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ABSTRACT It is expected that the penetration of renewable-energy-based generators will rapidly increase
worldwide. These factors also lead to an increase in the portion of inverters in the power system. This paper
proposes a method to scale up the slack generator size based on parallel inverters. All of the multiple parallel
inverters except one share the measured power from the slack bus to the grid by a predetermined ratio based
on their sizes. A single inverter that does not participate in power sharing is allocated to be in charge of
clearing the small power gap caused by the control delay and the measurement error (i.e., the physical slack).
As aresult, the net size of the scaled-up slack generator is n times greater than that of the physical slack when
n non-slack inverters are added to the physical slack inverter. The proposed method is validated based on
a real island power system model in Korea using a power system computer-aided design/electromagnetic
transient including DC (PSCAD/EMTDC™),

INDEX TERMS DG acceptability, large IFSA microgrid, load sharing, parallel inverter connection, scale-up

of slack generator.

I. INTRODUCTION

A. MOTIVATION AND INCITEMENT

Since the recent advent of COVID-19, ESG (environmen-
tal, social, governance) considerations have emerged as very
important factors even for businesses. Especially in regard
to environmental issues, CO, emissions must be reduced to
below 45% of the 2010 levels by 2030 to limit the global
warming to under 1.5°C [1]. Relatedly, the Korean govern-
ment plans to implement ‘“‘renewable energy 3020, which
aims to increase the country’s dependency on renewable
energy sources by up to 20% by 2030 [2]. In particular, more
than 80% of the power generated from renewable energy
sources will be variable renewable energy (VRE), which is
fluctuating in nature, such as solar and wind.

Despite the positive aspects of global movements, there
are many technical issues to be discussed. One of them is
the power system voltage stability. Even though the Korean
power system currently has very good stability, it becomes
difficult to keep it in good condition with increasing
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renewable energy sources, which are connected to the system
via power inverters [3], [4].

The voltage of a conventional generator bus in a power
system is kept constant with the control of the excitation
system, but it is difficult to apply the same approach for DGs
with VRE connected through a converter. In addition, the real
and reactive power control of the converter might impact the
bus voltage, which must be used as a reference point for
power control because of the converter’s controlling nature.

B. LITERATURE REVIEW

To improve the voltage stability in an inverter-based system,
synchronized GPS-time-based multiple slack bus control is
proposed [5]. The key prerequisite, however, for multiple
slack bus control is the inverter size. The inverter cannot oper-
ate as the slack generator for power system events exceeding
the inverter size. In practice, nevertheless, the inverter size is
much smaller than that of a conventional generator. There-
fore, a group composed of multiple inverters is required for
slack operation. Only one inverter can be in charge of com-
mon bus voltage control to avoid hunting between multiple
voltage controls on the same bus. Therefore, the net size of the
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slack generator is the same as that of the voltage-controlled
inverter even if there are numerous inverters. As a result,
power sharing among multiple inverters is the key technol-
ogy to enlarge the effective size of the inverter-based slack
generator.

Sliding mode control is studied to support the grid voltage
by grid-connected inverters even in weak grid conditions such
as distorted grid voltage [6]. Although this method is useful
when the voltage given by the grid is weak, the inverter cannot
operate as a reference of the entire grid voltage. Sensorless
model predictive control is studied under unbalanced and dis-
torted grid voltages [7]. This method requires very accurate
grid impedance information for the prediction. In practice,
however, the equivalent grid impedance is not known and
even changes over time.

Many researchers have applied droop-based control to
multiple inverters in power systems for power-sharing. A vir-
tual impedance-based droop control was proposed to improve
the flexibility of P-f and Q-V control [8]. Droop control in the
d-q axis has also been proposed [9]. There is also a droop con-
trol approach to limit the current [10]. The main purpose of
this control is to protect the device from unrealistically large
currents. In addition, there have been stability studies for not
only determining the stable region by adjusting the droop
ratio of conventional P-f and Q-V droop controls [11], [12]
but also for calculating the damping ratio automatically to
reduce the oscillations [13]. However, the proposed methods
might not be feasible to implement in a single bus.

