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Renewable generation utilizes inverter-based technology which is much different than the coal and nuclear
synchronous machines it is replacing. The electrical network was designed around big synchronous machines
providing constant dispatchable power and innate inertia to dampen frequency disturbances. The network
protection system is based on high available fault current provided by the big generators. The renewable plants
have a variable fuel supply, no inertia, and provide less fault current for system protection. A hybrid power plant
with renewables, energy storage, and a synchronous generator can play a significant role in restoring power
system operation after the occurrence of a blackout. This paper presents an improved method to utilize inverter-
based resources (IBR) with existing synchronous generation to improve the black start capability while mini-
mizing the overall system’s operation cost and providing additional ancillary grid services. A battery energy
storage system is modeled with grid forming inverters to provide black start to the synchronous unit while the
solar is modeled with grid following inverters. A Long-Short Term Memory (LSTM) is developed to model the
auxiliary load for reducing the fuel consumption in synchronous generators and reducing the cost. Several case
studies are conducted to verify the performance of the grid forming inverters with battery storage to start the
largest direct online (DOL) and soft start motors. Utilizing actual synchronous generator auxiliary load data for a
year, a quasi-dynamic simulation analysis is performed to determine energy storage requirements for black start.
Finally, the energy benefits of the solar installation are estimated from simulating the hybrid system for 1 year. A
reduced fuel burn simulation is performed by constraining the export power to the actual data and reducing
synchronous generation to account for the solar generation and the reduced auxiliary load. The study finds that
the IBR resources are capable of successfully black starting the synchronous generator and reducing fuel con-
sumption and earning additional revenue from the solar plants.

1. Introduction

Traditional large synchronous machine power plants provide the
electric grid with dispatchable power and ancillary services such as
frequency regulation and voltage regulation needed for a secure and
reliable network. As these plants are retired, they are being replaced by
modern technology renewable energy power plants [1]. These plants are
non-synchronous inverter-based technology plants which are
non-controllable and intermittent in nature. The inverter-based gener-
ators are not capable of providing the same level of frequency and
voltage regulation. This has caused many challenges for grid operators
to maintain system integrity [2]. A solution to provide dispatchable
power from renewable resources is to combine multiple renewable en-
ergy sources with energy storage [3]. Another possibility is to integrate

* Corresponding author.

new renewable generation with synchronous generators at the plant
level. Currently, there is limited research and development in this area.
This would provide an increase in the use of renewables as well as
reduction in the synchronous plant fuel usage which could be fossil fuel.
The synchronous generator would provide inherent inertia and regula-
tory services to the grid. The coordination of all these devices can
contribute to improving black start capability.

Australia has taken the lead in installing battery storage at fossil fuel
plants. AGL is planning to add 150 MW, 1 hour battery storage at its
Liddell coal generation station, 250 MW, 1 hour battery storage at its
Torrens Island gas generation station, and a 200 MW, 4-hour battery at
its Loy Yang coal generation station. Energy Australia announced its
plans to add a 350 MW, 4-hour battery bank at its Yallourn coal gen-
eration station. Origin Energy plans to build a 700 MW, 4 hour battery
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installation at its Eraring Power Station [4]. The Torrens Island instal-
lation will utilize grid forming inverters [5]. However, all these battery
installations will be separate, independently operated resources.

In 2017, anovel proposal to add a 46 MW solar photovoltaic resource
addition to the existing IPP4-Jordan 250 MW tri-fueled power plant was
developed by diesel engine manufacturer Wartsila [6]. The solar plant
would have connected to the existing generation station’s 15kV MV
network. The solar energy would supply the plant auxiliary load and any
excess would be exported to the grid through the site’s main trans-
former. During the day when the photovoltaic power plant would be
generating at nameplate, the thermal plant’s heat rate would be
improved by 18.4 %. However, the project was not constructed. Instead,
a 52 MW solar power plant was constructed at the site with a separate
connection to the 132kV transmission network and a separate power
purchase agreement (PPA) with National Electric Power Company
(NEPCO) [7].

Existing research predominantly explores the application of IBRs for
black start capabilities within IBR-only microgrids [8,9]. Notably, the
NREL has conducted research on utilizing IBRs for grid black starting
[10]. Initial investigations by the NREL encompassed modeling four
distinct network configurations regarding the integration of IBRs into
the grid. However, the scope of performance validation was confined to
initiating a single standard squirrel cage induction motor.

