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Abstract—Recent advances in technology with compact design,
modularity, and enhanced safety features make small nuclear
reactors well-suited for microgrid applications. To support their
safe deployment in microgrids, this paper presents a modeling
framework that can be used to investigate the behavior of small
nuclear reactors in microgrids and test controls designed to
provide flexibility. Under the framework, a small reactor model is
developed that enables testing with high-fidelity representation of
the system components without putting one-of-a-kind equipment
at risk. To enhance flexibility, a grid-forming battery is modeled
to support small nuclear reactors with load-following capabil-
ities. The models are built in a Real Time Digital Simulator,
allowing real-time validations and supporting transitioning from
simulation to hardware testing. Real-time simulations show that
the grid-forming battery supports the small nuclear reactor with
load-following capabilities.

Index Terms—Microgrids, small nuclear reactor, grid-forming
battery storage, load-following

I. INTRODUCTION

Grid resilience is a global concern, prompting efforts to
decentralize power grids. Deploying microgrids which can
operate off the main grid support this goal by integrating
distributed energy sources to meet local load needs and en-
abling the reconfiguration of large networks into manageable
sections. However, these energy sources are often variable,
causing intermittencies that require microgrids operators to
balance mismatches for grid stability.

Small nuclear reactors' address these challenges with ben-
efits like dispatchability (as compared to variable energy
resources), compact size, high reliability, and long fueling
cycles, allowing multiple years of operation before refueling
[1], [2]. While smaller-capacity reactors were historically
used in naval propulsion and research, recent advances in
modularity and safety features now make them viable for
microgrids [3], [4]. Small nuclear reactors offer features that
support microgrids applications, such as flexibility through
modular design (can operate with some modules turned on/off)
and ability to change their power output. Notable micro-
grid compatible technologies under development include the
eVinci™ SMR (5 MWe)? that features an autonomous design
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that can provide load-following, grid frequency control, and
black start capability using both control drums and rods [3].
The GE-Hitachi BWRX-300 reactor uses advanced techniques
for precise control during normal operation and rapid hydraulic
insertion of control rods during emergencies [5]. The NuScale
SMR can load-follow by using NuFollow™ and multi-module
design that allow flexible power output [6], [7].

However, two issues arise with using small nuclear reactors
in microgrids. First, although newer designs promise load-
following flexibilities, frequent power adjustments for all grid
scenarios can be costly and thermally stressful for the system.
While studies pairing small nuclear reactors with batteries
exist [8], integration with grid-forming batteries is under
reported. Second, there is limited experience with using small
nuclear reactors in microgrids, and experimenting with this
one-of-a-kind equipment can be risky and costly.

To address the first problem, we propose that grid-forming
batteries are used to support the reactors with load-following
capabilities. These battery systems use inverters with grid-
forming control that can set and maintain frequency and volt-
age (mimicking traditional generators), establish standalone
grids, and improve stability. Grid-forming strategies include
droop control, matching control, and virtual synchronous
generators [9]. To address the second issue, we propose a
modeling framework that researchers can use to evaluate the
performance of small nuclear reactors in microgrids and test
control strategies aimed to provide flexibility. This enables
real-time simulations that can identify integration challenges
well before a physical reactor is built and tested, supports a
gradual transition from simulation to hardware testing, and
allows researchers to assess whether the system architec-
ture, asset mix, and control are appropriately configured for
first-of-a-kind deployment. The modeling framework can be
adapted for modeling a wide range of nuclear technologies
and microgrids topologies. Because all parts of the system
can be simulated in real-time, it can easily be reconfigured
to incorporate both simulated and physical distributed energy
assets. To summarize the contributions, this paper:

1) Develops a small reactor model described by neutronics,
gas-Brayton heat transfer mechanism, and power con-
version systems. This allows testing in microgrids with
high-fidelity representation of the reactor components
without putting one-of-a-kind equipment at risk.

2) Models a grid-forming battery supporting small nuclear
reactors by setting and maintaining grid frequency and



voltage and providing load-following by absorbing ex-
cess power or supplying energy during shortages.

