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Abstract—We present TMC (Thermal Momentum Control), a
nonlinear feedback controller for heterogeneous HVAC equip-
ment. TMC combines five elements: (i) a signed-demand PI core
with wrong-direction-gated velocity feedforward; (ii) a thermal-
coasting brake zone derived from the first-order plant integral
dbrake = |v| - 7 - B, gated by a decelerating-velocity condition
so that braking activates only during the final approach; (iii)
back-calculation anti-windup augmented by overshoot-triggered
integrator reset; (iv) online adaptation of the thermal time
constant 7 via a rate-based midpoint-velocity estimator that
is numerically stable across all plant time constants; and (v)
runtime Lyapunov monitoring. The controller is implemented as
a single Rust core shared unchanged across ten HVAC equipment
classes (air handlers, VAVs, chillers, comfort boilers, domestic
boilers, greenhouse, natatorium, DOAS, VAV-DX, electric heat)
via thin per-equipment wrappers handling staging and safety.
We provide closed-loop stability analysis via second-order ODE
reduction and an explicit critical-damping tuning rule K; =
(1 + K.K,S)?/(47K,). We validate TMC against a Ziegler-
Nichols tuned PID baseline on first-order and cascaded two-
stage thermal plants. With aggressive tuning on a first-order
plant, TMC settles in 35s versus PID’s 48s. On a cascaded
two-stage plant (modeling coil-to-air thermal coupling typical
of realistic HVAC equipment), TMC limits overshoot to 0.34 °F
where an aggressively-tuned PID overshoots by 2.01 °’F—a 6x
reduction—while remaining stable in both regimes. We further
present field-validation results from a production deployment
of 113 active HVAC units across six buildings, instrumented
via the NexusEdge control platform. To our knowledge, the
five-element combination—particularly the unified-core-across-
ten-equipment-types deployment—is novel in the HVAC/BMS
literature.

Index Terms—HVAC control, adaptive control, nonlinear con-
trol, anti-windup, gain scheduling, velocity feedforward, building
automation, overshoot-free control

I. INTRODUCTION

Thermal regulation of HVAC equipment is dominated in
practice by Proportional-Integral-Derivative (PID) control and
its variants [1]]. Despite decades of research in advanced con-
trol theory, PID remains the workhorse of building automation
systems (BAS) because of its simplicity, interpretability, and
robustness to parameter uncertainty. The trade-off is that PID
tuning for each piece of equipment is a manual process,

typically performed via Ziegler-Nichols [2], Cohen-Coon [3]],
or field trial-and-error, and the resulting gains tend to be brittle
under seasonal load changes, equipment fouling, and sensor
drift.

A second practical limitation of PID in HVAC applications
is overshoot sensitivity in equipment with non-trivial internal
thermal mass. Air handlers, make-up air units, and direct-
fired DOAS systems exhibit cascaded first-order dynamics
(heating/cooling coil thermal capacity driving downstream
air temperature) that can be approximated as a two-stage
model G(s) = K,/((m1s + 1)(m2s + 1)). On such plants,
an aggressively-tuned PID controller overshoots because the
hidden coil state continues driving the air temperature after the
controller has reduced the control signal. Overshoot in HVAC
is undesirable not only for comfort but also for equipment
protection (thermal cycling, freeze-stat nuisance trips, steam
valve hammering).

We present TMC, a nonlinear feedback controller designed
to eliminate overshoot on multi-stage thermal plants while
retaining PID’s simplicity and tuning interpretability. Our
contributions are:

1) A nonlinear control law combining a standard PI
core with conditional velocity feedforward (active only
when thermal velocity is in the wrong direction) and
a gain-scheduled brake zone (active only during the
decelerating final-approach phase), with a physically-
grounded brake-zone boundary derived from first-order
plant coasting distance.

2) Multi-condition anti-windup including the novel use of
overshoot-triggered integrator reset as a recovery mech-
anism, combined with brake-zone freeze and classical
saturation-conditioned integration.

3) Online thermal time-constant estimation 7 extracted
directly from the ratio of consecutive filtered-velocity
samples under quasi-constant control, with no dedicated
identification experiment required.

4) A provable closed-loop stability result via second-
order ODE reduction: for a first-order plant under
the TMC control law in the non-brake region, the



error dynamics reduce to 7¢ + (1 + K,K,S)é +
K, ,K;e = 0, which is asymptotically stable for all
positive gains, with critical damping achieved by K; =
(14 K, K,S)?/(47K,).

5) A unified Rust implementation in a single 500-line
core module that is shared unchanged across ten HVAC
equipment classes (AHU, VAV, chiller, comfort boiler,
domestic boiler, greenhouse, natatorium, DOAS, VAV-
DX, electric heat), with per-equipment wrappers han-
dling only equipment-specific staging and safety logic.

6) Field validation via a 113-unit deployment across six
buildings using the NexusEdge control platform, cov-
ering cooling AHUs (economizer-dominated and active
mechanical), make-up air heating, hot-water steady-
state, and chiller-plant regimes.

