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ABSTRACT The increase in renewable-energy-based generations, such as photovoltaic and wind turbines,
inevitably leads to an increase in the number and capacity of inverters connected to the power system.
This also increases the voltage on the inverter-connected and adjacent buses. By absorbing reactive power
appropriately, it can suppress excessive voltage and increase the potential capacity of real power. Currently,
most inverters connected to the power grid are set up in a way that does not involve adjusting the voltage
at the point of connection. This means that the inverter controller’s limiter settings have not significantly
impacted the system’s stability after a fault. This article examines the impact of reactive power absorption
on grid-connected inverters’ stability and limiter values’ effects on stability. Additionally, to set the limiter
values for a convenient inverter controller, the causes of instability are explained in a phasor diagram, and a
method for setting the limiter values using this information is explained. The stability impact analysis and
limiter value setting are carried out through accurate EMT model-based simulations. The infinite bus with the
equivalent impedance is used for the stability analysis and limiter values setting, and the determined values
are verified on the real power system. The simulation is conducted using the power system computer-aided
design and electromagnetic transient including dc.

INDEXTERMS High renewable penetration, inverter-connected power system, limiter values determination,

reactive power absorb control, stability.

I. INTRODUCTION
The recent global attention on the environment, particularly in
light of the COVID-19 pandemic, has highlighted the need to
limit temperature increases to under 1.5 °C. This means reduc-
ing CO; emissions to below 45% of 2010 levels by 2030 [1].
In line with this trend, the Korean government has announced
its “renewable energy 3020 plan, which aims to increase the
country’s use of renewable energy sources by up to 20% by
2030 [2]. However, many renewable energy sources, such as
solar and wind, fluctuate.

While the shift toward renewable energy is generally a pos-
itive development, some technical challenges still need to be
addressed. One example is the issue of voltage stability. Even

though the current Korean power system is stable, it may not
be able to maintain that stability in the future if a large amount
of renewable energy sources is connected to the power grid
through power converters [3], [4].

The control system of a traditional synchronous genera-
tor typically maintains the voltage at the power generation
bus. However, this is different for power-controlled invert-
ers. Even though the voltage may rise due to the real power
injection of the inverter, the inverter can counteract this
by absorbing reactive power. However, this can be difficult
for many inverters operating at or near the unit or zero
power factor (for renewable generators/energy storage system
(ESS) or STATic synchronous COMpensator (STATCOM),
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respectively) from the viewpoint of stability, especially after a
fault.

There is a research paper to present sequence-based control
with current limiting for fault ride-through of the inverter [5].
In that study, the direct axis controls the direct axis compo-
nent of the grid voltage to follow the reference value, and
the quadrature axis controls the quadrature axis component
of the grid voltage to be zero. That study focuses on fault
ride-through performance, not reactive power control. A study
deals nonunit power factor operation of an H-bridge inverter
in a low-voltage microgrid [6]. However, the reactive power
consumption in this study is smaller than 10% of real power,
so the power factor is larger than 99.5. Considering the R/X
ratio is sometimes larger than 1 in a low-voltage distribu-
tion system, the reactive power consumption is too small
to maintain voltage. Shuai et al. [7] analyze several differ-
ent control schemes for fault. However, the control schemes
they analyzed include measured voltage in the denominator,
which is not preferred for commercial ones due to stability
issues caused by measurement sensitivity. A modified droop
control has been studied to improve stability [8]. Although
that study deals with a power factor between 1 and 0, sta-
bility with large faults is not considered. A comprehensive
ac fault ride-through strategy has been proposed by Cheng
et al. [9]. Although that paper deals with the controls with
various power factors, the authors decided to change the
current reference during fault. However, most commercial
inverters require additional detecting devices to apply the
proposed reference change during and after a fault. There is
also a positive—negative sequence current controller for low
voltage ride through (LVRT) improvement of wind-farms-
integrated modular multilevel converter-high voltage direct
current (MMC-HVdc) network [10]. Although the authors
proposed a current limiter in unbalanced faults, stability after
fault clearance is out of their concern. A study on flexible
power regulation and limitation of voltage source inverter
(VSI) under unbalanced grid faults has been conducted by
Cheng et al. [11]. That study successfully limits the power
during a fault; however, the authors did not care about the sta-
bility after the fault. There is a paper about power and current
limiting strategy based on droop controllers [12]. In that, the
inverter controller includes limiters for references of output
current, so the current was effectively limited. However, that
study did not deal with a large event, such as an interconnected
bus fault. A study compares inverter control modes for voltage
stability during contingencies [13]. However, there is no anal-
ysis of limiter effects in large-fault conditions. Several small-
signal stability analyses were conducted [14], [15], [16], [17],
[18]. Although the studies conducted mathematical analyses,
they focused on only normal operations, except in extreme
situations (caused by large faults, etc.) where control states
exceed boundaries for the inverter’s normal operation. An
impedance-modeling-based stability analysis was conducted
for a three-phase three-level neutral point clamped (NPC)
inverter [19]. This method either, however, did not consider
the limiter effects. The transient stability of droop-controlled
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FIGURE 1. Infinite-bus-connected inverter through an impedance.

