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Abstract

Inverter-based air-conditioner (IAC) fleets can provide frequency support through compressor active-
power modulation and voltage support through inverter reactive-power exchange. Coordinating these
services requires joint decisions that account for feeder conditions, thermal dynamics, and shared
inverter capacity. This paper develops a network-aware fleet model predictive controller (MPC)
that combines frequency and thermal prediction with feeder-minimum voltage feedback, updated
active/reactive-power sensitivity, and an apparent-power constraint. The resulting convex optimiza-
tion selects representative per-IAC commands for aggregate fleet dispatch. For the IEEE 13-node
test feeder with a 1200 kW /600 kvar load event, the complete 600 s scenario yields 1100 kvar peak
support and a minimum feeder voltage of 0.9499 pu, compared with 0.9274 pu without support and
0.9383 pu with active-power MPC plus local Volt-Var control. The proposed controller retains the
latter’s 59.910 Hz frequency nadir. Reducing inverter rating from 4.0 to 2.6 kVA lowers peak reactive
support to 990 kvar and reduces the active-power ceiling by up to 0.92 kW per TAC, identifying the
effect of scarce headroom. Across 26 scenarios using National Institute of Standards and Technology
measured-data thermal calibration, mean frequency nadir improves from 59.805 to 59.901 Hz and
mean minimum fleet-weighted voltage from 0.9399 to 0.9704 pu, with no comfort violations during the
tested short events. Nonlinear frequency, transmission—distribution, and converter simulations assess
dynamic response and command tracking. The results establish how feeder-informed active/reactive
coordination adds voltage support while preserving compressor frequency response, and how inverter
rating and disturbance location determine the attainable service.

Keywords: Demand response, Thermostatically controlled loads, Inverter air conditioners, Model predictive
control, Frequency regulation, Distribution voltage control

1 Introduction

Coordinated flexible demand offers a way to sup-
port power-system balancing while maintaining
the service delivered to consumers. Thermal loads

provide this flexibility by adjusting electricity con-
sumption over periods in which stored thermal
energy sustains the required indoor conditions.
Such control has been developed for load fol-
lowing and regulation in systems with variable
generation [1, 10]. Delivering a balancing service



also changes power flows in the distribution net-
work that connects the loads to the grid. Ross et
al. showed that load-based frequency regulation
increases distribution-voltage variation and that
the consequences depend on feeder loading and
operating conditions [22]. The control problem is
therefore to deliver a useful aggregate frequency
response while accounting for distribution-voltage
needs and the capabilities of the participating
equipment.

Air-conditioning fleets offer a direct means of
addressing this problem because their electrical
and thermal responses occur on different time
scales. The room temperature evolves with heat
gains, envelope losses, and cooling, allowing short
changes in electrical demand within a permit-
ted comfort band. Foundational stochastic load
models describe the collective behavior of thermo-
statically controlled loads (TCLs) [18]; subsequent
aggregate models, state estimation, and control
methods translate this flexibility into power tra-
jectories for balancing services [19, 21]. Hao et
al. express the aggregate power and energy limits
through a battery analogy that preserves the role
of thermal parameters and temperature bounds
[10]. These results connect aggregate electrical
flexibility to the thermal constraints that sustain
the service delivered to users.

Inverter-based air conditioners (IACs) extend
this flexibility through variable-speed compressor
operation. Hui et al. developed thermal and elec-
trical models for using continuously adjustable
TIAC power in frequency regulation [14]. Later
work examined the resulting power-system con-
trol loop and stability [15], communication-
delay effects [25], and predictive control of air-
conditioning loads for frequency regulation [26].
This literature provides a basis for controlling the
active-power channel while tracking the thermal
state. A fleet equipped with controllable grid-
side converters can additionally exchange reactive
power, creating a second means of influencing
the network without obtaining all voltage support
from changes in cooling demand.

Distribution-voltage control provides the com-
plementary foundation. Research on photovoltaic
inverters has established how reactive-power con-
trol can respond to voltage variations and how
local control and network-based dispatch use dif-
ferent information [6, 9, 23]. Air-conditioning

loads have also been used directly for voltage regu-
lation. Hua et al. coordinated changes in aggregate
operating power by resetting temperatures and
assigning participation priorities [12]. Their sub-
sequent IAC study used a thermal-battery repre-
sentation, clustering, and three-phase power-flow
calculations to regulate voltage through active-
power adjustment in an unbalanced network [13].
Together, these studies show why voltage response
must be related to both the network operating
point and the usable flexibility of the loads.

