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Abstract—This paper provides analyses of subsynchronous
oscillations associated with solar photovoltaics (PVs) observed
in real world. All have oscillation frequencies at approximately
20 Hz in voltage and current magnitudes. On the other hand, in
phase voltage and current, the oscillations show very different
signatures. Through constructing simplified linear models and
conducting sensitivity analysis, we are able to associate dynamic
phenomena with the underlying mechanism and speculate the
possible causes of the 20-Hz oscillations. The analysis results have
all been validated via simulation results from electromagnetic
transient (EMT) test beds constructed in MATLAB/Simscape.

Index Terms—Inverter-based resources, weak grids, subsyn-
chronous oscillations.

I. INTRODUCTION

FUNDAMENTAL understanding on inverter-based re-
source (IBR) subsynchronous oscillations (SSO) is im-

perative as high penetrations of IBRs lead to distinct dynamic
phenomena. One particular phenomenon is sideband oscil-
lations, which has also been observed in a real-world event
associated with STATCOM in weak grid occurred in China
Southern Grid in 2017 [1]. In phase current measurements,
both 2.5-Hz and 97.5-Hz oscillations are observed. Classifi-
cation of traditional power grid stability is used to treating
those two oscillations as of different time scales: slow or fast
[2]. On the other hand, these two components are associated
with the same 47.5-Hz oscillation mode observed in the dq
frame. Similarly, for IBR related dynamics, we can no longer
separate slow and fast dynamics. Rather, wideband dynamics
are to be dealt with.

The goal of this paper is to fill two gaps in our un-
derstanding. First, the paper provides the possible causes
of three real-world IBR SSOs at 20-Hz range observed in
Hydro One [3], South Australia [4], and Dominion Energy
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[5]. The three events all manifest ∼ 20 Hz oscillations in
voltage root mean square (RMS) measurements. On the other
hand, the signatures in phase current measurement data are
very different, indicating different mechanisms. Studying those
events helps to provide a better understanding on wide-
band IBR dynamics. Second, this paper will also provide a
better understanding regarding IBR SSO’s manifestation in
measurements by examining the critical signatures in both
instantaneous voltage/current and RMS measurements. Such
effort is lacking in the current literature.

It has to be mentioned that none of the authors has infor-
mation regarding any solar PV inverter’s control information.
The lack of a known model of a solar PV inverter presents
an intellectual challenge on mechanism analysis. Nevertheless,
data from 19 IBR SSO events have been collected in our
previous efforts summarized in a task force paper [6]. In the
current paper, the three 20-Hz oscillation events are singled
out and the characteristics of the event data are analyzed and
presented.

Our study approach is to build a computer simulation test
bed, tune the test bed parameters to create oscillations, and
find those that exhibit similar characteristics of the real-
world event data. We also derive a linear model, examine
frequency responses of the system as well as eigenvalue loci
to understand the causes of oscillations.

A test bed consisting of a single voltage source converter
(VSC) representing an IBR connected to a grid with shunt
compensation has been constructed. This grid representation is
based on the data of a real-world distribution system with 30-
MW solar PV integrated [3]. In majority of the latest research
in stability investigation, shunt compensation has not been
considered and the grid is represented as a voltage source
behind a pure reactance for simplicity. See e.g., [7]–[9]. In
this research, we demonstrate that shunt compensation indeed
influences certain types of oscillations significantly.

The investigation is based on a specific grid-following
control (GFL) with proportional resonant (PR) current control
implemented in a static frame. It leads to speculation of possi-
ble causations, e.g., slow current control, insufficient damping
of PLL, and the interaction of PLL and shunt compensation.
These findings may also be applicable to a GFL with dq-frame-
based proportional integral (PI) current control. This is because
that while there are subtle differences, GFL inverters share key
common features in the critical control structure. For example,
GFLs all use PLLs for synchronization. And GFLs use outer
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controls to generate current orders while inner current controls
to track orders. The outer control bandwidth is much slower
compared to the inner control bandwidth.

The remainder of the paper consists of four parts: de-
scription of real-world observation (time-series data and/or
frequency spectrum data), the test bed and the linear model
representation, mechanism analysis results and EMT test bed
simulation results, and conclusions.

II. REAL-WORLD IBR SSO

A. Hydro One 20-Hz Oscillations

Hydro One observed 20-Hz weakly damped oscillations in
voltage RMS measurements at a 44-kV distribution feeder
upon switching in a 30-MVAr capacitor [3]. This feeder
has three 10-MVA solar PV plants connected to the utility
substation through a 30-km feeder. The fault level at the 44
kV point of common coupling (PCC) is approximately 120
MVA. Viewed from the PCC bus, the short circuit ratio (SCR)
is 4.