inverter networks was analyzed by Smith et al. [20]. Although
the description of the analysis is mathematically detailed,
the target of the analysis is composed of mathematical as-
sumptions, not a real inverter model. A stability analysis
was conducted with dynamic-phasors-based modeling [21].
Although that method showed the mathematical analysis for
droop-controlled inverters, the range of analysis is only nor-
mal operation, except for a huge-fault condition. Cao et al.
[22] conducted the D—Q impedance-based stability analysis.
Although the analysis is mathematically well, they did not
consider the huge-fault condition.

All these existing papers do not explain how the field en-
gineer stably installs inverters without exact information on
existing inverters and power systems. This article proposes
a practical approach, which determines limiter values of in-
verter control, so maximizing renewable energy penetration.
The approach involves analyzing the state of the internal
proportional—integral controller in phasor representation.

The rest of the article is organized as follows. Section II
provides an overview of current inverter control techniques
to establish a background and context for the problem being
addressed. Then, Section III discusses the controller’s inter-
nal state variations, particularly identifying the distinctions
between normal and fault conditions. Next, the limiter value
determination in the equivalent system is given in Section IV.
After that, verification using a real power system model is
described in Section V. Finally, Section VI concludes this
article.

Il. CONVENTIONAL INVERTER CONTROL
An infinite-bus-connected inverter through an impedance is
shown in Fig. 1.

Real and reactive powers supplied by the inverter can be
calculated by

P = vgig + vyig (1)
Q = vdiq — vqid (2)

where vy/v, and i4/i, are the direct-/quadrature-axis voltage
and current, respectively. In general, the inverter controls real
and reactive power independently by making v, zero using a
phase-locked loop (PLL) as:

P =V 3
0=V, 4)

To control the power, the inverter uses the bus voltage, V
as a reference. Therefore, V is determined by the measured
voltage because the PLL makes v, zero. As a result, the real
and reactive powers are linearly proportional to I; and I,
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FIGURE 3. Phasor diagrams describing states of inverter operation including (a) grid voltage, POI voltage, and inverter’s terminal voltage at prefault and
the front part of the fault, (b) terminal voltage reference at fault event, (c) voltages and terminal voltage reference after fault, (d) proper control and
malfunction caused by /4; and I' 4, s mismatch, (e) voltages by control malfunction, and (f) areas for power supply (orange) and consumption (purple).

respectively. Based on that, conventional power control of the
inverter is implemented in Fig. 2. The subscript “ref” means
the reference value, and Xy is the impedance of the filter reac-
tor. The maximum value of the inverter’s fundamental voltage
before the filter per unit system, V is 4/ [23]. The magnitude
of Vj is linearly proportional to its reference, V ror (generated
by inverse Park’s transformation of Vg ref and Vg rer) when it
is smaller than 1. It is not linearly proportional when Vj rer is
larger than 1, which is called “overmodulation.” For simplifi-
cation, the maximum value of Vj er set 1.
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IIl. INTERNAL STATES OF CONTROLLER
The principle of the inverter operation can be described with
the phasors of Fig. 3 as follows.

