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Abstract—In the 2021 Texas Odessa large-scale solar PV
tripping events, phase-locked-loop (PLL) loss of synchronism is
identified as a major cause of solar PV tripping. When solar PVs
detected a large phase angle deviation (e.g., 10 degrees), tripping
commands were initiated. The large phase angle deviation was
triggered by a transmission line fault 200 miles away, which in
turn led to approximately 30% voltage drop in the 345-KV system.
This paper offers a plausible reason why grid-following inverter-
based resources (IBRs) may experience a large angle deviation
upon grid voltage dip. Critical operating conditions contributing
to such phenomena are identified via analysis and their effects are
demonstrated using electromagnetic transient (EMT) simulation.
Furthermore, the effect of converter control, e.g., grid-following
control vs. grid-forming control, is examined. It is found from
EMT simulation results that frequency and voltage control are
helpful in mitigating angle deviation. Furthermore, linear block
diagrams are derived to examine why frequency control can
effectively suppress large angle deviation.

Index Terms—Solar photovoltaic, phase-locked loop, grid-
following control, grid-forming control.

I. INTRODUCTION

N the 2021 Texas Odessa events [1f], some solar PVs

tripped when the phase angle deviation was beyond 10
degrees. According to [1f], one of these solar PVs was the
furthest plant from the fault, about 200 miles away. The fault
caused the 345-kV transmission system experiencing about
30% voltage drop.

Below are the quotes from [1]]: “PLL Loss of Synchronism
(389 MW): PLL loss of synchronism was the largest contribu-
tor to the reduction of solar PV output in this event. Two large
BES facilities reduced output by 239 MW and 150 MW. This
cause of tripping is specifically attributable to one inverter
manufacturer and has been identified in multiple prior events
analyzed by NERC. It is a systemic concern for facilities with
this inverter type. Existing facilities are likely set with inverters
that will trip when their voltage phase angle experiences a
shift during fault events (i.e., 10 degree vector shift); the
inverters issue a fault code and shut down.”

The majority of the literature shows that PLL loss of
synchronism occurs when a deep voltage dip is experienced by
IBRs and/or the inverter’s fault ride through logic takes effect
to inject reactive power, e.g., [2]—[5]]. Apparently, the assumed
grid condition is far different from that of the Odessa events.
In the Odessa events, the tripped solar PVs experienced about
30% voltage dip.
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In this paper, we attempt to provide a plausible reason
for the large angle deviation in PLL upon a 30% voltage
dip in the nearby transmission system. We demonstrate large
angle deviations by using an EMT testbed. Furthermore,
analysis has been conducted to examine the role of frequency
support, voltage support, as well grid forming (GFM) control
in suppressing the large angle deviation. Our contributions are
listed as follows.

« A demonstration testbed with suitable assumptions has
been constructed to demonstrate large angle deviation.

o Critical grid parameters and operating conditions that can
lead to large angle deviation have been identified.

o Furthermore, the effect of frequency support, voltage
support, and grid-forming control on angle deviation is
clearly demonstrated and explained.

o Lastly, we derived linear block diagram models for both
the grid-following (GFL) inverter interconnection system
and the GFM inverter interconnection system. Using the
models, how each control block may influence angle
deviation can be easily identified. The block diagrams
offer additional insights into why an additional frequency-
power droop in the GFL can help reduce angle deviation.

The rest of the paper is structured to describe the above
four contributions. Section II presents the justification for the
testbed and two sets of the simulation results to demonstrate
the relationship between grid impedance and large angle de-
viation. Section III presents the analysis results and examines
the role of grid parameters and operating conditions on angle
deviation. Section IV examines the role of IBR control on
angle deviation. Since the analysis in Section III focuses
only on the instant of grid voltage dip, a more comprehensive
analysis with inverter outer control and frequency support
included is presented in Section V. This analysis reveals the
mechanism of PLL angle increase upon grid voltage dip and
why the additional frequency control mitigates angle deviation.
Finally, Section VI concludes this paper.

