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Abstract— The flexible, efficient, and reliable operation of
grid-interactive efficient buildings (GEBs) is increasingly im-
pacted by the growing penetration of distributed energy re-
sources (DERs). Besides, the optimization and control of DERs,
buildings, and distribution networks are further complicated by
their interconnections. In this paper, we exploit load-side flex-
ibility and clean energy resources to develop a novel two-level
hybrid decentralized-centralized (HDC) algorithm to control
DER-connected GEBs. The proposed HDC 1) achieves scala-
bility w.r.t. to a large number of grid-connected buildings and
devices, 2) incorporates a two-level design where aggregators
control buildings centrally and the system operator coordinates
the distribution network in a decentralized fashion, and 3)
improves the computing efficiency and enhances communicating
compatibility with heterogeneous temporal scales. Simulations
are conducted based on the prototype of a campus building at
the Oak Ridge National Laboratory to show the efficiency and
efficacy of the proposed approach.

I. INTRODUCTION

Grid-interactive efficient buildings (GEBs) aim at revolu-
tionizing traditional buildings into clean and flexible energy
assets by integrating the ever-growing distributed energy
resources (DERs) and flexible electric loads [1]. The rapid
employment of DERs, such as solar photovoltaics (PVs),
electric vehicles (EVs), and energy storage systems (ESSs),
can significantly accelerate building electrification, improve
grid resilience, decrease carbon emissions, and reduce in-
frastructure cost [2], [3]. Besides, the substantial flexible
electric loads in buildings such as heating, ventilation, and air
conditioning (HVAC) can be controlled to serve customers’
needs and maximize the building’s energy efficiency. There-
fore, we expect to leverage the potential of DER-connected
GEBs with optimized solutions to provide both grid-level
and customer-side services.

Controlling grid-edge resources (e.g., DERs and HVACs)
in a centralized fashion is easy to implement [4]–[6], but
they inevitably suffer from poor reliability and scalability.
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To overcome the drawbacks, distributed methods can achieve
higher self-determination by assigning the tasks to the agents.
Fan et al. in [7] proposed a distributed discrete-time control
scheme to achieve the optimal coordination of conventional
and renewable generators. In [8], an asynchronous distributed
leader-follower control method was proposed to achieve
conservation voltage reduction by optimally scheduling smart
inverters of DERs. Wang et al. in [9] proposed a hierarchical
distributed scheme that utilizes thermostatically controlled
loads to provide ancillary services. Though distributed meth-
ods bring scalability, the frequent peer-to-peer communica-
tions can limit their applications.

In contrast, decentralized strategies require no communica-
tion between agents or subsystems, which can significantly
ease the communication burdens. In [10], a decentralized
disturbance-feedback controller was designed to coordinate
and control PV inverters and ESSs. Kou et al. in [11], [12]
developed alternating direction method of multipliers based
algorithms to coordinate residential demand-side resources
and ensure efficient operation of distribution networks. In
[13], a high dimensional decentralized controller was pro-
posed to improve the robustness and optimality in the appli-
cation of a smart building system.

Despite the advantages of decentralized methods, few
state-of-the-art research has addressed the decentralized
control of coupled objectives and constraints in terms of
buildings, DERs, and distribution networks. Besides, the
computing burden imposed on individual agents and the syn-
chronization requirement on iterative updates further restrict
the practicality of decentralized methods. To resolve those
issues, we expect to design a hybrid decentralized-centralized
(HDC) algorithm that allows a building aggregator to control
its building and the system operator (SO) of the distribution
network to coordinate asynchronous updates in a decentral-
ized way with heterogeneous temporal scales.

The contributions of this paper are four-fold: 1) A novel
two-level HDC strategy is proposed where aggregators cen-
trally control DERs and HVACs at the building level and
the SO coordinates at the distribution network level in a
decentralized fashion; 2) The proposed method achieves
scalability w.r.t. the number of DERs as well as GEBs in a
distribution network; 3) Asynchronous communication with
heterogeneous temporal scales is investigated to improve
the system compatibility and computing efficiency; 4) We
benchmark the problem formulation and algorithm design
considering both local and global objectives and constraints,
and verify the efficiency and efficacy of the proposed method
via a real-world setup.
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II. MATHEMATICAL FORMULATION

A. System Modeling

1) Building envelop thermal network model: Consider a
single room in building 3147 at the Oak Ridge National
Laboratory (ORNL). The heat transfer of this room can
be described by the resistance-capacitance (RC) thermal
network model [14] as

Cw
dθw(t)

dt
=
θsol,w(t)− θw(t)

Rw2
− θw(t)− θin(t)

Rw1
(1)

Cin
dθin(t)

dt
=
θw(t)− θin(t)

Rw1
+
θamb(t)− θin(t)

Rwin

+
θm(t)− θin(t)

Rm
+ Sp1QACu(t)

+ Sp2QIHL + Sp3Qsolar (2)

Cm
dθm(t)

dt
= −θm(t)− θin(t)

Rm
+ (1− Sp1)QACu(t)

+ (1− Sp2)QIHL + (1− Sp3)Qsolar (3)

where Cw, Cin, and Cm denote the thermal capacitances of
the exterior wall, indoor air, and internal mass, respectively.
Rw1 (Rw2), Rwin, and Rm denote the thermal resistances
of exterior walls, window, and internal mass, respectively.
θw(t), θin(t), θm(t), θamb(t), and θsol,w(t) are the envelope
temperature, indoor temperature, indoor thermal mass, out-
door dry bulb temperature, and solar air temperature on the
external surface of building envelope at time t, respectively.
Sp1, Sp2, and Sp3 denote the convection fractions. Let
u(t) ∈ {0, 1} denote the ON-OFF status and QAC denote
cooling capacity of the HVAC, respectively, and QIHL,
and Qsolar denote indoor heat load and the solar radiation
through windows, respectively. The 3R3C thermal network
model of the office room is shown in Fig. 1.
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<latexit sha1_base64="v8kQmvoAXwR2UtdBbvXOFHQFZ/M=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEUG9FLx6r2A9oQ9lsJ+3SzSbsbpQS+iO8eFDEq7/Hm//GbZuDtj4YeLw3w8y8IBFcG9f9dgorq2vrG8XN0tb2zu5eef+gqeNUMWywWMSqHVCNgktsGG4EthOFNAoEtoLRzdRvPaLSPJYPZpygH9GB5CFn1Fipdd/Lnric9MoVt+rOQJaJl5MK5Kj3yl/dfszSCKVhgmrd8dzE+BlVhjOBk1I31ZhQNqID7FgqaYTaz2bnTsiJVfokjJUtachM/T2R0UjrcRTYzoiaoV70puJ/Xic14aWfcZmkBiWbLwpTQUxMpr+TPlfIjBhbQpni9lbChlRRZmxCJRuCt/jyMmmeVb3z6tXdeaV2ncdRhCM4hlPw4AJqcAt1aACDETzDK7w5ifPivDsf89aCk88cwh84nz+Yro/D</latexit>

✓m

<latexit sha1_base64="6//RvvxaugqA6fSSgin9rymh7lk=">AAAB8XicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkoN6KXjxWsB/YhrLZbtqlm03YnQgl9F948aCIV/+NN/+N2zYHbX0w8Hhvhpl5QSKFQdf9dgpr6xubW8Xt0s7u3v5B+fCoZeJUM95ksYx1J6CGS6F4EwVK3kk0p1EgeTsY38789hPXRsTqAScJ9yM6VCIUjKKVHns44kj7WTTtlytu1Z2DrBIvJxXI0eiXv3qDmKURV8gkNabruQn6GdUomOTTUi81PKFsTIe8a6miETd+Nr94Ss6sMiBhrG0pJHP190RGI2MmUWA7I4ojs+zNxP+8borhlZ8JlaTIFVssClNJMCaz98lAaM5QTiyhTAt7K2EjqilDG1LJhuAtv7xKWhdVr1a9vq9V6jd5HEU4gVM4Bw8uoQ530IAmMFDwDK/w5hjnxXl3PhatBSefOYY/cD5/APUgkSA=</latexit>

Fig. 1: The thermal network model of an office room (room
102 inside building 3147 at ORNL).