a) Prefault and front part of fault: The direct and quadra-
ture axes referring to grid voltage are denoted as “d,”
and “g,” respectively. Also, the direct and quadrature
axes referring to the point of interconnection (POI) volt-
age are denoted as “d” and “q.” The black points are
the initial condition in a steady state before the fault
event. In this study, the filter impedance is assumed to be
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b)

c)

d)
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pure inductance. Therefore, the current lags voltage of
“V=V”90°. Assume that the real power reference Prer is
positive for convenience of understanding. Also, assume
that Qrer is negative due to the control suppressing the
voltage increase by the P injection. To consume Q dur-
ing P injection, I must lead V. Thus, “V—V” must lead
V more than 90°. At the moment of fault occurrence,
the magnitude of V reduces, and the controller tries to
increase / by increasing and moving counterclockwise
V; to match P and Q to Pt and Qer (to the red points).
In other words, the voltage magnitude drop reduces P
and Q. Then, “Pr—P” and “Qef—Q” become positive
and negative, respectively. Therefore, PI; and PI3 (in
Fig. 2) increase I’y rer and decrease I’ ref, respectively.
i dg,ref 18 the same with Iy, et when the magnitude of
I'eer (ie., vector form of I’y rf) is smaller than the
current magnitude limiter. Pl and Pl contribute to the
change of Vi making Iy, follows Iy ref, during Vi ref is
inside the circle of 1 p.u. (i.e., Vi = Vj rer). In contrast, Vs
cannot make /4, follow Iy, ref if Vi ref 18 outside the circle
of 1 p.u. (i.e., Vi # Vj rer), s0 errors might accumulate in
the PI controllers (blue points).

Fault duration: V moves from red to blue point by the
change of Vy from red to blue point. Again V; and V
move to green points and remain between the blue and
green points while Vs r keeps moving in the direction
of the orange region. Remark the magnitude of Vi rof
keeps increasing during the fault in accordance with
the error accumulation in P/ controllers, and becoming
larger according to the fault time elapse. Because the
PLL follows V, the dg-axis keeps moving between the
blue and green axes.

Postfault: The moment of fault clearance is before the
inverter’s response. Thus, Vs remains in the red-centered
green point (i.e., the last position of fault duration).
Then, V moves from green to red based on the power
system topology change after fault clearance. Then, the
inverter changes V; to the red point, so V moves to
the blue point according to the power system topology.
Next, the inverter changes Vy to the blue point, so V
moves to the magenta point. After that, the inverter
changes V; to the magenta point, so V moves to the cyan
point. Finally, V; and V converge to the black points, the
original states of prefault.

Vs.ret trajectories: The trajectory of states in (a)—(c) is
the result of proper control. In the case of V ref is outside
the circle of 1 p.u. (i.e., Vi# Vs rer, and V; is on the cir-
cle), 144 cannot follow Iy rer. The current control errors
result in accumulatively increasing V', rof and decreas-
ing V' sq,ref» SO the Vi rer diverges outside the 1 p.u. circle.
There is no guarantee that P(or /;) and Q(or 1,) errors are
released simultaneously. If Q(or /) error releases first,
the trajectory remains in the third quadrant of the green
dg-axis such as solid lines. In contrast, if P(or I;) error

releases first, the trajectory diverges toward the green
negative-direct axis (red dotted line). Frequently, Vg ret
is smaller than —1 p.u. when Vj, ref becomes between
—1 and 1 p.u., and does not come back between —1 and
1 p.u. until Vi e go out of those values (blue dotted
line). That is, it never comes back to the circle.

e) Voltage trajectories: 1t is reflected as V; on the circle of
1 p.u. that V; et trajectory outside the circle. Therefore,
the blue dotted line in (d) makes the blue and black solid
line trajectories of V and V, respectively. The trajectory
of V can be a circle if V; trajectory covers the entire
circle of 1 p.u. Although the location of the circle can
be changed according to the equivalent impedance, it is
useful to predict the trajectory of Vj rer in (d).