A droop-free distributed control method [14], a stochas-
tic control method [15], and power flow analysis-based
approaches [16], [17] have been developed to overcome the
limitations of conventional droop-based control in a multibus
power system. In a single bus, however, the drawbacks of
the droop-free method become rather pronounced due to
the high dependency on communication and mathematical
uncertainty.

There are also several studies of virtual synchronous gen-
erators [18]-[21]. These methods limit the responses of the
converters to the synchronous generator and thus, make it
rather worse because the multiple inverters play the role of
a virtual large single inverter.

Robust repetitive control of the inverter is studied for stand-
alone operation [22]. This method, however, considers only a
single inverter operation rather than that of multiple inverters.
In addition, this method does not avoid the problem of control
hunting between multiple inverters. There is also a study
of voltage control based on the expanded inverse model of
the inverter [23]. This method, however, does not require
multiple inverter operations on the same bus. Additionally,
it requires substantial computational effort for neural network
applications. Virtual multi-slack (VMS) control [24], [25] is
useful to control bus voltages without hunting between mul-
tiple inverters. However, it is not feasible for multiple invert-
ers in a single bus because the admittance matrix becomes
infinite.
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C. CONTRIBUTION AND PAPER ORGANIZATION

In this paper, a scaled-up slack generator is virtually imple-
mented by multiple inverters connected to a single common
bus. The required power is shared among the inverters based
on aggregated power measurement from the common bus
to the grid. A single inverter is allocated to be in charge of
clearing the small power gap caused by the control delay and
the measurement error.

The multiple inverter-based scaled-up slack generator
allows a large size inertia-free stand-alone (IFSA) micro-
grid [5] even if the size of each inverter is small. It overcomes
the shortages of the conventional power-sharing methods
such as droop and VMS etc., by the parallel connection
of multiple inverters on a single bus. Also, the scaled-up
slack generator can be simply applied to solid-state trans-
formers [26], [27]. The small current rating of the power
electronics switch can be overcome by the parallel-connected
multiple solid-state transformers. This results in a simple
expansion of the capacity of the solid-state transformer by
means of a multi-level topology together.

This paper is organized as follows. First, the problem
formulation is described in Section II. Then, a scaled-
up slack generator is proposed in Section III. There-
after, the changeover between the slack and PQ modes is
given in Section IV. After that, case studies are shown
in Sections V-VIII. Finally, the conclusion is given in
Section IX.

Il. PROBLEM FORMULATION
IFSA microgrid has no synchronous generators and is pow-
ered only from inverters so that it does not have physical
rotational inertia [5]. At least one inverter must be operated in
slack control to prevent severe frequency variation caused by
zero rotational inertia. To apply the GPS time synchronization
based IFSA microgrid operation method to a large IFSA
microgrid, some of the DGs might need to be scaled up for
proper power supply. As is commonly known, the size of the
DG can be scaled up by increasing the voltage or current
ratios. To use high voltage, the DG might require MMC
because of the limitation of the maximum voltage rating of
commercial IGBTs. However, MMCs are much more com-
plicated than single-level inverters, so they might be exposed
to malfunctions more frequently than single-level inverters.
In contrast, the size of the DG can be scaled up easily using
a large current by parallel connection of multiple single-level
inverters. In this case, malfunctions of some inverters could
not be a serious problem owing to the normal operation of
the other inverters. The situation can be simply resolved by
removing the faulty inverters.

