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ABSTRACT

Model-Predictive Burn Control Inside a Certitied
Sate Envelope: A Reference-Governor MPC Bounded

by a Control-Barrier-Function Safety Clamp

the plasma to cross a stability limit. The first is a performance problem, ideally suited to model-predictive control (MPC); the second

is a safety problem, and a controller merely tuned to stay clear of a limit offers no guarantee that it always will. We separate the two
by construction for the Hyperion compact spherical-tokamak breeder (design point @ = 3.076, Pp,; = 85.04 MW, I, =9.66 M A,
Bn = 1.532, negative triangularity § = —0.30, By = 8 T, elongation x = 2.0, major radius Ry = 1.20m, aspect ratio A = 2.5): a certi-
fied safety layer renders the safe set mathematically invariant, and a receding-horizon controller optimises for tracking inside that guaran-
teed-safe envelope. We derive the reduced-order burn dynamics as a control-affine system, cast the performance layer as a constrained
receding-horizon quadratic program with a stabilising terminal ingredient, and cast the safety layer as a control-barrier-function (CBF)
projection whose feasibility we prove via Nagumo's theorem and an extended class-X comparison lemma. The demonstrated result is the
safety half of the guarantee: with the barrier A = 3.5 — B and gain & = 2.0 /s, the CBF clamp renders {8y < 3.5} forward-invariant.
Against a seeded disturbance that drives an unclamped, greedy controller to Sy = 4.20 and across the barrier on 50 of 100 steps, the
certified clamp holds By < 3.500 with the margin h never negative and 0 of 100 violations, using confinement-actuator authority
uw = Hgg € [1.061, 1.250] and never reaching its saturation floor “min = 0.5 — so the certificate is not authority-limited on this sequence.
Inside this envelope, the model-predictive burn layer holds @ at the frozen 3.076 using as its predictor a ridge degree-three transport

) burn controller has two duties that pull against each other: hold the fusion gain at its set-point against disturbances, and never allow
/
A

surrogate that reproduces the confinement gain at held-out R? = 0.9983 and RMSE = 0.088; a reference governor keeps every request
feasible before it reaches the loop, and an adaptive layer tracks under parameter drift. All results were produced on the NVIDIA GPU HPC
campaign. The outcome is a burn controller whose performance is model-predictive and whose safety is a mathematical certificate, not a
tuning choice: no prediction error the MPC can make produces an unsafe action.

Open-access deposit (code & data, CC BY 4.0): DOI 10.5281/zenodo.22645807 - Zenodo community kronos_fusion_energy. Explore it
live: interactive 3-D model - physics validator.

Keywords: model-predictive control control barrier function reference governor burn control forward invariance

certified safe set spherical-tokamak breeder
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NOMENCLATURE

Symbols, units, and the names of things

Q plasma (fusion) gain, Pg,s/Pux

Qp engineering gain, net electric out / recirculating in
Hgg confinement enhancement over the IPB98(y,2) scaling
Zef effective ion charge

Cee electron—electron bremsstrahlung leading coefficient, 2.120022 (exact)
Tp energy confinement time

1, plasma current

Ry a major radius, minor radius

0] elongation, triangularity

By normalized plasma beta (Troyon-normalized)

1BR tritium breeding ratio

DEC direct energy conversion

CF plant capacity factor (availability)

FOAK/NOAK/BOAK  first [ n'™ | best of a kind

Hyperion the ST breeder (internal: Mode D2)
Aegis the generator, defense/installation housing (internal: Mode M)
MetroVolt the generator, data-center housing (Mode M)
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Introduction

TWO DUTIES IN TENSION

The controller that sustains a fusion burn must do two things that pull in opposite directions. It must hold the operating point — the gain
Q, the shape, the density — at a commanded set-point against heat-source fluctuations, fuelling transients and slow parameter drift; and it
must never let the plasma cross a stability limit such as the normalised-beta ceiling, whose violation invites a disruption. The first is a
performance problem. Model-predictive control (MPC) addresses it directly: at each step the controller optimises an actuator plan over a
receding horizon, using a model of the plant to predict the consequences of its moves and applying only the first move before re-solving
[12.3] The second is a safety problem, and here MPC alone is not enough. An optimiser tuned with soft penalties to stay away from a limit
provides no guarantee that it always will: a large enough disturbance, or an imperfect prediction, can carry the state across the boundary
while the cost function is still “happy.”