In the 3R3C model, the discrete-time dynamics of θw(t),
θin(t), and θm(t) with the sampling time ∆T can be
represented as

θ(t+ 1) = ∆T
dθ(t)

dt
+ θ(t). (4)

To guarantee the indoor temperature stay within the resi-
dents’ comfort zone, θin should satisfy

θ̂l ≤ θin ≤ θ̂u (5)

where θin = [θin(1), . . . , θin(T )]T, T denotes the final time
interval, θ̂l and θ̂u denote the lower and upper temperature
bounds, respectively.

Remark 1: Eqs. (1)-(5) describe the heat transfer model
and temperature constraint of a single room. Similarly, by
constructing the 3R3C models of all rooms, the indoor
temperatures of individual rooms can be precisely controlled.
However, the inclusion of all room models can increase the
modeling complexity and computing overhead. To improve
the computing efficiency, this paper adopts the aggregator
model which aggregates heterogeneous RC parameters based
on the individual HVACs [15] without sacrificing accuracy.
More details can be found in Section III-A. �

2) Electric vehicle: Let pvε ∈ RT denote the charging
profile of the εth EV, and it is constrained by

0 ≤ pvε ≤ ruv (6)

where ruv denotes the maximum charging power. To guaran-
tee all EVs can be charged to the desired energy level, the
total charging loads of the εth EV should satisfy

Gpvε = dε (7)

where G , [∆T, . . . ,∆T ] ∈ R1×T denotes the aggregation
vector and dε denotes the charging demand of the εth EV.

3) Solar photovoltaic: During T time intervals of a day,
the active power injections from the kth PV are limited by

0 ≤ psk ≤ p̂us (8)

where psk ∈ RT denotes the active power injections and p̂us
denotes the maximum available active power from the kth
PV inverter. p̂us is assumed to be known by forecast.

4) Energy storage system: The discharging/charging
power of the σth ESS should satisfy

− p̂le ≤ peσ ≤ p̂ue (9)

where peσ ∈ RT denotes the discharging/charging power of
the σth ESS, and p̂le and p̂ue denote the maximum discharging
and charging power, respectively. The capacity limit of the
σth ESS is constrained by

p̂cle ≤ Apeσ∆T ≤ p̂cue (10)

where p̂cle and p̂cue denote the lower and upper capacity
bounds of the ESSs, respectively, and A is a lower-triangular
aggregation matrix, i.e., Aı̂,̂ = 1 if ı̂ ≥ ̂,Aı̂,̂ = 0 if ı̂ <
̂, ∀ı̂, ̂ = 1, . . . , T .

5) Distribution network model: To demonstrate the grid-
level applications, we consider the control of GEBs in
distribution networks. The integration of four GEBs into a
13-node distribution network is shown in Fig. 2 where GEB
1 is represented by building 3147 at ORNL. Consider a re-
indexed radial distribution network and define N = {i | i =
1, . . . , n} as the set of downstream nodes. Let L denote the
set of all downstream line segments and lij denote the line
connecting node i and node j. Following the linear DistFlow
branch equations [16], the voltage magnitude at node i across
T time intervals is described by

Vi = V0 − 2

n∑
ι=1

Riιpι − 2

n∑
ι=1

Xiιqι (11)
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<latexit sha1_base64="9fUG+pjSzi6sxUOJkBfNHNhwAQo=">AAACBXicbVDLSsNAFL3xWesr6lIXg0VwISWRgrorunHZgn1AG8JkOmmHTiZhZiKU0I0bf8WNC0Xc+g/u/BunbRBtPTBw7jn3MveeIOFMacf5spaWV1bX1gsbxc2t7Z1de2+/qeJUEtogMY9lO8CKciZoQzPNaTuRFEcBp61geDPxW/dUKhaLOz1KqBfhvmAhI1gbybePuhHWA4J5Vhv77hn6Keum9O2SU3amQIvEzUkJctR8+7Pbi0kaUaEJx0p1XCfRXoalZoTTcbGbKppgMsR92jFU4IgqL5teMUYnRumhMJbmCY2m6u+JDEdKjaLAdE6WVPPeRPzP66Q6vPQyJpJUU0FmH4UpRzpGk0hQj0lKNB8ZgolkZldEBlhiok1wRROCO3/yImmel91K+apeKVWv8zgKcAjHcAouXEAVbqEGDSDwAE/wAq/Wo/VsvVnvs9YlK585gD+wPr4B60qYOA==</latexit>

P2, Q2

<latexit sha1_base64="/OjNqyT0u++l9dWK77QqJyunum4=">AAACBXicbVDLSsNAFL2pr1pfUZe6GCyCCylJKai7ohuXLdgHtCFMppN26OTBzEQooRs3/oobF4q49R/c+TdO2iDaemDg3HPuZe49XsyZVJb1ZRRWVtfWN4qbpa3tnd09c/+gLaNEENoiEY9E18OSchbSlmKK024sKA48Tjve+CbzO/dUSBaFd2oSUyfAw5D5jGClJdc87gdYjQjmaWPqVs/RT9nUpWuWrYo1A1omdk7KkKPhmp/9QUSSgIaKcCxlz7Zi5aRYKEY4nZb6iaQxJmM8pD1NQxxQ6aSzK6boVCsD5EdCv1Chmfp7IsWBlJPA053ZknLRy8T/vF6i/EsnZWGcKBqS+Ud+wpGKUBYJGjBBieITTTARTO+KyAgLTJQOrqRDsBdPXibtasWuVa6atXL9Oo+jCEdwAmdgwwXU4RYa0AICD/AEL/BqPBrPxpvxPm8tGPnMIfyB8fEN7mGYOg==</latexit>

