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Abstract—Air conditioners (ACs) have been widely considered
as one of the most important reserve resources for power systems.
However, few attentions have been given to inverter ACs (IACs),
which account for a larger share nowadays and show more suita-
ble characteristics than regular ACs to provide reserve. Moreover,
interconnected power systems are becoming increasingly large
and complex, which puts forward higher request on the reserve
resources for the system’s reliability and safety. Dealing with the
above challenges, this paper proposes a novel frequency regula-
tion model of multi-area power systems considering large-scale
IACs providing regulation service. In order to decrease the impact
on customers’ comfort, the action number constraint (ANC) and
action time constraint (ATC) of IACs can be set by each customer.
On this basis, the scheduling model of IACs considering ANC and
ATC is proposed in multiple time scales, in which the total regu-
lation capacity of IACs can be allocated among days in the month
and areas in the multi-area power systems. Besides, the control
parameters of IACs can also be optimized by the proposed opti-
mization model for minimizing the area control error of the power
system. The effectiveness of the model and method are verified in
the numerical studies.

Index Terms—Inverter air conditioners, regulation service,
area control error, multi-area power systems.

NOMENCLATURE
A. Acronyms
AC Air conditioner
ACE Area control error
AGC Automatic generation control
ANC Action number constraint
ATC Action time constraint
DSR Demand side resource
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IAC Inverter air conditioner
Pl Proportional-integral

B. Variables and parameters
Index of an individual IAC

i, J Index of the area in multi-area power systems
N, Total number of areas
N, Total number of IACs in area-i
Cy Heat capacity of the air
Pa Heat density of the air
\ Room volume
A Surface area of the room
& Air exchange times
T, Indoor temperature
To Ambient temperature
Teot Set temperature of the IAC
Teey Deviation between T, and T,
Qgain Total heat gains of the room
Qiac Cooling capacity of the IAC
Quic Heat radiation in the room
U, Heat transfer coefficient
Ko M Power coefficients of the IAC
Ko Mo Heat coefficients of the IAC
f, Operating frequency of the compressor
Af; System frequency deviation in area-i
0,n P1 controller coefficients of the compressor
Yij Integral controller coefficient of the ACE
0,7, Proportional controller coefficients of the ACE
Siac k Controllable state of IAC-k
AP, ; Tie line power deviation in area-i
AP, Regulation capacity provided by IAC-k
AP, ; Total available regulation capacities provided
by IACs in area-i
AP Disturbance power
Fue.i Power fraction of the reheat turbine in area-i
Rs i Governor speed regulation parameter
Bs i Frequency bias parameter
Ks.i Integral gain of the generator
T, Inertia time constant of the area-i
K, Frequency damping factor of the area-i
o Action number of IACs
Pyt Shortage index of the regulation capacity
N, Number of the disturbance scenarios
T, T...T,;  Time constants of the speed governor, the steam

turbine, and the reheat module in area-i
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|. INTRODUCTION

HE increasing high temperature events in summer lead to
the growing power consumption of air conditioners (ACs),
for example, whose loads fetched up to 52% of the total loads in
Beijing, China on July 12, 2017 [1]. The huge power
consumption of ACs causes more events of electricity
shortages, which will then give rise to the insufficient reserve
resources for maintaining the system balance between supply
and demand [2]. For instance, the blackout in Taiwan on
August 15th, 2017 was fundamentally caused by the huge
power consumption of ACs and the shortage of the regulation
resources [3], [4]. Therefore, sufficient reserve capacity is
important for the stability and security of the power system.
Traditionally, the regulation services are provided by
conventional generating units, such as the thermal power units
and hydro power ones [5]. However, it may be uneconomical
for the power system to increase the reserve capacity by
building more conventional power plants [6]. The progressed
information and communication technologies have also
provided another alternative from demand-side [7]. It has been
proved that demand side resources (DSRs) can provide the
same regulation service as generators by adjusting the power
consumption [8]. The DSRs can decrease, increase or transfer
loads when the disturbance power or generator failures occur
[91, [10].
Among the common household appliances (e.g., ACs, lights,
washing machines, microwaves) [11], [12], ACs have been

widely considered as one of the most important DSRs [13], [14].

Because the ACs have huge potential to be dispatched for
providing reserve [1], and can be controlled to change the
power consumption without significant influences on the
customers’ comfort [2]. For example, the interactive controller
and the temperature-priority-list controller are used in [11] and
[15], respectively, to dispatch ACs to provide balancing service
for assisting power system operation, while at the same time
guaranteeing the desired indoor temperatures of customers. The
ACs can be divided into two categories, the regular fixed
frequency ACs and inverter ACs (IACs). The compressors of
the regular ACs can only operate in two modes, i.e., on or off
mode, while the compressors of the IACs can be adjusted
continuously [16]. Therefore, the IACs are more suitable to be
controlled as DSRs to provide operating reserve compared with
regular ACs. Besides, the market share of IACs is growing
steadily, for instance, which has outnumbered regular ACs in
China [17]. Therefore, it is significant to study IACs for
providing regulation services.

Moreover, the interconnected power systems are becoming
larger and more complex, which proposes higher request on the
system reserve capacity for the quality and stability of the
power system [18]. It will result in more serious consequences
when the disturbance power occurs in the multi-area power
systems, including system frequency deviations and tie line
power deviations. Dealing with this problem, the area control
error (ACE) is becoming one of the most important parameters
in the multi-area power systems, which considers both the
system frequency control and tie line power deviation control
[19], [20]. On this basis, the generators and DSRs in the

multi-area power systems can not only provide regulation
services for its area, but also for other areas [21].

