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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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DSO Distribution system operator
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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
SPθ The phase angle sensitivity of active power
SQU The voltage sensitivity of reactive power
SQθ The phase angle sensitivity of reactive power
∆Pdist The active power variation at each node
∆Qdist The reactive power variation at each node
κij

1 The coefficients of the IAC’s operating power
κij

2 The coefficients of the IAC’s cooling capacity
ϕij The phase deviation between the voltage and current

of the IAC
J The jacobian matrix
bij1 The coefficients of the IAC’s operating power
bij2 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
P ij
IAC,max The rated active power of the IAC

Qij
IAC,max The rated reactive power of the IAC

T ij
max The maximum allowable temperature

T ij
min The minimum allowable temperature

Si
PU The i row of SPU

Si
QU The i row of SQU

cosϕij The power factor of the IAC
γi,̃i The communication relationship between building i

and building ĩ
aij,̃ij̃ The communication relationship between IAC ij and

IAC ĩj̃
Cij

room The room’s equivalent air heat capacity
Rij

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

Si,̃i
PU The voltage sensitivity of active power injection from

building i to its neighboring building ĩ
Si,i

PU The voltage sensitivity of building i active power
injection

Si,̃i
QU The voltage sensitivity of reactive power injection

from building i to its neighboring building ĩ
Si,i

QU The voltage sensitivity of building i reactive power
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injection
Set
EB The set of edges in buildings connection
EIACs The set of edges in IACs connection
GB The buildings topology
GIACs The IACs topology
I The set of buildings
J The set of rooms in the building
VB The set of building nodes
VIACs The set of IAC nodes
s The set of IAC states
Variable
βi The building consensus algorithm parameter
∆θi The phase angle variation at building i in the system
∆P i

dist The active power variation at building i
∆P i

Loads The active power variation of demand-side loads
∆P i

noreg The active power variation of non-regulating loads
∆P i

PVs The active power variation of PV power generations
∆P i

reg The active power variation of regulation resources
∆Qi

Loads The reactive power variation of demand-side loads
∆Qi

noreg The reactive power variation of non-regulating loads
∆Qi

PVs The reactive power variation of PV power generations
∆Qi

reg The reactive power variation of regulation resources
∆Vi The voltage variation at building i in the system
δij,ij̃ The IAC consensus algorithm parameter
∆Qi

dist The reactive power variation at building i
f ij

IAC The operating frequency of IAC in room j, building i
i The building number
j The room number
P i
IACs The total IACs’ active power of building i

Qi
IACs The total IACs’ reactive power of building i

t The system operating time
Qi The control coefficient matrix
Xi The system state matrix of building i
Hij

IAC The cooling capacity of the IAC in room j, building
i

P ij
IAC The active power of IAC in room j, building i

Qij
IAC The reactive power of IAC in room j, building i

rip The active power regulation signals
riq The reactive power regulation signals
sij The IAC operating state
T ij

in The room’s indoor temperature in room j, building i
T ij

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

xi The system state of building i
ui The control input matrix

I. INTRODUCTION

D 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 IACs 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 IAC 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.

• 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.

• 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
II 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:

Cij
room

dT ij
in (t)

dt
=

T ij
o (t)− T ij

in (t)

Rij
room

−Hij
IAC(t), (1)

where Cij
room is the room’s equivalent air heat capacity; Rij

room

is the equivalent thermal resistance of the room’s envelope;
T ij

in (t) is the room’s indoor temperature at time t; T ij
o (t)

is the room’s outdoor temperature at time t; Hij
IAC(t) is the

cooling capacity of the IAC at time t; i is the building number,
∀i ∈ I; I = {1, 2, 3, ...,M} is the set of buildings; M is the
total building number in the distribution system; j is the room
number, ∀j ∈ 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:{

P ij
IAC(t) = κij

1 f ij
IAC(t) + bij1 ,

Hij
IAC(t) = κij

2 f ij
IAC(t) + bij2 ,

(2)

where κij
1 and bij1 are the coefficients of the IAC’s operating

power; κij
2 and bij2 are the coefficients of the IAC’s cooling

capacity; P ij
IAC(t) and f ij

IAC(t) are the compressor’s operating
active power and operating frequency of IAC at time t,
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:

Qij
IAC(t) = P ij

IAC(t) tanϕ
ij , (3)

where Qij
IAC is the reactive power of the IAC; ϕij is the phase

deviation between the voltage and current of the IAC; tanϕij

is the tangent value of the phase deviation ϕij . The power

factor, defined as cosϕij , indicates the impact of the phase
deviation on the energy utilization efficiency of the IAC. Since
the room parameters (Cij

room, Rij
room) and the IAC parameters

(κij
1 ,κij

2 ,bij1 ,bij2 ) are regarded to be fixed, the active and reactive
power consumption of the IAC at time t can be expressed as
follows:{

P ij
IAC(t) = fP(f

ij
IAC(t), T

ij
o (t), T ij

in (t)),

Qij
IAC(t) = fQ(f

ij
IAC(t), T

ij
o (t), T ij

in (t), cosϕ(t)).
(4)

The above equations provide the active and reactive power
consumption of the single IAC at time t. However, the
regulation capacity of a single IAC is relatively small (at the
kW and kV ar level). Aggregating multiple IACs can obtain
significant regulation capacity [35]. The regulation capacity
of aggregating multiple IACs in building i at time t can be
expressed as follows:

P i
IACs(t) =

N∑
j=1

P ij
IAC(t),

Qi
IACs(t) =

N∑
j=1

Qij
IAC(t),

(5)

where P i
IACs(t) is the total IACs’ active power of building i;

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

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:[

∆θ
∆V

]
= J−1

[
∆Pdist

∆Qdist

]
=

[
SPθ SQθ

SPU SQU

] [
∆Pdist

∆Qdist

]
,

(6)
where ∆θ is the variation of phase angle at each node in
the system, ∆θ = [ θ1(t) ... θi(t) ... θM (t) ]T; ∆V is the
variation of voltage at each node in the system, ∆V =
[ V1(t) ... Vi(t) ... VM (t) ]T; ∆Pdist and ∆Qdist are the ac-
tive and reactive power variation at each node, respectively.
∆Pdist = [ P 1

dist(t) ... P
i
dist(t) ... P

M
dist(t) ]T and ∆Qdist =

[ Q1
dist(t) ... Q

i
dist(t) ... Q

M
dist (t)]T. J is the jacobian matrix

with a dimension of 2M × 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−1 in the
above equation can be represented by the voltage sensitivity
matrix. The voltage sensitivity matrix is consist of four M×M
submatrices SPθ, SQθ, SPU and SQU. SPθ and SQθ 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:{

∆P i
dist(t) = ∆P i

Loads(t) + ∆P i
PVs(t),

∆Qi
dist(t) = ∆Qi

Loads(t) + ∆Qi
PVs(t),

(7)

where ∆P i
PVs and ∆Qi

PVs are the active and reactive power
variation at building i caused by the PV power generation,
respectively; ∆P i

Loads and ∆Qi
Loads are the active and reactive
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power variation at building i 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:

∆P i
Loads(t) = ∆P i

reg(t) + ∆P i
noreg(t),

∆Qi
Loads(t) = ∆Qi

reg(t) + ∆Qi
noreg(t),

∆P i
reg(t) = P i

IACs(t)− P i
IACs(t− 1),

∆Qi
reg(t) = Qi

IACs(t)−Qi
IACs(t− 1),

(8)

where ∆P i
noreg and ∆Qi

noreg are the active and reactive power
variation of non-regulating loads, respectively; ∆P i

reg and
∆Qi

reg 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:

∆Vi = Vi(t+ 1)− Vi(t) =
[
Si

PU Si
QU

] [ ∆Pdist(t)
∆Qdist(t)

]
,

(9)
where Si

PU and Si
QU are the i row of SPU and SQU, respectively.