p3, q3

<latexit sha1_base64="6cTjymuNMMeiC1qMRw69reVDXM8=">AAAB73icbVBNS8NAEJ3Ur1q/oh69LBbBg5TEFtRb0YvHCvYD2hA22027dLNJdzdCCf0TXjwo4tW/481/47bNQVsfDDzem2FmXpBwprTjfFuFtfWNza3idmlnd2//wD48aqk4lYQ2Scxj2QmwopwJ2tRMc9pJJMVRwGk7GN3N/PYTlYrF4lFPEupFeCBYyAjWRuokfvUCjf2qb5edijMHWiVuTsqQo+HbX71+TNKICk04VqrrOon2Miw1I5xOS71U0QSTER7QrqECR1R52fzeKTozSh+FsTQlNJqrvycyHCk1iQLTGWE9VMveTPzP66Y6vPYyJpJUU0EWi8KUIx2j2fOozyQlmk8MwUQycysiQywx0SaikgnBXX55lbQuK26tcvNQK9dv8ziKcAKncA4uXEEd7qEBTSDA4Rle4c0aWy/Wu/WxaC1Y+cwx/IH1+QPCOY8n</latexit>

p2, q2

<latexit sha1_base64="0Kn7Llj0lkiMzMwcY8e9pTP+QlI=">AAAB73icbVBNSwMxEJ31s9avqkcvwSJ4kLJbCuqt6MVjBfsB7bJk02wbmmS3SVYoS/+EFw+KePXvePPfmLZ70NYHA4/3ZpiZFyacaeO6387a+sbm1nZhp7i7t39wWDo6buk4VYQ2Scxj1QmxppxJ2jTMcNpJFMUi5LQdju5mfvuJKs1i+WgmCfUFHkgWMYKNlTpJUL1E46AalMpuxZ0DrRIvJ2XI0QhKX71+TFJBpSEca9313MT4GVaGEU6nxV6qaYLJCA9o11KJBdV+Nr93is6t0kdRrGxJg+bq74kMC60nIrSdApuhXvZm4n9eNzXRtZ8xmaSGSrJYFKUcmRjNnkd9pigxfGIJJorZWxEZYoWJsREVbQje8surpFWteLXKzUOtXL/N4yjAKZzBBXhwBXW4hwY0gQCHZ3iFN2fsvDjvzseidc3JZ07gD5zPH78sjyU=</latexit>

p1, q1

<latexit sha1_base64="W/Au7D8pRLX3JbfdEYuiyFAupKY=">AAAB73icbVBNSwMxEJ2tX7V+VT16CRbBg5RdKai3ohePFewHtMuSTbNtaDabJlmhLP0TXjwo4tW/481/Y9ruQVsfDDzem2FmXig508Z1v53C2vrG5lZxu7Szu7d/UD48aukkVYQ2ScIT1QmxppwJ2jTMcNqRiuI45LQdju5mfvuJKs0S8WgmkvoxHggWMYKNlToy8C7QOPCCcsWtunOgVeLlpAI5GkH5q9dPSBpTYQjHWnc9Vxo/w8owwum01Es1lZiM8IB2LRU4ptrP5vdO0ZlV+ihKlC1h0Fz9PZHhWOtJHNrOGJuhXvZm4n9eNzXRtZ8xIVNDBVksilKOTIJmz6M+U5QYPrEEE8XsrYgMscLE2IhKNgRv+eVV0rqserXqzUOtUr/N4yjCCZzCOXhwBXW4hwY0gQCHZ3iFN2fsvDjvzseiteDkM8fwB87nD7wfjyM=</latexit>

p6, q6

<latexit sha1_base64="asF3qdy2MSoleBC1Og4m2A1e+UY=">AAAB73icbVBNS8NAEJ3Ur1q/oh69LBbBg5REStVb0YvHCvYD2hA22027dLNJdzdCCf0TXjwo4tW/481/47bNQVsfDDzem2FmXpBwprTjfFuFtfWNza3idmlnd2//wD48aqk4lYQ2Scxj2QmwopwJ2tRMc9pJJMVRwGk7GN3N/PYTlYrF4lFPEupFeCBYyAjWRuokfu0Cjf2ab5edijMHWiVuTsqQo+HbX71+TNKICk04VqrrOon2Miw1I5xOS71U0QSTER7QrqECR1R52fzeKTozSh+FsTQlNJqrvycyHCk1iQLTGWE9VMveTPzP66Y6vPYyJpJUU0EWi8KUIx2j2fOozyQlmk8MwUQycysiQywx0SaikgnBXX55lbQuK261cvNQLddv8ziKcAKncA4uXEEd7qEBTSDA4Rle4c0aWy/Wu/WxaC1Y+cwx/IH1+QPLYI8t</latexit>

P4, Q4

<latexit sha1_base64="Ey06VfI8HXsUm0BBG8kOgzK/qwI=">AAACBXicbVDLSsNAFL3xWesr6lIXg0VwISWRgrorunHZgn1AG8JkOmmHTiZhZiKU0I0bf8WNC0Xc+g/u/BunbRBtPTBw7jn3MveeIOFMacf5spaWV1bX1gsbxc2t7Z1de2+/qeJUEtogMY9lO8CKciZoQzPNaTuRFEcBp61geDPxW/dUKhaLOz1KqBfhvmAhI1gbybePuhHWA4J5Vhv7lTP0U9ZN6dslp+xMgRaJm5MS5Kj59me3F5M0okITjpXquE6ivQxLzQin42I3VTTBZIj7tGOowBFVXja9YoxOjNJDYSzNExpN1d8TGY6UGkWB6Zwsqea9ifif10l1eOllTCSppoLMPgpTjnSMJpGgHpOUaD4yBBPJzK6IDLDERJvgiiYEd/7kRdI8L7uV8lW9Uqpe53EU4BCO4RRcuIAq3EINGkDgAZ7gBV6tR+vZerPeZ61LVj5zAH9gfXwD9I+YPg==</latexit>

P5, Q5

<latexit sha1_base64="upr6y37Z0NjXeLI5RODxwuBp4B4=">AAACBXicbVDLSsNAFL2pr1pfUZe6GCyCCymJVNRd0Y3LFuwD2hAm00k7dPJgZiKU0I0bf8WNC0Xc+g/u/BsnbRBtPTBw7jn3MvceL+ZMKsv6MgpLyyura8X10sbm1vaOubvXklEiCG2SiEei42FJOQtpUzHFaScWFAcep21vdJP57XsqJIvCOzWOqRPgQch8RrDSkmse9gKshgTztD5xz0/RT9nQpWuWrYo1BVokdk7KkKPump+9fkSSgIaKcCxl17Zi5aRYKEY4nZR6iaQxJiM8oF1NQxxQ6aTTKyboWCt95EdCv1Chqfp7IsWBlOPA053ZknLey8T/vG6i/EsnZWGcKBqS2Ud+wpGKUBYJ6jNBieJjTTARTO+KyBALTJQOrqRDsOdPXiSts4pdrVw1quXadR5HEQ7gCE7AhguowS3UoQkEHuAJXuDVeDSejTfjfdZaMPKZffgD4+Mb96aYQA==</latexit>

