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Abstract—Battery energy storage systems (BESSs) are an im-
portant asset for power systems with high integration levels of
renewable energy, and they can be controlled to provide vari-
ous critical services to the power grid. This paper presents the
real-world experience of using a megawatt-scale BESS with
grid-following (GFL) and grid-forming (GFM) controls and a
run-of-river (ROR) hydropower plant to restore a regional pow-
er system. To demonstrate this, we carry out power-hardware-
in-the-loop experiments integrating an actual GFL- or GFM-
controlled BESS and a load bank. Both the simulation and ex-
perimental results presented in this paper show the different
roles of GFL- or GFM-controlled BESS in power system black
starts. The results provide further insight for system operators
on how GFL- or GFM-controlled BESS can enhance grid stabil-
ity and how an ROR hydropower plant can be converted into a
black-start-capable unit with the support of a small-capacity
BESS. The results show that an ROR hydropower plant com-
bined with a BESS has the potential of becoming one of en-
abling elements to perform bottom-up black-start schemes as
opposed to conventional bottom-down method, thus enhancing
the system resiliency and robustness.

Index Terms—Run-of-river hydropower, battery energy stor-
age system, grid-forming control, grid-following control, black
start.

1. INTRODUCTION

ATTERY energy storage systems (BESSs) have been
recognized as one of the most critical units to ensure
the reliable and flexible operation of power systems with
high integration levels of renewable energy [1]. They pro-
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vide a variety of ancillary services, ranging from long-dura-
tion power smoothing and reducing the curtailment of renew-
able energy, to short-term system frequency and voltage sup-
port [2]-[7]. Currently, the majority of the commissioned
BESSs are operated in grid-following (GFL) mode, acting as
current sources [8]. Although the BESSs themselves are not
variable resources, they are interfaced with the grid through
power electronics converters. The control flexibility of
BESSs allows them to regulate the active and reactive power
to the power grid and to provide various functions to en-
hance power system reliability, such as droop control and
virtual inertia. These BESSs in GFL control mode have been
demonstrated in large-scale BESS plants as well as wind and
solar power plants [3], [5], [7]. Despite their easy control im-
plementation, GFL inverters rely on the existence of a strong
grid that is already formed by synchronous generators (SGs)
to maintain system stability. They are incapable of providing
any ancillary services during a power system blackout;
hence, a BESS in GFL control mode cannot be used as a
black-start resource even though the energy is readily avail-
able [8], [9].

Grid-forming (GFM) inverters have become a potential so-
lution to maintain system stability in power grids with high
levels of inverter-based resources (IBRs) where IBRs are
controlled as voltage sources, similar to SGs. They are differ-
ent from conventional GFL inverters, which “feed” the pow-
er grid formed by SGs [9], [10]. The North American Elec-
tric Reliability Corporation (NERC) states [11]: “GFM con-
trols maintain an internal voltage phasor that is constant or
nearly constant in the transient time frame. This allows the
IBR to immediately respond to changes in the external sys-
tem and maintain IBR control stability during challenging
network conditions. The voltage phasor must be controlled
to maintain synchronism with other devices in the power
grid and must also regulate active and reactive power appro-
priately to support the power grid.” The control and opera-
tion of IBRs in GFM control mode have attracted substantial
attention from power system engineers, and significant ef-
forts are now directed toward operating BESS, solar invert-
ers, and onshore/offshore wind power plants in GFM control
mode [12]-[21]. Various control methods have been pro-
posed for GFM inverters, such as droop control, virtual syn-
chronous machine, and virtual oscillator control [22]-[26].
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Droop control for GFM inverters is the simplest method to
provide GFM functionality, and it has been proven as reli-
able and efficient for islanded operation [27]. It is expected
that droop control for GFM inverters will be largely adopted
by the industry for bulk power system applications [9], [28].