Recent TAC research brings active and reac-
tive control into a predictive framework. Chen and
Hui developed a two-stage voltage-quality strat-
egy combining photovoltaic operating reserves
with MPC of IAC active and reactive power
[2]. Chen et al. extended this direction to dis-
tributed consensus MPC, with voltage predic-
tion, active/reactive regulation, and heteroge-
neous comfort requirements; their hardware-in-
the-loop experiments demonstrate voltage-control
performance [3]. These advances establish IAC
active/reactive coordination for voltage regula-
tion. Assigning compressor active power a con-
current frequency-support objective introduces a
further design problem: selecting the two services
as a joint trajectory within the same inverter capa-
bility and thermal dynamics. This study addresses
that problem and quantifies how feeder conditions
and inverter headroom determine the resulting
frequency and voltage response.

This decision has two physical aspects. First,
the voltage response to an aggregate change in
P/Q depends on feeder conditions, so a repre-
sentative terminal voltage alone may not reveal
the most depressed feeder voltage. Second, reac-
tive exchange and compressor consumption share
an apparent-power limit. Underfrequency load
reduction can release reactive headroom, whereas
restoring compressor power during continued volt-
age support can use that headroom again. The
service combination consequently depends on the
operating trajectory, inverter rating, and voltage
response to the fleet action.

This paper develops a network-aware fleet
MPC that coordinates the two services in a
single convex receding-horizon problem. Feeder-
minimum voltage feedback and updated P/Q sen-
sitivity guide reactive support, while frequency
and thermal predictions determine the compres-
sor trajectory within a shared apparent-power



circle. The coordinator selects representative per-
TAC commands and applies their aggregate effect
through fixed feeder placement weights. The prin-
cipal contributions are:

1. A joint frequency—voltage fleet MPC that cou-
ples compressor frequency response and feeder-
informed reactive support through thermal pre-
diction and the shared inverter P/Q envelope.
Its convex formulation incorporates feeder-
minimum feedback, a reactive-support floor,
and updated voltage sensitivity in the same
dispatch decision.

2. A demonstration that coordinated fleet P/Q
control improves feeder-local voltage while
retaining the active-power frequency bene-
fit, together with a controlled rating abla-
tion that quantifies how scarce inverter head-
room reduces reactive support and the feasible
active-power ceiling.

3. A reproducible assessment across 26 scenar-
ios using NIST measured-data thermal cali-
bration, supplemented by nonlinear frequency,
transmission—distribution, and converter simu-
lations. The combined evidence identifies dis-
turbance location and inverter rating as deter-
minants of simultaneous service performance.

In the primary feeder-stress experiment, the joint
controller supplies up to 1100 kvar over the com-
plete trajectory, raises the minimum feeder voltage
to 0.9499 pu from 0.9383 pu with active MPC
plus local Volt-Var control, and retains the same
59.910 Hz frequency nadir. This result demon-
strates the additional voltage service available
from coordinating the fleet’s two power channels.

2 Modeling and Control
Framework

2.1 Fleet Architecture and Power
Conventions

The fleet coordinator selects the active power con-
sumed by a representative IAC, P in kW, and its
capacitive reactive injection, @ in kvar. For N par-
ticipating units, the realized per-IAC response is
multiplied by N and distributed over prescribed
feeder bus-phase weights. Positive reactive sup-
port is represented as negative load kvar in the
feeder model. Network awareness enters through

the current minimum bus-phase voltage and its
sensitivity to the aggregate P/Q response. The
thermal state and frequency prediction provide
the complementary information needed to select
COMPressor power.

At each sampling instant, the coordinator
receives the representative state, previous com-
mands, feeder operating point, and frequency-
disturbance forecast. It updates the feeder-voltage
model and solves for M future P/Q moves. Only
the first move is applied. A local implementation
layer maps this command to compressor operation
and inverter current, including capability clipping
and current/DC-link restrictions. This arrange-
ment separates the slow fleet decision from fast
converter tracking while maintaining the physical
relationship between the two power channels.

Fig. 1 summarizes the information and actua-
tion paths.

