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ABSTRACT With the increasing penetration of inverter-based resources (IBRs) and the standing down of
synchronous generator-based resources (SGBRs), some IBRs, at least, need to provide grid support functions
commonly provided by SGBRs. IBRs usually have a much smaller overcurrent capability than SGBRs, which
can result in weak grid strength and corresponding issues on grid transient voltage support, system protection,
and black start. This paper aims at addressing the low overcurrent capability issue of IBRs from the source
side by combining an IBR with a co-located synchronous condenser (SC). Dubbed grid strengthening IBR
(GSI), the proposed setup in grid forming mode uses the SC to regulate the terminal voltage and the IBR to
regulate the frequency. The proposed GSI is evaluated through its comparison with an SGBR in the single-
unit operation considering different grid faults, multi-unit operation, and transient stability performance. It
is verified that the GSI can provide an overcurrent and maintain the terminal voltage comparable to or even
slightly better than the SGBR during grid faults. The GSI does not have any transient stability issues; even
after a long fault period, it can reestablish the system synchronism. The GSI can help the penetration of the
IBRs in the system, as the system operation and the system loads will be largely unaffected, even during
transients.

INDEX TERMS Grid strengthening inverter-based resources, synchronous condenser, synchronous genera-
tor, overcurrent capability, transient stability, voltage support.

1.3 (Fellow, IEEE)

I. INTRODUCTION

Due to the energy crisis and environmental problems, inverter-
based resources (IBRs), such as PV and wind, are increasingly
used in power grids, including microgrids [1]. At the same
time, the conventional synchronous generator-based resources
(SGBRys) are gradually standing down. As a result, IBRs need
to provide grid support functions normally provided by SG-
BRs, such as voltage and frequency regulations [2]. These
IBRs are dubbed grid forming (GFM) inverters, to differ-
entiate from grid following (GFL) inverters, which rely on
the external grid voltage generally provided by conventional
SGBRs.

Since GFM IBRs are to replace SGBREs, it is desirable or
even necessary for them to perform all the positive system
functions of SGBRs such that the system can still operate. For
SGBRs, all these functions are realized through the charac-
teristics and control of synchronous generators (SGs), prime
movers, and associated energy sources (e.g., fuel for turbines).
Similarly, most of these functions can be realized through
characteristics and proper control of the GFM inverters and
associated energy resources (e.g., wind, solar, and battery).
For example, voltage and frequency control of GFM IBRs can
be realized through several control methods, such as droop
control and virtual synchronous generator (VSG) control [3],
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[4]. Even inertia, which is an intrinsic characteristic of rotating
machines but not for static inverters, can be well emulated by
the GFM IBRs with proper energy reserve or storage [5]-[8].
With the flexibility of inverters and their fast active and reac-
tive power control, GFM IBRs can be programmed to behave
similar to or even better than their SGBR counterparts in many
cases.

One significant characteristic that is difficult for an IBR
to achieve is the overcurrent capability. The commercially
available inverters only provide an overcurrent of less than 2
p.u. [1], [2], while the SGs can provide more than 5 p.u. [9].
The overcurrent characteristic is critical for the power system
operation and load support. A low overcurrent capability will
result in weak grid strength and many corresponding issues,
of which the three main ones are discussed as follows.

1) The low overcurrent capability impacts the system volt-
age support during transients, such as grid faults and
large load changes. During the same transient, due to
the current limit, the grid voltage supported by the GFM
inverter will be lower than that by the SG. As a result,
some loads may trip or fail to start, since these loads
require a sufficient voltage to start (such as a motor) or
are designed to ride through the grid transient based on
existing grid voltage (or power quality) standards, such
as the Information Technology Industry (ITT) curve [10]
and the IEEE Std 1668 [11].

2) The low overcurrent capability impacts the power sys-
tem protection [1], [2], [12]. The existing overcurrent-
based system protection devices cannot be triggered by
low fault currents. Although the threshold values of
these system protection devices can be adjusted, the
distinction between faults and certain normal transients,
such as motor starting and transformer energization,
will become difficult. There have been some adaptive
protection methods proposed for the microgrid to ad-
dress this issue [13], [14]. For the large power system
with high penetration of IBRs, more complex fault
detection and protection schemes are needed, such as
traveling wave-based methods [15].

3) The low overcurrent capability affects the system
restoration, known as “black start”. To accomplish the
black start, high inrush currents are needed to energize
system equipment, such as transformers, and support
loads like motors. With limited current, GFM inverters
may fail to start the system or support loads. As shown
in [16], with a 10 p.u. current limit, the IBR-based sys-
tem can be started within 2 seconds, and the voltage can
be maintained at 0.95 p.u. or even higher. However, with
a 1.2 p.u. current limit, the system cannot be started with
a loaded induction motor; with an unloaded induction
motor, it can be eventually started after more than 20
seconds, while the voltage during the starting process is
only 0.3 p.u.

The low overcurrent capability has also been found to po-

tentially cause system transient stability issues [17], which
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can be largely avoided with improved control methods [18]-
[20]. Among the three main issues discussed above, the
protection issue may be eventually solved by advanced pro-
tection methods; however, significant changes will be needed
for both the system and the loads, which will be difficult.
The transient voltage support and black start affect loads, so
the source side, system-level, and/or load side solutions are
needed. Nevertheless, it is difficult to implement changes to
existing system loads, so the system-level solution is mostly
used now.