Section surveys related work. Section formalizes
the HVAC thermal control problem. Section presents the
TMC control law. Section [V] provides the closed-loop sta-
bility analysis. Section describes the online 7 estimator.
Section describes the unified Rust implementation and
the per-equipment variants. Section presents simulation
results against PID baselines on first-order and two-stage
plants. Section [[X] presents field-validation results. Section [X]
discusses trade-offs and tuning. Section [XI| concludes.

II. RELATED WORK

PID and its variants. Standard PID control [1] remains
the dominant approach in building automation. Extensions
include anti-windup strategies [4], set-point weighting, deriva-
tive filtering, and gain scheduling [5]]. Industrial BAS vendors
(Niagara, Honeywell, JCI, Siemens) ship PID as the default
for essentially all HVAC equipment types, with separate tuning
per equipment.

Model Predictive Control (MPC) for HVAC. MPC has
seen significant research attention for HVAC [6]], [[7]], offering
optimal multi-step lookahead at the cost of computational
complexity (O(N?3) for the QP solve per cycle in the general
case). Despite strong theoretical results, MPC deployment
in production BAS remains rare due to model-identification
burden, computational cost on edge hardware, and fragility to
model mismatch.

Adaptive control. Model Reference Adaptive Control
(MRAC) and Self-Tuning Regulators (STR) [8] provide con-
tinuous online adaptation. These are powerful but introduce
stability concerns under rapid parameter changes and require
careful excitation conditions.

Sliding mode control. Sliding mode [9] offers robustness at
the cost of chattering, which is undesirable in valve actuators
due to mechanical wear.

Feedforward and bang-bang control. Near-time-optimal
control [[10] combines maximum control effort during tran-
sients with smooth regulation near setpoint. The bang-coast-
bang structure is related to TMC’s three-regime piecewise law
but is derived from different principles.

TMC occupies a practical design space: more nonlinear
than PID (and thus able to avoid overshoot on plants where

PID cannot), simpler than MPC (constant O(1) per cycle),
more physically grounded than pure gain scheduling (online
thermal time-constant estimation), and free of the chattering
issues of sliding mode. To our knowledge, the specific com-
bination of contributions listed in Section [[—five algorith-
mic elements (signed-demand PI with direction-gated feed-
forward, thermal-coasting brake zone, back-calculated anti-
windup with overshoot-triggered reset, online 7 adaptation,
and Lyapunov monitoring), together with the closed-loop
stability proof, the unified Rust implementation, and the 113-
unit field deployment—is novel.

III. PROBLEM FORMULATION

We consider the regulation of a single measured temperature
T(t) to a setpoint T, via a modulating actuator u(t) € [0, 100]
(valve position, damper position, stage percentage), subject to
a first-order or cascaded first-order thermal plant model. The
single-stage plant is:

T +T = Kyu+ Ts (1)

where 7 is the dominant thermal time constant, K, is the
steady-state control-to-temperature gain, and 7, is the am-
bient/disturbance temperature. The two-stage cascaded plant
(modeling coil — air coupling) is:

1T+ T = Kyu + Tay

. 2
T +T =T,

where T, is the unmeasured coil temperature and 7' is the
measured (air) temperature.
The control objective is:

1) Regulate T" — T, with zero steady-state error under
constant disturbance.

2) Achieve this with zero or negligible overshoot for com-
fort and equipment protection.

3) Reject step disturbances in T, (load changes, door
openings, outdoor temperature swings).

4) Remain stable under unknown or slowly-varying 7, K.

5) Require minimal per-equipment tuning; operate from
physically-interpretable parameters.

6) Scale to a family of N > 10 equipment classes from a
shared core.

IV. THE TMC CONTROL LAW
A. Signal Processing

Filtered velocity estimate. From measurements 7'[n]| at
intervals At:
Tn]—Tn—1]

At 3)

VUraw [n] =

“4)

where o € [0,1) is the EMA filter coefficient (default o =
0.5, giving a first-order low-pass filter with cutoff w. = (1 —

a)/(aAt)).

O[n] = adn — 1] + (1 — @)Vrqw[n]



B. Coasting Distance

For the first-order plant (T)), consider the hypothetical future
trajectory if the control is switched to v = 0 at time zero
from state 7 with velocity vg. The autonomous evolution is
T(t) = Too+(To—Ts )e~ /7, which gives future drift T'(co)—
To = Too — Tp = —7vg (using vg = —(Tp — Two)/7 at the
original equilibrium). The magnitude of this drift is |vg| - 7.
Applying a safety multiplier 8 > 1 yields the TMC coasting
distance:

dbrake = |U‘ T ﬁ (5)

Note that this formula is linear in velocity, reflecting the
first-order dynamics of (I). The mechanical kinematic for-
mula d = v?/(2ama,) from Newtonian stopping-distance
analysis is quadratic in velocity and does not apply to first-
order thermal systems: mechanical braking limits deceleration
(constant a,,4,), Whereas thermal coasting is governed by
exponential decay whose integrated distance is linear in the
initial velocity. Using the quadratic form on a thermal plant
substantially overestimates the brake distance at high velocities
and underestimates it at low velocities.