P 6
,Q

6

<latexit sha1_base64="B2dqSvf+xuB8RWYu7QbrOotcxhc=">AAACBXicbVDLSsNAFL2pr1pfUZe6GCyCCymJFB+7ohuXLdgHtCFMppN26OTBzEQooRs3/oobF4q49R/c+TdO2iDaemDg3HPuZe49XsyZVJb1ZRSWlldW14rrpY3Nre0dc3evJaNEENokEY9Ex8OSchbSpmKK004sKA48Ttve6Cbz2/dUSBaFd2ocUyfAg5D5jGClJdc87AVYDQnmaX3inp+in7KhS9csWxVrCrRI7JyUIUfdNT97/YgkAQ0V4VjKrm3FykmxUIxwOin1EkljTEZ4QLuahjig0kmnV0zQsVb6yI+EfqFCU/X3RIoDKceBpzuzJeW8l4n/ed1E+ZdOysI4UTQks4/8hCMVoSwS1GeCEsXHmmAimN4VkSEWmCgdXEmHYM+fvEhaZxW7WrlqVMu16zyOIhzAEZyADRdQg1uoQxMIPMATvMCr8Wg8G2/G+6y1YOQz+/AHxsc3+r2YQg==</latexit>

P7, Q7

<latexit sha1_base64="oJMQ3wVppc9hBSq10dPg4GwdJeM=">AAACBXicbVDLSsNAFL2pr1pfUZe6GCyCCymJFKq7ohuXLdgHtCFMppN26OTBzEQooRs3/oobF4q49R/c+TdO2iDaemDg3HPuZe49XsyZVJb1ZRRWVtfWN4qbpa3tnd09c/+gLaNEENoiEY9E18OSchbSlmKK024sKA48Tjve+CbzO/dUSBaFd2oSUyfAw5D5jGClJdc87gdYjQjmaWPq1s7RT9nUpWuWrYo1A1omdk7KkKPhmp/9QUSSgIaKcCxlz7Zi5aRYKEY4nZb6iaQxJmM8pD1NQxxQ6aSzK6boVCsD5EdCv1Chmfp7IsWBlJPA053ZknLRy8T/vF6i/EsnZWGcKBqS+Ud+wpGKUBYJGjBBieITTTARTO+KyAgLTJQOrqRDsBdPXibti4pdrVw1q+X6dR5HEY7gBM7AhhrU4RYa0AICD/AEL/BqPBrPxpvxPm8tGPnMIfyB8fEN/dSYRA==</latexit>

P8, Q8

<latexit sha1_base64="YDrGgLiu2eKkRorlN9/CvYiyrpM=">AAACBXicbVDLSsNAFL2pr1pfUZe6GCyCCymJFKy7ohuXLdgHtCFMppN26OTBzEQooRs3/oobF4q49R/c+TdO2iDaemDg3HPuZe49XsyZVJb1ZRRWVtfWN4qbpa3tnd09c/+gLaNEENoiEY9E18OSchbSlmKK024sKA48Tjve+CbzO/dUSBaFd2oSUyfAw5D5jGClJdc87gdYjQjmaWPq1s7RT9nUpWuWrYo1A1omdk7KkKPhmp/9QUSSgIaKcCxlz7Zi5aRYKEY4nZb6iaQxJmM8pD1NQxxQ6aSzK6boVCsD5EdCv1Chmfp7IsWBlJPA053ZknLRy8T/vF6i/JqTsjBOFA3J/CM/4UhFKIsEDZigRPGJJpgIpndFZIQFJkoHV9Ih2IsnL5P2RcWuVq6a1XL9Oo+jCEdwAmdgwyXU4RYa0AICD/AEL/BqPBrPxpvxPm8tGPnMIfyB8fENAPqYRg==</latexit>

P9, Q9

<latexit sha1_base64="t/orUecqhcLr9s4wCnfiSVa0DVI=">AAACBXicbVDLSsNAFL2pr1pfUZe6GCyCCymJFLS7ohuXLdgHtCFMppN26OTBzEQooRs3/oobF4q49R/c+TdO2iDaemDg3HPuZe49XsyZVJb1ZRRWVtfWN4qbpa3tnd09c/+gLaNEENoiEY9E18OSchbSlmKK024sKA48Tjve+CbzO/dUSBaFd2oSUyfAw5D5jGClJdc87gdYjQjmaWPq1s7RT9nUpWuWrYo1A1omdk7KkKPhmp/9QUSSgIaKcCxlz7Zi5aRYKEY4nZb6iaQxJmM8pD1NQxxQ6aSzK6boVCsD5EdCv1Chmfp7IsWBlJPA053ZknLRy8T/vF6i/CsnZWGcKBqS+Ud+wpGKUBYJGjBBieITTTARTO+KyAgLTJQOrqRDsBdPXibti4pdrdSa1XL9Oo+jCEdwAmdgwyXU4RYa0AICD/AEL/BqPBrPxpvxPm8tGPnMIfyB8fENBBGYSA==</latexit>

P10, Q10

<latexit sha1_base64="3aIREgRpjdMJqaorvuLUMHcbKUc=">AAACC3icbZDLSsNAFIZPvNZ6i7p0M7QILqQkUlB3RTcuW7AXaEOYTCft0MmFmYlQQvZufBU3LhRx6wu4822ctEG09YeBn++cw5zzezFnUlnWl7Gyura+sVnaKm/v7O7tmweHHRklgtA2iXgkeh6WlLOQthVTnPZiQXHgcdr1Jjd5vXtPhWRReKemMXUCPAqZzwhWGrlmZRBgNSaYp83MTW0rO0M/pDUnrlm1atZMaNnYhalCoaZrfg6GEUkCGirCsZR924qVk2KhGOE0Kw8SSWNMJnhE+9qGOKDSSWe3ZOhEkyHyI6FfqNCM/p5IcSDlNPB0Z76nXKzl8L9aP1H+pZOyME4UDcn8Iz/hSEUoDwYNmaBE8ak2mAimd0VkjAUmSsdX1iHYiycvm855za7Xrlr1auO6iKMEx1CBU7DhAhpwC01oA4EHeIIXeDUejWfjzXift64YxcwR/JHx8Q2SXprE</latexit>

P 1
1
,Q

1
1

<latexit sha1_base64="2uJW+Da+/cqcBDpKVQOXrm1P1qo=">AAACC3icbZDLSsNAFIZPvNZ6i7p0M7QILqQkUlB3RTcuW7AXaEOYTCft0MmFmYlQQvZufBU3LhRx6wu4822ctEG09YeBn++cw5zzezFnUlnWl7Gyura+sVnaKm/v7O7tmweHHRklgtA2iXgkeh6WlLOQthVTnPZiQXHgcdr1Jjd5vXtPhWRReKemMXUCPAqZzwhWGrlmZRBgNSaYp83MTW07O0M/pDUnrlm1atZMaNnYhalCoaZrfg6GEUkCGirCsZR924qVk2KhGOE0Kw8SSWNMJnhE+9qGOKDSSWe3ZOhEkyHyI6FfqNCM/p5IcSDlNPB0Z76nXKzl8L9aP1H+pZOyME4UDcn8Iz/hSEUoDwYNmaBE8ak2mAimd0VkjAUmSsdX1iHYiycvm855za7Xrlr1auO6iKMEx1CBU7DhAhpwC01oA4EHeIIXeDUejWfjzXift64YxcwR/JHx8Q2VeprG</latexit>