2.2 Thermal Dynamics and Inverter
Capability
The cooling model relates indoor temperature T;,

to ambient temperature T4, internal heat gain
Qint, and delivered cooling Qcool:

TA - Tzn
A Qi
R et (1)

- Qcool-

36000, T}, =

Here, time is in seconds, Ry is in °C/kW, and Cyy,
is in kWh/°C. The command map enforces power
and ramp limits and supplies a temperature-
and loading-dependent coefficient of performance
(COP). In the sampled simulation, Qcoo is the
COP evaluated at the feasible compressor com-
mand multiplied by realized electrical power after
inverter limits; it is held over each 5 s step. This
realized power also drives the feeder and frequency
response. For prediction, Qo] = COP 4 P, using
a fixed calibrated COP and first-order compres-
sor state P, to retain affine dynamics. This state
is advanced separately and fed back to the pre-
dictor. Predicted temperature must remain in the
comfort interval [Timin, Tmax)-

The thermal model is fitted to public
National Institute of Standards and Technol-
ogy (NIST) Net-Zero Energy Residential Test
Facility (NZERTF) minute-resolution measure-
ments [11, 20]. Cooling intervals are selected
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Fig. 1 Network-aware fleet control: feeder-minimum feedback and P/Q sensitivity inform joint optimization; representative
commands pass through local device limits before their aggregate response is applied at fixed feeder locations

using heat-pump electrical power, outdoor tem-
perature, and the supply—return air-temperature
difference. The fit estimates thermal resistance,
capacitance, COP, temperature dependence, and
internal gain. It gives an all-window indoor-
temperature root-mean-square error (RMSE) of
0.114 °C and a chronological holdout RMSE of
0.173 °C. The fitted parameters represent an effec-
tive whole-building model of the instrumented
test house; cooling capacity is inferred through
COP because it is not directly reported in the
minute-resolution heating, ventilation, and air-
conditioning (HVAC) file. Calibration plots, hold-
out and parameter-sensitivity diagnostics, and
a separate ResStock/EnergyPlus comparison are
provided in Online Resource 1, Section S1.

Compressor and inverter planning limits are

Pmin S P S Pmax7 |Q‘ S Qma)u

V p2 + Q2 < Srated-

The apparent-power circle directly couples the
two services in the optimizer. Root-mean-square
(RMS) current and DC-link limits are imple-
mented in the local command/tracking layers and
assessed in representative converter simulations.
The local allocation gives reactive support priority
when clipping a P/Q request. Compressor ramp-
ing is applied after optimization, so the realized
power is fed back at the next control step.

(2)



2.3 Prediction of Frequency,
Temperature, and Feeder
Voltage

The representative state is * = [Af, Ty, P]?,
comprising frequency deviation, indoor temper-
ature, and compressor power. Exact zero-order-
hold discretization of the reduced continuous
model gives

Thtjt1 = Aatitj + BaPiyj + 94 + Eadiyj, (3)

where d is the exogenous frequency-disturbance
input. The frequency equation relates load relief
to frequency response, the thermal equation
links cooling power to indoor temperature, and
the compressor equation represents its first-order
response. Reactive power enters the feeder-voltage
prediction separately.

Let Vy be the minimum bus-phase volt-
age at the current feeder operating point, and
let (Py,Qo) be the corresponding realized per-
IAC powers. Finite differences from unbalanced
OpenDSS power flow [7, 8] yield sensitivities sp
and sp to aggregate active consumption and
reactive injection. The prediction is

Virj = Vo+ spN(Pitj — o) + 5N (Qr+j — Qo)-
(4)
The perturbations use the same fixed placement
weights as the applied fleet response; their mag-
nitudes are max(25,0.05N) kW and kvar, respec-
tively. The scalar minimum is recomputed for each
perturbed power flow and can occur at a differ-
ent bus-phase. The prediction therefore follows
the scalar feeder-minimum metric as its location
changes.
The full P/Q controller also uses feeder-
minimum feedback to set a capacitive-support
floor:

Qﬁoor = maX{qVV(VE))u 0}1 (5)

where gyv is the piecewise Volt-Var curve defined
in Section 3. The floor and the sensitivity-based
voltage objective jointly guide reactive support.
Both are updated from the present feeder operat-
ing point and held over the prediction horizon.

2.4 Joint Receding-Horizon
Optimization

The coordinator minimizes

M-1

J= Z [’LUf(Aka,-j-}-l — Afret)?