Synchronous condensers (SCs) have been used in the power
system for a long time to provide reactive power, inertia,
and short circuit current [21], [22]. As the penetration of
IBR increases in the power system, the employment of SC
somewhere in the system is also a solution to address the
issues brought by IBRs. It is studied that SCs provide inertia
and large short-circuit current during grid faults, improving
the system frequency and voltage performances [23]-[27]. In
addition, the SC improves the transient stability of the power
system with GFL inverters [28]. However, these SCs are
mostly installed and operated in the system, independent of
sources or loads; and the system-level analysis and control are
needed to size the SCs and evaluate their performances, which
makes it complicated. Although the SC siting optimization, in
terms of the SCR improvement and cost, is considered in [29],
[30], as the system becomes large, the solution will become
more difficult.

Therefore, a solution from the grid source side, which
provides IBRs with the transient overcurrent comparable
to SGBRs, is desirable. Based on this, each IBR can be
treated similarly to an SGBR, and the conventional sys-
tem design approaches can also be used. However, this is
rarely discussed in the literature to the best of the author’s
knowledge.

This paper aims at addressing the overcurrent capabil-
ity issue of GFM IBRs from the source side. A grid
strengthening IBR (GSI), combining an IBR with a co-
located SC, is proposed to achieve a similar overcurrent
capability of SGBRs, such that the GSI can perform sim-
ilar to an SGBR, and many issues caused by the low
overcurrent capability, such as the three discussed above,
can be solved. A comparison study between the proposed
GSI and the SGBR is conducted in steady-state opera-
tion, fault conditions with different fault types and fault
impedances, multiple-unit operation, and transient stability
performance.

The rest of the paper is organized as follows. In Sec-
tion II, the proposed GSI and its control are introduced.
Then, the performance comparison between the GSI and an
SGBR in terms of the single-unit operation considering both
steady-state and fault conditions, multiple-unit operation, and
transient stability are presented in Sections III, IV, and V,
respectively. In Section VI, some discussions about possible
future work are given. Finally, Section VII concludes this

paper.
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FIGURE 1. Configuration of the proposed GSI.

IIl. THE PROPOSED GSI AND ITS CONTROL

A. THE PROPOSED GSI SETUP AND CONTROL

The wound-field synchronous machine (WFSM) used for SCs
and SGs is currently the most suitable technology to provide
high overcurrent capability. The WFSM is electromechanical
and electromagnetic in nature with high thermal capacity,
and therefore can carry large transient overcurrent without
exceeding its temperature limits, unlike power electronics
equipment. Other devices that can produce high and fast-
rising overcurrent in ac systems include ac capacitor banks
and transformers. Ac capacitor banks rely on voltage change
to generate current and would require extremely large capaci-
tance to hold the voltage. Besides, the capacitor bank voltage
and current are difficult to control without additional series
devices, like power electronics switches that lack overcurrent
capability. The issue with the transformer is that when its pri-
mary winding is producing a high overcurrent, its secondary
winding needs to provide a corresponding current, as well as
an ac voltage source. With today’s technology, the ac source
can only be inverter-based or synchronous machine-based. So,
the transformer approach is not attractive. As a result, this
paper chooses to use the SC to work with the IBR to realize
the proposed GSI. If other more cost-effective devices with
high overcurrent capability become available in the future,
they could substitute the SC in the GSI setup.

The proposed GSI setup is shown in Fig. 1. It consists of an
IBR and an SC with their ac terminals connected to the same
bus. The IBR has a relatively low current limit, and the SC is
responsible for providing the overcurrent during the transient.
Different from previous applications where the SC is used
independent of IBRs, in the GSI setup, the SC and the IBR are
treated as one unit. They work together to control the terminal
voltage and frequency, similar to a conventional SGBR unit.

The control structure of the GSI in grid forming mode is
shown in Fig. 2, consisting of the SC excitation control and
the inverter control. The terminal voltage magnitude, V;, of
the GSI is controlled to its reference, V., through the SC
excitation control. The inverter control structure is realized in
the dg synchronous frame, and the d-axis is selected to align
in phase with the terminal voltage through a phase-locked
loop, similar to the GFL inverter case. Different from the
GFL inverter, which regulates active and reactive power, this
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FIGURE 2. The control structure of the proposed GSI.

inverter controls the SC mechanical speed, @,,, which is corre-
sponding to the terminal voltage frequency, f;, through active
power control. Therefore, the voltage and frequency control
functions of the GSI are divided into two separate parts and
are handled by the SC and the IBR, respectively.

Different approaches can be used to generate the frequency
reference, f.r, and two of them are introduced here. One is
a given constant value, which can be used in an autonomous
system or an islanded microgrid with one source unit, where
no power sharing is needed. The other one is to generate the
frequency reference through the active power sharing control,
for example, the droop control. In this paper, in the single-unit
operation, the frequency reference is given a constant value,
i.e., 60 Hz; and in the multi-unit operation, the droop control
is used to generate the frequency reference.

The inverter controller includes the outer frequency loop
and inner current loop. The frequency loop acts on the
frequency reference, frr, and the SC mechanical speed to
generate the active power reference, Py, which is further
used to calculate the positive-sequence d-axis current ref-
erence. The reactive power reference, Qy.f, is used for the
positive-sequence g-axis current reference calculation, and it
is controlled to be zero in this paper. The d-axis and g-axis cur-
rent references are given to the inner current loop controllers,
which are similar to typical GFL inverter control [31], [32].