3) Builds the models in a Real Time Digital Simulator
(RTDS) to facilitate real-time simulations and assist in
transitioning from simulation to hardware testing.

The real-time simulations performed in RTDS shows that grid-
forming batteries can support the reactor with load-following
capabilities.

The remainder of the paper is organized as follows. Section
Il presents the modeling framework. Sections III and IV
describe the small reactor and grid-forming battery models.
Section V presents discussions and real-time results, followed
by conclusion and future work in section VI.

II. MODELING FRAMEWORK

This section presents the nuclear microgrid modeling frame-
work (Fig. 1). The nuclear microgrid is composed of the small
reactor model, grid-forming battery model, and the microgrid
network. Let z(t) € R*s uy, € R"s denote the state and
input signals of the reactor model, yps(t) € RY?, ups(t) € R=
the state and input signals of the grid-forming battery model,
and upg(t) € R*™, yme € RY™ the state and input signals of
the microgrid. These nuclear microgrid components interact
through the exchange of signals, yu(t) € RY y,(t) €
RY, yme(t) € R¥™, respectively. Each system is assumed to
be nonlinear and can generally be described using ordinary
differential equations. The state-space model can be described
as

j:sr = fsr('rsra usr)

(1)
Ysr = P xsr)a Usr = hsr(ymg)
i‘bs = fbs(xbmubs)
(2)
Ybs = hbs Ibs)y Ups = hbs(ymg)
Sbm = fbs(xm y Um, )
g g g (3)

(ymga gmg) = hus (mmg)7 Umg = gsr(ysra ybs)~

Equations (1), (2), (3) represent the small reactor, grid-forming
battery, and microgrid systems, respectively. The functions,
fses hsey fsey fos Pos, fos, fmgs Pmg, fmg, are continuous and are
time invariant. These models are developed in RTDS for real-
time simulations, allowing to transition to hardware testing
by substituting models with physical assets. The benefit of
the modeling framework is that it is adaptable for modeling
various nuclear microgrids, with RTDS simulations offering
valuable insights and flexible system integrations.

We present below particular models describing the small nu-
clear reactor and grid-forming battery. Afterwards, the states,
inputs, and outputs corresponding to those in (1), (2), (3) are
identified (Section V-A).

III. SMALL REACTOR MODEL

The small reactor features a gas-cooled, single-loop design
combining neutronics, a gas-Brayton heat transfer mechanism,
and a power conversion system (Fig. 2) [10]. The heat ex-
changer represents the reactor core; the gas-Brayton cycle
consists of a compressor, turbine, recuperator, and radiator;
and the power conversion includes the generator. Gas is
preheated in the recuperator, compressed, heated by the core
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Fig. 1. Nuclear microgrid modeling framework

(heat exchanger), expanded in the turbine, passed back through
the recuperator, and finally cooled in the radiator. T,y is
the compressor inlet/radiator outlet; 7,5 is the recuperator
inlet/compressor outlet; 73 is the reactor inlet/recuperator out-
let; T4 is the turbine inlet/reactor outlet; 7,5 is the recuperator
high-temperature inlet/turbine outlet; and T, is the waste heat
rejection inlet/recuperator high-temperature outlet.

The systems for the small reactor—neutronics, gas-Brayton,
and power conversion— are described below. The model is
easily adaptable for a wide range of nuclear technologies.
With minimal parametric changes, the RTDS-based model can
simulate various small nuclear reactor designs, heat transfer
systems, and power conversion units. For example, point ki-
netics equations are used to model reactor dynamics, allowing
quick adaptation to different core behaviors. Likewise, the gas-
Brayton thermal system can be tuned or swapped to reflect
alternatives such as Rankine or Stirling cycles.
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Fig. 2. Small nuclear reactor system

A. Neutronics

The reactor’s neutronics are described by the point kinetic
equations, assuming stable power distribution and neutron flux
that are proportional to the heat produced, P,,. The model
includes a negative feedback term, «, which accounts for
fuel temperature-related reactivity changes. Reactor power in-
creases with positive reactivity (p) and decrease with negative
reactivity. The lumped point kinetics model is as follows:

P, = <”A5> P, + \C (4a)
C = %Pm —\C (4b)
mrcpTo4 = *Prz - Pth (4C)



Tp = kyPro — 75 (T — Tavg,34) (4d)

P = Pin — an (4e)

Pth = mr(To4 - TOS) (4f)
Toy — T,

Tavg,34 = % (4g)

U = Tugs1 — Th (4h)

pin = —Kp(Tawg34 — Tr) — K11 (41)

(£ is the total delayed neutron fraction, A is the prompt
neutron generation time, C' is the concentration of delayed
neutrons group, and p;, is the reactivity inserted. Kp, K7
are the proportional and integral gains and Tr,T are the
reactor fuel desired reference and average temperatures. Ky
is the fuel inverse thermal capacitance, ~yy is the heat transfer
inverse time constant from fuel to coolant, T}y, 34 is the reactor
average inlet and outlet temperatures, and ¢, is the coolant
heat capacity. m,., m, refer to the core mass and mass flow
rate. The reactor becomes critical when p = 0, meaning
that inserted reactivity in (4e) sets the fuel temperature (i.e.,
Pin = & fo).

Furthermore, a temperature control (4h)-(4i) is incorporated
which ensures that the core average temperature, Tuyg 34,
is maintained at a setpoint, Txr. Reactivity affects power
by adjusting the fuel average temperature 7, to maintain
Tave3s —Tr = 0.

B. Gas-Brayton System

The gas-Brayton system includes a compressor, turbine, re-
cuperator, and radiator. The compressor raises the gas pressure
by 7., causing temperature to increase (5a) and work, W, as
in (5b).

T =1
Too =To1 + ot <Tpcv - 1> (5a)

(&)

WC - mT.Cp(Tol — TOQ) (Sb)

v is the heat capacities ratio at constant pressure and volume
and 7). is the compression isentropic efficiency. The recuper-
ator preheats the gas exiting the compressor by

To3 = 63: (T05 - T02) + T02 (6)

where &, is the effectiveness of the recuperator. Furthermore,
the turbine lowers the gas pressure by 1., causing temperature
to fall (7a) and work, W, as in (7b).

y=1
To5 = To4 + ncTo4 (1 - Tptﬂr )

Wt = mrcp(Tol - TOZ)

(72)

(7b)

7. is the compression isentropic efficiency.

C. Power Conversion System

Mechanical power, P,,, is generated through the work done
by the compressor and turbine as epressed in

P, = W, + W,. (8)

Suppose the reactor includes an auxiliary power management
system, it can be represented by

Pmad == *KP(wg - wn)a (9)
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Thus, the generator swing equation can be described as

M{.Z)g:—Dwg—FPnL"'Pmad_Pg (10)

where P, denotes the power delivered to the grid. For
completeness, the power conversion system typically include
the electrical dynamics of the synchronous generator, which
is omitted here due to page constraints. Nonetheless, with
its excitation system included, the generator model can be
represented as

Y

where x5, us are the state and input signals, respectively.

P, = usTgargg ), where a:gg ) € T, corresponds to the generator

terminal (bus) voltage. Hence, (4)-(11) gives the small reactor
model.

i’sg = fsg(‘rsga usg)v Usg = hsg(ymg)
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Fig. 3. Grid-forming battery storage system.

IV. GRID-FORMING BATTERY MODEL

This section describes the grid-forming battery system (Fig.
3) comprising a DC-side battery, three-phase inverter, current
and voltage control loops, state of charge (SOC) monitor, and
an AC-side that has an LC filter with inductance, Ly, and
a shunt capacitance and conductance, C'y. The input current,
1, output voltage, v,, and modulating signal, m, are balanced
three-phase sinusoids. Applying the Park (dg/abc) transform
(see e.g., [11]) to the inverter three-phase (abc) average model,
the direct-quadrature (dq) representation is given by

; , 1
Ldeq = (7Rf12 + wbstJ)qu + §mdquc — Vo,dgq (12)

Cfi)o,dq = (7Gf12 + wbSC’fJ)vo,dq + idq — io,dq

where I is an identity matrix of size 2, and J = {_01 (1)} . Ry,
Gy are the resistance and conductance of the inductor, L, and
capacitor, C. 14q,Vo,dq, Mdq are, respectively, 2-dimensional
inverter current, i, voltage, v,, and modulating signal, m.
wps denotes the frequency. A grid-forming strategy is used
to compute wys and mgq, as described below.