For the instantaneous phase current, besides the fundamental
frequency component at 60 Hz, there is also an 80-Hz com-
ponent. Fig. 1(a) and (b) present the recorded instantaneous
current and RMS voltage. Fast Fourier transform (FFT) anal-
ysis of the phase current (shown in Fig. 1(c)) shows that the
80-Hz component is predominant and has a magnitude close
to 75% of the fundamental component.

One more thing to be noticed is that the oscillations were
more obvious at light PV power output in the early mornings.
This is a characteristic very different from many oscillations
observed in weak grids. These oscillations become worse
if power output is higher, e.g., the 4-Hz Texas oscillations
associated with a type-4 wind farm [10].

Hydro One fixed the issue by closing a tie-breaker to reduce
the grid impedance, indicating that the oscillation mode is
influenced by grid impedance.

B. AEMO 19-Hz Oscillations

On 20th August 2020, a transmission fault resulted in a
trip of a 220-kV transmission line in northwest Victoria,
Australia. This resulted in several wind farms tripping. After
the trip, AEMO has observed 19-Hz voltage oscillations. The
oscillation was found largest at the location of solar farm was
tripped, with peak-peak oscillation at around 1% (0.01 p.u. on
voltage). These oscillations occurred in both real and reactive
power flow from a number of IBRs connected in that area with
the magnitude of oscillations ranging from as low as 0.1% to
as high as 2%. Fig. 2 shows measured responses.

C. Dominion Energy 22-Hz Oscillations

An oscillation mode was reported by Dominion Energy that
was identified in synchrophasor data measured at solar source
penetrated substations with ambient operating conditions [5].
The oscillation mode frequency was found to be 8 Hz from
synchrophasor data with a 30-frame/second sampling rate,
and 22 Hz from synchrophasor data with a 60-frame/second
sampling rate. It can be seen that the oscillation is obvious

(a)

(b)

(c)

Fig. 1: (a) The recorded instantaneous current waveforms. (b) The recorded
RMS voltage. (c) The current spectrum. Source: C. Li.

Fig. 2: AEMO 19-Hz oscillations - West Murray area. Source: AEMO.

during day time. From high frequency Point-on-Wave (PoW)
measurements of phase voltage and current, the components
are at 38 Hz and 82 Hz, shown in Fig. 3. Thus, in the
RMS measurements, the oscillation frequency is indeed 22
Hz. Due to aliasing, the mode is identified as 8 Hz for a
30-frame/second sampling rate. It is worth noting that the os-
cillation is insignificant and does not affect normal operation.
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Fig. 3: Dominion Energy 22-Hz oscillations: spectrogram. Power spectral
density (PSD) plots of phase voltage and current. Source: Dominion Energy.

D. Comparison of the three events

The event data and other observations show stark difference
between the Hydro One event and the other two events.
First, in phase current spectrums, Hydro One event shows a
predominant 80 Hz component with a significant magnitude,
while the other two events show two frequency components
symmetric to the fundamental component ( or sideband oscilla-
tions according to [11]) with insignificant magnitudes. Second,
the Hydro One oscillations were obvious at low power output
conditions in the early morning, while the Dominion Energy
oscillations becomes visible with high power output at day
time. Thus, it is concluded that the oscillations are caused by
very different mechanisms.

III. THE STUDY SYSTEM AND THE LINEAR MODEL

A test bed is constructed and shown in Fig. 4. A 400-V
VSC is used to represent the aggregated three solar PV farms,
totaling 30 MW. The power base is set as 30 MVA. The solar
PV is connected to the bus through a choke filter. The filter’s
resistance R and inductance L parameters are set as 0.015 p.u.
and 0.15 p.u., respectively.

The 44-kV feeder is represented by an impedance and
its complex value at the nominal frequency is Zfeeder =
0.0651+ j0.1805 p.u. This feeder is connected to a substation
bus where the 29.6 MVAr shunt capacitor is connected. The
substation bus is further connected to an infinite bus vg behind
a source impedance Zg = Rg + sLg . Since the fault level of
the substation bus is 430 MVA, the source impedance at the
nominal frequency is 0.007 + j0.0698 p.u.. The test bed’s
data of the feeder, the shunt capacitor, and the grid source
impedance are based on the real-world system and information
from [3]. Viewed from the point of common coupling (PCC)
bus, the total reactance of the grid is about 0.25 pu or the
short circuit ratio (SCR) is 4 in this case.