The Eq. (9) formulates the voltage deviation ∆Vi 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:

xi(t+ 1) = xi(t) + Bi,iui(t) +

M∑
ĩ=1,̃i̸=i

Bi,̃iuĩ(t), (10)

where
xi(t) = Vi(t),

Bi,i
∆
= [ Si,i

PU Si,i
QU ],Bi,̃i

∆
= [ Si,̃i

PU Si,̃i
QU

],

ui(t)
∆
=

[
∆P i

dist(t)
∆Qi

dist(t)

]
,uĩ(t)

∆
=

[
∆P ĩ

dist(t)

∆Qĩ
dist(t)

]
,

(11)

where ∀̃i ∈ I; Si,i
PU and Si,i

QU are the voltage sensitivity of
building i active and reactive power injection, respectively;
Si,̃i

PU and Si,̃i
QU are the voltage sensitivity of active and reactive

power injection from building i to its neighboring building
ĩ, respectively; ui and ũi are the control input matrix. In
this rewritten form, the original voltage sensitivity vector is
expanded into Bi,i and Bi,̃i, while the system power variation
vector is expanded into ui and ũi.

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 IACs 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, EIACs} and buildings topology GB = {VB, EB} in this
study; where VIACs is the set of IAC nodes; VB is the set
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Fig. 2. The structure of the DCMPC.

of building nodes; EIACs ⊆ VIACs × VIACs is the set of edges
in IACs connection; EB ⊆ VB × VB is the set of edges in
buildings connection. The relationship among the nodes in the
communication topology is defined as follows:

aij,̃ij̃ = 1, if{ij, ĩj̃} ∈ EIACs,

aij,̃ij̃ = 0, if{ij, ĩj̃} /∈ EIACs,

γi,̃i = 1, if{i, ĩ} ∈ EB,

γi,̃i = 0, if{i, ĩ} /∈ EB,

(12)

where ∀̃i ∈ I; ∀j̃ ∈ J ; {ij, ĩj̃} means that there is an
undirectional edge between IAC (ij) and IAC (̃ij̃) in the
graph; {i, ĩ} means that there is an undirectional edge between
building i and building ĩ in the graph.

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 IACs 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 IACs 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:(Cij

room, R
ij
room, T

ij
in , T

ij
o ) of each

room; IAC parameters:
(κij

1 , b
ij
1 , κ

ij
2 , b

ij
2 , f

ij
IAC(t), f

ij
IAC(t), f

ij
ref(t)) of

each IAC; Power System to RTDS:
(P i

Loads, Q
i
Loads, P

i
PVs, Q

i
PVs) of each

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

min, T
ij
max];

Update: Node voltage Vi; Room indoor temperature
T ij

in ; IACs power P ij
IAC(t) and Qij

IAC(t) of each building.
1 Obtain RTDS node status

(P i
Loads, Q

i
Loads, P

i
PVs, Q

i
PVs, Vi);

2 if PCC voltage V0 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 xi(t)

based on physical description of the
distribution system according to Eq.10;

8 STEP2: Construct the predictive model Xi(t)
in the building according to Eqs.13-16;

9 STEP3: Solve the optimal problem(Eqs.
24-26) to obtain the control input
uo(1)
i (∆P i

IACs and ∆Qi
IACs) of IACs;

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

11 STEP5: IoT gateway update the
state(active power regulation signals rip(t)
and reactive power regulation signals
riq(t)) base on consensus process Eq.22;

12 STEP6: Calculate the IAC state sij base
on consensus process Eqs.18-21:

13 if T ij
IAC(t) ∈ [T ij

min, T
ij
max] then

14 IAC changes state sij(t), the
compressor frequencyf ij

IAC(t) update;

15 else
16 IAC without regulation, the sij(t) and

f ij
IAC(t) do not change;

17 STEP7: Calculate the power P ij
IAC(t) and

Qij
IAC(t) of each IACs according to

EqS.1-4;
18 STEP8: Calculate the power P i

IACs(t) and
Qi

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

19 Update the IACs power P i
IACs(t) and Qi

IACs(t) to
RTDS node status (P i

Loads, Q
i
Loads).