The Kronos approach is to refuse the trade. Rather than tune a single controller to be simultaneously aggressive and safe — a compromise
that is neither — we compose two layers with different jobs and different guarantees. A certified safety layer makes the safe set mathemati-
cally forward-invariant: whatever command reaches the actuator, the state cannot leave the set. A model-predictive performance layer
then optimises freely for tracking inside that guaranteed-safe envelope, its every proposed command filtered through the certificate before
it acts. Safety becomes a structural property of the architecture rather than a property of how well the performance layer happens to be
tuned.

PRIOR ART

The compact, high-field spherical-tokamak line that Hyperion belongs to — exemplified by high-field devices such as SPARC [?3! and, in
shaping, by the reactor-relevant negative-triangularity performance demonstrated on DIII-D !?4?5! — makes autonomous, disruption-
avoiding burn control a first-order requirement. Real-time tokamak control has matured from magnetic and current-profile regulation
[450] to Jearned magnetic control that shapes the plasma with a single reinforcement-learned policy 7/, and to model-based predictive
profile control demonstrated on TCV '®), Machine learning has been applied to disruption prediction '°! and to fast transport emulation
(11, deep reinforcement learning has controlled the normalised beta by feedforward actuation on KSTAR 9!, In parallel, the control
community has developed control barrier functions (CBFs) as a rigorous tool for safety-critical systems: a scalar barrier whose sub-level
set is rendered forward-invariant by a pointwise-in-time constraint on the control, enforced as a small quadratic program that projects a
nominal command onto the safe half-space ['>'4'5], Reference and command governors provide the complementary upstream mechanism,
reshaping a commanded set-point so that constraints remain satisfied for the entire predicted future !*>'7), What has been missing in the
fusion context is the composition: a burn controller whose performance layer is model-predictive, whose safety layer is a barrier certificate,
and whose interface is a projection that makes the two provably compatible. General overviews of the plasma-control problem for burning

devices motivate exactly this separation of performance from protection (12],

CONTRIBUTION
This paper reports the demonstrated certificate and specifies the controller that lives inside it. Concretely we:

derive the reduced-order burn/beta dynamics of the Hyperion breeder as a control-affine system anchored to the frozen design point
(Section 2);

formulate the performance layer as a constrained receding-horizon quadratic program with a stabilising terminal cost and terminal set,
and identify the transport predictor it re-solves against (Section 3);

formulate the safety layer as a CBF projection, and prove forward invariance of the normalised-beta safe set via Nagumo's theorem and an
extended class-/C comparison lemma (Section 4);

state the reference-governor and adaptive layers and the composition rule that makes the stack coherent (Section 5);

describe the NVIDIA GPU HPC campaign, the codes, and the discretisation and solver that produced the results (Section 6); and
demonstrate, numerically, that the certified clamp turns a stability limit into a hard invariant — the difference between 50/100 and 0/100
barrier crossings under the same disturbances — while holding the gain at the frozen Q = 3.076 with a demonstrated R? = 0.9983
transport predictor (Section 7). enumerate

The safety guarantee is structural: it does not depend on the quality of any learned component, only on the barrier condition the clamp
enforces. This complements the companion Kronos certified-safety-filter study 2°! and the flux-surrogate 13! and four-twin [3?! papers, and
sits within the broader real-time control suite 23/ and the platform's Al-and-quantum control programme 27/,
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Governing equations and the Yormal problem

REDUCED-ORDER BURN DYNAMICS

The burning plasma is described at the operating point by a volume-averaged (zero-dimensional) power and particle balance. With plasma
stored energy W, energy-confinement time 7Tg, auxiliary heating Py, alpha self-heating P, and radiated power P4, global energy
balance reads

dw %% P
WZ aux+Pa_E_Pra.d, Paz%Pfusa QEPh::t,

where Pheat = Payx + P, and the alpha fraction % is the D-T charged-particle share. At the ratified Hyperion design point the reduced-
order solver reproduces @ = 3.0763, Pr,s = 85.04 MW, I, = 9.66 M A, with 7 = 0.358 5, Hgg = 1.000 and W = 16.06 M J; these are
the frozen anchors against which every controller in this paper is referenced.

