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Influence of PLL on Stability of Interconnected Grid-Forming and
Grid-Following Converters

Yang Wu'”', Member, IEEE, Heng Wu

Zejie Li

Abstract—This letter analyzes the impact of a phase-locked
loop (PLL) on small-signal stability in a system of interconnected
grid-forming and grid-following (GFL) converters. It identifies an
undiscovered instability phenomenon, i.e., the system is prone to
unstable when the bandwidth of PLL used with GFL converter is
low. Experiments validate the theoretical analysis.

Index Terms—Grid-following (GFL) converter, grid-forming
(GFM) converter, phase-locked loop (PLL), small-signal stability.

I. INTRODUCTION

OLTAGE-SOURCE converters (VSCs) are widely found
V in power grids. VSCs can be controlled in grid-following
(GFL) or grid-forming (GFM) modes. The GFM-VSC is op-
erated as voltage source behind an impedance, which forms
the grid voltage [1], [2]. The GFL-VSC is then synchronized
to the grid, commonly by using a phase-locked loop (PLL)
[3]. Interconnected GFM- and GFL-VSC systems are increas-
ingly deployed in modern power grids, e.g., the high-voltage
dc-connected wind power plants [4].

The dynamic impact of PLL on the stability of GFL-VSCs
is extensively reported in the recent literature. It is revealed
that the PLL introduces a negative damping within its control
bandwidth [5], which can manifest instability when GFL-VSC
is connected to a weak grid with high grid impedance [6].
Yet, most work is on the GFL-VSC connected to the weak
grid that has a low short-circuit ratio [7], [8]. The influence
of PLL on the stability of interconnected GFM- and GFL-VSC
systems is not fully revealed. The work [4] identifies a maximum
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PLL bandwidth for stable operation of interconnected GFM-
and GFL-VSC systems. However, as will be demonstrated in
this letter, a low bandwidth of the PLL can also destabilize
the system, which differs from the GFL-VSC connected to a
high-impedance grid. This unique phenomenon is induced by the
interaction between synchronization controllers of converters
[the power synchronization (PSC) controller of GFM-VSC and
the PLL of GFL-VSC], which has rarely been reported.

The rest of this letter is organized as follows. Section II
presents the small-signal modeling of interconnected GFM- and
GFL-VSC systems, which explicitly characterize the parametric
impact of PLL. Section III demonstrates system instability with
different PLL bandwidths, which is followed by the experimen-
tal validation in Section IV. Finally, Section V concludes this
letter.

II. SYSTEM DESCRIPTION AND MODELING

A. System Description

The studied system of interconnected GFM- and GFL-VSC is
shown in Fig. 1(a). Both the converters are filtered by L filters,
which are represented by Lgpy and Lgpy,, respectively. The
transmission line connecting the two converters is represented
by an inductor Ly,;,,.. The grid voltage is regulated by the GFM-
VSC with PSC controller, and the GFL-VSC tracks the phase
angle of the grid by PLL. Cascaded power controller and current
controller in PI form are also applied to regulate the GFL-VSC.
varL and igpp, represent the voltage and current measured for
the control of the GFL-VSC, while vgry and igry are similarly
defined for the GFM-VSC. The dc links of both converters are
assumed to be stiff, with V4. and V9. modeled as constant
dc voltage sources. This is because the voltage of dc link can be
controlled by back-to-back converters or energy storage systems
[9], [10]. Therefore, the dc-link dynamics have been neglected
in the modeling for simplicity.

In this letter, the GFM converter is considered as the power
absorbing end, while the GFL converter is considered as the
power outputting end. This studied structure serves as a repre-
sentative for future power-electronic-based power systems [1],
[11], [12], [13]. A practical case comes from the PROMOTioN
Project by the European Union [14], as shown in Fig. 1(b).
A reported system design in this project includes an offshore
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Fig. 1. (a) Schematic diagram of the studied interconnected GFM- and GFL-
VSC. (b) Practical case of the studied system from [14].
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Fig. 2. (a) Equivalent circuit representation of the interconnected GFM- and
GFL-VSC system and (b) small-signal model for the studied system. A minus
sign exists in -Ygpr, as reference current direction is defined as flowing out
from the GFL-VSC.

windfarm connected to a modular multilevel converter (MMC)
station via HVac interconnection. Normally, the power convert-
ers in windfarms use GFL control for referenced power output.
Therefore, the MMC needs to use the GFM control to regulate
the local voltage and phase angle for the GFL-converters in the
wind farms to track.