II. TESTBED CONSTRUCTION

In the beginning of this research, PLL’s control parameters
and control structures were under scrutiny. It is suspected
that a large angle deviation may have something to do with
PLL’s control parameters and control structures. Various types
of PLLs, including the simplest synchronous reference frame
(SRF)-PLL with a low-pass filter [6]], the PLL used in the
MATLAB/Simscape library with a sophisticated structure, and
the dual-sequence second-order generalized integrator (SOGI)-
PLL [7], were tested for a set of three-phase input voltage.



Computer simulations have been conducted to have a PLL’s
input three-phase voltage subject to a voltage dip. It is found
that if the input voltage experiences a balanced dip, the PLL’s
output angle does not change at all. When there is an un-
balanced voltage dip, e.g., phase a voltage experiencing 50%
dip, or both phase b and ¢ experiencing 50% dip, the Simscape
PLL and SOGI-PLL do show angle deviation. However, the
angle deviation from the initial angle is quite small, less than
2 degrees.

Therefore, it is reasoned that the large angle deviation
sensed by PLL indeed reflects the angle deviation of the point
of common coupling (PCC) bus, since it is well known that the
PLL angle tracks the PCC bus angle. In another word, the dg
vectors of the PCC bus voltage indeed experience phase shift.
We speculate that the transmission system’s 30% voltage dip
may indeed cause more than 10 degrees of phase angle change
in the PLL output angle of a solar PV farm. To this end, we
will construct a testbed to have a GFL-IBR interconnect to
an infinite bus through a grid impedance as a simplification
of the studied IBR power plant grid integration system. This
grid impedance reflects grid strength seen by solar PV. Voltage
dip will be applied to the infinite bus’s voltage to emulate the
real-world scenario. The period of voltage dip is limited to
0.05 s to reflect the impact of the fault, which lasted 3 cycles
before clearance.

The grid impedance is chosen to be in the range between
0.2 p.u. to 0.35 p.u. The corresponding short circuit ratio
(SCR) observed by the solar PV is 5 to 2.86. This is another
reasonable assumption. As indicated by [8]], a contribution
from ERCOT, a wind farm’s PCC bus has an SCR of 4 at
the normal condition. In addition to the grid impedance, shunt
compensation is assumed at the PCC bus. The admittance is
assumed to be 0.14 p.u. The assumption of the existence of
shunt compensation is necessary since transmission lines have
shunt capacitance, while inverters use shunt capacitor filters.
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Fig. 1: Circuit topology of a grid-integrated solar PV system.

Fig. |1| shows the circuit topology of the study system.
This study system is built in MATLAB/SimScape for EMT
simulation. The solar PV farm is represented by a constant
dc source interfaced to the ac grid through an inverter. This
PV farm is connected to the grid at its PCC bus. The grid is
represented as a voltage source behind an impedance R,+sL.

At the PCC bus, a step-up transformer is connected to raise
the voltage level from 400 V to 13.2 kV. The inverter is
operated by a grid-following controller that regulates the real
power and ac voltage magnitude at the PCC bus. The GFL
control structure is presented in Fig. 2] A PLL is deployed
to synchronize the GFL inverter with the grid by tracking the
PCC bus voltage phase angle. Fig. |3| presents the topology of
basic three-phase SRF-PLL.
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Fig. 3: Block diagram of three-phase SRF-PLL.

The parameters are listed in Table

TABLE I: Parameters of the testbed

Description Value (p.u.)
Choke Resistance, R 0.034
Choke Inductance, L 0.071
Shunt Capacitor, C 0.142
Line Resistance, Ry Xg/5
Line Inductance, X, 0.35

GFL: PLLs PI controller 60 + 1400/s
GFL: Real power control 0.25 + 25/s
GFL: AC voltage control 0.4+40/s
GFL/GFM: Current control | 0.4758 + 3.2655/s
GFM: Angle control 5+4+20/s
GFM: AC voltage control 0.4+ 40/s

The inverter’s outer control regulates real power and ac
voltage and generates dg-axis current orders. A 110% current
magnitude limit is imposed for the current orders. If the
limit is hit, the current orders are scaled down accordingly.
The control logic will be further explained along with the
simulation results.

