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Abstract: Air conditioning loads are important resources for demand response. With the help of
thermal energy storage capacity, they can reduce peak load, improve the reliability of power grid
operations, and enhance the emergency capacity of a power grid, without affecting the comfort of
the users. In this paper, a virtual energy storage model for inverter air conditioning loads, which
reflects their operating characteristics and is more conducive to practical application, is established.
Two parts are involved in the virtual energy storage model: An electrical parameter part, based on the
operating characteristics, and a thermal parameter part, based on the equivalent thermal parameter
model. The control function and restrictive conditions of the virtual energy storage are analyzed and
a control strategy, based on virtual state-of-charge ranking, is proposed. The strategy controls the
inverter air conditioners through re-assigning indoor temperature set-points within the pre-agreed
protocol interval and gives priority those with a higher virtual state of charge. As a result, electric
power consumption is reduced while the temperature remains unchanged, so that a shortage in the
power system can be compensated for as much as possible, while the comfort of users is guaranteed.
Simulation and example analyses show that the strategy is effective in controlling air conditioning
loads. Additionally, the influences of load reduction target magnitude and communication time-step
on the performance of the control strategy are analyzed.

Keywords: inverter air conditioner; demand response; virtual energy storage; virtual state of charge

1. Introduction

Renewable energy sources, such as wind and solar power, have a high degree of unpredictability
and time-variability [1]. The increasing penetration of renewable power generation in electric power
systems makes it even more costly and difficult for power systems to maintain a balance between supply
and demand. Furthermore, energy generation by conventional generators has become increasingly
insufficient to meet the needs of system regulation [2]. Demand response technology is one of the core
technologies of a smart grid, which can effectively restrain the random fluctuations of power flow,
alleviate the tension between supply and demand, improve the efficiency of system operations, and
promote energy saving and emissions reduction [3]. Therefore, it has become increasingly important
to utilize flexibility on the demand side of power systems.

The rapid development of two-way communications technology and advanced metering
infrastructures in smart grid has created new opportunities for the implementation of demand-side
management in the power industry [4,5]. Demand response can solve the problem of mismatching
between supply and demand with relatively low cost, which is of great significance in facilitating the
integration of new energy sources and reducing power shortages [6,7]. The popularization of advanced
metering infrastructures has made possible the implementation of control strategies for inverter air
conditioner loads and the large-scale application of trunked dispatching. In [8], an architecture and
supporting algorithms were proposed for privacy-preserving thermal inertial load management as a
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service provided by the load serving entity (LSE). It focused on an LSE managing a population of its
customers’ air conditioners, and proposed a contractual model where the LSE guarantees quality of
service to each customer, in terms of keeping their indoor temperature trajectories within respective
bands around the desired individual comfort temperatures.

Besides the many other flexible loads, such as pool pumps [1,9,10], air conditioning loads are an
important type of demand response resources with great potential. According to incomplete statistics,
air conditioning loads accounted for 30-40% of the peak load in summer [11] in China. In certain
cities, such as Beijing, this number reached 52%, with an increasing trend year by year. Buildings with
inverter air conditioners can act as virtual energy storage (VES), because of their thermal energy storage
capability and the fact that the human body has no obvious response to temperature changes within
a certain range. In [12], it was experimentally proved that the demand response of air conditioners
is effective. Under the premise of ensuring the basic comfort of users [13], air conditioners can be
equivalent to a load resource with flexible dispatch capability, which has huge potential [14]. Effective
management of air conditioning loads during peak periods through reasonable control means is
conducive to reducing power shortages and optimizing power consumption modes.

There have been a number of studies conducted regarding demand response from air conditioners
at different levels, including both household [15,16] and aggregation levels. Both simulation and
experimental studies [12] have been conducted. The air conditioners considered included split air
conditioners and central air conditioners [17]. This paper focuses on the load reduction services from
aggregated split inverter air conditioners.