Every DG in the IFSA microgrid directly controls the
magnitude and phase angle of its connected bus voltage. The
real and reactive powers from the DG are calculated as

n
P = Z|Vi||vj||Yij|COS(9ij_5i+5j) (D
j=1
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n
Qi = — Y IVillVjl|Yylsin(0 — 8 + &) )
j=1

where i and j are the DG connected and adjacent buses,
respectively. V; and §; are the voltage and phase angle on
bus i, respectively. Yj; and ¢;; are magnitude and phase angle
components, respectively, of the admittance matrix related
to buses i and j. In general, small control errors of the DGs
are not a problem. This is because errors between multiple
DGs do not have a significant impact on the power flows
due to impedance. In the case of multiple inverters connected
on the same bus, by contrast, large power flows can dam-
age the inverters because of the extremely small impedance
(i.e., extremely large |Y|) of the bus bar. Therefore, only one
inverter must be given the right to control the magnitude and
phase angle of the bus voltage (i.e., the slack DG).

Ill. SCALED-UP SLACK GENERATOR

To scale up the slack DG, multiple inverters are connected
to a bus, as shown in Fig. 1, including one slack-controlled
inverter.

(DG, ——— |
i—--*l DG Controller |‘“"P-";-Q-f;"i

1 1

i Renewable -~ i

: Source i

| i

1 1

1 1

i 1l :

i T i

1 ]

i i
teecdeepmfece=qd- o e e o | "

| | H I

¥ v ¥ :

Slack [ | I| PQ |
control % [« " 4 Y I P4 : control |
I 1

T ' T T !

1

Vi |

Common slack bus B i

FIGURE 1. Scaled-up slack DG including one slack and multiple real and
reactive power-controlled inverters.

In the scaled-up slack DG, the real and reactive power
references for the PQ-control mode inverters are determined
by

Pn,ref = XuPm 3)
Qn,ref = X,Om 4)
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where P, and Q,, are the real and reactive powers, respec-
tively, that flow from the common bus to the transformer.
The number of PQ-control mode inverters is denoted by n.
The weight x is determined in proportion to the size of the
inverter. In other words, the sum of the weights must be one.
Moreover, the slack controlled inverter operates based on (5),
similar to the other inverter-based slack generators.

Vsa = V) sin (ot +0)

2
Vsp = V) sin (a)t + 571 + 9)

Vse = Vpsin (a)t — %n + 9) 5)
Vm
Vv
Vier — » Pl »

FIGURE 2. Voltage magnitude controller for the slack-controlled inverter
of the scaled-up slack DG.
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FIGURE 3. Real and reactive power controller for the nth PQ-control
mode inverter of the scaled-up slack DG.

where Vg and V), are the instant terminal voltage of the
inverter and its peak value, respectively. The phase angle
of the terminal voltage and the rated system frequency are
denoted by 6 and w, respectively. To keep the magnitude
of the voltage constant on the common slack bus, V) is
controlled by Fig. 2. where V,, is the measured magnitude of
the common slack bus voltage. When V,, is smaller than the
reference Vs, V), increases toraise V,;, to V.. In the opposite
case, V), decreases to reduce Vy, to Vjer. The slack-controlled
inverter uses fixed 6 regardless of the grid condition. This is
because the PQ-control mode inverters share all of the load
by (3)-(4) so that the power from the slack-controlled inverter
is zero in the steady state. Therefore, the common slack bus
can maintain a constant phase angle of voltage without com-
plicated phase control. Meanwhile, each PQ-control mode
inverter operates by well-known real and reactive power con-
trollers, as shown in Fig. 3. The direct and quadrature axis
terminal voltage references are transformed into three-phase
references by synchronous inverse Park’s transformation.
As a result, the PQ-control mode inverters are in charge of
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load sharing. In contrast, the slack controlled inverter is in
charge of maintaining the voltage on the common slack bus
and finely balancing the load and generation.

IV. CHANGE-OVER BETWEEN SLACK AND PQ MODES

To improve the reliability of the IFSA microgrid, every
inverter in a DG must have the ability to operate in slack
control mode. To prepare the sudden trip of the slack-control
mode inverter, one of the PQ mode inverters is selected as a
back-up slack during its operation as shown in Fig. 4.

