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Small modular reactors are the nuclear fission reactors with electric power
output less than 300 MWe. To apply the enhanced safety of small modular
reactors to build large-scale nuclear plants with any desired power ratings, the
multi-modular scheme is recommended to be adopted, where multiple reactor
modules are utilized to drive the common load equipment for power gen-
eration or cogeneration. The feasibility of multi-modular scheme is not verified
until several plant-wide tests were carried out recently on the high tempera-
ture gas-cooled reactor pebble-bed module (HTR-PM) nuclear plant. The HTR-
PM plant consists of two inherently safe nuclear reactors of 200 MWt, adopts
the scheme of two reactor modules driving a common steam turbine, and
operates commercially since December 6, 2023. In this paper, the responses of
key process variables of HTR-PM plant in the tests of power ramping, turbine
trip and reactor trip are provided, and the related multi-modular coordinated
control method is also proposed. This result manifests the feasibility of multi-
modular scheme practically, and shows the promising future of building large-

scale nuclear plants with a system of small modular reactors.

The inherently safe reactors are defined as those nuclear fission reac-
tors whose safety are given purely by the principles of nature in physics
and chemistry, without any intervention from electromechanical
equipment or human operators. As noted by Alvin M. Weinberg, the
emblematic feature of the second nuclear era is the effective operation
of inherently safe commercial reactors'. The severe accidents at Three
Mile Island in 1979, Chernobyl in 1986 and Fukushima Daiichi in 2011
highlight the fact that stringently keeping safety is essential for the
widespread deployment of nuclear power plants (NPPs). According to
the prediction made by Weinberg in ref. 1, the integral pressurized
water reactor (iPWR) and the modular high temperature gas-cooled
reactor (MHTGR) are seen as two viable options that may usher in the
second era of nuclear energy. In fact, both the iPWR and mHTGR are
two representative small modular reactors (SMRs) emerging since
2000s? being fundamentally characterized as the fission reactors with
a generating capacity of less than 300 MWe’. By incorporating the
design features such as the reduced fuel inventory and the passive
mechanism, SMRs are commonly endowed with passive or inherent

safety, and their compact size affords flexibilities in fabrication,
transportation, construction and siting. Not only can SMRs deliver
clean energy to the off-grid locations lack of distribution and trans-
mission infrastructure®, but they can also serve as local power and
heat sources for populated urban areas and industrial hubs, promoting
significant deep decarbonization efforts®’. It is indicated in ref. 8 that
the advanced SMRs, including the mHTGRs and the small molten salt
reactors, possess potential to meet the substantial energy require-
ments being necessary to drive the forthcoming advancements in
artificial intelligence (Al).

Especially, the mHTGR is the graphite-moderated and helium-
cooled fission reactor designed so that both its power density and core
diameter are firmly restricted, allowing for the natural decay heat
removal through heat conduction, radiation and natural convection
without requiring an emergency core cooling system®°. Each fuel
element of mHTGR consists of several thousands of tri-structural iso-
tropic-coated (TRISO) particles integrated within a spherical or pris-
matic graphite matrix. A TRISO particle comprises a UO, kernel
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encased in layers of pyrocarbon (PyC) and of silicon carbide (SiC),
which can effectively prevent the escape of fission product under
1620 °C. The international nuclear sector has dedicated substantial
efforts to the innovation and advancement of commercial mHTGR
systems, and some notable mHTGR demonstration plants were
designed in 1980s and 1990s such as the 200 MWt pebble-bed reactor
HTR-Module in Germany by SIEMENS/Interatom™ and the 350 MWt
prismatic reactor MHTGR in the U.S .by General Atomics'. Despite the
substantial success of these two initiatives in research and develop-
ment, the engineering deployment has not commenced due to
numerous factors. Circa 2000s, both China and Japan constructed
their own modular high temperature gas-cooled test reactors, the
10MWt pebble-bed high temperature gas-cooled test reactor (HTR-
10)*"* and the 30 MWt prismatic high temperature test reactor
(HTTR)". With the HTR-10 severing as a prototype and by taking cues
from both the German HTR-Module and the U.S MHTGR, the nuclear
power plant known as the high temperature gas-cooled reactor
pebble-bed module (HTR-PM) has been developed based upon the
partnership of Tsinghua University’s Institute of Nuclear and New
Energy Technology (INET) serving as the technical authority, China
National Nuclear Corporation (CNNC) taking the role of engineering,
procurement and construction (EPC) contractor and China Huaneng
Corporation (CHC) having the ownership'. The HTR-PM power plant is
situated in the Shidao Bay area of China Shandong province, has been
integrated to the grid since December 20, 2021, and commenced its
commercial operation on December 6, 2023". From Fig. 1, the HTR-PM
facility is composed of two mHTGR-type reactor modules of each
200MWt alongside a common steam turbine. Each reactor module is
mainly composed of a pebble-bed one-zone mHTGR, a helical-coil
once-through steam generator (OTSG) and a primary helium blower.
The OTSG is arranged side-by-side to the reactor, and the primary
helium blower is mounted on the top of the OTSG. Currently, the main
steam temperature and pressure at the turbine inlet of HTR-PM plant
are 520 °C and 11 MPa respectively. Once the reactor cores reach their
equilibrium stage, it is possible to further improve the hot helium
temperature at the core outlet, giving that the main steam will reach an
operational temperature of 540 °C. During the time frame of August 23
and September 1, 2023, the loss of cooling tests were performed on

Steam Generator

both reactors at the rated power of 200 MWt, and the test results
indicate that the residual heat can be naturally dissipated without any
active intervention, demonstrating for the first time the presence of
inherent nuclear safety on a commercial scale’®. While the potential for
achieving such inherent safety has been established in the test reactors
like AVR", HTTR" and HTR-10", the confirmation of inherent safety in
a commercial reactor power level like 200 MWt is given for the first
time on HTR-PM reactors, since the primary challenge of decay heat
removal lies in handling the power level.