However, the existing researches on the frequency regulation
in the multi-area power systems mainly focus on the
optimization of generators’ control parameters [18], [19] or
DSRs’ control parameters [20], [21], whereas the regulation
capacity allocation method provided by DSRs in the multi-area
power systems has rarely been studied. The authors in [22]
develop the electrical model of IACs, while the balancing effect
of IACs on the power system is not considered. The
state-queueing control method of DSRs for providing
regulation services is proposed in [23], while the DSRs are
assumed to be controlled only in on/off states and cannot be
adjusted continuously as IACs. The temperature adjustment
control method of ACs is proposed in [2] to provide reserve
resources for the power system, while it only analyzes the
effectiveness in the minute-time scale and does not carry out
the studies in the second-time scale for the power system’s
frequency control. The aggregation of IACs in [24] are
equivalent to a reheat steam generator and can be controlled to
provide frequency regulation service for the power system,
while it only studies the control method in a single-area power
system. The hybrid dynamic demand control strategy of ACs is
proposed in [25] to deal with the increasing fluctuations
brought by renewable energies, whereas it only optimizes the
control parameters and does not consider the regulation
capacity allocation in the multi-area power systems.
Consequently, the research on IACs for providing regulation
service in the multi-area power system is not sufficient.

To deal with the above problems, this paper develops a novel
frequency regulation model of multi-area power systems with
large-scale IACs providing regulation services. In order to
decrease the impact on customers’ comfort, the action number
constraint (ANC) and action time constraint (ATC) of IACs can
be set by each customer before the beginning of the month. On
this basis, the scheduling model of IACs considering ANC and
ATC is proposed in multiple time scales, in which the total
regulation capacity of IACs can be allocated among days in the
month and areas in the multi-area power systems. Besides, the
control parameters of IACs in each area can also be optimized
combined with the allocated capacities by the proposed
optimization model for minimizing the ACE. The main
contributions of this paper can be summarized as follows:

(1) The frequency regulation model of multi-area power
systems considering large-scale IACs providing frequency
regulation service is proposed for the first time in the existing
researches. On this basis, the control strategy considering ACE
of the multi-area power systems and the regulation capacity
evaluation method of IACs are also proposed.

(2) A novel scheduling model of IACs in multiple time scales
(month, day and real-time) is developed to allocate the
regulation capacities among days and areas in the multi-area
power systems, and in which the control parameters of IACs
can also be optimized combined with the allocated regulation
capacities. Besides, the customers’ comfort can also be
guaranteed by considering the action number constraints and
action time constraints of the IACs.

0885-8950 (c) 2019 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission. See http://www.ieee.org/publications_standards/publications/rights/index.html for more information.



This article has been accepted for publication in a future issue of this journal, but has not been fully edited. Content may change prior to final publication. Citation information: DOI 10.1109/TPWRS.2019.2924348, IEEE

Transactions on Power Systems

(3) The effectiveness of the model and method are verified in
the numerical studies, which is based on the actual environment
parameters and [ACs’ parameters. The comparison analysis
between IACs and regular ACs is also carried out to verify the
advantages of 1ACs for providing frequency regulation service.

The remaining of this paper is organized as follows. Section
11 proposes the modeling method and control strategy of IACs.
Then the frequency regulation model of the multi-area power
systems considering the regulation services provided by
large-scale IACs are developed in Section III. The scheduling
model and optimization method of IACs are proposed in
Section V. Numerical studies are carried out in Section V, and
finally Section VI concludes this paper.

II. MODELLING AND CONTROL STRATEGY OF IACS

A. Thermal and Electric Model of IACs

The operating power of the IAC is closely related to the
thermal characteristics of the room. Therefore, it is essential to
build the thermal model of the room for studying the operating
characteristic of the IAC. The thermal model of the room can be
expressed as [2]:

dT, () _

CAIDAV dt - anin (t) - QIAC (t) (1)

where ¢, and p, are the heat capacity and density of the air,
respectively. V and T, are the room volume and the indoor
temperature, respectively. Q.,, is the heat gain of the room.
Q,xc is the cooling capacity of the IAC.

The heat gain Q,,;, comes from the heat transfer between
the indoor and outdoor air, which can be described as [24]:

Quain (1) = (Urir As + 1oV &) (To (1) ~To (1)) +Quis (1) (2)

where Uy, is the heat transfer coefficient. A is the surface
area of the room. ¢& is the air exchange times between the
indoor and outdoor air as a result of the open doors and
windows. T, is the ambient temperature. Q,, is the heat
radiation from lights, people and other disturbance factors.

The cooling capacity of the IAC is related to the operating
frequency of the compressor, which can be expressed as:

Quc () = Ko f () + Hq (3)

where K, and /g are the constant coefficients of the IAC. f;

is the operating frequency of the compressor, which can be
adjusted in a certain range, as shown below.

A AOE (@)

Similarly, the power consumption of the IAC is also related

to the operating frequency of the compressor and can be
expressed as:

Pac (1) = xp f. () + 145 )
where «, and u, are the constant coefficients of the IAC,
respectively.

B. Control Strategy of IACs for Providing Regulation Service

As for the normal 1AC-k, which does not provide regulation
service for the power system, the control objective is to
maintain the indoor temperature equal to the set temperature.
The control target of the compressor frequency can be realized
by the proportional integral (PI) controller [24]:

Power Grid of Area-i

_.|

The power consumption AACE,
of IACs can be affected -
by AACE; .
AP i |_|Kp :Afc _4V—<_ AV ATy, e AT,
r N
Saturation Rate limiter + +
The control
strategy
The thermal AQy;
model
1 AT,
VAL i

Ui A +e,pV ¢ Uir A +CapV g

Fig. 1. The transfer function model of the IAC for providing regulation service.

Afc,k (t) = 9 'Tdev,k (t) + n- J.Tdev,k (t)dt (6)

Tdev,k (t) = TA,k (t) _Tset,k (t) (7)
where 6 and 5 are the constant coefficients of the controller.
Tev is the temperature deviation between the indoor
temperature and the set temperature.