Most existing studies regarding the demand response from air conditioners have focused on
constant-speed air conditioners. However, in recent years, inverter air conditioners have been favored
by users for their advantages of energy saving and comfort. With the guidance of national energy
saving and emissions reduction policies in many countries, such as China, the number of installed
inverter air conditioners keeps growing, accounting for a significant share of total air conditioners
installed. Therefore, it is necessary to study their participation in demand response [18].

In this context, some preliminary research has been conducted regarding the demand response
from inverter air conditioners, which could be further classified into two categories: The first category
of studies explored the building thermodynamic model of inverter air conditioners. The equivalent
thermal parameter (ETP) model has been widely used as the basis for further control. In [19], based on
a first-order ETP model, the VES model of a building with air conditioners was established considering
comfort level, and a series of VES parameters, such as rated capacity, rated power, and charging and
discharging times were derived. However, in [13], the electric power of air conditioners was taken as
a constant power input, lacking an in-depth analysis of the electrical parameters of air conditioners;
therefore, it could not describe the influence of the state change of air conditioning loads on the power
grid. In [19], a high-precision model reflecting the different operating conditions of electric water
heaters was proposed; however, due to the limitation of calculation, the model was only suitable for
small-scale regulation, and could not be applied to a power grid cluster dispatch. Compared to existing
studies, such as [13,19], this paper establishes a VES model for inverter air conditioning loads which
is more conducive to practical application. Two parts are involved in the VES model: An electrical
parameter part, based on the operating characteristics of inverter air conditioning loads, and a thermal
parameter part, based on the equivalent thermal parameter model.

The second category of studies explored load reduction in inverter air conditioners to compensate
for power shortages. In [20], direct load control was considered for the purpose of load reduction,
but a control strategy for air conditioning loads was not given. In [21,22], direct load control based
on a state-priority queue control method was proposed, but its stability heavily depended on the
diversity of load-states, which is easily destroyed. Ninagawa et al. established a neural network model,
based on practical operational data of inverter air conditioners, for simulating their load reduction
responses [23]. The practical communication environment was also emulated. Compared to these
studies [20-23], the present study has the following novel contributions: (1) Virtual state-of-charge
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(VSOC) is defined to reflect the energy storage level of a VES, based on which a VSOC-priority strategy
is proposed to control inverter air conditioners to provide demand response services; (2) the electric
power of inverter air conditioners is controlled at a level where the corresponding heating output
exactly compensates for the heat loss, so that the indoor temperature will not go beyond a set limit
during control; and (3) the impact of the shape and magnitude of load reduction targets and the length
of communication time-step on the control performance is investigated.

This paper investigates how large amounts of inverter air conditioners can be modeled and
controlled to provide demand response services for power systems. It is assumed that power utility
companies will recruit customers with inverter air conditioners installed and, further, install necessary
communication and control devices to aggregate the inverter air conditioners and enable the control
strategy proposed in this paper. Specifically, in this paper, inverter air conditioners are modeled as VES,
including electrical parameter and thermal parameter parts. Based on the VES model, a VSOC-priority
strategy is proposed to control the inverter air conditioners in order to provide demand response
services. Finally, the performance of the proposed control strategy is verified, with the impact of the
shape and magnitude of load reduction targets and the length of communication time-step assessed.

2. Load Modeling of Inverter Air Conditioners

In this section, an inverter air conditioner is modeled as a VES. First, the electrical quantity relation
regarding the inverter air conditioner is presented. Then, the thermal and electrical parts of the VES
model are described. Finally, the VES model for inverter air conditioners is summarized.

2.1. Electrical Quantity Relation

An inverter air conditioner adjusts the speed of the compressor by adjusting the power supply
frequency through a frequency converter to realize the control of compressor power. As a result,
inverter air conditioners can achieve smooth control of temperature, low power loss, and good user
comfort. In the temperature maintenance stage, the active power consumption of an inverter air
conditioner is only about 30% of a fixed-speed air conditioner [24]. Generally speaking, the electric
power consumption of an inverter air conditioner is linearly related to frequency [25,26],

Pelectrical =a 'f(t/ AT) +0b (11 > 0)/ (1)

Plac rated = C- f(t,AT) 4+d (¢ > 0), 2)

where Pgjectrical Tepresents the heating rate of an inverter air conditioner, in kW; Pryc rateq represents the
electric power of the inverter air conditioner, in kW; the constant coefficients a, b, ¢, and d depend on
the type and internal parameters of the air conditioner; and f(t, AT) indicates that operating frequency,
which is a function of the time and temperature difference between the room temperature and the
set temperature.