§=0
+ w7 (Tin g jr1 — Teet)?
+ wy max(0, Vier — VkH)Q
+wapAP; +waQAQi
+wp(Pryj — Pret)? + wQQ%J,—j],

(6)

subject to the measured initial state, dynam-
ics (3), capability constraints (2), and

Tmin S Tin,kJerrl S Tmaxa

Vinin < Vk+j < VmaX7 QkJrj > Qﬂ00r~ (7)
The control increments are relative to the pre-
ceding horizon move, with the previous applied
command used at j = 0. The frequency term
encourages compressor load relief during underfre-
quency. Temperature and power tracking encour-
age recovery toward normal cooling operation; the
voltage term penalizes shortfall, while move and
reactive-effort penalties regularize the response.
All scenarios use wy = 60, wr = 3, wy = 500,
waAp — 0.04, waAQ = 0.02, wp = 0.02, and
wg = 0.01. The voltage reference is 0.96 pu and
the hard predicted-voltage bounds are 0.88-1.08
pu. These settings are distinct from the 0.95 pu
reference level used to assess voltage recovery in
the figures.

The affine dynamics, convex objective, and
second-order-cone capability constraint form a
convex second-order cone program (SOCP). The
implementation uses CVXPY with CLARABEL
and warm starts, a 5 s sampling interval, and
M = 12 steps. The active-only formulation is
a quadratic program (QP) solved with OSQP.
A solver status other than optimal or optimal-
inaccurate triggers a clipped temperature-aware
active command and retention of the previous
reactive command before local clipping; this sta-
tus fallback was not exercised in the reported
scenarios.



The coupling can be seen directly from the
reactive headroom,

QI < \/Shaea — P (8)

Reducing compressor power can simultaneously
support frequency and release kvar capacity. As
compressor power recovers, continued reactive
support reduces the upper feasible active-power
level. Combining this envelope with (4) lets the
controller account for both the voltage value and
the capacity requirement of its joint action.

3 Evaluation Design

3.1 Feeder, Frequency Event, and
Controller Comparisons

The distribution study uses the unbalanced IEEE
13-node feeder in OpenDSS [16, 17]. IAC capacity
is attached to the original load buses and phases in
proportion to benchmark active loads; a weak-bus-
prioritized placement is included as a sensitivity
case. The nominal fleet comprises 500 IACs, each
with 2.0 kW set power, a 0.6-3.5 kW compressor
range, a 4.0 kKVA inverter, and a 2.2 kvar reactive
limit. The nominal comfort band is £1 °C around
the calibrated 23.42 °C setpoint. Online Resource
1, Section S1 gives the nominal parameters.

A 1200 kW bulk power imbalance is applied
from 120 to 420 s. Closed-loop frequency is
obtained from a dynamic replay model with
inertia, damping, governor droop, and turbine-
governor lag; its load-relief response kernel maps
the realized fleet active-power deviation into fre-
quency response. The primary feeder-local stress
adds 1200 kW/600 kvar over the original feeder
load locations from 180 to 380 s, then retains
half this increment (600 kW/300 kvar) until
460 s before removal. The 600/300 and 900/450
kW /kvar cases use the same two-stage profile at
lower amplitudes. A separate source-sag family
reduces upstream voltage, including a 0.92 pu
event from 180 to 380 s, followed by recovery to
0.985 pu until 460 s and then to 1.0 pu. These cases
distinguish voltage changes originating within the
feeder from those imposed at its source.

Five controllers use common device ratings and
downstream command-processing layers:

® No support maintains the compressor set power
and zero kvar.

® Rule based combines Frequency-Watt response
with local Volt-Var droop.

® MPC-P uses active-power MPC with reactive
support disabled.

e MPC-P+4+VV combines active-power MPC with
the separate local Volt-Var curve; the active
optimization accounts for the requested kvar
through its feasible active-power bounds.

e Full P/Q MPC uses the joint formulation in
Section 2, including feeder-minimum sensitiv-
ity, the feeder-informed reactive floor, and the
shared capability circle.