The inverter controller also includes the negative-sequence
control, which only has the current loop. In this paper, the
negative-sequence d-axis and g-axis currents are controlled to
be zero, so that the negative-sequence current, if any, will be
provided by the SC, which is also similar to the situation of
the SGBR. On the other hand, the inverter can be controlled
to provide a negative-sequence current per system needs to
reduce the thermal and mechanical stress of the SC caused by
the negative-sequence current [33].

B. THE INVERTER FREQUENCY CONTROLLER

The main difference between the GSI inverter and the conven-
tional GFL or GFM inverter is the frequency controller. The
GSI inverter does not directly generate the terminal voltage
frequency or angle. Instead, it controls the frequency indi-
rectly by controlling its active power output.
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FIGURE 3. The control diagram of (a) the SGBR [34] and (b) the GSI.

The inverter active power in the GSI acts as the mechanical
power in the SGBR. The high-level power, speed, excitation,
and voltage relationships of the SGBR [34] and the GSI are
shown in Fig. 3(a) and (b), respectively. Both the SGBR and
the GSI use an excitation system to control the terminal volt-
age magnitude. The SGBR utilizes the prime mover (turbine)
and the governor to control the frequency through controlling
the SG mechanical power input, P,,;. Since the SC mechanical
power input, Py, is zero, the GSI uses the IBR to control
the frequency by controlling the IBR electrical power output,
Pipr. The mechanical equation of the SG is

dwpi
lem17 + Diwm1 = Pt — Pet — Prosst
= Put — Pioad1 Vi1, f11) — Prosst
(1)
and the mechanical equation of the SC is
dwm2
J2”m27 + Dowmz = Pa — Pe2 — Pross2 = Pigr

— Pioaaz (v12a ﬁZ) — Pross2 (2)

where subscripts / and 2 denote the parameters for the SG
and SC, respectively; J is the moment of inertia; w,, is the
mechanical speed; D is the coefficient to account for mechan-
ical friction and windage (F&W); P, is the mechanical power
input; H is the inertia constant; P, is the electrical power
output; Pypr is the inverter active power output; Pj,.q iS the
total system load power, which may have a relationship to the
terminal voltage and frequency; and Py, is the electrical loss
of the SG or SC.

When the GSI and the SGBR have the same performances:
the same terminal voltage and frequency, the power consumed
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FIGURE 4. The governor and turbine mode for the inverter frequency
controller.

by the system loads are the same, which means

Proaar (i, fi1) = Proaaz (vi2, fi2) (3)
Substituting (1) and (2) into (3) yields

dwmi
Pyt — Prosst — J1om1 7 — Diwy1 = Prpr
dwpp
— Prosso — Jromn dr — Dy “4)

Then, to get w,,;=wn,2=w,,, the inverter output power Pjpg
needs to be

dw
Pigr = Py1 — (J1 — ]2)wmd_tm

— (D1 — D2) wp — (PLoss1 — Pross2) (5)

In (5), the first term on the right side is the mechanical
power input of the SG, which is corresponding to the active
power regulation of the turbine and governor; the second term
is used to compensate for the inertia difference between the
SGBR and the SC; and the third and fourth terms compensate
for the F&W loss and electrical loss differences respectively,
which are small and therefore neglected in the following anal-
ysis.

1) GOVERNOR AND TURBINE EMULATOR IMPLEMENTATION

The straightforward approach to realize (5) is to use a
governor and turbine emulator. Based on [34], the inverter
frequency controller model, which is based on per-unit values,
is developed, as shown in Fig. 4. First, the terminal voltage
frequency reference is converted to the mechanical speed ref-
erence, wys. Then, the difference between the reference and
the feedback is given to the governor and turbine model to
generate the mechanical power reference, Py,_r. To minimize
the noise impact, a low pass filter (LPF) is adopted in the
inertia emulator loop. The total active power reference is the
combination of Py,_.sand the inertia emulator output, Pinersig-

2) Pl CONTROLLER IMPLEMENTATION
However, it is not necessary to have the frequency controller
emulating the governor and turbine. Besides, the active power
control of the governor and turbine is slow, which makes the
frequency regulation speed slow. The inverter, however, has a
very fast active power control capability, and it will benefit the
frequency control.

The GSI control model with the governor and turbine emu-
lator is shown in Fig. 5. When the part in the red dashed box is

VOLUME 3, 2022



IEEE Open Journal of

4x Power Electronics

Excitation
controller

Drer Ex¢ L

E R

Droop

1
1+Tgs

1 FypTaas+1
1+Teys Trys+1

Governor

Turbine

Bode Diagram
200 T T T T T

o
T
|
|
|
|
[
|
|
|
|
|
|
|
f
|
|
|
|
I

Inertia emulator

Inverter controller

FIGURE 5. The GSI control model with governor and turbine
emulator-based frequency controller.

Vi Pioaa
% Proaa (Ve fo) F——

Excitation
controller

-200 [

Magnitude (dB)

Governor and turbine emulator

Pl controller

-400

-90 T

-270

Phase (deg)

-360

80—

1072

107! 10°

10° 102

Frequency (Hz)

10*

FIGURE 7. The bode plot comparison between the governor and turbine

Wref & Pref & Pigr+ -+ P, 1 W
+ PI n 2Hgcs + D

emulator-based control and the PI controller-based control.