The relationship between the electric power and heating rate of the inverter air conditioner can be

obtained as follows: ) p
a C — d
P electrical = E - P Tac_rated + c ’ (3)

where 1) = a/c represents the energy efficiency ratio of the inverter air conditioner.

The relationship between the temperature difference and the operating frequency is shown in
Figure 1. In practical applications, the temperature difference seldomly appears as a negative value, so,
when 0 °C < AT < 3 °C, the operating frequency is expressed as

£ = -+ 2T in) @




Processes 2019, 7, 407 4 0f 15

Jmax

ﬁnin I

\4

2T -1TC 3C AT

Figure 1. Relationship between power supply frequency and temperature difference of an inverter
air conditioner.

2.2. Thermal Parameter Part

The first-order ETP model is adopted [27] to describe the thermodynamics of a room with an
inverter air conditioner, expressed as follows:

Tin - Tout + Ce dTi

R1 dtn = Pele' (5)

Based on (5), the relationship between the room temperature T;, and the VES power supply P,
(i.e., the heating rate of inverter air conditioner) can be obtained [27] as

__At
Tin' ™ = Tout' ™ + SR1Pete — (Tout' + SR1Pete — Tin')e R, (6)

where T;,! and Tif*!

, respectively, represent the internal temperature of the room at times ¢ and
t+1,in °C; Tout! and Tou!*?, respectively, represent the external environment temperature at ¢ and
t+1,in °C; Py is the VES power supply (heating rate of inverter air conditioner); R; represents the
thermal resistance of energy transfer between the interior and exterior environment of a room, in °C/W;
Ce represents the equivalent heat capacity in a room; At is the time-step between t and ¢ + 1; and S
represents the switching function.

The charging and discharging time of the VES is as follows:

C- Tout(t) - SRlpelectrical(t)
Ti (t) - Tout(t) - SRlpelectrical(t)

ton/off = R1Ce In( ()

2.3. Electrical Parameter Part

The electrical part of the inverter air conditioner represents the relationship between the input
heating power and the electric power, and the influence of load-state change on the grid power.

Assume that the capacity of the community transformer is sufficient, the voltage of the external
large power grid is stable, and the influence of reactive power change of the inverter air conditioner is
ignored. Then, the electrical parameter part of the inverter air conditioner model is

SIac(t) : (11 : fmax + b) AT >3 °C
Pee = SIaC(t) ’ [a * fmin + w] 0°C<AT<3°C, (8)
SIac(t) : (11 : fmin + b) AT <0°C

where Sy, (t) represents the switching state of the inverter air conditioner.
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2.4. VES Model of an Inverter Air Conditioner

As shown in Figure 2, the VES model of an inverter air conditioner mainly includes the electric
power curve, the electrical part, and the thermal part. The power part includes the inverter air
conditioner model, and the thermal part is based on the ETP model. The solid arrows indicate the
energy flow and the dotted arrows indicate the signal flow.
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Figure 2. Virtual energy storage (VES) model of an inverter air conditioner.

3. VSOC-Priority Inverter Air Conditioner Control Strategy

The definition of the state-of-charge of the VES is as follows:

t
VSOC = & 9)
Qcapacity
where the maximum capacity of the VES is
Qcapacity = Ce(Tmax - Tmin) (10