Comparison of grid impedance (0.05 pu vs. 0.35 pu) on
phase angles upon 30% grid voltage dip is conducted and
the simulation results are shown in Figs. fa] and b The
figures show the simulation results of the voltages of the three
buses (grid, PCC, converter), the angles (the PCC bus and the
converter bus), and the PLL output angle. It can be clearly seen
that the PCC bus’ phase angle jump is less than 5 degrees if
the grid impedance is 0.05, while it is more than 10 degrees
if the grid impedance is 0.35 pu.

Fig. 5] shows the current orders before and after the current
limiting control logic. It can be seen that upon the grid voltage
dip, the g-axis current order decreases. This is caused by the
PCC voltage reduction and the ac voltage control logic (shown
in Fig.[2). At the mean time, the d-axis current order increases
due to the real power control logic (also shown in Fig. [2).
Between 1.025s and 1.09s, the current magnitude’s limit is hit
and the dg-axis current orders are scaled down.
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Fig. 4: Voltage magnitudes and phase angles upon grid voltage dip. (a) X4 =
0.05 pu. (b) Xy = 0.35 pu.
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Fig. 5: Current orders before and after the limiting control logic. X4 = 0.35
pu.

III. ANALYSIS OF INFLUENCING FACTORS: GRID

STRENGTH AND OPERATING CONDITIONS

In this section, we provide analysis focusing on the instant

of grid voltage dip. For simplicity, the solar PV is assumed to
be connected to a grid represented by a Thévenin equivalent: a
constant voltage source behind an impedance jX,. The solar
PV is treated as a current source ¢q + ji; in the PLL frame
whose d-axis is aligned with the PCC voltage at steady state.
Such treatment has been used in the prior work of weak
grid stability analysis [9] and PLL-related transient stability
analysis [3]. If the PCC bus voltage phasor and the infinite
bus voltage phasor have an angle difference of Opcc, then
the PCC bus voltage phasor is notated as Ve/%Pcc | while the
infinite bus’s voltage phasor is notated as V,e/°. Under the
normal condition, the following equation exists:

V =Veltree = jX (iq + jig)e?? + Vy, (1)
where 6 is the PLL’s output angle.

At the steady-state condition, the PLL angle exactly tracks
the PCC bus voltage angle. Hence 6§ = fpcc. Separating the
real and the imaginary parts, we get

V= 7Xgl.q + Vg cos fpcc 2)
0= Xgid — Vg sin epcc. (3)

Upon a grid voltage voltage dip, the PLL angle does not
jump due to the integrators in its control structure. If ¢; and
14 are assumed not changing, then

V; =V, — AV, “4)

V =V -AV, (5)
where the superscript / notates symbols after the grid voltage
dip.

Fig. 6: The PCC voltage vector before and after grid voltage dip in the same
dq frame.

Fig. [f] shows the relationship between the dg currents, the
grid and PCC bus voltage phasors before and after the grid
voltage dip. It can be seen that the PCC bus voltage vector
after the dip V' is the sum of the V and —AV,. Based on
Fig. [] it can be easily seen that

AVg sin HPCC
V — AV, cosbpcc

Indeed, Fig. [6] implicates that the grid voltage dip results in
an immediate phase angle jump for the PCC bus voltage. This
has also been confirmed by the simulation results shown in
Fig. bl where the PCC bus angle has an immediate increase

A6 = tan~?

(6)



for more than 10 degrees in less than 10 ms, while the PLL
angle rises to the maximum in 50 ms.