Subsequent NREL research delves into the control of network IBR
resources for grid restart purposes [11] [12]. A significant challenge
with this is that different entities own and operate the various resources
on the network. This requires a great deal of coordination. The controls
and equipment at remote sites will require a great deal of modification
to coordinate starting a remote synchronous generating plant. One key
advantage of this paper’s proposed approach lies in its utilization of an
actual synchronous generating plant and associated equipment, thereby
enabling a more realistic simulation. This simulation not only assesses
motor starting performance but also evaluates the synchronization of a
large generator with a microgrid powered by IBRs.

Several current studies focus on the energy management control of
microgrids. In [13] and [14], the authors utilize a DC microgrid as the
basis for their energy management control. In modelling and analyses,
the grid energy is considered to be constant in [13,14]. In a real black
start situation, this would not be the case. Further investigation is
required to determine the applicability of the proposed energy man-
agement system to black starting a synchronous generator in real grid
operating conditions. Another recent paper [15] proposes an adaptive
coordinated energy management of various IBR resources including
energy storage. The method only includes DC coupled IBR resources.
The model used for simulation does not include synchronous machine
generators or motors. However, still large parts of existing generators
are synchronous machines. Limited analyses have been conducted in the
literature to show how to utilize synchronous generators with IBRs to
improve the black start capability of the grid.

A very detailed energy management system for a hybrid AC/DC
microgrid is presented in [16]. The authors describe a 2-layer control
strategy to maintain the microgrid’s stability. The research in our paper
focuses on building a temporary microgrid during a network black-out,
with the objective of re-starting the main synchronous generator. Once
on-line, the synchronous generator can be utilized to start energizing the
wider transmission network. Additional research has been conducted on
the topic of using grid forming inverters on solar plants to provide
black-start capability [17]. This could be utilized in network restoration.
Due to the length of time (24 hours) required to bring the coal fired
generation on-line, grid forming solar was not considered. Instead, grid
forming BESS is utilized with grid following solar providing supple-
mental energy. Most research today focuses on complete replacement of
synchronous plants with IBR. This is a step change from the modern
power network and as such, requires significant modifications and in-
vestment to implement. The strategy presented in this paper takes an
incremental approach to integrating IBR with the modern grid. It utilizes
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an existing generation resource and hybridizes it with new IBR tech-
nology resulting in a new generation resource with additional capability
and improved efficiency.

The novelty of this research methodology lies in its holistic evalua-
tion of the performance and advantages of employing IBRs for restarting
a significant synchronous generator during blackout scenarios. The
study verifies dynamic performance, delineates energy requirements,
and assesses the economic benefits for generation owners

As an increasing number of IBR power plants are being brought
online, synchronous generators are being retired, leading to grid sta-
bility concerns arising from the loss of inertia. The primary objective of
this research is to illustrate the advantages of a unique implementation
of IBR directly into existing synchronous generation facilities. The key
goals include showcasing black start capability, enhancing renewable
energy output, ensuring sustained system inertia, and reducing reliance
on fossil fuels. While prior studies have concentrated on enhancing grid
stability by augmenting IBR at the expense of synchronous generation,
this research adopts a novel perspective by integrating IBR with existing
synchronous machines to uphold network stability.

This research will model and simulate integration of solar power and
battery to existing fossil fuel power plant to reduce fuel burn and pro-
vide black-start capability. A LSTM model is developed to accurately
model the auxiliary load to reduce the cost and improve the energy ef-
ficiency. Several case studies are conducted with grid forming battery
inverter and grid following solar inverter to show the capability of
proposed coordinated IBR and synchronous generators for proving black
start capability after the system blackout.

The rest of the paper is organized as follows. Section 2 details the
existing synchronous plant model and describes the model development
of the solar/battery installation. The PV is modeled with grid following
(GFM) inverters while the BESS uses grid forming (GFM) inverters to
maintain the microgrid during unit black start. Section 3 describes the
methodology used to demonstrate integration of the solar/BESS in-
stallations with the synchronous generator. The methodology encom-
passes both the dynamic power requirements as well as the long-term
energy requirements. The simulations use real data from the generation
site. Section 4 will detail the results from the case study simulations. This
includes dynamic responses during large motor starts and synchronizing
of generator to the BESS supported microgrid. It also shows the BESS
energy requirements for providing black start and estimates the reduced
fuel burn provided by the addition of PV generation. Finally, Section 5
concludes the findings of this paper.