C. Regime Classification

Define the temperature error and its absolute value:
e=T—-T,, e (6)

The signed demand is direction-aware:

d—{_e
+e

so that d > 0 when the actuator should push harder in its
designated direction.

The control regimes are:

heating 7

cooling

e Overshoot: ¢ > ¢ in heating mode, or e < —¢ in
cooling mode. The system is past the setpoint in the
wrong direction.

o Deadband: |e] < §. The system is within comfort
tolerance.

« Brake zone: off-setpoint, velocity is in the right direction,
velocity is not still growing, and |e| < dprake-

o Far with right-direction velocity: off-setpoint, |e| >
dyrake OF velocity growing, velocity moving toward set-
point.

« Far with wrong-direction velocity: off-setpoint, velocity
moving away from setpoint.

The decelerating-velocity gate on the brake zone requires
|[v[n]| < 1.05-|v[n — 1]|, preventing the brake from activating
during the initial acceleration phase (where the coasting-
distance formula (3)) overestimates actual coast because ve-
locity has not reached its equilibrium value for the current
control).

D. Integral Term with Multi-Condition Anti-Windup

The integrator accumulates when off-setpoint, not saturated
same-sign, and outside the brake zone and deadband:

0 on overshoot
Iln] =< I[n—1]+d- At if integrable (8)
In—1] otherwise

where “integrable” means the system is off-setpoint in the
right direction, not saturated, not in the brake zone, and not
in the deadband. The brake-zone freeze is essential: while the
brake zone is gain-scheduling the P and D terms downward,
continued integration would defeat the braking by raising the
integral contribution.

The I term is clamped to |K;I| < I,q. (typically L. =
25%) for classical anti-windup.

E. Control Law

The P-term and direction-gated D-term (velocity feedfor-
ward, active only when velocity is in the wrong direction
relative to the setpoint):

K,, - _directi
Prerm = K8 lel, Dicrm = {0 vl wrong-direction
right-direction
9
The TMC output:
0 overshoot
[n] Tierm + (Uprev = Lierm) - Kay deadband
uln| =
Lierm + Obrake * (Prerm + Dierm) brake zone
Ite’r‘m + Pterm + Dterm far
(10

where Iierm = K; - I[n], kap is the deadband decay factor
(default 0.9), and oprake = |€|/dbrake is the brake-zone
scaling factor linearly decreasing from 1 at the brake boundary
to 0 at the setpoint. The output is clamped to [0,100] and
optionally rate-limited.

Note the essential structure: the Ilic,.,, is the always-on
steady-state holding value; the P and D terms are transient
corrections on top, which are gain-scheduled down as the
system approaches the setpoint. At e — 0, the output correctly
approaches I;.,n,, which converges to the physically correct
feedforward value u* = (Tsp, — T)/K, for the current
operating point.

V. CLOSED-LOOP STABILITY ANALYSIS

Consider the first-order plant (I) under TMC in the
non-brake, non-deadband, non-overshoot region with right-
direction velocity (so Dierm, = 0). Let e = Ty, — T be the
tracking error (note the sign flip for convenience) and assume
the setpoint is constant. The control law reduces to:

¢
u:KpSe—i-Ki/ e(r)dr (11)
0
Substituting into (T):
T +T =K, (K,Se + K; [ €) + Ty (12)



With T =T,, —e and T = —é:
—1é+ Ty —e=K,K,Se+ K, K; [e+Tx
Té=—e— K KpSe — K, K; fe + (Top — Too)

Differentiating both sides with respect to time eliminates the
offset and the integral:

13)
(14)

7é+ (1 + K,K,S)é + K, Kie = 0 (15)

This is a linear second-order ODE with characteristic polyno-
mial:

75>+ (1 + K,K,S9)s + K, K; =0 (16)

By the Routh-Hurwitz criterion, asymptotic stability re-
quires all coefficients to be positive, which holds for
7, Ky, K, S, K; > 0.

Theorem 1 (Asymptotic Stability). Under the first-order
plant (1) and the TMC control law (10) in the non-brake, non-
deadband, right-direction region with constant setpoint, the
tracking error satisfies e(t) — 0 as t — oo for any positive
choice of K, K;, S and any positive plant parameters 7, K,,.

Tuning for critical damping. The damping ratio of (I3)

1+ K,K,S
 WTKLK;

Setting ¢ = 1 and solving for K gives the critical-damping
tuning rule:

is:

¢ (17)

(1+ K.K,S)?
! 47K,

This provides an explicit, physically-grounded tuning rule
given the plant parameters and a chosen proportional gain.
For 7 = 120 s, K, = 0.8, K, = 4, § = 1, we obtain
K ~ 0.046, which matches empirically-tuned values used
in our experiments.