If the effects of ig and i, are included, and the voltage
vectors are viewed from the d-axis in Fig. [6] then the PCC
voltage vector after the grid voltage dip can be expressed as:

V' = Xol(ia+ Aia) + j(ig + Aig)] + (Vy = AV )e0ree

(7

Separating the real and imaginary parts leads to the follow-
ing:

Avg = —AVy cosOpcc — XgA1, )

Avq = AVg sin fpcc + XgAid ©)]

It can be seen that the new PCC voltage vector no longer
aligns with the original PCC voltage vector. The angle devia-
tion can be found as

Av
-1 q
Af = tan % y

1 AVg sin Opcc + XgAid
V- AVQ COS Hpcc - XgAiq

= tan~ (10)
It can be seen that the angle deviation or the change in the
g-axis voltage Av, has to do with the voltage dip degree, the
initial PCC voltage angle fpcc that is influenced by the grid
strength and power exporting level, and the change in dg-axis
currents.

Remarks: Based on the above analysis, the critical factor
contributing to large angle deviation is indeed AV} sinfpcc.
The following elements influence this critical factor:

1) grid voltage dip degree,

2) grid impedance or grid strength,

3) solar PV’s exporting level.

If the grid is very strong, or the grid impedance is very
small, the PCC voltage angle fpcc is also small. If the grid
is relatively weak and the solar PV is exporting low power,
Opcc is still small. Hence, even with a 30% voltage dip, the ¢-
axis voltage and in turn the PCC voltage angle will experience
insignificant change.

Under the condition of a relatively weak grid and a high
exporting power level, a large angle deviation may be possible.
In addition, PLL’s own parameters should also influence the
angle deviation. With the same increase in v, large gains of
PLL are expected to produce larger angle deviation.

The time-domain simulation results are presented in Fig.
showing the grid voltage magnitude vy, the PCC bus d-
axis and g¢-axis voltages vg and v, viewed from the PLL
frame (subplot 1); the PLL’s output angle in degree (subplot
2), which is relative to the grid voltage; the PLL’s output
frequency in Hz (subplot 3); the dg-axis currents viewed from
the PLL frame (subplot 4); and the real and reactive power
from the solar PV (subplot 5).

The grid impedance parameters are X, = 0.35 p.u., and
Ry = 0.2X,. In the beginning, solar PV is sending out low
power. The PLL’s output phase angle is very small, close to 0
degree. At t = 0.5 s, the grid voltage reduces from 1 p.u. to
0.70 p.u. This low voltage lasts for 0.05 s and the grid voltage
recovers after £ = 0.55 s. During the voltage dip period, the

PLL angle is subject to a few degrees of change since 6 is
very small.

At t =1 s, the solar PV’s power order increases to 1 p.u.,
and the solar PV is exporting full power. The PLL’s angle
now becomes 20 degrees. From 1.5 s to 1.55 s, the grid
voltage again reduces to 0.70 p.u. After 1.55s, the grid voltage
recovers to 1 p.u. It can be seen that the PLL angle reaches a
maximum of 33.4 degrees at about 1.55 s.

0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2
Time (s)

Fig. 7: Simulation results. Events: 30% grid voltage during 0.5 s to 0.55 s;
power order increases to 1 p.u. at 1 s; 30% grid voltage during 1.5 s to 1.55
s.

For comparison, the following factors have been examined:
PLL parameters and grid strength. Case 1 is the base case with
the parameters of Table 1. In Case 2, the PLL’s PI controller
changes from 60 + 1400/s to 20 + 200/s. In Case 3, the
grid impedance reduces from 0.35 p.u. to 0.20 p.u. while the
PLL’s PI controller is 60 + 1400/s. Fig. [8| shows the dynamic
responses of v, and @ for the three cases.

It can be seen that larger PLL gains can lead to larger PLL
angle deviation in 0.05 seconds. The weaker grid also leads
to a larger angle deviation. The simulation results corroborate
the remarks based on the analysis.

IV. INFLUENCING FACTORS: CONVERTER CONTROL

In the previous section, it is revealed that the angle deviation
can be large in GFL inverters when experiencing grid voltage
dips. In this section, we further examine how converter control
may influence angle deviation.