First, it is determined whether a PQ-control mode inverter
remains. If there is no remaining PQ-control mode inverter,
the DG does not select a back-up slack inverter and terminates
the selection process. This is because there is no inverter in
operation except the slack-control mode inverter. In contrast,
the DG selects a back-up slack inverter if there is at least
one PQ-control mode inverter. Next, the DG checks if the
back-up slack-control mode inverter is on. If the back-up
slack-control mode inverter is off, the process returns to
check the remaining PQ-control mode inverters. In the case
that the back-up slack-control mode inverter is on, the DG
checks if the slack-control mode inverter is on. If the slack
inverter is on, the process goes back to check the back-up
slack-control mode inverter. The back-up slack-control mode
inverter changes its operation mode from PQ control to slack
immediately if the original slack-control mode inverter is
off. The entire process repeats until there is no remaining
PQ-control mode inverter. To apply the proposed changeover
process to the DG, each inside inverter must be able to operate
in the slack-control mode as well as in the PQ-control mode.
Additionally, the grid impact must be minimized during the
mode transition.

( Start DG Operation )

PQ Inverter has Remained
Y

| Select Back-Up Slack Inverter |

‘I Back-Up Slack Inverter is On
Slack Inverter is On
N

| Set Back-Up Slack to Slack |—

—}( End of Back-Up Selection )

FIGURE 4. Flow diagram of the operation mode change-over in the
individual scaled-up slack DG.

To achieve these goals, each inverter controller is imple-
mented, as shown in Fig. 5. In PQ-control mode, the left side
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of the ‘hold on data in slack mode’ block operates in the same
manner as the PQ controller in Fig. 3. Meanwhile, the ‘hold
on data in slack mode’ block passes the input data as it is, and
the root-mean-square bus voltage (V,,,s) is not controlled. The
‘dq to abc’ block operates based on the following equation.

cos(®) sin(®)

V. 2 2
ML 2 cos(® — Zx) sin(® — Zx) | [ Via
Vo | = 3 3 3 v
Vs 5q
Sc

2 . 2
cos(® + 571) sin(® + 571)
(6)

where ® = wt + 6. For the PQ-control mode, the phase angle
from the synchronized reference dg-transformation, 6gyucn
is used for 6. The rated system frequency and GPS-based
synchronized time in [5] are used for w and ¢, respectively.
In slack-control mode, by contrast, the PQ controller does
not work by making the inputs of PI; to Ply zero. Addi-
tionally, V,,,,s is controlled (instead of the real and reactive
powers) by PIs, and the phase angle of the bus voltage 6, is
controlled by Plg to follow 6,,¢. The result of Plg, ¢ deter-
mines the phase angle of the terminal voltage. At the moment
of the change-over to the slack-control mode, 6 is the same as
the last value of 6y, and the captured constant data by ‘hold
on data in slack mode’ blocks are used for the magnitude of
voltage control to minimize the transition impact on the grid.
In other words, the outputs of the ‘hold on data in slack mode’
blocks in the slack-control mode are fixed as the last values of
the PQ-control mode. Finally, Vi, rer and 0, are determined
by an upper-level microgrid control center described in [5].

V. CASE STUDIES WITH INTERNAL CHANGES

The proposed scaled-up slack generator is verified using a
practical stand-alone microgrid as shown in Fig. 6, which
is composed of real island power system data in Korea.
Here, two scaled-up slack generators are connected to
buses 9 and 23. The diesel generators on bus 1 in the orig-
inal system are substituted by the proposed scaled-up slack
generator.

For the verification, the scaled-up DG in bus 9 is manip-
ulated. The output is set as 1 MW and 0.1 MVAr by
adjusting the microgrid. The scaled-up DG is initially com-
posed of ten PQ-control mode inverters and one slack con-
trol mode inverter. Each PQ-control mode inverter is in
charge of 0.1 MW and 0.01 MVAr load. The slack-control
mode inverter only complements the difference between
the generation and load caused by the delayed response
of the PQ-control mode inverters. Its average output is set
close to zero. In this case, the DG is exposed to the most
severe situation when only the slack control mode inverter is
disconnected.