Despite the extensive interest in operating utility-scale
BESS in GFM control mode, few research works have pre-
sented the practical experience and field demonstrations of
GFM BESS [12], [29], [30]. This paper discusses and dem-
onstrates the practical experience of using BESS in GFL and
GFM control modes to improve power system restoration
with a real-world example of a run-of-river (ROR) hydro-
power plant. ROR hydropower plants satisfy almost all ma-
jor criteria to operate as black-start units — they are capable
of operating in isochronous mode, and they are readily avail-
able because they require minimal time, fuel, and equipment
to restart. But they suffer from inherent frequency stability
issues when electric loads are being restored without the ex-
istence of a power grid [31]. Such issues in ROR hydropow-
er plants have been observed in a black-start demonstration
conducted by Idaho National Laboratory and Idaho Falls
Power [32]. The demonstration identified that the excessive
lowering of frequency nadirs in the ROR hydropower plant
resulted in multiple generator trips during the network black-
start process, wherein the hydropower governor played a ma-
jor role in the system frequency instability. Therefore, the
limited load-carrying capability of the hydropower generator
complicates and prevents smooth power system restoration.

Research and industry applications have well demonstrat-
ed that BESS in GFL and GFM control modes and droop
functions can stabilize the power system frequency by pro-
viding power compensation based on the measured frequen-
cy deviation [24]. Some research works have also noted that
GFM inverters can more effectively mitigate power system
frequency oscillations and improve the grid frequency nadir
and rate-of-change-of-frequency than GFL inverters due to
the direct power to frequency control [24], [33]; however,
there are still many unanswered questions, including how
BESS in GFL or GFM control mode can better support pow-
er system restoration services in coordination with other
black-start units and how BESS should be placed in the net-
work to better support a power system black start depending
on their individual control modes.

This paper uses BESS to support the power system black
start of a rural network using a 5.5 MVA ROR hydropower
plant considering that the available capacity of the BESS is
significantly smaller. For the system using a BESS in GFL
control mode with droop control, the BESS cannot operate
alone without first energizing part of the network; however,
it is capable of providing critical damping to maintain the
frequency stability of the ROR hydropower generator and to
keep the SG online during the load restoration. Besides, for
the system using a BESS in GFM control mode, the BESS
can operate alone as a black-start unit and energize a portion
of the critical load. It can be synchronized to the rest of the
network which is simultaneously energized by the ROR hy-
dropower generator. Therefore, the time of power system res-
toration is reduced by energizing the whole network in a par-
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allel manner. We are also currently performing power-hard-
ware-in-the-loop (PHIL) demonstrations on rural grid restora-
tion using the ROR hydropower plant supported by an actual
utility-scale BESS that can operate in either GFL or GFM
control mode at the Flatirons Campus of the National Re-
newable Energy Laboratory (NREL) in Colorado, USA [34].
The detailed system test configurations are given in this pa-
per. Both electromagnetic transient (EMT) simulations and
PHIL tests reveal the different roles and damping characteris-
tics of a BESS when it is operated in GFL or GFM control
mode. The high-fidelity system demonstration provides fur-
ther insight for utility operators on how an ROR hydropower
plant can become a black-start-capable unit with the support
of a small-capacity BESS. It also demonstrates the feasibili-
ty of the bottom-up black-start scheme with an ROR hydro-
power plant.

The rest of the paper is organized as follows. Section II
presents the modeling and control of an ROR hydropower
plant. It further pinpoints the root cause of its inherent fre-
quency instability when the hydropower generator is per-
forming load restoration. Section II also describes the GFL
and GFM controls of a BESS. Section III introduces the
PHIL test platform built around the 7 MW controllable grid
interface (CGI), 3 MVA load bank, and 1 MW GFL/GFM
BESS at NREL’s Flatirons Campus. Section IV analyzes the
results of the EMT simulations and PHIL demonstrations
and further compares the power system black-start perfor-
mance when a BESS is in different control modes. Section
V concludes this paper.