While the grid parameters from the PCC bus to the infinite
bus adhere to the real world info, the information on converters
is based on assumption. The converter is assumed to have
proportional resonant (PR) current control with the PCC
voltage feedforward unit. Its overall control structure is shown
in Fig. 4. A delay unit Td is used to represent delays caused by

pulse width modulation switching and control communication.
The transfer function of the PR control is as follows.

PR(s) = Kp +Kr
2ωcs

s2 + 2ωcs+ ω2
, (1)

where ωc is 2π × 2 rad/s and ω is the nominal frequency at
377 rad/s. Kp and Kr are the gains of the proportional control
and the resonant control units.

The outer control follows real and reactive power com-
mands. Its proportional integral (PI) controllers are: 0.2+20/s.
The phase-locked-loop (PLL) consists of an abc/dq conversion
block, a low-pass filter (LPF), a PI controller and an integral
unit, as shown in Fig. 4. Parameters of the current control and
the PLL will be given in Section IV.

A. Linear Model Derivation

In this subsection, the linear model will be derived. The
derivation has two steps. In Step 1, inverter current control and
the grid are modeled. In Step 2, the effect of PLL dynamics
are added. The outer control’s dynamics are ignored for
simplicity. This assumption is also valid since compared to the
current tracking dynamics (e.g., > 100 Hz), the outer control
bandwidth is very slow (e.g., 3 Hz). Thus, the current orders
generated by the outer controls may be viewed as constants.

1) Step 1 : In Step 1, the inverter current control and delay
due to PWM and digital control are modeled in detail. The
delay unit can be approximated by Padé expression Td(s) =

e−τs = 1−sτ/2
1+sτ/2 . The relationship between the current order

i∗, the current measurement i, the PCC voltage vPCC, and
the converter voltage v can be found by the control logic.
Furthermore, the relationship can also be found from circuit.

v = (vPCC + PR(s)(i∗ − i))Td(s), (2)
v = vPCC + (R+ sL)i. (3)

Based on (2) and (3), the relationship of the PCC voltage,
the current order, and the converter current can be written as
the follows.

vPCC =

(
Td

1 − Td
PR
)

︸ ︷︷ ︸
Z∗

PV

i∗−
(
R+ sL+

Td
1 − Td

(PR +R+ sL)

)
︸ ︷︷ ︸

ZPV

i

(4)
Eq. 4 shows that the converter can be viewed from the PCC

bus as a voltage source Z∗PV(s)i∗ behind an impedance ZPV.
The grid can be viewed from the PCC bus as Zgrid. The grid
impedance consists of the feeder, the shunt capacitor, and the
source impedance:

Zgrid(s) = Rfeeder + sLfeeder +
1

sC + 1
Rg+sLg

, with shunt

(5)

If the shunt capacitor is not included, the impedance is
expressed as follows.

Zgrid(s) = Rfeeder + sLfeeder +Rg + sLg, without shunt
(6)
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Fig. 4: The test bed circuit topology and the assumed VSC control structure. Zfeeder = 0.0651+ j0.1805 p.u. Zg = 0.007+ j0.0698 p.u., Bc = 29.6/30
p.u.. RL choke filter: R = 0.015 p.u., and L = 0.15 p.u. Outer control: 0.2 + 20/s.

If the grid voltage has no deviation, i.e., vg(s) = 0, the
current measurement can be expressed by Z∗PV(s)i∗ only.

i(s) =
Z∗PV(s)i∗ − vg(s)

Zgrid(s) + ZPV(s)
=

1

Zgrid(s) + ZPV(s)
Z∗PV(s)i∗.

(7)

The PCC voltage can further be found as Zgrid(s)i(s):

vPCC =
Zgrid(s)

Zgrid(s) + ZPV(s)
Z∗PV(s)︸ ︷︷ ︸

G1

i∗. (8)

2) Step 2: Next, the PLL dynamics will be included. The
relationship between vPCC and i∗ is expressed in the static
frame. For the complex phasors in a dq frame with a constant
rotating speed of ω1 (notated as the grid dq frame), then the
relationship is as follows by simply replacing s by s+ jω1.

V PCC =
Zgrid(s+ jω1)

Zgrid(s+ jω1) + ZPV(s+ jω1)
Z∗PV(s+ jω1)︸ ︷︷ ︸

G1,dq

I
∗

(9)

For the real variables in the grid dq frame, the above
expression becomes the following:[

vPCC,d

vPCC,q

]
=

[
G1R −G1I

G1I G1R

] [
i∗d
i∗q

]
, (10)

where G1R = real(G1,dq) and G1I = imag(G1,dq).
The current orders i∗abc are generated from the dq-frame

current orders (notated as i′∗d and i′∗q ) after dq/abc conversion.
This dq frame is based on the PLL angle (θ = ω1t + ∆θ) .
The current orders i∗abc can also be expressed using the current
orders in the grid dq frame (notated as i∗d and i∗q). The grid dq
frame rotates at a constant speed ω1 and aligns with the PLL
frame at the initial condition. Hence the angle of this grid dq
frame is ω1t + ∆θ0, where ∆θ0 is the initial phase angle of
the PCC voltage phasor.