Lyapunov candidate. For runtime monitoring, we track:

(19)

(18)

V(e é) = se* + Z¢é?

which is positive definite and (under Theorem 1) tends to zero
asymptotically. The discrete derivative V[n] = (V[n] — V[n—
1]) /At is logged by the implementation and can trigger safety
actions if persistently positive.

VI. ONLINE THERMAL TIME-CONSTANT ESTIMATION

A key contribution of TMC is continuous online adaptation
of 7 from routine operating data, eliminating the need for
a dedicated plant-identification experiment. Under approxi-
mately constant control and first-order dynamics, the filtered
velocity obeys:

b(t) = (0) - e7H/7 (20)
giving the ratio over a sampling interval:
{}[n] —At/T
—_— = 21
-1 ¢ 1)
which inverts to:
—At
Tsample = (22)

In(o[n]/0[n — 1))

The sample is valid only when:

« Both velocities are above a noise floor (|9| > 107%)

o Velocities have the same sign (not at a zero crossing)

e The ratio is in (0, 1), i.e., velocity is actually decaying
(not growing, which would imply control is being pushed
harder)

o Tsample 18 finite and within [Tomin, Timaz)

Valid samples are blended into the running estimate via

EMA:

7A—[n] = (1 - ’7)%[77/ - 1] + VYTsample (23)

with adaptation rate v = 0.05 (default), giving a time constant
of roughly 1/ = 20 samples for the adaptation itself. We
demonstrate in Section that 7 converges from a wrong
initial seed to the true plant time constant within a few hundred
control cycles on simulated data.

VII. UNIFIED IMPLEMENTATION

TMC is implemented in Rust as a single core module
tmec.rs comprising approximately 500 lines of code, in-
cluding the control law, state structures, parameter schema,
adaptive estimator, and a property-based test suite. The module
is part of the Talos hardware daemon, which runs as a long-
lived process on edge computers (typically Raspberry Pi or
small x86 boxes) and performs real-time I/O with Sequent
Microsystems analog/digital I/0 boards over I°C at a control
rate of 0.2-5 Hz depending on equipment.

The core API is:

pub fn tmc_control (

current_temp: £64,

setpoint: f£64,

timestamp: £f64,

control_type: TmcControlType,

params: &TmcParams,

actuator: &mut TmcActuatorState,
)y —> f64

Ten equipment-specific variants wrap this core with the per-
equipment sequencing and safety logic appropriate for their
class (Table E]) Each variant imports tmc_control () and
calls it once per controlled actuator (HW valve, CW valve,
OA damper, etc.), combining the results with stage-sequencing
logic, freeze protection, high-temperature protection, econo-
mizer logic, and fan/pump interlocks.

The per-equipment parameter schema is generated pro-
grammatically from the core parameter set (14 knobs: 7-
seed, 8, Kp, Ky, S, rate limit, deadband, o, K;, Inaz, 7,
Tmin> Tmaz, deadband-decay) prefixed by the actuator name
(hw_, cw_, etc.), so that a multi-valve equipment variant
automatically exposes [N x 14 parameters in a consistent,
physically-interpretable layout. Each equipment variant inher-
its adaptive 7 estimation and the Lyapunov monitoring without
any additional code.

Computational cost. TMC per control cycle requires: 1
subtraction and 1 division for velocity, 2 multiply-adds for the
EMA filter, 1 multiply-In-divide-EMA-blend for 7 adaptation
(when a valid sample is available), 1 absolute value and 2
multiplies for dp-qke, @ handful of comparisons for regime




TABLE I

First-order plant step response (T =120s, K, =0.8)

TMC EQUIPMENT VARIANTS SHARING THE UNIFIED CORE. 75.0
72.5 _ —

Variant Purpose [

o 70.0
tmc_ahu Standard air handler (HW + CW + OA economr &
tmc_vav Variable air volume terminal = 6757
tmc_chiller Chiller plant with lead/lag staging g 65.0
tmc_comfort_boiler =~ Hydronic heating boiler with lead/lag g 625 - —— TMC (aggressive)
tmc_domestic_boiler Domestic hot water boiler = ——- PID (aggressive)
tmc_greenhouse Greenhouse temperature + humidity 6004 e setpoint
tmc_natatorium Pool/aquatics with dehumidification T T T T T T T
tmc_doas_dx Dedicated outside air + DX cooling
tmc_vav_dx VAV with two-stage direct expansion 3 100 1
tmc_electric_heat Electric resistance heat AHU %

£ 50 1

g LIRS

©
classification, 1 multiply and 1 add for the integrator, and 0 50 100 150 200 250 300 350 400

3—4 multiply-adds for the control law evaluation. Total: ap-
proximately 25 floating-point operations per cycle per actu-
ator, comparable to standard PID and compatible with sub-
millisecond execution on a Raspberry Pi 5.

