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Event-Triggered Consensus Control of Large-Scale Inverter Air
Conditioners for Demand Response

Jiatu Hong, Hongxun Hui
Ningyi Dai

Abstract—The boom of fluctuating renewable energies puts for-
ward higher requirements on reserve capacity for maintaining the
power system balance. To address this issue, this letter investi-
gates a novel distributed event-triggered consensus control (ETCC)
method of large-scale inverter air conditioners (IACs) for demand
response, which can achieve the same regulation objective and
response speed while significantly relieving the communication bur-
den compared with traditional time-scheduled consensus control
methods. Based on Lyapunov stability theorem, we also prove the
convergence of the ETCC with nonlinear protocol for massive IACs.
Finally, the above models and methods are verified by numerical
studies.

Index Terms—Demand response, inverter air conditioner,
event-triggered consensus control, Lyapunov stability.

I. INTRODUCTION

OWER energy shortage puts forward a higher requirement
P on reserve capacity for maintaining the system balance.
However, it may be difficult for traditional generating units
(e.g., thermal power generators) to provide sufficient reserve
capacity in the near future, because uncontrollable renewable
energies are rapidly increasing to replace generating units. With
the development of Internet of Things, demand response (DR)
provided by massive distributed energy resources at demand
side is regarded as a promising alternative solution. In this paper,
inverter air conditioners (IACs) are particularly investigated due
to: i) IACs have accounted for a major share in the market and
occupied around 30% of the total social power consumption
with significant regulation potential; ii) the power consumption
of IACs can be flexibly controlled [1]; iii) [ACs can be regulated
temporarily while guaranteeing customers’ comfort utilizing
buildings’ thermal inertia. In the projects in US [2] and China [3],
customers with air conditioners can get control modules with
functions of communication and control to participate in regu-
lation services. The economic benefits are pretty attractive for
both customers and power system operator.
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Traditionally, IACs are aggregated and controlled for DR by
the centralized framework, while it has a high requirement on
the control center’s computation performance and may threaten
customers’ data privacy [1]. By contrast, the distributed consen-
sus control framework is more suitable for regulating large-scale
TIACs due to advantages in privacy protection and lower com-
munication infrastructure cost. However, traditional distributed
time-scheduled consensus control (TSCC) methods feature pe-
riodic communication, which leads to waste of communication
resources, especially facing large-scale controllable IACs [4].

To address this issue, this paper investigates the event-
triggered consensus control (ETCC) of large-scale IACs for DR,
which aims to improve the utilization efficiency of communica-
tion resources while achieving the same regulation objective and
response speed as traditional TSCC methods.

II. MODELING OF THE IACS

The thermodynamic process of a room can be expressed as:

AT T = Ti()
dt R;
where C; and R; are the equivalent air heat capacity and thermal
resistance of the i-th room, respectively; T;(¢) and T, (t) are the
i-th room’s indoor temperature and the outdoor temperature at
time ¢, respectively; Q;(t) is the cooling capacity of the i-th IAC
at time ¢; Z and 7 are sets of IACs and time slots, respectively.

The compressor accounts for the majority of one IAC’s power
consumption to generate cooling capacity. Based on the realistic
test data, one IAC’s operating power and cooling capacity can
be simplified as linear with its compressor’s operating fre-
quency [1], which are expressed as:

R(t) = lﬂ'lfi(t) + bila Vi € I7 Vit € T, (2)
Qi(t) = kiafi(t) + bio, Vie I, Vt € T, (3)

where P;(t) and f;(t) are the i-th IAC’s operating power and
compressor’s operating frequency at time ¢, respectively. Sym-
bols k41, bj1, K2 and b;o are coefficients of the i-th IAC’s op-
erating power and cooling capacity, respectively. From (2)-(3),
the IAC’s electro-thermal conversion can be derived as:

—Qi(t),VieZ YteT, (1)

Qi(t) = 2Py (t) +

R4l Ri1

Rubie = Risbin o7 e T

Equations (1)-(4) establish the relation between the real-time
indoor temperature and the IAC’s operating power. Therefore,
we can regulate each IAC’s power consumption to provide
reserve capacity for the power system under guaranteeing each
individual customer’s comfortable indoor temperature. The total
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(a) Aggregate IACs in the community for DR.
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Fig. 1. Event-triggered consensus control of IACs in the community for DR.
operating power of IACs is expressed as:

Z P(t

where NV is the total aggregated number of TACs.