Note that at initial operating conditions, i′d = id and i′q = iq ,
since the two dq frames align with each other at steady state.

The space vector of the current order viewed from the static
frame can be expressed in two ways using the current orders
expressed in the two dq frames.

~i∗ = (i′∗d + ji′∗q )ej(ω1t+∆θ), PLL dq frame

= (i∗d + ji∗q)e
j(ω1t+∆θ0), Grid dq frame. (11)

Therefore,

i∗d + ji∗q = (i′∗d + ji′∗q )ej∆δ (12)

where ∆δ = ∆θ − ∆θ0 and ∆δ is 0 at the initial condition.
Linearizing the above equation leads to the following:

∆i∗d = ∆i′∗d − iq∆δ

∆i∗q = ∆i′∗q + id∆δ (13)

Note that the PLL’s output angle is associated with
∆vPCC,q:

∆δ = GPLL∆vPCC,q, (14)

where GPLL =
VPCC(Kp+Ki/s)/s·LPF(s)

1+VPCC(Kp+Ki/s)/s·LPF(s) , VPCC is the PCC
voltage magnitude, Kp and Ki are the PI controller parame-
ters.

The LPF’s transfer function can be either first order or
second order:

LPF(s) =
ωn

s+ ωn
, first order

LPF(s) =
ω2
n

s2 + 2ζωns+ ω2
n

, second order

If ωn = 2π × 25 rad/s, the LPF will filter out high-frequency
harmonics and noises above 25 Hz. ζ is the damping ratio and
a typical value used is 0.707.

Remarks: The above expression relating the q-axis PCC
voltage with the PLL output angle has been derived in the
literature, e.g., [12], [13]. If the PCC voltage’s magnitude is
1, then

∆vPCC,q = ∆(VPCC sin(∆δPCC)) ≈ ∆δPCC,

where δPCC is the phase angle of the PCC voltage viewed
from the grid dq frame. Therefore GPLL = ∆δ

∆δPCC
and the
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Δ i*d

Fig. 5: Block diagram considering PLL, current control and network.

bandwidth of GPLL reflects how fast a PLL can track the
input angle.

B. Block diagram

With above derivation, specifically (10)(13), and (14), a
block diagram can be developed to express the relationship
between ∆δ, ∆vPCC,q , and the current orders, as shown in
Fig. 5.

If the PV is operating at unity power factor with Q = 0,
then iq = 0. For the above system, the open-loop gain is as
simple as the following:

OL = −idG1RGPLL. (15)

Thus, the block diagram presented in Fig. 5 can be used to
examine the interaction of the PLL and the rest of the system
(current control and the network).

a) A simple example: If the converter is viewed as an
ideal current source i∗d + ji∗q , while the grid is viewed as pure
reactance, then in the grid dq frame, the grid impedance is
expressed as Zg = (s+jω1)Lg = sLg+jXg . The relationship
between the the complex PCC voltage and current is expressed
as:

∆V PCC = Zg(∆i
∗
d + j∆i∗q), (16)

and the relationship between the q-axis PCC voltage and the
currents can be expressed as:

∆vPCC,q = Xg︸︷︷︸
G1i

∆i∗d + sLg︸︷︷︸
G1R

∆i∗q . (17)

It can be seen that G1R is sXg/ω1.
For this simple assumption, the open-loop gain is

OL = −id ·
sXg

ω1
·GPLL. (18)

Four PLLs are examined:
• PLL1: (Kp,Ki, ωn) = 60, 1400, 2π×25 rad/s, first-order

LPF. Bandwidth: 16 Hz.
• PLL2: (Kp,Ki, ωn) = 60, 1400, 2π × 25 rad/s, second-

order LPF. Bandwidth: 20 Hz.
• PLL3: (Kp,Ki, ωn) = 150, 2000, 2π × 25 rad/s, first-

order LPF. Bandwidth: 33 Hz.
• PLL4: (Kp,Ki, ωn) = 150, 2000, 2π× 25 rad/s, second-

order LPF. Bandwidth: 33 Hz.
The Bode plots of GPLL are presented in Fig. 6(a). It can be
seen that PLL4 has insufficient damping and the magnitude of
GPLL shows a peak at 20 Hz.
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Fig. 6: (a) The Bode diagram of GPLL for different parameters with first-order
LPF. (b) The root locus diagram of sGPLL/ω1.