TABLE 1. WFSM, Governor, and Turbine Parameters

Inverter controller

FIGURE 6. The GSI control model with Pl-based frequency controller.

replaced with a PI controller it becomes Fig. 6. The open-loop
transfer function from the mechanical speed error, ¢;/¢2, to
the mechanical speed, w,,, of the two control methods are
respectively

l . 1 . 1 . FHPTRHS+1 . G . 1
% — R 1+TG‘Y 1+TCHS TrEs+1 nv 2HSC+D (6)
£l 1+G;p - 1 . 2(Hsg—Hsc)s
mv - 2Hgc+D 1+Trprs
and
2 — Gpr - Giny - S (N
& 2Hsc +D

where the inverter transfer function, G, is considered to be
a time delay corresponding to the current-loop control band-
width.

The bode plot comparison between the two transfer func-
tions is shown in Fig. 7. In the governor and turbine emulator-
based control, the bandwidth is around 0.1 Hz due to the slow
governor and turbine response speed. However, with the PI
controller-based control, the bandwidth is improved to around
100 Hz considering the same phase margin.

3) COMPARISON BETWEEN THE TWO IMPLEMENTATIONS

A simulation comparison between the two implementations
of the GSI and the SGBR is carried out with MAT-
LAB/Simulink, considering both steady-state and transient
operations.

An identical WFSM is used for both the SG and the SC.
The Simulink sixth-order state-space-based synchronous ma-
chine model, considering both the sub-transient and transient
conditions, is used. Parameters of a real 625 kVA WFSM used
in a microgrid are employed in the SG and SC models, and the
values are shown in Table 1. The only difference between the
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Parameters Values Parameters Values

Voltage (V) 480 Power rating (kVA) 625
Xd (p.u.) 3.4375 Xd' (p.u.) 0.2626
Xd" (p.u.) 0.1836 Xq (p.u.) 1.7499

Xq" (p.u.) 0.1790 X1 (p.u.) 0.07
Td' (s) 0.1832 Td" (s) 0.0069
Tqo" (s) 0.0069 Rs (p.u.) 0.0331

SG: 7

H(s) SC:1.1 R 0.05

Te 0.2 Tcu 0.3

Fup 0.3 Tru 7.0

D 0 p 1

SC and SG model parameters is the inertia constant. Based on
[35], the typical inertia constant of an SG together with the
turbine is in the range of [6 s, 9 s], and the range for SC is
[1.0s, 1.25 s]. To accommodate relatively large machines, in
this paper, inertia constant values of the SC and SGBR are as-
sumed to be 1.1 s and 7.0 s, respectively. The AC1A excitation
model in IEEE Std 421.5-2016 [36] is used for both the SG
and SC, controlling the terminal voltage to be the reference.
The SGBR also has a turbine and governor model, controlling
its mechanical speed to the rated speed, corresponding to the
frequency reference. Because the per-unit values are used, the
work can be extended to larger machines.

The inverter switching model is adopted, and the main
parameters are shown in Table 2. The front-end source and
the energy storage are simplified, and they are represented by
a constant dc source. Their response time/speed may impact
the GSI performances, which will also be considered later in
this paper.

To compare the control performance, the inverter does not
have a current limit. The fault is triggered at 5 s and lasts for
10 cycles. The voltage and frequency comparison between
the two frequency control methods of GSI and the SGBR
in the three-phase fault is shown in Fig. 8. The GSI with a
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TABLE 2. Inverter Parameters

Value
Three-phase two-level voltage
source converter
1kV
Inverter-side inductor: 0.03 p.u.
Capacitor: 0.026p.u.
Grid-side inductor: 0.03p.u.
Damping resistor: 0.1 Q(0.43p.u.)
10 kHz

Parameters

Topology

DC-link voltage

AC filter (LCL)

Switching frequency

§
= 60
[4)
(=
2 — GSI with governor and turbine mode
go9r GS! with Pl controller
= ——SGBR
58 -
5 6 7 8 9 10 1" 12 13 14 15
time(s)
1:2 T T T T T T T T T T
— GSI with governor and turbine mode |
GSl with Pl controller
SGBR |
7 8 9 10 " 12 13 14 15
time(s)

FIGURE 8. Frequency and voltage performance comparison among the GSI
with governor and turbine model, GSI with PI controller, and the SGBR in a
three-phase fault condition.

Z; Z,

Busl Bus2 Bus3
0.03,
C Z, 7 | pu l 0.05pu
SGBR hL, hLz L;
P=0.1p.u. P=01pu.  pay P=0-1p-u
R g-0.05pu. 0-0.05p.u. 0-0.05p.u.
(@)

(b)

FIGURE 9. Single-unit operation configuration of (a) the SGBR case and
(b) the GSI case.

PI-based frequency controller (the green curve) has the small-
est frequency change during the fault period, and the fastest
frequency recovery speed after the fault is cleared because of
the fast active power control.