P 1
2
,Q

1
2

<latexit sha1_base64="0S8qyLJiklQj5J2EXR5wYwnk29M=">AAACC3icbZDLSsNAFIZP6q3WW9Slm6FFcCElKQV1V3TjsgV7gTaEyXTSDp1cmJkIJXTvxldx40IRt76AO9/GSRtEW38Y+PnOOcw5vxdzJpVlfRmFtfWNza3idmlnd2//wDw86sgoEYS2ScQj0fOwpJyFtK2Y4rQXC4oDj9OuN7nJ6t17KiSLwjs1jakT4FHIfEaw0sg1y4MAqzHBPG3O3NSuzc7RD2ktiGtWrKo1F1o1dm4qkKvpmp+DYUSSgIaKcCxl37Zi5aRYKEY4nZUGiaQxJhM8on1tQxxQ6aTzW2boVJMh8iOhX6jQnP6eSHEg5TTwdGe2p1yuZfC/Wj9R/qWTsjBOFA3J4iM/4UhFKAsGDZmgRPGpNpgIpndFZIwFJkrHV9Ih2Msnr5pOrWrXq1eteqVxncdRhBMowxnYcAENuIUmtIHAAzzBC7waj8az8Wa8L1oLRj5zDH9kfHwDmJaayA==</latexit>

p4, q4

<latexit sha1_base64="fuVRMIEmUanJRRLqfW90KAbHzBQ=">AAAB73icbVBNS8NAEJ3Ur1q/qh69LBbBg5REAuqt6MVjBfsBbQib7aZdutmkuxuhhP4JLx4U8erf8ea/cZvmoK0PBh7vzTAzL0g4U9q2v63S2vrG5lZ5u7Kzu7d/UD08aqs4lYS2SMxj2Q2wopwJ2tJMc9pNJMVRwGknGN/N/c4TlYrF4lFPE+pFeChYyAjWRuomvnuBJr7rV2t23c6BVolTkBoUaPrVr/4gJmlEhSYcK9Vz7ER7GZaaEU5nlX6qaILJGA9pz1CBI6q8LL93hs6MMkBhLE0JjXL190SGI6WmUWA6I6xHatmbi/95vVSH117GRJJqKshiUZhypGM0fx4NmKRE86khmEhmbkVkhCUm2kRUMSE4yy+vkvZl3XHrNw9urXFbxFGGEziFc3DgChpwD01oAQEOz/AKb9bEerHerY9Fa8kqZo7hD6zPH8VGjyk=</latexit>

p5, q5

<latexit sha1_base64="jwpB64XNhZ+5MDuCOqIVxZH4FJU=">AAAB73icbVBNS8NAEJ3Ur1q/oh69LBbBg5REWtRb0YvHCvYD2hA22027dLNJdzdCCf0TXjwo4tW/481/47bNQVsfDDzem2FmXpBwprTjfFuFtfWNza3idmlnd2//wD48aqk4lYQ2Scxj2QmwopwJ2tRMc9pJJMVRwGk7GN3N/PYTlYrF4lFPEupFeCBYyAjWRuokfu0Cjf2ab5edijMHWiVuTsqQo+HbX71+TNKICk04VqrrOon2Miw1I5xOS71U0QSTER7QrqECR1R52fzeKTozSh+FsTQlNJqrvycyHCk1iQLTGWE9VMveTPzP66Y6vPYyJpJUU0EWi8KUIx2j2fOozyQlmk8MwUQycysiQywx0SaikgnBXX55lbQuK261cvNQLddv8ziKcAKncA4uXEEd7qEBTSDA4Rle4c0aWy/Wu/WxaC1Y+cwx/IH1+QPIU48r</latexit>

p7, q7

<latexit sha1_base64="/kU+qFwqRFLNMQ//u+avbmAnZRQ=">AAAB73icbVBNSwMxEJ31s9avqkcvwSJ4kLIrheqt6MVjBfsB7bJk02wbms2mSVYoS/+EFw+KePXvePPfmLZ70NYHA4/3ZpiZF0rOtHHdb2dtfWNza7uwU9zd2z84LB0dt3SSKkKbJOGJ6oRYU84EbRpmOO1IRXEcctoOR3czv/1ElWaJeDQTSf0YDwSLGMHGSh0Z1C7ROKgFpbJbcedAq8TLSRlyNILSV6+fkDSmwhCOte56rjR+hpVhhNNpsZdqKjEZ4QHtWipwTLWfze+donOr9FGUKFvCoLn6eyLDsdaTOLSdMTZDvezNxP+8bmqiaz9jQqaGCrJYFKUcmQTNnkd9pigxfGIJJorZWxEZYoWJsREVbQje8surpHVV8aqVm4dquX6bx1GAUziDC/CgBnW4hwY0gQCHZ3iFN2fsvDjvzseidc3JZ07gD5zPH85tjy8=</latexit>
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<latexit sha1_base64="koyUD4Q8uxT506iP6OXXnTHQUFg=">AAAB73icbVBNSwMxEJ31s9avqkcvwSJ4kLIrBeut6MVjBfsB7bJk02wbmk22SVYoS/+EFw+KePXvePPfmLZ70NYHA4/3ZpiZFyacaeO6387a+sbm1nZhp7i7t39wWDo6bmmZKkKbRHKpOiHWlDNBm4YZTjuJojgOOW2Ho7uZ336iSjMpHs0koX6MB4JFjGBjpU4S1C7ROKgFpbJbcedAq8TLSRlyNILSV68vSRpTYQjHWnc9NzF+hpVhhNNpsZdqmmAywgPatVTgmGo/m987RedW6aNIKlvCoLn6eyLDsdaTOLSdMTZDvezNxP+8bmqimp8xkaSGCrJYFKUcGYlmz6M+U5QYPrEEE8XsrYgMscLE2IiKNgRv+eVV0rqqeNXKzUO1XL/N4yjAKZzBBXhwDXW4hwY0gQCHZ3iFN2fsvDjvzseidc3JZ07gD5zPH9F6jzE=</latexit>
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Fig. 2: Integration of GEBs into the 13-node distribution
network.

where Vi=[|Vi(1)|2 , . . . , |Vi(T )|2]T ∈ RT and |Vi(t)| is the
nodal voltage magnitude, V0 = [|V0|2 , . . . , |V0|2]T ∈ RT ,
|V0| denotes the voltage magnitude of the feeder head,
pi=[pi(1), . . . , pi(T )]T ∈ RT and qi= [qi(1), . . . , qi(T )]

T ∈
RT denote the active and reactive loads at node i, respec-
tively, and the adjacency matrices R and X are defined by

R ∈ Rn×n,Rij =
∑

(ı̂,̂)∈Li∩Lj

rı̂̂

X ∈ Rn×n,Xij =
∑

(ı̂,̂)∈Li∩Lj

xı̂̂

where rı̂̂ and xı̂̂ denote the resistance and reactance of line
lij , respectively. Li ⊆ L is the set containing downstream
line segments connecting the feeder head and node i. The
nodal voltage should remain within the voltage limit

V̂l ≤ Vi ≤ V̂u,∀i = 1, . . . , n (12)

where V̂l and V̂u denote the lower and upper voltage bounds,
respectively.