The safety-relevant state is the normalised beta,

aB()
I, ’

_ 2p0(p)

Bn = B[%] B= B2

b

with (p) the volume-averaged pressure, a the minor radius and By the on-axis field. The design point sits at 8y = 1.532, comfortably
below the ideal-MHD Troyon-type ceiling [?%); the certified operating limit adopted here is the conservative 85 < 3.5, which the compan-
ion ideal-MHD stability analysis places below the no-wall boundary [*!. Because By responds to the stored energy through Eq. 1 and to
confinement through 7g, we take the confinement multiplier Hgg as the control actuator u (it scales the loss term W /7g and hence the
achievable pressure), and we collect the fast heat-source and fuelling perturbations into an exogenous drive d(t).

CONTROL-AFFINE REDUCTION

Linearising the pressure response about the design point and retaining the dominant confinement-loss and heating-drive terms yields a
scalar control-affine model for the safety state = By,

. @
¢ = f(z)+g(@)ut+w(), fl@)= T 9(z) = w(1+d(2)),
where w(t) is bounded measurement/process noise, © = Hgg € U = [tmin, Umax] = [0.5, 1.25], and the drive normalisation & is fixed by

requiring the design point to be an equilibrium at nominal actuation. Setting # = 0 at (z, u, d, w) = (1.532, 1.0, 0, 0) in Eq. 3 gives

o 1.532
= = = 4:.2 .
P = Tpur T 0358 x 1.0 &

Equation 3 is deliberately low-order: it is the one-dimensional, design-point-anchored surrogate on which the certificate is demonstrated;
Section 9 states the single open item in extending the identical barrier condition to the coupled multi-actuator plant. The general reduced
plant used by the controllers is the linear state-space form o= A T+ B u, y= @} z, with the admissi-
ble operating window written as the intersection of physics and engineering constraints,

W={ »p:9( p)<0Vk},

each gy, a stability, thermal, or actuator bound.

THE FORMAL CONTROL PROBLEM

Let z* denote the design set-point of the tracked output (here the gain @), mapped to 8y through the pressure balance). The burn-control
problem is: quote Find a feedback law w = w(x) that (i) drives the tracked output to z* and rejects the disturbance w with closed-loop
stability, and (ii) guarantees x(t) € C for all t > 0, where C = {z : h(z) > 0} is the certified safe set defined by the barrier h. quote
Objective (i) is a performance requirement met by the model-predictive layer of Section 3; objective (ii) is a safety requirement met by the
certificate of Section 4. The central design choice of this paper is that (ii) is discharged independently of (i), so that the guarantee survives
any error in the performance layer.
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The performance layer: receding-horizon MPC

THE OPTIMAL-CONTROL PROBLEM

At each control instant t with measured state z (%), the model-predictive layer solves the finite-horizon optimal control problem

N-1
min =Y (loe =21 o+lus—v? g)+len-=I7 »
{ux F=0 k=0

s.t. :z:k+1=F(:ck,uk), k=0,...,N—1,
zre X, ur€U, zycdiy, zo = z(t),

with Q = 0 and R > 0 the stage weights, P > 0 the terminal weight, F' the one-step map obtained by discretising the twin,
and X = {z : gx(x) < 0} the state constraints of Eq. 5. The controller applies the first optimised move ug, advances one step, and re-
solves at t + At: the receding-horizon principle. Minimising deviation from the operating point plus actuator effort over a horizon rolled
forward on the twin is the acting layer written as optimisation.

STABILITY OF THE RECEDING HORIZON

Closed-loop stability of Eq. 6 follows the standard terminal-ingredients argument '?!: if the terminal set X’ 't is control-invariant, the termi-
nal cost ||z — z*||2 p is alocal control-Lyapunov function on Xy, and a local stabilising controller x¢ keeps F(z, k¢(z)) € X with the
terminal cost decreasing, then the optimal value function J*(z) is a Lyapunov function for the closed loop and the origin £ = z* is asymp-
totically stable with region of attraction the feasible set. Two properties make the argument honest here rather than aspirational. First, a
feasible plan always exists because the constraint set X is non-empty by construction — the operating window Eq. 5 is the same admissible
set the safety layer defines, so recursive feasibility is inherited. Second, the short-horizon prediction is accurate: the physics-anchored
transport surrogate below supplies F' with an error small enough that the receding-horizon plan stays feasible over the 50—100ms shadow
window on which the controller acts.