II. MODELING OF HYDROPOWER PLANT AND BESS

A. RoR Hydropower Plant

The ROR hydropower generator studied in this paper uses
a horizontal bulb-style Kaplan turbine, which is widely ap-
plied in low-head scenarios with moderate-to-high water
flows. The HOE hydro governor model is used to represent a
Kaplan turbine with a gate controller [35], [36], which can
be selected to operate in either speed control mode or load
control mode. To control an ROR hydropower generator as a
black-start unit, the speed control mode is used, as shown in
Fig. 1.

Wref

‘ 1+T,s

Fig. 1. Speed control mode of American Governor Company controller
(H6E hydro governor).

The governor droop R, is set as 0 p.u. if the ROR hydro-
power generator is the only black-start unit in the system.
Here, the ROR hydropower generator is controlled in iso-
chronous mode, where @, =1.0 p.u.. w, denotes the rotor
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speed of the SG. The proportional integral (PI) controller
H,(s) is used to generate the gate position command ge and
the derivative gain with low-pass filter. 7,s/(1+7,s) is a
feed-forward signal to gc from the speed transducer. The
gate servomotor responds to gc, which further adjusts the
water flow, ¢, and the mechanical power, P,, to the SG. Our
previous black-start demonstration using the 8.9 MVA ROR
hydropower plant [32] indicates a significant frequency nadir
(up to 4 Hz) can be observed with a 0.5 MW load step. This
is directly related to the low inertia and the hydro gover-
nor’s slow response of the ROR hydropower generator. The
demonstration also indicates that the tunning of governor
control parameters can only lead to marginal improvement
in generator’s frequency response where under frequency re-
lay may still trip during a load restoration. Due to the me-
chanical limitations of the hydropower governor device, the
maximum gate actuator velocity, v,,,, is limited, which can-
not support relatively large load steps that can be applied to

Turbine speed-to-power characteristic
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the hydropower turbine while maintaining the stability of tur-
bine speed. This further prohibits an ROR hydropower gener-
ator to become a black-start-capable unit without the frequen-
cy damping control from BESS. In Fig. 1, g,.. and g, are
the maximum and minimum gate actuator strokes, respective-
ly; and 7, is the speed transducer time constant.

The lower path of Fig. 2 describes the turbine blade char-
acteristics. The nonlinear characteristics of the gate position
to the blades are modeled by a one-dimensional interpolation
function as a lookup table with the output signal as bc. Simi-
larly, the piecewise linearized characteristics of the water
flow to power is modeled as a look-up table with the output
signal as pgv. The parameters of the HO6E hydro governor
used in this paper are based on the field measurements of a
plant, which are given in Appendix A Table Al in per-unit
values. Detailed characteristics of the gate position to blade
and the water flow to power are also given in Appendix A
Fig. Al.

S
wrcl‘w )
Wy )
n Kg Velm i 8Emax Look
gc B 00K-up
- 14+Ts | - s 7 table
Velm &Emin

Turbine gate servo

Look-up| bc +
table ﬁ
Turbine blade
dynamics

Fig. 2. System diagram of Kaplan turbine model.

B. GFM- or GFL-controlled BESS

Figure 3 shows the control diagrams of a single-stage
BESS in GFL and GFM control modes, as described in [9]
and [10]. v, and i, are the voltage and current feedbacks of
the BESS outputs, respectively, after the abc-dg transform.
Modulation signals, m,, are used to generate the pulse
width modulation (PWM) signals and drive the three-phase
voltage source converter. Figure 3(a) and (b) shows the out-
er-loop controls of the BESS in GFL and GFM control
modes, respectively. Here, P, and Q. are the power refer-
ences, and the instantaneous active and reactive power out-
puts are denoted as P and Q, accordingly. The inner-loop
current control, illustrated in Fig. 3(c), is identical for both
GFL and GFM controls.