Based on (I0), it can be seen that an increase in iy and
an increase in i, can all lead to angle increase. During a grid
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Fig. 8: Effect of PLL parameters and grid strength on v4 and the PLL angle
deviation.

voltage dip fault, the real power reduces and the d-axis current
order increases due to the d-axis outer control logic. On the
other hand, the PCC voltage drops and the ac voltage control
leads to a reduced %,. Therefore, the d-axis outer control may
increase the angle deviation while the g-axis outer control may
mitigate the angle deviation. It is obvious to see that a slower
real power control and a faster ac voltage control lead to less
angle deviation. In this section, we examine the control effect
on angle deviation and pay particular attention on how controls
influence ¢4 and %, during faults.

In the following subsections, first, a GFM inverter will be
examined for its dynamic performance upon grid voltage dip.
Second, GFL with enhanced control will be examined. Finally,
voltage control versus reactive power control are compared.

A. GFM

GFM and GFL'’s key difference is the synchronization
scheme. GFL relies on a PLL or voltage-based synchro-
nization, while GFM utilizes power to generate frequency
and angle for synchronization. In this subsection, simulation
studies are carried out to compare the performances of GFM
and GFL under grid voltage dips.

The testbed circuit topology is identical to the GFL testbed.
Fig.[9]shows the GFM controller scheme. This control scheme
is very similar to a GFL control shown in Fig. [2} except the
synchronization unit and the d-axis outer control. The inner
current control and the g-axis outer control remain unchanged
from the GFL controller. For synchronization, the P-f droop is
adopted to generate frequency and angle based on real power
measurement. To enforce the angle to be aligned to the PCC
bus voltage angle at steady state, the d-axis outer control
enforces the ¢ component of the PCC bus voltage v, to 0. This
GFM strategy has been proposed by EPRI in [10] to model
GFM in generic IBR models. The GFM control scheme is
also very similar to the universal structure presented in [/11]].
The P-f droop gain is set to be 5% p.u. per p.u. or 5% x 377
rad/s per p.u.

V rabc

Fig. 9: Grid-forming inverter controller: P-f droop and outer dq voltage control
loop.

B. GFL with frequency support control

The above GFM can provide frequency support through P-f
droop control, while the GFL is not equipped with frequency
support. For a fair comparison, the GFL is also enhanced with
frequency support. Frequency support can be introduced by
a frequency droop implemented as shown in Fig. The
frequency measured by the PLL will be compared with the
nominal frequency. If the frequency is below the nominal
value, the power order of the d-axis control will be increased.
Otherwise, the power order will be decreased.

Kpp+ Kip/S — iy

Fig. 10: Block diagram of real power control with frequency support.

Since the GFM employs P-f droop while the GFL employs
f-P droop, the two gains are reciprocal to each other in per
unit. If the GFM adopts a gain of 0.05 p.u. , the GFL should
adopt a gain of 20 p.u.:

1

Kip or (11)
It is worth mentioning that the frequency control is imple-
mented in the inverter level and is considered very fast. A
smaller gain leads to insignificant impact. Also in many cases,
the frequency control is implemented in the plant-level control
and there is communication delay (greater than 0.1 s) to send
the power order generated by the frequency control to the
inverter level [[12]. The effect of delay makes the frequency
control much slower.

For comparison, three simulation testbeds with the same
grid strength and same generator operating conditions are
examined for the same grid voltage dip. The output power
is 1 pu, the PCC bus voltage is regulated at 1 pu, and the grid
impedance X, is 0.35 pu.

Fig. presents the dynamic responses of GFL with or
without frequency droop control and GFM during the same
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Fig. 11: Comparison of GFL, GFM, and GFL with frequency support control:
(@) P, Q, V, and 0. (b) vg, f, iq, and iq.

grid voltage dip event. Grid voltage dips to 70% at 1 second
and gets cleared after 0.05 seconds. All the measurements are
generated by an SRF-PLL with the same specifications.

Fig.[ITa] shows the real power, reactive power, PCC voltage
magnitude, and angle measurements. Fig. [TTb] shows the g-
axis voltage, frequency, and dq current components. Based on
the comparisons presented in Fig. [[T} the angle deviation of
GFM is found to be 5 degrees smaller than that of the GFL
inverter. When the frequency droop control is enabled in the
GFL, it is found that the frequency droop control can achieve
the same effect of angle deviation reduction.

