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Abstract. The successful operation of solar thermal plants requires a distributed con-
trol system (DCS) that is built with a combination of controls expertise and input from
subject matter experts to define requirements that the control system must s atisfy. This
work describes the distributed control system for the Generation 3 Particle Pilot Plant
(G3P3) at Sandia National Laboratories and the procedure used to design and achieve
the associated control requirements. Automation and supervisory control logic plays
an integral role in the G3P3 DCS due to the high number of controllable components
and feedback signals that indicate the systems state-of-health at any moment. The
implementation and testing of these key components will be shown and discussed in
detail in this work.
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1. Introduction

Human error in plant operation is often the source of mission failure in integrated sys-
tems. To minimize human error, automated supervisory control logic has long been
used to reduce the number of actions the plant operator is responsible for at any given
moment. This is especially applicable to the Generation 3 Particle Pilot Plant (G3P3),
because it first-of-a-kind nature increases the risk of human error and the introduction
of unforeseen failures. Automation in solar thermal plants has been identified as a re-
quirement for meeting the technological and economic targets for concentrating solar
technology, with a particular emphasis on the control of the heat transfer fluid (HTF)
loop [1]. This is particularly true for concentrated solar plants because the solar input
is inherently transient, so the solar receiver must be controlled precisely to maintain
a steady temperature of the HTF entering the loop. It is also complicated by the tran-
sients introduced by the thermal energy storage (TES) and inventory tanks. A myriad of
control strategies have been developed and deployed to handle these types of system
and component level transients in thermal power plants [2], [3].

To streamline the control operations in thermal power plants, it is necessary to
develop logic that allows the system to automatically transition between defined opera-
tional modes based on measured and estimated system states. This logical framework
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effectively automates the distributed control system (DCS) during startup, steady, and
shutdown operations. In many cases, this logic is integrated into the control frame-
work as a designated standalone controller and referred to as the programmable logic
controller (PLC) [4]. However, with the increased processing speeds available today,
it is often not necessary to separate the PLC from the DCS. This is the case in the
G3P3 control system, where the PLC is integrated as a state machine module within
the larger DCS program.

One of the primary challenges with automating the transitions between operational
modes in CSP plants has been the lack of commercial availability for sensing devices
like flow meters and level sensors [1]. Commercial sensors are often not rated for the
cycle temperatures or are not designed for the heat transfer fluid being used. This is
the case with the G3P3 particle loop, where flow and level sensors for granular material
had to be designed in-house. Also, while thermocouples are used throughout the G3P3
particle loop for operational feedback, it can often be challenging to place them in the
system in a way that avoids conduction, convection, and radiation bias [5], [6], [7].
Hence, a number of filters and observers have been designed to obtain estimations of
system states that are required to compute the logic that drives automated transitions
between operational modes.

Dynamic modeling and simulation can be used to reduce the observability gaps
in solar thermal systems. The ability to dynamically simulate thermal power plants in
general has been partly responsible for the advancement of digital control strategies
over the past 60 years [2]. Dynamic modeling of the plant not only gives an advantage
in the design and optimization of operations [8], [9], but can also be used to estimate
critical states that aren’t measured directly to enable the implementation of modern
control strategies [10]. These advantages are amplified for solar thermal systems be-
cause of the uncontrolled disturbances associated with meteorological conditions and
heat attenuation throughout the system. To operate solar thermal systems reliably and
efficiently on a 24-hour schedule, a sophisticated control system paired with modeling
and simulation is more of a requirement than an optional strategy. Furthermore, it is
most certainly a requirement if profitability of the plant is a bottom line.

In this work, the supervisory control framework for the Generation 3 Particle Pilot
Plant (G3P3) is described in a way that intends to give the reader an understanding of
the unique characteristics of particle-based systems that must be handled by control
systems. It is noted that the techniques used in this work have been industry standards
for over 50 years; although integration methods have advanced significantly. However,
these techniques are not always considered for research-based projects because the
objectives and bottom line differs from commercial systems. The authors have found
that the industry standard practices related to process controls have the same utility
and are just as beneficial in pilot-scale and research-based projects. The workflow that
the G3P3 followed to move through the conceptualization, design, and testing phases
of the automated control system is outlined in Figure 1.

