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Abstract—The power consumption of inverter air con-
ditioners (IACs) can be regulated flexibly by adjusting the
compressor’s operating frequency, which has been proven
suitable for providing regulation capacities to power sys-
tems. Considering the rapid phasing out of traditional gen-
erating units, massive IACs create huge alternative regula-
tion potential. However, the impact of IACs on the power
system’s stability is rarely studied. To address this issue,
this article proposes the modeling and control methods of
IACs to provide regulation capacities to power systems. On
this basis, a novel power system model with the control
loop of large-scale IACs is developed, where the commu-
nication latency during the control signal transfer process
is also considered. Then, the dynamic performance and
steady-state errors of the novel power system are eval-
uated, showing that IACs can quickly participate in and
smoothly withdraw from the regulation process. Further-
more, the stabilities and sensitivities of power systems with
and without IACs are compared, in order to illustrate that
both the stability margin and robustness of the power sys-
tem can be increased via the control loop of IACs. Finally,
the effectiveness of the proposed models and methods are
verified by numerical studies.

Index Terms—Dynamic performance, inverter air condi-
tioner (IAC), sensitivity analysis, stability analysis.
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I. INTRODUCTION

A. Background

THE increasing penetration of renewable energies brings
more fluctuations to power systems [1], which puts

forward a higher demand for regulation capacities to maintain
the system balance between power generation and consumption
[2]. However, traditional generating units, such as thermal units
and gas turbines, are phasing out around the world [3], which
are currently the main sources of regulation reserves while may
become insufficient in the near future [4].

With the rapid development of the information and commu-
nication technologies [5], demand response (DR) is becoming
more feasible and accordingly paid increasing attention [6].
DR is an alternative approach of traditional generating units
to provide regulation services for power systems by adjusting
the power consumption of loads [7], [8]. It has been proven that
DR contributes to increase the stability of power systems [9]
and to decrease the system operation cost under the premise
of guaranteeing end-users’ comfort requirements [10], [11].
Among the various demand-side resources for DR [12], inverter
air conditioners (IACs) show a number of suitable characteristics
for providing regulation capacities [13].

1) The power consumption of an IAC can be regulated
continuously by adjusting the compressor’s operating
frequency, whereas traditional loads (e.g., lights, water
heaters, and regular fixed speed air conditioners) can only
be controlled by switching between ON- and OFF-states.
Continuously regulating instead of turning OFF an IAC
has less impact on end-user comfort [14].

2) IACs are proven to have less inertia and can be regu-
lated more rapidly than traditional generating units [15],
which is significant for decreasing the system’s frequency
deviations.

3) The market share of IACs is increasing rapidly and has
exceeded that of regular fixed speed air conditioners in
many countries [15]. Statistical data show that air con-
ditioners account for around 40% of the total electricity
consumption during peak hours [16], when the regula-
tion capacities from generating units are generally most
deficient.

In summary, IACs have flexible regulation characteristics and
huge regulation potential exactly at this peak power time to
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substitute generating units in providing regulation capacities for
power systems.

B. Literature Reviews

In the existing literature, some studies on IACs can be found.
In [17], the model of an IAC and its variable-speed compressor
are developed, whose accuracy and effectiveness are verified
by experimental data. In [18], the IAC’s operating performance
is analyzed with variations of the compressor’s operating fre-
quency, system cooling load, and cooling load ratio between
rooms. Besides, in [19], the operating characteristics of con-
ventional constant speed air conditioner and IAC are compared
through a specialized test platform, in which the long-term,
static, starting, dynamic, and shutdown conditions are all an-
alyzed. The results show that the IAC can make the indoor
temperature reach the set value more quickly with higher en-
ergy efficiency than conventional air conditioners. However, the
above-mentioned studies only focus on the IAC machine itself,
while they do not consider using IACs to provide regulation
services for power systems.