In addition to concerns regarding safety, the economic viability also
plays a significant role in determining the feasibility of large-scale
deployment of SMRs. With the decreased fuel inventory of each SMR,
there is a restriction on the rated reactor thermal power. For instance,
achieving the inherent safety of one-zone mHTGRs requires limitations
on both the power density of the reactor and its diameter. This results in
the rated thermal power output for both the German HTR-Module and
the Chinese HTR-PM being consistently set as 200MWt. The economic
viability of SMR facilities is significantly hindered by the limitation on
rated thermal power when each SMR module is paired with its own
individual steam turbine. In contrast to the single-modular configura-
tion, utilizing a multi-modular approach with several SMRs sharing a
common turbine can extend the passive or inherent safety features of an
individual SMR throughout the entire nuclear power plant, thus
enhancing the economic efficiency of SMR systems. In fact, the German
HTR-Module utilizes a dual-module configuration involving two mHTGR
modules supplying steam to a single turbine, while the U.S. plant using
MHTGR technology comprises multiple reactor modules that provide
steam for one or several turbines. From the simplified power generation
process diagram shown in Fig. 2, the HTR-PM employs the multi-
modular scheme analogous to the German HTR-Module, whereby the
superheated steam provided by the two reactor modules are combined
before being directed to the shared turbine for electricity generation.

The necessity of coordinated control in multi-modular nuclear
plants arises from handling the couplings both within individual
modules and across interconnected modules. The coordinated control
amongst multiple reactor modules is fundamental for the imple-
mentation and functioning of multi-modular NPPs, recognized as a key
technology in nuclear engineering since 1990s. Kim and Bernard
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Fig. 1| The HTR-PM nuclear power plant. a Outside view of plant building, b composition of reactor module, ¢ layout of the nuclear island, d control room.
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Fig. 2 | Schematic diagram for power generation process of HTR-PM plant. Two reactor modules provide steam for a common turbine, and every reactor module is
composed of a modular high temperature gas cooled reactor, a helical-coil once-through steam generator and a primary helium blower.

studied the operation characteristics of a pressurized water reactor
(PWR)-type multi-modular nuclear plant, where a reactor module
consists of a PWR and several U-tube steam generators (UTSGs)Y.
Perillo, Upadhyaya and Li investigated the potential for implementing
coordinated control in a two-modular iPWR-type NPP through
numerical simulation?. The initial findings in refs. 19,20 emphasize on
the coupling feature amongst multiple modules, but fall short in por-
traying the coupling effect by dynamic system models and offering
concrete control strategies for managing this coupling. Recently, a
systematic approach has been established for the passivity-based
control (PBC) of nuclear reactors and reactor modules through intro-
ducing the entropy production metric as a storage function” >,
Moreover, by describing the coupling across interconnected modules
as a fluid flow network (FFN), the coordinated control among multiple
modules is converted to the pressure-flowrate joint regulation of the
FFN, and the PBC of FFNs is proposed correspondingly.?*~* The the-
oretical framework provided in refs. 21-25 supports the coordination
of multi-modular NPPs.

Given that the thermal power capacity of typical SMRs is restricted
to ensure passive or inherent safety, a significant challenge in the
advancement of SMRs lies in the development of large-scale NPPs using
these power-restricted reactor modules. A viable approach is to imple-
ment the multi-modular scheme, where several reactor modules pro-
vide steam for a shared turbine. Although the adoption of multi-
modular scheme has been seen in the SMR plant designs including the
German HTR-Module and U.S. MHTGR, the practical verification of its
feasibility remains unconfirmed, primarily due to the challenges in
deploying multi-modular coordinated control. This study introduces a
multi-modular coordinated control system to address the coupling of
process variables within a single reactor module and across inter-
connected modules. Following this, the detailed plant-wide test results
on the multi-modular coordination of HTR-PM plant in the scenarios
including power ramping, turbine trip as well as reactor trip are pre-
sented. The test results confirm the practicality of the multi-modular
scheme alongside the effectiveness of multi-modular coordinated con-
trol system. The verified multi-modular scheme is suitable for all those
SMRs generating superheated steam. The multi-modular coordinated
control advances in the common method of addressing the couplings
both within a single reactor module and across multiple interconnected
modules, making it applicable to the multi-modular NPPs with various
SMRs. The results in this paper verify the feasibility of the scheme in
building large-scale NPPs based on a system of small modular reactors.

Results

The coordinated control system (CCS) design of HTR-PM plant is
proposed, and then the test results of plant-wide coordination in the
scenarios of power ramping, turbine trip as well as reactor trip are
presented to show the feasibility of the multi-modular scheme and the
effectiveness of the CCS.