In GFL control mode of the BESS, the outer-loop PI com-
pensators, H,(s), control the active and reactive power at the
point of common coupling (PCC) of the BESS, and they fur-
ther generate the current references, i, and i, for the in-
ner-loop current controllers, H,(s). A phase-locked loop
(PLL) is used to obtain the grid voltage angle, 6,,,, required
for converter synchronization. Besides, in GFM control
mode, the voltage control, H (s), is implemented on top of
the current control instead of the power control as in GFL

control mode. The current references, i, and i, are gen-

erated to regulate the converter output currents, and they
can provide a current-limiting function. The decoupling
terms are K =2nf,L and K, =2nf,C, where the fundamen-
tal frequency, £, equals 60 Hz, and the inductance and capac-
itance of the LC filter are denoted as L and C, respectively.
The reference for the g-axis component of the voltage, v, .,
is set to be 0 in GFM control mode for simplicity; hence,
the voltage reference on the d-axis, v, represents the ref-
erence magnitude of the PCC voltages of the BESS. The
frequency of the BESS is controlled by the droop character-
istics, and it further adds a nominal angular frequency to
derive phase 6. The active power-frequency and reactive
power-voltage droop controls are implemented as active
and reactive power loops, with droop coefficients of D,
and D,, respectively.

Alternatively, the inner-loop current control can be elimi-
nated for the BESS in GFM control mode [24], [37], where
the voltage controller, H,(s), directly regulates m,  and fur-
ther controls the PCC voltages of the BESS. In such GFM
control implementation, virtual impedances are required to
adjust the voltage references of the BESS based on the cur-
rent feedback for fault current-limiting control. The droop
control remains the same.
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Fig. 3. BESS inverter control diagrams. (a) Outer-loop control of BESS in
GFL control mode. (b) Outer-loop control of BESS in GFM control mode.
(c) Inner-loop control of BESS for both GFL and GFM control modes.

III. NREL PHIL EXPERIMENTAL PLATFORM

This section presents NREL PHIL experimental platform
used for the demonstration of power system black start. The
main test apparatus at the Flatirons Campus, as shown in Fig.
4, is set up around the 7 MVA CGI [29], [30], [34]. The CGI is
a back-to-back converter that operates at nominal 13.2 kV me-
dium voltage on its test terminals, which represent a full
four-wire point of interconnection for any inverter under
test. The fast response time of the CGI (less than 1 ms),
CGI ability to control voltages individually in each phase,
and high overcurrent capability of CGI (7 times the rated
current) give a unique platform for the test and validation of
inverter-based systems under fully controlled grid conditions.
The CGI is capable of emulating balanced and unbalanced
low- and high-voltage conditions of various durations on its
medium-voltage terminals, frequency deviations, and phase
jumps, and it is capable of injecting the desired harmonic
content. The CGI is connected to a 13.2 kV underground col-
lector system at NREL’s test site, allowing for quick inter-
connection with multi-megawatt generation resources, energy
storage, and loads located at the site. Here, the CGI provides
an isolation between the test grid and the utility grid, such
that any faults or transient events applied on the equipment
under test do not impact other generations and loads at the
test site [30].
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Fig. 4. Aerial view of test apparatus at NREL’s Flatirons Campus.

The components used in the PHIL demonstrations de-
scribed in this paper include: 1 a 1 MW/l MWh BESS
with a 2.2 MVA inverter with frequency and voltage droop
control that can operate in either GFL or GFM control
mode; @ a 3 MVA R-L-C load bank; and @ a real-time dig-
ital simulator (RTDS) rack for simulating the power system
network and controlling the CGI as the PHIL interface. All
these devices are interconnected with the 13.2 kV system via
step-up transformers. An additional grounding transformer
was connected to provide a ground reference in islanded
mode. The overall single line diagram of the setup is shown
in Fig. 5, where CB is short for circuit breaker. It is worth
noting that this paper uses thicker lines to represent buses
with higher voltage levels. The red line with arrows in Fig.
5 denotes control signals between CGI and RTDS. The sys-
tem is equipped with a high-speed (50 kHz) distributed syn-
chronized data acquisition system deployed in every node of
the medium voltage network. Voltage and current waveforms
were captured in each node and then used to calculate the
power time series.