However, if the IAC-k could provide regulation service in
the multi-area power systems, the operating frequency of the
compressor should be impacted not only by the temperature
deviation T, , but also by the power system frequency
deviation or the tie line power deviation. Therefore, the control
strategy can be extended from the Eq. (6), which can be
described as:

Afc,k (t) =0 'Tdev,k (t) +n- J.Tdev,k (t)dt
+AACE, (t) + 8- [ AACE, ()dt (ke N,)

where AACE;(t) is the area control error (ACE) in area-i. g is
the integral controller coefficient of the ACE. N, is the total
number of IACs in area-i. The regulation capacity provided by
the IAC-k can be deduced from the Eq. (5) and Eg. (8), and
expressed as:

APy () =mpAf , (1) (ke N;) )

Besides, the IACs in area-i can share the responsibility of the
ACE. Therefore, the total available regulation capacities
provided by IACs in area-i can be calculated by:
APlAc,i (t) = Z APIAC‘k (t) ) SIAC,k (t)
keN;

where S ., is the controllable state of IAC-k, which is equal
to 1 if the IAC is in the on-state and controllable, while S,

will be 0 when the IAC is uncontrollable or in the off-state.
ACE is an important parameter in the multi-area power
systems and used as the key index for the control of the system
frequency and the transfer power among areas [18]. The ACE is
calculated by the power system frequency deviation and the tie

line power deviation, which can be expressed as:

AACE, (t) = 5, A, (t) + %, AR, (1) (11)

where Af, and AR, ; are the system frequency deviations and
the tie line power deviations in area-i, respectively. ¢, and 7,

are the proportional controller coefficients of the IACs in area-i,
respectively.

(®)

(10)

0885-8950 (c) 2019 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission. See http://www.ieee.org/publications_standards/publications/rights/index.html for more information.



This article has been accepted for publication in a future issue of this journal, but has not been fully edited. Content may change prior to final publication. Citation information: DOI 10.1109/TPWRS.2019.2924348, IEEE

Transactions on Power Systems

Based on the above thermal and electric model of the IAC
and the control strategy of the compressor, the transfer function
model of the IAC can be developed, as shown in Fig. 1. It can
be seen that the operating power of the IAC is affected mainly
by four factors, the ambient temperature deviation AT, , the
heat radiation deviation AQ,, , the set temperature AT, and
AACE; , respectively. Generally, the duration of the IAC
control for providing regulation reserve is short, e.g., 30
seconds for the primary frequency control and 15 minutes for
the secondary frequency control [24]. Therefore, as for the IAC
operating in the stable state, the ambient temperature, the set
temperature and the heat radiation can be regard as invariable
during the short period of the control process, and thus the
regulation power of the IAC is mainly related to AACE; .
Moreover, the cooling capacity of the IAC will be impacted,
when the IAC is controlled to provide regulation reserve. It
comes with the indoor temperature deviations. In order to
decrease the impact on customers, the indoor temperature
should be constrained in an acceptable range, which can be
described as:

AT™ < AT, < AT™ (12)
where AT, and AT, are the minimum and maximum
acceptable indoor temperature deviations, respectively.

C. Regulation Capacity Evaluation of IACs

As for the IAC operating in the stable state, the indoor
temperature T, is controlled to be steady near the set
temperature T, . At that time, the cooling capacity of the IAC
approximately equals to the heat gain of the room, which can be
expressed as:

anin (t) = QIAC (t) (13)

Therefore, the operating frequency of the compressor can be

derived and described as:

f.(t)= [(U A +CuoV E)(To (1) - T, (t))}/KQ
+ |:Qdis (t) —Hy :|/KQ

Then the operating power of the IAC in the stable state can
be expressed as:

PIAC (t) = KP [(U HT AS + cApAvg)(TO (t) _Tset (t)):|/KQ

+ 165 Quis (t)/KQ +(KQ/uP —Kply )/KQ

Due to the adjustment ranges of the compressor’s frequency,

the operating power of the IAC can be adjusted in the below
ranges.

(14)

(15)

Ko £+ gty <P (O < ap £ + g4 (16)

Therefore, maximum available capacities of the IAC for
providing up and down regulation services can be calculated by
the Equations (15)-(16), which can be expressed as AP%™
and APS»™™* respectively, as shown in Fig. 2.

Fig. 2 illustrates the operating frequency of the compressor
and the operating power of the IAC in the stable state, which
will change under different ambient temperatures and set
temperatures. When the set temperature is fixed and equal to
24<€, as shown in Fig. 2(a), f, and P,. will be larger with the
increase of T, , owing to the increasing flow of the outdoor hot
air. By contrast, as shown in Fig. 2(b), the f, and P,. will be

()10 P T 150 0) 10T P 150
] 7" Pic 4 =P
- N
—A— —
gk /A/‘ 120 8 ‘\A\ ——f Lo
A
] P mx b
Py I {f o ?'A,c, ) 6- Puc A\\ )
S | /A/‘ TR N~ YT \A\ =
X IAC g— T X g AC T
= A = = ~u LS
o4 _n F60~, o4+ ~n 4-60—
< ./l Y— < I\. —
o 1 _m— I o ~n
24 Apliuéwn,max 30 2 Apli(éwn max 30
min il
PIAC r PUT(I:H
o+——r—TrTTrTrT o rrrTrTrr

T T T T T T 10
20 21 22 23 24 25 26 27 28
T (°0)

set

30 31 32 33 34 35 36 37 3
T, (°C)

Fig. 2. The operating frequency of the compressor and the operating power of

the IAC in the stable state. (a) The set temperature is 24<€. (b) The ambient

temperature is 34<€.

AP,

Gii

1 1 FupiT,i8+1
— - Rl ! du/dt /a %

>
Tus+1 [ Tus+l T.s+1 |1 /|

Generation rate constraint

Speed governor  Turbine Reheat

Fig. 3. The transfer function model of the reheat steam generator.

smaller with the increase of T, , when the ambient temperature
is identically equal to 34<€. Because the IAC can produce less
cooling capacity to maintain a higher indoor temperature.
Moreover, the dotted lines P and PI> in Fig. 2 are the
minimum and maximum operating power of the IAC,
respectively. Thus the maximum available capacities of the
IAC for providing up and down regulation service can be
described as the two arrows APS:™ and APY™™
respectively.

Moreover, apart from the accurate calculation method as the
Eqg. (10), the total available regulation capacities of IACs can
also be estimated by the average regulation power, which can
be expressed as:

AP|Ac,i t= AR:ch,i ®- Z SIAC,k )

keN;
where AP, is the average regulation capacity of one IAC in
area-i, which can be calculated by the historical statistical data.