f) Power direction: The relative locations of V and V,
determine the sign of P and Q, because it determines
the length and direction of I penetration into the grid.
The yellow box shows the direction of V,, that results in
positive P and Q. For example, the signs are determined
based on the blue arrows If the equivalent impedance
is pure inductive (i.e., Req = 0). In other words, [ into
the grid lags voltage of “V-V,” 90°, so its direction is
the same with V. In the same manner, red arrows show
positive P and Q when the equivalent inductance, Leq is
zero. The arrows in the dotted circle (i.e., V circle) show
the required direction of V, according to V at several
locations. In general, the equivalent impedance includes
resistance and inductance; the signs are determined by
the green arrows. The relative dg-axis to the dgqg-axis
changes by the location of V, so the directions of the
arrows vary as several points of V are shown in the V
circle. So roughly, P is positive in the orange region and
negative in the purple region (by the green arrows). The
large error between negative P and positive Prf makes
PI; rapidly increase I’ . Therefore, the Vi rer trajec-
tory shown in (d) moves from the negative to positive
along the d-axis. Then, V moves to the orange region
where P is positive. If P is sufficiently large to release the
accumulated error, Vs of moves to the balanced point.
If not, V; rer keeps moving and enters the purple region
again, and the error will be accumulated again and re-
peated.

The inverter interconnected system is stable if the Vi of
trajectory is inside the circle of 1 p.u. In contrast, it is unstable
if the trajectory is outside the circle. Even inside the circle,
however, rotating V; makes voltage and phase fluctuation,
which must be removed as fast as possible. Properly selected
limiter values of PI controllers can block the rotation from the
start. The limiter values depend on the scale of the event in the
grid and the grid topology, so it was difficult to set practically
by only investigating individual states of control in a scalar.
The proposed methodology investigating the vector state tra-
jectories in the d—q domain helps the user’s decision-making
to set limiter values.
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min -10° -10° -10° -10° FIGURE 5. Real and reactive powers (black solid-line: P/Q, blue

IV. LIMITER VALUE DETERMINATION IN AN EQUIVALENT
SYSTEM

A. REAL AND EQUIVALENT POWER SYSTEM

A microgrid EMT model is implemented as shown in Fig. 4
based on real power system data on an island in Korea. It is
assumed that the inverter connection is in bus 27. And then,
an equivalent model, such as Fig. 1, is implemented from the
viewpoint of the inverter for the limiter value determination.
The equivalent electro-motive force (EMF) and impedance are
determined as, 6.336 kV and 3.5969 + j3.0295 2, respec-
tively. The rated transformer voltages Vg and Vi are set to
6.6 kV and 0.38 kV, respectively. The rated inverter output
voltage is set to 0.38 kV. The current magnitude limiter is set
to the same as the rated current (i.e., 1.5 p.u.), and the initial
limiters of PI; and Pl are set sufficiently large to ignore their
effect.

B. CASE 1 (Qger = 0, 3¢-TO-G FAULT OF 2.653 pH)

The initial P/ control parameters are selected, as shown in
Table 1. The initial limiter values are set sufficiently to make
space for the PI controller’s states without reaching the lim-
iter. Initially, Prer and Qper are set to 1.17 p.u. and O p.u.
respectively. The POI voltage is 1.05 p.u. in this condition,
and the voltage increases according to the real power increase.
Therefore, Pyer is the maximum power that can be transmitted
to the power system by abiding by the grid code. A three-
phase-to-ground fault of 2.653 pH (i.e., inductive 1 m£2) is
applied to set up an extreme fault event.
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FIGURE 6. I g e (blue dots) and /gq (red dots) in p.u. due to a 50-ms fault
occurring in 1 s; [left] before and [right] after 20 s (Qref = 0, Table 1
parameters).