While all three converters show similar voltage responses
during the fault period, their responses in ¢4 show significant
differences. Due to voltage drop and real power reduction
upon fault, the GFL’s d-axis outer control sees a positive
error and tries to bring iy up. On the other hand, with
frequency support control enabled, upon the fault condition,

the power reference will not keep the same. Rather the power
reference to the d-axis outer control will decrease since the
measured frequency has an immediate increase. Therefore,
the inverters with frequency support are shown to have lower
power and lower iy during the fault period compared to the
GFL. According to the analysis equation (T0), a smaller Aigy
mitigates angle deviation.
Two important remarks are drawn.

1) Frequency support control can reduce angle deviation.

2) How an inverter is synchronized to the grid, whether
it is voltage-based or power-based, has an insignificant
influence on angle deviation.

C. Voltage Support

In addition to the frequency support, we also examine the
influence of voltage support. Besides real power and voltage
vector control, real and reactive power vector control is also
very common in GFL inverters. Without changing the control
parameters, the existing voltage control is replaced by reactive
power control. A side-by-side comparison is then performed at
1 p.u. of output power and 1 p.u. of PCC voltage magnitude.
The comparison is shown in Fig. [12]
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Fig. 12: Different GFL control strategies are compared: PV control vs PQ
control.

After replacing the voltage control with reactive power
control, the voltage support is even weaker, which leads to
larger deviations in all monitored components. it can be seen
that the change in the g-axis outer control leads to significant
change and in turn different reactive power support. With
voltage control, more reactive power support is provided.
Hence, a higher PCC voltage is maintained during fault. It
can be seen that less voltage support is harmful when GFL



experiences voltage dips. This observation corroborates (T0)
that an increase in ¢, (corresponding to less reactive power
support) leads to larger angle deviation.

Therefore, stronger voltage support is examined next. The
voltage control of 1+ 100/s is applied to the GFL controller.
Re-run the simulation, and the results are compared in Fig.
[I3] Faster voltage control indicates stronger voltage support.
And based on the comparison, it shows that the extra voltage
support can mitigate the maximum angle deviation by about
3 degrees.
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Fig. 13: Different voltage control gains in use: original vs faster voltage
control.

Remarks: The comparison case studies show that voltage
support helps mitigate angle deviation.

This finding aligns with the finding on fast voltage control’s
benefit in improving small-signal stability for IBRs in weak
grids [[13].

V. FURTHER ANALYSIS

The analysis shown in Section III focuses on the instant of
grid voltage dip. The effect of outer controls and frequency-
power droop control have not been included. A comprehensive
analysis is presented in this section. The goal is to develop
quantitative analysis of the effect of grid voltage dip on angle
deviation and the effect of frequency-power droop control in
both GFL and GFM.

To start, we derive the block diagrams for two types
of inverters with different synchronization methods: voltage-
based and power-based. With derived block diagrams, the
linear model describing the angle vs. the grid voltage can
be found. The derived models will be compared with the
ones identified from the data generated by the EMT testbed.

Based on the two sets of the models, same conclusions on the
influence of parameters are expected to be drawn.

A. Block Diagram Derivation

The block diagram is based on the assumption that the
converters can be treated as current sources. This assumption is
justified as both GFL and GFM have employed current control
and the current control bandwidth is much higher compared
to other controls. This simplification is necessary for symbolic
derivation and has been adopted in block diagram derivation
for stability analysis of wind farms in a weak grid by the
first author [14]] and for control interaction analysis involving
PLL in [15]. An overly complicated block diagram loses its
meaning to develop insights. On the other hand, the frequency
responses obtained from the block diagrams will be compared
to those obtained from the EMT testbeds for verification.

For both inverters, controls are in a dg-frame different from
the grid dg-frame which has a constant speed. The control
frame does not have a constant rotating speed during tran-
sients. In the grid frame, the voltage and current relationship
is expressed as follows.