THE PREDICTION MODEL: A CERTIFIED TRANSPORT SURROGATE

The map F' must be both fast (re-solved every control step) and accurate (planned against). The Kronos transport surrogate meets both. It
is a ridge (Tikhonov-regularised) degree-three polynomial predictor @( z) = o( 2)7 0 of the integrated confinement gain
as a function of the reduced feature vector 2z = (fa, T, Hgg) — the Greenwald density fraction (211 the central ion temperature, and

the confinement multiplier — with ¢ the vector of monomials up to total degree three and coefficients

6=argmin | & 60— yl3+ A1 ol3=( @ @+x It @y,

the closed-form ridge solution '), trained on a design-space sweep computed in the GPU campaign. On 100 held-out samples the surro-
gate attains R? = 0.9983 and RMSE = 0.088 in @, and it recovers the frozen anchor @ = 3.0763 — accurate enough to plan against and
fast enough to re-solve at the control rate. Because Eq. 7 is a fixed linear-in-parameters model, its Jacobian 3@ /0Ou is available analytical-
ly, giving the MPC an exact local gain for its quadratic program.
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The safety layer: a control-barrier certilicate

BARRIER, SAFE SET AND FORWARD INVARIANCE

Let the barrier function be
h(z) =35— By, C={z:h(z)>0}={By <35}

Safety is the requirement that C be forward-invariant: £(0) € C = z(t) € C for all ¢ > 0. Nagumo's theorem gives the geometric condi-
tion: for the closed set C with smooth boundary, C is forward-invariant under & = f(z) + g(z)u if and only if, at every boundary point
z € AC (where h(z) = 0), the vector field points into the set, i.e. h(a:) > 0 5], Requiring h>0 only on the boundary is brittle; the
control-barrier-function relaxation of Ames et al. '3'4) asks instead for

h(z,u) = Lsh(z)+ Lgh(z)u > —a(h(z)) Vz € C,

where Lh = Vh - f and Lyh = Vh - g are Lie derivatives and a(-) is an extended class-K function. We take the linear form a(h) = ah
with @ = 2.0 /s. Condition 9 is strictly weaker than the Nagumo condition away from the boundary (it permits the barrier to decrease

while b > 0) yet still certifies invariance, because it forbids h<o0 exactly as h — 0.

THE INVARIANCE THEOREM AND AN EXPONENTIAL MARGIN

Proposition (forward invariance). If h is a valid CBF on C — i.e. Lgh(x) # 0 wherever Lsh(z) < —a(h(x)) so that some admissible
u € U satisfies Eq. 9 — then any Lipschitz feedback u(z) satisfying Eq. 9 renders C forward-invariant. Proof sketch. Along any solution,

Eq. 9 gives b > —ah. The scalar comparison lemma applied to i > —ah with the class-XC bound yields, for a trajectory initialised inside
the set,

h(z(t)) > h(z(0))e ™ >0 Vt>0,

so h cannot change sign: the state cannot leave C. [1 Equation 10 is more than a sign guarantee: it is an exponential lower envelope on the
barrier margin, so the certificate degrades gracefully rather than discontinuously as disturbances grow.

THE SAFETY FILTER AS A PROJECTION

The certificate is enforced pointwise as a minimally-invasive projection. Given the performance layer's proposed command wuypg, the
safety filter returns the nearest admissible command that satisfies Eq. 9:

* : 2
u” = argmin ||u—u
gmin [lu — umpc|l2
s.t. Lyh(z) + Lgh(z) u > —a h(z).
For the scalar system Eq. 11 has a closed form: the constraint is inactive (and ¥* = umpc) whenever the request already respects the barri-

er; otherwise u* lies on the barrier boundary,

&
o —ah@)-La) oy TE577)

Lgh(x) k(1+d)

using Lth = /g and Lygh = —k(1 + d) from Egs. 3 and 8. The projection is therefore a single division per step — trivially real-time —
and the filtered command is clipped to & = [0.5,1.25]. Crucially, whatever uypc the performance layer proposes, u* satisfies the barrier
condition, so an imperfect prediction cannot produce an unsafe action. Figure 9 sketches the geometry: the admissible commands form a
half-space, and the filter is the Euclidean projection of the request onto it.
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The reference governor, the adaptive layer, and composition

REFERENCE GOVERNOR

The projection Eq. 11 guarantees safety by modifying the actuator command; a reference governor guarantees feasibility by modifying the

request before it ever reaches the loop ''7\. Given a raw set-point  and the applied reference v, the governor scales the increment by the
largest € [0,1] for which the predicted response from the current state stays inside the maximal output-admissible set
O = {(z,v) : z € X Vk > 0}:

v =vU —|-’I](’I"—'U_), 77=max{77€ [Oa]-] ; (iB, v +"7(7'_'U_)) € 000}7

with v~ the previous applied reference. The governor thus keeps the request itself inside the feasible set rather than relying on down-
stream saturation to catch an infeasible demand.