(17

Il1l. FREQUENCY REGULATION MODELLING OF MULTI-AREA
POWER SYSTEMS WITH CONTROLLABLE IACs

It is assumed that the IACs are installed with controllers and
can be dispatched to adjust the power consumption to provide
regulation service in the multi-area power systems. Then each
area of the multi-area power system can be divided into three
parts, the traditional generators, the controllable IACs and the
other traditional loads, respectively. When the load fluctuates
and the ACE occurs, both the power generation of the
generators and the power consumption of the IACs will be
regulated to assist the power system to rebalance.

As the studies have been carried out in [19], [20], [24], the
generators in this paper are also assumed as reheat steam
generators, whose transfer function model can be developed as
shown inFig. 3. T ;, T,; and T ; are the time constants of the
speed governor, the steam turbine, and the reheat module,
respectively. F,; is the power fraction of the reheat turbine.
Moreover, the generation ramp rate constraint is considered in
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‘ Transfer Function Model of the IAC-1 ‘

adjusted to provide regulation service.

| ] The power consumption of IACs can be
The IACs within one area share the

‘ Transfer Function Model of the IAC-2 ‘

AP,

ci  responsibility of the ACE.

‘ Transfer Function Model of the IAC-Ni ‘

s the Generator

Transfer Function Model of

K Af;

AP

Fig. 4. The transfer function model of one area in the multi-area power systems.

this model, because it can also seriously impact the regulation
effect of the system frequency control.

Based on the transfer function model of the IAC in Fig. 1 and
the transfer function model of the reheat steam generator in Fig.
3, the multi-area power systems with controllable generators
and 1ACs for providing regulation service can be developed.
Fig. 4 shows the frequency regulation model of one area in the
multi-area power systems [19], where R;;, B;; and K are
the governor speed regulation parameter, the frequency bias
parameter, and the integral gain of the generator, respectively.
T,; and K ; are the inertia time constant and frequency
damping factor, respectively. AP, ; is the disturbance power.
The tie line power deviation is defined as the variation of the
transmission power with other areas of the power system,
which can be calculated by:

APTie,i(t) = Z API’ie,ifj(t)
i,jeNy, j=i (18)
=y ZﬁTifj'f(Afi(t)—Afj(t))dt
i,jeNy, j=i
where N, is the total area number of the multi-area power
systems. AP, . ; and T,_; are the tie line power deviation and
the tie line time constant between area-i and area-j,
respectively.

Moreover, the AR, ; is different for the two areas, area-i
and area-j, because the rated system capacities of the two areas
may be different. Therefore, the capacity conversion coefficient
a; is proposed to deal with the different rated capacities
between area-i and area-j, which can be expressed as:

a; :_Pr,i/P (i, jeN,i=])

rj?

(19)

where P; and P, ; are the rated system capacities of area-i and

area-j, respectively.

IV. SCHEDULING MODEL OF IACS CONSIDERING ACTION
NUMBER AND ACTION TIME CONSTRAINTS

A. Action Number and Action Time Constraints of IACs

The scheduling model of IACs is developed on a monthly
basis and the customers can decide to participate in the
regulation service in each month. Meanwhile, in order to
decrease the impact on the comfort, the action number
constraints (ANC) and action time constraints (ATC) of the
IACs in a month can be set by the customers before the
beginning of the month. Therefore, the scheduling model of
IACs should be developed in the premise of subjecting to ANC

) ®
T,is+1
i
24T, Al
S

and ATC. The ANC of IACs can be expressed as:
0< ANC,,. , (t) < ANC, (20)

where ANC,,. , (t) and ANC, are the actual and maximum
action number of IAC-k, respectively. The ATC of IACs can be
expressed as two modes, i.e., 1and 0. ATC ., (t) isequaltol
on the allowable control days, while 0 on the other days.

As shown in Fig. 5, the scheduling model of IACs
considering ANC and ATC can be divided into three steps. The
first step is allocating the regulation capacity of IACs among
days in the month, which should be carried out before the
beginning of the month. Then the second step is allocating the
regulation capacity of IACs among areas in the multi-area
power systems in a day, which can be implemented before the
beginning of the day. Moreover, the control parameters of IACs
(6; and y,) and generators (Bg; and K ;) should also be
calculated at this time. The third step is sequence scheduling
and rolling modification of IACs in the real time. The
implementation procedure is explained in the next subsections
in detail.

ie,i m;ﬁ—
O

B. Step 1: Regulation Capacity Allocation of 1ACs Among
Days

The total regulation capacity of IACs in the month is limited
considering the ANC and ATC. Therefore, the first step of the
scheduling model is allocating the limited regulation capacity
provided by IACs among days in the month. As for the
large-scale 1ACs, the action number of IACs N (t) can be
regard as the allocated regulation capacity, as the regulation
capacity evaluation method in the Equation (17). Thus the
regulation capacity allocation problem can be reducible to the
action number allocation problem of IACs.

The main purpose of controlling IACs is to make up the
shortage of the regulation capacity provided by generators,
especially in high temperature days in summer, when the loads
reach the peak value of the year and at the same time IACs
become the main power consuming equipment [1]. Therefore,
the allocation criterion of the IACs’ action number on each day
is based on the shortage of the regulation capacity, which can
be expressed as:

'\llr/nxac)< (t) = Z Z ANCE\?k ' PSHT (t)/z PSHT (t)

ieNy keN; teD

(21)

Py () = max {o, DART (1) - Y| AR (t)} (22)

ieNy ieNy

where N (t) is the allocated action number of IACs on the
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day-t. Py, (t) is the shortage index of the regulation capacity
provided by generators. AP (t) is the maximum regulation
capacity of the generators in area-i. AP;;" (t) is the required
regulation capacity for disturbance power, which can be
obtained by load forecasting and the requirement on the reserve
ratio in the power system.

However, N ¥ (t) calculated by the above Equations (21)
-(22) cannot be the final results of the action number, because
N> (t) should also satisfy the second constraint (ATC),
which can be expressed as:

Nlr/ni:x (t) < z z ATCIAC,k(t)

ieN, keN;

It means that if the inequality constraint (23) cannot be satisfied,
the available IACs are insufficient on the day-t. In this scenario,
the exceeded N> (t) will be set to be equal to the maximum
value, and the action number of IACs on other days will be
calculated again by the Equations (21)-(22). The procedure of
the scheduling model is shown in Fig. 5.