Coordinated Control System

The coordination amongst the modules of HTR-PM is mainly realized by
the CCS shown in Fig. 3, which is composed of seven local controllers for
the regulation of neutron flux, helium flowrate, feedwater flowrate,
helium temperature, steam temperature, thermal power and main steam
pressure, where the first six controllers are equipped to each reactor
module individually. The pairing of the controlled variables and the
manipulated variables of these seven local controllers are shown in
Table 1. From Fig. 2, the two reactor modules supply superheated steam
with identical parameters to a common turbine-generator system, and
the fluctuations in the main steam pressure affect the operation of both
modules. Thus, the coordination between two reactor modules is mainly
managed by the main steam pressure controller stabilizing the common
steam pressure at the inlet of the steam turbine. To ensure effective
coordination across modules, it is also necessary to stabilize the steam
temperatures at the secondary outlets of the steam generators by the
individually equipped steam temperature controllers.

The CCS of HTR-PM plant is implemented on the distributed
control system (DCS) platform, of which the architecture design is
depicted in Fig. 4. It can be seen from Fig. 4 that the DCS of the HTR-PM
plant is structured to two distinct layers referred to as Level 1and Level
2. Level 1 encompasses a set of control stations interconnected with
redundant real-time servers via Level 1 ethernet, while Level 2 features
an interconnected network of several operator stations, an engineer
station, along with redundant historical servers, real-time servers, and
computing servers through Level 2 ethernet. The real-time servers are
integrated to both Levels 1 and 2 networks, facilitating the information
exchange between the two levels. Measurement data is transmitted
from field instruments to the Level 1 control stations via hard-wired
links, which subsequently drive the control stations to give the hard-
wired driving signals to various actuators, including the control rods,
helium blowers, feedwater pumps and main steam regulating valve.
These control actions are in response to the commands from opera-
tors and the discrepancies identified between the measured values and
the desired setpoints of the controlled variables. Each control station
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Fig. 3 | Composition of the coordinated control system of HTR-PM plant. The

controllers for neutron flux, helium fl

owrate, feedwater flowrate, helium tem-

perature, steam temperature and thermal power are equipped to each reactor

module individually. The main steam pressure controller coordinates the two

modules through stabilizing main steam pressure.

Table 1] . Pairing of controlled variables and manipulated variables for coordinated control

Controller Controlled Variable Manipulated Variable
1 Neutron flux controller Neutron flux of reactor core Control rod speed
2 Hot helium controller Hot helium at the primary inlet of steam generator Revision to the setpoint of neutron flux
3 Helium flowrate controller Primary helium flowrate Rotational rate of the primary helium blower
4 Steam temperature controller Steam temperature at the secondary outlet of steam Revision to the setpoint of primary helium flowrate
generator
5  Feedwater flowrate controller Feedwater flowrate of the steam generator Rotational rate of the feedwater pump
6  Thermal power controller Output thermal power of the reactor module Revision to the setpoint of feedwater flowrate

Main steam pressure controller

Steam pressure at the inlet of steam turbine

Openings of main steam regulating valve and bypass regulat-
ing valve

comprises multiple input-output (I0) modules, along with a local
control computer and a backup redundant local control computer in
hot standby mode. Figure 5 illustrates the human machine interface
(HMI) associated with the CSS function of #1 reactor module, indi-

cating that all the automatic controllers are activated.

Furthermore, there exists a redundancy of sensors utilized for
the measurement of process variables. From Fig. 3, it can be seen that the
measurements of process variables, including the neutron flux, helium
flowrate, feedwater flowrate, steam temperature as well as steam pres-

sure at the secondary outlet of OTSG, feedwater temperature as well as
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Fig. 4 | Schematical architecture of the distributed control system (DCS)
platform. The DCS is structured to two layers called Level 1 and Level 2. Level 1
composes of local control stations interconnected with real-time severs. Level 2

features a network of operator stations, historical severs, real-time servers and an
engineering station. The real-time servers integrate to both Levels 1 and 2.
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Fig. 5 | Human machine interface (HMI) of the coordinated control system. This HMI is running on the operator station of #1 module.

feedwater pressure at the secondary inlet of OTSG, and main steam
pressure at the inlet of turbine, all of which serve as the input signals of
CCS. To ensure accuracy and reliability in measuring each process
variable fed into the CCS, multiple redundant sensors, typically three or
four, are installed. In cases where there are three redundant sensors for
the process variables, a 2 out of 3 decision-making logic is utilized to
prevent unnecessary reactor scrams. In cases where there are 4 redun-
dant sensors for process variables, a logic system is implemented where
3 out of 4 logic is adopted.

Test Results

The CCS of HTR-PM ensures comprehensive coordination across the
plant by the use of local controllers, with details regarding the algo-
rithms employed by these local controllers outlined in the methods
section. To assess the coordination of HTR-PM plant in the scenario of

normal power maneuvering and typical anomaly scenarios, a series of
tests were performed on the HTR-PM across September and October
2023. As introduced in ref. 18, for shaving the peaks of power density
inside reactor cores, the HTR-PM reactors adopt the MEDUL (MEhrfach
DUrchLauf = multiple passes through reactor core) cycle of fuel burnup
with a recycling rate of 15 times. Due to the challenge in continuously
operating the fuel handling systems, the two HTR-PM reactors operate
with a rated power of 200 MWt currently. All the tests are conducted at
reactor power-levels exceeding 190 MWt, which is appropriate for the
typical operations and verifying the multi-modular coordination. The
plant-wide responses of the key process variables in the scenarios of
power ramping, turbine trip and reactor scram are provided as follows.