7 MVA CGI
Utility
grid

> 3MVA
load bank
1 MW/
@ }1 MWh
BESS
2.2 MVA

GFL/GFM
inverter

Fig. 5. High-fidelity PHIL test setup of multi-megawatt system at NREL.

Note that the droop settings of the BESS inverter in both
GFM and GFL control modes are calculated in per unit
based on the rating of 1 MW of the BESS instead of the rat-
ing of the inverter. This is done to stay consistent with the
actual active power rating of the whole BESS system. The
detailed control parameters of the BESS are given in Appen-
dix A Table AIL

IV. SYSTEM SIMULATION AND PHIL VALIDATION

To demonstrate how a BESS in GFL or GFM control
mode can support the power system black start with an ROR
hydropower generator, EMT simulations in RSCAD and
PHIL demonstrations are carried out in this section. We con-
sider a rural power system network in the eastern part of Ida-



1600

ho, USA, where the ROR hydropower plant is commis-
sioned [38]. Specifically, a 5.5 MVA ROR hydropower gen-
erator with an HO6E hydro governor (modeled in Fig. 1 and
Fig. 2) is connected at the Badger substation through under-
ground cables and step-up transformers, which acts as one of
the black-start units in the power system. Here, we consider
that the ROR hydropower generator is controlled to soft start
the Badger substation, the Tetonia substation, the Targhee
substation, and the load bus. As a result, the terminal volt-
age of the SG is controlled to ramp up from 0 p.u. to the
nominal value to prevent inrush currents of transformers.
The identified critical load is 1.187 MW, and it is located at
the load bus in the Targhee substation.

This paper considers three cases. Case 1 (base case) evalu-
ates the black-start performance of the ROR hydropower
generator without the support of a BESS. Case 2 evaluates
the black-start performance of the ROR hydropower genera-
tor with the support of a BESS in GFL control mode. Case
3 evaluates the black-start performance of the ROR hydro-
power generator with the support of a BESS in GFM control
mode. A 500 kW BESS (inverter capacity is scaled down by
the CGI) in GFL and GFM control modes is considered for
Cases 2 and 3, respectively. Given that the capacity of the
BESS is significantly smaller than the SG, it mainly sup-
ports the ROR hydropower generator in the power system
black start and provides frequency damping control. To en-
able the droop function in the BESS in GFL control mode,
the active power reference, P, is regulated as in (1) based
on the measured frequency deviation between the nominal
frequency, fi, and the BESS measured frequency using a
PLL, f;; ., at the PCC of BESS.

L 1
P =€ ADi[f‘l_Gp(S)fPLL]-FPref.O

P

(M

where 7 is the communication delay; and P, is the initial
power dispatch of the BESS. Besides, a droop-controlled
BESS in GFM control mode naturally controls the power of
inverter based on the frequency deviation, as presented in
Fig. 3(b). Here, D,=0.05 p.u..

A. EMT Simulation in RSCAD

First, EMT simulations are carried out in RSCAD for all
three cases. Specifically, the EMT simulations evaluate how
the BESS in different control modes at various locations can
impact the performance of the power system black start. It is
well studied that a BESS in GFL control mode behaves as a
current source in the network. It cannot operate without a
power grid formed by SGs. As a result, in Case 2, the BESS
in GFL control mode can only support the power system
black start and can start providing frequency damping con-
trol once the BESS-connected bus is energized. In other
words, placing the BESS in GFL control mode adjacent to
the hydropower plant can provide stability enhancement
functions in the early stage of the system restoration process.