(23)

C. Step 2: Regulation Capacity Allocation Among Areas and
Control Parameter Optimization of IACs

The allocated action number of IACs calculated in the first
step is the total available IACs in the multi-area power systems
on day-t, while the second step of the scheduling model is
allocating Nj> (t) among the areas. Moreover, the control
parameters of the IACs (o; and y,) and generators (B ; and
Ky, ) are also calculated at this time. The optimization model
can be developed, in which the optimization parameters include
Npci(®), 6, 7, Bg; and Kg; . The optimization objective is
to minimize the ACE of the multi-area power systems, which

can be expressed as [19], [20]:
min Z{Z [at, @t > " APTieysvij(t)zdtJ (24)

seNg \ ieNy ,jeNpi#]
s.t. DN <N (D) (25)
ieNg

0< Neracx,i < Z ATClAc,k ®, Nchx,i ez (26)

keN;
0,206, eR (27)
7,207, eR (28)
By 20,B;; eR (29)
Kei20,Kg; eR (30)

where T, and T, are the duration time of the system frequency
deviations and the tie line power deviations, respectively.
Njac;(t) is the action number of IACs in area-i. Ng is the
number of the disturbance scenarios, which are usually caused
by the load disturbances or the generating unit failures. The
disturbance power may occur at any area of the multi-area
power systems, and thus different scenarios are considered in
the objective function instead of one scenario [19]. The
optimization model can be solved by intelligence algorithms,
such as the genetic algorithm [20] and particle swarm
optimization algorithm [26], [27].

D. Step 3: Sequence Scheduling and Rolling Modification of
IACs in Real Time

The allocated number of IACs in each area can be obtained

Set ANC and ATC of IACs before the
beginning of a month by customers.

Step 1: Allocate the *

regulation resources Get APZ{*(t) and APR{*(¢) of the
provided by IACs multi-area power systems.
among days before the ‘

beginning of this month.

Calculate the shortage index of the
regulation capacity Psyr(t) by Eq.(22).

Set NTAE5(¢) to be
equal to the ‘
maximum value, and | Allocate the action number of IACs on
then allocate each day of the month by Eq.(21).

NTYE (t) on other
Niac (@) < Z Z ATCraci(t)
i€N, keN;

days again.

Step 2: Allocate the
IACs among areas and
optimize the control
parameters before the
beginning of this day.

Allocate N, (t) to each area of the
multi-area power systems, and optimize
the control parameters &;, y;, Bg,; and
K, at the same time by Eq.(24)-(30).

_Stzp_az_Se?a;d_re;is; ______________ l _________ T
_the cont_rol parameters Rank the IACs based on RANC 4¢ (1)
in real time. from the largest to smallest by Eq.(31).

Select the frontal N7, (t) 1ACs and set
the control parameters to them.

v

The power system operates in real time. [¢—

Is there a power
disturbance incident?

No

Is this day over?

Yes

Is this month over?

No

Revise APZ#*(t) and APR{*(t) of the
last days in the month.

Fig. 5. The scheduling model of 1ACs considering action number constraints
and action time constraints in different time scales (month, day, and real-time).

A 4

Update
RANC ¢ i (t) if the
IACs are dispatched.

A 4
End

from the optimization model, which is generally less than the
available IACs, as shown in the Equation (26). Thus the third
step is to select N, (t) IACs in area-i to be controlled as the
parameters (6;, 7;, Bg,; and K ;) in real time. The sequence
scheduling method is proposed here based on the remaining
action number of IACs, which can be expressed as:

RANC, . (t) = ANC/Z, — ANC . (1) (31)

where RANC . (t) is the remaining action number of the
IAC-k in this month. Then the IACs in area-i can be ranked
from the largest to the smallest based on the value of
RANC,,. . (t) . The frontal N (t) IACs will be selected and
set as the control parameters. In this manner, the IACs can be
dispatched in view of customers’ desire and the impact on
customers’ satisfaction can also be reduced. During the
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V. CASE STUDIES

The test system adopts the three-area power systems as the
studies in [19], [20], as shown in Fig. 6. The rated frequency of
the power system is 50Hz, and the rated capacities of the
three-area power systems are P, =2,000MW, P, , =4,000MW
and P, ,=8,000MW, respectively. The inertia time constants
and damping factors of the three-area power systems are
=20s and K, , = K , =K, , =100Hz/p.u.,
respectively. The tie line time constants of the three-area power

Fig. 6. The transfer function model of the three-area power systems with IACs participating in regulation services.
» P(MW)

§§800— | AP AP APY

= |
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Fig. 7. The required regulation capacity of the power system and the maximum
regulation capacity provided by generators.

operation period of the power system in real time, the
remaining action number of IACs RANC,,. (t) should be
updated after the occurrence of the disturbance power. Then the
IACs will be ranked again and another batch of frontal IACs
will be selected.

When the day is over, AP (t) and AP (t) of the last
days in the month can be modified based on the updating load
forecasting. The allocated action number of IACs on each day
should also be updated based on the remaining action number
of IACs. Therefore, the Equation (21) should be replaced by:

N E\?:X (t) = Z Z RANClAC,k (t) : PSHT (t)/z PSHT (t) (32)

ieN, keN; teD
The scheduling model will end when the month is over, as
shown in Fig. 5.

systems are T, ,=T,_, =T, ,=0.544s. Moreover, the parameters
of the reheat steam governors in the three-area power systems

are set as T, =T, ,=T,,=008s, T, =T, =T, =03s,
T =T, =T, =10s, Ry, = Ry, = Fpy =05 and
Rs: = Rs, = Rs; =4. The required regulation capacity

AP (t) and the maximum regulation capacity of the
generators AP (t) come from the real power systems’ data in
2017, in Jiangsu Province, China, as shown in Fig. 7.