Some other studies indeed consider the interactions of IACs
with power systems. For example, a thermal model of rooms and
an electric-thermal model of air conditioners are developed in
[20] to provide intra-hour balancing services for power systems,
in which the direct load control algorithm and temperature-
priority-list method are used to dispatch air conditioners to main-
tain customer desired indoor temperatures and load diversities.
Moreover, the appliance commitment algorithm is proposed in
[21] to schedule thermostatically controlled household loads un-
der dynamic electricity prices. Furthermore, a co-optimization
method of regulation capacities and duration time is used in [16]
to mitigate the rebound of air conditioners after participating in
regulation services. However, the regulation services in these
studies are providing operating reserves rather than frequency
regulation services, and the controlled flexible loads are con-
ventional constant speed air conditioners rather than IACs. A
conventional air conditioner’s operating power has only two
values, i.e., the rated power and zero. Therefore, conventional air
conditioners have no capability to increase power consumption,
if they are operating at the rated power. However, in the case of
IACs, the operating power can be regulated flexibly by adjusting
the operating frequency of the compressor. Therefore, IACs are
more suitable to provide regulation services for power systems,
which is exactly what this article focuses on.

In [15], IACs are equivalent to traditional generators in terms
of compatible dispatch with current power system models.
Moreover, in [22], IACs are modeled as thermal batteries for par-
ticipating in DR, in which a finite-horizon optimization model is
used to dispatch IACs with lithium-ion batteries. In [23] and [24],
the neural network PID controller and the dq-axis theory, respec-
tively, are proposed to control IACs to provide active regulation
power for power systems without sacrificing customers’ thermal
comfort. However, the above-mentioned studies are developed
and tested by simulation in the time domain. The communication
latency, stability, and robustness of the power systems before
and after considering IACs are not studied. By contrast, this

article proposes a novel power system model in the frequency
domain, where the communication latency during the control
process of IACs is considered. Based on the Padé approximant,
the steady-state error, stabilities, and sensitivities of the power
system models with and without IACs are studied to illustrate
the effectiveness of IACs.

In summary, existing studies mainly focus on the modeling
and control methods of IACs, while the dynamic performances
and stability of the power system with IACs providing regulation
capacities have not been studied. This research gap is precisely
what this article attempts to fill.

C. Contributions

The main work and contributions of this article are summa-
rized as follows.

1) The thermal and electric models of IACs are developed
[14]. On this basis, the control method of IACs is proposed
to provide regulation capacities for the power system.

2) Based on the modeling and control methods of IACs,
the novel power system model with the control loop
of large-scale IACs is proposed. Considering the high
sensitivity of regulation services to time (e.g., primary
frequency regulation is generally within 30 s) [15], the
communication latency during the regulation process is
also considered in this model.

3) The steady-state error of the novel power system model
with large-scale IACs is evaluated after random devia-
tions. Compared with traditional ON–OFF loads [25], [26],
IACs can withdraw from the frequency regulation process
smoothly with the recovery of the system balance. This
proves that the regulation of IACs has less impact on
customers’ comfort than traditional ON–OFF loads.

4) Moreover, the closed- and open-loop transfer functions
of the novel power system with IACs are obtained to
analyze changes in stabilities and sensitivities. The results
illustrate that the stability margin and the robustness of a
power system can both be increased by using regulation
capacities from IACs.

5) By employing the Padé approximant and the root locus
method, the impact of the communication latency is fur-
ther analyzed. The results show that the 3rd-order Padé
approximant is accurate enough for analyzing the IACs’
latency.

The remainder of this article is organized as follows. Section II
presents the modeling and control methods of IACs. The novel
power system model with the control loop of large-scale IACs is
developed in Section III. The dynamic performances, stability,
and sensitivity of power systems with and without IACs are
studied in Section IV. The numerical studies are presented in
Section V. Finally, Section VI concludes this article.

II. MODELING AND CONTROL METHODS OF IACS

A. Modeling of IACs

The IAC’s power consumption is closely related to the thermal
characteristics of the corresponding room. Based on previous
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Fig. 1. Relationship of the IAC’s power consumption, cooling capacity,
and COP with the compressor’s operating frequency.

studies [16], [20], the thermal model of the room can be ex-
pressed as

dθi(t)

dt
= − 1

CiRi
[θi(t)− θo(t) +RiQi(t)] (1)

where θi(t) is the indoor temperature in the room-i at time-t. Ci

and Ri are the thermal capacity and thermal resistance of the
room-i, respectively. θo(t) is the outdoor temperature at time-t.
Qi(t) is the cooling capacity of the IAC-i at time-t.

