JOURNAL OF IEEE TRANSACTIONS ON POWER SYSTEMS, VOL. XXX, NO. XXX, JULY 2024 1

Distributed Consensus-Based Model Predictive
Control of Inverter Air Conditioners for Voltage
Regulation in Distribution Systems

Lunshu Chen, Student Member, IEEE, Hongxun Hui, Senior Member, IEEE, Yonghua Song, Fellow, IEEE, Ye
Chen, Wei Feng, Member, IEEE

Abstract—Distribution system voltage violation problems are
receiving more attention due to the high penetration of fluctuating
distributed renewable energies. With the development of Internet
of Things technologies, demand response is becoming promising
to stabilize the distribution system voltage with local demand-side
resources. Inverter air conditioners (IACs) account for a large
share in demand-side power consumption, which has been widely
considered as appropriate resources to provide voltage regulation
services for the distribution system by temporally adjusting the
power consumption. However, it remains a challenge to schedule
large-scale distributed IACs to participate in voltage regulation
services considering their complex operation characteristics with
both active and reactive powers. To address this problem, this
paper proposes a distributed consensus-based model predictive
control (DCMPC) algorithm to coordinate the active and reactive
power of IACs to participate in voltage regulation. Distributed
consensus-based processing allows the IACs to be appropriately
scheduled to respond to the regulation signals. The proposed
DCMPC algorithm is validated by the realistic IACs aggregated
regulation system and hardware-in-the-loop experiments. The
experimental results show that the DCMPC algorithm can
effectively schedule IACs to keep the voltage operating within the
security range and achieve good thermal comfort for customers
during voltage regulation.

Index Terms—demand response, distributed model predictive
control, hardware-in-the-loop, inverter air conditioners, voltage
regulation
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IoT Internet of things

MPC  Model predictive control

PCC  Point of common coupling

PV Photovoltaic

RESs Renewable energy sources

RTDS Real-Time digital simulator

Parameter

Spu The voltage sensitivity of active power

Spo The phase angle sensitivity of active power

Squ  The voltage sensitivity of reactive power

Sqe The phase angle sensitivity of reactive power

APy The active power variation at each node

AQqisc The reactive power variation at each node

Ky The coefficients of the IAC’s operating power

Ky The coefficients of the IAC’s cooling capacity

o The phase deviation between the voltage and current
of the IAC

J The jacobian matrix

bZIJ The coefficients of the IAC’s operating power

by The coefficients of the IAC’s cooling capacity

M The total building number in the distribution system

N The total room number in a building

Pligxc,max The rated active power of the IAC

2 The rated reactive power of the IAC

TAC,max
T.« The maximum allowable temperature

"J ~ The minimum allowable temperature

E’U The 7 row of Spy
qu  The i row of Squ
cos 7 The power factor of the IAC
Vi The communication relationship between building

and building i

a;;7; The communication relationship between IAC ¢j and
. IACj

Cidom The room’s equivalent air heat capacity

Riom The equivalent thermal resistance of the room’s enve-
_ lope

Sg,lj The voltage sensitivity of active power injection from

N building ¢ to its neighboring building
by The voltage sensitivity of building ¢ active power
_ injection
Sé{J The voltage sensitivity of reactive power injection
N from building ¢ to its neighboring building i
66 The voltage sensitivity of building ¢ reactive power
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injection
Set
Er The set of edges in buildings connection
&iacs  The set of edges in IACs connection

Gs The buildings topology

Giacs The TACs topology
A The set of buildings
J The set of rooms in the building

Vi The set of building nodes

Viacs The set of IAC nodes

s The set of IAC states

Variable

Bi The building consensus algorithm parameter

Af;  The phase angle variation at building ¢ in the system
AP, The active power variation at building ¢

AP} 4 The active power variation of demand-side loads
AP!_ The active power variation of non-regulating loads

noreg
APpy, The active power variation of PV power generations

APJ;g The active power variation of regulation resources

AQ} .4 The reactive power variation of demand-side loads

AQ} oy The reactive power variation of non-regulating loads
AQpy, The reactive power variation of PV power generations
AQﬁeg The reactive power variation of regulation resources
AV;  The voltage variation at building 7 in the system
i The TAC consensus algorithm parameter
AQf The reactive power variation at building ¢
ac  The operating frequency of IAC in room j, building ¢
1 The building number
7 The room number
Pircs  The total IACs’ active power of building i
Qircs The total IACs’ reactive power of building i
t The system operating time
(03 The control coefficient matrix
X; The system state matrix of building ¢
H{{. The cooling capacity of the IAC in room j, building
1
PIiij The active power of IAC in room j, building ¢
©J

iac  The reactive power of IAC in room j, building ¢
T The active power regulation signals

T4 The reactive power regulation signals

Sij. The TAC operating state

TI;J The room’s indoor temperature in room j, building ¢

Ty’ The room’s outdoor temperature in room j, building
i

x; The system state of building ¢

u; The control input matrix

I. INTRODUCTION

ISTRIBUTION systems face more and more challenges

with the increasing share of renewable energy sources
(RESs) [1]. One of the key parameters in the stable operation
of a distribution system is voltage [2]. RESs, like photovoltaic
(PV), are sensitive to ambient conditions and cause many
voltage violation problems in distribution systems [3]. For
example, the under-voltage problem will occur when there is
cloud obstruction on PV panels [4]. Therefore, the voltage
violation problem is important in distribution systems with a
high penetration of RESs [5]. Since RESs have significant

intermittency and uncertainty, traditional voltage regulation
methods may be unable to solve voltage problems quickly
and effectively [6].

The Internet of Things (IoT) technologies are constantly
evolving and gradually being applied to power systems [7].
Based on IoT, demand response [8] is proposed to balance
power generation and consumption by changing the operating
state of the flexible loads (e.g. air conditioners [9], electric
vehicle chargers [10], et al.). Xie et al. [11] propose a two-
stage voltage regulation technique for flexible loads to provide
voltage regulation services to the distribution systems. Among
the various flexible loads, inverter air conditioners (IACs), the
common appliances in every house, have the most potential for
demand-side loads [12]. Large-scale IACs have been proven
effective for providing regulation capacities to distribution
systems [13]. Hua et al. [14] develop a collaborative voltage
regulation algorithm considering the aggregated IACs partic-
ipation priority for distribution systems. Furthermore, Hua et
al. [15] demonstrate that TACs can be used as storage battery
models to provide voltage auxiliary services to distribution
systems.