Compared to the SGBR, the GSI with governor and turbine
mode (the blue curve) has a lower frequency nadir, larger
frequency variation, and longer frequency recovery period.
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Because of the current contribution of the inverter, the SC pro-
vides less fault current than the SG. Since the internal voltage
drop is smaller in the SC than in the SG, the terminal voltage
is higher. However, since resistive loads are assumed, the GSI
has to provide more active power. Because of the slow active
power regulation speed of the inverter in the governor and
turbine emulator mode, part of the active power comes from
the SC kinetic energy, which slows the SC down, resulting in
a frequency drop.

Therefore, using the PI controller as the frequency con-
troller is better than using the governor and turbine emulator.
In the following analysis, the PI controller-based frequency
controller is adopted. However, with the current limit, the
maximum inverter active power output will be limited. Then,
the SC needs to provide active power, and the frequency nadir
will be lower. This will be discussed in the next Section.

IIl. SINGLE-UNIT OPERATION

To fully verify the proposed setup and control, the GSI and
the SGBR are further compared in different conditions. In this
section, the comparison is conducted in the single-unit op-
eration condition, considering the steady-state operation and
faults. As shown in Fig. 9(a) and (b), the SGBR or the GSI is
connected to a simple radial distribution system, and a zig-zag
grounding transformer is used to provide the grounding for the
system. The transformer grounding resistance is 0.01 p.u., and
the three loads are the same: 0.1 p.u. active power and 0.05
p.u. reactive power. Also, from now on, the converter current
limit is set at 1 p.u.

A. STEADY-STATE OPERATION

The steady-state operation comparison is first conducted. As
shown in Fig. 10(a), in the SGBR case, the SG provides all
the load current. In the GSI case, as shown in Fig. 10(b),
the SC and the inverter share the load current. The SC pro-
vides the reactive power, and the inverter provides the active
power, which can be observed from the phase angle difference
between the voltage and current waveforms. Because of the
high-frequency switching of the power electronics inverter,
the GSI terminal voltage has harmonics. The GSI terminal
voltage harmonic spectrum is shown in Fig. 11. The total
harmonic distortion (THD) is calculated, considering up to
50™-order based on IEEE Std. 519-2014, to be 2.92%, which
meets the requirement [37]. Also, the individual harmonic, as
shown in Fig. 11, meets the requirement. The high-frequency
harmonics are mainly at the switching frequency and its multi-
plier. It is difficult for the high-frequency harmonics to spread
away in the power system since they are damped by the line
resistance at high frequency or filtered by the stray inductance
and parasitic capacitance. The inverter and SC current har-
monics look large. This is because the load is relatively small
in this study, which aims at studying the impact of the current
limit. At the rated load condition, the current harmonics are
small, and their THD values are both below 5%.
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FIGURE 10. Terminal voltage and current waveforms in the steady-state
operation of (a) the SGBR case and (b) the GSI case.
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FIGURE 11. GSI terminal voltage harmonic spectrum.

B. DIFFERENT GRID FAULTS
After the steady-state operation, fault transients are studied.
As shown in Table 3, different fault conditions, including three
different fault types and six different fault resistances, are
considered.

The three-phase fault with 0.1 p.u. fault resistance is taken
as an example to show the detailed performance comparison
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TABLE 3. Different Fault Conditions

Fault type Fault resistance
Single phase-to-ground fault 0.01p.u.
0.1 p.u.
Phase-to-phase fault 0.3 p-u.
0.6 p.u.
1.0 p.u.
Three-phase fault 3.0 pou.
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FIGURE 12. Terminal voltage and current waveforms in the three-phase
fault with 0.1 p.u. fault resistance in (a)the SGBR case and (b)the GSI case.

between the SGBR case and the GSI case. In both cases, the
fault happens at 10 s and lasts for 10 cycles (~0.17 s).

The terminal voltage and current waveforms in the SGBR
and GSI cases are shown in Fig. 12(a) and (b), respectively.
During the fault period, the terminal voltage dropped in both
SGBR and GSI cases, but the GSI has a slightly higher volt-
age. The SG current and the GSI total current start with the
same peak and then decreases, but the GSI has a slower de-
creasing rate so that it has a 0.5 p.u. higher current at the end of
the fault period. Because of the current contribution from the
IBR, the current provided by the SC is smaller than the current
provided by the SG. As a result, the SC exhibits slightly
higher terminal voltage because of less internal voltage drop.
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FIGURE 13. Power curves in the three-phase fault with 0.1 p.u. fault
resistance in (a)the SGBR case and (b)the GSI case.
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FIGURE 14. Terminal voltage and frequency in the three-phase fault with
0.1 p.u. fault resistance in (a)the SGBR case and (b)the GSI case.
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FIGURE 15. Minimum voltage during the fault period in different fault

conditions.

Besides, it can be found that the IBR reaches its current limit,
i.e., 1 p.u during the fault period.
Therefore, the proposed GSI outputs more overcurrent than

the conventional SG during the fault period. To perform sim-
ilar to an SGBR, the GSI only needs to provide a similar
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FIGURE 16. Frequency nadir during the fault period in different fault
conditions.

overcurrent, so a smaller SC could be used, depending on the
system need.