2. Control Hardware

The G3P3 particle loop has a total of 23 controllable components, not including auxi-
lary systems like compressors and cooling loops. These components were designed
and placed throughout the particle loop to ensure that thermal and inventory control
requirements are achievable. The particle loop process flow diagram is shown in Fig-
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Figure 1. Workflow used to design, test, and deploy the G3P3 automated control software.

ure 2 and contains all of these controllable components that will be discussed in this
section.

2.1 Inventory Control Hardware

Particle valves were designed to enable control of the mass flow of particles at certain
points in the system and to act as isolation and diverter valves to direct the flow of
particles. As shown in Figure 2, the six flow control valves are located above the falling
particle receiver (FPR), below the hot, intermediate, and cold storage bins, below the
particle maintenance heater, and below the primary heat exchanger (PHX). In addition
to controlling the particle mass flow rate through the system, these flow control valves
act as the primary control inputs for tracking outlet temperature setpoints. The flow
control valves above the FPR and below the maintenance heater and PHX are one of,
or the only, controlled inputs in the outlet temperature tracking control algorithms. The
flow control valves below the hot and intermediate storage bins are used to manage
thermal diffusion rates in the particle inventory and to manage thermal transients in
general. The flow control valve beneath the cold storage bin is only used to control the
particle mass flow rate going through the two bucket elevators.

2.2 Thermal Control Systems

Our thermal control systems are designed to introduce heat or reject heat from the par-
ticle inventory. These include two electric particle heaters, the falling particle receiver,
and the particle-to-sCO2 heat exchanger. These are integrated systems, where the
particle mass flow rate control is an integral part of controlling the thermal energy en-
tering or leaving the particle loop. More detail about these components can be found
in existing literature [11], [12].

3. Supervisory Control Framework

The G3P3 particle loop operational modes are designed to span the entire operational
requirements for G3P3 tower testing with a discrete set of actuation combinations. They
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Figure 2. G3P3 particle loop process flow diagram with inventory and thermal control components.

are meant to simplify the operation of the tower by reducing the number of manual tasks
that the operator is responsible for in real-time for any given test. This will also provide
a framework for making tests performed on the G3P3 tower repeatable. The particle
loop operator will select one of three high-level operational modes: receiver operation,
storage operation, or PHX operation. Within each high-level operational mode are a set
of low-level operational modes, where transitions are automated according to a state-
machine in LabVIEW. This nominal mode transition framework is depicted in Figure

3.

3.1 Receiver Operation

The receiver operation mode covers any case where particles are flowing through the
receiver and not through the PHX. Under nominal conditions, after the operator selects
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Figure 3. Supervisory hierarchy for the G3P3 patrticle loop.

this mode, the system will automatically transition through Receiver Startup (1), Drain
Intermediate Storage (5), Receiver Steady State (2), and Receiver Shutdown (4) based
on an array of supervisory setpoints and system states. Auxiliary states are designed
to handle problematic thermal and inventory conditions. The auxiliary low-level oper-
ational modes are Receiver Idle (3), Drain FPR Startup (18), Drain FPR Steady State
(20), and Drain FPR Idle (19). This section will describe the nominal and auxiliary
low-level operational modes used for receiver operation.

3.1.1 Receiver Startup (1)

When the receiver initially goes on-sun and particles are flowing through the aperature,
there is a window of time where the temperature of particles flowing out of the receiver
does not meet the required threshold for entering the hot storage bin. The receiver
startup operational mode is designed to bypass the hot storage bin and hold particles
in the intermediate storage bin until the temperature setpoints are reached. The inter-
mediate storage bin can store particles for approximately 90 seconds at a particle mass
flow rate of 9 kg/s before it needs to be drained. The intermediate storage outlet flow
control valve is controlled automatically to prevent overflowing and minimize thermal
gradients going into the cold storage bin.

3.1.2 Drain FPR Startup (18)

This operational mode was designed specifically to mitigate a scenario where the re-
ceiver inventory hopper is close to overflowing during Receiver Startup. The process
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flow diagram for this mode is the same as the one for Receiver Startup, with the only dif-
ference being that the FPR slide gate is forced to a fully open position until the receiver
inventory hopper is drained to its low fill threshold.

3.1.3 Drain Intermediate Storage (5)

This operational mode provides a transition from Receiver Startup to Receiver Steady
State by simultaneously flowing particles into the hot storage bin at the correct temper-
ature and slowly bleeding the remaining particles in the intermediate storage bin into
the cold storage bin. Particles flowing out of the intermediate storage bin will generally
be much hotter than the max cold storage temperature (600 °C), so it is important that
they are slowly introduced to the cold storage inventory to enhance mixing and heat
loss to avoid the accumulation of particles at a temperature higher than 600 °C in the
cold storage bin.