The above research has used centralized control strategies,
while distributed consensus-based control algorithms [16] are
increasingly being employed to achieve more efficient and
intelligent collaboration among IACs [17]. Wang et al. [18]
propose a two-layer consensus-based control approach for
IACs to mitigate the fluctuations from RESs. However, they
do not consider the physical constraints of IACs, which may
lead to demand response failures and customer discomfort.
Hong et al. [19] design a consensus-based control method of
large-scale IACs for providing operating reserves considering
IACs’ physical constraints and thermal comfort for customers.
However, the above time-triggered consensus-based control
approaches have high requirements for communication. To
enhance the efficiency of IAC control, many scholars have in-
corporated event-triggered mechanisms into consensus-based
algorithms to alleviate the communication burden. Zhao et
al. [20] propose a distributed event-triggered consensus-based
control strategy for the IACs and other regulation resources to
participate in frequency regulation. The above research has
demonstrated that distributed consensus-based control algo-
rithms have better data privacy protection, less communication,
and comfort guarantee [21].

Another issue worth mentioning is that most researchers
only consider the active power of the IACs to provide auxiliary
regulation services to the distribution system. These studies
only model the active power of IACs, with reactive power
varying in tandem with active power. The lack of purposeful
inclusion of reactive power in the control process will lead
to insufficient accuracy in voltage control. Therefore, reactive
power compensation is also crucial in maintaining the system
voltage within a security range in the distribution system. Zhu
et al. [22] provide a hierarchical framework that coordinates
voltage control between transmission and distribution systems
using inverter-based resources. Hu et al. [23] propose a control
strategy for the reactive power compensation ability of electric
vehicle chargers and integrate this inverter-based resource into
real-time distribution system voltage regulation. The above
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Fig. 1. (a) A typical distribution system structure with large-scale aggregated IACs; (b) IACs are aggregated by the IoT gateway in the building.

research shows that the reactive power of inverter-based re-
sources can also be used to provide voltage regulation services.
Viriyautsahakul et al. [24] analyze the IACs’ inverter and
converter design and show that IAC can provide reactive power
to power systems. This study demonstrates that the reactive
power of IACs can also be utilized for voltage regulation in
distribution systems. Therefore, it is necessary to design an
efficient method to coordinate the active and reactive power
of the IAC to participate in voltage regulation.

Model Predictive Control (MPC) can be utilized to coordi-
nate the active and reactive power of IAC. MPC can convert
control problems into optimization problems and obtain the
optimal control strategy for IACs. Zhao et al. [25] propose
an TAC control method based on MPC for frequency control
considering communication delay. However, this method still
uses centralized control strategies. Some scholars have utilized
distributed mind-setting to solve the optimal problems of
MPC [26]. Zhang et al. [27] propose a distributed model
predictive control based coordinated control method for the
voltage security of the integrated hybrid energy system. This
research shows that distributed model predictive control allows
collaboration on regulation goals with a partial exchange of
information. However, this research does not achieve thermal
comfort for customers during the regulation process. Thermal
comfort is a significant factor influencing whether or not
customers participate in demand response [28]. Therefore,
thermal comfort should also be considered during voltage
regulation. More significantly, most MPC studies mentioned
above do not consider the coordination of the active and
reactive power of IACs.

To fill the above research gaps, this paper proposes a
distributed consensus-based MPC (DCMPC) algorithm aiming
to coordinate the active and reactive power of IACs to partici-
pate in voltage regulation. DCMPC combines the principles
of distributed control with the solution of optimal control
sequences. The main contributions are as follows:

« A comprehensive voltage regulation model coordinating

both active and reactive power of IACs. Existing research

only considers active power of IACs while the reactive
power passively follows the active power. Therefore,
the coupling characteristics of IACs’ active and reactive
power are explicitly integrated into the voltage regulation
process in this research. Furthermore, the thermal comfort
constraint is dynamically embedded into the regulation
model to maintain customer comfort.

e A DCMPC framework is proposed to coordinate large-
scale IACs. Building upon our previous centralized MPC
study [29], this paper advances to a distributed architec-
ture. Through distributed information exchange among
adjacent buildings, the distribution system voltage regu-
lation can be achieved in a fast and scalable way. The
consensus mechanism enables each IAC to adjust its
operating state according to control signals and indoor
temperature, thereby satisfying the heterogeneous com-
fort requirements. Meanwhile, the MPC framework em-
ploys rolling optimization to predict future voltages and
calculate control inputs, ensuring both voltage security
and room comfort.

o A hardware-in-the-loop (HIL) experiment platform with
Real-Time Digital Simulator (RTDS) and IoT-based IACs
management system is developed to verify the proposed
DCMPC algorithm. IoT-based IACs management system
allows the realistic IACs to provide voltage regulation
services to distribution systems.

The remainder of this paper is organized as follows. Section
IT models the voltage regulation problem. Section III proposes
the DCMPC-based voltage regulation method. Section IV
describes the HIL platform. Section V illustrates the exper-
iments and analyzes the results of the experiments. Section
VI concludes this paper.

II. SYSTEM FORMULATION
A. System Structure

Fig. 1(a) shows a typical distribution system structure with
flexible loads to address the voltage fluctuations. The system
can be divided into three layers: the management layer with
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the distribution system operator (DSO), the IoT layer with
the gateway, and the power system layer with the distribution
system. The distribution system based on a campus with
40 buildings is adopted in this research. DSO monitors the
operation status of the distribution system and ensures that the
voltage of 40 buildings is within the security range. Fig. 1(b)
shows the flexible load (i.e., IAC) in the building. Each
building’s IACs are aggregated through the IoT gateway and
finally enabled to transmit status data to the DSO and receive
control commands from the DSO.