B. Physical Insights on Instability Under Low PLL Bandwidth

Fig. 2(a) illustrates the equivalent circuit representation of the
studied system with synchronization controllers (i.e., PLL and
PSC) highlighted. Different from the GFL-VSC connected to
weak grid where the grid frequency is fixed, the grid frequency
of the studied system is regulated by PSC of GFM-VSC and
has its own dynamics. By using low PLL bandwidth, the GFL-
VSC may lose track of such grid frequency dynamics, thereby
inducing adverse dynamics on its output current. Such output
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Fig. 3.

Fig. 4.

Block diagram for the small-signal model of GFL-VSC.

current of GFL-VSC with adverse dynamics will flow into the
GFM-VSC, and further exacerbate system frequency dynamics
via PSC. This chain of reaction, as will be rigorously demon-
strated later in this work, actually forms a positive feedback loop
and would destabilize the system.

C. Small-Signal Modeling of the System

To characterize the parametric impact of PLL on system
stability, a small-signal modeling methodology proposed in [2]
is used in this letter. The fundamental frequency dynamics gen-
erated by the GFM-VSC is treated as an additional terminal of
the impedance model. Meanwhile, the entire system is modeled
in the reference frame associated with this dynamic fundamental
frequency.

The small-signal model of the interconnected converters is
shown in Fig. 2(b). 044 and Edq represent the voltage and current
perturbations at the point of common coupling (PCC) point,
which are expressed in the dg-frame rotating with dynamic fun-
damental frequency. wgpm represents the fundamental frequency
dynamics generated by the GFM-VSC, which is in angular
format for simplicity. Zgrn represents the terminal impedance
of the GFM-VSC, and Y gy, represents the terminal admittance
of the GFL-VSC. T, grm describes the response of fundamental
frequency under the input current perturbations of the GFM-
VSC, while T, qrr, describes the response of output current
under fundamental frequency perturbations of the GFL-VSC.

Furthermore, the block diagrams for the small-signal model of
GFM- and GFL-VSC can be obtained as Figs. 3 and 4, following
the modeling methods in [2] and [15], respectively.
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For the GFM-VSC, ZgrMm and Ty, gry can be expressed as
Zorv = Ziine + Tran(0o) ' ZigrvTran (6) (1)
Tucerm = Gpsce ([Lao, Iq0] ZigemTran (6o)
+ [Vao,0] Tran (d)) (2)

where Z1,grm and Zy e represent the impedance matrices of
Lgyrwm and Lyine. Take Zy grvm as an example:

sLGrm

—warFMoLGEM 3)
warMoLcem

ZiGrm =
sLgem

where wgpnmo represents the steady-state operating frequency of
GFM-VSC. Tran(dy) is introduced by the phase angle difference
across the line inductance Ly ine. V4o, 40, and 1o represent the
steady-state voltage aligned to d-axis, and currents in dg-axes.
Gpsc denotes the transfer function of PSC:

Gpsc = (Gpwf)/(s + Wf). (4)

where G, is the droop parameter and wy is the cutoff frequency
of the low-pass filter.

For the GFL-VSC, the block diagrams of T,,grr, and Ygrr,
comprise many identical transfer function matrices, including
power calculation matrices Gpg-; and Gpg.,, power control
Gpg, current control Gy, feedforward control Grp, delay
G pgr, and duty ratio to current matrix G;4. Detailed expressions
for Ygrr, and T, gpr, can be found in [5] and [15], whose main
difference lies in the influence of PLL on the controller current,
voltage and duty ratio. Such influence is reflected by Gg-prr,
Gy.-pLL, and Gy pry in Ty, grr, while by G, pr1, Go-pLL, and
Gy prL in Ygrr. This difference roots in the responses of PLL
phase angle from the frequency or voltage perturbations. For
example, the influence on controller current by the PLL differs
as follows:

0 I,0G 0
GyipL = [ qo™ JPLL ] ,GiopLL = {0

I,0GpLL
0 —Iq0GypLL ’

_IdO GPLL

The transfer function Gpr,1,, which describes the response of
PLL angle to frequency perturbations, can be expressed as [15]

1
s+ (kppLL + kirLr/s) Vao

where k,pr1, and k;pr1, represent the proportional and integral
gain of the PLL. By contrast, in traditional Y gpr, modeling, the
response of PLL phase angle to voltage perturbations is [5]

(kppLL + kipLi/s)
s+ (kppLL + kipLr/s) Vao

Hence, the impact of PLL on stability may exhibit unique
characteristics within the studied system, which is associated
with the system frequency dynamics.