The parameters of the thermal and electric model of IACs are
from the national standards of China [2], which are set as

p, =1205kg/m®, ¢, =1.005k)/kg/®€, ¢ =0.5h",
Uy =3.6W/MYR, Q. =0.43KW, V =250m?, A, =300m?,
Ko =0.04kW/Hz, 4, =0.02kW, x, =0.12KW/Hz,
pg = — 0.05KW, f™ =1Hz, f™ =150Hz, § =0.52Hz/<,
n =0.032HzZ/€Cls, f=001, T, =24€, ATI" = _ 1<,

AT, ™ =1, and T, =33€. Moreover, the rate limitation of the
IAC compressor is 10Hz/s. The maximum number of the
available 1ACs in the multi-area system are assumed to be
200,000, which accounts for around 5% of the total capacity of
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Fig. 8. The simulation results in real time in Case 1. (a) The regulation power of generators when the disturbance power occurs in area 1. (b) The regulation power
of IACs when the disturbance power occurs in area 1. (¢) The indoor temperature fluctuations when the disturbance power occurs in area 1. (d) The regulation power
of generators when the disturbance power occurs in area 2. (€) The regulation power of IACs when the disturbance power occurs in area 2. (f) The tie line power

deviations when the disturbance power occurs in area 2.

the power system. The maximum action number of each IAC is
five times, and the available time of each IAC is allocated
randomly in the days of the month.

B. Regulation Capacity Allocation and Control Parameter
Optimization of IACs

Based on the Equations (21)-(23), the regulation capacity
provided by 1ACs can be allocated among the days before the
beginning of the month, which are shown in Table I.

TABLEL
THE REGULATION CAPACITY ALLOCATION RESULTS OF IACS

Date N o Date N o Date N Date N
1 70,252 9 16,806 17 30,365 25 35,146
2 30,453 10 72,638 18 27,826 26 69,431
3 59,402 11 25149 19 31,770 27 37,060
4 68,587 12 32,353 20 6,116 28 16,683
5 116,745 13 20,886 21 10,492 29 5,452
6 66,513 14 22,720 22 774 30 0
7 58,245 15 9,640 23 170 - -
8 34,563 16 2,770 24 21,006 - -

It can be seen that more IACs will be scheduled when the
regulation capacity provided by generators is insufficient, for
example, 116,745 1ACs are allocated on the 5th day. However,
the allocated 1ACs will be less or even equal to zero if the
regulation capacity of generators is enough, such the thirty day.

Based on the total available number of IACs on one day, the
IACs among areas can be allocated from the optimization
model (24)-(30). Three disturbance power scenarios are
assumed to occur in the multi-area power systems, i.e., 2% of
the rated capacity ( AP, =40MW, AR, =80MW, and

AP_; =160MW), respectively. The first day is taken as an
example, when there are 70,252 IACs participate in the
regulation service. The maximum available IACs in each area
on this day are 15,000, 30,000 and 60,000, respectively. The
optimization model is solved by the particle swarm
optimization algorithm [26], [27], in which the parameters are
set as: iteration number is 50; swarm number is 50; adjustment
coefficients of the initial vector, group best vector and
individual best vector are 0.8, 2.5 and 1.5, respectively.

The system is formulated in MATLAB R2014a, on a laptop
with Intel(R) Core(TM) i7-5500U processors, clocking at
2.40GHz and 8GB RAM. It takes 1301.359 seconds (i.e.,
around 22 minutes) to calculate the parameters, as shown in
Table II (Case 1). This calculation process is before the
beginning of the day, which will not affect the controllers’
response time in real time.

In the same case, the differences of the control parameters in
different areas are mainly related to two reasons. The first one
is the different characteristics of the generators in different
areas, which have huge gaps in the capacities and can lead to
different control parameters for the generators. The second
reason is the different number of IACs in the three areas. These
IACs can provide regulation services for both themselves’
areas and the other areas to minimize the ACE of the multi-area
power systems, which cause different control parameters for
IACs. For example, the number of IACs in area-3 is the largest,
so that y, is larger than y, and y, to realize more regulation
functions for area-1 and area-2. Moreover, 7, is 4.216, which
is the smallest among the three values. It indicates that the IACs
in area-2 should decrease the regulation services’ interaction
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Fig. 9. The comparisons of the frequency regulation effects among the three cases when the disturbance power occurs in area 1. (a) The frequency deviations in area
1. (b) The frequency deviations in area 2. (c) The frequency deviations in area 3. (d) The regulation power of generators in case 2. (¢) The regulation power of ACs

in case 2. (f) The tie line power deviations between area 1 and area 2.

with area-1 and area-3, in order to realize the optimization
objective, i.e., minimize the total ACE of the multi-area power
systems.

TABLEII

THE OPTIMIZATION RESULTS OF THE ALLOCATED CAPACITIES AND CONTROL
PARAMETERS IN THE MULTI-AREA POWER SYSTEMS

Case  Area By, Ksi S 7i Npei ()
1 90.023 1.8501 2,054 219.8 2,849
Case 1 2 1.4732 0.2180 689 4.216 22,126
3 46119 0.1708 1,691 390.6 45,098
1 98.003 0.0017 10000 3.6148 14,998
Case 2 2 0.6990 0.1149 9918 977.80 30,000
3 0.3221  9.9870 9312 1001.4 25,014
1 0.1154  0.4964 - - -
Case 3 2 0.3209 0.0903 - - -
3 0.3511 0.0639 - - -

C. Control of IACs in Real Time

Based on the optimization results in Table I, there are
2,849, 22126 and 45098 IACs selected in area-1, area-2 and
area-3, respectively. The corresponding control parameters J,
and y, are set to the selected IACs. Besides, the control
parameters Bg; and K;; are setto the generators in each area.

It is assumed that 40MW disturbance power occurs in
area-1 in real time, when the generators and 1ACs in each area
will take action to change operating states and provide
regulation power. The simulation results are shown in Fig.
8(a)-(c). Fig. 8(a) shows the regulation power of the generators
in Case 1. It can be seen that all the generators will increase the
power generation when the disturbance power occurs. The
generator in area 1 will finally provide all the additional load
power, while the generators in other areas will recover to the

original operating state at the end of the regulation. Similarly, if
the disturbance power occurs in area-2 in real time
(AP_,=80MW), all the generators will also increase the power
generation and the generator in area 2 will finally provide all
the additional load power, as shown in Fig. 8(d).