In Case 3, a BESS in GFM control mode is controlled to
behave as a voltage source in the network. It can form the
power grid without the need for an energized bus. The
droop-controlled BESS in GFM control mode can naturally
respond to system frequency and voltage variations; hence,
it can better support in the power system black start when it

JOURNAL OF MODERN POWER SYSTEMS AND CLEAN ENERGY, VOL. 12, NO. 5, September 2024

is placed near the critical load. In such cases, BESS in GFM
control mode can energize a portion of the critical load (due
to the capacity limitation) and decrease the load step on the
hydropower generator. Meanwhile, the hydropower generator
can energize the rest of the network connected to the Tar-
ghee substation, which significantly reduces the required
time of power system black start. Besides, a BESS in GFM
control mode can also provide critical damping control to an
utility grid when it is adjacent to the load center during nor-
mal operation. However, it should be noted that the synchro-
nization check function should be enabled for breaker 5
(BRKS) in Fig. 6 to smoothly synchronize two networks
formed by the SG and the BESS.

Badger Tetonia Targhee
Hydr OPOWET, v/ substation ~ substation  substation Load bus
generator
249kV__ BRKI| BRK2 BRK3 |BRK4
76mile | 7.5mile
249 kV/46 k 46 kV/12.47 kV
9 kviae kv | 336 ACSR | 336 ACSR 1187

Fig. 6. Topology of regional power system network for black-start study.

Figure 7(a) compares the frequency responses of the hydro-
power generator for Cases 1, 2, and 3. Here, we consider the
example of connecting the BESS near the hydropower plant.

—Case 1
w Case 2
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Fig. 7. Case comparison. (a). Frequency response of hydropower genera-
tor. (b). Active power response of BESS during power system black start.

With the mechanical limitation on the maximum gate actu-
ator velocity and the machine inertia, in Case 1, the hydro-
power generator undergoes a severe frequency oscillation
with a frequency nadir of 52.81 Hz when restoring the criti-
cal load (closing BRKS). The settling time of the frequency
oscillation of the turbine is 37.5 s. Cases 2 and 3 clearly
show the frequency damping characteristics from the BESS
with different control modes, where the frequency nadirs re-
duce to 56.14 Hz and 56.42 Hz in GFL and GFM control
modes, respectively. The frequency settling time for both cas-
es is reduced to 13.2 s. Meanwhile, in Case 3, the BESS in
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GFM control mode can provide better frequency damping
control than the BESS in GFL control mode using the same
droop coefficient. This is because GFM control directly regu-
lates the frequency of the inverter based on power feedback.

Table I summarizes the performance of the power system
black start when the BESS is placed at different locations of
the network. As a result, the location of the BESS in GFL
control mode does not impact the turbine frequency oscilla-
tion much; however, it can start providing frequency damp-
ing control for the SG early in the power system black-start
process if it is placed near the hydropower plant, reducing
the risk of a generator underfrequency trip-off. The BESS in
GFM control mode can more efficiently contribute to the
power system black start when it is connected to the load
bus. Two GFM units (SG and BESS) can simultaneously en-
ergize the network, reducing the load step applied on the hy-
dropower turbine. The controlled synchronization between
the SG-formed grid and the BESS-formed grid also introduc-
es the minimum frequency transients (frequency nadir of
59.93 Hz and settling time of O s), de-risking the frequency
stability of the ROR hydropower generator (the limits for
closing BRKS refer to [39], [40]). BESS with GFL control
are known to experience high frequency resonance when
they are connected to a weak power grid [9]. Such character-
istics prevent a BESS in GFL control mode from being in-
stalled far from the hydropower plant when considering the
requirements of power system black starts. BESS in GFM
control mode does not have such concerns.