To characterize this unique impact of PLL under frequency
perturbations, assume a positive frequency disturbance wgpm
occurs and the PCC voltage rotates from v, to v'4. The PLL will
then try to maintain synchronization with the PCC voltage by
rotating the current vector from i4 to i’ 4, leading to a positive Eq.
The vector illustration is shown in Fig. 5. The perturbation on
d-axis current is neglected due to a small value.

Gy = — (6)

(N

GPLL =
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Fig. 5. Vector diagram characterization of 7,,grr,. (The reference current
direction is defined as flowing out from the GFL-VSC.)
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Fig. 6. Bode plot of GypLr, under different PLL bandwidths.

This positive iq will further induce positive frequency distur-
bance through (2), helping to exacerbate the original disturbance
on frequency by forming a positive feedback. Furthermore, (6)
has shown that low PLL bandwidth will amplify the current
response (T, ¢rr,) under frequency disturbances due to the en-
larged amplitude of Gfpr,1,, as shown in Fig. 6. Therefore, a low
PLL bandwidth will enlarge this positive feedback, eventually
resulting in system instability.

The instability phenomenon analyzed above will not be influ-
enced by the power flow direction. This is because the instability
is related to the exacerbation of frequency dynamics through
the interaction of PLL and PSC, which will still exist under
an opposite power flow direction. Moreover, as this kind of
instability is induced by the positive feedback loop for system
frequency dynamics, it will still exist with a load between the
two converters, as long as the proportion between the load and
GFL-VSC capacity is within a certain range. The aforemen-
tioned modeling and analysis for system instability can still be
applied, only with part of the output current from the GFL-VSC
drawn by the connected load.

III. STABILITY ANALYSIS FOR DIFFERENT PLL BANDWIDTH

To further explore the influence of PLL bandwidth on system
stability, stability assessment will be conducted with return ratio
matrix L formulated as

L = YgrZcem — Tougr Tucem. (8)

According to the generalized Nyquist stability criterion [16],
the system will be stable if and only if the eigenloci of L do not
encircle the (-14-j0) point in the complex plane.

A. Stability Analysis With High PLL Bandwidth

By using high PLL bandwidth, the interaction between syn-
chronization controllers T, gr1, T, v can be approximated as
zero, due to an attenuated amplitude of T, gFr,, as analyzed
in Section II-C. Therefore, L. ~ YgrrZgrm. According to
(1), Zgww is determined by the line inductance Ly and the
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converter filter inductance Lgpy. As the value of Lgpy iS
normally within 0.1 per unit (p.u.) (and usually smaller than the
line impedance Ly ine) [17], Zgrn can be approximated as Ziy ine.-
Hence, system instability at high PLL bandwidth will be similar
to that in conventional GFL-VSC operation connected to a weak
grid [5]. Instability will appear due to the negative incremental
conductance characteristic in the gg-channel of Y gy, within the
PLL bandwidth. Furthermore, the increase of PLL bandwidth
may have a negative influence on system stability due to the
widened frequency range of this negative damping.

