

Z 1ot @ 10%

310! — 10°

= 10° ; ; : = 107

> 180; T < 180E F—

= >

~ 188 ~ 188 —

D T T TR T ST S T T YR SRS
Frequency (Hz) Frequency (Hz)

+1,0,697 (measured); = 5,0,697 (measured); © 1,-5,697 (measured)
21,0,69.7 (measured); — 1,0,697 (analytical); —5,0,697 (analytical)
—1,-5,697 (analytical); — 1,0,69.7 (analytical)

Fig. 10. Measured and analytical input admittances of GFLI with OLPC.

Additionally, the PLL influences only the dg- and gg-axis
admittance components, which also aligns with (10). The
DC admittance of the GFLI with OLPC in Fig. 10 is —G;’";)‘(‘;,
which agrees with Fig. 7(a). Specifically, the DC dd-, dgq-,
qd-, and gg-axis admittance components behave as positive,
negative, negative, and negative resistors, respectively, when
active current is injected and reactive current is absorbed.

Figure 11 illustrates the eigenvalue loci of the system with
OLPC as the active power p™ increases, assuming a constant
PCC voltage v, to avoid violation of power-angle relation.
In Fig. 11(a), reducing the SCR from 3.0 to 2.0 and 1.0 with
¢=80° decreases the OLPC-induced MPTC pgy ., from 1.4
p.u. to 0.8 p.u. and 0.1 p.u., respectively. Figure 11(b) shows
that increasing w,, from 697 rad/s to 1394 rad/s and 2091
rad/s leaves pyy. ... almost unchanged at 0.8 p.u.. Compared
with Fig. 4(b), an additional eigenvalue induced by the OLPC
appears at the origin. In Fig. 11(c), increasing ¢™ from 0.3 p.u.
t0 0.6 p.u. and 0.9 p.u. slightly reduces pgj, ., from 0.7 p.u. to
0.6 p.u. and 0.4 p.u.. Finally, Fig. 11(d) demonstrates that in-
creasing the ACC bandwidth o, from 400 rad/s to 600 rad/s
and 800 rad/s improves the low-frequency stability.

Figure 12(a) shows the eigenvalue loci of the system consid-
ering variations in PCC voltage v; ,. The figure demonstrates
that the MPTC ppy. .. increases as g™ increases from 0.3 p.u.
to 0.9 p.u., but decreases when g™ further increases from 0.9
p-u. to 1.5 p.u.. Unlike the oscillation frequency of GFLI with
ACC-PLL shown in Fig. 6(b), the oscillation frequency of the
GFLI with OLPC slightly increases as g™ increases. Figure 13
shows the Bode diagrams of the dg- and gg-axis admittance
components of the GFLIs with ACC-PLL, OLPC, and CLPC
as the PLL bandwidth w; increases. This indicates that when
the PLL is sufficiently fast, the PLL and OLPC contribute in-
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dependently to the input admittance, with no coupling between
them, which aligns with the insight derived from (12).

B. MPTC of GFLI with CLPC

1) Admittance Interactions of ACC, PLL, and CLPC

The closed-loop response of Ai; , in Fig. SB1(c) in Sup-
plementary Material B considering the CLPC can be derived
as (11), where the definitions of variables can be found in
the Supplementary Material B.

AP, = GG AS™ + A A AP
g.dq 1+ Gcalcc qu G1 N Gi_ " g.dq g.dg g.dg
Ai ;,ldq =G, p11+A"; ag T G, pllfAv;dq
AiS4 _ Ycz;cc(_Gv‘pll +AV;_ dq - GV, pll—Av;:{q) (1 1)
Ldg acc
e 1 + Gcl quGi. qui, Ipf
Aiss _ G(?ICCquGV, quG\:lpf( _G:, pll*Av;, dg — G: pll+Av§.kdq )
L dg acc
& 1+ G quGquGi_ylpf
A3, can be reformulated as:
S s 1 . .
- (Alg?d+JAlg?q) = szq(d_Jb)<Ig,d+J]g»q) ’
AVS —j¥AvS (12)
sy Vz(deu 4
c= 1+sT, ) (d*+b?
Gacchel ( -,lpf)( ) (13)
d: a+ VZ,dGi. lpraccheleq
Equation (12) can be reformulated as:
-5 s s
[N e M) —gmamen ) aa
Ay, Avs, Avs,

ml qu d b :
where G = —~ . Equation (14) can be further de-

-b d
composed as:

peS.m __ ypes,m.p peS.m.q _
Ycl - Ycl + Ycl -

s+V24Gor | G i1, S+VodG | GLl,,  (15)
s | e _hs _}oc
s+V, Gy s+V,,G

where Y}™P and Y ™9 are the active-current- and reac-
tive-current-related admittance components of ¥2°™, respec-
tively. Similar to ¥2**™ in (10), the PLL does not affect the
dd- and gd-axis components of ¥2*™ while all ACC, PLL,
and CLPC affect the dg- and gg-axis components. Addition-
ally, all four components of ¥?**™ are influenced by both ac-
tive and reactive currents. Specifically, active power primari-
ly affects the dd- and gg-axis components, whereas reactive
power predominantly impacts the dg- and gd-axis compo-
nents. Based on (11), Fig. 8(b) establishes the equivalent cir-
cuit model of the GFLI with CLPC, where the impedance/ad-
mittance contributions of the filter, ACC, active current via
PLL, reactive current via PLL, active current via CLPC, and
reactive current via CLPC are modeled as Z", Z", Y5", Y,
Y7, and Y;", respectively. Their expressions are listed in the
fifth row of Table I, and G;?f is expressed as:
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G =L+ G "GRG Gy