The local Volt-Var input is the representative
fleet-weighted point-of-common-coupling (PCC)
voltage returned by the feeder model. Its dead-
band is 0.98-1.02 pu, with linear ramps to full
capacitive injection at 0.94 pu and full absorp-
tion at 1.06 pu. The Frequency-Watt baseline has
a +0.03 Hz deadband and reaches full response
at a 0.30 Hz deviation, with availability scaled
across the full comfort band: cooling curtailment
decreases toward the hot bound, while additional
cooling decreases toward the cold bound. At or
beyond the hot and cold bounds, maximum and
minimum cooling commands, respectively, over-
ride frequency support. The explicit rule is given
in Online Resource 1, Section S1. MPC-P+VV
and full P/Q MPC therefore compare two com-
plete service architectures: active prediction plus
local droop, and joint P/Q prediction with feeder
information.

All MPC cases use the prescribed disturbance
schedule as their horizon forecast.

The experiment matrix contains 26 scenarios
and five controller runs per scenario. It cov-
ers source-sag and feeder-stress magnitudes, fleet
size, TCL share, placement, comfort band, and
inverter headroom, plus three stochastic diagnos-
tic cases. The diagnostics vary selected noise,
delay, compressor-time, fleet-size, and sag settings;
the fitted NIST thermal parameters remain fixed.
The reported means summarize this engineering
test suite.

Frequency nadir, minimum feeder bus-phase
voltage, minimum fleet-weighted PCC voltage,
and peak aggregate kvar are evaluated over the
complete 0600 s trajectory, including recovery.



Feeder minimum and fleet-weighted PCC volt-
age are separate metrics. Event-window values
are identified explicitly when used. Comfort is
measured by violation count, violation degree-
minutes, and maximum setpoint deviation; com-
putation time is recorded around sensitivity esti-
mation and controller solution.

3.2 Dynamic and Converter
Evaluation

Coordinated representative traces are examined
with complementary simulation models. ANDES
[5] evaluates active-power frequency response on
the IEEE 14-bus benchmark with five GEN-
ROU machines, TGOV1 governors, exciters, and
bus-frequency measurements. Aggregate IAC load
relief is mapped to timed governor auxiliary-power
alterations on a 100 MVA base. This provides
a nonlinear frequency comparison alongside the
replay model.

The transmission—distribution (T&D) check
exchanges interface voltage and feeder boundary
load at 100 ms macro-steps. ANDES supplies
the feeder source voltage; OpenDSS evaluates
the unbalanced feeder and returns the boundary
active-power change for the next transmission-
dynamic segment. This explicit loose coupling
retains feedback between the domains, with the
time-step considerations inherent to such co-
simulation [24].

Averaged and switching converter models
assess tracking of representative full-P/Q ref-
erences, including source-sag-family inputs. The
averaged model includes phase-locked-loop (PLL)
synchronization, dq current control, an L fil-
ter, pulse-width modulation (PWM)/computation
delay, DC-link capacitance, current limiting, and
anti-windup. The switching model combines fun-
damental dq dynamics with explicit PWM ripple
reconstruction for a representative converter at
a Thevenin-equivalent feeder bus, 10 kHz bipo-
lar full-bridge PWM, and a 20 wus simulation
step; a short 0.75 pu notch and frequency pulse
test its fast response. Single-phase synchronization
follows established control principles [4]. The coor-
dinated representative inputs connect the fleet-
control study to frequency dynamics, boundary
feedback, and current tracking at their respective
time scales. Python/Matplotlib scripts generate

the plots directly from archived simulation out-
puts, with comfort bounds taken from the cali-
brated model parameters. The control schematic
was prepared with ReportLab.

4 Results

4.1 Simultaneous Support During
Feeder-Local Stress

Joint P/Q control adds feeder-voltage sup-
port while retaining the active-power frequency
response in the primary case. Fig. 2 shows the
response to the 1200 kW/600 kvar feeder-load
increase, superimposed on the bulk frequency
event. Over the complete trajectory, full P/Q
MPC raises the minimum feeder voltage from
0.9274 pu without support to 0.9499 pu and
retains a 59.910 Hz frequency nadir. Table 1
separates the active-power benefit from the addi-
tional voltage benefit: MPC-P and MPC-P+VV
reach the same frequency nadir, but their mini-
mum feeder voltage is 0.9383 pu. Full P/Q MPC
adds approximately 0.0116 pu to that minimum
through the combined feeder-informed P/Q archi-
tecture.