B. Modeling of Inverter Air Conditioners

The operation of IACs and the thermodynamic process of
the corresponding rooms can be expressed based on the ETP
model [30]. The thermodynamic process of the room consid-
ering the indoor temperature can be expressed as follows:

AT (t) TV (t) — T (t) y
Cdom =37 = T —Hct), (D
00 dt Rr(j)om IAC

where C’mom is the room’s equivalent air heat capacny, Rroom
is the equivalent thermal resistance of the room’s envelope;
Ty (t) is the room’s indoor temperature at time t; Ty’ (t)
is the room’s outdoor temperature at time ¢; Hfic( ) is the
cooling capacity of the IAC at time ¢; ¢ is the building number,
VieZ, T=1{1,2,3,..., M} is the set of buildings; M is the
total building number in the distribution system; j is the room
number, Vj € J; J = {1,2,3,..., N} is the set of rooms; N
is the total room number in a building.

The IAC’s operating power and cooling capacity are pri-
marily determined by its compressor’s operating frequency
[31]. Kim et al. [32] establish a simplified linear model for
the IAC compressor’s power and frequency linear relationship
and verify the model through experiments. The model reduces
the computational burden and has been widely integrated into
many control research studies [33]. In this study, this linear
model for IACs is adopted, which is expressed as follows:

{ Pllpjxc(t) = H” IAC( ) + b (2)
Hio(t) = ’f? Tac(t) + b

where n and b, ' are the coefficients of the IAC’s operating
power; 7 and b;] are the coefficients of the IAC’s cooling
capacity; P&{C( ) and f; AC( ) are the compressor’s operating
active power and operating frequency of IAC at time ¢,
respectively. In this research, we are mainly concerned with
utilizing the IAC’s power (i.e., active and reactive power) to
realize the voltage regulation objective by reducing the IAC’s
power consumption. Particularly, we consider the reactive
power variations during voltage regulation which is not a
concern in previous research on IAC participation in voltage
control. Reactive power is determined by active power and
phase deviation between the voltage and current of the IAC
[34], which can be expressed as follows:

%ic(t) PIAC( ) tan ¢/, 3)

where Qgc is the reactive power of the IAC; ¢% is the phase
deviation between the voltage and current of the IAC; tan ¢
is the tangent value of the phase deviation ¢*. The power

factor, defined as cos ¢/, indicates the impact of the phase
deviation on the energy utilization efficiency of the IAC. Since
the room parameters (Cmom, Rmom) and the TAC parameters
(nl ,/@2 ,b i ,b ]) are regarded to be fixed, the active and reactive
power consumption of the IAC at time ¢ can be expressed as
follows:

{ Bielt) = bl 80 Ty 0), W

iac(t) = fo(fixc(®), 75 (t)le;j (), cos (t)).
The above equations provide the active and reactive power
consumption of the single IAC at time ¢. However, the
regulation capacity of a single IAC is relatively small (at the
kW and kEVar level). Aggregating multiple IACs can obtain
significant regulation capacity [35]. The regulation capacity
of aggregating multiple IACs in building ¢ at time ¢ can be
expressed as follows:

Piycs(t) = ,21 PiRc(t),

‘ N &)
Qiacs(t) = Z Qrac(®),

where P}, (t) is the total IACs® active power of building ;

Qiacs(t) is the total IACs’ reactive power of building .

C. Modeling of the Distributed System

The voltage variation at each node is influenced by power
generation and consumption. The node voltage and power in-
jection of the distribution system can be expressed as follows:

B ESEERER)

AV AQuist Spu  Squ AQdiSE‘S)
where A@ is the variation of phase angle at each node in
the system, A0 = [ 61(t) ... 0;(t) ... Opr(t) ]T; AV is the
variation of voltage at each node in the system, AV =
[ Vi(t) . Vi(t) ... Vir(t) |75 APgiy and AQg;s are the ac-
tive and reactive power variation at each node, respectively.
APygisr = [ Pdllst( ) . Péist(t) PC{\I/ét(t) ]T and A(Qdist =
[ QUi (t) e Qi (1) . QIL, (1] Tis the jacobian matrix
with a dimension of 2M x 2M. It depends on both the
distribution system topology and the current operating point
[36]. In this study, the Jacobian matrix J is evaluated at each
operating point using the voltages, phase angle, and power
injection obtained from RTDS simulations. The J~! in the
above equation can be represented by the voltage sensitivity
matrix. The voltage sensitivity matrix is consist of four M x M
submatrices Spy, Sqp, Spu and Squ. Spg and Sqp are the phase
angle sensitivity of active and reactive power, respectively.
Spu and Squ are the voltage sensitivity of active and reactive
power, respectively. The voltage sensitivity matrix represents
the relationship between node voltages and power injection.
The power variation can be expressed as follows:

{ APJ]%( ) AF)]joads(t) + AP;;VS (t)a
AleSt( ) - AQioads(t) + AQ%’VS@)?

where APi, and AQby, are the active and reactive power
variation at building 7 caused by the PV power generation,
respectively; AP, 4 and AQ)] 4 are the active and reactive

(7
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power variation at building ¢ caused by the demand-side
load, respectively. The demand-side loads consist of two main
components: regulation resources, which in this context are
IACs, and non-regulating loads. The active and reactive power
variation of demand-side loads can be expressed as follows:

APﬁoads( ) ARZ%( ) + APrforeg( )
AQLoads (t) reg( ) + AC?noreg( ) (8)
AP, rleg( ) = Piscs(t) — P IA_Cs(t 1),
ACgreg( ) QIACS( ) Q}ACs(t - 1)7
where AP!  and AQ? .. are the active and reactive power

noreg noreg
variation of non-regulating loads, respectively; APﬁeg and

AQfeg are the active and reactive power variation of the
regulation resources, respectively.