B. Objective Functions

1) Power loss minimization: The global objective aims
at minimizing the total active power loss in the distribution
network, it can be calculated by

f1(p) =
∑
lij∈L

rij

(‖Pij‖22 + ‖Qij‖22
|V0|2

)
(13)

where Pij ∈ RT and Qij ∈ RT denote the active and
reactive power flow from node i to node j, respectively. We
assume Qij’s to be known constant vectors.

2) Energy efficiency cost: For energy efficiency objec-
tives, we only consider the ESS’s degradation cost as a rep-
resentative for clarity. Other cost functions can be referred to
Remark 2. The σth ESS’s degradation cost can be calculated
in terms of the smoothness of charging and discharging by

f2(peσ) = ‖Bpeσ‖22. (14)

where B aggregates discharging/charging differences be-
tween adjacent times, i.e.,Bı̂,̂ı = 1, ∀ı̂ = 1, . . . , T ,Bı̂,̂ı+1 =
−1,∀ı̂ = 1, . . . , T − 1, and all other elements are zeros.

Therefore, the GEB control problem is formulated into a
constrained optimization problem that aims at minimizing
active power loss and improving energy efficiency as

min
p,u

δ1f1(p)+

E∑
σ=1

δ2f2(peσ)

s.t. (1)− (12)

(P1)

where δ1 and δ2 are weighting constants. p = [p1, . . . ,pn],
u = [u1, . . . ,um], m and E denote total number of GEBs
and ESSs, respectively, uj denotes the ON-OFF decision
variables of all HVACs in building j accross T time intervals.
Remark 2: Problem (P1) aims at maximizing the benefits
for both customers and the SO, i.e., both global and local
objectives (constraints) are considered. Depending on the
practical applications, extensions of local objectives, such as
the curtailment cost of the kth solar PV, i.e., ‖psk−p̂us‖22, the
utility cost of all the nodes, i.e.,

∑n
i=1 p

T
i χ where χ ∈ RT

denotes the daily real-time electricity prices, or global power
flow limit constraints, can be readily incorporated. �
Remark 3: In problem (P1), two objectives were included
in the objective function, i.e., f1(p) as global objective
representing total power loss and f2(peσ) as local objective
representing energy efficiency cost. Having δ1 and δ2 before
f1(p) and f2(peσ) can 1) allow different weightings based
on the stakeholders’ desired rewards from global and local
objective functions and 2) regulate different units, e.g.,
power loss is in kW and ESS degradation cost is in (kW)2.
Therefore, stakeholders can select the values of δ1 and δ2 to
deal with diverse practical applications. �

III. ALGORITHM DESIGN

In this section, we propose a scalable two-level HDC
algorithm to improve the computing efficiency and compat-
ibility of GEB control. The DERs and HVACs are centrally
controlled at the building level through an aggregator while
GEBs are coordinated by the SO in a decentralized way at
the grid level. The SO and aggregators are assumed to be
able to communicate bilaterally.

A. Building-level Centralized Control

1) Aggregator model: The ON-OFF operation of the
HVACs inside a building is centrally controlled by an ag-
gregator [15]. The aggregator integrates the parameters of
the 3R3C model from all individual rooms and obtains the
following first-order temperature dynamic equation as

θ̃in,j(t+ 1) = aj θ̃in,j(t) + bjθamb(t) + gj ũj(t) (15)

where aj , bj , and gj denote the aggregated parameters,
θ̃in,j(t) denotes the average temperature of building j, ũj(t)
is a continuous variable denoting the percentage of ON-state
HVACs in the building and is constrained by

0 ≤ ũj(t) ≤ 1. (16)

The average temperature of the building should stay within
the comfort zone as

θ̂l ≤ θ̃in,j ≤ θ̂u (17)



where θ̃in,j = [θ̃in,j(1), . . . , θ̃in,j(T )]T. The aggregated
active power consumption of the HVACs in the jth building
can be calculated by

phj = NjP
rũj (18)

where phj denotes the aggregated active power consumption,
ũj = [ũj(1), . . . , ũj(T )]T, Nj denotes the total number of
HVACs, and P r denotes the HVAC’s rated power.

After obtaining the aggregated decision variable ũj , the
aggregator can first calculate the total number of ON-state
HVACs by Njũj , then determine the specific ON-state
devices based on priority list strategy, e.g., based on the de-
scending order of temperatures deviations from the tempera-
ture set point that can be calculated as ‖θ̃in,j−(θ̂l+θ̂u)/2‖2.
The priority list can also include the response delays or
resource utilization to achieve specific building-level control
goals [17], [18]. For the control of local DERs, the aggregator
can simply adopt the updated decision variables.

B. Grid-level Decentralized Coordination

By adopting the aggregator model to centrally control each
building, problem (P1) can be reformulated as

min
p,ũ

δ1f1(p)+

E∑
σ=1

δ2f2(peσ)

s.t. (6)− (12), (15)− (27)

(P2)

where ũ = [ũ1, . . . , ũm]. Problem (P2) is coupled through
the global power loss objective in (13) and the global voltage
constraint in (12). Primal-dual based algorithms [19]–[21]
can solve (P2) in a decentralized fashion. To this end, we
first derive the relaxed Lagrangian function of problem (P2)
where only global constraints are included

L(p, ũ,λ,µ) = δ1f1(p)+

E∑
σ=1

δ2f2(peσ)+

n∑
i=1

λT
i (Vi − V̂u)

−
n∑
i=1

µT
i (Vi − V̂l) (19)

where ũ=[ũ1, . . . , ũm], λ=[λ1, . . . ,λn], µ=[µ1, . . . ,µn],
λi and µi denote the dual variables associated with node i.
Then, we take the shrunken-primal-dual-subgradient (SPDS)
algorithm in [20] for example to update the decision variables
pvε, psk, peσ , and ũj in (P2). Let Xı and Y universally
denote different primal and dual variables. The SPDS updates
the primal variable (decision variable) and dual variable
(Lagrange multiplier) by

X (`+1)
ı =ΠXı

(
1

τX
ΠXı

(
τXX (`)

ı −α(ı,`)∇XıL (·)
))

(20a)

Y(`+1)=ΠD

(
1

τY
ΠD

(
τYY(`)+β`∇YL (·)

))
(20b)

∀ı = 1, . . . ,N where N denotes the number of decision
variables, 0 < τX , τY < 1 denote the shrunken parameters
for the primal and dual updates, respectively. Π denotes
the Euclidean projection, α(ı,`) and β` denote the primal
and dual step sizes at the `th iteration. Xı and D are the
feasible sets for the primal variable Xı and dual variable Y ,

respectively. ∇L (·) denotes the first-order subgradient w.r.t.
the relaxed Lagrangian function. Note that the initial values
of the primal or dual variable will not affect the convergence
of SPDS.