According to the root-locus diagram presented in Fig. 6(b),
for PLL4, a fast PLL with second-order LPF, if the gain idXg

exceeds 0.38, the system will be unstable, suffering 23-Hz
oscillations. It can be clearly seen that the oscillation frequency
is dependent on the poles of GPLL. On the other hand, for
PLL3, a fast PLL with first-order LPF, the gain margin is
sufficiently large: 1.87, indicating a much stabler system.

Remarks: This simple example shows that PLL may in-
troduce oscillations. From the system operation perspective,
higher power level and weaker grid make oscillations worse.
It is obvious that a PLL with a high peak gain can be subject
to oscillations more easily. Note that high peak gain is not
equivalent to a fast PLL with a high bandwidth. Rather, the
high peak gain indicates insufficient damping. PLLs with the
same bandwidth can have different peak gains.

IV. MECHANISM ANALYSIS AND EMT SIMULATION
RESULTS

In this section, mechanism analysis and simulation results
based on the EMT test bed built in MATLAB/Simscape are
provided.

The following case studies have been designed to demon-
strate oscillations with a frequency at 20 Hz range in RMS
measurements with three distinct causes. Time-domain simu-
lation results, as well as voltage and current spectrums, are
all provided to demonstrate the signature of each type of
oscillations. Furthermore, mechanism analysis is conducted by
use of the linear model derived in Section III.
• Case 1: 22-Hz oscillations mainly due to the inverter

current control and grid interactions.
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• Case 2: 20-Hz oscillations mainly due to insufficient
damping of PLL.

• Case 3: 27-Hz oscillations mainly due to interactions of
the PLL and the shunt capacitor.

A. Case 1: Slow current control and delay induced oscillations

For case 1, the current control is assumed to be slow and
the PR control’s transfer function is as follows.

PR(s) = 0.35 + 2
2ωcs

s2 + 2ωcs+ ω2
, slow control

The control delay is assumed to be 200 µs.
As a comparison, a fast control is assumed to have the

following transfer function:

PR(s) = 1 + 10
2ωcs

s2 + 2ωcs+ ω2
, fast control

The control delay is assumed to be 100 µs.
The circuit parameters have been given in Section III and

the caption of Fig. 4. For case 1, the SCR viewed from the
PCC bus is 4 based on the rated power of the IBR.

The PLL’s open-loop transfer function is assumed as fol-
lows:

GOL,PLL =

(
100 +

2000

s

)
1

s

2π × 25

s+ 2π × 25
.

Note that the first-order LPF is used for this PLL. The closed-
loop system GPLL =

GOL,PLL

1+GOL,PLL
has a pair of poles at about

13 Hz: −47 ± j80.
Fig. 7 presents the time-domain simulation results ( three-

phase PCC voltage, three-phase converter current, phase A
voltage RMS measurement, phase A current RMS measure-
ment, real power, reactive power measured at the PCC bus
from the IBR, and the two outputs from PLL: voltage magni-
tudes and frequency) and the spectrum of the PCC bus phase
voltage and phase current. The 30-MVAr shunt capacitor will
be switched in at t = 2 s. The solar PV power exporting
level is assumed at a low level: 0.1 p.u.. It can be seen
that the oscillations appear when the capacitor is switched in.
Furthermore, the oscillations manifest as a 22-Hz mode in the
RMS voltage, current and power measurements. In the phase
current and voltage, the 82-Hz component is predominant
besides the fundamental component.

For mechanism analysis, we compare the frequency re-
sponses of Zgrid + ZPV, G1, and G1R for three cases: (i)
slow current control, (ii) fast current control, and (iii) slow
current control when the system has no shunt compensation.

Remark: It can be seen from Fig. 8 that the shunt compen-
sation has an insignificant impact on Zgrid + ZPV, G1, G1R.
In turn, the shunt compensation has insignificant impact on
the oscillation mode.