The Eq. (6) describes the basic principle of phase angle
deviations and voltage deviations in the distribution system.
The voltage deviation is related to the deviations of active and
reactive power, which can be expressed as follows:

_ _ [ Qi i APy (t)
AV = Vit ) Vi = [ S Sty ]| AR ]
where Spy; and S§y; are the i row of Spy and Squ, respectively.
The Eq. (9) formulates the voltage deviation AV, at node i
as the matrix product of the voltage sensitivity vector and
the system power variation vector of the system. To facilitate
subsequent calculations, the above equation can be rewritten
as follows:

zi(t 4+ 1) = z;(t) + By uy(t Z B,7u:(t),  (10)
i= 1,7.751
where

z;i(t) = Vi(t),
A iy i A i1 i

Bi-,i = [ SPU SQU ]’B177 = [ Sp7U SQ7U ]7 (11)
a [ AP (1) ] A | AP (1)

u;(t) = (iilSt Jus(t) = dist ,

€ { AQg;x (1) i) AQ: (1)

where Vi € Z; Sy’ and Séfj are the voltage sensitivity of
building % active and reactive power injection, respectively;
S and Séé are the voltage sensitivity of active and reactive
power injection from building ¢ to its neighboring building
1, respectively; w; and u; are the control input matrix. In
this rewritten form, the original voltage sensitivity vector is
expanded into B, ; and B, 5, while the system power variation
vector is expanded into ul and u;.

D. Modeling of Communication Topology

An accurate topology is critical to design the cost function
in the distributed voltage regulation. As shown in Fig. 1(a), the
DSO only communicates with IoT gateways in buildings close
to the transformer in the distribution system. The adjacent
IoT gateways in the building are allowed to communicate.
The TACs in each building are aggregated through the IoT
gateways. The adjacent IACs in the building are allowed to
communicate. Therefore, there are IACs topology Giacs =
{Viacs; E1acs} and buildings topology Gg = {Vg, &} in this
study; where Viacs is the set of IAC nodes; Vg is the set

i
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Fig. 2. The structure of the DCMPC.

of building nodes; Eacs € Viacs X Viacs is the set of edges
in IACs connection; &g C Vg x Vg is the set of edges in
buildings connection. The relationship among the nodes in the
communication topology is defined as follows:

a5 = 1,if{ij,ij} € Euacs,

555 = 0, Zf{yvzf]v} ¢ &iacs,

vr = 1if{i, i} € &,

Vi = 07if{i77} ¢ &p,
where Vi € T; Vj € J; {ij,ij} means that there is an
undirectional edge between IAC (ij) and IAC (ij) in the

graph; {z,?} means that there is an undirectional edge between
building ¢ and building ¢ in the graph.

12)

III. DESIGN OF DISTRIBUTED CONSENSUS-BASED MPC
METHOD

A. Structure of the DCMPC

This paper proposes the DCMPC method to coordinate the
active and reactive power of IACs to participate in voltage
regulation and achieve thermal comfort for customers during
voltage regulation. The structure of the proposed DCMPC
algorithm is shown in Fig. 2 and the pseudo-code is shown
in Algorithm 1. In this study, the IoT gateway plays an
important role in facilitating the transmission of control signals
between the DSO and specific buildings, while managing the
power regulation of IACs within each building. The DSO
will send regulation signals directly to specific buildings
(1,9, ...), which are adjacent to the DSO as shown in Fig. 2.
These specific buildings change the operating power of the
IACs in response to regulation signals. And the neighbouring
buildings (2,10,...) will also adjust their IACs’ operating
status according to the state of the specific buildings. For each
building, the TACs control signals are sent down through the
IoT gateway. Due to the large number of IACs in the building,
the IoT gateway will only transmit control signals directly
to specific IACs. As shown in Fig. 2, the IoT gateway in
building 1 will send the control signals directly to specific
IACs (N — 1, N,...). Other TACs in the building interact
with neighbouring IACs through the communications network.
Finally, the whole building cooperates to complete the optimal
control action. This process is also referred to as distributed
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Algorithm 1: Distributed Consensus-Based Model
Predictive Control (DCMPC) Algorithm

Input: Initialisation Value: Room
parameters:(C%  RY T Tg”) of each
room; IAC parameters:

(Hijv b§j7 Héjv béj’ {;JAC (t)v I%C (t)7 frtej:f (t)) of
eac_h IAC; Power S_ystem_to RTDS:

(Pﬁoads7 Qioads7 Pf’Vs’ Q%’Vs) of each

node; Comfort temperature range of the
customer: [T T 1

Update: Node voltage V;; Room indoor temperature

T;7; 1ACs power PJ.(t) and Q}%(t) of each building.

1 Obtain RTDS node status
(Pﬁoads’ Q’ioads’ Plg'\/s’ Q%Vs’ ‘/1)’

2 if PCC voltage V}y does not exceed the setting
threshold of [0.95,1.05]p.u. then

3 | Return.

4 else

5 DSO sends the control signal to the

(1,8,9, 18,19, 29, 30,40) IoT gateway;

6 for i =1,2,...,40 do

7 STEP1: Construct the state equation z;(t)
based on physical description of the
distribution system according to Eq.10;

8 STEP2: Construct the predictive model X;(t)
in the building according to Eqs.13-16;
9 STEP3: Solve the optimal problem(Egs.

24-26) to obtain the control input
u(i)(l)(A‘PIiACs and AQfACS) Of IACS;

10 STEP4: if IACs control event
determination: ¢;(t) = 1(Based on Eq.23)
then

11 STEPS: IoT gateway update the

state(active power regulation signals Té(t)
and reactive power regulation signals
74(t)) base on consensus process Eq.22;

12 STEPG6: Calculate the IAC state s;; base
on consensus process Eqs.18-21:

13 if /7. (t) € [T, , T, ] then

14 IAC changes state s;;(t), the
L compressor frequency ffic (t) update;

15 else

16 IAC without regulation, the s;;(t) and
L 12 o(t) do not change;

17 STEP7: Calculate the power P7(t) and

17 o(t) of each IACs according to

EqS.1-4;

18 STEPS: Calculate the power Py (t) and

Qircs(t) of IACs for each building
according to Eq.5.

19 Update the IACs power Py (t) and Qi (t) to
RTDS node status (P}, 40 Q% onds)-

consensus control. DCMPC is fundamentally based on the tra-
ditional MPC and integrates the distributed consensus control.
The consensus-based approach ensures that control strategies
among buildings remain consistent through collaboration.