3.1.4 Receiver Steady State (2)

Receiver Steady State is the primary operational mode during on-sun operations. In
this mode, the receiver slide gate is actively controlling the position of the slide gate to
track the receiver particle outlet temperature setpoint. If this mode is active, then the
controller is successfully tracking the setpoint and the particles are flowing into the hot
storage bin.

3.1.5 Drain FPR Steady State (20)

This operational mode was designed specifically to mitigate a scenario where the re-
ceiver inventory hopper is close to overflowing during a Receiver Steady State oper-
ation. The process flow diagram for this mode is the same as the one for Receiver
Steady State, with the only difference being that the FPR slide gate is forced to a fully
open position until the receiver inventory hopper is drained to its low fill threshold.

3.1.6 Receiver Idle (3)

This mode is active when the receiver is running, and the receiver slide gate controller
is not successfully tracking the outlet temperature setpoint. There will always be an
operator-defined upper and lower temperature threshold for particles coming out of the
receiver weigh hopper and going into the hot storage bin. If the temperature readings at
the outlet of the receiver weigh hopper fall outside of this threshold band, then particles
are diverted from the hot storage bin and go into the intermediate storage bin.

3.1.7 Drain FPR Idle (19)

This operational mode was designed specifically to mitigate a scenario where the re-
ceiver inventory hopper is close to overflowing during a Receiver |dle operation. The
process flow diagram for this mode is the same as the one for Receiver Idle, with the
only difference being that the FPR slide gate is forced to a fully open position until the
receiver inventory hopper is drained to its low fill threshold.

3.1.8 Receiver Shutdown (4)

The Receiver Shutdown operational mode is designed to gracefully transition from a
receiver mode to a storage or heat exchanger mode. It coincides with the shutdown of
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the heliostat field and will only be transitioned to if the field is not concentrating sun light
into the receiver aperture. When the system transitions to this operational mode, the
remaining particles in the bucket elevators, ducting, and hoppers are emptied into the
cold storage bin. The bucket elevators are turned off after they are completely empty.

3.2 Storage Operation

The storage operation mode covers any system operations that do not rely on the FPR
or the PHX. This generally occurs during transitions from the receiver operation or when
particles need to be drained into the hot or cold storage bins due to an emergency or
standard shutdown procedure. This section describes the low-level operational modes
that are designed to support these scenarios.

3.2.1 Drain to Cold Storage (10)

Drain to Cold Storage will be transitioned to if the storage mode is requested by the
operator and there are still particles in the ducting system that are coming out of the
receiver weigh hopper at a temperature outside of the requirements for entering the hot
storage bin. Once the ducting system has been drained the system should switch into
the Hold Storage mode.

3.2.2 Drain to Hot Storage (17)

Drain to Hot Storage will be transitioned to if the storage mode is requested by the
operator and there are still particles in the ducting system that are coming out of the
receiver weigh hopper at a temperature that meets the requirements for entering the
hot storage bin. Once the ducting system has been drained the system should switch
into the Hold Storage mode.

3.2.3 Hold Storage (9)

There should be no particle flow in this mode, as it is designed only to hold particles in
the hot and cold storage bins until a receiver or heat exchanger operation is selected
by the operator.

3.3 Primary Heat Exchanger Operation

The PHX operation mode transitions are similar to the receiver operation in that they
are designed to take the PHX through PHX Startup (7), PHX Steady State (8), and PHX
Shutdown (22) procedures. The main consideration for the PHX operation mode is that
it is critical that thermal setpoints entering the PHX are met and thermal transients are
minimized to prevent issues with the coupled sCO2 loop and to protect the integrity of
the PHX. Due to the intricate nature of the coupled particle and sCO2 loops during heat
exchanger operation, the supervisory setpoints for the particle loop PHX operational
modes are set and monitored by the sCO2 loop operator. Auxilary low-level operational
modes in PHX Operation include PHX Maintenance Heating (6), Divert Hot Storage
PHX Startup (11), Divert Hot Storage PHX Steady State (12), and PHX Circulation
Shutdown (23). The low-level PHX operational modes described in this section will be
automated to prevent unwanted thermal transients from going through the PHX.
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3.3.1 PHX Startup (7)

The PHX Startup operational mode is designed to either supplement or replace hot
particles from the hot storage bin with the electric heaters during PHX operation. This
is expected to occur over startup periods where the initial conditions of the system do
not allow for a full charge of the hot storage bin during the receiver operation. In this
scenario, particles will circulate from the cold storage bin, up the bucket elevator, and
through the receiver bypass line to supplement the discharge and continuously operate
the PHX. In this operation, the electric maintenance and trim heaters will be controlled
to track setpoints for the PHX particle inlet temperature.