Feeder-minimum feedback enables reactive
support during a voltage depression that is not
visible in the representative PCC metric. In MPC-
P+VV, the representative fleet-weighted PCC
voltage ranges from 0.9838 to 1.0013 pu and
remains inside the local Volt-Var deadband. Its
reactive output is therefore zero. Full P/Q MPC
uses the feeder-minimum voltage for its support
floor and sensitivity prediction and supplies up
to 1100 kvar across the trajectory. This acti-
vates reactive support where the representative
PCC metric does not request it. The neighboring
600/300 and 900/450 kW /kvar stress cases show
the same qualitative behavior.

During the full-amplitude interval (180-380
s), full P/Q MPC maintains a minimum feeder
voltage of 0.9570 pu and supplies up to 1071
kvar; MPC-P+VV reaches 0.9402 pu. The full-
trajectory minimum of 0.9499 pu in Table 1
occurs at 445 s, during the residual 600 kW /300
kvar loading, and remains slightly below 0.95
pu. Evaluating the complete trajectory thus cap-
tures the voltage requirement beyond the full-
amplitude interval. The autonomous rule first cur-
tails load at 125 s, when the initial nadir is already
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Fig. 2 Frequency and voltage response to the primary feeder-local load increase: full amplitude from 180 to 380 s, half
amplitude until 460 s, and zero thereafter. The bottom panel shows aggregate realized full-P/Q active and reactive power.
Reported extrema in Table 1 cover the complete 0-600 s trajectory, including recovery

Table 1 Primary 1200 kW /600 kvar feeder-stress case: full-trajectory extrema over 0-600 s. Vinin is the minimum feeder
bus-phase voltage, and Qpeak is peak aggregate capacitive support.

Controller Qpeax (kvar)  Viin (pu)  fmin (Hz)

No support 0 0.9274 59.805

Rule based 0 0.9302 59.805

MPC-P 0 0.9383 59.910

MPC-P+VV 0 0.9383 59.910

Full P/Q MPC 1100 0.9499 59.910
recorded, and then supports frequency recovery. 4.2 How Inverter Headroom Shapes
The MPC controllers can act on the scheduled dis- the Joint Service

turbance forecast; their nadir comparison with the
measurement-driven rule therefore includes the
benefit of preview.

The apparent-power ablation repeats the primary
feeder-stress case with 2.6, 4.0, and 6.0 kVA



per TAC while retaining the disturbance, thermal
calibration, kvar limit, controller weights, and sen-
sitivity update. For a realized reactive command,
the remaining active-power ceiling is

Pceiling(Q) = min (Pmax7 Sr2ated - Q2) . (9)

Its loss is measured relative to min(Ppax, Srated),
the no-kvar ceiling for the same rating. The ceiling
quantifies the feasible active-power range available
alongside the reactive service.

The 2.6 kVA case reaches a utilization
V' P? + Q?/Sratea > 0.99 at 10 samples, classified
as near-binding. Its maximum active-ceiling loss is
0.916 kW per TAC, peak aggregate support falls
to 990 kvar, and minimum feeder voltage falls to
0.9452 pu. At the nominal 4.0 kVA rating, peak
utilization is 0.867 and no samples meet the near-
binding criterion. A theoretical ceiling loss of 0.159
kW per TAC still occurs, but the chosen trajectory
remains inside the capability circle. At 6.0 kVA,
the ceiling loss is zero. Fig. 3 displays these tra-
jectories; Online Resource 1, Section S3 provides
the numerical table.

Frequency nadir is essentially unchanged
across these ratings because compressor power
reaches its lower bound during the main fre-
quency disturbance. Active-load relief therefore
supports frequency and releases reactive head-
room simultaneously. The rating determines how
much reactive support can be sustained and how
much active-power capacity remains available over
the wider trajectory. In the nominal 4.0 kVA case,
the selected joint response is accommodated with
spare apparent-power capacity.

4.3 Disturbance Location and
Voltage Recovery

Disturbance location determines the voltage
improvement attainable from fleet reactive sup-
port. With source voltage reduced to 0.92 pu,
full P/Q MPC raises the minimum fleet-weighted
PCC voltage from 0.9396 to 0.9716 pu, while
the minimum feeder bus-phase voltage rises from
0.8988 to 0.9199 pu. Reactive support reduces
feeder voltage drops, but the depressed source and
unbalanced feeder still constrain the attainable
minimum. The source-sag trajectory in Online
Resource 1, Section S2 separates the feeder-drop

reduction provided by IACs from the source-
voltage restoration required upstream.