ADAPTIVE TRACKING

Plasma parameters drift over a pulse. An adaptive MPC updates the prediction model online, refreshing the surrogate coefficients 6 of
Eq. 7 (or a low-rank correction to them) as new data arrive, with the acceptance requirement that it track a drifting operating point better
than a fixed-model controller. Because the adaptation acts only on the performance predictor and never on the barrier condition, it cannot
compromise safety: adaptation errors are absorbed by the projection Eq. 11.

THE COMPOSED STACK

The three layers compose into a single controller with a clear separation of duties (Figure 10): the reference governor shapes a feasible
request v; the adaptive MPC optimises the actuator plan upmpc against the live transport model; the CBF filter projects uppc to the certi-
fied u*; and beneath everything a deterministic rules layer and a hardware failsafe stand ready if the optimiser fails or times out. Learned
components inform the performance layer but never have the last word on safety.

10
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Computational methodology: the NVIDIA GPU HPC campaign

CODES AND THEIR ROLES

Every number in this paper was produced on the NVIDIA GPU HPC campaign, a Lambda-hosted fleet of NVIDIA A100 (80 GB) and H100
accelerators with single A100/H100/A10 nodes for lighter workloads. Four computational stages feed the controller:

Reduced-order balance. The zero-dimensional power and particle balance Eq. 1 is closed by the Kronos Toolkit evaluate_breeder
solver, which reproduces the frozen design point Q = 3.0763, Pr,s = 85.04 MW, I, = 9.66 M A (anchor BR-L1-A1).
Turbulent-transport dataset. The confinement response over the operating box is mapped by nonlinear gyrokinetic turbulence
simulations with the CGYRO Eulerian solver [2°/, GPU-accelerated across the design-space sweep; the negative-triangularity turbulence
quiescence that anchors the confinement is reported in the companion gyrokinetics study 2/,

Transport surrogate. The ridge degree-three predictor Eq. 7 is fitted to the sweep on the GPU tier and distilled to a fast inference
model; it attains held-out R? = 0.9983, RMSE = 0.088 (anchor BR-L2-A12). A differentiable neural-operator flux surrogate is developed
separately for control-latency transport 13",

Certified clamp. The CBF projection Eq. 11 and the closed-loop envelope test are executed by the control-analysis stage (anchor KX-L1-
A13), with the reduced-order model integrated in the loop. itemize

DISCRETISATION, SOLVER AND PROBLEM SCALE

The envelope demonstration integrates the control-affine model Eq. 3 by explicit Euler over a 100-step seeded-disturbance sequence,
applying the closed-form projection Eq. 12 at every step; this is the discretisation on which forward invariance is verified numerically. The
receding-horizon problem Eq. 6 is a convex quadratic program in the actuator increments after linearising F' about the current trajectory;
it is solved by an operator-splitting QP method of the OSQP class [®!, warm-started from the previous horizon so the solve completes
within the control period. The compute tiers are latency-separated: a worst-case-bounded fast loop, a millisecond model-predictive tier
that re-solves over the reduced-order model, and a predictive shadow that leads the plant by 50-100 1ms; the deterministic clamp remains

the last line beneath the optimiser.

VERIFICATION AND REPRODUCIBILITY

The design-point anchors were re-run and reproduced independently against configuration 22021; the CBF envelope test was verified over
the full 100-step sequence with a fixed seed (20260726), and the transport-surrogate metrics were re-evaluated on the held-out set. The
figures in this paper are regenerated from a single self-contained script driven only by the frozen anchors, so every data figure traces to a
reproducible number rather than to a stored image. Independence of the safety guarantee from the learned predictor means the certificate
is re-checkable without retraining any model.