Then, the subgradients of (19) w.r.t. the primal variables
pvε, psk, peσ , and ũj can be calculated, respectively. Due to
the page limit, we only give the calculation of subgradients
related to the σth ESS as an example. Suppose the σth ESS
is connected at node i, we have

∇peσL(·) = 2δ2B
TBpeσ −

2δ1
|V0|2

n∑
l=1

rl(∇peσP l)P l

+

n∑
ι=1

2Rιi(µι − λι) (21)

where rl and P l denote the resistance and active power
flow of the lth line, respectively. ∇peσPι can be calcu-
lated based on the distribution network topology and active
power injections. For example, for the 13-node distribution
network shown in Fig. 2, the σth ESS connected at node
6 has ∇peσPι = ψp where p = [pT1 , . . . ,p

T
n]T, ψ =

[I, . . . , I, 2I, . . . , 2I], and I ∈ RT×T is an identity matrix.
Note that ψ relates to the upstream lines P1 and P6 that are
defined through the network topology and line flow direction.
Follow this procedure, ∇pskL(·), ∇pvεL(·), and ∇ũjL(·)
can be readily derived.

In what follows, we rewrite the local constraints of each
decision variable into a more compact form as

Pvε , {pvε| (6), (7)},Psk , {psk| (8)}
Peσ , {peσ| (9), (10)},Uj , {ũj | (15), (16), (17)}.

The feasible set of dual variables is

D , {λi,µi| λi,µi ≥ 0,∀i ∈ N}. (23)

Finally, the primal-dual variables can be updated using the
derived subgradients and feasible sets by following (20). The
convergence error of the jth aggregator can be calculated by

ε
(`)
j =

Vj∑
ε=1

‖p(`+1)
vε − p(`)

vε ‖2 +

Sj∑
k=1

‖p(`+1)
sk − p(`)

sk ‖2

+

Ej∑
σ=1

‖p(`+1)
eσ − p(`)

eσ ‖2 + ‖ũ(`+1)
j − ũ(`)

j ‖2 (24)

where Vj , Sj , and Ej denote the number of EVs, PVs,
and ESSs at building j, respectively. Note that the iterative
updates in (20) require the primal and dual variables to be ex-
changed in each iteration. In reality, such a setting is usually
expensive and challenged by heterogeneous temporal scales
of the agents, aggregators, and SO. To resolve this issue, we
next introduce the asynchronous update between aggregators
and the SO, which can ensure enhanced compatibility and
reduce the computing burden imposed on individual agents.



C. Asynchronous Updates

To future improve the communicating compatibility and
system resilience in terms of heterogeneous temporal scales,
asynchronous primal update using inexact dual solutions is
investigated. The detailed updating procedure is presented
via Algorithm 1.

Algorithm 1: Two-level HDC control strategy with
asynchronous primal updates

1 Initialization: Aggregators initialize decision
variables, tolerance ε0, iteration counter ` = 0, and
maximum iteration `max;

2 RC model training: The jth aggregator trains the
RC values of the rooms inside the jth building
using particle swarm optimization (PSO) [22], [23],
then calculates coefficients aj , bj , and gj in (15);

3 while ε(`)j > ε0 and ` < `max do
4 The jth aggregator determines k(`)

j , 1 ≤ k(`)
j ≤ K

based on its real-time local computing ability;
5 if ` mod? k

(`)
j = 0 then

6 The jth aggregator updates the decision
variables p(`)

vε → p
(`+1)
vε , p(`)

sk → p
(`+1)
sk ,

p
(`)
eσ → p

(`+1)
eσ , ũ(`)

j →ũ
(`+1)
j of building j;

7 The jth aggregator determines the ON-OFF

states of HVACs using ũ(`+1)
j ;

8 The jth aggregator sends the updated decision
variables, i.e., p(`+1)

vε , p(`+1)
sk , p(`+1)

eσ , and
ũ

(`+1)
j to the SO;

9 end
10 The SO updates the dual variables λ(`)

i → λ
(`+1)
i ,

µ
(`)
i → µ

(`+1)
i , ∀i = 1, . . . n using (20b), then

sends the updated dual variables λ(`+1)
i , µ(`+1)

i

∀i = 1, . . . n to the aggregators;
11 `→ `+ 1;
12 end
?mod denotes the modular operation.

Theorem 1: (Inexact dual solutions) For each update in
the dual space, let kj , j = 1, . . . ,m, 1 ≤ kj ≤ K denote
the number of fixed primal updates for the jth aggregator.
Then, Algorithm 1 converges to the optimal solutions and
tolerates maximum K∆T time discrepancy for the updates
of the aggregators in the primal space. �

In real-world industrial applications, it can be demanding
on ensuring synchronous temporal scales across diverse
agents, aggregators, and the SO. Theorem 1 allows each
aggregator to choose its optimal updating time based on
its real-time computing ability and communication capacity.
Though asynchronous updates can admittedly increase the
total number of iterations compared with the case when K =
1, the convergence of decision variables and the satisfaction
of both global and local constraint are guaranteed. Please
refer to APPENDIX I for the proof of Theorem 1.

IV. SIMULATION RESULTS

Historic data from Building 3147 were used to train
and validate the RC model. The RC parameters of all the
rooms were trained by using the PSO routine, more details
regarding the training process can be found in APPENDIX II.
Without loss of generality, we assume the buildings in the
distribution network share the same weather conditions, i.e.,
solar radiation and outdoor temperature.

To demonstrate the grid-level potentials of the proposed
HDC algorithm, we assume each node in the IEEE 13-node
test feeder (Fig. 2) is connected with one building resembling
Building 3147. In total 8 rooftop PVs are assumed to be
connected at each building, resulting in around 50 kW
peak solar power generation, and the PV data is collected
from the DECC lab on a sunny day on September 6th
2021. Besides, one ESS and one EV are assumed to be
connected at each building. The ESSs’ capacity limits are
calibrated to be p̂cle = 10 kWh and p̂cue = 60 kWh, the
maximum charging/discharging rates are p̂le = −15 kW and
p̂ue = 15 kW, respectively. The EV is charged by a level-2
EV charger with a maximum charging power 7.6 kW and
the charging demand of all the EVs randomly distribute in
[12, 16] kWh. The lower and upper voltage limits are set
to be V̂l = 0.95V0 and V̂u = 1.05V0, respectively. The
time interval is chosen to be ∆T = 15 min. The aggregator
can control Nj = 20 HVACs in each building, and the
aggregated building parameters are trained and uniformly set
to be aj = 0.98, bj = 0.02, and gj = −0.2, respectively. The
HVACs’ rated power is uniformly chosen as P r = 1 kW.
The temperature comfort zone is set to be [20◦C, 22.5◦C].
To test the efficacy of asynchronous primal updates, let
the aggregators of Building 2 and Building 8 update their
decision variables every 2∆T and 4∆T , respectively.