B. Stability Analysis With Low PLL Bandwidth

With low PLL bandwidth, the instability now appears due
to the interaction between synchronization controllers. By ana-
lyzing (2) and (6), such interaction happens at low frequencies
due to the attenuated amplitudes of both T, grr, and T, gru at
high frequencies. Hence, some approximations can be made to
simplify the analysis: 1) s is approximated as O for the calculation
of Zgrym and Ty, grv; 2) the GFL-VSC is considered to operate
at unity power factor, and only the dominant diagonal elements
YGrrdd and Ygrr,qq in Ygpr, are considered [5]. Therefore,
YqrZgrv now becomes

YcrLZcem
N [YGFde 0 } 0 —warFMoLLine
0 Y6rLgq] |warmoLiine 0
_ 0 —warMOoLLine YGFLAd ©)
WaFMO0LLine YGRLgq 0 ’

Still, Zgyw is approximated as Zg ipe.-

Besides, by neglecting the voltage drop on the filter in-
ductance and approximating Tran(dy) to an identity matrix,
-T,aqrLT,aruM can be obtained as

VT, 0
~Tucer Twerm =~ —G) [ 101 wGFLd } a0)

VdOTwGFLq 0
where T,carrq and Ty,qrrLe represent the d-axis and g-axis
elements of T, g1, respectively. According to Fig. 4, T, gFL
will be shaped by PLL-related matrices G-pr1., Gf-prLL, and
Gy4-pLL. Moreover, the elements on the d-axis of the above ma-
trices are related to voltage/current on the g-axis, larger than the
elements on the g-axis, which are determined by voltage/current
on the d-axis. Take Gg.prr, in (5) as an example: the d-axis
element is related to /,o while the g-axis element is related to
140. Hence, T,,gFr, 4 Will have a smaller amplitude than T, g1, ¢,
and (10) can be simplified as

—TucrL Twcrm =~ —G), |:Vd07£2:GFLq 8] . (1D
Summarizing (8), (9), and (11), we have
L~
0 _WGFMOLLineYGFde:|
wWaFMO0LLine Y6rLgg — Gp Vo TwGFLg 0 '
(12)
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Therefore, the eigenvalue A1 5 of L can be calculated as
Mo? =

First term Second term

2 2
—w&rMoLeq YorLadYorLeq + warMoLeq YorLad Gp Vo TiwGFLg -

K,
13)

A real value K, is approximated in (13), whose sign can
be used for stability assessment. At low frequencies, YGrL 44
and Ygrr,¢q can be regarded as positive conductance and neg-
ative conductance [5]. Moreover, according to the analysis in
Section II-C, the current response T, grr,q of GFL-VSC under
frequency perturbation is also a positive value. Hence, both the
first and second terms of K are of positive values, leading to
two eigenvalues located on the negative and positive real axes.

Furthermore, a low PLL bandwidth will lead to an enlarged
value of T, gFr1, 4, further increasing the value of K, and driving
the eigenvalues to more positive or negative values. According to
the theory of forbidden region [18], the aforementioned process
may lead to the eigenvalues moving deeper into the forbidden
region, as shown in Fig. 7, deteriorating system stability.

As some assumptions have been used in the aforementioned
analysis to provide concise expressions with physical interpre-
tations, the derived conclusions may be influenced by various
operation conditions. The main assumption related to the opera-
tion condition is that the GFL-VSC operates under unity power
factor, so that the nondiagonal elements of Y g r, will have much
smaller amplitudes than the diagonal elements, and the d-axis
element of T, grr, will also have smaller amplitudes than its
g-axis element. Numerical analysis has shown that the validity of
such an assumption will be deteriorated under decreased power
factors but will remain mostly solid when the power factor ranges
in 0.9-1, serving as an acceptable representative for industry
cases.

It should also be noted that the above stability analysis is
not aimed to provide a quantitative estimation of the stability
boundary, but to provide physical insights on why such kind
of instability exists and will happen at low PLL bandwidth.
Therefore, the used assumptions serve as a feasible tool for
intuitive analysis of system stability.

As a conclusion, two different types of instability related to
PLL may be observed for interconnected GFM- and GFL-VSCs.
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Fig. 8. (a) Experimental setup. (b) System becomes unstable when increasing the PLL bandwidth from 100 to 320 Hz. (c) With PLL bandwidth of 100 Hz,

system remains stable when the droop parameter increases. (d) With PLL bandwi

dth of 10 Hz, system becomes unstable when the droop parameter increases, due

to the interaction of synchronization controllers. (e) Eigenloci for the unstable case in (d).