2. Modelling

The system under consideration consists of synchronous generator,
solar PV systems, battery energy storage systems and loads. Their
modeling is discussed below.

2.1. Existing plant model

The existing fossil fuel power station selected for this study is in the
United States. It is comprised of four 600 MW steam driven synchronous
generators. Each generator has a terminal voltage of 21kV. Each
generator has a separate generation step up transformer to connect to
the 230kV network. The auxiliary load of each unit is supplied by
21kV/6.9kV transformers. The generating units synchronize to the
network at the 230 kV bus. Because of this, each unit also has a 230 kV/
6.9kV unit start-up transformer to provide auxiliary load until the
generator syncs. Units 1 & 2 have interties on the 6.9 kV as do units 3 & 4
for contingencies. The IEEEG1 model [18] is used to represent the tur-
bine generator governor. The IEEE ST4B [19] standard exciter model
represents the synchronous generator exciter, and the IEEE PSS2A [20]
is utilized for the power system stabilizer. All parameters are taken from
the existing generating unit modelling data.
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2.2. Solar/battery model

Two separate solar/battery plants are proposed to have redundancy
in the system. The solar plants are sized to maximize power output while
utilising the existing 6.9 kV network. The battery bank power rating is
also sized to maximize charging capability and supply maximum power
to auxiliary systems during black start. The battery storage is lithium-ion
technology with an assumed 2% self-discharge per month [21]. The
controller maintains the state of charge (SOC) between 70 % and 90 %
while unit is grid connected. During a grid outage, the SOC is allowed to
be between 10 % and 100 %. The renewables will tie into the existing
electrical infrastructure on the 6.9 kV auxiliary load network. The rating
of the existing switchboards and breakers is 3000 Amp (@35 MW at
6.9 kV). This study proposes a connection on each of the two 6.9kV
switchboards. This will put one renewable infeed on each auxiliary
transformer low side network. The solar farm will consist of two sepa-
rate fields each rated at 35 MW AC. During daylight hours, this can
supply power for all the auxiliary load required by Units 3 and 4 during
full generation by both units. To reduce losses and conductor size, the
AC will be transformed to 34.5kV and connected to the new 34.5kV
network. A 34.5kV/6.9kV transformer will connect the renewable
power to the Unit 4 6.9 kV network. The PV plant will be connected to
the 690V AC bus through separate non-grid forming inverters. The
battery will be sized to supply auxiliary load needed to black start the
unit from a cold start and be connected to the 690 V AC bus through grid
forming converters. The unit start-up transformer will be utilised to
provide 230 kV voltage for the unit to sync. The auxiliary load from the
other 3 units can be used to increase the unit load until the network can
be rebuilt and additional external load can be brought online.

This study is focused on utilising grid forming (GFM) converters with
battery storage to black start a synchronous generator. In all dynamic
simulations, the PV plant inverters are disconnected from the network
and can be disregarded. The PV plant is only considered during the
Quasi-dynamic energy simulations. The PV plant equipment uses
available manufacturer nameplate data for the solar panels, inverters,
and transformers.

The following equations are used to model PV plant output [22]:

P, pwlant = Epanel ® MUMpanels (1)
P _ Eg.pv L4 Ppkpanel ® rel ® Niny 2
panel — ( )
Esrp
Where:

e Ppq=active power output of each panel

® Pyypiane=PV plant active power output

® NUMyqne;=number of panels per inverter

e E;,,=global irradiance on the plane of the array
e Esrp=standard irradiance (1000W/m?)

® Py pane=rated panel peak power

o 1,g=relative panel efficiency
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o 1, =inverter efficiency

The grid forming control droop equations are [23]:

Aw droop =my ApLPF (3)

AVdroop = quqLPF (4)
Where Awgroqp is the frequency deviation and Avgr,qp, is the voltage de-
viation from load flow initialization. m, and my are the active and
reactive droop coefficients, and Apypr and Agqipr are the power de-
viations from load flow initialization. As shown in Figs. 1 and 2, the real
and reactive power measured at the grid interphase is low pass filtered
to stabilise the control loops during power measurement oscillations.