2) CLPC-induced MPTC
Since (10) and (15) share similar formats, the effects of
active/reactive current and PLL bandwidth on the input ad-
mittance of the GFLIs with OLPC and CLPC are likely to
exhibit the same trends. These trends are illustrated in Fig. 9.
Figure 14 shows the measured and analytical input admit-
tances of the GFLI with CLPC. In the legend, the four num-
bers represent the values of active current I}y, reactive current

(16)

17, PLL bandwidth w ;,, and PC bandwidth w, respectively.
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Fig. 13. Bode diagrams of dg- and gg-axis admittance components of GF-

LIs with ACC-PLL, OLPC, and CLPC with p2=1.0 p.u., ¢5=1.0 p.u.,
o, =640 rad/s, and increase of PLL bandwidth w .
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Fig. 14. Measured and analytical input admittances of GFLI with CLPC.
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The grid is emulated as an ideal voltage source to main-
tain a constant PCC voltage V5 ,. It is clear that a large I,
primarily increases the dd- and gg-axis admittance magni-
tudes, whereas a large /], mainly increases the dg- and gq-
axis admittance magnitudes. The PLL affects only the dg-
and gg-axis admittance components. Additionally, power con-
troller parameters influence all four components. These ob-
servations are consistent with (15).

Figure 15 shows the eigenvalue loci of the system with
CLPC. A constant PCC voltage v}, is assumed to avoid vio-
lation of the power-angle relation. Compared with Figs. 4
and 11, the CLPC introduces a pair of real eigenvalues. Fig-
ure 15(a) shows that decreasing the SCR from 3.0 to 2.0 and
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1.0 with ¢=80° reduces the CLPC-induced MPTC pfp. ..
from 1.9 p.u. to 1.1 p.u. and 0.1 p.u., respectively. The slight
difference from the system with ACC and PLC, as shown in
Fig. 4(a), arises because the CLPC-induced eigenvalue deter-
mines the MPTC when SCR is 3.0. Figure 15(b) indicates
that increasing the PLL bandwidth o, from 697 rad/s to
1394 rad/s and 2091 rad/s slightly decreases pgj,. ., from 1.1
p.u. to 1.0 p.u. and 0.9 p.u., respectively, where PLL rather
than CLPC determines the MPTC. Figure 15(c) shows that
increasing ¢™ from 0.3 p.u. to 0.6 p.u. and 0.9 p.u. reduces
Plipe.max from 0.9 p.u. to 0.6 p.u. and 0.4 p.u., with PLL deter-
mining the MPTC in all scenarios.

°p 1 1 Lipu |
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Fig. 15. Eigenvalue loci of system with CLPC as active power increases. (a) SCR variation with ;=697 rad/s, ¢™'=0 p.u., w,,=400 rad/s, and w, =

40 rad/s. (b) PLL bandwidth variation with SCR=2.0, ¢™=0 p.u., @
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Figure 15(d) and (e) shows that increasing both the ACC
bandwidth w,, from 400 rad/s to 4000 rad/s and 8000 rad/s

=400 rad/s, and o, =40 rad/s. (d) ACC bandwidth w,,

=400 rad/s, and @, =40 rad/s. (c) Reactive power g™ variation with SCR=2.0,
variation with SCR=2.0, ;=697 rad/s, ¢™'=0 p.u., and @ =40 rad/s. (e) PC
=400 rad/s.

and the PC bandwidth w, from 40 rad/s to 400 rad/s and
800 rad/s enhances low-frequency stability, indicating that a
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fast CLPC may improve the MPTC.

Figure 12(b) shows the eigenvalue loci of the system with
CLPC considering variations in the PCC voltage v5 ;. The re-
sults indicate that the MPTC pf .. increases as g™ rises
from 0.3 to 0.6 p.u., but decreases as ¢™ further increases to
1.5 p.u.. Unlike Fig. 12(a), which shows the system with
OLPC, the oscillation frequency in Fig. 12(b) slightly de-
creases as g™ increases. Additionally, the CLPC-related real
eigenvalues shift to the left, stabilizing the system.

Figure 13 shows that the Bode diagrams of the dg- and
qq-axis admittance components for GFLIs with ACC-PLL
and CLPC converge as the PLL bandwidth o, increases.
This indicates that when the PLL is sufficiently fast, both
the PLL and CLPC contribute independently to the input ad-
mittance, with no coupling between them. This observation
aligns with the insight drawn for the GFLI with OLPC.