The frequency, wys, is controlled through the conventional
droop control [9], which by using the inverter active power
output, P, adjusts the frequency setpoint, w,, as in (13b).



Similarly, voltage droop is implemented by adjusting the
voltage setpoint, V,,, using the inverter reactive power output,
Qps, as in (13b).

(13a)
(13b)

was = —Wps + wWn — Eppbs
TVhs = —Vas + Vi — Eprs

7 is the low pass filters time constant and l;:p, l_cq are the droop
gains, Py, = Uldqio,dq and Qps = v;':quTiO,dq.

The modulating signal, m4q, is computed through the nested
current (14c¢)-(14d) and voltage control (14a)-(14b) loops, as
follows

qu = 'Uo7dq - el‘/bs (14&)
iile;Jr* = —Kpy(vo,aq — €1Vbs) — KivXag (14b)
g = oliag ~55") (40
Mqaq = —GKpc(idq — Z'Zle;+_) — Kic quv (14d)

with integrator states, X4q, Caq» proportional gains, Kpy, Kpc,
integral gains, Ky, Kic, e, = [1 0]7, and SOC sensing
function, o. Regulating the deviation, v, 4, — €1V, to zero
in (14a)-(14b) causes the inverter output voltage to track
the reference. Consequently, the reference current, ig’;, is
produced which tracked by 744 in (14c)-(14d) generates mgqq.
The abc form of m is obtained by performing the inverse
Park transform (dg/abc) of mge. The battery system may
incorporate an SOC monitor with the sensing function, o,

defined by
o= 1
10

Including o in (14c)-(14d) ensures that the grid-forming bat-
tery injects or absorb power when the SOC lower and upper
limits, SOC, SOC, are not violated.

Therefore, (12)-(15) describes the grid-forming battery. The
grid-forming battery supports the small reactor with load-
following, as demonstrated in the next section (Section V-C).

if SOC < SOC < SOC

otherwise. (as)

V. DISCUSSIONS AND REAL-TIME RESULTS
A. Discussion on Modeling Framework

This section outlines the states, input, and outputs in the
modeling framework (1), (2), (3). Clarifying which signals are
exchanged helps streamline adaptation and simulation across
various nuclear microgrid configuration.

To this end, the microgrid interconnects power lines and
loads. As detailed in sources like [11], the microgrid output
signals, (Ymg, Umg), Tepresent the network current. According
to these references, converting the network current to values
at the buses requires premultiplying (Ymg, Jme) by T 1(9)
(where T(§) = [cosd —sind; sind cosd] € R2x2);
T=1(6) = TT(5)), with reverse transformation applied for
the reverse operation. The bus angle, §, is determined by
0 = wq — ws, Where w, € {wps,wy} and wy serves as the
reference frequency.

Therefore, for the small nuclear reactor (4)-(11), the
state, input, and output vectors are defined as z, =
(Pray C. Toa, T, h,wg, Tsg)s use = T 1(0)Ymg, and yg =
(xgg),wg). xgg) refers to a state in z, corresponding to the

(v)

generator terminal (bus) voltage. xss’ = oqq if the reactor
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and battery connect to the same bus. For the grid-forming
battery system, the state, input, and output are defined as
Tps = (idq7 Vo,dqs Whs) V, Xdq> qu)a Ups = T_l(é)gmg = io,dq9
and Ybs = (Uo,dqawbs)-

Small P, 9 >
reactor
GFM
480V
battery P <> 12.47k/V

Py,
Fig. 4. A test system for small nuclear microgrid, with GFM denoting grid-
forming battery.