V =Velroe =V 4 jX,(iq + jig)e’’ (12)

where 6pcc is the PCC bus voltage angle while 6 is the output
angle of the synchronization unit. In GFL, this angle is the
PLL’s output angle; while in GFM, this angle is generated
through P-f droop control followed by an integrator. The PCC
bus angle and the inverter’s angle are the same at the steady
state but different during transients.

The above equation is now expressed in the control dg
frame.

Vel Oree=0) = V™30 4 j X (ia + jiy)
vg =V cos(fpcc — 0) = Vycosf — Xyig

vg = Vsin(@pcc — 0) = =V sinf + Xyiq (13)
Note that at steady state, fpcc = 6. Hence,
vg =V =Vycos0 — Xgi,
vg=0=—V;sinf + Xyig (14)

The linear relationship of the control frame voltages (v, and
vq), voltage magnitude V' and angle 0pcc, the control frame
currents (g and i), and the output angle ¢ can be found as
follows.

Avg = AV = cos 0AV,; — V;sin A0 — X Ai,
A?)q = V(AQPCC — AQ)

= —sinfAV,; — V; cos A + X Aiq (15)

The block diagrams can be developed with the real power
expression (AP = V Aig+i4Avy), the outer controls, and the
synchronization unit added. Fig. [T4a] shows the GFL system’s
block diagram while Fig. [T4b] shows the GFM system’s block
diagram. The two systems share many similarities except for
the two blocks: the synchronization unit and the d-axis control
input. In the GFL, the angle 6 is generated by the PLL, more
specifically, by passing v, to a PI controller followed by an



AVy [

(b)
Fig. 14: Block diagrams. (a) GFL. (b) GFM.

integrator. In the GFM, the angle 6 is generated by the power-
frequency droop control followed by an integrator. The d-axis
control input is the real power and vy, in the GFL and GFM,
respectively.

B. Comparison with the models identified from data

With the input as the grid voltage AV, while the output
as the angle A0, the input/output transfer function can be
obtained by use of the block diagram. Five cases are examined:

« case 1 GFL: GFL without P-f droop control and with the

base case parameters.

o case 2 GFM: GFM with f-P droop (2%) and base case

parameters.

o case 3 GFL with P-f droop: GFL with P-f droop control

(50) and with the base case parameters.
o case 4 GFL: faster V: GFL without P-f droop control. Its
voltage control is changed to be 1 + 100/s.
o case 5 GFM: faster V: GFM with f-P droop (2%) and its
voltage control is changed to be 1 + 100/s.
The Bode diagrams are presented in Fig. [[3[a).

For comparison, measurements are collected from the EMT
testbeds. V; is perturbed by 5% of step increase and the
angle 6’s responses are collected for the first three cases.
The measurement data are presented in Fig. [I6] Based on
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Fig. 16: Measurement data collected from the EMT testbeds.

the three sets of input/output data, the linear models are
estimated using MATLAB System Identification Toolbox’s
tfest function. This function uses a refined least square
estimation method — instrumental variables method [16]-to
conduct model estimation through data fitting.

The resulting models’ Bode diagrams are shown in Fig.
[[3]b). Due to the omission of resistance of the transmission
line, the magnitudes of the derived transfer functions at steady
state are all higher compared to those of the EMT models. On
the other hand, compared to the linear models extracted from
the EMT testbed, the derived linear models (which has ignored
transmission line resistance, transmission line dynamics, and



current controls) can successfully capture the influence of
frequency control in the 0.1-Hz to 20-Hz region.

Remarks:

1) Bode diagrams based on both the derived model and
the model identified from computer simmulation data
show that frequency control reduces the bandwidth and
magnitudes. This makes the angle change slower with less
amplification when frequency control is enabled, whether
this is implemented in the GFL or GFM.

2) Based on the Bode diagrams in Fig. [I5(a), it can be
seen that faster voltage control reduces the peak mag-
nitude while not changing the bandwidth of the system.
Therefore, fast voltage control can show reduced angle
deviation.