The inverter successfully follows its power references after
the fault clearance, as shown in Fig. 5. I ot is not going far
from /4, during the fault event (as shown in the left plots of
Fig. 6), so it can return close to /Iy, fast (i.e., Ig,ref Teturn fast).
Due to the magnitudes of I’y rf being smaller than 1.5 p.u.
(by the current magnitude limiter), they are the same as 14, ref
as shown on the right plots of Fig. 6. The group of blue dots
shows 14, et movement and the red dots group shows the I,
movement. The differences between I, rer and I, during fault
make the PI/Pls outputs diverge toward a single direction,
as shown in the left-hand side of Fig. 7. As a result, |V ref|
increases much larger than the maximum value of V. How-
ever, the increased |V ref| returns to the controllable region
(i.e., inside the green circle) before the returning trajectory
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FIGURE 8. Real and reactive powers (black solid-line: P/Q, blue
dotted-line: Pe/Q:cf) due to a 50-ms fault occurringin 1 s
(Qref = —0.5 p.u., Table 1 parameters).
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FIGURE 9. I4g ref (blue dots) and /44 (red dots) in p.u. due to a 50-ms fault
occurring in 1 s; [left] before and [right] after 20 s (Qef = —0.5 p.u., Table 1
parameters).

differs from the going trajectory (i.e., key performance for
returning to normal state). Due to that reason, the conventional
power control in the unity power factor operates well without
carefully considering limiter values.

C. CASE 2 (Qger = —0.5 P.U., 3¢-TO-G FAULT OF 2.653 jH)

As previously mentioned, reactive power absorption is re-
quired to increase power acceptance to the power system when
the inverter occupies a large portion of the power system.
All parameters are set the same as Case 1 except that Qr.r is
—0.5 p.u. As shown in Fig. 8, the real and reactive power looks
approaching their references before about 20 s. The inverter,
however, abruptly loses its control after about 40 s. The mal-
function is caused by the error accumulation between 7 ’dq,ref
and /4, as shown in Fig. 9. The error increases after the fault
event, even if P and Q approach their references, as shown
in Figs. 8 and 9. In other words, the inverter is not properly
controlled, even if it seems to control P and Q correctly at
a glance. |I'jq ref| increases with time, as shown in Fig. 9.
Consequently, Iy et is determined by the current magnitude
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TABLE 2. PI Control Parameters of the Inverter (see Figs. 11-13)

l:'ll PIZ Pls Pl4

ky 1 1 1 1
ki 10 10 10 10?
max 1.5 10° 1 10°
min -1.5 -10° -2 -10°

The bold-faced values emphasize the changed values from the previous
table.

limiter regardless of the correct control of I, As a result,
PI>/PI, output increases with time, as shown in the left plots
in Fig. 10. It makes Vy r go outside the controllable range
(black circle) of Vi, as shown on the right plots in Fig. 10.
In contrast to Case 1, increased Vj ,of does not return to the
controllable region by making the returning trajectory differ
from the going trajectory. Due to that reason, the conventional
power control cannot operate correctly with reactive power
consumption.

The red curve at the left in Fig. 9 is shown as a circle of the
following eqaution at the top-to-bottom viewpoint along the
time axis:

I+ (I, +0.5) = 1.5% (5)

Therefore, the upper/lower limiters for PI; and Pl3 are set
as 1.5/—1.5 and 1/-2, respectively, to minimize errors be-
tween the red and blue lines without an impact on the nonfault
current (see Table 2 ).

The real and reactive powers are controlled correctly, as
shown in Fig. 11. This is because / /dqyref remains near g ref-
I' 44 ref can return to normal control fast after the fault clear-
ance, as shown in Fig. 12. Also, PI>/PI; make V' sdq,ref TEMAin
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dotted-line: Pret/Qief) due to a 50-ms fault occurring in 1's
(Qres = —0.5 p.u., Table 2 parameters).
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parameters).
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dotted-line: Pret/Qief) due to a 50-ms fault occurring in 1 s
(Qref = —0.5 p.u., Table 2 parameters).
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parameters).
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FIGURE 16. [Left] dg-axis trajectories of PI,/PI, outputs (blue), Vyq (red),
and V'gyq (s (black) in p.u. with Vs4y boundary (green). [Right] dyqg-axis
trajectories of V' ¢ (blue), V (red), Vs (black), and V; (cyan) in p.u. (Qref =
—0.5 p.u., Table 2 parameters).
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FIGURE 17. Part of Fig. 16: for 0.25 s after fault clearance. [Left] dg-axis
trajectories of PI,/Pl, outputs (blue), Vyq (red), and V' 4q ¢ (black) in p.u.
with V4, boundary (green). [Right] d,q,-axis trajectories of V', ¢ (blue),
V (red), Vs (black), and V; (cyan) in p.u. (Qref = —0.5 p.u., Table 2
parameters).