By contrast, as shown in Fig. 8(b) and Fig. 8(e), the IACs in
Case 1 will decrease the power consumption as soon as the
disturbance power occurs. In this manner, the IACs can achieve
the same effect with the generators on assisting the power
system to recover balance. Moreover, it can be seen that the
IACs’ power can be regulated more rapidly than the generators’
power. The faster regulation speed is useful for the reduction of
the system frequency deviations. The IACs mainly contribute
to the regulation services in the first 20 seconds, and phase out
when the power system recovers the steady state. Because the
changed operating frequency and power consumption can lead
to the appearance of the temperature deviation, i.e., the T, is
not zero any more. The temperature deviation will cause the
reverse regulation of the compressor’s operating frequency.
Therefore, the IACs seem to phase out when the power system
return to the steady state. It is a beneficial control strategy for
both providing regulation services to the power systems and
guaranteeing the customers’ comfort. Besides, it can be seen
from Fig. 8(b) and Fig. 8(e) that the IACs’ power exceed the
original operating power value temporarily in the process of
recovery, i.e., the AP, is larger than zero slightly in the
recovery procedure. This is because the indoor temperatures are
affected when the IACs provide operating reserve, and the
IACs have to consume more energy to restore the indoor
temperatures along with the recovery of the system balance.

Fig. 8(c) shows the indoor temperature fluctuations in Case
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1. The original indoor temperature is 24€ and the maximum
temperature deviation is less than 24.06<€. Finally, the indoor
temperature returns to the set point around 25min later.
Therefore, the indoor temperature can be guaranteed in the
allowable ranges and will return to the set temperature as soon
as the finish of the regulation process. The temperature
deviation process is slower than other deviation processes, such
as the power system frequency deviations and power
consumption deviations. Because the power consumption can
be regulated rapidly by adjusting the compressor’s operating
frequency within 20s. However, the influence due to the power
consumption adjustment cannot be reflected on the indoor
temperature in such a short time period. The room has thermal
insulation function, i.e., the specific heat ratio in equations
(1)-(2). Therefore, the indoor temperature deviation process is
slower than the power consumption deviation process.

Fig. 8(f) shows the tie line power deviations when the
disturbance power occurs in area-2. The AR, , is positive
while the AR, ., is negative, which indicate that the
regulation power flows from the area-1 and area-3 to area-2.
That is to say, the other areas can provide regulation services to
the disturbance power area to assist the multi-area power
systems to recover balance. Besides, the AP, , , fluctuates
around zero and the values are smaller than AP, , , and
AP, ,_,. Because the area-1 and area-3 have no disturbance in
this case, and do not need to adjust the tie line power to provide
regulation power to each other.

D. Comparison of Frequency Regulation Effects Among the
Three Systems with IACs, without IACs, and with Regular ACs

In order to compare the regulation effects on the power
system before and after considering IACs, another two cases
are considered: the ACs can provide regulation service by
on/off control method in Case 2 [9], [11], [12], [20]; no IAC or
AC provide regulation service in Case 3 [18], [19]. It is
assumed that the operating capacities provided by ACs in Case
2 are the same with that by IACs in Case 1. Besides, the control
parameters of the generators and ACs in Case 2 and Case 3 are
also obtained by the optimization model. The results are shown
in Table II. In different cases, the differences of the control
parameters are mainly related to the architectures of the
multi-area power systems. The different system architectures
and different kinds of flexible loads cause different control
parameters. For example, the control parameters (J; and ;)
are for IACs in case 1, for ACs in case 2, and not applicable in
case 3.

Fig. 9(a)-(c) show the frequency deviations in the three cases.

It can be seen that the system frequency will drop rapidly and
then increase gradually under the regulation of the generators
and IACs. The frequency deviations in Case 1 can recover to
the rated value faster than that in Case 3, which proofs that
IACs can keep down the frequency deviations by providing
regulation service. The maximum system frequency deviation
in Case 1 is —0.022 Hz, while it is —0.053 Hz in Case 3. The
main reason is that the IACs can take action and provide
regulation power faster than the generators, so that the gap
between the disturbance power and generation power can be
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Fig. 10. The ambient/outdoor temperature in Jiangsu Province, China, on Aug.
7 2017 [28].
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decrease rapidly in a short time. It can also be proved from the
tie line power deviations in Fig. 9(f), where the maximum tie
line power deviations in the two cases are similar, while the
recovery time is the shortest in Case 1 (with 1ACs), and the
longest in Case 3 (without 1ACs). Consequently, the IACs can
provide operating reserve for the power system, which
contributes to the decrease of the frequency deviations, the tie
line power deviations, and the recovery time.

The comparisons of the regulation services provided by
IACs and ACs are also shown in Fig. 9. The frequency
deviations in Case 2 are decreased compared with that in Case 3,
due to the regulation capacities of ACs, as shown in Fig.
9(a)-(c). However, compared with Case 1, the recovery time of
the system frequency is longer in Case 2, and the system
frequency shows more oscillations during the recovery process.
Because the ACs can only switch between on and off states, the
control methods of ACs cannot be so flexible as IACs. The
comparisons of the regulation power provided by the IACs and
ACs are shown in Fig. 8(b) and Fig. 9(e), respectively. The
IACs can change the compressors’ operating frequency to
adjust the power consumption, which is fast and suitable for
varying degrees of frequency deviations. While as for regular
ACs, the on/off control methods in [9], [11], [12], [20] have to
set the response thresholds of the deviations, in order to avoid
the frequent switch between on and off states. Therefore, the
ACs cannot take action if the frequency deviation is less than
the minimum value of the thresholds. Besides, the ACs may be
damaged if they are shut down suddenly too many times.
Therefore, regular ACs can indeed provide regulation service
for the power system, while they are not suitable to change the
operating states in a short time and cannot provide frequency
regulation services so good as IACs.