A. SLACK INVERTER DISCONNECTION

The back-up slack generator operates in PQ-control mode
when the slack-control mode generator operates normally.
The back-up slack generator should take over the initial slack
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FIGURE 5. Inverter controller including the changeover between slack and PQ control.
DG 1
P '\/ Renewable
¥ I- -— Source & ESS
Bus17 Busl15 Busl4 Bus13 Bus12 Busll Busl0 Bus9 Bus7 Bus6 Bus5 Bus4 Bus3 Bus2
« L] I Y
Main Generator
=4 4 4 4 9 4 &H 4 F 1 Main
] ] [ ] v ] ] ] ] ] ] ] ]
Bus 8
Y
- Bus 35 .-a
— Bus 16 ——
| Bus 37 \?
¢ - Bus 36 I
73
Bus 33 Bus32| Bus31 Bus30 Bus28 Bus27  Bus26 Bus25 Bus24 Bus23 . Bus22 Bus2l |Bus20 Bus19  Bus18 =7
LI g3
L ﬂ ﬂ l =S
wn ®
]

ﬂ%ﬂ

l‘l

Renewable
Source & ESS

I CBG 1

Bus 34

]

DG 2

A

FIGURE 6. Practical stand-alone microgrid model with 37 buses composed of a real island power system data in Korea.

generator’s role when the initial slack generator is discon-
nected, as described in Fig. 4.

As shown in Fig. 7(e), one of the PQ-control mode inverters
(i.e., the back-up slack) starts to operate in slack-control
mode when the original slack-control mode inverter is dis-
connected at 0.5 seconds. Initially, the original slack inverter
generates near-zero power so that the impact from the dis-
connection of the inverter is quite limited. Therefore, the
grid voltage and phase are maintained during the short time
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of the control mode change of the back-up slack inverter
from PQ-control to slack-control. After the transition to
slack control mode, the DG controller increases the output
powers of the remaining PQ-control mode inverters up to
approximately 0.111 MW and 0.0111 MVAr to make the
average output power of the new slack-control mode inverter
be set close to zero (Figs. 7(a)-(b)). The magnitude and
phase angle variation of the bus voltage is smaller than
0.01 pu and 0.01 radians during the rebalancing of power
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between the remaining PQ-control mode inverters as shown
in Figs. 7(c)-(d).

Measured Data on Common Slack Bus
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FIGURE 7. Inverter responses to the initial slack control mode inverter
disconnection (0.5 seconds) and the entire load disconnection

(1.5 seconds): initial slack control mode inverter (blue line), back-up slack
inverter (orange line), and a representative of other PQ-control mode
inverters (yellow line).

The new slack control mode inverter even effectively
responds to the most severe load change (i.e., entire load
disconnection at 1.5 seconds), similar to the general slack
generator. It consumes at most approximately 0.1 MW and
0.02 MVAr from the PQ-control mode inverters to match
the generation to no load (Figs. 7(a)-(b)). The momentary
increases in magnitude and phase angle of voltage are caused
by the real and reactive power absorption of the slack control
mode inverter (Figs. 7(c)-(d)). These values are limited to
approximately 0.025 pu and 0.02 radians.

B. ADDITIONAL INVERTER CONNECTION

As described above, the scaled-up slack generator maintains
its slack performance if there is at least one normally operat-
ing inverter. Therefore, only PQ-control mode inverters can
be additionally connected to the same bus to avoid collisions
between multiple slacks. As shown in Figs. 8(c)-(d), there are
no remarkable variations in the magnitude and phase angle
of the bus voltage. After the connection of the additional
inverter, the DG controller gradationally increases the output
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FIGURE 8. Connection of the PQ-control mode inverter at 0.5 seconds:
slack control mode inverter (blue line), additionally connected inverter
(orange line), and a representative of existing PQ-control mode inverters
(yellow line).

power of the newly connected inverter from zeros to 0.1 MW
and 0.01 MVAr for one second as shown in Figs. 8(a)-(b).
Meanwhile, the DG controller decreases the output powers
of the other PQ-control mode inverters from approximately
0.111 MW and 0.0111 MVAr to 0.1 MW and 0.01 MVAr to
maintain the average output power of the slack control mode
inverter at zero.