The converter model utilises a virtual impedance controller to
improve transient load sharing during synchronization and parallel
operation with the generator during black start operations. The
controller is based on [24]. The voltage drop (real Au,;,, reactive Au,;;)
across the virtual impedance is:

AUy = Tyilyir — Xyilyii 5)
Aty = Fyilyii + Xyilyir (6)

where r,; and x,; are the resistance and reactance of the virtual
impedance. i,; is the converter current. The virtual impedance controller
adjusts the parameters according to grid conditions. The impedance is
adjusted when the current exceeds the set threshold ij;,as shown:

Ty +jxvilf|ivi| S ilim

2 = { (KkprTyi + hpxt) ([ivi| — Biim ) + 1yt + jxyiotherwise @

ky,r and k,. are proportional factors for the virtual resistor and
reactance.

2.3. Primary air fan motor model

The largest DOL motor start required during a unit run up is the
primary air (PA) fan motor. The motor is a 6.6 kV, 1268 kW, 4 pole
motor. The moment of inertia is 443kgm? with an acceleration time
constant of 12.32 seconds. The motor connects to the 6.9 kV auxiliary
load bus by 481 m 500 MCM cooper cables.

2.4. Induction air fan motor model

The largest motor start required during a unit run up is the induced
draft (ID) fan motor. The motor is a 6.6 kV, 7271 kW, 10 pole motor. The
moment of inertia is 46,201 kg m"2 with an acceleration time constant
of 35.92 seconds. The motor is powered by an 8200 kW 6.9-6.6 kV VFD.
The VFD connects to the 6.9 kV auxiliary load bus by 1106 m 4x750
MCM cooper cables. The installed VFD can start and run the motor at
any speed from 0.01 pu to 1 pu.

@g
. — . 0 oy 6
Po () mp () — :
: L S
p 1 pm
T 1+ T, s

Fig. 1. Frequency droop control.
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Fig. 2. Voltage droop control.

3. Proposed black start method

Providing black start capability to the synchronous generator re-
quires the auxiliary plant network to be operated as a microgrid island.
The microgrid requires adequate dynamic response to load changes and
adequate energy reserves to provide the necessary auxiliary load for the
unit to start up. Finally, during normal operation, the added energy
resources should reduce the plant fuel consumption. Fig. 3 lays out the
overall study methodology.

Current research into utilizing IBR for black start generally falls into
two categories. The first is the network solution methodology [25]. This
requires remote IBR resources to provide power and dynamic support to
the synchronous plant auxiliary loads and generator synchronization. In
the modern power system, these resources are likely to be owned and
operated by unique entities. The IBR control systems are not tuned to
specific large motor starts required as part of the synchronous unit
start-up. They will also need to provide frequency and voltage support as
the large generator syncs to the grid. The methodology proposed in this
paper utilizes the PV and BESS to augment the capabilities of the existing
synchronous generator. The control and operation of the PV and BESS
assets will coordinate with the synchronous generator black start re-
quirements as a primary function. The second category is the 100 %
renewable microgrid methodology [26]. This considers black starting
individual microgrids and then building the grid back by interconnect-
ing the multiple microgrids. This research does not consider the in-
tricacies of starting a large synchronous generator. It is focused on
100 % renewable energy grids.

The proposed microgrid is powered by GFM inverter connected BESS
and GFL inverter connected photovoltaic plants. The microgrid must be
operated such that at steady state:

ssolar + Sbattery + sxynchronous generator — Sau.x load — Snetwork losses == 0
f = 1pu (€))

v = 1pu

The GFM droop control is tuned to dampen voltage and frequency
transients created during network disturbances like large motor starts
and in the most extreme case, synchronizing the generator unit to the
microgrid.