On September 13, 2023, the power ramping test was conducted.
Initially, the HTR-PM operates at the full plant power, i.e. the thermal
power-levels of both reactor modules are consistently held at
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Fig. 6 | Responses during power ramping. a Module #1, b module #2, ¢ conventional island.

approximately 200 MWt. Subsequently, both modules #1 and #2
experienced a sequentially gradual decrease in their thermal power
setpoints, lowering to 175 MWt with a constant rate of 2.5 MWt/min.
After a stable maintenance period about thirty minutes at 175 MWt, the
thermal power setpoints of both modules ramped up sequentially back
to their initial values about 200 MWt. The responses of the key process
variables of module #1, module #2 and the conventional island are
shown in Fig. 6, where the hot and cold helium temperatures are
measured at the primary inlet and outlet of steam generator. It can be
seen that the transient behaviors exhibit a commendable

performance, showing almost no overshoot in regard to nuclear
power, thermal power, primary helium flowrate and secondary feed-
water flowrate. The secondary outlet steam temperatures from both
steam generators, which are the most sensitive process variables, are
effectively maintained within a limit of 5°C. In this context, the sen-
sitivity of steam temperatures is attributed to the low thermal inertia of
OTSG. Moreover, the fluctuations in main steam pressure during
power ramping are recorded to be less than 0.3 MPa.

On September 15, 2023, the turbine trip test was conducted,
during which the conventional island operator manually initiated the
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Fig. 7 | Responses in the scenario of turbine trip. a Module #1, b module #2, ¢ conventional island.

trip of turbine. Given that the bypass system has a limited capacity
equivalent to the rated steam flowrate of one module, the automatic
interlock mechanism triggers the emergent shutdown of the #1 reactor
upon the turbine trip, while the steam flow from the #2 module is
redirected to the condenser through the rapid actuation of the bypass
regulating valve for that reactor. The delayed response of the bypass
regulating valve results in a transient spike in main steam pressure
during the shutdown of turbine, leading to a rapid reduction in the
feedwater supply of the #2 module. The CCS stabilizes the feedwater
flowrate of the #2 module by adjusting the pump speed, ensuring that

the reactor remains operational and does not scram. The responses of
the key process variables of module #1, module #2 and the conven-
tional island are shown in Fig. 7, where the hot and cold helium tem-
peratures are measured at the primary side inlet and outlet of steam
generator respectively. It is indicated by Fig. 7b that the CCS is capable
of stabilizing the feedwater flowrate for module #2, exhibiting a
negative overshoot of 15 kg/s which represents approximately 21% of
the rated feedwater flowrate. Even though the deviation in feedwater
flowrate is prominent, the rapid actuation of the bypass regulating
valve keeps the duration of the transient brief, thus limiting its impact
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on the other process of the #2 module, e.g., the variation in outlet
steam temperature of OTSG is merely 1°C.

On October 8,2023, a malfunction in the transducer of module #1
triggered a reactor scram. At the HTR-PM, each helium blower has a
frequency-converter for regulating the primary helium flowrate. Prior
to the occurrence of the frequency-converter malfunction, the HTR-
PM operated at the power-level of 2x180 MWt. Subsequently, the
failure of the helium blower frequency-converter in module #1 resulted
in a rapid decline in the primary helium flow, which activated the
reactor protection system and caused the scram of reactor #1. As a
result of the rapid closure of the secondary inlet and outlet valves of
the #1 steam generator, initiated by the protection system, the main
steam pressure declined swiftly, which subsequently caused a quick
rise in the secondary feedwater flowrate of the #2 module. In the
absence of any action from the CCS, a swift decline in the helium-to-
water ratio could prompt the safety mechanisms to initiate an emer-
gent shutdown of reactor #2. The responses of the key process vari-
ables of the #1 and the #2 modules and the conventional island are
shown in Fig. 8, where the hot and cold helium temperatures are
measured at the primary inlet and outlet of the steam generator
respectively. The timely regulation provided by the CCS ensures that
the main steam pressure remains consistent by adjusting the opening
of main steam regulating valve. It can be observed from Fig. 8 that the
maximal fluctuation in the feedwater flowrate of module #2 does not
exceed 2kg/s, whereas the variation in the main steam pressure
remains below 0.5 MPa.

Discussion

From Fig. 2 showing the schematic diagram of HTR-PM power gen-
eration process, the superheated steam generated by the two reactor
modules are combined before entering the turbine. and each module
is equipped individually with its own feedwater pump and high pres-
sure heater (HPH). The change in the rotation rate of one pump not
only affects the feedwater flowrate for its corresponding module but
also alters the main steam pressure at the turbine inlet, which in turn
impacts the feedwater flowrate of the other module, indicating that
these modules are interconnected through the shared turbine. More-
over, the employment of an integrated and compact primary loop
design commonly found in SMR configurations result in a tighter
coupling amongst the process variables of individual reactor
modules*”. As shown in Fig. 1b, the mHTGR and OTSG in the same
reactor module are arranged side-by-side to each other, leading to a
strong interdependence amongst the process variables, which
encompass the neutron flux, the temperatures of both hot and cold
helium, the primary helium flowrate, as well as the temperatures of
both steam and feedwater. The coupling within an individual reactor
module as well as across multiple modules are commonly present in
multi-modular SMR plants such as the German HTR-Module, the U.S.
MHTGR and the Chinese HTR-PM, which is indeed the primary chal-
lenge hindering the progress of deploying multi-modular SMR power
plants.