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 i from
the moment t to the moment t+p can be expressed as follows:

xi(t+ 1|t) = xi(t) +Bi,iui(t|t) +
M∑

ĩ=1,̃i ̸=i

Bi,̃iuĩ(t|t),

xi(t+ 2|t) = xi(t) +Bi,i

1∑
k=0

ui(t+ k|t)+
M∑

ĩ=1,̃i ̸=i

Bi,̃i

1∑
k=0

uĩ(t+ k|t),

...... ,

xi(t+ p|t) = xi(t+ 1) +Bi,i

p−1∑
k=0

ui(t+ k|t)+
M∑

ĩ=1,̃i ̸=i

Bi,̃i

p−1∑
k=0

uĩ(t+ k|t),

(13)
where ui(t+p|t) denote the predicted control input of the step
t+p at moment t; xi(t+p|t) denote the predicted system state
of the step t + p at moment t. For calculation purposes, Eq.
(13) can be simplified as follows:

Xi(t) = xi(t) + GiUi(t) +
M∑

ĩ=1,̃i ̸=i

GĩUĩ(t)), (14)

where

Xi(t)=
[
xi(t+ 1|t) xi(t+ 2|t) ... xi(t+ p|t)

]T
,

Ui(t)=
[
ui(t|t) ui(t+ 1|t) ... ui(t+ p− 1|t)

]T
,

Uĩ(t)=
[
uĩ(t|t) uĩ(t+ 1|t) ... uĩ(t+ p− 1|t)

]T
,

(15)

Gi =


Bi,i 0 ... 0
... ... ... 0

Bi,i Bi,i ... 0
... ... ... ...

Bi,i Bi,i ... Bi,i

 ,Gĩ =


Bi,̃i 0 ... 0

... ... ... 0
Bi,̃i Bi,̃i ... 0

... ... ... ...
Bi,̃i Bi,̃i ... Bi,̃i

 .

(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:

0.95 ≤ xi(t)

V ref
i

≤ 1.05. (17)

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 P ij

IAC and reactive power output Qij
IAC 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 T ij

in (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 T ij

max, the IAC can switch to down regulation. Alter-
natively, if the indoor temperature does not reach the up
regulation temperature limit T ij

min, 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 IAC can be expressed as follows:

0 ≤ P ij
IAC ≤ P ij

IAC,max,

0 ≤ Qij
IAC ≤ Qij

IAC,max,

T ij
min ≤ T ij

in (t) ≤ T ij
max,

(18)

where P ij
IAC,max and Qij

IAC,max are the rated active and re-
active power of the IAC, respectively; T ij

in (t) is the indoor
temperature at time t, T ij

min and T ij
max are the minimum and

maximum allowable temperatures, respectively.

D. IACs State Definition

The active and reactive power of the IAC depends on the
operating state sij(t). The state is determined by both the IAC
and the indoor temperature. The DSO can control the state
of the IAC 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 , ...sMN ],
are defined as follows:

sij(t) =



fij
IAC(t)−fij

ref

fij
IAC−fij

ref

, Up Reg. and

T ij
in (t) ∈ [T ij

min, T
ij
max],

fij
IAC(t)−fij

ref

fij
IAC−fij

ref

, Down Reg. and

T ij
in (t) ∈ [T ij

min, T
ij
max],

sij(t), Stop Reg. or

T ij
in (t) /∈ [T ij

min, T
ij
max],

(19)

where f ij
ref is the initial operating frequency of the IAC in room

j, building i; f ij
IAC is the upper limitation of the IAC’s operating

frequency; f ij
IAC is the lower limitation of the IAC’s operating

frequency; f ij
IAC and f ij

IAC are subject to device features. f ij
IAC

is the operating frequency of the IAC in room j, building i
which is defined as follows:

f ij
IAC(t) =



f ij
ref − sij(t)(f

ij
ref − f ij

IAC), Up Reg. and

T ij
in (t) ∈ [T ij

min, T
ij
max],

f ij
ref − sij(t)(f

ij
ref − f ij

IAC), Down Reg. and

T ij
in (t) ∈ [T ij

min, T
ij
max],

f ij
ref , Stop Reg. or

T ij
in (t) /∈ [T ij

min, T
ij
max].