Capacitance (Ce) is the core parameter related to the energy storage capability of the VES, which
can be obtained by using the relationship between temperature and power in the ETP model.
Based on the principle of energy conservation, the charge capacity at time ¢ is

t

Q(t) _Q(t0)+j; (Pelectrical(E)_Pleakage)dé 11)
0

A VSOC-priority VES control strategy is proposed to preferentially select the inverter air
conditioners (VESs) with higher VSOC to participate in the demand response; that is, based on
the v VSOC value, inverter air conditioners with indoor temperatures in the protocol interval are
controlled according to the descending order of VSOC, so that the power can be reduced while the
temperature remains unchanged, to meet the power shortages as much as possible under the conditions
of ensuring the comfort of users.
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3.1. VES Control Model for Inverter Air Conditioners

From the load characteristics of inverter air conditioners, it can be seen that an inverter air
conditioner achieves no-difference regulation through adjusting the frequency converter to realize
tracking of the load reduction target. There is no great starting power or fluctuation of active power.
For the time being, the influence of reactive power on the system is neglected.

In this paper, the heating mode of an inverter air conditioner is taken as an example for analysis;
the refrigeration mode, which is very similar, will not be described in this paper. The following
assumptions are made: (1) The external environment does not change when the inverter air conditioners
participate in demand response; (2) only the energy loss due to the difference between room and
external temperatures is considered; (3) the time-step of communication data refresh is At; and (4) the
minimum heating rate is less than or equal to the heat dissipation rate; that is to say, the temperature of
the inverter air conditioner cannot continue to rise when it reaches a set temperature, expressed as:

ujfjmin + b] < ajfjmin + aj (fjmax - fjmin) /4 + b] < (leac_in - Tanc_out) /le (12)

During normal operation, the inverter air conditioner can achieve smooth regulation, and
the indoor temperature should be stable near the set temperature during steady-state. Based on
Assumption (4), during demand response, the set temperature of an inverter air conditioner should be
taken as the maximum allowable temperature, and there is a pre-agreed minimum temperature.

During demand response, the control right of the inverter air conditioner is transferred from
the user to the utility company. In order to consider user comfort, the heating power is reduced to a
value that exactly meets the heat exchange between the room and the external environment, so that
the room temperature remains unchanged. The electric power of the inverter air conditioner at the
time of the control right transfer is obtained from (2) and the energy exchange between the room and
the external environment is obtained from (5). Therefore, the discharging power of the VES is the
difference between the power at the time of control right transfer and the electric power equivalent to
the exchange heat power, while the charging power is the difference between the electric power at
the maximum frequency and that of the time of control right transfer. The discharging and charging
power of the VES are expressed as

T  (t-1)-T

J _d j j Tac_in ~ "ac_out
PIac_disc(t’ AT) - SIaC(t_l) [1_Slac(t)] PIac(tL - 1’ AT) - le 4 (13)
j G j j j
Pl e (EAT) =S (H[1-8] (t-1)] [PIaC(t ~1,ATmax) = P, (t-1, AT)], (14)

where the subscript lac represents the inverter air conditioner (which is the core device of a VES);
Pliac_gisc represents the discharging power of VES j; Pip,. qar represents the charging power of VES
j; T'ac_in Tepresents the indoor temperature of the room where inverter air conditioner j is located;
and leac_out represents the outdoor temperature of the room where inverter air conditioner j is located.

By using (2) and (4), (13) and (14) can be converted from the time domain to the temperature
domain, thereby transformed as

j — ] ] 417jcjf1iin+4bj+qjchT( l’];lax_fiqin) T{ac,in(t_l)_T{ac,out
Placfdisc(t’ AT) - SIac(t _1) ’ [1_ SIac(t)][ 4 - Ry ’ (15)

' - - o - dnfel fl A i AT (fl~fL )
Pl r(t8T) = S} (0 1=SL, = Dl ) o 4.6 " . a9

Tac_char
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The virtual state-of-charge of the VES, VSOC/1,., at a certain time ¢ is

VSOCj (t)— QIac(t) . TanC_max_Tanc(t)

= = — ‘ . (17)
fac QIacfcapacity T! Tac_max — T JTac_min

Due to the limitations of discharging power, the VSOC of an inverter air conditioner is inversely
proportional to the temperature state.