The BESS must be adequately sized to provide energy for the auxil-
iary loads needed for the duration of unit startup with the battery state
of charge (SOC) constrained by a min and max level, i.e.:

Ebattery + Esolar > Eaux load + Enetwork losses (9)

minsoc < SOC < maxsoc

The complete algorithm is detailed in Fig. 4.
The point of connection (POC) energy export of the synchronous
power plant is:

Epoc= synchronous generator — Laux load —Enetwork losses (1 0)

The additional energy provided by the renewable integration is:
- Ebattery + Esolar (1 1)

Constraining Ppoc to the original dispatch value and allowing
Pyynchronous generator 10 Vary constrained by minimum generation and
neglecting changes in network losses and auxiliary load:

P, reduced synchronous generation — £ synchronous generator — £ solar (12)

The details of the algorithm are shown in Fig. 5.

To improve accuracy of the energy/reduced fuel benefits calcula-
tions, a long short-term memory (LSTM) network is developed utilizing
the auxiliary load and generation data. The LSTM uses the generator
MW [G], temperature [T], day of week [d], and hour of day [h] as inputs
into the LSTM as shown in Fig. 6. The total auxiliary power [A] is the
target. The LSTM model is set up with 1 layer and 64 nodes with a 1-hour
(n=60) lookback. The LSTM training uses the first 90 % of data to train
the model with the last 10 % utilized to test. The training runs 1000
epochs with a learning rate of 0.0001. The training calculates a vali-
dation loss of each epoch. The epoch model with the lowest validation
loss is selected as the model to predict the test data. The LSTM model
proved a good predictor of the test data. It had an MSE of 2.04 and an
R"2 score of 0.98.

The actual generation data is replaced with the reduced synchronous
generation data [G*] and utilizing the LSTM model, predicted total
auxiliary load data [A*] is output. Each of the auxiliary loads is calcu-
lated utilizing the original data load proportions. The reactive load and
generation are calculated using the original data power factors. The
LSTM regressed reduced aux load data is used along with the previously
calculated reduced synchronous generation to calculate the new Epoc.

Enew POC = Lreduced synchronous generator — E reduced aux load — Enetwork losses — Ebattery + Esolar

13

The energy benefits and fuel reduction benefits are:
Enew poc — Epoc a4
Esynchronous generator — Lireduced synchronous generation (15)

4. Results and discussions

The single line diagram of the test system is shown in Fig. 7. A suc-
cessful start of the coal fired generating unit requires a temporary
microgrid that can power the auxiliary load of the unit and maintain
stability. The most disruption to the stability of the microgrid occurs
during large induction motor starts and the synchronization of the
generator to the temporary microgrid. The first case study simulates
starting of the 2 largest motors needed for the unit to start. This shows
the dynamic performance of the IBR for large load pick up. The second
case study simulates the dynamic performance of the IBR during the unit
synchronization. Another requirement of a successful black start is
meeting the unit startup energy requirements. The next case study
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A
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Generation

Fig. 3. Study methodology.

simulates the 24-hour loading experienced during a cold unit start-up fuel usage.
using auxiliary load data from a previous unit start. This is used to
determine the size of battery storage needed to supply auxiliary load
during a unit start. Finally, a successful black start methodology must
provide additional economic and environmental benefits. The final case
study uses the actual 1-year generation and auxiliary load data to
simulate increased generation capacity and potential reduction in fossil

4.1. Case study-grid forming inverter for starting motors

4.1.1. PA (primary air) fan motor start
The system model is configured with the synchronous generator off,
and auxiliary loads being supplied from the grid forming inverters. This
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Fig. 4. Black start energy capacity requirement simulation logic.

simulation is to test the ability of the grid forming converters to suc-
cessfully start the motor. To simplify the simulation, the solar grid
following inverters are disconnected as well. The two auxiliary bus loads
are set at the maximum values seen during a startup (9 MW and 7.5
MVAR). The bus tie between the two 6.9 kV auxiliary buses is closed. An
EMT (electromagnetic transient) simulation is run for 30s with a
0.0001 s integration step size. At t=3 s, the 6.9 kV breaker feeding the
PA fan motor is closed.

The PA fan motor start simulation results shown in Fig. 8 indicate a
successful motor start by achieving rated speed in 16.5s. The grid

forming converters only see a maximum 0.014 pu drop in voltage. At the
time of breaker closing, the frequency sees a maximum oscillation from
0.99 pu to 1.01 pu but returns to steady state within 0.03 seconds.