The active and reactive power waveforms in the SGBR and
GSI cases are shown in Fig. 13(a) and (b), respectively. When
the fault happens, both the SG and the SC output more reac-
tive power to support the terminal voltage. Besides, they also
output more active power, which is from their kinetic energy
(inertia), trying to support the frequency. However, because of
the slow mechanical power input regulation of the SG and the
lack of mechanical power input of the SC, both the SG and the
SC slow down, which results in the frequency drop. As shown
in Fig. 14(a) and (b), because of the smaller inertia constant,
the GSI case has a larger frequency drop than the SGBR case.
This can be solved by increasing the inertia of the SC, such
as adding a flywheel, or by having an inverter with a larger
current limit or overcurrent capability, which however needs
to change the physical design of the inverter

From Fig. 13(b), during the fault period, the inverter’s ac-
tive power output is low due to the low terminal voltage and
the inverter current limit. As shown in Fig. 13, after the fault
is cleared, as the voltage recovers, the inverter outputs more
active power to speed up the SC, and the frequency increases
correspondingly. Fig. 14(a) and (b) also show the terminal
voltages for positive and negative sequences, and for different
phases. The GSI case has 0.06 p.u. higher voltage than the SG
case, which has been discussed above.

The voltage performance comparison between the SGBR
and the GSI under different fault conditions is shown in
Fig. 15. The GSI cases have higher terminal voltages than
their corresponding SGBR cases. Therefore, the proposed GSI
setup can maintain the grid voltage at an even higher level
during fault transients so that the system loads will not be
affected. It can also be concluded that the GSI unit can output
more overcurrent under the same system conditions. Again,
the overcurrent level can be adjusted with a lower rating SC.

The frequency nadir during the fault period under different
fault conditions is shown in Fig. 16. When the fault resistance
is low (but near zero), the system consumes more active power
during the fault. Because the SC has lower inertia than the
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FIGURE 17. Frequency nadir comparison considering different SC inertia
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FIGURE 18. Frequency nadir during the fault period in terms of different
IBR current limits (the SC inertia constant H=1.1 s).

SGBR, when the inverter reaches its current limit, the GSI has
a lower frequency nadir than their corresponding SGBR case.
However, when the fault resistance is large, the system does
not consume much active power during fault. In this case, if
the inverter does not hit its current limit, it can support all the
active power for the external system and the SC, so the GSI
has a larger frequency nadir than the SGBR.

C. IMPACT OF THE SC INERTIA

As discussed above, compared to the SGBR, the lower inertia
constant of the SC results in a lower frequency nadir during
the fault period. However, the inertia constant may vary in
different machines, and the inertia constant of the SC can
be increased with a flywheel or special mechanical design.
Therefore, the impact of the SC inertia is studied. A higher SC
inertia constant, 2.33 s, which is 1/3 of the SGBR inertia con-
stant, is considered. As shown in Fig. 17, with higher inertia
constant, the frequency nadir curve of the GSI is improved. If
desired, the frequency performance of the GSI can be further
improved by adding inertia to the SC, such as a flywheel, or
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FIGURE 20. Frequency nadir during the fault period in terms of different
system loads (the SC inertia constant H=1.1 s; inverter current limit is 1
p.u.).

by increasing the inverter current limit as will be discussed
below.

D. IMPACT OF THE INVERTER CURRENT LIMIT

In the above conditions, the inverter current limit is set at 1
p.u., which is the lower boundary. Since the inverter mainly
outputs active power to support the terminal voltage fre-
quency, the current limit impacts the maximum active power
output during the transient and therefore impacts frequency
performance. As shown in Fig. 18, a higher inverter current
limit will lead to a lower frequency drop with a larger available
active power.

E. IMPACT OF SYSTEM LOADS

To evaluate the impact of system load level, three system
loads, L, L, and L3, are changed all to 0.25 p.u. active power
and 0.15 p.u. reactive power. Therefore, the system has a total
load of 0.75 p.u. active power and 0.45 p.u. reactive power.
The comparison studies are conducted in three-phase fault
conditions. As shown in Fig. 19, the SGBR case with a larger
load shows a little lower voltage drop because its field current
and internal back-emf are higher; however, the two GSI cases
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FIGURE 23. Droop curves of (a) frequency and (b) voltage.

do not show much difference because their SC field current
and internal back-emf differences are much smaller than those
of the SGBR cases.

The comparison of the frequency nadirs during the fault pe-
riod is shown in Fig. 20. With a larger system load, the SGBR
case has a larger frequency nadir, because of the overall active
power difference between the fault period and the steady state
is smaller. For the GSI cases, however, a higher system load
leads to a smaller frequency nadir because of less inverter
current margin for frequency support.

544

Terminal voltage (p.u.) zTerminal voltage (p.u.)

i

99 10 101 102 103 104 105 .99 10 101 102 103 104

A5
2

. SGBRI curre 5m6 “S::j) Time(s) L SGBR2 C_T;‘z(pjz:) Tin{en(ss)
A1 ssamsnssassann o (U ——
, Terminal voltage (p.u.) ® . (b) .
WM&T‘“\‘ Q) TﬁxWmWMTMMW ﬁxWmWMMMWM
P’l’WxWMWMWﬂﬂﬂﬁmm&w& ﬁmmmwrmmwl S i

103 104 105 102 103 104

SCZ currem (L)
[ 4.8

0.
SCl cunent (p. u) Time(s) ) Tim‘e(ﬁs)

Mm«wwm

9 103 104

05
6Tmal GSIZ current u Tlme(s

I\I\ .“‘m’m““‘m \.‘\I\I\I /\/\ AR RN

9 10 101 102 103 104 105 % 1 101 02 103
Time(s)

(©) (d)

104
Txme(s)

FIGURE 24. Terminal voltage and current waveforms during the single
phase-to-ground fault in (a) SGBR1, (b) SGBR2, (c) GSI1, and (d) GSI2.