B. Discussion on RTDS Modeling

The RTDS model is built using the Power System and
Controls libraries in RSCAD FX 2.6 (Real-Time Simulation
Software Package). The neutronics and gas-Brayton system
(4)-(8) in the small nuclear reactor model (4)-(11) are built
using the integrator, constant, summer, and power blocks
in the Controls library; and the synchronous generator with
excitation (10)-(11) is modeled using the Power System
library blocks If rtds_sharc_sld_MACV31 (generator) and
_rtds_EXST1A.def (IEEET1). The grid-forming battery (12)-
(15) is modeled using battery_rtds_libat.def (battery) and
If_rtds_sharc_sld_TRF3P2W (inverter), and the grid-forming
control is implemented using the integrator, constant, and
summer blocks in the Controls library. The microgrid network
(transformer and load) is modeled using _rtds_3phAVMv1.def
and dynamic load block rtds_udc_DYLOAD. Note that the
network can also be modeled per case or using the IEEE
benchmark examples. The simulation real-time step is 50 us.

C. Real-Time Simulation Results

This section tests whether the grid-forming battery supports
the small reactor with load-following. The RTDS system is
setup as above (Fig. 4), lumping the microgrid loads as
Pp, + jQr and using the parameters in [10], [11], T,;=395,
Tr=947.5, Kp=100, and K;=1. To test the grid-forming
battery load-following ability, the small reactor is operated
at a fixed power output, P, = 2 MW (with Kp=0). In
Fig. 5, a load (PL) step-down at ¢ = 6 s from 2.5 MW to
1.5 MW shows the grid-forming battery absorbing the excess
power, as indicated by Pps=—0.5 MW and increasing SOC for
t > 6 s. Conversely, in Fig. 6, a load (Pr) step-up att =6 s
from 1.5 MW to 2.5 MW shows the grid-forming battery
injecting additional power to balance the demand, as verified
by P,s=0.5 MW and decreasing SOC for time, t > 6 s. The
frequencies (f, = wy /27, fps = wps/27m) converge to the same
value at steady state despite the load disturbance. Reactivity
at p = 0 verifies that the reactor is critical and temperatures
regulated with T}y, 34 maintained reference, T'r = 947.5 (Fig.
7). These remain unchanged since the reactor is operated at a
fixed power output.

VI. CONCLUSION AND FUTURE WORK
A. Conclusion

Small nuclear reactors are becoming attractive for micro-
grids due to dispatchability/flexibility, reliability, compact size,
and advanced safety features. To support their safe deployment
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in microgrids, this paper develops a modeling framework
that can be used to investigate the behavior of small nuclear
reactors in microgrids and validate controls meant to provide
flexibility. Thus, a small reactor model has been presented that
allows testing with high-fidelity representation of the system
components without damaging a one-of-a-kind equipment.
Flexibility is enhanced through a grid-forming battery modeled
to support small nuclear reactors with load-following capabili-
ties. The models are built in a RTDS to enable real-time testing
and ease the transition from simulation to hardware testing.
The real-time simulations show that the grid-forming battery
supports the small reactor with load-following capabilities.

B. Future Work

The proposed modeling framework implemented on the
Idaho National Laboratory (INL)’s real-time simulation plat-
form hosting RTDS will continue to evolve for validating
nuclear microgrids. Future effort includes a gradual substi-
tution of the small reactor model with assets like MAGNET
and MARVEL (MAGNET: is an electrically heated thermal
Microreactor Agile Non-nuclear Experimental Testbed; MAR-
VEL.: is a sodium-potassium-cooled microreactor expected to
be operational at INL’s Transient Reactor Test Facility in
2028), and the grid-forming battery model replaced by INL’s
Microgrid-in-a-Box. MACS (Microreactor Automatic Control
System) will also be integrated to control MAGNET and
MAVEL. This will support the safe, efficient and scalable
deployment of small reactor energy systems under realistic
grid conditions.
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