TABLE 3. PI Control Parameters of the Inverter (see Figs. 17-19)

Pl PI, PI; PI,
%, 1 1 1 1
ki 10 10 10 10%
max 15 10° 1 10°
min -1.5 -5 -2 -5

The bold-faced values emphasize the changed values from the previous
table.
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FIGURE 18. Real and reactive powers (black solid-line: P/Q, blue
dotted-line: Pie/Q:cf) due to a 50-ms fault occurringin 1 s
(Qres = —0.5 p.u., Table 3 parameters).
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FIGURE 19. lgq ref (blue dots) and /44 (red dots) in p.u. due to a 50-ms fault
occurring in 1 s; [left] before and [right] after 20 s (Qief = —0.5 p.u., Table 3
parameters).
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FIGURE 20. [Left] dg-axis trajectories of PI,/PI, outputs (blue), Vyq (red),
and V'g4q s (black) in p.u. with Vs4q boundary (green); [right] d,q,-axis
trajectories of V' ¢ (blue), V (red), Vs (black), and V; (cyan) in p.u. (Qref =
—0.5 p.u., Table 3 parameters).
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FIGURE 25. I4g ref (blue dots) and /44 (red dots) in p.u. in real power
system, due to a 50-ms fault occurring in 1 s; [left] before and [right] after
20 s (Qref = —0.5 p.u., Table 3 parameters).
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FIGURE 21. Real and reactive powers in real power system (black
solid-line: P/Q, blue dotted-line: Pic¢/Qief) due to a 50-ms fault occurring
in 1's (Qref = —0.5 p.u., Table 3 parameters).
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FIGURE 22. I4g ref (blue dots) and /44 (red dots) in p.u. in real power
system, due to a 50-ms fault occurring in 1 s; [left] before and [right] after
20 s (Qref = —0.5 p.u., Table 3 parameters).
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FIGURE 23. [Left] dg-axis trajectories of Pl,/PI, outputs (blue), Vy, (red),
and V' g4q et (black) in p.u. with Vs4q boundary (green) in real power

system; [right] d,q,-axis trajectories of V', ¢ (blue), V (red), V; (black), and

Vg (cyan) in p.u.. (Qref = —0.5 p.u., Table 3 parameters).
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FIGURE 24. Real and reactive powers in real power system (black

solid-line: P/Q, blue dotted-line: Pct/Qcf) due to a 50-ms fault occurring
in 1s (Qref = —0.5 p.u., Table 3 parameters).
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FIGURE 26. [Left] dg-axis trajectories of Pl,/Pl, outputs (blue), Vgq (red),
and V' ggq 1t (black) in p.u. with Vsgq boundary (green) in real power
system; [right] d,qg-axis trajectories of V', ¢ (blue), V (red), Vs (black), and
Vg (cyan) in p.u. (Qref = —0.5 p.u., Table 3 parameters).
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FIGURE 27. Real and reactive powers in real power system (black
solid-line: P/Q, blue dotted-line: Pct/Qcf) due to a 50-ms fault occurring
in 1 s (Qref = —0.5 p.u., Table 3 parameters).
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FIGURE 28. I4g ref (blue dots) and l4q (red dots) in p.u. in real power
system, due to a 50-ms fault occurring in 1 s; [left] before and [right] after
20 s (Qref = —0.5 p.u., Table 3 parameters).

near V; boundary due to the minimized error between Iy, ref
and /4, as shown in the left plots of Fig. 13. In other words,
from the viewpoint of the dyg,-axis, V' .y remains near Vj,
as shown in the right plots in Fig. 13. Consequently, V' ¢ can
return inside the V boundary after the fault clearance.