After the end of demand response, if the room temperature in the protocol temperature interval
remains unchanged, the VSOC will always be equal to the value at the time when the demand response
begins. In the model pre-treatment, the VES of inverter air conditioners can be discretized but cannot
be linearized [27]. Therefore, to calculate the VSOC for the VES operation of an inverter air conditioner,
we need to first calculate the instantaneous temperature by (6) and, then, by (17).

The charging and discharging time calculated by (7) is

t{ac off —

j ] ] C{ac_TI?’C—OUt (t) _R{acpiac (t’A T) : (l 8)
t =Ry, Cp..In(= Lo )

ac_on ac ac T/ Tac_max _Tlacfout (t) _R] p / (trA T)

Tac™ Iac
To sum up, taking discharging as an example, the VES control model of the inverter air conditioner is

P (LAT) =S (t-1)[1-S/_(#)] .

Tac_disc Tac Tac

VSOC/ 1 (t + 1) = VSOC/ e (1)

G abi i AT gl j j
47]] C]fr]nin +4b! +TI] C]AT(fr]nax _fr]nin) _ Tlaciin (t_l ) _Tlac,out
Ry

19)
j B (
tIac_off =

; P Cl —Thc out(t)-R._P/_(tAT)

] _ nl ] Tac_~ lac_out Tac” Tac\™”
tIacfon - RIacCIac ln( | pl )

Tanc,max_TIac,out(t)_R] P] (t'AT)

Tac™ Iac

Figure 3 shows the change curves of VES temperature, VSOC, and electric power of an inverter air
conditioner. The red and blue lines represent the change curves for which the inverter air conditioners
start being controlled, from t5c on 1 and f1ac on 2, respectively. The inverter air conditioner resumes
normal operation at ff,c end, after the control right transfer is over. From Figure 3, it can be seen that the
indoor temperature is constant after the inverter air conditioner participates in the demand response at
tac_on_1 (flac_on_2), Which proves the correctness of the temperature maintenance strategy presented in
this paper. It can be seen, from (17), that the VSOC largely depends on the current indoor temperature.
When the indoor temperature remains unchanged, the value of VSOC also remains constant. As the
indoor temperature remains unchanged, the indoor temperature almost reaches the new set value at
this time, which makes the operating frequency of the inverter air conditioner reach a minimum value,
thus reducing its power consumption and realizing the target of load reduction, in theory.
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Figure 3. Temperature, virtual state-of-change (VSOC) and power shortage change curves of the VES
for an inverter air conditioner with different start control time.

3.2. Control Strategy and Algorithm Cases

The main objective function of the control strategy is the minimum power shortage over the inverter
air conditioner population during demand response in the communication time-step. The constraints
are that the value of VSOC of each inverter air conditioner is in the range of 0-1 and that the electric
power of each inverter air conditioner is less than or equal to the building heat dissipation power.
The specific control function is

Pst: ming PtIacfdisc (]n)

0 <VSOC], (ja) <1 ot (20)
. g . Pt . ﬂiAT frjnax_f] i Tj . —Tj
] ] min Jac_in " Iac_out
a]fmin T < a]fmin +bl+ 4 < R/y

where P! represents the power shortage at time t; Q represents the set of inverter air conditioners,
which are sorted in descending order of VSOC; j,, is an element of the set Q; and n represents the order
of j in the new set.
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MATLAB was used as the simulation platform, in order to verify the control effect of trunked
dispatching of the air conditioning loads with different parameters and working states. The program
mainly included the following steps: (1) Data refresh, (2) dealing with the VSOC off-limit problem,
(3) generating the control queue Q based on VSOC values, (4) calculating whether the demand response
target was satisfied, and (5) updating the states of the VESs iteratively.