, 4 Phase voltage (p.u.) Phase voltage (p.u.)

14

12 2

% (GSI2) _

v.(SGBR2) | (GSI1) °
v, (GS

v.(SGBR1) ™

1 i

08

08 ~ v, (GSI2)

v, (GSI1)

3, (SGBR2)

06 v, (SGBR1) 06

04 04
v.(SGBR1), 0.17 p.u. v, (GSI1), 0.2 pau

=.. /
™2, (GSI2), 0.16 p.u.

02 02

\;/
*._Va(SGBR2), 0.15 p.u.

[)
98 10 102 104 106 108 11 112 9.8 10 102 104 106 108 11
Time(s)

(a) (b)

12
Time(s)
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F. IMPACT OF THE INVERTER CURRENT RAMP

In practice, the energy resource of the IBR has a power change
rate limit. As a result, the inverter current cannot change
instantaneously. To evaluate the impact, a current ramp is
added to the inverter’s current reference input. Three different
current ramp rates: no ramp (used in the above conditions), 5
p-u./s, and 1 p.u./s, are taken into consideration. This limita-
tion has little impact on the voltage performance but has an
impact on the frequency performance. As shown in Fig. 21,
a slower current ramp rate leads to a larger frequency drop
during the fault period. The impact of the current ramp rate
on the frequency performance is relatively small. If desired,
faster energy resources such as battery energy storage can be
used to improve the ramp rate.
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FIGURE 28. Frequency and angle waveforms of (a) the SG case and (b) the
GSl case.

IV. MULTIPLE-UNIT OPERATION

In a large power system, multiple generation units operate
together. A two-unit system is taken as an example to eval-
uate the performance of multiple proposed GSIs. The system
configurations of the SGBR case and the GSI case are shown
in Fig. 22(a) and (b), respectively. Two generation units are
connected at the two ends of the power grid, which has three
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buses, and the line impedances of Busl to Bus2 and Bus2 to
Bus 3 are 0.03 p.u. and 0.05 p.u., respectively. All buses have
identical loads: 0.5 p.u. active power and 0.33 p.u. reactive
power, so the total system load is 1.5 p.u. active power and
1 p.u. reactive power. Each generation unit operates individ-
ually, and no communication is needed. To realize the active
and reactive power sharing between the two generation units,
the voltage and frequency droop curves shown in Fig. 23(a)
and (b) are adopted.

A single-phase-to-ground fault is applied on Bus 2 at 10
s. It lasts for 10 cycles and is then automatically cleared.
Comparisons between the SGBR and GSI cases, and between
the GSI1 and GSI2 are conducted.

The terminal voltage and current waveforms of SGBRI,
SGBR2, GSII1, and GSI2 are shown in Fig. 24(a), (b), (c),
and (d), respectively. In both the SGBR case and the GSI
case, the two generation units share both the steady-state and
transient currents, which verifies the multi-unit operation of
the proposed GSI. Also, during the fault transient, although
the SC outputs a little smaller current than the SG, the total
output currents of the GSI units are similar to those of the
SGBR units, which verifies the overcurrent capability of the
proposed GSI in multi-unit operation.

The phase voltage waveforms of the SGBR case and GSI
case are shown in Fig. 25(a) and (b), respectively. During both
the steady state and the fault transient, the two GSI units have
similar terminal voltages. Also, the three-phase voltages in the
GSI case are slightly higher than those in the SGBR case. The
observation is the same as in the single-unit operation.

The frequency performances of the SGBR case and GSI
case are shown in Fig. 26(a) and (b), respectively. The two
generation units have similar frequency waveforms, and the
slight difference is due to the different line impedances. More-
over, similar to the single-unit operation, the GSI case has a
larger frequency drop during the fault period due to lower SC
inertia and the inverter current limit, compared to the SGBR
case.

V. TRANSIENT STABILITY PERFORMANCE

The transient stability performance is another key point for the
proposed GSI. A comparison is conducted between the SGBR
and the GSI with a system configuration shown in Fig. 27(a)
and (b), respectively. The generation unit, the SGBR or GSI,
transfers energy to the infinite bus through two transmission
lines, i.e., Line 1 and Line 2. Each transmission line has an
impedance of 2X. A three-phase fault is applied on Line 2
for a certain period, Ty, which corresponds to the fault
clearing time. Then, the fault is cleared through the operation
of switches K3 and K4. Therefore, after the fault is cleared,
Line 2 is disconnected and only Line 1 can deliver power. The
location of the fault is determined by the location factor, a,
which is between 0 and 1.

An example is taken to show the difference in the transient
stability performance between the SGBR and the GSI. In
both cases, the line impedance X=0.1 p.u. and the location
factor a=0.03, which means the fault happens close to the
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generation unit bus. Based on the classical swing equation
and the mechanical equation of the SGBR [34], the critical
clearing time is around 0.35 s, so 0.35 s and 0.4 s fault
clearing times are applied, respectively, to the SGBR case.
As shown in Fig. 28(a), with 0.35 s fault clearing time, the
SGBR does not have the transient stability issue. The an-
gle difference between the SG and the infinite bus increases
from 19° to 116° and then goes back to 32° in the post-fault
steady state. At the same time, the frequency increases to
60.8 Hz and then goes back to 60 Hz. However, with 0.4
s fault clearing time, the SG frequency keeps increasing,
losing synchronism with the infinite bus even after the fault
is cleared.