TABLE I
PERFORMANCE OF POWER SYSTEM BLACK START WITH DIFFERENT BESS
CONFIGURATIONS
Case 2 Case 3
BESS location Frequency Settling Frequency Settling
nadir (Hz) time (s) nadir (Hz) time (s)
Hydropower plant 56.14 13.2 56.42 13.0
Badger substation 56.12 13.3 56.39 13.1
Tetonia substation 56.12 13.3 56.39 13.1
Targhee substation 53.26 8.4 59.93/57.67 0/6.4

B. PHIL Demonstration

This subsection presents the results of the PHIL demon-
strations studied in this paper, where the BESS uses the 1
MW, 1 MWh battery with the GFL or GFM inverters at
NREL’s Flatirons Campus. To represent a 500 kW BESS in
the PHIL demonstration, a scaling factor of 0.5 is implement-
ed in the CGI to scale down the capacity of the BESS in the
real-time simulations. Figure 8 explains the PHIL setup for
Cases 2 and 3. Specifically, Case 2 integrates the BESS in
GFL control mode through the CGI at the 4.16 kV bus of
the hydropower plant, and Case 3 integrates the GFM BESS
and the 3 MVA load bank through the CGI at the 12.47 kV
load bus; hence, Case 3 can represent a small-scale mi-
crogrid formed by the BESS in GFM control mode before it
is synchronized to the main power grid. The network outside
the dashed box in Fig. 8 remains the same for the EMT sim-
ulations and PHIL demonstrations. The network is simulated
in RTDS.
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Fig. 8. PHIL system setup. (a) Case 2. (b) Case 3.

The PHIL demonstration presented in Fig. 9 and Fig. 10
shows the feasibility of using a BESS in GFL or GFM con-
trol mode to convert an ROR hydropower generator into a
black-start-capable unit. Similar to the EMT simulations, the
frequency nadir of the SG is significantly reduced with the
support of the BESS. The BESS reduces the risk of a genera-
tor underfrequency trip-off; meanwhile, the frequency oscilla-
tions of the turbine can also be effectively damped with the
stabilization from the BESS. Because the hydropower gener-
ator is operated in isochronous mode, the steady-state power
of a droop-controlled BESS (both GFL and GFM) can return
to 0; hence, the energy consumption for the frequency damp-
ing control of BESS is negligible, and there is no concern
about the state of charge of the battery. Besides, the soft
start of the network (voltage ramp up) reduces the inrush cur-
rents during the transformer energization, and the controlled
BESS synchronization also brings the minimum disturbance to
the SG, resulting in a smooth power system black start.

Note that the BESS in GFM control mode forms the pow-
er grid for a portion of the critical load (it operates as an is-
landed microgrid) before it is synchronized to the main pow-
er grid. The secondary frequency control of the BESS in
GFM control mode is not considered in Case 3. As a result,
the BESS operator needs to manually adjust the power refer-
ence of the BESS in GFM control mode to control the fre-
quency of the load bank to 60 Hz. During this process, we
can observe that the frequency of the BESS in GFM control
mode starts with 58.6 Hz after being deblocked, and it re-
turns to 60.1 Hz and then 60.02 Hz after manually adjusting
the active power reference. The frequency of the SG is main-
tained as 60 Hz during this process. The voltage oscillation
observed on the load bank is due to the measurement error
caused by the frequency shift (58.6 Hz). Figure 10 further
presents the active power responses of the experimental
BESS in GFL or GFM control mode when the critical load
is restored.
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C. Test Result Discussion

Both the EMT simulations and PHIL demonstrations pre-
sented in this paper show that a small-capacity BESS in
GFL or GFM control mode can significantly reduce the risk
of hydropower generator trips during the energization of the
critical load.