At present, several innovative designs of SMR units, such as the Xe-
100% and the NuScale**°, adopt the single modular scheme that every
reactor module is allocated with a single steam turbine individually. The
coupling across modules in the multi-modular plants is converted to the
coupling across single-modular units in the same grid. While the indivi-
dually equipped turbines enlarge the capital investment to some extent,
the single modular scheme may still be deemed suitable for electricity
generation. Nonetheless, for developing SMR cogeneration facilities
such as the next generation of nuclear plant (NGNP)?, it is essential to
integrate the steam generated from multiple SMR modules to a large-
scale steam flow network for heat distribution, making the multi-
modular scheme necessary for cogeneration. Consequently, adopting
multi-modular scheme is essential for advancing SMRs as well as for
benefiting the entire nuclear energy sector.

The multi-modular coordinated control plays a vital role in
managing the couplings of process variables within individual reactor
modules and across multiple modules. This mechanism regulates the
control rod positions, helium blower speeds, feedwater pump rates
and the openings of both main steam valve and bypass valve in a
coordinated manner so that the process variables can be controlled to
their expected setpoints. For the HTR-PM plant, the setpoints of
nuclear power, helium flowrate and feedwater flowrate are determined
by the module thermal power setpoint with those of hot helium tem-
perature, steam temperature and main steam pressure are set con-
stantly to be 553 °C, 520 °C and 11.0 MPa. Despite numerous theoretic
analysis and forecasts presented in refs. 10-12,19-25, the practical
verification of multi-modular scheme remains unachieved. Following
the confirmation of commercial-scale inherent safety through loss of
cooling tests™, the plant-wide tests of power-ramping, turbine trip and
reactor scram were successively carried out on the HTR-PM plant to
verify the multi-modular scheme with the relevant findings given in the
section of results. The findings indicate that a well-designed automatic
coordination mechanism can ensure stable operation for multi-
modular SMR power plants, particularly for those featured by lower
power density and greater thermal inertia, therefore verifying the
approach of going multi-modular in the advancement of SMR
technology.

From Fig. 6 showing the plant responses during the successive
power ramping of two reactor modules, it can be seen that all the
process variables are well controlled by the CCS in alignment with
their designated setpoints, indicating a successful decoupling across
the modules, i.e., the impact from one module undergoing power
ramping on the stability of the other module operating at constant
power is minimal. From Fig. 7 showing the responses in the scenario
of turbine trip, the fast closure of main steam valve coupled with the
resistance to open the bypass valve, results in a swift increase in main
steam pressure, escalating from 11 to nearly 13 MPa, which subse-
quently causes a rapid decline in feedwater flowrate. Due to func-
tioning of the CCS, pump #2 speeds up in an effort to maintain the
flowrate. It can be seen from Fig. 7a, b that the feedwater flowrate of
the #2 module is quickly recovered to operate at its designated
setpoint with a negative overshoot of 15 kg/s or so. The rapid stabi-
lization of feedwater flowrate effectively mitigates any impact to the
primary loop. From Fig. 8 showing the responses in the event of
reactor trip, the trip of reactor #1 causes the immediate closure of
the inlet and outlet valves of steam generator #1, inducing a rapid
drop in main steam pressure. This situation may subsequently lead to
an increase in the feedwater flowrate of module #2. The CCS take
measures to reduce the opening of main steam valve to recover the
steam pressure, while also decreasing the rotational rate of feed-
water pump #2 to mitigate the rise in feedwater flowrate. As pre-
sented in Fig. 8a, b, the main steam pressure ultimately achieves
stabilization with a maximum deviation of 0.5MPa, and the feed-
water flowrate remains nearly unchanged throughout this significant
transient. From the test results in the scenarios of power ramping,
turbine trip and reactor trip, it can be concluded that the decoupling
of reactor modules are effectively managed by the CCS, allowing the
plant to mitigate single fault and ensuring the stable operation of
multi-modular plant even in challenging situations such as the tur-
bine trip and reactor trip.

The multi-modular scheme and the related coordinated control
mechanism yields various advantages in terms of cost-effectiveness
and operational efficiency. To achieve passive safety or inherent
safety, there are strict limitations on the nuclear fuel inventory and
power density of SMRs, giving a restrict rated reactor power. The
multi-modular scheme can be implemented to achieve economic
viability of passively safe or inherently safe SMRs through building
SMR plants that meet any desired power specifications. It has been
observed from our practice that the current power generation cost of
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Fig. 8 | Responses in the scenario of #1 reactor scram. a Module #1, b module #2, ¢ conventional island.

the HTR-PM plant is approximately 20% greater than that of standard
commercial PWR plants, however, this disparity can be mitigated by
cogeneration and further by the batch production of reactor mod-
ules. The operation of SMR-based multi-modular NPPs significantly
benefits from the flexibility offered by the multi-modular coordi-
nated control mechanism. As we can see from the test results that,
during power-ramping, it is possible to engage a selection of the
reactor modules for power ramping, while allowing the remaining

modules to continue operating steadily at constant power-levels.
With greater number of reactor modules engaged in power ramping,
the ramping rate of the electrical power output increases, giving
improved load-following capability. The load-following capability of
multi-modular SMR plants provides essential flexibility to balance
the intermittent renewables, therefore contributing to economic
viability of SMRs. In addition, the automation of the coordinated
control system can reduce the workload on operators, thus
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establishing a robust foundation for minimizing the staff for further
economic enhancement.