The parameters of the example are as follows: The number of inverter air conditioners was
100; the initial value of VSOC followed a uniform distribution in (0,1); the switching function was
sampled evenly from 0-2 (where 0 meant a controlled state, 1 meant the OFF state, and 2 meant a
normal operation state); the communication time-step was 1 min; ¢ followed a uniform distribution in
(20,25); d followed a uniform distribution in (100,200); the energy efficiency ratio followed a uniform
distribution in (2.6,3.4); the minimum temperature of the protocol followed a uniform distribution
in (20 °C, 21 °C); the maximum temperature of the protocol followed a uniform distribution in
(22 °C, 23 °C); the minimum operating frequency followed a uniform distribution in (20 Hz, 30 Hz);
the maximum operating frequency followed a uniform distribution in (140 Hz, 150 Hz); and the indoor
initial temperature followed a uniform distribution in (20 °C, 23 °C).

Suppose that the power shortage in the power system is 20 kW (and, thus, the load reduction
target of the inverter air conditioner population is 20 kW) and the demand response time period is
120 min. The control results are shown in Figure 4.

25 - - ‘

2l —Response power ||
— Power shortage

23

22 .
! J\/\ﬁ ]
20

19 - 3

Power/KW

18 - 3

17 - 3

16 3

15 1 1 1 1 1
0 20 40 60 80 100 120

Time/min

(a)

VSOC

02 I | I | |
0 20 40 60 80 100 120

Time/min
(b)

Figure 4. Response change of power and VSOC over 120 min. (a) Change curve of response power.
(b) Change curve of VSOC of 100 inverter air conditioner VES.
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From Figure 4, it can be seen that the response power (i.e., the actual amount of load reduction)
could fully meet the power shortage (i.e., the load reduction target) during the transfer of control
rights. There was a slightly excessive response, but the response power gradually stabilized with
time. Therefore, it has been verified that the proposed control strategy can achieve load reduction
from inverter air conditioners. It can be seen, from (17), that the VSOC is inversely proportional to the
temperature state, so, the larger the VSOC, the smaller the adjustable power. With the passive increase
of the charging response power of the VES of the uncontrolled inverter air conditioners, there exists a
situation where some controlled VES release their control right in advance.

In summary, the control strategy for an inverter air conditioner can track the power shortage
relatively smoothly over a long time and gradually stabilize to a certain state. A constant value of the
VSOC means that it is always in the controlled state and the temperature remains unchanged. When
the VSOC is greater than or equal to 1, it is turned off. After a period of time, it turns on and operates
in a controlled state. A decrease of VSOC indicates that the inverter air conditioner is not under control.
The smaller the difference of distance in the set temperature is, the smaller the power consumption is,
and the smaller the VSOC value is.

4. Analysis of the Parameters of VSOC-Priority Control for Inverter Air Conditioners

In this section, the influence of load reduction target and communication time-step length on the
proposed VSOC-priority control strategy is analyzed.

4.1. Tracking Performance with Different Shape of Load Reduction Targets

The load reduction target of the power grid was set as a sinusoidal curve with a maximum of
50 kW and a minimum of 10 kW and the control time was set as 120 min.

Figure 5 shows the tracking performance. It can be seen that the VSOC-priority control strategy
basically achieved no error in tracking.

60 T T T T T

—Response power

50 - // \\\ ff“\\ — Power shortage

_ \ _
S A N

o 1 1 1 1 1
0 20 40 60 80 100 120

b
(=}

Power/KW
8
T
1

N
o

Time/min

Figure 5. Tracking performance of the proposed VSOC-priority control strategy with a sinusoidal load
reduction target.

4.2. The Influence of the Magnitude of Load Reduction Target on the Control Performance

The magnitude of load reduction target was assumed to be 40 kW, 50 kW, 55 kW, and 60 kW to
analyze the influence of the magnitude of load reduction target on control performance. The control
performance is shown in Figures 6 and 7.
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Figure 6. Control performance of the proposed VSOC-priority control strategy with different magnitudes
of load reduction target (within the capability of the air conditioner population). (a) Control effect of

VES strategy for 40 kW power shortage inverter air conditioner. (b) Control effect of VES strategy for
50 kW power shortage inverter air conditioner.

From Figure 6, it can be seen that, when the magnitude of load reduction target is lower than or
equal to 50 kW, the proposed control strategy can track the load reduction target relatively smoothly
for a long time and gradually stabilize to a certain state. However, due to the large power consumption
of inverter air conditioners in the start-up stage, the simultaneous start-up of multiple inverter air
conditioners resulted in a reduced amount of load reduction, as shown in the dotted line circle in
Figure 6b. As time goes by, the power will gradually stabilize.