(20)

max
ijT

min
ijT

in
ijT

The Customer 
Comfort 
Requirement

Power Down Regulation

Power Up Regulation

Stop 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:

˙sij̃(t) =

N∑
j=1,j ̸=j̃

δij,ij̃aij,ij̃(sij(t)− sij̃(t)), (21)

where δij,ij̃ denotes the coupling strength between node j

and node j̃ in building i. The consensus algorithm parameter
δij,ij̃ 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 rip(t) and reactive power regulation signals
riq(t), can be expressed as follows:


ṙp(t) = ci(t)[

N∑
j=1

aij,irjr (sij(t)− rip(t)) + βi∆P i
IACs],

ṙq(t) = ci(t)[
N∑
j=1

aij,irjr (sij(t)− riq(t)) + βi∆Qi
IACs],

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

ci(t) =

{
1,

∣∣∆P i
IACs

∣∣ > P i
thr or

∣∣∆Qi
IACs

∣∣ > Qi
thr,

0, otherwise,
(23)

where P i
thr and Qi

thr are the active and reactive power variation
limitation of the building i, respectively.
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Fig. 4. The structure of HIL platform.
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(f). IoT Gateway

(e). Meter

Fig. 5. Field demonstration of the HIL platform.

F. 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 i optimization processing can
be expressed as follows:

Ji(t) =
∥∥Xi(t)− Xref

i

∥∥2
Qi

, (24)

where Qi is the positive definite coefficient matrix of building
i. The Qi implies the weight of the safety objective to be
considered in the DCMPC controller optimization. Xref

i is the
reference voltage of the buildings i. Let V ref

i (t+p|t) represent
the forecasted reference voltage of building i for step t+ p at
moment t; And Xref

i can be expressed as follows:

Xref
i =

[
V ref
i (t+ 1|t) V ref

i (t+ 2|t) ... V ref
i (t+ p|t)

]T
.

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

min Jo
i (t) = min

M∑
i=1

Ji(t). (26)

The above objective function needs to satisfy the voltage and
IACs constraints shown in Eqs. (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

suitable for the optimization problem in this study. Through
the optimization algorithm, we can obtain the optimal control
sequence Uo

i of building i. The first control input uo(1)
i in

the optimal control sequence Uo
i is chosen as the control

result for building i. 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 i 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:{

Jo
i (t) = 0, (Xi(t)− Xref

i ) = 0,
Jo
i (t) > 0, otherwise.

(27)

where (Xi(t) − Xref
i ) is an equilibrium state of the building

i. Assume that at the moment t, the optimal control sequence
Uo*

i of building i corresponds to state X∗
i (t), and the Lyapunov

function is Jo*
i (t). Assuming that the system is not suffering

from any disturbance after the moment t + p and the system
state is equal to V sta

i . The state sequence corresponding to
building i at the next moment is as follows:

X∗
i (t+ 1) =

[
xi(t+ 2|t) ... xi(t+ p|t) V sta

i

]T
.

(28)
The Lyapunov function value is updated from Jo*

i (t) to Jo*
i (t+

1), which can be expressed as follows:

Jo∗i (t+ 1) = Jo∗i (t)−
M∑
i=1

qi(xi(t+ 1|t)− V ref
i (t+ 1|t))2

+
M∑
i=1

qi(V
sta
i − V ref

i (t+ p+ 1|t))2,
(29)
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Fig. 6. A campus distribution system with 40 buildings.

where the parameter qi belongs to Qi is a positive number.
The previous assumption is that there is no disturbance after
the t+p moment, and the error between the system state V sta

i

and the predicted value V ref
i (t+ p+ 1|t) is close to zero. The

Eq. (29) can be represented as follows:

Jo*
i (t+ 1) ≤ Jo*

i (t). (30)

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

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 IACs 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 IAC’s operating information, and the computer can
get the IAC’s operating data from the cloud service.