Fig. 3 shows the scheduling and control results of all DERs
and HVACs using the proposed HDC algorithm. Specifically,
Fig. 3a presents the baseline loads of in total 12 buildings,
the solar prediction, and the utility supply, respectively. Fig.
3b shows the temperature control of Building 6 where the
black dashed line gives the aggregated temperature calculated
with the aggregated model. The solid lines give the indi-
vidual room temperatures whose absolute deviations from
the aggregated temperature were less than 0.5◦C. The EVs’
charging schedules are shown in Fig. 3c, where all EVs
charged at the fastest rate at noon as a result of sufficient
solar radiation. As shown in Fig. 3d, ESSs stored solar energy
and charged mostly during the noon time, then discharged
the stored energy starting from 16 : 00 in the afternoon when
the solar power decreases while the load demand increases
as shown in Fig. 3a, and the state of charges (SOCs) of
all ESSs are maintained above the limits through the day.
The active power loss f1(p) and battery degradation cost∑E
σ=1 f2(peσ) obtained in the IEEE 13-node system are

0.18 kW, and 229 (kW)2, respectively. Finally, Fig. 4 gives
the nodal voltage magnitudes of 12 nodes, only the lower
voltage bound is active due to a large amount of loads, and
all the voltage magnitudes are above the lower voltage limit



(a) Baseline loads, solar predic-
tion, and the utility supply.

(b) Individual room temperatures
of Building 6 (Solid lines).

(c) EVs’ charging schedules. (d) ESSs’ charging/discharging
behaviors and SOCs.

Fig. 3: The optimized DER and HVAC schedules using the proposed HDC algorithm.
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Fig. 4: Nodal voltage magnitudes.

which is represented by the dotted black line.

V. CONCLUSIONS

This paper developed a scalable, efficient, and compatible
control framework for GEBs to provide both building-level
and grid-level services. The control problem was formu-
lated into a constrained optimization problem consisting of
global and local objectives and constraints. We proposed
an HDC algorithm to solve the formulated problem in a
hybrid decentralized-centralized fashion. The HDC structure
can scale to a large number of grid-connected devices and
buildings and adapt to asynchronous updates for different
entities under heterogeneous temporal scales. We verified the
efficiency and efficacy of the proposed HDC algorithm via
real-world collected data and conducted simulations based
on an office building located at ORNL. Future work in
this direction includes investigating real-time building-level
scheduling as well as control strategies.

APPENDIX I
PROOF OF THEOREM 1

For the SPDS updates in (20), consider the execution of
K primal updates for every dual update, we have

X (k+1)[Y(`)] = ΠX

(
1

τX
ΠX

(
τXX (k)[Y(`)]

− α∇XL(X (k)[Y(`)],Y(`))
))

(25a)

Y(`+1) = ΠD

(
1

τY
ΠD

(
τYY(`)

+ β∇YL(X (K)[Y(`)],Y(`))
))

(25b)

∀k = 1, . . . ,K, where X (k)[Y(`)] denotes the primal solution
obtained by SPDS using dual solution Y(`). For simplicity,
we omit the subscript ı of Xı, let X (k)[`] , X (k)[Y(`)], and
adopt universal primal and dual step sizes α and β through
the proof.

Let ζ∗ , [X [`]
T
, λ(`)T]T denote the primal-dual solutions

at the `th iteration and ζ(k) , [X (k)[`]
T
, λ(`)T]T. By using

the nonexpansive property of the projection ΠX(·), we have∥∥∥X (K)[`]−X [`]
∥∥∥2

2

≤ 1

τ2
X

∥∥∥X (K−1)[`]−X [`]
∥∥∥2

2
+
α2

τ2
X
‖Φ1(ζ(K−1))− Φ1 (ζ∗)‖22

− 2
α

τ2
X

(Φ1(ζ(K−1))−Φ1(ζ∗))T(X (K−1)[`]−X [`]) (26)

where the mapping Φ1(X ,Y) = ∇XL(X ,Y) + 1−τX
α X .

We first deal with the second term on the right-hand side
of (26), we have∥∥∥Φ1(ζ(K−1))− Φ1(ζ∗)

∥∥∥
2

≤
∥∥∥∇XL(X (K−1)[`],Y(`))−∇XL(X [`],Y(`))

∥∥∥
2

+
1− τX
α

∥∥∥X (K−1)[`]−X [`]
∥∥∥

2

≤
∥∥∥∇XG(X (K−1)[`])−∇XG(X [`])

∥∥∥
2

+ρ
∥∥∥X (K−1)[`]−X [`]

∥∥∥
2

+
∥∥∥∇XdT(X (K−1)[`])Y(`) −∇XdT(X [`])Y(`)

∥∥∥
2

+
1− τX
α

∥∥∥X (K−1)[`]−X [`]
∥∥∥

2

≤ L∇G
∥∥∥X (K−1)[`]−X [`]

∥∥∥
2

+ ρ
∥∥∥X (K−1)[`]−X [`]

∥∥∥
2

+
1− τX
α

∥∥∥X (K−1)[`]−X [`]
∥∥∥

2

= LΦ1

∥∥∥X (K−1)[`]−X [`]
∥∥∥

2
(27)

where L∇G denotes the Lipschitz constant of ∇XG(X ),
LΦ1

, L∇G + ρ + 1−τX
α , and (27) comes from the fact

that ∇XdT(X (K−1)[`])Y(`) −∇XdT(X [`])Y(`) = 0.
Therefore, we can readily obtain∥∥∥Φ1(ζ(K−1))−Φ1(ζ∗)
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Then, evaluating the second term on the right-hand side



of (26), we have(
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Since the function G(X ) is convex, we have(
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Therefore, (29) becomes(
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Substituting (28) and (30) into (26), we have∥∥∥X (K)[`]−X [`]
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Finally, by selecting appropriate α, τX , and ρ, 0 < ς < 1
can be satisfied. Then, we have X (K)[`] → X [`] as K →
∞, therefore the convergence of the sequence X (k)[`], k =
1, . . . ,K is proved. Note that the primal solution X (K)[`] will
converge to X [`] w.r.t. each dual solution Y` by resembling
the convergence of SPDS and a sufficient small ς can be
tuned to guarantee the convergence of (25) with K given.

APPENDIX II
RC PARAMETERS TRAINED BY PSO

The training process aims at finding the optimal values
of the undetermined RC parameters, including the thermal
capacitances of the exterior walls, indoor air, and inter-
nal mass; the thermal resistances of exterior walls, win-
dow, and internal mass, and the convection fractions, i.e.,
P , {Cw, Cin, Cm, Rw1, Rw2, Rwin, Rm, Sp1, Sp2, Sp3}.
To find the optimal set of RC parameters, we formulate the
RC parameter searching process as a nonlinear optimization
problem with the following objective function

J (P) =

√√√√∑T
t=1

(
θ̄in(t)− θ̂in(t)

)2

T − 1
(33)

where θ̄in(t) and θ̂in(t) denotes the mean indoor air tempera-
ture from EnergyPlus™ and the mean indoor air temperature
predicted by the developed RC model at time t, respectively.

Then, we identified the parameters using PSO. A popula-
tion of candidate solutions was generated first, then moved
around in the search space. The solutions were updated and
optimized iteratively until a given measure of quality is
satisfied. The objective function defined in (33) was used
as the accuracy indicator to evaluate the performance of
the developed RC model. In specific, we set the search
ranges for Cw, Cin, Rw1, Rw2, Rwin, Rm according to the
recommended parameters values of buildings in Zone 4 from
IECC [24], Cm is assumed to be in the range of 100–450
(kJ/Km2) [25]. The lower and upper limits for each R and
C are 1/3 and 3 times of the estimated values respectively.
The ranges of Sp1, Sp2 and Sp3 are estimated based on
experience.
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