From Figure 7, it is seen that when the load reduction target exceeds the capability of the population
(e.g., 55 or 60 kW), the actual load reduction at the initial stage of control will produce a large error,
stabilize to a level (the maximum capability of the inverter air conditioner population), and remain

unchanged. It can be seen that, when the load reduction target is beyond the population capability,
there will be larger tracking errors.
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Figure 7. Control performance of the proposed VSOC-priority control strategy with different magnitude
of load reduction targets (beyond the capability of the air conditioner population). (a) Control effect of
VES strategy for 55 kW power shortage inverter air conditioner. (b) Control effect of VES strategy for
60 kW power shortage inverter air conditioner.

4.3. The Influence of Communication Time-step Length on the Control Performance

The communication time-step length determines the refresh frequency of the control center for
receiving data from the inverter air conditioners and sending control signals. Assume the magnitude
of the load reduction target is 20 kW. The communication time-step length was chosen as 2 min and
5 min, respectively, and the total demand response time period was assumed to be 60 min. The control
results are shown in Figure 8.

Inverter air conditioners are less affected by communication time-step length, as shown in Figure 8.
Except for the increase of VSOC over the limit, the response power can better meet the load reduction
target. This is because the theoretical discharging time of the VES in an inverter air conditioner is
infinite, and the influence of communication time-step on it is limited.

The simulation results in Figure 8 show that the control performance did not significantly fluctuate
and that smooth operation can be basically achieved. However, it is still seen that an increase of
communication time-step length reduced the response capability of the VES, resulting in larger power
fluctuations and an increased degree of the VSOC over the limit, thus increasing user discomfort. On the
other hand, although a shorter communication time-step could result in better control performance,
a higher communication frequency will bring greater communication pressure on the advanced
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metering infrastructure, which will create greater pressure on the data operations of the control center,
thus increasing operational costs.

25 T
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Figure 8. Control performance of the proposed VSOC-priority control strategy with different
communication time-step lengths. (a) Control effect of VES strategy for 2-min time step inverter
air conditioner. (b) Control effect of VES strategy for 5-min time step inverter air conditioner.

5. Conclusions

This paper investigated the modeling and control of inverter air conditioners in order to provide
demand response services for electric power systems. In terms of modeling, based on the ETP model,
a complete VES model for inverter air conditioners, which can reflect the practical electro-thermal
characteristics, was presented. The model is divided into electrical parameter and thermal parameter
parts, reflecting the impact of inverter air conditioning loads on the power grid. The model was
further discretized to reduce communications traffic. In terms of control, a virtual state-of-charge
priority-based control method was proposed, where the electric power of inverter air conditioners is
controlled at a level where the corresponding heating output exactly compensates for the heat loss,
such that the indoor temperature will not go beyond a pre-set limit during control.

Simulation results verified the established models and the proposed control method, as well as
assessing the impact of various factors. The key findings are as follows:
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(1) The control strategy can track the load reduction target smoothly for a long time (120 min, in the
simulation) and drive the inverter air conditioners to gradually stabilize to a certain state (within
40 min, in the simulation).

(2) The control strategy can track the load reduction target accurately with different shapes
(i.e., constant and sinusoidal targets in our simulation).

(3) The control strategy can track load reduction targets accurately, when they are within the capability
of the air conditioner population (below 50 kW, in the simulation), but will have higher errors if
the target is beyond the population’s capability (above 50 kW, in the simulation).

(4) A shorter communication time-step (2 min, in the simulation) will result in less power fluctuations
and less violation of VSOC limits, compared to a longer time-step (5 min, in the simulation).

Future research topics may include a cost-effectiveness analysis of the proposed control scheme
and the remuneration mechanism for compensating customers who participate in the proposed demand
response program. For further validation, the proposed control strategy can be tested in real-life
systems, if proper conditions are in place.
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