11
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Results

THE CERTIFIED SAFE ENVELOPE

Under a seeded disturbance ramp — a heating perturbation growing from 0 to = 420 M'W-equivalent with additive noise — an
unclamped, greedy controller (fixed u = 1.25) drives By across the barrier and up to a maximum of 4.200 (margin h = —0.700), violat-
ing By < 3.5 on 50 of 100 steps. With the CBF clamp engaged on the identical disturbance, 8y is held at < 3.500 throughout: the barrier
margin never goes negative and there are Q violations across all 100 steps (Figures 1—2; Table 1). Forward invariance of C holds numeri-
cally over the full sequence.

Certified safe envelope: forward invariance of {8y < 3.5}

safe-set limit By = 3.5
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Barrier margin stays non-negative under the clamp

= nclamped: min h = — 0.700 (violated)
—— CBF-clamped: min h= + 0.000 (h =0 Vi)

3.5 — By

barrier h=0

<
=

B
T
g

Q

40 60
control step

h=35— By h = —0.700
h>0 min h = +0.000

The clamp achieves this using modest authority. The confinement command stays within the window u = Hgg € [1.061,1.250] and never
approaches its saturation floor uni, = 0.5 (Figure 3): the certificate is not authority-limited on this sequence. The guarantee comes from
the barrier condition, with actuation to spare — so the safety result is robust to a tightening of the actuator envelope.

13



Safety certificate is not authority-limited: floor never touched
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50/100 - 0/100: the certificate as a hard invariant
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QUANTITY UNCLAMPED CBF-CLAMPED

maximum By 4.200 3.500
minimum barrier margin h —0.700 +0.000
barrier violations (of 100 steps) 50 (1}

actuator authority used u = Hgg 1.250 (greedy) [1.061, 1.250]
saturation floor uny;, = 0.5 reached — no

The certified safe envelope: control-barrier-function clamp on By (anchor KX-L1-A13), referenced to the frozen design point @ = 3.076,
By = 1.532, S\tau_E=§I0.358
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THE TRANSPORT PREDICTOR

The model-predictive layer plans against the ridge degree-three surrogate of Eq. 7. On 100 held-out samples spanning the operating box
the surrogate reproduces the reduced-order gain with R? = 0.9983 and RMSE = 0.088 in Q, passing through the design anchor
Q@ = 3.076 (Figure 5). A one-dimensional slice Q(Hgg) at the design density and temperature (Figure 6) shows the monotone, smoothly
increasing gain the controller steers along, with an analytic local gain 8Q)/0Hgg at the anchor that the MPC uses directly in its quadratic
program.

Transport surrogate: the MPC prediction model

R?=0.9983
RMSE =0.088
n =100 held-out
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Predictor slice Q{Hgg) used by the receding-horizon MPC
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0Q/0Hgg
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BURN TRACKING INSIDE THE ENVELOPE

With the predictor in place, the specified model-predictive burn layer holds the gain at the frozen set-point @ = 3.076 through injected
disturbances. Figure 7 shows the tracked gain computed on the reduced-order design model: where an open-loop response drifts under a
step-and-drop disturbance, the closed loop returns @ to the set-point and holds it inside a +0.05 band, with the actuator moving only
inside its window and every command filtered through the clamp. The acceptance criterion for the burn controller is explicit — hold @) at
3.076 through injected disturbances with closed-loop stability to set-point and zero clamp trips in nominal operation — and is met on the
reduced-order model; the hardware-in-the-loop demonstration is the open item of Section 9.

Burn control: holding Q at the frozen setpoint through disturbances

== = gpen loop (disturbance drift)
- specified MPC on reduced-order model
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Q 3.076 +0.05
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FORWARD INVARIANCE AND THE SAFETY FILTER

Figure 8 makes the mechanism explicit. The left panel shows the clamped barrier k(%) staying at or above the class-KC lower envelope
hoe~ of Eq. 10, never crossing zero. The right panel shows the admissible-rate cone: the CBF condition h > —ah (with a = 2.0) defines

a half-plane of admissible ( 4, h) pairs, and any feedback that stays in it keeps the barrier non-negative. Figure 9 shows the corresponding

action-space picture: the safety filter is the Euclidean projection of the performance request uypc onto the barrier half-space, moving the
command the least amount needed to be safe.

h =0 preserved for all ¢ CBF condition h = — ah,a=2.0

= clamped h(t)

admissible h = — ah
« class-K bound hge™*

—— boundary h= -ah

&

NS 2

:

B

:

< <
=

60 80
control step

h(t) K hoe“"t
h>—ah a=20/s h
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Safety filter as a projection onto the barrier half-space

admissible u: Lsh + Lshu = — ah

= Ucht

of

nearest ua (MPClrequest)
safe u

>
£
g
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=
5
S,
8
I,

u® =MNepilua)

(Schematic.)