3.3.2 PHX Maintenance Heating (6)

PHX Maintenance Heating provides an operational mode for maintaining the PHX and
particles in a thermally charged state during downtime or maintenance operations. This
operational mode will generally not be transitioned to under nominal test conditions. In
the PHX Maintenance Heating mode, it is important that the operator set the setpoints
of the particle maintenance heater and PHX trim heater and monitor the temperature
of particles going into the cold storage bin closely. The temperature setpoints should
not be set to be greater than 600 °C in this operational mode.

3.3.3 PHX Steady State (8)

The system should remain in PHX Steady State during nominal testing operations. This
includes 1) a full hot storage bin, 2) hot storage particle temperatures at the desired
level for the PHX test, and 3) thermal transients in the particles coming out of the hot
storage bin under an acceptable threshold. The PHX trim heater will be operated to
reject small thermal transients or temperature deficiencies. The particle mass flow rate
through the heat exchanger can also be controlled to reject these thermal disturbances.
Special attention should be given to the PHX particle outlet temperature. If particles go
into the cold storage bin at a temperature greater than 600 °C for a prolonged period,
then the system will need to shut down to let the particles cool to an acceptable level
for entry into the bucket elevator.

3.3.4 Divert Hot Storage PHX Startup (11)

This operational mode is designed to mitigate the scenario where the temperature
and/or temperature transients coming out of the hot storage bin are too far outside of
the defined thresholds to be handled by electric heating or mass flow control. If these
conditions are detected then the particles leaving the hot storage bin are diverted to
the intermediate storage bin until they return to nominal conditions. Particles continue
to circulate out of the cold storage bin and through the receiver bypass line in this
operation.

3.3.5 Divert Hot Storage PHX Steady State (12)

This operational mode is designed to mitigate the scenario where the temperature
and/or temperature transients coming out of the hot storage bin are too far outside of
the defined thresholds to be handled by electric heating or mass flow control. If these
conditions are detected, then the particles leaving the hot storage bin are diverted to
the intermediate storage bin until they return to nominal conditions. Since there is
no secondary supply of particles for the PHX, the operator should closely monitor the
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particle inventory going into the PHX to prevent the PHX particle chamber from being
emptied.

3.4 PHX Shutdown (22)

The PHX Shutdown operational mode is designed to perform a graceful transition out
of the heat exchanger operation. Final inventory and thermal checks are added here
to ensure that the heat exchanger is left in a safe state before moving on to storage or
receiver operations.

3.5 PHX Circulation Shutdown (23)

PHX Circulation Shutdown is the intermediate operational mode between PHX Startup
or PHX Maintenance Heating and PHX Shutdown because additional steps are re-
quired to handle the inventory in the low and high bucket elevators.

4. Automated Control Logic

The G3P3 particle loop control system performs automatic transitions between oper-
ational modes according to conditional logic evaluations with information coming from
either the operator or the DAQ system. These transitions are defined in a state ma-
chine that continuously outputs the low-level operational mode command while the
semi-automatic mode is active. All automated transitions are defined here according
to the terminology used in the state machine that is developed in the LabVIEW State
Chart Module. Specifically, we use the term guard to refer to the condition that must be
evaluated as true for a transition to be taken. The numbering convention for the main
particle loop state machine transitions is X.Y, where X is the state being transitioned out
of and Y is the state being transitioned into. A simplified version of the state machines
for receiver, storage, and PHX operations is shown in Figure 4

(a) Receiver Operation
(c) Storage Operation

Figure 4. State machines for the G3P3 particle loop in receiver operation, PHX operation, and storage
operation.
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4.1 Receiver Operation

The receiver is the primary mode of heat addition to the particle loop, and it is therefore
crucial that it operated with precision to consistently satisfy test requirements. There
are many states in the receiver state machine that are designed to handle sub-optimal
conditions and problematic scenarios. However, for a test to be successful it will gen-
erally require the system to operate in Receiver Steady State for greater than 80% of
the receiver operation duration.