The GSI, however, performs in a quite different way than
the SGBR. As shown in Fig. 28(b), three different fault clear-
ing times, 0.25 s, 0.5 s, and 2.0 s, are applied, and the GSI
does not exhibit the transient stability issue in all three cases.
Although during the fault period, the SC loses synchronism
with the infinite bus, after the fault is cleared it can reestablish
the synchronism, even with a quite long fault clearing time,
such as 2.0 s.

Another difference between the GSI and SGBR is that the
frequency in the SGBR case increases during the fault period,
while it decreases in the GSI case. The fundamental difference
is that the SC does not have a mechanical power input as the
SG. When a fault happens, the SC may not get sufficient active
power to compensate for its power losses and keep rotating at
the rated speed. As a result, the SC will slow down, and the
frequency will drop. When the fault is cleared, even though
the SC rotating speed is low (so is the frequency), the IBR can
output more active power to speed it up, and the frequency will
eventually go back to the reference. Then, the synchronism
between the GSI unit and the infinite bus can be reestablished.
Therefore, it can be concluded that the GSI does not have
transient stability issues. Again, although the frequency drop
in the GSI case is larger, it can be improved by increasing the
inertia of the SC.

V1. DISCUSSION

This paper has demonstrated the importance of the overcurrent
capability of GFM IBRs during short circuit transients, and
proposed and validated through simulation the GSI concept
and its control method in grid forming operation. The GSI
provides a relatively simple solution for providing overcurrent
capability based on the available inverter and SC technologies,
with changes needed only for their control. Several aspects re-
lated to the design and operation of the GSI are not considered
and need to be further investigated in future work.

1) The system-level design of the GSI. Not all IBRs in
the system need to work in the GFM mode or need
to provide overcurrent capability. Therefore, some IBR
does not need to have an SC. Instead, the GSI can
be implemented based on the system level needs from
a system study, which needs to be performed anyway
when installing a generation source
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2) Adding an SC to an IBR will add cost, just like any other
solution to provide overcurrent capability. As men-
tioned earlier, if other more cost-effective overcurrent
sources become available, they can be used instead to
replace the SC or the GSI. One such potential solution
is only to use IBR with energy storage and an oversized
inverter. However, today’s grid-tied inverters are not de-
signed to provide only transient overcurrent capability.
Over-sizing inverters based on the rated current will
likely be noneconomical and not necessary since grid
transients are mostly short in time. One potential future
work is to develop a cost-effective inverter with five to
ten times transient overcurrent capability. In addition,
a new IBR inverter design approach is desired for this
type of inverter.

3) The SC rating selection and the IBR inverter current
limit setting. As one unit, the GSI’s overcurrent is
shared between the SC and the IBR inverter. The selec-
tion of the SC rating and the inverter current limit also
needs to be studied to get a better performance consid-
ering system performance like inertia, grid strength, and
the overall cost.

4) The impact of the SC ratings and parameters. The SC
does not need to have the same rating as the SG, which
is an assumption in this paper for comparison purposes.
Instead, the ratings of the SC can be designed to have
more or less inertia, to provide more or less transient
overcurrent, etc.

5) The impact of the energy resources. The energy re-
sources could be PV, wind, fuel cell, etc. Since they have
different characteristics, for example, the power ramp
rates, the design of the GSI for them could be different.

6) Experimental testing. Since this work focuses on con-
trol using the well-known IBR, SC, and SG models,
simulation should be sufficient to validate the method.
For eventual experimental validation, full-scaled SC and
SG are needed as their small-scaled counterparts do not
represent the large machine transient behaviors well.

VIl. CONCLUSION

In this paper, a GSI setup is proposed, which combines a
current-limited IBR with a co-located SC, to provide an over-
current comparable to an SGBR. Different from the existing
use of SCs, which are installed in the system and operated
independently to provide overcurrent and inertia, the proposed
GSI scheme combines the SC and the IBR at the source side
to provide grid forming functions, including the overcurrent
from the integrated generation source. The terminal voltage
is controlled by the SC through its excitation control, and the
frequency is controlled by the IBR through its active power
control.

The performance of the proposed GSI is confirmed through
the simulation comparison studies between the GSI and the
SGBR in steady-state operation, different grid fault condi-
tions, multiple-unit operation, as well as transient stability
performance. It is found that the GSI can provide a similar or
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slightly higher overcurrent than its SGBR counterpart. With
the available overcurrent capability, the grid transient voltage
supported by the GSI will be more than adequate compared
with the SG. It can also be concluded that the system pro-
tection and black start will not be impacted. Moreover, the
proposed GSI setup does not exhibit any transient stability
issues; even after a long fault duration, the GSI can reestablish
the synchronism. Due to the smaller SC inertia constant, the
frequency variation of the GSI is larger than that of the SGBR
when the inverter current is limited to 1 p.u. However, if the
frequency drop variation is not in an acceptable range, it can
be improved by adding inertia to the SC and/or by allowing
a small overcurrent for the inverter. Also, the proposed GSI
and its control can be easily extended to multiple units, and
frequency and voltage droop control can be adopted to achieve
power sharing among different units.
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