4.1.2. ID (induced draft) fan motor start

The VFD (variable frequency draft) greatly reduces the loading on
the converters to start the ID Fan. Since the VFD allows gradual loading
of the motor, a minimal speed of 0.02 pu is selected to simulate the start-
up. Once the motor is started, its speed can gradually be increased
without a significant impact to the converters. The system model is
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Fig. 6. LSTM model.

configured with the synchronous generator off with the auxiliary loads
isolated from the auxiliary and start up transformers and being supplied
from the grid forming inverters. This simulation is to test the ability of
the grid forming converters to successfully start the motor. To simplify
the simulation, the solar grid following inverters are disconnected as
well. The two auxiliary bus loads are set at the maximum values seen
during a startup (9 MW and 7.5 MVAR). The bus tie between the two
6.9 kV auxiliary buses is closed. An EMT simulation is run for 20 s with a
0.0001 s integration step size. The VED speed is set to 0.02 pu. At t=2s,
the VFD receives a start command. The VFD closes in, and the motor
begins accelerating until it reaches 0.02 pu speed.

The ID fan motor start simulation results shown in Fig. 9 indicate a
successful motor start by achieving a stable 0.0194 pu speed in 20 s. The
grid forming converters see a minimum.93 pu and maximum 1.046 pu
fluctuation at breaker closing lasting 0.011 s. The frequency is stable at
VFD energization with a slight oscillation. The oscillations may be
removed or reduced through further VFD harmonic filter and grid
forming converter tuning.

4.2. Case study for synchronizing generator with grid forming inverter

The system model is configured with the synchronous generator on
and spinning at synchronous speed. The 230 kV breaker connecting the

generating station transformer (GSU) is opened. The auxiliary trans-
formers are disconnected and the microgrid is connected to the 230 kV
island through the two start up transformers. Synchronization of the
generator with the microgrid occurs when the GSU high side breaker
closes in. This simulation is to test the ability of the grid forming con-
verter microgrid to successfully sync with the existing synchronous
generator. To simplify the simulation, the solar grid following inverters
are disconnected. The two auxiliary bus loads are set at the maximum
values seen during a startup (9 MW and 7.5 MVAR). An EMT simulation
is run for 4 s with a 0.0001 s integration step size. The GSU high side
breaker closes at t=2 s connecting the synchronous generator to the
microgrid.

The generator synchronization simulation indicates a successful
synchronization of the generator to the microgrid. The converter voltage
oscillations at switching range from 1.01 to 1.055 pu and stabilize in
0.5 seconds (Fig. 10). The frequency oscillations range from 0.971 to
1.041 pu and stabilize in 0.2 seconds (Fig. 11). Each converter sees a
spike in current to 2 pu which dampens down to steady state in
0.3 seconds (Fig. 12). When the generator syncs, it initially slows down
from 1 pu to 0.9987 pu in 0.25 seconds. This loss of inertia results in
generator output. As seen from Fig. 13, the converters absorb the gen-
erator’s inertial energy.
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4.3. Case study for determining black start energy requirements

The system model is configured with the synchronous generator off.
The 230kV breaker connecting the generating station transformer
(GSU) is opened. The auxiliary transformers are disconnected and the

Converter Voltage

Converter Frequency Converter Current PA Fan Speed

Fig. 8. PA fan motor start simulation results.

microgrid is connected to the 230 kV island through the two start up
transformers. The purpose of this simulation is to determine energy
storage requirements for starting up the synchronous generator.

The quasi-dynamic simulation utilizing the python script (Fig. 4)
shows each battery plant would need to be 235 MWhr to be capable of
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Fig. 9. ID fan motor start simulation results.
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Fig. 10. Sync voltage simulation results.
black starting the unit starting at any hour of the year. There is a high at each hour of the day as a measure, the optimal hour to initiate a black
level of variability in the energy requirements depending on the time of start is 11 PM. (Fig. 14)
day the start is initiated. Taking the average battery energy consumption Relaxing the requirement of 100 % capability for every hour of the
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Fig. 11. Sync frequency simulation results.
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Fig. 12. Sync current simulation results.
year, the stored energy required to start up the unit can be reduced. solar installation:
Assuming a time window of 5 days to initiate a black start reduces the
stored energy requirement by 34 % to 155 MWhr per battery plant. e Base case
(Fig. 15) e Solar install

e Reduce coal fuel with solar
4.4. Energy benefits-solar system installations

The base case model is configured with the synchronous generator
Three models are developed to compare the energy benefits of the generating and the solar/battery installation is disconnected. A year

10
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Fig. 13. Sync power simulation results.
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Fig. 14. Black start energy requirements.