A nominal receiver operation consists of a smooth transition from Receiver Startup
to Drain Intermediate Storage after the receiver particle outlet temperature reaches
the desired setpoint (less than 10 minutes). Drain Intermediate Storage and Receiver
Steady State are functionally identical with the only difference being that the interme-
diate storage bin is being drained slowly in the former, so the duration of time in Drain
Intermediate Storage is inconsequential. After transitioning to Receiver Steady State,
the slide gate controller for the falling particle curtain should track the outlet tempera-
ture setpoint continuously throughout the duration of the receiver operation. When the
operator selects a different operating region (e.g., Storage or PHX) the system should
transition to Receiver Shutdown and remain there until the bucket elevator, receiver
inventory hopper, and receiver weigh hopper are empty. Any deviation from this se-
quence has a negative impact on the test procedure and results. The transition logic
for the receiver operation state machine is provided in Table 1.

Table 1. Receiver operation transitions with the notation X.Y where X and Y are the states being
transitioned from and to, respectively. The guard logic is what must be evaluated to true for the
transition to be made.

Transition Guard Logic Description
1.3 coldStoragelsEmpty Vv intermedi- Insufficient circulating inventory
ateStoragelsFull before receiver outlet temperature
is in range.

1.4 — receiverOp V receiverBackWall-

TemplsHigh Vv coldStorageOutlet-
TemplsHigh

New mode selected or tempera-
tures threaten damaging bucket el-
evator or receiver.

1.5 - hotStoragelnletTemplsLow A — Receiver outlet temperature is now

hotStoragelnletTemplsHigh in range.
1.18 receiverlnventoryHopperlsFull Receiver inventory hopper needs
to be drained to an acceptable
level.
18.1 - receiverlnventoryHopperlsFull A Receiver inventory hopper has
(FromState = 1) reached an acceptable level.

18.4 - receiverOp V receiverBackWall- New mode selected or tempera-
TemplsHigh Vv coldStorageOutlet- tures threaten damaging bucket el-
TemplsHigh evator or receiver.

5.2 intermediateStoragelsEmpty Intermediate storage outlet flow
can be stopped.

5.3 hotStoragelnletTemplsLow VvV Insufficient circulating inventory or

hotStoragelnletTemplsHigh Y,
hotStoragelsFull v  ColdStor-
agelsEmpty

receiver outlet temperature is no
longer in range.

10
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5.4

— receiverOp V receiverBackWall-
TemplsHigh Vv coldStorageQutlet-
TemplsHigh

New mode selected or tempera-
tures threaten damaging bucket el-
evator or receiver.

5.20

receiverlnventoryHopperlsFull

Receiver inventory hopper needs
to be drained to an acceptable
level.

2.3

hotStoragelnletTemplsLow Vv
hotStoragelnletTemplsHigh Vv
hotStoragelsFull v ColdStor-
agelsEmpty

Receiver outlet temperature is no
longer in range or insufficient cir-
culating inventory.

2.4

- receiverOp V receiverBackWall-
TemplsHigh Vv coldStorageOutlet-
TemplsHigh

New mode selected or tempera-
tures threaten damaging bucket el-
evator or receiver.

2.20

receiverlnventoryHopperlsFull

Receiver inventory hopper needs
to be drained to an acceptable
level.

3.2

— hotStoragelnletTemplsLow A —
hotStoragelnletTemplsHigh A -
hotStoragelsFull A — ColdStor-
agelsEmpty A (FromState = 2)

Receiver outlet temperature is
back in range and circulating in-
ventory is sufficient.

3.4

— receiverOp V receiverBackWall-
TemplsHigh Vv coldStorageOutlet-
TemplsHigh

New mode selected or tempera-
tures threaten damaging bucket el-
evator or receiver.

3.5

- intermediateStoragelsEmpty A
- hotStoragelnletTemplsLow A —
hotStoragelnletTemplsHigh A -
hotStoragelsFull A — ColdStor-
agelsEmpty A ((FromState = 1) v
(FromState = 5))

Receiver outlet temperature is
back in range and circulating in-
ventory is sufficient but intermedi-
ate storage has not been drained.

3.19

receiverlnventoryHopperlsFull

Receiver inventory hopper needs
to be drained to an acceptable
level.

19.3

— receiverlnventoryHopperlsFull A
(FromState = 3)

Receiver inventory hopper has
reached an acceptable level.