C. PQ INVERTER DISCONNECTION

In previous case studies, there have been negligible magni-
tude and phase angle variations in bus voltages when the
slack inverter is disconnected or an additional inverter is
connected. This is because the output power time deriva-
tives are very small in both cases at the event. From the
viewpoint of the power time derivatives, disconnection of the
PQ-control mode inverter might be the most severe event.
To evaluate the performance, one of the PQ-control mode
inverters is set to be disconnected at 0.5 seconds. As shown
in Figs. 9(a)-(b), the slack inverter instantly increases the
power to complement the slowly increasing power of the
PQ-control mode inverters. The instant power changes of
the slack-control mode inverter cause magnitude and phase
angle differences of the voltages between the common slack
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Measured Data on Common Slack Bus
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FIGURE 9. Disconnection of the PQ-control mode inverter at 0.5 seconds:
slack control mode inverter (blue line), disconnected inverter (orange
line), and a representative of existing PQ-control mode inverters (yellow
line).

bus and terminal bus of the slack-control mode inverter.
These differences are reflected in the common slack bus,
as shown in Figs. 9(c)-(d). Although the magnitude and phase
angle variations in the voltages become larger than 0.02 pu
and 0.03 rad, respectively, they restore their normal values
within 0.1 seconds.

VI. CASE STUDIES WITH EXTERNAL CHANGES

The base case output powers of the generators in
buses 1, 9, and 23 are approximately 0.75MW/0.06MVAr,
0.4MW/0.03 MVAr, and 0.7 MW/0.13MVAr, respectively.

A. DG DISCONNECTION

Disconnection of a DG is one of the most severe events in
the stand-alone microgrid. The performance of the proposed
scaled-up slack DG is evaluated by inspecting the main gen-
erator and the DG in bus 9 at 0.5 seconds at which the DG
in bus 23 is disconnected. The PQ-control mode inverters
share the steady-state load based on equations (3) and (4) by
themselves in both the main generator and the DG, as shown
in Figs. 10(a)-(d). Therefore, the slack-control mode inverters
maintain their output powers close to zero at the steady
state. Meanwhile, the slack-control mode inverters supply
meaningful powers at the moment of the DG disconnection to
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FIGURE 10. Responses to disconnection of the DG in bus 23 at
0.5 seconds: the main generator in bus 1 (left) and the DG in bus 9 (right).

complement the time-delayed response of the PQ-control
mode inverters. Although the DG in bus 23 is in charge
of more than one-third of the entire load consumption,
the scaled-up slack makes the disconnection of the DG not
severely impact the magnitudes and phase angles of the volt-
ages, as shown in Figs. 10(e)-(h).

B. VOLTAGE REFERENCES CHANGE

According to [5], the magnitude and phase angle of the DG
voltage must be controlled very accurately to supply proper
real and reactive powers. Therefore, it is very important
how accurate and fast the DG controls its magnitude and
phase angle. To verify the control performance, the volt-
age and phase angle references of two DGs are changed
while those of the main generator are fixed. As shown in
Figs. 11(g)-(1), all generators successfully control their output
voltages after a short moment of transients. In the same
manner, the phase angles track the references successfully,
as shown in Figs. 11(j)-(1). The power injections of the gen-
erators are determined by the conditions of the microgrid.
As shown in Figs. 11(a)-(f), the real and reactive powers of
the slack-controlled inverters are almost maintained at zero,
except for small transients. This is because the PQ-control
mode inverters properly respond to changes in the microgrid
operation.
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FIGURE 11. Responses of the main generator (left), DG1 (center), and
DG2 (right) to voltage reference changes.