Remark: The slow current control introduces the 20-Hz
mode while the fast current control does not. When the current
control is slow and the delay time is large, the equivalent
impedance of the solar PV becomes much smaller, as shown
in Fig. 8(a). In addition, the impedance magnitude has a dip
at ∼ 80 Hz approaching -20 dB, indicating a potential 80-Hz
resonance in the phase currents. This dip at ∼ 80 Hz in the
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Fig. 7: Case 1. (a) Time-domain simulation results: three-phase PCC voltage,
three-phase converter current, phase A voltage RMS measurement, phase A
current RMS measurement, real power, reactive power measured at the PCC
bus from the IBR, and the two outputs from PLL: voltage magnitude and
frequency. (b) Phase voltage spectrum. (c) Phase current spectrum.

total impedance ZPV + Zgrid is then manifested as the peak
at 80 Hz in G1 as shown in Fig. 8(b). This 80-Hz peak will
become a peak at 20-Hz viewed from the grid dq frame. This
fact can be seen by examining the frequency response of G1R

in Fig. 8(c).
The root-locus diagram of the open-loop gain −G1RGPLL
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Fig. 8: Case 1: Frequency responses of Zgrid + ZPV, G1 and G1R. A dip at 80 Hz in Zgrid + ZPV caused by slow current control leads to a peak at 20
Hz and a valley at 100 Hz in G1R.
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Fig. 9: (a) The root-locus diagram of −G1RGPLL shows that the dominant
mode at 22 Hz moves to left when id or power exporting level increases. (b)
EMT simulation results show oscillations are worse at zero or lower power
levels.

is presented in Fig. 9(a). It can be seen that an open-loop pole
at 22 Hz is moving to the left towards a zero at 100 Hz. This
mode is the dominant 22 Hz mode that is created from G1R’s

poles. Hence, the 22-Hz oscillation mode is due to the slow
current control and the large delay time constant.

In the root-locus diagram, the PLL’s pole moves towards the
right-half-plane (RHP) while the 22-Hz mode moves towards
the left when id or the power exporting level increases. This
point is also verified by the EMT simulation results presented
in Fig. 9(b). It can be seen that the 22-Hz oscillations have
more damping if the power exporting level increases.

The 20-Hz oscillations observed in Hydro One solar PVs
have a very similar feature as the 22-Hz oscillations demon-
strated in Case 1.

1) The 80-Hz component in the Hydro One oscillations is
dominant in the phase current and the magnitude of this
component is significant compared to the magnitude of
the fundamental component. Same is true for the Case
1 oscillations that 82-Hz component is dominant.

2) The oscillations are worse if the solar PV exporting
power level is low. Same is true for the Case 1 oscilla-
tions.

B. Case 2: Insufficient damping of PLL

The circuit parameters and the grid strength of Case 2 are
the same as those of Case 1. The SCR viewed at the PCC bus
is 4. For inverter current control, the fast current control and
a small control delay time constant at 50 µs are assumed. The
PLL’s open-loop transfer function is assumed as follows:

GOL,PLL =

(
150 +

3000

s

)
1

s

ω2
n

s2 + 2ζωns+ ω2
n

. (19)

where ωn = 2π × 25 rad/s and ζ = 0.707. Note that in Case
2, the LPF is assumed to be second order. The closed-loop
system GPLL has a pair of poles: −7 ± j132.

Fig. 10 presents the EMT simulation results upon switch-
ing in the shunt capacitor and the spectrums of the phase
voltage and current. It can be seen that the system shows
20-Hz oscillations in the RMS voltage, current, and power
measurements. In RMS voltage, the peak to peak magnitude
of the oscillation is very small, less than 1% p.u.. The current
and voltage spectrums show that there are both 40-Hz and
80-Hz components.

For mechanism analysis, frequency responses of the system
with different PLLs are compared in Fig. 11(a). Fast PLL
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Fig. 10: Case 2. a) Time-domain simulation results: three-phase PCC voltage,
three-phase converter current, phase A voltage RMS measurement, phase A
current RMS measurement, real power, reactive power measured at the PCC
bus from the IBR, and the two outputs from PLL: voltage magnitude and
frequency. (b) Phase voltage spectrum. (c) Phase current spectrum.

refers to the PLL presented in (19). Slow PLL refers to a
PLL with 60 and 1400 as its PI controller gains. Both PLLs
have the same second-order LPF.

The root locus diagram of the open-loop gain −G1RGPLL

is presented to examine the effect of id or power level on
the oscillation mode Fig. 11(b). It can be seen that fast PLL
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Fig. 11: Case 2. (a) The Bode diagram of −G1RGPLL shows that fast PLL
introduces a peak at 20 Hz in the dq frame. (b) The Root-Locus diagram of
−G1RGPLL shows that the fast PLL makes the system prone to oscillations
and the oscillation mode is related to PLL.

introduces a peak in the open-loop gain at 20 Hz in the dq
frame. Fast PLL also makes the oscillation mode originated
from the pole of GPLL prone to instability compared to slow
PLL.