19.4

- receiverOp V receiverBackWall-
TemplsHigh Vv coldStorageOutlet-
TemplsHigh

New mode selected or tempera-
tures threaten damaging bucket el-
evator or receiver.

20.2

- receiverlnventoryHopperlsFull A
(FromState = 2)

Receiver inventory hopper has
reached an acceptable level.

20.4

- receiverOp V receiverBackWall-
TemplsHigh Vv coldStorageOutlet-
TemplsHigh

New mode selected or tempera-
tures threaten damaging bucket el-
evator or receiver.

20.5

- receiverlnventoryHopperlsFull A
(FromState = 5)

Receiver inventory hopper has
reached an acceptable level.

4.1

- receiverBackWallTemplsHigh A
receiverOp A — coldStorageOutlet-
TemplsHigh A (FromState = 1)

Temperatures are acceptable and
receiver mode is selected.
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4.2 - receiverBackWallTemplsHigh A Temperatures are acceptable and
receiverOp A — coldStorageOutlet- receiver mode is selected.
TemplsHigh A (FromState = 2)

4.3 — receiverBackWallTemplsHigh A Temperatures are acceptable and
receiverOp A — coldStorageOutlet- receiver mode is selected.
TemplsHigh A (FromState = 3)

4.5 — receiverBackWallTemplsHigh A Temperatures are acceptable and
receiverOp A — coldStorageOutlet- receiver mode is selected.
TemplsHigh A (FromState = 5)

419 - receiverBackWallTemplsHigh A Temperatures are acceptable and
receiverOp A — coldStorageOutlet- receiver mode is selected.
TemplsHigh A (FromState = 19)

418 — receiverBackWallTemplsHigh A Temperatures are acceptable and
receiverOp A — coldStorageOutlet- receiver mode is selected.
TemplsHigh A (FromState = 18)

4.20 - receiverBackWallTemplsHigh A Temperatures are acceptable and

receiverOp A — coldStorageOutlet-
TemplsHigh A (FromState = 20)

receiver mode is selected.

4.2 Storage Operation

The storage operation is designed simply to ensure that particles are directed to the
correct storage bin prior to cutting off all flow throughout the system. Particles are
diverted to either the hot or cold storage bin prior to a storage operation to prevent sub-
stantial cooling of particles left in specific components, which could introduce problem-
atic spatial and thermal gradients throughout the system in PHX or receiver operations.
Under nominal scenarios, the system should transition to Hold Storage in less than 5
minutes. The transition logic for this state machine is provided in Table 2.

Table 2. Storage operation transitions with the notation X.Y where X and Y are the states being
transitioned from and to, respectively. The guard logic is what must be evaluated to true for the
transition to be made.

Transition Guard Logic

17.9 lowBucketLiftisEmpty A highBuck-
etLiftisEmpty A receiverlnventory-
HopperlsEmpty A receiverWeighHop-

Description

All components have been drained to
hot storage

perlsEmpty
17.10 hotStoragelnletTemplsLow Vv — on- Hot storage inlet temperature is low
Sun while draining system.
10.17 - hotStoragelnletTemplsLow A Hot storage inlet temperature is back
(FromState = 17) in range while draining to hold stor-
age.
10.9 lowBucketLiftisEmpty A highBuck- All inventory bins other than hot Stor-

etLiftisEmpty A receiverinventory- age have been drained to cold stor-
HopperlsEmpty A receiverWeighHop- age.
perlsEmpty
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4.3 Primary Heat Exchanger Operation

The particle loop PHX operation is led by the sCO2 loop operator to ensure that the
particle loop setpoints are defined to meet the requirements of the sCO2 loop. How-
ever, the sCO2 loop operator must be capable of reacting to particle-side conditions
that cause a failure to meet the desired duty of the PHX. For example, thermal tran-
sients may exist on the particle side that require mass flow rate adjustments on the
particle and sCO2 side of the PHX. The automated transitions defined here for the
PHX operation only pertain to the particle loop. The gate logic for these transitions are
provided in Table 3.

Table 3. Primary heat exchanger operation transitions with the notation X.Y where X and Y are the
states being transitioned from and to, respectively. The guard logic is what must be evaluated to true for

the transition to be made.