The test results are qualitatively similar; however, some
factors can still cause differences between the EMT simula-
tions and PHIL demonstrations. First, the design of inverter
control parameter is considered as vendor proprietary infor-
mation; hence, comparing it to the developed BESS models
in EMT simulation does not yield valuable information. Sec-
ond, the power limiting control of the experimental BESS at
NREL is not ideal (particularly for BESS in GFL control
mode), where the power overshoot can reach 0.6 MW.
Third, the BESS operator can only set the droop coefficients
for the experimental BESS, whereas the parameters of the in-
verter internal control cannot be modified (causing differenc-
es compared with simulated BESS). Finally, it is difficult to
determine the communication delay, 7, between the plant con-
troller and the BESS inverter control in field tests, and it is
assumed to be 20 ms for simplicity in the EMT simulations.
Nevertheless, the PHIL tests performed in this paper demon-
strate that the existing commercialized BESS in GFM or
GFL control mode can provide critical damping to support
power system restoration and can black start a portion of the
network in GFM mode. The tests further verify the validity
and practicability of the BESS model developed in EMT
simulations.

V. CONCLUSION

In this paper, we present a real-world demonstration of
how a megawatt-scale BESS in GFL or GFM control mode
can be used to facilitate power system restoration. We show
that a 5.5 MVA ROR hydropower plant can be converted in-
to a black-start-capable unit with a small-capacity BESS de-
spite its inherent frequency stability issues. For the system
using a BESS in GFL mode with droop control, the BESS
cannot operate alone without first energizing part of the net-
work. However, it is capable of providing critical damping
to maintain the frequency stability of the ROR hydropower
generator. Besides, for the system using a BESS in GFM
control mode, the BESS can operate alone as a black-start
unit and can energize a portion of the critical load. Then, it
can be synchronized to the rest of the network formed by
the ROR hydropower generator, in a seamless manner,
which reduces the required time of the power system restora-
tion. The controlled network synchronization has a negligi-
ble impact on the hydropower generator.

We also perform PHIL demonstrations on a rural grid res-
toration using the ROR hydropower plant supported by an
actual utility-scale BESS that can operate in either GFL or
GFM control mode at NREL. Both EMT simulations and
PHIL tests support the analysis in this paper. The PHIL test
results also validate the practicability of the BESS in the
EMT model. They provide further insight for system opera-
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tors on how a commercial BESS in GFL or GFM control
mode can enhance grid stability and how a ROR hydropow-
er plant can be converted into a black-start-capable unit with
the support of a small-capacity BESS. An ROR hydropower
plant combined with a BESS can have the potential to im-
prove system resiliency by performing bottom-up system
black start, as opposed to conventional bottom-down meth-
od.

APPENDIX A
This section presents the system parameters required for the
EMT simulations and PHIL demonstrations.

TABLE Al
PARAMETERS OF HYDROPOWER GOVERNOR

Parameter Value
Turbine rated power 5.5 MW
Generator rated power 6 MW
Generator inertia constant 1s

Penstock water time constant 7', 0.87 s
Operating head A, I pu.
R, 0 p.u.
T, 0.02 s

H,(s) 1.61+0.39/s

Governor derivative gain K 0.675 p.u.

Derivative time constant 7, 0.05 s
Turbine gate servo time constant 7, 0.025 s
Turbine gate servo gain K, 1 pu
Emax 1 pu
&min 0 p.u.

Ve (0.05 pu.)-s™
Blade servo time constant T, 0.0ls
Flow area factor of blades at minimum position bgv, .. 0 pu.
Backlash in ring linkage b,, 0 p.u.
Off-blade angle power decrease factor deff 0 p.u.
Turbine speed sensitivity constant D, 0 p.u.

TABLE AIl
PARAMETERS OF BESS wiTH GFM AND GFL CONTROLS

Parameter Value
BESS rated power 1 MW
Battery DC voltage 850 V
Converter rated AC voltage V, 400 V
A 60 Hz
G(5) 1/(0.02s + 1)
Hys) 0.000255 +1/(3.27s)
L 0.3 mH
c 22 uF
() B 005
GFM voltage compensator 12.16+1/(0.017s)
GFL power compensator H,,(s) 0.000735 + 1/(28.529s)
PLL compensator H,, (s) 0.237+1/(0.0224s)
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