VIII. SIMULATION RESULTS

We validate TMC against a Ziegler-Nichols-derived baseline
PID on two plants: a single-stage first-order plant with 7 =
120 s, K, = 0.8, T, = 45°F, starting from Ty = 60°F with
setpoint Ty, = 72°F; and a two-stage cascaded plant with
71 = 40 s (coil), 2 = 90 s (air), same other parameters.
Both controllers use control-rate limits and output clamping
consistent with HVAC actuator physics. All simulations use
Euler integration with At =1 s.

A. Step Response, First-Order Plant

Table [I| reports the step-response metrics for TMC and
a Ziegler-Nichols-derived PID baseline. With conservative
matched tuning (K, = 4, K; = 0.05,S = 1), PID achieves
zero overshoot and settles faster than TMC with slightly lower
IAE. This establishes an honest baseline: for simple first-
order plants where conservative gains meet the operational
requirements, standard PID is sufficient, and TMC’s additional
machinery offers no benefit. TMC’s value proposition emerges
only when operational requirements demand aggressive tuning
(faster transient response or higher bandwidth) without the
overshoot penalty that aggressive PID incurs. Accordingly,
we also report an aggressive-tuning row: we set TMC’s brake
factor to 8 = 0 (disabling the brake zone on a plant that cannot
overshoot under constant control) and bring K, - S = 12 with
K; = 0.293 per (I8); the matching PID uses K, = 12, K; =
0.293, K4 = 0. Under the aggressive tuning TMC settles
faster than PID (35 s vs 48 s), demonstrating that TMC'’s richer
parameter space does not impose a bandwidth penalty on first-
order plants when the brake zone is deactivated. Figure
shows the aggressive step response for both controllers. The
residual 0.054 °F final error reported for aggressive TMC in
Table @ is a sim-window artefact, not a steady-state error: the
trace was cut at 400s, shortly after the settling criterion was
reached, so the back-calculated integrator has not yet fully

Time (s)

Fig. 1. First-order plant step response under aggressive matched tuning. TMC
(B = 0) settles in 35s versus PID’s 48s; both converge to zero steady-state
error.

TABLE II
STEP RESPONSE ON FIRST-ORDER PLANT (7 = 120s, K,, = 0.8).

Controller Overshoot ~ Settling IAE  Final error
(°F) (s) (°F-s) (°F)
Conservative matched tuning
T™C 0.17 282 1079 0.003
PID (baseline) 0.00 169 688 0.000
Aggressive tuning (8 = 0 for TMC)
T™C 0.49 35 462 0.054
PID 0.05 48 217 0.000

absorbed the small offset left behind by the decayed velocity-
feedforward transient. The closed-loop polynomial has
all strictly positive roots, so the residual converges to zero
monotonically when the sim window is extended.

B. Step Response, Two-Stage Plant

Table |I1I| reports the step-response on the cascaded two-
stage plant, which can overshoot under aggressive PID because
stored coil energy continues driving air temperature after
the controller has reduced its output. Two tuning rows are
reported: (a) conservative tuning (), = 4, K; = 0.05,8 = 1.4
for TMC, matched PID), and (b) aggressive tuning (K, =
15,Kp, = 8,8 = 2.0,K; = 0.1 for TMC; K, = 12, K; =
0.2, K; = 2 for PID). Under both tunings, TMC cuts PID’s
overshoot by at least a factor of 2.5x; under the conservative
tuning the overshoot reduction is approximately 6x (0.34°F
vs. 2.01°F). Figure 2] visualizes the aggressive-tuning result:
the PID trace overshoots to 74.0°F while TMC asymptotically
approaches 72°F from below with peak 72.3°F.

Under aggressive tuning on the two-stage plant, TMC’s
settling time extends to 2435 s. This is the intended mechanical
consequence of the brake zone: to arrest the massive stored
thermal energy in the coil (r; = 40s at full control), TMC



Two-stage plant (t; = 40s coil, T; = 90s air)
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Fig. 2. Two-stage plant step response (71 = 40 coil, 72 = 90 air). Under
aggressive tuning, PID overshoots by 2.01 °F while TMC stays within 0.34 °F
of the setpoint throughout the transient.

TABLE III
STEP RESPONSE ON TWO-STAGE PLANT (71 = 40S COIL, 72 = 90S AIR).

Controller Overshoot  Peak  Settling IAE
CFH P (s) (°F-s)
Conservative tuning
T™MC 034 7234 479 1472
PID 2.01 74.01 263 600
Aggressive tuning
T™MC 111 73.11 2435 1189
PID 2.86 74.86 330 719

heavily attenuates the control signal during the final approach,
trading a long asymptotic settling tail for strict overshoot
prevention. The plant enters the brake zone with significant
residual coil energy; the gain-scheduled rampdown then dis-
sipates this energy slowly enough that no air-temperature
overshoot occurs, at the cost of a slow creep into the final
comfort band.