Increasing inverter kVA, kvar, RMS-current,
and DC-link-current headroom together raises
minimum fleet-weighted PCC voltage to 0.9847 pu
at a 1.5 pu rating in the representative source-
sag experiment. The worst feeder voltage remains
limited by the upstream disturbance. Additional
local capacity thus improves the voltage experi-
enced by the fleet while upstream restoration and
feeder voltage-control equipment remain relevant
to the most depressed nodes.

A local optimal-power-flow (OPF) sensitiv-
ity diagnostic compares affine voltage predictions
with nonlinear feeder power flow after applying
the corresponding P/Q setpoint. Prediction error
is below 0.001 pu for the feeder-local stress case
and approximately 0.017 pu for the source-sag
case (Online Resource 1, Section S3). This sup-
ports the use of updated local sensitivities for
command selection together with nonlinear power-
flow feedback, particularly under large source
disturbances.

4.4 Performance Across the
Scenario Set

Across the 26 scenarios, full P/Q MPC improves
the mean frequency nadir from 59.805 Hz with-
out support to 59.901 Hz. The mean minimum
fleet-weighted PCC voltage increases from 0.9399
to 0.9704 pu, and the mean minimum feeder bus-
phase voltage increases from 0.9001 to 0.9215
pu. The distinct voltage averages reflect the dif-
ferent locations represented by the two metrics
and the mixture of source-sag and feeder-load
events. Online Resource 1, Section S2 provides
all-controller summaries and representative-case
values. With 40% TCL participation, the fre-
quency nadir reaches approximately 59.93 Hz,
illustrating the value of increasing the available
active-load response.

All 130 controller—scenario runs retain zero
comfort violations and zero violation degree-
minutes. The largest absolute departure from the
calibrated setpoint is approximately 0.0039 °C,
within even the £0.5 °C sensitivity band. The
events are short relative to the effective ther-
mal time constant, so comfort is preserved with
substantial margin and does not determine the
response limit in this suite.
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Fig. 3 Apparent-power rating ablation for the primary feeder-stress case. Solid active-power curves show realized per-
TAC power; dashed curves show the ceiling left by the simultaneous reactive command. Utilization is the fraction of rated
apparent power used. The shaded interval identifies the full-amplitude feeder-load event
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For full P/Q MPC, the mean of scenario-
mean controller times is 539 ms, the largest
scenario mean is 555 ms, and the largest individ-
ual recorded sample is 909 ms. These measure-
ments include feeder-sensitivity estimation and
optimization and are below the 5 s control inter-
val. The timed block excludes downstream feeder
application, plant advancement, and converter
simulation.

4.5 Dynamic Response and
Converter Tracking

In the nonlinear ANDES check, active-power relief
improves the center-of-inertia frequency nadir
from 59.800 Hz without support to 59.884 Hz
for both MPC-P and full P/Q MPC. The two
controllers supply the same active response in
this frequency-only benchmark. The frequency
improvement is therefore retained under nonlinear
machine and governor dynamics.

The explicit T&D source-sag check gives a no-
support nadir of 59.826 Hz and a minimum feeder
voltage of 0.8988 pu. MPC-P reaches 59.904 Hz.
Full P/Q MPC reaches 59.892 Hz while raising
the minimum feeder voltage to 0.9185 pu and the
minimum fleet-weighted PCC voltage to 0.9700
pu. Joint support therefore retains a frequency
improvement over no support in this coupled case,
with a nadir 0.012 Hz below active-only MPC.
This difference describes the combined closed-loop
response, including feeder boundary feedback.

The averaged converter model tracks its rep-
resentative full-P/Q reference with RMS errors of
0.367 kW and 0.117 kvar, maximum RMS current
of 13.31 A against an 18 A limit, no current sat-
uration, and a minimum DC-link voltage of 388.6
V. The switching model gives RMS fundamental
tracking errors of 0.012 kW and 0.010 kvar, max-
imum fundamental RMS current of 4.72 A, no
voltage saturation, and a minimum DC-link volt-
age of 389.2 V. Detailed current, voltage, and PLL
traces are reported in Online Resource 1, Section
S4. These results demonstrate tracking of the fleet
references within the modeled current and DC-link
operating conditions.
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5 Discussion

The results establish the value of treating fre-
quency and feeder-voltage support as one fleet-
control problem. In the primary experiment, joint
P/Q MPC retains the frequency nadir achieved by
active MPC plus local Volt-Var control and raises
the feeder minimum by approximately 0.0116 pu.
The combined use of feeder-minimum feedback,
a reactive-support floor, sensitivity prediction,
and joint optimization supplies kvar while the
representative PCC voltage remains in its dead-
band. The demonstrated benefit belongs to this
integrated control architecture.