B. Predictive Model

Eq.(10) provides the physical description of the distribution
system. It reflects the coupling between the voltage and
the active and reactive power injection of all nodes. In the
DCMPC framework, the predictive model of building ¢ from
the moment ¢ to the moment ¢+ p can be expressed as follows:

T=1i R
1

v
> B > wlt+klt),

p—1
k=0

2

M p—1
i=1,i#1 k=0

. (13)
where u; (t+p|t) denote the predicted control input of the step
t+p at moment ¢; x;(t+plt) denote the predicted system state

of the step ¢ + p at moment ¢. For calculation purposes, Eq.
(13) can be simplified as follows:

M
Xi(t) =zi(t) + GiUi(t) + > G;U;(1)), (14)
i=1,ii
where
X,(t)=[ wi(t + 1)) @t +2[t) .. a(t+plt) ],
U= w(tlt) w(t+1)) .. wt+p—1j) ],
Uih=[ wtl) wt+10) . wt+p-1l) ],
(15)
Bz,z 0 0 Bz; 0 0
0 0
G,=| Bi; B, 0 |.G;=| Bz B;; 0
B, Bi; ... By B,; B; .. B
(16)

C. Model Constraints

The prediction model is mainly constrained by the operating
limitations of distribution systems and IACs. To ensure the
voltage security of distribution systems, the fluctuation range
of the voltage is limited to [0.95,1.05] p.u., which can be
expressed as follows:

nll) s, (17)

2

0.95 <

The constraints of the IAC include the operating power
constraint and thermal comfort constraint.
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a) The IAC operating power constraint: The active
power output P7 ~ and reactive power output Q)  of the IAC
must operate within their rated capacities. These constraints
ensure that the control input operates within the practical
operational range of the IAC.

b) The thermal comfort constraint: As shown in Fig. 3,
the indoor temperature 77’ (t) needs to stay within the cus-
tomer comfort requirement, thereby achieving thermal com-
fort. The DSO can send messages to the building’s IoT
gateway to adjust the IAC’s power up and down. If the indoor
temperature does not reach the down regulation temperature
limit 7%, the IAC can switch to down regulation. Alter-
natively, if the indoor temperature does not reach the up
regulation temperature limit 777, , the IAC can switch to up
regulation. If the temperature exceeds the customer comfort
requirement, the IAC operates in stop regulation state. The

above constraints of the TAC can be expressed as follows:
0< P
0< QIAC
T3

min

< ‘PIAC max’

= QIAC ,max’
< T < T

max?

(18)

ij ij .
where Piac max a0d Qrac max are the rated active and re-

active power of the IAC, respectively; 777 (¢) is the indoor
temperature at time ¢, 7T “ and T _ are the minimum and

min max

maximum allowable temperatures, respectively.

D. IACs State Definition

The active and reactive power of the IAC depends on the
operating state s;;(¢). The state is determined by both the IAC
and the indoor temperature. The DSO can control the state
of the TAC by sending status messages to the building’s IoT
gateway. In this way, the customer’s privacy can also be effec-

tively protected. The IACs’ states s = [s11, S12, .--Sij, ---SM N
are defined as follows:
7{10@)—]‘:3’ Up Reg. and
fIAC ref ..
j_'llﬁ] (t) e [Tmln’ ﬂilax]
Ac()=fd
55 (t) = Iféic reff, Down Reg. and (19)
1—‘111"17 (t) 6 [Tmln’ Tf/i]ax]
5i5(t), Stop Reg. or
CZ—‘IZI‘lj (t) ¢ [Tml]']’ Trlnax]

where f ? is the initial operating frequency of the IAC in room
7, building ; fI Ac 1s the upper limitation of the IAC’s operating
frequency; fi3 Jiac is the lower limitation of the IAC’s operating

frequency; fJ. and f{]. are subject to device features. f3.
is the operating frequency of the IAC in room j, building %
which is defined as follows:

fede = sig (1)
sij (t) (£l —

-
IAC

ij
ref

);
c);

Up Reg. and
Tl (1) € [T,
Down Reg. and

T (1) € [T T

Stop Reg. or
T2(t) ¢ [T,

in min’
(

l”ilax
- i
fiac(t) = Fret f

Fret

T’L

max
)

JULY 2024

Stop Regulation

Power Down Regulation

The Customer
Comfort
Requirement

Power Up Regulation
Stop Regulation

Fig. 3. The thermal comfort constraint of the IAC.
E. Consensus Algorithm of IACs

The state of the IAC in the building is changed by in-
teracting control information with neighbouring IACs. The
consensus-based approach ensures that control strategies
among IACs in the system remain consistent. According to
the standard average consensus algorithm for the undirected
graph [37], the relationship among the nodes of the IACs can
be expressed as follows:

N
Szj(t) = Z 5ij,i}aij7i}(5ij (t) - SJ(t)), (21)
J=1,§#j
where 0, . j J denotes the coupling strength between node j

and node j in building i. The consensus algorithm parameter
5” ;7 mainly affects the speed and range of regulation among
neighboring IACs. Higher values indicate faster regulation,
while lower values indicate slower regulation. Through the
above information interaction process, the IACs in the building
can finally realise the regulation signals of the IoT gateway.
The IoT gateway states of the building i, i.e., the active power
regulation signals ré(t) and reactive power regulation signals
74(t), can be expressed as follows:

o(0) = x0T, i 3550 = 3(0) + AP,
ra(t) = <>[§a1m<sm<t> r(0) + BAQic:

" (22)
where c¢;(t) is the event trigger function, which determines
whether the IoT gateway sends the regulation signal or not;
1,jr 1s the node number of the IoT gateway in the building.
aij i, 4. denotes the relationship between IACs ¢j and IoT
gateway. The a;;; ; is 1 if there is communication between
IAC ij and IoT gateway, otherwise the a;j;, ;. is 0. 3; is the
control coefficient of the active and reactive power regulation
signal; [3; determines how fast or slow the IoT gateway
sends power regulation signals to the IAC 7j. Higher weights
indicate faster regulation, while lower weights indicate slower
regulation. ¢;(t) can be expressed as follows:

J

=15

‘AQ%ACJ > Qs

(23)
]where P}, and Q}, are the active and reactive power variation

limitation of the building 7, respectively.

|A IACs’ > P, thr or
0, otherwise,
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FE. Control Optimization

Distribution system voltage regulation aims to keep the
voltage operating within the security range [38]. Therefore,
voltage quality is the essential factor in evaluating the effec-
tiveness of voltage regulation. From the above analysis, the
objective function of building ¢ optimization processing can
be expressed as follows:

Ji(t) = [[Xa(t) = X7,

where Q; is the positive definite coefficient matrix of building
i. The Q, implies the weight of the safety objective to be
considered in the DCMPC controller optimization. X' is the
reference voltage of the buildings 7. Let V(¢ +p|t) represent
the forecasted reference voltage of building ¢ for step ¢t + p at
moment #; And X' can be expressed as follows:

(24)

X = [ VeIt 1) Vil +20t)

(25)
The objective function of building ¢ in the distribution system
can be expressed as follows:

M
min J9(t) = min Y Ji(). (26)
i=1
The above objective function needs to satisfy the voltage and
IACs constraints shown in Egs. (17) and (18). Sequential least
squares quadratic programming is a mathematical optimization
technique typically used to find optimal solutions for MPC
controller [39]. It can handle non-linear constraints and is

Vel +plt) ]

suitable for the optimization problem in this study. Through
the optimization algorithm, we can obtain the optimal control
sequence U7 of building i. The first control input u;’(l) in
the optimal control sequence Uj is chosen as the control
result for building . This process ensures that the control
input chosen for each building is optimal within the context
of the entire system’s dynamics and future predictions. This
method is referred to as the rolling optimization mechanism.
The IoT gateway of the building 7 launches the consensus
processing after obtaining the optimal control result to control
the IACs. The building collects power changes and voltage
variations through sensors and conducts the next round of
rolling optimization.

G. The Convergence Analysis of the DCMPC

The Lyapunov stability theory can prove the convergence
of the DCMPC. Regarding the objective function Eq. (26) of
the DCMPC optimization problem as a Lyapunov function.
Therefore, we can obtain the relationship as follows:

{ J () = 0,(X,(t) - X{) =0,

J2(t) > 0, otherwise. @D

where (X;(t) — X*") is an equilibrium state of the building
i. Assume that at the moment ¢, the optimal control sequence
U°" of building 4 corresponds to state X} (t), and the Lyapunov
function is J¢"(¢). Assuming that the system is not suffering
from any disturbance after the moment ¢ 4 p and the system
state is equal to V. The state sequence corresponding to
building ¢ at the next moment is as follows:
wi(t +plt) I

(28)
The Lyapunov function value is updated from JS*(¢) to J¢" (t+
1), which can be expressed as follows:

Xi(t+1) = [ o;(t+20t) Vst

JU+1) =J0) - % qi(i(t + 1[t) = Vi(t + 1]t))?

i=1
M
+ 20 a(VR = Vit +p+1[1)%
=1
(29)
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Fig. 6. A campus distribution system with 40 buildings.

where the parameter ¢; belongs to Q; is a positive number.
The previous assumption is that there is no disturbance after
the ¢t 4+ p moment, and the error between the system state Vf“"
and the predicted value V(¢ + p + 1|t) is close to zero. The
Eq. (29) can be represented as follows:

I (t+1) < I ().

Therefore, the rolling optimization process of DCMPC is a
gradual stable process. The convergence of DCMPC is proved.

(30)

IV. HARDWARE-IN-THE-LOOP EXPERIMENTAL PLATFORM
A. The Structure of HIL Experimental Platform

To enhance the validation of the proposed DCMPC algo-
rithm, we have developed a HIL experimental platform. Fig. 4
shows the framework of the HIL platform, which consists
of the distribution system simulation, regulation controller,
and TACs management system. As shown in the structure,
Fig. 4(a) is an RTDS that simulates the operation of a
realistic distribution system in real time and with high ac-
curacy. Fig. 4(b) is a computer that enables bi-directional
communication with RTDS and IACs management system.
The cloud server(Fig. 4(c)) can store the operating data. The
main hardware in the HIL experimental platform is the IACs
management system, including the control cabinet(Fig. 4(d)),
meter(Fig. 4(e)), IoT gateway(Fig. 4(f)), and IR control sen-
sor(Fig. 4(g)). Based on this HIL platform, we can realize
an enhanced simulation of RTDS distribution systems with
realistic IACs.

B. Distribution System Simulation

The distribution system simulation unit consists of the
RTDS. RTDS performs excellently in realistically simulating
the operating dynamics of the power system [40]. RTDS feeds
back the operating data (node voltage and node active/reactive
power) of the distribution system to the regulation controller
through the HIL interface. The regulation controller can feed
back the state changes of the IACs to the RTDS to update the
distribution system operation state.

C. Regulation Controller

The regulation controller consists of the computer and the
cloud server. The computer is regarded as a DSO that can
analyse the distribution system information from RTDS and
execute the proposed DCMPC algorithm to send regulation
commands to the IACs management system. The proposed
DCMPC algorithm will be implemented by a program written
in MATLAB running on the computer. The cloud server can
store the TAC’s operating information, and the computer can
get the IAC’s operating data from the cloud service.

N22b N21a N21b

Fire S;atinn sis Drain .Pump

s4

W3l w32 W34

Power flow(Form PV Inverter) = Power flow(11 KV)

TABLE I
THE DESIGN OF THE SCENARIOS
Scenario 1 Scenario 2
Description PV generator unit failure. ~ The clouds pass
through the PV panels.
Time 505 10005
TABLE II
CONTROL METHODS IN DIFFERENT CASES
Case 0 Without regulation
Case 1  Utilizing the DCMPC method.
Case 2 Utilizing the DCMPC method, while without
considering the reactive power regulation.
Case 3 Utilizing the DCMPC method, while without

considering the heterogeneous temperature
requirements of the customer.