C. LOAD CHANGE

To verify the performance of the proposed scaled-up slack
generator in response to load change, a total load of 1.87 MW/
0.26 MVAr load is reduced to 0.71 MW/0.12 MVAr. The
proposed scaled-up slack generators properly respond to the
load change. As shown in Figs. 12(a)-(f), the slack-control
mode inverters complement the instant power mismatches
among the changed load and the power from PQ-control
mode inverters. As a result, the magnitudes and phase angles
of the voltages are maintained constant after a short transient,
as shown in Figs. 12(g)-(D).

VII. CASE STUDIES WITHOUT UPPER-LEVEL CONTROL
One of the most important functions of the IFSA microgrid is
the operation without the signal from the upper-level oper-
ation system [5]. All of the DGs control their magnitudes
and phase angles of voltages using preset references when
the upper-level control is lost; in this study, the preset ref-
erences are selected as 1 pu and O radian, respectively. The
case studies VI-A and VI-C are conducted again without the
upper-level operation signals.

A. DG DISCONNECTION

The performance of the proposed scaled-up slack DG is
evaluated by inspecting the main generator and the DG in bus
9 at 0.5 seconds at which the DG in bus 23 is disconnected.
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FIGURE 12. Responses of the main generator (left), DG1 (center), and
DG2 (right) to a load change.

The PQ-control mode inverters share the steady-state load
based on equations (3) and (4) by themselves in both the main
generator and the DG, as shown in Figs. 13(a)-(d). Therefore,
the slack-control mode inverters maintain their output powers
close to zero at the steady state. Meanwhile, the slack-control
mode inverters supply meaningful powers at the moment
of the DG disconnection to complement the time-delayed
response of the PQ-control mode inverters. Although the DG
in bus 23 is in charge of more than one-third of the entire load
consumption, the scaled-up slack makes the disconnection of
the DG not severely impact the magnitudes and phase angles
of the voltages, as shown in Figs. 13(e)-(h). The magnitudes
and phase angles of the voltages are maintained at 1 pu and
0 radians.

B. LOAD CHANGE

The total load of 1.87 MW/0.26 MVAr load is reduced to
0.71 MW/0.12 MVAr. The proposed scaled-up slack gen-
erators properly respond to the load change. As shown in
Figs. 14(a)-(f), the slack-control mode inverters comple-
ment the instant power mismatches among the changed load
and the power from PQ-control mode inverters. As a result,
the magnitudes and phase angles of the voltages are main-
tained at 1 pu and O radians, respectively, after a short tran-
sient, as shown in Figs. 14(g)-(1).
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FIGURE 13. Responses to disconnection of the DG in bus 23 at
0.5 seconds: the main generator in bus 1 (left) and the DG in bus 9 (right)
without upper-level control.

Viil. COMPARISON WITH OTHER METHODS

Many of the previously introduced method in Section I-B are
not suitable for instant load sharing between inverters in a
single bus. This is because they require huge computational
effort for load sharing without time delay. In considerations
of the computational effort, only droop-based load sharing
is sufficiently light for the instant response in the previously
addressed methods. By the way, what the droop control has
in common is that it needs to measure voltage and frequency
(i.e. phase).

A. FIXED SLACK AND DROOP-BASED PQ CONTROL

In general, the slack-controlled inverter is controlled by (5)
to ensure robustness of the grid despite the improved stability
of [11]. Therefore, the average frequency is maintained in
constant even if the PQ-controlled inverters shake the com-
mon slack bus. To inspect the fixed slack effect to the droop
control, 1 MW/60 Hz and 0.01 MVAr/1 Vpu droop ratios
are applied to the PQ-controlled inverters. Fig. 15 shows the
result of applying P-f and Q-V droop to the PQ-controlled
inverter in the Section V-A. The PQ-controlled inverter must
reduce its output to zero to reserve power when its control
mode is changed to slack as shown in Fig. 7. However,
the droop-based PQ-controlled inverter does not properly
operate between 0.5 and 1.5 seconds as shown in Fig. 15.
Also, the slack-controlled inverter absorbs rather than
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FIGURE 14. Responses of the main generator (left), DG1 (center), and
DG2 (right) to a load change without upper-level control.