Remarks: The PLL induced oscillations have the following
features.
• First, in phase current and voltage spectrum, the mag-

nitudes of the 40-Hz and 80-Hz components are com-
parable. This feature indicates that the oscillation mode
originates from control loops implemented in the dq
frame. The 20-Hz oscillations modulate the dq-frame
currents. The effect is similar as amplitude modulation in
communication. Amplitude modulation with a frequency
f on a carrier waveform of 60 Hz introduces (60 + f)
Hz and (60 − f) Hz sideband oscillation modes. Thus,
the 20-Hz in the dq-frame corresponds to the 40-Hz and
80-Hz components in the static frame.

• For this type of oscillations, increasing power transfer
will make the oscillations worse, as indicated from the
root-locus diagram in Fig. 11(b). This feature is different
from Case 1. In Case 1, increasing power transfer can
make the oscillations originated from G1R better.

• The type of oscillations may be viewed as power quality
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issue since the peak to peak magnitude of the oscillation
is very small. The spectrum analysis shows that the total
harmonic distortion is 1.12% in phase current and 0.43%
in phase voltage.

• Stability can be improved by tuning the PLL parameters.
Replacing the second-order LPF by the first-order LPF
can reduce the peak in the open-loop gain, and hence
improve stability.

C. Case 3: Interactions of PLL and shunt compensation
In Case 3, we investigate a PLL with sufficient damping and

its interaction with the shunt compensation. In the testbed,
there are two transmission lines connecting the substation
bus to the grid. The equivalent impedance Zg = Rg + jXg

where Xg = 0.15 p.u. and Rg = Xg/8. At t = 2 s, one
of the transmission line tripped and the equivalent Thevenin
impedance of the grid is now Xg = 0.37. The impedance of
the feeder connecting the solar PV PCC bus to the substation
bus is 0.18 p.u. Viewed from the PCC bus, the SCR is
approximately 1.8 after the line tripping event. Compared to
Case 1 and Case 2 where the SCR at the PCC bus is 4, Case
3 is a weak grid case.

For Case 3, fast current control, 50 µs delay, first-order
LPF-based PLL are adopted.

Fig. 12 presents the simulation results. It can be seen that
the system’s real power, reactive power, RMS measurements,
and frequency are subject to 27-Hz oscillations. The phase
current and voltage have both 87-Hz and 33-Hz components.

The 27-Hz oscillations in RMS measurements will not
appear if the shunt compensation is not included. Fig. 13
shows the EMT simulation results with and without shunt
compensation. It is clear that without shunt compensation,
there are no oscillations after line tripping.

Therefore, it can be seen that shunt compensation does play
a role in the oscillations. Comparison has been made on the
frequency-domain responses of Zgrid +ZPV, G1, and G1R, as
shown in Fig. 14. It can be seen that the shunt compensation
can significantly change G1R’s frequency response. In the
static frame, it can be seen that a slight change occurs at 100
Hz in Zgrid +ZPV and a peak at 100 Hz is introduced in G1.

This 100-Hz mode is closely related to the grid impedance.
As we can see from Fig. 8(b), when SCR is 4, the peak of
G1 if fast current control is implemented is located at 200 Hz
above. In turn, the peak in G1R will be at the frequency region
of 140 Hz. Since the PLL’s bandwidth is in the region of 20
Hz, when the SCR is 4, we expect insignificant interaction
between PLL and G1R.

However, when the grid becomes weak with SCR at 1.8, the
peak in G1 is now located at 100 Hz in the static frame, and a
peak at 40 Hz is introduced in G1R. The interaction of G1R

and GPLL then introduces oscillations at the 20 Hz region, as
shown in the root-locus diagram in Fig. 15. An open-loop pole
associated with the PLL is moving to the RHP, while the open-
loop pole associated with G1R is moving to the left, when the
power transfer level increases. This type of interactions has
been termed as “modal resonance” in the literature, e.g., [14].

Remarks: In Case 3, the shunt compensation plays a signif-
icant role in destabilizing this mode. Without shunt, G1 does
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Fig. 12: Case 3. a) Time-domain simulation results: three-phase PCC voltage,
three-phase converter current, phase A voltage RMS measurement, phase A
current RMS measurement, real power, reactive power measured at the PCC
bus from the IBR, and the two outputs from PLL: voltage magnitude and
frequency. (b) Phase voltage spectrum. (c) Phase current spectrum.

not have a large peak at the 100-Hz region and G1R does not
have a large peak at 40-Hz region. With shunt, G1R has a
large peak at 100 Hz and a valley at 100 Hz, implicating the
introduction of an open-loop pole at 40 Hz and an open-loop
zero at 100 Hz.
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compensation, the system will not experience oscillations at this condition.