D. IACs Management System

The IACs management system is developed for real-time
control of the IACs in the HIL experiment. This system
uses [oT technology to gather real-time operating power from
actual IACs. Fig. 5 is the field demonstration of the IACs
management system. The DSO (i.e., computer in the regulation
controller) can send commands to the control cabinet to
control the IAC through the IR control sensor. The meter
can collect the operating data (i.e., active power, reactive
power) of the IAC and upload it to the IoT gateway. The
IoT gateway uploads the operating data to the cloud service
through the internet network. Based on these components, the
IACs management system can aggregate IACs and respond to
regulation signals from the DSO.

V. EXPERIMENT
A. Experiment Setup

The experiments are conducted based on the HIL ex-
perimental platform described in section IV. The topology
diagram for the campus distribution system with 40 buildings
has been designed in RTDS as shown in Fig. 6. In the
experiments, the allowable voltage fluctuation range is set to
[0.95,1.05] p.u.. The parameters of the consensus algorithm
are set as d;; = 0.45 and B; = 0.00095. The DSO is set to
obtain the operation status of the distribution system every 0.1
s. The control period of the DCMPC controller is set to 1s. To
better verify the proposed DCMPC algorithm’s performance
and voltage regulation efficiency, two scenarios are designed
as shown in Table I.

a) Scenario 1: A fast voltage disturbance event occurs
in the distribution system. RTDS simulates the power deficit
due to PV generator failure. The deficit of active and reactive
power resulted in voltage problems in the distribution system.
Due to the operating reserve and inherent inertia of the



JOURNAL OF IEEE TRANSACTIONS ON POWER SYSTEMS, VOL. XXX, NO. XXX, JULY 2024 10

20357 . B 66

Case 0: Case 1: Case 2:

<evee Deficit cause by PV 15.0
generator failure

e y 6
go,zo— ™y P
= 0251
Q

0204 P e

Case 0: Loads
—— Case 1: Loads
Case 2: Loads

=
B

e Deficit cause by PV
generator failure

0: Loads

1: Loads

2: Loads

o
kS

g /
2 0.157 y
S

Active Power (MW)
=
=

o

< 0.101

Reactive Power (MVar)
=
a

&
=

=
©0.054
@»

=
S

Z0.00 :
& 0 10 20 30 40 50 1 10 20 30 40 50 1 10 20 30 40 50 20 30
Time (s) Time (s) Time (s) Time (s)
() (®) © (d
Fig. 7. The experiment results of scenario 1: (a) states of IACs in each building of Case 1; (b) total active power of the generation side and load side; (c)
total reactive power of the generation side and load side; (d) voltage deviations at PCC.

0.9550
09545 095210
09540
~09535] 095238

Epeist W N(m s oo
09525
© 09520

0.9520
09514
0.9508
0.9502

0.9520
09514
0.9508
0.9502

09520
09514
09508
09502
09496

0.9496 09496

09490

0.9490 09490

& 09515 = 09484 09484 00484

= 09510 09478 09478 00478

;no 9505 0.91x10% 0972 09472 0972

509500 09466 09466 09466

S oS |0 0s4en oo ook
09485 Case l:——

2%

Node

09480 { Case 2:

20
09475 *

600 |51

800 10 600
Time (s)

800 10
Time (s)

1000 5

200 400 600 800 1000 1000 §

Time (s)
(a) (b) (0 (d)
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distribution system, the bus voltage does not collapse in- Coupling (PCC) under scenario 1. It can be seen from Case 0
stantaneously but decreases gradually. The distribution system in Fig. 7(d) that the voltage of the distribution system exceeds
voltage gradually declines to the insecure range. the security range by 2.75 x 107 3p.u.. In contrast, Case 1
b) Scenario 2: A slow voltage disturbance event occurs applies the proposed DCMPC algorithm to ensure the voltage
in the distribution system. The RTDS simulates the clouds operates within the security range.
passing through the PV panels in 1000 s, which causes the Fig. 8(a) shows the variation curves of voltage at the
voltage to drop and then recover in the distribution system. PCC under scenario 2, i.e., the cloud passes through the PV
To verify the proposed DCMPC algorithm properly, we generator. It can be observed from Case O in Fig. 8(a) that
compare four control methods in Table II. Case O does not the voltage will drop and then rise with the shading process if
perform voltage regulation for the distribution system. Case there is no regulation. From Case 1 in Fig. 8(a), it can be seen
1, Case 2, and Case 3 use the proposed DCMPC algorithm to  that the proposed DCMPC algorithm is efficient in keeping the
realize voltage regulation. The difference between Case 1 and voltage within the normal fluctuation range.
Case 2 is that Case 1 considers the reactive power regulation The experimental results show that the DCMPC algorithm
during the voltage regulation process while Case 2 does not. can dispatch IACs to maintain voltage stability when a fast
The difference between Case 1 and Case 3 is that Case 1 or slow voltage disturbance event occurs in the distribution
considers the heterogeneous temperature requirements of the system.
customer during the voltage regulation process while Case 3
does not. In the next three subsections, the performance of ¢ Result Analysis Considering Reactive Power Regulation
the DCMPC algorithm under two scenarios and four control Case 1 and Case 2 verify that the proposed DCMPC

methods will be analyzed respectively. algorithm considering the IACs’ reactive power regulation will
. ) be better than the traditional method without considering the
B. Result Analysis of Voltage Regulation IACs’ reactive power regulation. The IACs’ reactive power