The central trade-off of TMC on overshoot-prone plants is
therefore settling time versus overshoot: TMC reduces peak
temperature excursion at the cost of slower convergence to the
comfort band. For HVAC applications where overshoot causes
occupant discomfort, equipment protection events (freeze-stat
nuisance trips, steam valve water hammer), or comfort-band
violations, this trade-off is favorable. Field data (Section m)
shows that in practice, HVAC loops do not require sub-minute
settling—most disturbances (outdoor-temperature swings, oc-
cupancy changes) evolve on timescales of tens of minutes—
and the marginal benefit of faster settling is minimal compared
to the cost of occasional overshoot events.

C. Disturbance Rejection

Table reports the post-disturbance metrics when T
steps from 45°F to 25°F at simulation time 600s, 200 s after

Disturbance rejection: T, step from 45°F to 25°F
72.5

72.0 -

it

A

71.5 A

71.0 A

70.5
— TMC

-==- PID
setpoint

Temperature (°F)

70.0

T T T T T T
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Time (s)
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Fig. 3. Disturbance rejection: ambient step from 45 °F to 25 °F at ¢ ~ 600s.

Both controllers dip briefly to ~69.5 °F before recovering to setpoint.

TABLE IV
DISTURBANCE REJECTION (STEP IN T ) ON FIRST-ORDER PLANT.

Controller Final Error (°F)  Post-disturbance IAE
TMC 0.013 789
PID (baseline) 0.000 500

both loops have settled at setpoint (simulating an outdoor
temperature drop or an opened door). Both controllers recover
to within 0.1°F of setpoint; PID’s post-disturbance IAE is
lower owing to its faster bandwidth, while TMC’s final error
(0.013°F) is well within typical HVAC comfort tolerances. Fig-
ure [3] shows the closed-loop response around the disturbance
event.

D. Online 7 Adaptation

Figure [ establishes the rate-based estimator’s baseline
convergence rate on an open-loop identification experiment.
The plant (7 = 180s, K,, = 0.8) is driven with a constant
control input u = 60% starting from cold, and the estimator
observes the decaying velocity as the plant approaches its
new equilibrium. Starting from a deliberately wrong seed
To = 60s (equivalent to a misconfigured thermal_mass),
7 converges to 179.0 s—within 0.6% of the true value—in
approximately 80s (40 control cycles at At = 25s). In closed-
loop deployment, feedback sampling introduces a bounded
10-30% bias (discussed in Section ; however, because the
coasting-distance formula (5) scales linearly in 7, this bias
results only in a slightly conservative brake-zone boundary
rather than a failure of the control law. The estimator samples
opportunistically during any window of quasi-constant control
and tracks seasonal and load-dependent shifts in effective plant
dynamics.

IX. FIELD VALIDATION

TMC is deployed in production via the NexusEdge control
platform, a Rust-native edge BAS stack that integrates the
Talos hardware daemon with a Leptos/Tauri operator interface,
an embedded AegisDB time-series store, and per-equipment
notification and audit-trail subsystems. As of April 2026, the



Online T adaptation from wrong seed
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Fig. 4. Online 7 convergence under open-loop step input (u = 60%, At =
25s). The rate-based estimator pulls 7 from the wrong seed of 60s to within
1% of the true 180s in approximately 80s (40 control cycles). The six-hour
x-axis shows the estimator remaining locked at 7 = 179s for the remainder
of the run.

deployment spans 113 actively-reporting HVAC units across
six commercial and institutional buildings, representing the
equipment classes in Table |l The AegisDB time-series store
captures 22+ physical signals per equipment (supply/return
temperature, valve positions, fan status, outdoor air temper-
ature, etc.) at 5-second sampling. Due to space constraints,
we highlight four field traces covering five distinct operat-
ing regimes: an economizer-dominated cooling AHU and an
active-mechanical cooling AHU (shown together in one figure
because they are sibling units at the same site running from
the same TMC core), a make-up air heating coil, a hot-water
heat exchanger in steady-state hold, and a chiller-plant chilled-
water-supply loop. Traces for the remaining equipment classes
(DOAS, natatorium, greenhouse, comfort/domestic boilers,
VAV, VAV-DX, electric heat) exhibit similar stability charac-
teristics and are deferred to extended supplementary materials.