Ve T, (5)

P Total

III. EVENT-TRIGGERED CONSENSUS CONTROL OF IACs

As shown in Fig. 1(a), IACs in the community are aggregated
to provide reserve capacity for the power system. The proposed
ETCC method is shown in Fig. 1(b), which mainly has three
control objectives: i) Achieve the regulation requirement from
the power system operator, including the required regulation
capacity, response speed, and duration time; ii) Guarantee the
desired comfortable indoor temperatures for all customers; iii)
Improve the utilization efficiency of communication resources.
Based on the proposed ETCC method, heterogeneous IACs
can share the required regulation capacity according to their
available regulation capacities.

A. Information Exchange Among IACs

The control diagram in Fig. 1(b) takes the i-th IAC as an
example. Considering the TAC’s power consumption is regulated
by controlling the compressor’s operating frequency, this paper
defines the exchanged information (i.e., the state in ETCC)
among [ACs as follows:

0
f}g )= g Vi e Z,Vt € T, Up regulation,
50 =9 g0
Zf 70 , Vi e Z,Vt € T, Down regulation,

(6)
where f;(t) is the operating frequency of the i-th IAC’s compres-
sor at time ¢; f? is the compressor’s initial operating frequency
at the beginning of the regulation; f; and f; are the lower
and upper limitations of the compressor’s operating frequency,
respectively. The state essentially indicates the normalized uti-
lization ratio of the IAC’s available capacity, ranging from 0
to 1. Therefore, the consensus of states means massive IACs
utilize similar ratio of their heterogeneous available regulation
capacities. Note that the rooms’ physical parameters about
thermodynamic models (e.g., C; and R;) do not need to be
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simulated in practical applications. The indoor temperature is an
existing parameter and can be directly detected by temperature
sensors. The variable that needs to be collected is the operating
frequency of the IAC in (6), which can be measured locally by
the controller.

Compared with the centralized control framework, IACs in
the ETCC mainly communicate with their neighbors, which is
conducive to reducing the communication infrastructure cost
and control center’s computation burden. Moreover, IACs only
exchange the defined state Z;(¢) with neighbors instead of up-
loading all the data to the control center. The exact physical
parameters (e.g., fi, fO and f;) are completely concealed to
neighbors, which can enhance the privacy protection.

B. Design of Event-Triggered Consensus Control

Compared with traditional TSCC methods, the communica-
tion and control in the ETCC are executed only when specific
conditions are satisfied. The control event for the i-th IAC is
triggered only when the error magnitude (i.e., the difference
between the z; and the latest event’s state 2; in Fig. 1(b)) reaches
a specific threshold. The error of the i-th IAC is defined as:

ei(t) = xi(t) — Zi(tin), t € [tik, tigs1), (N
where t; j, is the k-th event instant of the i-th IAC. The threshold
of the 7-th IAC is defined as:

Zitiw)]?, € [tis tikrr),

()
where a;; is the element of the adjacency matrix to indicate
the communication network. For a;; = 1, it means two relevant
IACs are connected and thus information is exchanged between
them during the regulation process. For a;; = 0, the correspond-
ing i-th IAC and j-th IAC are unconnected and not considered as
neighbors. Symbol ¢;; is the I-th event instant for the j-th IAC
with | = argmin;{t —¢;; | t;; < t, | € N};0; is the threshold
coefficient for the i-th IAC; d; is the number of neighbors for
the i-th IAC. An event can be triggered for the i-th IAC if the
following condition is satisfied:

e;(t) > z(t). )
If the condition in (9) is satisfied, the i-th IAC would commu-

nicate with its neighbors and the control protocol u; can be
updated:

t) = Zaij [#(tj0) — Zi(tix)]s t € [tik,tigs1), (10)

As shown in Fig. 1(b), based on the integral of w;(t),
the intermediate variable y; can be obtained. Then, the vari-
able z; is calculated as x; = sat(y;) = {y;, when 0 <y; <
1; 1, wheny; > 1; 0, when y; < 0}. In this way, z;(¢) € [0, 1]
can be always maintained to guarantee that the IAC is adjusted
in the available range. Finally, the defined state ;(¢) is set
equal to the variable x; when the control event is triggered. The
regulation on compressor’s operating frequency will be achieved
by the conversion in (6). In addition, to guarantee the temperature
comfort of customers, we design a comfort judgment block
to recover the compressor’s operating frequency back to the
initial value f?, if corresponding indoor temperature violates
the customer’s desired comfortable range.