Fig. 7(a) shows the convergence of the states of each regulation is considered in the DCMPC algorithm of Case 1.
building’s IACs of Case 1 in scenario 1. It can be seen that the In Case 2, the variation of IACs’ reactive power follows the
IAC state in each building changes and eventually stabilizes variation of IACs’ active power as the relationship described
in each control period. Fig. 7(b) and (c) show the variation of in Eq. (3).
active and reactive power of the generation side and load side, From the results of scenario 1 in Fig. 7(b), it can be found
respectively. It can be seen that the distribution system suffers that Case 2 does not consider the reactive power of the IACs. It
a deficit of active and reactive power at 1s. The active and will cause the active power to exceed the system deficit to meet
reactive power of loads in Case 0 does not change. In Case voltage security requirements. Although the reactive power
1, the active and reactive power of the load will gradually of the IACs is regulated with the active power, the reactive
regulate and finally close to the active and reactive power power of the loads will not meet the system deficit as shown
deficit of the system as shown in Fig. 7(b) and (c). Fig. 7(d) in Fig. 7(c). From the results of Fig. 7(d), it can be found that
shows the variation curves of voltage at the Point of Common this control strategy can meet the voltage security operation
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Fig. 9. The experiment results of scenario 2: (a) the response of the IACs in the building S3 to the DCMPC controller commands under the Case 1; (b) the
indoor temperature of the IACs under the Case 1; (c) the active power of the IACs under the Case 1; (d) the indoor temperature of the three rooms in the
building S3; (e) the response of the IACs in the building S3 to the DCMPC controller commands under the Case 3; (f) the indoor temperature of the IACs
under Case 3; (g) the active power of three IACs under Case 3; (h) the active power of the three IACs in the building S3.

requirements but still has a fluctuation of 1.0 x 10~ 3p.u.
compared to the normal operation state.

As for scenario 2 in Fig. 8(a), it can be seen that the
proposed DCMPC algorithm used in Case 1 and Case 2 is
efficient in keeping the voltage within the normal fluctuation
range. However, the reactive power is not considered in Case
2 and there is a 0.91 x 10~3p.u. voltage fluctuation in Case
2.

To better analyze the proposed method’s effectiveness, each
node’s voltage variation in Case 0 — 2 is illustrated as shown
in Fig. 8(b) — (d). It can be seen that both the Case 1 and
Case 2 methods can improve the distribution system voltage
quality. However, the voltage deviations of nodes {3,5,6} in
Case 2 still exceed the limit and suffer from under-voltage
problems, as shown in the above Fig. 8(d). The experimental
results show that the proposed DCMPC algorithm considering
the TACs’ reactive power regulation will be better than the
traditional method without considering the IACs’ reactive
power regulation.

D. Result Analysis of Thermal Comfort for Customers

To verify the proposed DCMPC algorithm considering the
thermal comfort for customers, we compare Case 1, and Case
3 under scenario 2. Case 1 and Case 3 use the proposed
DCMPC algorithm to realize voltage regulation. Based on
the statistical analysis of the collected data, the room outdoor
temperature is assigned within the range of 30°C' to 32°C,
while the initial indoor temperature is assigned within the
range of 23°C' to 26°C. The maximum and minimum indoor
temperature deviation is assigned within the range of 1°C
to 3°C. This range aligns with Fanger’s PMV theory [41]
where thermal comfort is achieved when temperature devi-
ations are dynamically balanced with customer temperature
requirements. Case 1 considers the customer’s heterogeneous
temperature requirements during the voltage regulation. When
the indoor temperature exceeds the customer’s setting, the IAC

in Case 1 will revert to its initial operating state to maintain
the indoor temperature, while Case 3 will not. A building from
the distribution system is selected to explore the variations in
IACs’ power and temperature during the regulation process.

Fig. 9(a) and (e) illustrate the response of the IACs in
building S3 of the distribution system to the DCMPC con-
troller commands under the methods of Case 1 and Case 3,
respectively. It can be observed that the actual power variation
of the IACs can follow the expected trajectory. Fig. 9(b) and
(f) illustrate the changes of each room’s indoor temperature
in building S3, respectively. It can be observed that the
experiment will cause the indoor temperature to increase
more than 1 °C and then decrease. While some abruptly
changing curves can be observed during the regulation process
in Fig. 9(b). Fig. 9(c) and (g) illustrate the variations in the
active power of each IAC in building S3, respectively. From
Fig. 9(c) and Fig. 9(g), it can be apparently observed that
the IACs’ active power follows the control command decrease
and then increase. While some abruptly changing curves can
be observed during the regulation process in Fig. 9(c).

Fig. 9(d) and (h) illustrate the variations of three rooms’
indoor temperatures and the active power of the IACs in
building S3, respectively. The customers in room 1 and room
2 set the allowable indoor temperature deviation is 1 °C,
while room 3 is 3 °C. As shown in Fig. 9(d), the IAC of
room 1 and room 2 in Case 1 will not follow the control
command when the indoor temperature exceeds 1 °C. Since
the customer’s heterogeneous temperature requirements, the
IACs of room 1 and room 2 in Case 1 will revert to their initial
active power to ensure the indoor temperature remains at its
initial level, as shown in Fig. 9(h). The indoor temperature
of these rooms gradually reverts to its initial temperature
in Case 1 due to the customer’s heterogeneous temperature
requirements. The DCMPC’s consensus process and rolling
optimization mechanism can compensate the power deficit of
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room 1 and 2 in real-time and allows room 3 to provide more
power to ensure that building S3 meets the system’s power
requirements, as shown in Fig. 9(h).

From the above analysis, it can be observed that the
proposed DCMPC algorithm considers the customer’s hetero-
geneous temperature requirements. The consensus processing
enables the IACs to adjust their power demand based on
indoor temperature during the voltage regulation process. It
can ensure the indoor temperature is within the customer
comfort requirement, thereby achieving thermal comfort. The
distribution system voltage can reach a consensus security state
finally.

VI. CONCLUSION

Distribution system voltage violation problems are severely
challenged by the gradually increasing penetration of dis-
tributed renewable energies. IACs can provide voltage reg-
ulation services to the distribution system if they can be
aggregated and regulated. This paper proposes DCMPC al-
gorithms to coordinate the active and reactive power of
IACs to participate in voltage regulation and achieve good
thermal comfort for customers. The HIL experiments show
that the proposed DCMPC algorithm can maintain the voltage
within the security range. The proposed DCMPC algorithm
considering both TACs’ active and reactive power offers 50%
security margin more than the traditional regulation without
considering the reactive power. Consesus-based processing of
IACs with distributed features allows the IACs to be appro-
priately scheduled to respond to the regulation signals. The
thermal comfort for customers, i.e., the heterogeneous indoor
temperature requirements of the customer, is also considered
in the regulation process. The proposed DCMPC algorithm
greatly improves the efficiency of the voltage regulation of
the distribution system.
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