The HTR-PM plant received substantial and favorable policy
support from the Chinese authorities. In fact, the research and
development on mHTGR technology has been initiated by the INET
of Tsinghua University since the end of 1970s. Following the
achievement of attaining the first criticality of the HTR-10 test
reactor in 2001, the HTR-PM project initiative was given a con-
siderable priority within the Chinese Science and Technology Plan
for the years 2006 to 2020. The project aims to develop, construct
and operate a multi-modular high temperature gas-cooled reactor
demonstration plant, laying a solid foundation for potential future
commercialization. The implementation strategy and the financial
plan of the HTR-PM initiative received the endorsement from State
Council of China in February 2008, and the HTR-PM initiative
received its conclusive approval from China’s cabinet approximately
two weeks prior to the Fukushima accident in 2011. Given that the
National Nuclear Safety Administration (NNSA) of China had gained
substantial experience and insight regarding the mHTGR through
licensing the HTR-10, and a structured regulatory framework for
commercial mHTGR plants was systematically established. The
NNSA granted the construction approval for the HTR-PM with the
first concrete poured on December 9, 2012. The operation permit
was issued on August 20, 2021, and the HTR-PM plant was con-
nected to the grid on December 20, 2021. In 2023, nearly 400
licensing tests were accomplished, a sequence of regulation check
was carried out by the NNSA, and the HTR-PM entered into its
commercial operation on December 6, 2023 following a 168-hour
demonstrating run. Once the HTR-PM plant was integrated into the
grid, the research and development on the 600MWe multi-modular
high temperature gas-cooled reactor commercial power plant
known as HTR-PM600 commenced®***, marking a pivotal moment
for the commercialization of multi-modular mHTGR NPPs. In con-
trast to the commercial PWR plant such as the HPR1000**** with
main steam temperature being under 300 °C, the mHTGR plants
HTR-PM and HTR-PM600 operate at significantly elevated steam
temperatures nearly 520 °C, creating a beneficial interplay between
market readiness of the HPR1000 and the HTR-PM600. In fact, the
HPR1000 plants are deployable as reliable baseload power sources,
while the HTR-PM600 plants are well-suited to be used as the clean
heat sources for industrial processes.

The advancements in the multi-modular scheme and its asso-
ciated coordinated control significantly shape the upcoming SMR
designs. The multi-modular scheme is relevant not only for the mHTGR
but also suitable for various reactor modules producing superheated
steam. The multi-modular scheme allows for endowing the passive or
inherent safety of individual SMRs to the large-scale NPPs with any
desired power ratings. Moving forward, the objective of designing an
individual SMR module is to achieve passive or even inherent safety
while also enabling the production of superheated steam. Further, the
aim of designing a multi-modular SMR nuclear plant is to integrate a
number of SMR modules to the common steam turbine with an
expected power rating, while simultaneously creating a coordinated
control system to ensure stable and efficient operations. The
advancement of multi-modular SMR plants, such as the HTR-PM and
the HTR-PM600, plays a vital role in fostering global efforts towards
decarbonization, requiring supportive policies and an appropriate
regulation framework.

In a summary, the widespread deployment of inherently safe fis-
sion reactors is a necessary condition of the second nuclear era. The
inherent safety can be achieved by restricting the power-density of
reactor cores and their diameters, limiting the rated reactor power
while resulting in the design of SMRs. As the commercial viability of
inherent safety has been demonstrated by the loss-of-cooling tests

conducted on the HTR-PM plant, another significant challenge lies in
the development of large-scale NPPs based on multiple inherent safe
SMRs. While the concept of utilizing multiple SMR modules to power
shared turbines has been discussed for decades, its practical applica-
tion had not been verified until the tests detailed in this study. The
plant responses in the scenarios of power ramping, turbine trip
and reactor trip are presented, demonstrating that a well-designed
coordination mechanism can ensure stable operation of multi-
modular NPPs in normal and typical abnormal scenarios. The find-
ings confirm the pathway towards the utilization of multiple SMRs for
developing large-scale NPPs. Given that the outlet steam temperature
of mHTGR modules is approximately 520 °C, the multi-modular high
temperature gas-cooled reactor plants hold great potentials as com-
petitive industrial heat sources for those sectors challenging to dec-
arbonize, including petrochemical processes and metallurgical
industries. Based on the verification of multi-modular scheme and the
related coordinated control on the HTR-PM plant, the INET is focusing
on the development of 600 MWe multi-modular high temperature gas-
cooled reactor plant known as HTR-PM60O for electricity generation
and cogeneration. To address the challenges associated with the
implementation of multi-modular SMR plants like the HTR-PM and the
HTR-PM600, it is necessary to enhance the flexibility for effectively
balancing the electric and thermal loads, along with improving the
plant resilience to component malfunctions.

Methods

The process and equipment design of multi-modular NPPs is nearly the
same as that of single modular NPPs. The major difference between the
multi-modular and single modular NPPs focuses on the control and
operation that is mainly provided by the CCS. The multi-modular
coordinated control is the mechanism playing a central role in the
realization of multi-modular scheme, giving the plant responses in
normal and abnormal scenarios. In this section, the coordination
mechanism inside a single reactor module and between two modules
are proposed, giving the CCS design of HTR-PM plant.