VOLUME 4, 2023



IEEE Open Journal of

Industry Applications

4
20
) )
_ " —~ 10}
2,0 . 2
“,,/0 "O ~ % 0 3
4] L ae ] L
=} il . 2 e o
g 2 s -10
L4 % 20
8 §
v - o 30
)
40
8
5 0 5 20 0 20

d-axis values (pu) dg-axis values (pu)

FIGURE 29. [Left] dg-axis trajectories of PI,/PI, outputs (blue), Vyq (red),
and V'g4g s (black) in p.u. with Vsq boundary (green) in real power
system; [right] d,qg-axis trajectories of V', ¢ (blue), V (red), V; (black), and
Vg (cyan) in p.u. (Qref = —0.5 p.u., Table 3 parameters).
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FIGURE 30. Real and reactive powers in real power system (black
solid-line: P/Q, blue dotted-line: P.f/Qyef) due to a 50-ms fault occurring

in 1's (Qref = —0.5 p.u., Table 3 parameters).
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FIGURE 31. I4g ref (blue dots) and /44 (red dots) in p.u. in real power
system, due to a 50-ms fault occurring in 1 s; [left] before and [right] after
20 s (Qref = —0.5 p.u., Table 3 parameters).

12 03
5115 504
g &
g4 Coos
1.05 06
0 20 40 60 80 0 20 40 60 80

Time (sec) Time (sec)

FIGURE 33. Real and reactive powers in real power system (black
solid-line: P/Q, blue dotted-line: Picf/Qyef) due to a 50-ms fault occurring

inls (Qref =

Iq (pu) ) -2

—0.5 p.u., Table 3 parameters).
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FIGURE 34. I4g ref (blue dots) and /44 (red dots) in p.u. in real power
system, due to a 50-ms fault occurring in 1 s; [left] before and [right] after
20 s (Qref = —0.5 p.u., Table 3 parameters).
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FIGURE 35. [Left] dg-axis trajectories of PI,/PI, outputs (blue), Vy, (red),
and V' g4q ref (black) in p.u. with Vs4q boundary (green) in real power
system; [right] d,q-axis trajectories of V' ,.¢ (blue), V (red), V; (black),

and Vg (cyan) in p.u. (Qref =

—0.5 p.u., Table 3 parameters).
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FIGURE 32. [Left] dg-axis trajectories of Pl,/Pl, outputs (blue), Vgq (red),
and V' g4q 1t (black) in p.u. with Vsgq boundary (green) in real power
system; [right] d,qg-axis trajectories of V', ¢ (blue), V (red), Vs (black), and
Vg (cyan) in p.u. (Qref = —0.5 p.u., Table 3 parameters).

D. CASE 3 (Qger = —0.5 P.U., 1¢-TO-G FAULT OF 2.653 pH)

A three-phase-to-ground fault is generally considered more
severe than a single-phase-to-ground fault in a power system.
From the viewpoint of the inverter, however, POI voltage
unbalances, caused by the single-phase-to-ground fault, can
be a more severe condition for the power control. As shown

VOLUME 4, 2023

FIGURE 36. Real and reactive powers in real power system (black
solid-line: P/Q, blue dotted-line: Pct/Qcf) due to a 50-ms fault occurring
in 1's (Qref = —0.5 p.u., Table 3 parameters).

in Fig. 14, the inverter fails to control P and Q even if it was
successful in Case 2. This is because the difference between
Lag rer and Iy, is repeated and its magnitude is not reduced
with time, as shown in Fig. 15. The repetitive error makes
PL/PI, output also repeat. Therefore, V' ;g4 ret (V' ref in the
dqq4-axis) also repeats, as shown in Fig. 16.

The trajectory of V's4 ref is most outside Vg, boundary
even if it does not diverge. This results in the repetitive P and
Q in Fig. 14. To stabilize P and Q, the trajectory of V'sgq ret
needs to return fast to inside V4, boundary by being near the
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FIGURE 37. I4g ref (blue dots) and /44 (red dots) in p.u. in real power
system, due to a 50-ms fault occurring in 1 s; [left] before and [right] after
20 s (Qref = —0.5 p.u., Table 3 parameters).
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FIGURE 38. [Left] dg-axis trajectories of PI,/PI, outputs (blue), Vy, (red),
and V' g4q et (black) in p.u. with Vs4q boundary (green) in real power
system; [right] d,qg-axis trajectories of V', ¢ (blue), V (red), V; (black), and
Vg (cyan) in p.u. (Qref = —0.5 p.u., Table 3 parameters).