Based on the root-locus diagram of −GPLLG1R, without
shunt, the marginal gain is 3.31. That is, id has to increase to
3.31 to make the system unstable. With shunt, the marginal
gain reduces to 1.18.

From the root locus diagram, it can be seen that there
are two loci, one starting from the pole of the PLL, moving
towards right; and the other starting from the pole of G1R,
moving towards left. The two loci attract to each other, making
the pole of the PLL move to the RHP in a much faster
speed, compared to the case when the system has no shunt
compensation.

Remarks: Compared to Case 2, the oscillations are the result
of the interaction of the PLL and shunt compensation. It is
discovered that shunt compensation can play a significant role
in creating oscillations. For this type of oscillations, increasing
power transfer or reducing the grid strength can make the
oscillation worse.

Remarks: In both Case 2 and Case 3, two frequency
components with comparison magnitudes appear in the current
spectrum. A close examination shows that Case 3 oscillations
can lead to more than 10% voltage magnitude oscillations.
On the other hand, the Case 2 oscillations lead to about 1%
voltage and current magnitude oscillation.

Both the Dominion Energy 22-Hz oscillations and the
AEMO 19-Hz oscillations have very small magnitudes in volt-
age. Based on the limited comparison cases provided in this
paper, the AEMO 19-Hz oscillations and Dominion Energy
22-Hz oscillations are more aligned to the Case 2 oscillations
induced by the PLL. This speculation is by no means definite.
Further analysis is necessary since the EMT model used in
this paper has not included limits in the PLL. According to
[15], PLLs may have frequency limiters. And according to
[16], PLLs may have frequency slope limiters. Those limiters
will all influence the dynamic behavior. Furthermore, in the
outer control, real power regulation is assumed in the current
paper. It is well known that dc-link voltage control leads to a
higher bandwidth of the outer control and may interact with
PLL [7]. Many more analyses will be needed to develop better
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Fig. 14: Case 3: Frequency response comparison. (a) Zgrid + ZPV viewed
from the static frame. (b) G1 viewed from the static frame. (c) G1R viewed
from the dq frame.

Fig. 15: Case 3: Root loci of −G1RGPLL with or without shunt compensa-
tion.
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speculation.

D. Discussion on signatures
a) Large or small voltage oscillations: The comparison

conducted for three causations (slow current control, PLL with
insufficient damping, interactions of PLL and shunt compen-
sation) shows that if the the PLL is the only contributor,
the oscillation magnitudes in voltage and current are small.
Otherwise, if the electric circuit and current control also
engage in contributing to the oscillation mode, oscillations
in voltage and current become more severe. For Case 1 and
Case 3, where the electric network is engaged in creating
the oscillation, G1R, which represents the electric circuit and
current control effects, has a large peak at the 20 Hz–40 Hz
in its magnitude. This is not the case for Case 2 where G1R

has a small magnitude at ∼ 20 Hz region. Therefore, in Case
1 and Case 3, we expect to see the PCC voltage will have
larger oscillation magnitudes compared to Case 2.

b) Sideband oscillations or one-side dominant oscilla-
tions: Comparison shows that if the PLL is the main contrib-
utor of the oscillation mode, sideband oscillations will appear
in the phase current spectrum. If the current control is the main
contributor, a supersynchronous mode is dominant in the phase
current spectrum.

c) Influence of power exporting level : If slow current
control is the main contributor of oscillations, lower power
export makes oscillations worse. If the PLL is the main
contributor, higher power export makes oscillations worse.

These findings may also be applicable to a GFL with dq-
frame-based proportional integral (PI) current control. For
example, a popularly cited paper [17] indicates that PLL with
a high bandwidth may cause oscillations. The inverter has
PI current control implemented in the dq frame. Ref. [18]
indicates that lack of damping in PLL may cause oscillations
The GFL structure studied in that letter has PI current control
implemented in the dq frame.

V. CONCLUSIONS

In this work, we examined three real-world events related
to solar PV subsynchronous oscillations at 20 Hz. Using a
test bed of a single IBR grid integrated system with shunt
compensation modeled, we find three possible causes of os-
cillations at 20 Hz: slow current control (Case 1), PLL with
insufficient damping (Case 2), interaction of PLL and shunt
compensation (Case 3). Signatures from measurement data of
the Hydro One 20-Hz oscillations align with the signatures
of the Case 1 oscillations, while the signatures of the AEMO
and Dominion Energy oscillations are more aligned to Case 2.
Further studies are necessary to examine the effect of many
other elements, e.g., PLL limiters, fast outer controls, etc.
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