To exclude the Zeno behavior, the key of the proof is to find a
lower bound for any inter-event time ¢; ;41 — t; . At the event
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instantt; j, &; isupdated as &; (t; k) = x;(t; &), thene;(t; x) =0
is derived according to (7). For t € [t; k, t; x+1), when the i-th
TIAC does not receive the information from its neighbor IACs,
both ; and £ ; remain constant, and thus u; remains constant ac-
cording to (10). By integration, y;(t) — y;(tix) = (t — tir)u;
can be derived. The saturation function x; = sat(y;) is mono-
tonically increasing and the slope either equals to 1 or 0. Based
on these characteristics, the following relation can be derived:

lyi(t) = yi(tig)| = |zi(t) — iltiw)]- an
At next event instant ¢; 41, e2(t; k+1) = 2i(ti k+1) holds:

i(tipr1) = yi(tiw)]* = |2i(tiprs) — zi(tin)? = € = 2.
(12)
Then, the following inequality can be derived as:

N A A \2
2 Oi Zj:l aij (&5 — &3)
(tigr1 —tig)” > 5 5
4d; (Ej:l aij(Z; — 530)

Based on Cauchy-Schwarz inequality, following inequality
holds:

N
N adi(iy— )7 > [ D ai(d; — i)
j=1

j=1

13)

2

(14)

According to (13), (14) and the fact that a;; = a?j (because
a;j = 1 or 0), the lower bound for any inter-event time can be
derived as:

0;

d;N

>0, (15)

1
tik+1 — tik = B
which completes the proof.

C. Convergence Analysis of the Proposed ETCC

To achieve the consensus of the outputs &, a specific threshold
should be designed for the ETCC with nonlinear protocol. The
integral Lyapunov function [5] is utilized here and expressed as:

N Yi
V= Z; /yy (sat(w) — §)dw, VieT, (16)

where y = Zivzl y;(0)/N. From (16), V' > 0 is obviously sat-
isfied. The key is to prove V' < 0, as follows:

N N
V= Z(sat(yi) —Y)yi = Z(ﬂﬁz — Y)Y
i=1 i=1
N N
=D asles +&)(&; — )
i=1j=1
N | N
S d1€l2 — Z_l Zaij(ij — i’l)z (17)
i=1 j=1

It can be seen that V/ < 0 is satisfied if the threshold coefficient
satisfies o; € (0,1], i € Z, i.e., consensus can be guaranteed.
Based on the above proposed ETCC algorithm and configured
parameters with convergence, the final step is to design an overall
communication framework for the buildings in the community.
As shown in Fig. 1(a), one signal relay node is assigned for each
building (i.e., the yellow node), which can communicate with
neighbor buildings and nearby IACs (e.g., the IACs on floor 13).

IEEE TRANSACTIONS ON POWER SYSTEMS, VOL. 37, NO. 6, NOVEMBER 2022

TABLE I
PARAMETERS IN CASE STUDY

Parameters Distributions Parameters Distributions
Ki1 1(0.0285,0.0315) kW/Hz R; U(1.9,2.1) °C/kW
bi1 U(-0.42,-0.38) kW C; N(390,78%) kJ/°C
Ki2 U(0.057,0.063) kW/Hz T U(27,28) °C
bio U(-0.315,-0.285) kW T U(23,26) °C
fi U(15,30) Hz Ty 32 °C

"' U denotes uniform distributions, and N denotes normal distributions.
2 Tmx and T3 are customers’ maximum allowable and set temperatures.
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Fig.2. The regulation process of IACs for DR based on ETCC. (a) The power
of IACs and average temperature deviation with o; = 1; (b) State dynamics of
TACs with o; = 1; (¢) The power of IACs and average temperature deviation
with o; = 2; (d) State dynamics of IACs with o; = 2.

The relay nodes’ state dynamics 7°; are expressed as:
N
i) = D aij(#(t) = 75(t)) + A(Pon — Por(t),  (18)
j=1

where Ppg(t) is the response capacity and can be calculated as
Ppr(t) = Prowa(0) — Prowi(t); Pop; is the required regulation
capacity from the system operator; A is the control coefficient.
The first term, i.e., Z;VZI a;;(&;(t) —r;(t)) indicates the in-
formation interaction between the relay node and its neighbor
IACs. The second term, i.e., A(Po,j — Ppr(t)) represents the
proportional control component.