TABLE I
THE DESIGN OF THE SCENARIOS

Scenario 1 Scenario 2
Description PV generator unit failure. The clouds pass

through the PV panels.
Time 50S 1000S

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 IoT 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 δij = 0.45 and βi = 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
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1×10-32×10-3

(a) (c) (d) (b) 

2.75×10-3

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.

(a) (b) (c) (d) 

Node 3,5,60.91×10-3

Fig. 8. The experiment results of scenario 2: (a) voltage deviations at PCC; (b) voltage deviations at each node of Case 0; (c) voltage deviations at each node
of Case 1; (d) voltage deviations at each node of Case 2.

distribution system, the bus voltage does not collapse in-
stantaneously but decreases gradually. The distribution system
voltage gradually declines to the insecure range.

b) Scenario 2: A slow voltage disturbance event occurs
in the distribution system. The RTDS simulates the clouds
passing through the PV panels in 1000 s, which causes the
voltage to drop and then recover in the distribution system.

To verify the proposed DCMPC algorithm properly, we
compare four control methods in Table II. Case 0 does not
perform voltage regulation for the distribution system. Case
1, Case 2, and Case 3 use the proposed DCMPC algorithm to
realize voltage regulation. The difference between Case 1 and
Case 2 is that Case 1 considers the reactive power regulation
during the voltage regulation process while Case 2 does not.
The difference between Case 1 and Case 3 is that Case 1
considers the heterogeneous temperature requirements of the
customer during the voltage regulation process while Case 3
does not. In the next three subsections, the performance of
the DCMPC algorithm under two scenarios and four control
methods will be analyzed respectively.

B. Result Analysis of Voltage Regulation

Fig. 7(a) shows the convergence of the states of each
building’s IACs of Case 1 in scenario 1. It can be seen that the
IAC state in each building changes and eventually stabilizes
in each control period. Fig. 7(b) and (c) show the variation of
active and reactive power of the generation side and load side,
respectively. It can be seen that the distribution system suffers
a deficit of active and reactive power at 1s. The active and
reactive power of loads in Case 0 does not change. In Case
1, the active and reactive power of the load will gradually
regulate and finally close to the active and reactive power
deficit of the system as shown in Fig. 7(b) and (c). Fig. 7(d)
shows the variation curves of voltage at the Point of Common

Coupling (PCC) under scenario 1. It can be seen from Case 0
in Fig. 7(d) that the voltage of the distribution system exceeds
the security range by 2.75 × 10−3p.u.. In contrast, Case 1
applies the proposed DCMPC algorithm to ensure the voltage
operates within the security range.

Fig. 8(a) shows the variation curves of voltage at the
PCC under scenario 2, i.e., the cloud passes through the PV
generator. It can be observed from Case 0 in Fig. 8(a) that
the voltage will drop and then rise with the shading process if
there is no regulation. From Case 1 in Fig. 8(a), it can be seen
that the proposed DCMPC algorithm is efficient in keeping the
voltage within the normal fluctuation range.

The experimental results show that the DCMPC algorithm
can dispatch IACs to maintain voltage stability when a fast
or slow voltage disturbance event occurs in the distribution
system.

C. Result Analysis Considering Reactive Power Regulation

Case 1 and Case 2 verify that the proposed DCMPC
algorithm considering the IACs’ reactive power regulation will
be better than the traditional method without considering the
IACs’ reactive power regulation. The IACs’ reactive power
regulation is considered in the DCMPC algorithm of Case 1.
In Case 2, the variation of IACs’ reactive power follows the
variation of IACs’ active power as the relationship described
in Eq. (3).

From the results of scenario 1 in Fig. 7(b), it can be found
that Case 2 does not consider the reactive power of the IACs. It
will cause the active power to exceed the system deficit to meet
voltage security requirements. Although the reactive power
of the IACs is regulated with the active power, the reactive
power of the loads will not meet the system deficit as shown
in Fig. 7(c). From the results of Fig. 7(d), it can be found that
this control strategy can meet the voltage security operation
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(a) (c) (d) (b) 

(e) (g) (h) (f) 

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 × 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 × 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 IACs’ 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 IACs’ 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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