Measured Data on Common Slack Bus
T T : T T

Jal I
0.1F ¢ J OO A S e —— ﬂﬂ.“ .
\
s 0051 PQ to Slack Comrolf—f)‘\ 1
= een " T
0.05F Initial Slack Control \ }
01f | WAWSITREN
. . . . . . . . .

0 02 04 06 08 1 12 14 16 18 2
(@)

0.021 PQ to Slack Control—»| i

| L‘m.n Ly |

0 WWWWWWWNK |
001} Initial Slack Control W

. . | .
0 0.2 0.4 0.6 O.B 1 1.2 1.4 16 1.8 2
Time (sec.)

(b)

Q (MVA)

FIGURE 15. Inverter responses to the initial slack control mode inverter
disconnection (0.5 seconds) and 20% load disconnection (1.5 seconds):
slack inverters with fixed frequencies (blue & orange lines) and
droop-based PQ-control mode inverters (yellow line).

supplies power when 20% of the load is disconnected at
1.5 seconds. In other words, the droop-based PQ-controlled
inverters do not properly reduce their output powers due to
no grid frequency deviation.
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lines) and droop-based PQ-control mode inverters (yellow line).

B. DROOP BASED SLACK & PQ CONTROL

Both the frequency and power of the synchronous gener-
ator are controlled by the governor, so they are mutually
dependent. Therefore, the inverter, designed to emulate the
synchronous generator, can have dependency between the
frequency and power [18]-[21]. It means that even slack role
inverter has variable frequency rather than a fixed one for
power control. By the way, in the IFSA microgrid, the fre-
quency can be only estimated by the electrical measurement
due to the absence of the physical rotor. And thus, the mea-
sured frequency might have much noise caused by harmonics.
Therefore, a high droop ratio might cause system instability
from the power oscillation responding to the noise. To inspect
the effectiveness of the droop control, a 10 MW/60 Hz droop
ration is applied to the slack-inverter. Also, 1| MW/60 Hz
and 0.01 MVAr/1 Vpu droop ratios are applied to the
PQ-controlled inverters. Fig. 16 shows the result of applying
variable frequency inverter to Section VIII-A instead of the
fixed slack inverter. The real power of the PQ-controlled
inverters increases by the droop control, so the power of the
slack-controlled inverter is decreased as shown in Fig. 16(a).
Meanwhile, the real power ripple of the slack between 0.5 and
1.5 seconds is larger than that in Fig. 15(a) due to the droop
ratio of slack. Related to this, the system cannot operate stably
when a larger droop ratio is used. That is, the droop ratio
cannot be increased to make the output power of slack be zero.
In addition, 10% is the marginal possible load decrease for
the stable operation as shown after 1.5 seconds in Fig. 16(a).
Related to this, the system cannot operate stably when more
than 10% of the load is disconnected.

IX. CONCLUSION
This paper proposed a scaled-up slack generator based on
parallel inverters for reliable IFSA microgrids. The proposed
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method increased the size of the inverter-based distributed
generation (DG), without requiring a size upgrade of each
inverter by simply increasing the number of inverters.

To verify the performance of the proposed method, parallel
inverters were applied to the DG models in the practical
power system model and simulated by the electromagnetic
transient program (EMTP). The proposed scaled-up slack
generators successfully played a key role in the IFSA micro-
grid by maintaining constant connected bus voltages. As a
result, a large renewable energy could support the grid voltage
even if its size is greater than that of the largest individual
inverter.

In this study, the performance was verified within the
ranges of practical system parameters. However, it is expected
that further studies are required to apply the proposed method
to a system with an extremely large range of parameters.

It would be expected that the proposed method encourages
the expansion of renewable energies by enabling the DGs to
support the power system voltage instead of disrupting it.
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