TABLE I
PARAMETERS FOR THE EXPERIMENTAL VALIDATIONS

Description Value
Rated power 2kW (1p.u)
Voltage (RMS) 110 V (50 Hz) (1 p. u.)
GFL-VSC filter inductance Lgrr 3 mH (0.07 p. w.)
GFL-VSC current controller (P/I) 2.8/70 p.u.
GFL-VSC PLL (Bandwidth = 100 Hz) (P/I) 1.5/352.6 p.u.
GFL-VSC power controller (P/T) 0.05/10 p.u.
GFM-VSC filter inductor Lgrm 3 mH (0.07 p. w.)
GFM-VSC PSC controller (G,/wy) 0.0032 /1 p.u.

Line inductance Lyine SmH (0.12 p. u.)

When PLL bandwidth is high, the instability may happen due
to the interaction of terminal impedances. When PLL band-
width is low, the instability may occur due to the interaction of
synchronization controllers, which has rarely been reported in
the existing research. Moreover, this newly observed instability
with low PLL bandwidth will not be influenced by the filter
types of the converters. This is because the studied instability
happens at low frequency, making the influence of the capacitor
components in the filters negligible. Therefore, the analysis and
conclusion of this letter can be generalized to converter systems
with different types of filters.

IV. EXPERIMENTAL VALIDATIONS

Experiments have been conducted for validation purposes,
with configurations in Fig. 8(a) and parameters in Table 1.

System instability with high PLL bandwidth is first tested in
Fig. 8(b), where the PLL bandwidth increases from 100 to 320
Hz. Furthermore, the instability at low PLL bandwidth can be
observed in Fig. 8(d), with a stable operation case presented in
Fig. 8(c) as a comparison. It is shown that when G, increases to
a large value (2.4 p.u. in the experiments), the system remains
stable at higher PLL bandwidth [100 Hz in Fig. 8(c)] and

G (p- u.)
60 )
2] T 000000000 u
B 40 °o® o 000 [ ]
< 204 pemmmTTTTTTOTTTOIITIOS -> ||
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Fig.9. Pole trajectory under different PLL bandwidth and droop gain. (a) PLL
bandwidth is set at 10 Hz, while the droop gain increases. (b) Droop gain is set
as 2.4 p.u., while the PLL bandwidth varies.

becomes unstable at lower PLL bandwidth [10 Hz in Fig. 8(d)].
The eigenloci of L in Fig. 8(d) are also presented in Fig. 8(e).
It is shown that (—1 + jO) point is encircled, supporting the
effectiveness of the modeling and stability analysis.

To further reveal how the PLL bandwidth and droop gain G,
affect system stability, the trajectory for the pair of poles related
to this low-frequency instability is plotted in Fig. 9. The poles
are calculated by solving the roots of the determinant for I +
L. L is calculated based on (8) using the small-signal models in
Section II.

Fig. 9 shows that the damping of the system decreases when
the droop gain increases and PLL adopts a lower bandwidth,
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as the poles will gradually move to the right-half-plane. As a
conclusion, the interaction of PLL and PSC may deteriorate
system stability and push the system to the stability boundary
in practices, which should be holistically treated by the system
designers.

Besides, the calculated pole trajectory can also be used to
determine the lower limit of the PLL bandwidth for system stable
operation. It is shown in Fig. 9(b) that a typical value for the
lower limit of the PLL bandwidth can be set as 16 Hz in the
studied case. The upper limit of the PLL bandwidth can also be
obtained by pole trajectory analysis similarly [4], which will not
be detailed for simplicity.

As the physical insight of this newly observed instability
phenomenon lies in that the GFL-VSC may lose track of system
frequency dynamics when using low PLL bandwidth, one solu-
tion to stabilize the system could be applying the mode-adaptive
power-angle control in the GFM-VSC. The droop gain of the
PSC in GFM-VSC can be decreased to a smaller value in a
protection mode when system instability is detected, to prevent
the GFL-VSC from losing track of the phase angle and to
maintain system stable operation.

V. CONCLUSION

This letter has studied the influence of PLL bandwidth on
the stability of interconnected GFM- and GFL-VSCs, by small-
signal stability analysis. Two different types of instability have
been identified and analyzed, which are caused by: 1) interac-
tion between terminal impedance when PLL bandwidth is high
with GFL-VSC; and 2) interaction between synchronization
controllers when PLL bandwidth is low with GFL-VSC. The
latter one has rarely been reported in the existing research. Ex-
periments validate the effectiveness of the theoretical analysis.
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