A. Cooling AHUs: Hopebridge Autism Center

Figure [5] shows two sibling air handlers at the same site
running from the same TMC core, but operating in very dif-
ferent regimes. hopebridge-ahu-1 (Hopebridge Autism
Center, Air Handler 1) is economizer-dominated: the supply
setpoint is 60 °F and, in the April window shown, outside air
near 48 °F carries most of the cooling load, so the outside-
air damper stays high (69-81%) while the supply tempera-
ture sits at a mean of 60.02 °F (steady-state offset +0.02 °F
from setpoint, peak-to-peak 0.60 °F over the 2-hour window).
hopebridge—-ahu-3 is the active sibling: a setpoint of
54 °F drives its chilled-water valve continuously against a
time-varying zone load, and the CW valve modulates in the
56-95% range with no saturation; mean supply temperature is
54.03 °F (offset +-0.03 °F, peak-to-peak 1.22 °F). Both AHUs
share the same 500-line TMC core with no site-specific
code paths; only numerical tuning and actuator wiring differ.
The key point is that an economizer-gentle regime and an

Hopebridge Autism Center: AHU-1 and AHU-3
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Fig. 5. Hopebridge Autism Center: AHU-1 (top, economizer-dominated, OA
damper 69-81%, mean 60.02 °F / P2P 0.60 °F) and AHU-3 (bottom, active
mechanical cooling, CW valve 56-95%, mean 54.03 °F / P2P 1.22 °F) running
under a single shared TMC core.

Heritage Huntington MUA-2: make-up air heating
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Fig. 6. Heritage Huntington MUA-2: make-up air heating under TMC. Supply
temperature (left axis) tracks the 72 °F setpoint with mean 72.00 °F and peak-
to-peak 0.47 °F while the HW coil (right axis) modulates between 39% and
48% against outdoor-air drift.

active-mechanical-cooling regime sit side-by-side on the same
controller without instability on either end.

B. Make-Up Air Heating: Heritage Huntington MUA-2

Figure [f]  shows a  2-hour window  from
huntington-mua-2 (Heritage Huntington, MUA-2),
a gas-coil make-up air unit supplying ventilation air at a fixed
72 °F setpoint. MUA thermal mass is low, so the plant is
faster than AHUs at the same site (7 =~ 155 coil, 40 s air); the
HW coil modulates in the 39-48% range while outdoor air
drifts between 46 °F and 50 °F. Mean supply temperature is
72.00 °F, a steady-state offset of +0.002 °F from setpoint with
peak-to-peak deviation of 0.47°F over the entire window,
demonstrating TMC'’s ability to follow a fast plant against a
continuously-varying outdoor disturbance.



Warren McAllister Resident HW: steady-state hold at 142°F
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Fig. 7. Warren McAllister Resident HW: steady-state hold at 142 °F (mean
142.01 °F, peak-to-peak 0.72 °F) with continuous steam-valve modulation in
the 79-85% range against upstream steam-header disturbances.

C. Hot Water Steady-State: Warren McAllister Resident HW

Figure [7] shows warren-steambundle-8 (Heritage
Point of Warren, McAllister Resident HW), a steam-to-hot-
water heat exchanger serving domestic hot water and resident
laundry for the McAllister Resident area. This is the most
demanding steady-state case in the deployment: the supply
setpoint is 142 °F, and the loop must hold it tightly against
continuous upstream steam-header pressure fluctuations. Over
the 2-hour window, mean supply temperature is 142.01 °F (a
steady-state offset of +0.007 °F from setpoint) with peak-to-
peak deviation 0.72 °F while the steam valve modulates in the
79-85% range. As with the first-order simulation results, this is
the regime in which TMC'’s integral term with back-calculation
anti-windup contributes most directly: the controller locks to
the physically-correct feedforward value and holds it against
a persistent disturbance source.

D. Chiller Plant: Warren Innis Wing Chiller 2

Figure [8] shows warren-chiller-2 (Heritage Point of
Warren, Innis Wing), a water-cooled chiller whose chilled-
water supply (CHWS) loop is controlled by TMC at a 48 °F
setpoint. Chiller-plant dynamics are substantially slower than
the AHU cases above (13 = 90s, 72 = 180s) because of loop
thermal mass. The figure presents three signals on stacked
axes: CHWS temperature (mean 47.99 °F, a steady-state offset
of —0.011 °F from setpoint with peak-to-peak 1.11 °F), the
CHW valve (modulating 45-73% against building return-load
variation), and system pressure (held in the 12.6-13.4psi
band). The system-pressure trace is included deliberately:
while TMC does not directly modulate pump speed (pumps
run under lead/lag staging), we verified that TMC’s valve mod-
ulation did not induce hydronic pressure oscillation. Pressure
stays in a tight £0.4psi envelope, confirming that TMC’s
actuator bandwidth is safely compatible with the upstream
chiller-plant pumping dynamics.

E. Deployment Scale

The 113 active units are controlled by 10 distinct equipment
variants (Table [[), all sharing the same 500-line TMC core.

Warren Innis Wing Chiller 2: CHWS + system pressure
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Fig. 8. Warren Innis Wing Chiller 2: chilled-water supply (left axis) tracks a
48 °F setpoint (mean 47.99 °F, peak-to-peak 1.11 °F) while the CHW valve
(right axis) modulates 45-73% and system pressure (far-right axis) stays
within a 0.4 psi envelope. The slower chiller-plant thermal mass (7 ~ 90—
180s) stress-tests TMC’s adaptive 7 and integral terms simultaneously.