E. Simulation Results Over Several Hours Considering Both
Up and Down Regulation Services

In order to verify the effectiveness of the regulation services
provided by the generators and IACs over a long period of time,
the simulation is carried out for six hours (10:00-16:00)
considering both up and down regulations (Case 4). Moreover,
the outdoor temperature is also considered in the simulation,
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Fig. 11. The simulation results in real time in Case 4 (last for 6 hours from 10:00 to 16:00). (a) The frequency deviations. (b) The regulation power of generators. (c)
The regulation power of IACs. (d) The tie line power deviations. (e) The indoor temperature fluctuations.

which is based on the real ambient temperature in Jiangsu
Province, China, on August 7th, 2017, as shown in Fig. 10 [28].
The disturbance power values are assumed to obey the normal
distribution by using the mean value zero and the standard
deviation 2%. Therefore, the generators and IACs have to
provide both up and down regulation services. Besides, the
disturbance power is assumed to occur randomly among the
areas in the three-area power systems. The other parameters are
set to be the same as that in Case 1.

The simulation results are shown in Fig. 11, which includes
the system frequency deviations, the regulation power provided
by generators and 1ACs, the tie line power deviations, and the
indoor temperature fluctuations. There are many spikes in Fig.
11, because this figure shows the deviations for six hours, while
the AGC performance makes the deviations return to the
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objective values within only around 30s. The fluctuations
cannot be presented as detailed as that in Fig. 8 and Fig. 9.

In order to show more specifics, two spikes in Fig. 11 are
amplified to show the curves’ details, i.e., the down regulation
service at 10:43:30 and the up regulation service at 13:03:00. It
can be seen that the system frequencies in Fig. 11(a) can be
stabilized to zero under the regulation services provided by the
generators in Fig. 11(b) and the IACs in Fig. 11(c). Here the
IACs can provide down regulation services, i.e., increasing the
power consumption. Because the operating power of IACs can
be regulated flexibly by adjusting the operating frequency of
the compressor. Generally, when the IAC is just turned on, the
operating frequency of the compressor is high to make the
indoor temperature reach the set point as soon as possible.
However, the operating frequency will reduce to a steady value
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when the indoor temperature reaches the set temperature. That
is to say, the operating frequency will not be in the maximum
value at most of the operating time, when the 1ACs are in the
steady state. Therefore, as for the aggregation of IACs, most of
the IACs have the capability to provide both up and down
regulation services. Only a small part of IACs, which are just
turned on, may have no capability to increase the power
consumption and provide the down regulation service.
Moreover, in reality, the down regulation service by IACs is
uncommon when the outdoor temperature is high. Because the
power consumption is large in the high temperature moment,
which may lead to all the available generators working at full
capacity. The up regulation capacity (i.e., increasing the power
generation of generators) will be short for dealing with the
sudden positive disturbance power. Therefore, the pressing
need is to provide equivalent up regulation capacity by cutting
down the power consumption of IACs. At this moment, the
down regulation capacity (i.e., decreasing the power generation
of generators) is generally ample, because the generators have
been working at full capacity and hope to decrease the power
generation.

Besides, the indoor temperature fluctuations are shown in
Fig. 11(e), where the minimum and maximum temperature
deviations are 23.75%€ and 24.25<€, respectively. Therefore,
the indoor temperature can also be guaranteed in the allowable
ranges.

F. Discussions

The proposed modelling and scheduling methods in this
paper show huge potential of IACs to provide regulation
services for the power systems. In fact, the progressed
information and communication technologies have made it
easier and lower cost to build the instant communication system
nowadays. For example, in USA, the Lawrence Berkeley
National Laboratory created a standard for implementing DR,
i.e., OpenADR [29]. The entire interaction can be realized over
the existing internet connection and completed in milliseconds.
The OpenADR 2.0 has included the fast response services, such
as frequency regulation services for the power systems [30]. In
Europe, such as Denmark, some field experiments have
verified that the fast frequency regulation services can be
provided by bottle cooling refrigerators, the electric space
heaters and wastewater treatment plants [31]. Besides, several
DR projects had been implemented in Romania, including the
installation of advanced metering management systems to
households with fiber optics and GPRS, and the installation of
power line communication system to small economic operators
[32]. In China, the State Grid Corporation of China
implemented the Large-scale Source-Grid-Load Friendly
Interactive System project to realize the rapid control of loads
on the time scale of milliseconds to avoid the sharp drop of the
system frequency caused by the failure of the Ultra High
Voltage Direct Current transmission line [33], where around
2,600MW loads have been connected to the optical fiber
communication network [34]. Besides, the Control System
Reformation of Air Conditioning Systems in Public Buildings
project reformed the 1ACs to realize the flexible regulation of

the compressors’ operating frequency. On this basis, the IACs
can provide frequency regulation services or reduce the peak
loads during hot days in summer.

Moreover, the cyber-security is also concerned in these
projects. For example, there are two types of communication
systems for the power systems’ operation in China. One is by
the name of the private network, and the other one is named
extranet. The control signals and data monitoring of loads in
DR projects are based on the private network. Only some
information (e.g., electricity bills and DR bonuses) is released
via the extranet. In this way, the communication systems for the
power systems can realize the physical isolation with the
extranet, to ensure the security of customers’ data. Therefore,
the instant two way communication system will be available
more widely in the near future, which is precisely the scenario
that this paper focuses on.

VI. CONCLUSIONS

This paper presents a novel frequency regulation model of
multi-area power systems considering regulation service
provided by large-scale IACs. Based on the proposed thermal
and electric model of IACs, the control strategy and available
capacities of IACs in the multi-area power system are analyzed
and quantified. Moreover, the scheduling model for allocating
the regulation capacities of IACs among the days in the month
is developed, and in which the optimization model of the IACs’
control parameters is proposed for minimizing the ACE of the
multi-area power systems. lllustrative results show that the
system frequency deviations and tie line power deviations can
be kept down when IACs participate in the regulation service,
in which the customers desired indoor temperature can also be
guaranteed. The comparison results in the case studies between
IACs and regular ACs also show that IACs are more suitable to
provide frequency regulation service than ACs.
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