IV. EXPERIMENTAL VERIFICATION

Figure 16 illustrates the configuration of the scaled-down
experimental setup used in the lab. The setup consists of a
320 V DC source, a line-to-line 110 V Regatron grid simula-
tor, and a 1.896 kvar Imperix inverter controlled by a Boom-
Box Imperix Controller. The rated current is 14.04 A, corre-
sponding to a base impedance of 6.41 Q. The SCR is set to
be 1.90, with a grid impedance angle of 80°, i.e., R, =585
mQ and L,=10.56 mH. Additionally, a 4.7 mH filter induc-
tance and a 160 mQ filter resistance are employed. The
bandwidths of the ACC, PLL, and CLPC are 592 rad/s, 194
rad/s, and 5.92 rad/s, respectively. The PCC voltage feed-for-
ward coefficient y is 0.1/160. The time constants for the volt-
age and current low-pass filters are 20 ms and 2 ms, respec-
tively.

) o -a;' P\
\ Compur e

'./_ W Grid resistance

)

N | Grid inductance
DC power supply = z

Scaled-down experimental setup used in lab.

Fig. 16.

A. Verification of Effect of ACC Bandwidth on MPTC

In this experimental test, the power control is disabled.
Figure 17(a)-(d) presents the experimental results of the grid
current as the ACC bandwidth w,, is set to be 355.2 rad/s,
414.4 rad/s, 473.6 rad/s, and 532.8 rad/s, respectively. The
results indicate that the MPTC for the four cases is 0.15
p.u., 0.3 p.u., 0.6 p.u., and 0.8 p.u., respectively, demonstrat-
ing that the MPTC increases with the ACC bandwidth.
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Fig. 17.  Experimental results of grid current under different ACC band-
widths w,.. (a) 355.2 rad/s. (b) 414.4 rad/s. (c) 473.6 rad/s. (d) 532.8 rad/s.

B. Verification of Effect of CLPC Bandwidth on MPTC

In this experimental test, the CLPC is enabled. Figure
18(a)-(d) presents the experimental results of grid current for
an ACC bandwidth of w,, =355.2 rad/s under different
CLPC bandwidths o, which are set to be 88.8 rad/s, 118.4
rad/s, 177.6 rad/s, and 236.8 rad/s, respectively. The results
show that the MPTC for the four cases is 0.15 p.u., 0.3 p.u.,
0.6 p.u., and 0.8 p.u., respectively, indicating that the MPTC
increases with the CLPC bandwidth.
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Fig. 18. Experimental results of grid current for an ACC bandwidth of

®,,,=355.2 rad/s under different CLPC bandwidths .. (a) 88.8 rad/s. (b)
118.4 rad/s. (c) 177.6 rad/s. (d) 236.8 rad/s.
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Additionally, Fig. 19(a)-(d) presents the experimental re-
sults of grid current for an ACC bandwidth of w, . =414.4
rad/s under different CLPC bandwidths w ., which are set to
be 5.92 rad/s, 88.8 rad/s, 106.56 rad/s, and 118.4 rad/s, re-
spectively. The results indicate that the MPTC for these cas-
es is 0.3 p.u,, 0.4 p.u., 0.6 p.u., and 0.8 p.u., respectively. By
comparing Figs. 18 and 19, it can be observed that with a
faster ACC, a slower CLPC can be employed to inject the
same maximum allowable active power.

PRI

Time (0.5 s/div)

(2) (b)

z z 0.8 p.u ]
3 S 0.4 p.u. S 1

N2 N e gl

= b=} 02p.u. L I I

5 5 P 0% pou. MR
£ g 1.0 p.ulMiif

© Time (3 s/div) © Time (3 s/div)

() (d)
Fig. 19. Experimental results of grid current for an ACC bandwidth of

®,,,=414.4 rad/s under different CLPC bandwidths w,. (a) 5.92 rad/s. (b)
88.8 rad/s. (c) 106.56 rad/s. (d) 118.4 rad/s.

V. CONCLUSION

This paper provides a comparative investigation into the
effects of control loop interactions on the static and dynamic
MPTCs of PLL-based GFLIs considering various control
loops. The main conclusions can be summarized as follows.
Both the power-angle relation and adverse control interac-
tions can limit the MPTC. While reactive power injection
typically increases the static MPTC by providing voltage
support, it can reduce the dynamic MPTC due to intensified
control loop interactions. A fast ACC enhances the PLL-in-
duced low-frequency stability but compromises high-frequen-
cy stability induced by digital time delay. The OLPC and
CLPC exhibit limited admittance reshaping effects when the
PLL is sufficiently fast. However, fast power control can im-
prove the PLL-induced low-frequency stability when a slow-
er PLL is used. Future studies could explore whether these
insights can apply to other grid conditions and examine the
impact of voltage control on the MPTC.
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