Two physical factors govern the attainable
service. Inverter rating determines the feasible
P/Q combinations: nominal spare capacity accom-
modates both services, while the 2.6 kVA case
exposes the reduction in reactive output and
active-power ceiling under scarce headroom. The
operating trajectory also matters. Underfrequency
load reduction releases converter capacity, mak-
ing frequency and voltage actions complementary
during that part of the event; compressor recov-
ery can subsequently use the released headroom.
Disturbance location determines the voltage value
of the response. Local kvar reduces feeder drops
effectively during feeder loading and improves fleet
voltage during source sag, while restoration of
the upstream voltage remains a separate system
requirement. These findings support joint coordi-
nation of IAC fleets with feeder and bulk-system
controls.

The aggregate formulation makes repeated
optimization tractable through representative
thermal/electrical states, fixed placement weights,
and a scalar minimum-voltage prediction. The 909
ms largest recorded controller sample, including
sensitivity estimation, fits within the 5 s control
interval in the tested implementation. Updating
the sensitivities and evaluating the response with
nonlinear feeder power flow accommodate changes
in operating point. Spatially resolved extensions
could use the same P/Q coordination principle to
select individual phases, locations, and heteroge-
neous device headroom.

The evidence covers short disturbances on
the tested IEEE benchmarks with an effective
thermal model calibrated to NIST test-house mea-
surements. Comfort constraints retain substantial
margin in these events; the calibration window



also identifies thermal capacitance less strongly
than cooling and internal gains. Sustained service
should therefore be assessed with longer recovery
cycles and heterogeneous occupied buildings. The
26-scenario means characterize the tested con-
ditions, and the three stochastic cases provide
diagnostic rather than population-level evidence.
The quasi-static feeder, explicit 100 ms T&D cou-
pling, and representative converter models resolve
complementary aspects of the response. Labo-
ratory and field evaluation would extend this
evidence to equipment behavior, communications,
and end-to-end operation.

6 Conclusion

This paper developed a network-aware fleet
MPC for simultaneous frequency and distribution-
voltage support from inverter-based air condi-
tioners. The controller combines frequency and
thermal prediction with feeder-minimum voltage
feedback, updated P/Q sensitivity, and a shared
apparent-power envelope to select joint compres-
sor and reactive-power commands.

The primary 1200 kW /600 kvar feeder-stress
experiment demonstrates the resulting service: the
full-trajectory minimum feeder voltage rises from
0.9274 pu without support and 0.9383 pu with
MPC-P+VV to 0.9499 pu, while full P/Q MPC
retains the 59.910 Hz nadir achieved by active-
power MPC. Across 26 scenarios, frequency and
fleet-weighted voltage improve with no comfort
violations during the tested short events. Non-
linear frequency, T&D, and converter simulations
further support the dynamic response and track-
ing of representative control actions.

The experiments also identify the physical con-
ditions that determine performance. Nominal 4.0
kVA capacity accommodates the selected joint
trajectory, whereas a 2.6 kVA rating reduces reac-
tive support and the available active-power ceiling.
Source-sag results distinguish feeder-drop reduc-
tion from upstream voltage restoration. Feeder-
informed P/Q coordination therefore provides a
control basis for obtaining voltage support along-
side compressor frequency response, with inverter
sizing, disturbance location, and thermal service
duration guiding its extension to spatially resolved
and experimentally validated fleet operation.
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Supplementary Information

Online Resource 1 contains model parame-
ters, measured-data calibration and sensitiv-
ity diagnostics, complete controller compar-
isons, inverter-headroom and optimal-power-flow
results, and supporting frequency, transmission—
distribution, and converter simulations (Sections
S1-S4). Online Resource 2 contains the exe-
cutable Python/OpenDSS model, controller def-
initions, scenario inputs, archived simulation
results, figure-generation scripts, and tests sup-
porting the reported comparisons.
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