C. Effect of frequency-power droop control

For GFL, it can be seen from both the analysis results in
Fig. and EMT simulation results in Fig. 11 and Fig. 13
that frequency control appears to reduce angle deviation more
effectively compared to faster voltage control. Further analysis
is provided to offer an explanation on why frequency control
helps reduce angle deviation.

Fig. shows the contributions to A# from ¢g; and go
(where g1 = —sinfAV, and g = cos0AV,) for the GFL
system. Fig. shows the contributions to Af from g; and
g2 in the GFM system.
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Fig. 17: Contributions to angle deviation by g1 and g2. (a) GFL. (b) GFM.

It can be clearly seen from Fig. that in GFL, the
contribution from g; is dominant. When f-P control is enabled,

the magnitude of ¢g; to Af reduces more than 3 dB in the 3 Hz
above region. This implies that the angle change is dominantly
influenced by the influence of grid voltage dip in v, (g1) in
the GFL case. The influence of grid voltage dip on vq (g2)
follows the path to first decrease real power and then increase
14 through the d-axis control.

When there is no f-P control, and the influence from g, and
vq 1s ignored, g;’s influence can be found as

Af (Kp,PLL + %) 1
g1 1+ cos6 (KMPLL + @)

S

~ GPLL(S)- (16)

® =

The above transfer function equals the closed-loop PLL’s
transfer function if ¢, = 0. Therefore, if PLL’s response is
very fast, the angle deviation will be more severe. Also, the
angle deviation depends on gi. g1 is greater if 6 (the angle
between the PCC bus voltage and the grid) is larger.

When the f-P droop control is enabled, negative feedback
is added from 6 to g;. With the effect from g, (in turn
APy) ignored, the closed-loop transfer function from ¢; to
0 becomes the following:

A9 _ GrLr (17)
g1 1+GPLLXSX%mX9

Note that the low-pass filter m is used to approximate
the transfer function from the inverter power command A P*
to Aig with the effect of PCC voltage influence on power
ignored (AP, ~ 0):

KpP +

Nig : N (s)
AP* 14V (Kpp + 52) 7 1+0.05s°

Kip 1

when the real power PI control is 0.25 + 25/s.

Fig. shows the Bode diagrams of Gpry, and % for
different Kyp parameters when X, = 0.35 p.u. It can be
seen that The f-P droop essentially works as a feedback loop
to reduce the bandwidth and the magnitude of Af/g;. The
larger the f-P droop gain, the more reduction in the magnitude
and bandwidth, implying slower angle response and less angle
deviation upon grid voltage dip. Fig. [I8b] further shows the
EMT testbed simulation results of PLL angle upon 30% grid
voltage dip. It can be seen that the larger the f-P gain, the
more reduction in angle deviation.

In the GFM, it can be seen from Fig. [[7b|that g, s influence
on 0 is also greater than g-’s. Further, a smaller P-f droop
gain or stronger frequency support is shown to lead to smaller
magnitudes in the above 1 Hz region, implying less angle
deviation upon grid voltage dip.

Remarks: Based on the frequency-domain responses from
the grid voltage to the inverter angle, it can be seen that
frequency support reduces the magnitude and bandwidth while
voltage support reduces the magnitude. Both measures help
mitigate large angle deviation upon grid voltage dip.

VI. CONCLUSION

In this paper, we investigated the influencing factors of
large inverter angle deviation observed in real-world solar
PV tripping events. Our investigation shows that large angle
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Fig. 18: (a) Comparison of % with and without f-P control. (b) EMT
simulation results of PLL angle upon 30% grid voltage dip.

deviation may occur in grid-following inverters upon grid
voltage dip under several conditions: a relatively large grid
impedance, high exporting power level, and large PLL gains.
In addition, it is found that frequency support control, re-
gardless of synchronizing methods can reduce angle deviation
in the fault duration period. Faster voltage control also helps
mitigate large angle deviation.
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