Coordinated control of a single reactor module

As illustrated in Fig. 2, the cold helium is first pressurized by the
helium blower, before being directed to the reactor along
the annular cold gas duct. Once it is blended within the bottom
region of the reactor, the cold helium ascends through the boreholes
in the side reflector from to the upper section, subsequently circu-
lating downwards through the pebble-bed reaching temperatures
near 700 °C at the pebble bed’s outlet'®. The bypassed cold helium
is collected and combined with the hot helium flowing from
the pebble-bed inside the hot gas plenum located in the bottom
reflector. The mixed hot gas, exceeding 550 °C, is guided to the
primary side of OTSG via the hot gas duct, transforming the
secondary feedwater flow to the superheated steam flow. The coor-
dinated control within a reactor module is designed to regulated
the tightly coupled process variables including neuron flux,
helium temperature and steam temperature of an individual
mHTGR module, ensuring the closed-loop stability in the scenarios
of power-level maintaining and maneuvering. Similar to**%, the
dynamic model of a reactor module for control design can be written
as:

Ahr = - B(nr - Cr) +nr[GrZr - aR(TR - TR,m)]r
G =An, - ),
HRTR=Pon, — Op(Tg — Tp),
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where Py is the rated thermal power of reactor, A is the prompt
neutron generation time, A is the averaged decay constant of delayed
precursors, S is the fraction of delayed neutrons, n, is the normalized
neutron flux, ¢, is the normalized concentration of delayed neutron
precursors, G, is the control rod differential worth, z, is the total
displacement of control rods, v, is the control rod speed, Ty is the
average temperature of reactor core with Ty, as its initial steady
value, ag is the reactivity feedback coefficient of reactor core tem-
perature, Ty is the average primary helium temperature, Ts is the
average secondary coolant temperature of the steam generator, Ts;,
is the coolant temperature at the secondary inlet of steam generator,
Ms is the secondary heat capacity flow, ug, iy and ps are the total heat
capacities of reactor core, primary helium and secondary coolant
respectively, Qp and Qs are respectively the heat transfer coefficient
between the helium and pebble-bed and that between the two sides
of steam generator.

Define 8n, = ny-nyo, 8¢ = ¢-Cro, 8pr =prpro, 8Tk =Tr-Tro, 8T =Th-
Tho, 8Ts = TsTsp and 8Tsin = Tsin-Tsino, Where nvo, Cro, pro, Tros Thos Tso
and Ts;o are the setpoints of process variables n,, ¢;, p;, Tr, Ty, Ts and
Tsin respectively. In addition, as 8T, is determined by the operational
state of the conventional island, it is assumed that 67s;,=0 in the
coordinated control design. Moreover, since the helium flowrate can
be adjusted by the rotation rate of the primary helium blower, it is not
loss of generality to assume that

805 =05 — 050 =As5Gp (2

where 8Gp is the variation of the primary helium flowrate with respect
to the setpoint, Qs is the value of heat transfer coefficient Qs at the
concerned setpoint, As is a positive constant given by

00
A =275 3
S aGP Go=Gyo ( )

with Gpg being the setpoint of primary helium flowrate.
Further, define

x=[x].,=[8én, &c, 8Tz 8T, 6Ts]" 4)
§=0z, ©)
u=(u, w]'=[v, 8GpI (6)

and then the nonlinear state-space model for control design can be
written as

x=f(x) + g (X)¢ +g,(X)u,,
6 = ull (7)

y=[x, X, xs1',
where
a 0,
f(x) = _g(xl —Xz)—TR(”roJ“xl)Xa ALy = x3) _II_:(X3 —Xy)
P 0 Q. Q Mg 1T
+”—::x1 ”—:(X3 —)(4)—”—5:()(4 —Xs) ”—SSO(X4 —Xs)—y—ssxs ,
8
G T
gi(x)= {WY (o +X71) 01><4:| 9
- As As T 10
2:(x)= [01x3 —a(Tpo = Ts0) 7 (Teo — Tso)] 10)

x and § are state-variables, u is the control input, and y is the mea-
surement output. The following proposition gives the output-
feedback coordinated control of a single reactor module, and the
corresponding sufficient condition for globally asymptotic closed-
loop stability.

Proposition 1
Consider nonlinear system (7) giving the dynamics of a mHTGR-based
reactor module. The output feedback control given by

U= — kppky — kppXy — & = G

Uy = — [As(Tpo — Tso) ' so(kpsXs +3)
&= =kl ke

(o= — K0 +kppxy

(3= — K305+ kipX;s

an

guarantees globally asymptotic closed-loop stability, if inequalities

kpy >y — /2yMsQ5; 12
-1
k3> k6, ' [1— 2yMs) 0506} | 13)
PR
Kky> [(VMS) "0gokps + 2] kpy 14)

_ 2G,Poks,

kpy
arQso

_ 2
Og0 20 1/ ky Oy 72 - 1 Ogokps
1+VT”skPS+§(TP2_2VMSkP3_1 1+2sz+ 2yMs
(15)

are all well satisfied, where kps = kp; +1, 6, =y — kp3,and control gains
kpi, knj, ki3 and k; are all given postive constants (i=1, 2, 3, and j=1, 2).

Remark 1

By incorporating terms of x4 and its time-derivative into setpoint n,o,
reactor control u; in (11) can be implemented in a cascaded manner
shown in Fig. 3. Steam temperature control u, in (11) together with Gpo
gives the final setpoint of helium flowrate, which is further controlled
by regulating the rotation rate of helium blower. The steam tempera-
ture control u, and helium flowrate control is also synthesized in a
cascaded manner shown in Fig. 3. In addition, the inertia of helium
blower can be compensated by enlarging gain kp3 in control law (11). As
the difference between the dynamics of mHTGR module and that of
other type reactor modules is limited, coordinated control (11) for a
single mHTGR module is referenceable to the control other types of
reactor modules.