UAT

u* = Ilop(uar) Lh+ Lyhu = —ah
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THE LAYERED STACK AND ITS ACCEPTANCE CRITERIA

Table 2 records the controller stack as a set of pre-registered acceptance inequalities, with the demonstrated status of each. The certified
clamp and the transport predictor are demonstrated; the model-predictive, adaptive, governor and real-time-solver layers are specified
against explicit criteria and validated on the reduced-order twin, with the roster serials that own them (Figure 10; Table 3).

Layered burn controller: performance inside a certified envelope

Reference Adaptive MPC CBF safety

(shapes f%(;‘sﬁ)lﬂeoget—pomt] min tracking + effort filter (projection)

state )
feedback i aild / times out

Plant / twin Deterministic
X = f(x) + g(x)u rules + HW failsafe

u”* (filtered)
(Schematic.)

CBF safety clamp h(z(t)) >0 Vt min h = +0.000; 0/100 demonstrated
transport predictor held-out R? > 0.99 R? =0.9983 demonstrated
transport predictor RMSE < 0.10in Q RMSE = 0.088 demonstrated
MPC burn control |@ — 3.076| < tol under disturbance held specified
actuator authority U € [Umin, Umax), floor untouched u € [1.061, 1.250] demonstrated
reference governor constraints held while tracking held in sim specified
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ELEMENT FUNCTION SERIAL

reference governor shapes a feasible set-point KFE-CF-BR-050
adaptive MPC tracks a drifting operating point KFE-CF-BR-045
MPC burn controller holds @ at 3.076 under disturbance KFE-CF-BR-009
real-time QP solver solves the QP within the control period KFE-CF-BR-112
CBF safety clamp renders {Ay < 3.5} invariant KX-L1-A13
transport surrogate fast, accurate predictor for the MPC BR-L2-A12

The layered controller stack and the de-risking serials that own each element. KX—-L1-A13 and BR-L2-A12 are reproduced anchors; the
remaining rows are twin-first control capabilities behind the certified clamp.
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Discussion

QUANTITATIVE COMPARISON WITH PUBLISHED CONTROL

The demonstrated certificate is best read against the two established routes to plasma control. Learned magnetic control on TCV showed
that a single reinforcement-learned policy can shape a plasma |7, and deep reinforcement learning has regulated the normalised beta on
KSTAR by feedforward actuation ['; both are performance achievements without a hard, checkable safety guarantee attached. Model-
based predictive profile control on TCV demonstrated that a receding-horizon optimiser can drive current-profile targets in a real device
[8]: this is precisely the performance layer we adopt, and our contribution is to bound it with a certificate. On the safety side, control-
barrier methods have become the standard tool for rendering a safe set forward-invariant in robotics and automotive control ['3'4); we
transplant that machinery to the Sn-limit problem and quantify its effect: the same disturbance sequence produces 50/100 barrier cross-
ings without the clamp and 0/100 with it, the peak excursion falling from By = 4.20 to exactly the limit 3.500. The conservative limit

Bn < 3.5 itself sits below the Troyon-type ideal ceiling *) established for this equilibrium in the companion stability study >}, so the
certified set is a genuinely safe operating region rather than a nominal one.

WHY SEPARATION IS THE RIGHT STRUCTURE

Separating performance from safety is what lets the burn controller be both aggressive and provably safe. The model-predictive layer
inherits a fast, R? = 0.9983 transport predictor and may optimise freely for tracking; any command it proposes is filtered through Eq. 11,
so an imperfect prediction — or an out-of-distribution input to a learned component — cannot produce an unsafe action. The guarantee is
structural: it depends only on the barrier condition, not on the quality of any learned model, which is exactly the property that makes it re-
checkable and portable. This is the same design principle underlying the certified safety filter of the companion control-barrier study [3°/,
the calibrated-uncertainty and abstention layer that hands authority back to a deterministic floor out of distribution 34!, and the four-twin
shadow that supplies the predictive model 3%!. The controller here is one member of a real-time suite for the breeder — profile, shape,

vertical-stability, g-profile and ramp controllers — all of which sit behind the same certified clamp [33); the uniform composition rule (gov-
ernor shapes feasible requests, a model-predictive or learned layer optimises, barrier certificate guarantees invariance) lets a single safety
argument cover a heterogeneous set of performance controllers.
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Limitations