Transition Guard Logic

Description

8.6 hotStoragelsEmpty Vv coldStor- Circulating inventory is insufficient.
agelsFull
8.12 hotStorageOutletRampRatelsHigh Hot storage outlet temperature
ramp rate could damage the heat
exchanger.
12.8 = hotStorageOutletRam- Hot storage outlet temperature
pRatelsHigh A (FromState = ramp rate is back below the thresh-
8) old.
6.8 = hotStoragelsEmpty A — cold- Circulating inventory is sufficient.
StoragelsFull A (FromState = 8)
6.7 - hotStoragelsEmpty A — cold- Circulating inventory is sufficient.
StoragelsFull A (FromState = 7)
7.6 hotStoragelsEmpty Vv coldStor- Circulating inventory is insufficient.
agelsFull
7.11 hotStorageOutletRampRatelsHigh Hot storage outlet temperature
ramp rate could damage the heat
exchanger.
11.7 - hotStorageOutletRam- Hot storage outlet temperature
pRatelsHigh A (FromState = ramp rate is back below the thresh-
7) old.
8.22 - phxOp New mode selected.
12.22 - phxOp New mode selected.
6.23 - phxOp V coldStorageOutletTem- New mode selected or cold stor-
plsHigh age outlet temperature could dam-
age the bucket elevator.
23.6 — coldStorageOutletTemplsHigh A Cold storage outlet temperature is
(FromState = 6) safe for the bucket elevator.
11.23 - phxOp V coldStorageOutletTem- New mode selected or cold stor-
plsHigh age outlet temperature could dam-
age the bucket elevator.
23.11 - coldStorageOutletTemplsHigh A Cold storage outlet temperature is

(FromState = 11)

safe for the bucket elevator.
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23.22 - phxOp A lowBucketLiftisEmpty New mode selected and the
A highBucketLiftisEmpty bucket elevators are empty.

5. Testing and Results

The automation software functionality is tested and verified in NI TestStand, where test
vectors and response baselines are designed to verify the functionality of all transi-
tion logic contained in Tables 1 through 3. The test vectors are designed to represent
a nominal 72-hour transition trajectory with thermal and inventory events that trigger
specific transitions. In addition to this, the software is implemented directly on a G3P3
simulator that models the transient mass, momentum, and energy flow through the sys-
tem. This is utilized to iteratively test and update the control logic throughout the design
and testing process. The simulator is also operated in a hardware-in-the-loop config-
uration to operate the particle valves on the physical G3P3 tower with temperature
and inventory measurements coming from modeled states. This hardware-in-the-loop
simulation is the final step prior to deploying the software. An example of a 72-hour
simulation with the automation logic is provided in Figure 5. The simulation starts at 1
AM in a storage operation, transitions to heat exchanger operations at 2 AM, and then
transitions to receiver operations when sufficient DNI is available.

Simulation ‘ Operational Mode Hot Storage Fill Fraction Cold Storage Fill Fraction
starts at 1 AM
10 + 4
L — ]
8 1 4
6 Hot Storage Bin is
[ Receiver Idle to Steady drained before starting T
a4l State fluctuation on new cycle |
first cycle
921 L
0 e
Receiver Feed Hopper: T's,u; Receiver Weigh Hopper: T's,,; PHX: T'co2,,
Receiver: T'syu PHX: T'syu: TMY3: DNI
| | | | |
‘ Receiver and PHX ‘ ! ! ‘
1000 +- are controlled to -+ 1000
maintain outlet temps
800 - rd = +800 &
O 600 + I : I 1600 =
N j—
& 1 1 ~
400 400 =
T _Q
200 + \ =+ 200
0 x‘ I I x‘ } i —-0
0 10 20 30 40 50 60 70
hr

Figure 5. Example simulation results from the automation logic implementation on the G3P3 simulator.
The operational mode numbers correspond to those indicated in Figure 4.

6. Conclusions

Although G3P3 is small-scale pilot demonstration with a more research-oriented fo-
cus than a commercial CSP installation, methods from large industrial control systems
have proven to provide the same benefits. In some cases, automation is even more
necessary in smaller projects because resources are more limited. Some of the ben-
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efits that simulation and automation have provided in the context of G3P3 include 1)
beginning the design of control logic very early in the project timeline, 2) integrating
control requirements directly in the software and systematically verifying that they will
be met during operation, 3) allowing test engineers to focus more on meeting test ob-
jectives and less on manual actions on individual system components, and 4) saving
time and effort in the quality assurance process by automating the software testing and
verification process. In general, automation in the G3P3 control software allows the
team to design and achieve test objectives more strategically and enables better test
repeatability.
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