Coordinate control method between two reactor modules

From Fig, 2, the two reactor modules are coupled by the common
secondary loop system. The main coupling hydraulic dynamics in
normal operation scenario can described by the fluid flow network
(FFN) shown in Fig. 9, where branches f; and f, are the pump branches
of #1 and #2 reactor modules composed of a feedwater pump and a
high pressure heater (HPH), branches 1 and 2 are the feedwater the
OTSG secondary sides of #1 and #2 modules respectively, and branch 3
is the fluid branch including the turbine, condenser, low pressure
heaters (LPHs) and deaerator. The branches denoted by solid line
constitute a tree of this FFN, while the branches denoted by dashed
line are the links forming a co-tree. Nodes n; and n, represents the
outlets of #1 and #2 HPHs respectively, node n; is the inlet of common
main steam header, node n, represents the outlet of deaerator. The
feedwater flowrates of #1 and #2 modules can be described by the
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fi
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Fig. 9 | Fluid flow network giving the coupling hydraulic characteristics. n;, n,,
n; and ny: nodes, f; and f,: fan branches, branches 1 and 2: links, branches 3, f; and f5:
tree branches.

flowrates of branches 1 and 2 respectively, and the main steam pres-
sure can be represented by the pressure drop of tree branch 3.
Based on the fluid dynamics of pipelines, the flowrates in branches
1, 2 and 3 can be governed by
LQ+RQ,=H (16)
where Q=[Q; Q, @s]", H=[H; H, H5]", Qp = [Q° Q;* Q5]", L=diag([L; L,
L]"), R=diag([R; R, Rs]"), Q;, H;, R; and L; are respectively the flowrate,
pressure-drop, fluid resistance and fluid inertia of branches i (i=1, 2, 3).
In addition, the pressure-drops of pump branches f; (k=1, 2), i.e. Hg
can be given by
Hy = — Hy + Ry Qp 17)
where Hy, is the pressure header provided by #k pump being pro-
portional to the square of rotation rate, Rg is the resistance coefficient
of pump branch fi, k=1, 2.
By applying Kirchhoff’s current law (KCL) to node nj3, it can be
seen that

Then, apply Kirchhoff’s voltage law (KVL) to the fundamental
loops,

Hy+Hy+Hy =0, k=1,2. @1
From (17), (20) and (21), one can see that
Hy=Hg — RyQy — Hs, k=12, (22)
2
L7'Hy=13"RsQ5+ Y L (Hax — Ree Qi — R Q) (23)

k=1

where L = L1L2L3/(L1L2 + L5053+ L3L1).
From (16), (22) and (23), the FFN dynamics is governed by non-
linear differential-algebraic system (DAS)

LCQC :Hd - Rch - RchD - H3nr

1y 2, -l 2 24)
H3=LI3"RQ5 + kZILLk (Hax — Rex Q. — R Q)
where Q. =[Q; Qx1", Ha = [Ha1 Haol', Qep = [QF Q2°T', Re = diag([R, R,1"),
Re=diag([Rn Rpl"), Lo=diag ([L; L,]"), n=[1 1]". From Fig. 1, the
operation of two reactor modules can be decoupled if the feedwater
flowrates are well regulated, and the main steam pressure is firmly
stabilized, giving that the coordinated control between two modules is
essentially the flowrate-pressure joint control of the FFN shown in
Fig. 9. The flowrate-pressure joint control design can be further
transferred to the control design of nonlinear DAS (24), and the
following proposition gives an adaptive control for system (24) with
the sufficient condition for globally asymptotical closed-loop stability.

Proposition 2
Consider nonlinear DAS (24) with Q. = [Qyr Qx,]" and H3, being defined
as the setpoints of Q. and H; respectively. The joint controller

{ Hd = l:Idr - l-dch (25)

R3 =R3r - QgrzraH3e

with Hy, and R;, given by adaptation law

{ l.ildr = —M4Q. 26)

R3r == nanr-O;IHk
provides globally asymptotic stability to setpoints if inequality

> 05" G (T + R +Q +A L' 27)
is well satisfied, where Qce=QcQcr, Hze=HsHs, Q3r=Qir+ Qur,
0;=R(Qi+Q;) with i=1, 2, 3, Q.=diag([?;, 2,]"), both I, and [T, are
given positive constants, and I'y, Iy and A, are given positive-definite
diagonal matrices.

®=Q+Q, (18) Remark2
It can be seen from (25) that the pressure header provided by #k pump
giving that are used to regulate the feedwater flowrate of #k reactor module (k=1,
2), while the fluid resistance of tree branch such as the regulating value
0=, +0,. (19) of turbine is applied for stabilizing the main stream pressure. Submit
e (26) to (25),
Substitute (16) to (19), .

{ Hy= —T4Q. — Ny [;Q.(Dd7, 28)

2 Ry= — Q32 Hse — 1T, [£ Q5,05 Hae(1)dT,

L37'H; =13'R(Q, + Q,)* + ZL’TI(HI. - RQ) (20) 3 Q[ aHse — 11, [,Q5.05 Hae(D)dT

i=1
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showing that the adaptive control laws are essentially distributed
proportional-integral (PI) control algorithms. The two PI laws in (28)
form the feedwater flowrate controllers of two modules and the main
steam pressure controller shown in Fig. 3. Since the multiple reactor
modules in a multi-modular NPP are coupled together by the common
secondary FFN, coordinated control (28) can be also applicable to the
coordination between all types of reactor module generating
superheated steam.

Data availability
The data of process variable responses in this study are provided in the
Source Data file. Source data are provided with this paper.
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