(2022) of 1 minute power data is used for the auxiliary loads as well as
unit dispatch. The solar install model also has the synchronous generator
generating, but also has the solar/battery plants connected and gener-
ating. The same base case power data is used. In addition, the hourly
solar irradiation data from the 2020 NREL Typical Metrological Year
database [27] is used in the model to calculate photovoltaic generation.
The reduce coal fuel with solar model is identical to the solar install
model, except for the power data used. This model constrains the point
of connection (POC) output to that of the base case. The solar generation
reduces the synchronous generation to keep the export the same as the

11

base case. But this reduction is constrained by the synchronous gener-
ator’s minimum operating output of 240 MW.

The two 35 MW solar plants produced 81,941 MWhr for the year.
Using the average US price of electricity ($0.111/kWhr)[28], this
equates to about $9.1 million. The unit output increased by 2.5 %. The
reduce coal fuel simulation calculates a reduction of 47,607 MWhr or a
1.5 % reduction in synchronous generator output. This reduces the
amount of coal burned over a year by an estimated 21,100 metric tons,
while also exporting an additional 34,334 MWhr of energy ($3.8
million) from the solar plants.(Fig. 16)
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Fig. 15. Black start relaxed start requirements.
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Fig. 16. Monthly Energy Output.

5. Conclusions

The objective of this paper is to model and simulate integration of
solar power and battery to an existing fossil fuel power plant to reduce
fuel burn and provide black-start capability. The performance of the
proposed methodology is demonstrated through detailed simulations
and analyses. Dynamic simulations show the unit can be black started
utilizing a grid forming inverter with battery energy storage. The sim-
ulations demonstrate the ability of the grid forming inverters to start the
largest motor loads required by the unit during run up. It is also shown
that the synchronous generator can synchronize with the converter
driven microgrid while maintaining grid stability. Additional analysis
determines the stored energy requirements of the battery system.
Finally, it quantifies the savings of energy and reduced fuel benefits with
hybridization of energy resources. The proposed management algorithm
faces two primary drawbacks. Firstly, there are challenges in tuning the
droop controls for motor starts and generator synchronization. Ideally,
these parameters should be dynamically optimized based on system
conditions and the equipment being brought online, a topic highlighted

12

for future research in this field. Secondly, the LSTM regression model
employed to calculate the reduced auxiliary load relies on one year of
data. Future research aims to address this limitation by updating the
model in real-time as new load data becomes available.
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Appendix A

PA Motor parameters

Sustainable Energy, Grids and Networks 39 (2024) 101489

Voltage 6.6kv

Rated mechanical Power 1268 kW

Nominal Frequency 60 Hz

Rated Speed 1786 rpm

Pole Pairs 2

Locked Rotor current 5.48 pu

Locked rotor torque .69 T/Tn

Torque at stalling point 2.28 T/Tn

ID Motor parameters

Voltage 6.6kv

Rated mechanical Power 7271 kW

Nominal Frequency 60 Hz

Rated Speed 716 rpm

Pole Pairs 5

Locked Rotor current 6.5 pu

Locked rotor torque .9T/Tn

Torque at stalling point 2.25T/Tn

BESS GFM converter settings

Setting PA Motor Start ID Motor Start Generator Sync
P droop 0.01 pu 0.01 pu 0.01 pu
Q droop 0.01 pu 0.01 pu 0.01 pu
Low-pass filter cut-off 60 Hz 72 Hz 60 Hz
Virtual R 0.01 pu 0.0006 pu 0.01 pu
Virtual X 0.01 pu 0.006 pu 0.01 pu
Over-current limit 1.01 pu 1.01 pu 1.01 pu
Proportional R factor 2 pu 8 pu 2 pu
Proportional X factor 2 pu 8 pu 2 pu
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