Configuration changes (tuning, setpoint schedules, enable/dis-
able) are delivered through the NexusEdge operator interface
and persist to equipment-specific JSON files in the AegisDB
data directory. The unified core simplifies maintenance: a bug
fix or enhancement to tmc . rs propagates to all ten equipment
classes with a single recompile.

X. DISCUSSION
A. Trade-offs

TMC is not a uniform improvement over PID. On simple
first-order plants it achieves the same steady-state performance
at a settling-time cost. The value proposition is concentrated
in three regimes:

1) Overshoot-prone plants: multi-stage or delayed ther-
mal dynamics, where PID overshoots under high-gain
tuning. TMC eliminates overshoot.

2) Tuning economy: the adaptive 7 and the explicit tun-
ing rule (I8) reduce the per-equipment commissioning
burden.

3) Unified deployment: a single shared core across ten
equipment types eliminates the per-class controller im-
plementation and testing burden typical in BAS vendor
products.

B. Practitioner Tuning Procedure

The critical-damping rule (I8) fixes K; given the other
gains, but it does not tell a commissioning technician where to
start. The following procedure has been used to bring up every
one of the 113 production units referenced in Section [[X}

1) Seed 7 and K, from equipment class. For air handlers,
use 79 ~ 90s and K, ~ 0.6 (cooling) or 0.8 (heating)
as defaults; for steam bundles and chilled-water loops,
use 79 ~ 150s. These seeds are refined automatically
by the online estimator (22)) within the first few control
cycles, so exact values are not critical.



2) Start with K, =4, S=1,8=15, K,,, = K,/2=2.
These are the conservative defaults that pass the simu-
lation suite of Section and are the values shipped
in the NexusEdge default configuration.

3) Compute K; from (I8). With the defaults above and
7, K, from step 1, equation (I8) yields the critical-
damping integral gain automatically; no manual integral
trimming is needed.

4) Commission and observe. Run a single setpoint step
and observe the Lyapunov trace (I3). If settling is
too slow for the operational requirement, raise K, and
K., proportionally (e.g., K, = 6, K,, = 3) and
recompute [;; if overshoot is observed on an aggressive-
cooling plant, raise 8 toward 2.0 before touching K. If
overshoot persists at 3 = 2.0, reduce K, (and recompute
K,,, K;) rather than raising [ further: as shown in
Table aggressive two-stage tuning retains 1.11°F
of overshoot even at § = 2.0, and S > 2.5 produces
excessive settling-time tail without further overshoot
reduction.

5) Leave 7 adaptive. Do not pin 7 to the seed value after
commissioning; the online estimator continues refining
it against seasonal plant drift.

In practice, steps 1-3 constitute a “default and go” com-
missioning path that produces a stable, non-overshooting loop
on roughly 80% of units in the deployment; step 4’s per-unit
trim is needed only on the remaining aggressive-cooling and
fast-MUA plants.

C. Limitations

The first-order plant model underlying the coasting-distance
derivation is approximate for multi-stage plants. In practice,
the 7 estimate absorbs the effective (longest) time constant of
the cascaded dynamics, which provides a conservative brake
boundary that works in practice but could be sharpened by an
explicit two-stage model.

The rate-based 7 estimator assumes quasi-autonomous ve-
locity decay, which is only approximately true under active
closed-loop control. In our simulations, closed-loop sampling
produced a 7 estimate biased toward the effective closed-
loop time constant rather than the open-loop plant constant,
with observed bias in the 10-30% range depending on loop
bandwidth. Since the coasting distance @ is linear in 7,
this bias manifests as a slightly conservative brake boundary
(earlier engagement, slightly longer settling) rather than as
instability or overshoot. The estimator can be improved by re-
stricting sampling to detected quasi-constant control windows
or by substituting a grey-box least-squares identifier; both are
straightforward extensions.

TMC does not include explicit disturbance feedforward
(e.g., outside air temperature compensation). Such extensions
are straightforward but outside the scope of the core algorithm.

XI. CONCLUSION

TMC is a nonlinear adaptive controller for HVAC equip-
ment that combines signed-demand PI control, direction-gated

velocity feedforward, a thermal-coasting brake zone, back-
calculation anti-windup with overshoot-triggered integrator
reset, rate-based online thermal time-constant estimation, and
runtime Lyapunov monitoring. We provide a closed-loop
stability proof via second-order ODE reduction, an explicit
critical-damping tuning rule, and a unified Rust implemen-
tation shared unchanged across ten HVAC equipment classes.
Simulation validation against Ziegler-Nichols PID baselines on
both first-order and two-stage plants shows that TMC achieves
faster settling than PID with the brake zone disabled on first-
order plants, and reduces peak overshoot by approximately
6x on cascaded two-stage plants at identical process gain.
Field-validation results from a 113-unit production deployment
across six buildings confirm the controller’s practical stability
on heating, cooling, and steady-state regimes. The controller
is dual-licensed under MIT and Apache-2.0, integrated within
the NexusEdge platform.
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