boundary. The boundary can be seen by enlarging Fig. 16.
After fault clearance, PI,/PI4 output goes south due to positive
“Pref—P” and negative “Qef—Q” as described in Fig. 3(d).
Therefore, the repetitive trajectory shown in Fig. 16 can be
blocked by setting the limiter values to its start point. In this
study, the lower limiter for PI,/Ply is set to -5, as shown in
Table 3. Then, V' 4, ref can remain inside the V4, boundary.
As a result, the inverter successfully controls P and Q, as
shown in Fig. 18. 14, successfully flows I/dq’l-ef (ie., I’dq’ref =
ILag,ref), as shown in Fig. 19. All states remain steady (groups
of points) except during fault (scattered points), as shown in
Fig. 20.

V. VERIFICATION USING REAL POWER SYSTEM MODEL
A. CASE 4 (Qger = —0.5 P.U., 1¢-TO-G FAULT OF 2.653 pH)
The inverter is connected to the real microgrid model in Fig. 4
with the determined limiter values. The powers are properly
controlled even after fault, as shown in Fig. 21. Also, the
current properly follows the reference, as shown in Fig. 22.
All states remain steady soon after fault clearance as did in
the equivalent circuit, as shown in Fig. 23.

B. CASE 5 (Qger = —0.5 P.U., 3¢-TO-G FAULT OF 2.653 ;LH)

The three-phase to ground fault is less harmful than the
single-phase to ground fault, according to Cases 2 and 3.
Consequently, the powers are properly controlled, as shown in
Fig. 24, and all states remain steady soon after fault clearance,
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as shown in Fig. 25. The less scatteredness of voltages in
Fig. 26 than those in Fig. 23 shows that the three-phase to
ground fault is less harmful than the single-phase to ground
fault to the inverter control.

C. SUPPLEMENTARY CASES

For Case 6 (Figs. 27— 29), —0.5 p.u. of Qe and 1¢-to-g
resistive fault of 1 m2 is applied. It shows similar results to
the inductive fault of Case 4. Thus, the selected parameters
are still valid. For Case 7 (Figs. 30— 32), —0.5 p.u. of Qyef and
3¢p-to-g resistive fault of 1 mS2 is applied. It shows similar
results to the inductive fault of Case 5. Thus, the selected
parameters are still valid. For Case 8 (Figs. 33— 35), —0.5 p.u.
of Qrer and 1¢-to-g inductive fault of 265.3 wH is applied.
As Section V-B describes, the three-phase-to-ground fault is
less harmful than the single-phase-to-ground fault to the in-
verter control. Thus, only the single-phase-to-ground fault is
considered in the following sections. The scatteredness of the
voltages in Fig. 35 is much smaller than in the previous cases
due to the large fault impedance (i.e., small fault). For Case 9
(Figs. 36— 38), —0.5 p.u. of Qf and 1¢-to-g resistive fault of
100 mS2 is applied. The scatteredness of the voltages in Fig. 38
is similar to that in Fig. 35, regardless of the power factor of
the fault. That is, the limiter setting must consider the harshest
conditions to cover all less severe cases.

VI. CONCLUSION

This article proposes a practical method to stabilize the in-
verter control using EMT simulation. It shows the process of
stabilizing inverter control by determining limiter values with-
out generating a complicated transfer function. This method
helps the field engineer to tune up the limiters. The field engi-
neer can avoid numerous time-based simulations to determine
the control parameters for grid stability. Also, it helps to over-
come the very complicated analyses based on control theory,
which is sometimes practically impossible in a complex real
power system.

Designing and tuning all the controllers might be best in
case of the entire grid is implemented as a single project.
In practice, however, the inverters are installed in the grid
independently under their needs. Therefore, the field engineer
generally lacks information about the existing inverters. The
proposed method does not focus on fine-tuning the inverter,
which needs exact information, but focuses on improving sta-
bility even if without accurate information.
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