IV. CASE STUDIES

The effectiveness of the proposed ETCC to control IACs for
DR is verified by a community with 20 buildings and 3000
IACs. The parameters of IACs, rooms’ thermal characteristics
and customers’ comfort requirements are shown in Table I. It
is assumed the system operator sends an up regulation signal
to IACs at 14:30 PM. The requirement is 2 MW regulation
capacity with 15 min duration time. The sampling period of
controllers is set as 1 s. To compare the ETCC control effect,
the threshold coefficient ¢; is set as 1 and 2 in two scenarios,
respectively.

The control results of IACs are shown in Fig. 2. It can be seen
from Fig. 2(a) that the regulation capacity of 2 MW is achieved
in about 3 min, which is fast enough to provide operating reserve
for the power system. The average temperature deviation at the
end of the regulation process is about 1.7 °C, which is within
the allowable deviation range 2.0 °C. Moreover, as shown in
Fig. 2(b), states of TACs can achieve convergence in about 6 min.
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Fig. 4. Comparative case studies. (a) Power of IACs with the centralized
control; (b) IAC states based on the comparative event-triggered control with
threshold coefficient 0.05; (c) and (d) Power and states of IACs based on the
comparative event-triggered control with threshold coefficient 0.02, respectively.

It means heterogeneous IACs can get similar regulation on their
operation states to avoid significant impact on some specific
users’ comforts.

By contrast, the results in Figs. 2(c) and (d) are obtained under
the o; = 2 scenario, which is beyond the proved convergence
range in Section III-C. It can be seen that the operating power of
IACs cannot be maintained steadily. There are even some power
rises after the response time (i.e., 240~900 s). More seriously,
the states of IACs in Fig. 2(d) occur significant oscillations,
which may cause damages to IACs. The above two scenarios
prove that the proposed parameter configuration method for
ETCC can avoid oscillations to achieve a stable control effect
for IACs.

Fig. 3 compares the performance of traditional TSCC and the
proposed ETCC (o; = 1 scenario). Here the maximum value
for o; (i.e., 1) is chosen in the derived convergence range (0,1],
because a larger o; is intended to decrease the triggering times.
The communication period in TSCC is set as 1 s. It can be seen
from Fig. 3(a) that the response speeds are similar in two cases,
i.e., 176.6 s and 178.3 s, respectively. However, in Fig. 3(b),
the communication times are significantly decreased from 900
to 189 by ETCC. Hence, the proposed ETCC can improve the
utilization efficiency of local communication resources by about
fivefold.

The comparative case studies of the centralized control
method [1] and other event-triggered control methods [6] are
shown in Fig. 4. Both response speeds with the proposed ETCC
method and the centralized control are adequate for meeting the
requirement of providing reserve capacity (i.e., the response time
should be less than 5 min [7]). Meanwhile, the proposed ETCC
method has advantages in lower infrastructure cost, privacy
protection and enhanced scalability, compared with the central-
ized control. When the threshold coefficient is set as 0.05, the
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Fig. 5. The regulation process of IACs based on the ETCC with the sampling
period as 2 s. (a) Power of IACs; (b) State dynamics of IACs.

comparative event-triggered control method cannot converge, as
shown in Fig. 4(b). When the threshold coefficient is 0.02, the
system converges, as shown in Fig. 4(c), (d). However, since
the threshold coefficient is too small in this case, the benefit
of the event-triggered control is lost. The average number of
communication times is 884 for the comparative method, while
it is only 189 using the proposed ETCC method.

The comparative case study with the sampling period of
controllers as 2 s is shown in Fig. 5. It can be seen that if the
sampling period is too large, the requirement of the response
time (i.e., it should be less than 5 min [7]) for providing reserve
capacity may not be satisfied.

V. CONCLUSION

This paper investigates the ETCC of large-scale IACs for
DR. Compared with centralized control methods, the ETCC can
reduce the control center’s computation burden and enhance the
privacy protection. Compared with traditional TSCC methods,
the proposed ETCC can achieve the same regulation objective
and response speed while significantly relieving the commu-
nication burden. Moreover, a control parameter configuration
method is designed utilizing Lyapunov theory to avoid state
oscillations and achieve a stable control of IACs. The proposed
approach can also be extended to other flexible resources, such
as battery energy storage systems and water heaters. The ETCC
can provide valuable reference for future smart grid with massive
controllable loads based on the progressed Internet of Things
technologies. The effectiveness of the proposed control method
dealing with other application scenarios (e.g., the ancillary ser-
vices with shorter time scale) needs to be further investigated.
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