The demonstrated certificate is established on a one-dimensional, design-point-anchored 8y model (Eq. 3), integrated by explicit Euler
over a 100-step sequence. Extending the identical barrier construction to the coupled multi-actuator plant — where B, shape, density and
current are driven together and the Lie derivatives L ¢h, Lyh become vector quantities — on a hardware-in-the-loop bench is the one open
engineering item. It reuses the clamp condition Eq. 9 unchanged; what must be built and validated is the multi-input projection and its
real-time solve, not a new certificate. We flag this single gate honestly and note that the safety guarantee, being structural, transfers with
the construction rather than having to be re-earned.
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Conclusion

The Hyperion burn controller places a model-predictive performance layer inside a certified safe envelope. The control-barrier-function
clamp renders the safe set {8y < 3.5} forward-invariant — 0/100 violations against a disturbance sequence that drives an unclamped
controller to B = 4.20 on 50/100 steps — with confinement authority to spare, and the model-predictive controller holds @ at the frozen
3.076 using a demonstrated R? = 0.9983 transport predictor. A reference governor keeps the request feasible and an adaptive layer tracks
under drift, all beneath a deterministic backstop. Performance is model-predictive; safety is a certificate; and the two are composed
through a projection so that no prediction error can produce an unsafe action. The single open item is the hardware-in-the-loop extension
of the identical barrier condition to the coupled multi-actuator plant.
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INTELLECTUAL PROPERTY

The patent portiolio

tal-twin control provisional, a registered trademark application, and the original 2022 provisional family. Every patentable disclo-

sure in the five-paper arXiv drop was protected before publication: the breeder and burner provisionals were filed 1-2 August, and
a publication-gap omnibus filing the evening before the drop swept up the DEC, plasma-control, and REBCO-winding matter of the three
otherwise-unprotected papers. Patent numbers and application serials are matters of public record; claim scope is summarised, not
reproduced.

T he estate spans a granted high-field magnet patent, pending utility and 2026 provisional filings that map to the two products, a digi-
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US 12,009,112 High-field tilted graded-REBCO magnet architecture (KRONO-002A) - app. 17/878,550 GRANTED

US 17/878,507 Core device / method (KRONO-001A) - utility

2026 PROVISIONAL FILINGS — MAPPED TO THE PRODUCTS

64/124,209 Hyperion — spherical-tokamak tritium / helium-3 foundry - breeder - filed Aug 2026 FILED
64/124,220 Aegis [ MetroVolt — synchrotron-cutoff, fuel-selection & plug-winding - generator - filed Aug 2026 FILED
64/115,167 KRONOS-CTRL digital-twin plant control - provisional - filed Jul 2026 FILED
64/005,440 Integrated spherical-tokamak fusion architecture - early integrated-architecture filing - filed Mar 2026 FILED
64/105,530 Negative-triangularity spherical-tokamak architecture - foundational ST filing - filed Jul 2026 FILED
64/128,097 Publication-gap omnibus — quasineutral two-species expander DEC - provenance-gated | latency-split plasma FILED

control - as-built high-field winding & conductor architecture - filed 7 Aug 2026, the evening before the arXiv drop

TRADEMARK & ORIGIN

FTK-98801894 Kronos Fusion Energy — trademark application FILED

KR-2022-% Original provisional family (KR-2022-00001 ... 00027) - 27 filings, 2022 PRIORITY

The narrow, defensible magnet novelty — the specific conductor and the digital-twin winding optimisation, not high-field REBCO as a
category — is the commercial core that can earn ahead of any Q > 1 milestone, with markets in fusion magnet supply, MRI/NMR, accelera-
tors, and proton therapy. The claim is scoped honestly: the high field is a system field result, not a stand-alone-coil record; the small-bore
plug coil is structurally infeasible as a bare winding but resolved by a stress-managed structural shield (feasible-pending-FEA); and the
winding-tape experiment returned a null result. The value is the method, not a field record.
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