In order to show the dynamic performances of the IAC more
clearly, the time domain function (1) can be transferred to the
complex frequency domain function via the Laplace Transform,
which is described as

θi(s) =
1

1 + CiRis
[θo(s)−RiQi(s)] (2)

where s is the Laplace operator.
According to the actual measurement data on the operating

performance of the IAC [14], [15], the cooling capacity Qi and
the power consumption Pi will increase as the compressor’s
operating frequency fi increases, as shown in Fig. 1. Qi and Pi

are regarded as being in a linear relationship with fi. Besides,
the coefficient of performance COPi shows the relationship
between the cooling capacity and the corresponding power
consumption, which decreases as the compressor’s operating
frequency increases.

However, all these relationships in Fig. 1 are tested while
the IAC operates in the steady-state. If we study the dynamic
performances of the IAC, the inertia of the compressor must
also be considered [15]. Because the compressor is a type of
electric motor, whose operating frequency cannot be controlled
and adjusted instantaneously. Therefore, by introducing the in-
ertial element [15], [22], the cooling capacity and the power
consumption of the IAC can be expressed as

Qi(s) =
κQ

1 + Tcs
fi(s) + μQ (3)

Pi(s) =
κP

1 + Tcs
fi(s) + μP (4)

where Tc is the inertia time constant of the compressor. κQ, μQ,
κP , and μP are the coefficients of the cooling capacity and the
power consumption, respectively.

B. Control of IACs

As shown in (3) and (4), the cooling capacity and power
consumption of an IAC are adjusted by regulating the compres-
sor’s operating frequency. The control objective of the operating
frequency is to maintain the indoor temperature as equal to
the user’s set temperature. Therefore, the adjustment to the
compressor’s frequency is based on the gap between the indoor
temperature Δθi(s) and the set temperature Δθset,i(s) [15],
which can be expressed as

Δfi(s) = C(s) ·Δθdev,i(s) (5)

Δθdev,i(s) = Δθi(s)−Δθset,i(s) (6)

where C(s) is the inbuilt controller for regulating the compres-
sor’s operating frequency.

If the IAC can provide regulation services for power systems,
the compressor’s operating frequency should be controlled by
the inbuilt controller C(s) and an additional controller D(s)
for providing regulation capacities [15]. Therefore, (5) can be
updated to

Δfi(s) = C(s) ·Δθdev,i(s) +D(s) ·Δfs(s) (7)

where Δfs(s) is the power system’s frequency deviations.

C. Regulation Capacities Provided by IACs

The frequency regulation capacity can be evaluated based on
the above models and control methods in (1)–(7). By substituting
(3) into (2), the indoor temperature deviation can be obtained as

Δθi(s) =
1

1 + CiRis

[
Δθo(s)− κQRi

1 + Tcs
Δfi(s)

]
. (8)

Substituting (8) into (6) and (7) yields the adjustment value
of the compressor’s operating frequency as follows:

Δfi(s) =
(1 + Tcs)(1 + CiRis)D(s)

(1 + Tcs)(1 + CiRis) + κQRiC(s)
Δfs(s)

+
(1 + Tcs)C(s)

(1 + Tcs)(1 + CiRis) + κQRiC(s)
Δθo(s)

− (1 + Tcs)(1 + CiRis)C(s)

(1 + Tcs)(1 + CiRis) + κQRiC(s)
Δθset,i(s).

(9)

It can be seen from (9) that the adjustment value of the
compressor’s operating frequency is related to three factors,
the power system’s frequency deviations, the outdoor tempera-
ture deviations, and the set temperature deviations. Considering
the short time period of the frequency regulation process (within
30 s) [15], the outdoor temperature can be regarded as invariable
during the short regulation process. Moreover, users are consid-
ered not to change the set temperature coincidently during these
30 s. Therefore, the (9) can be simplified to

Δfi(s) =
(1 + Tcs)(1 + Tas)D(s)

(1 + Tcs)(1 + Tas) + κQRiC(s)
Δfs(s) (10)
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where Ta = CiRi. Equation (10) means that the IAC com-
pressor’s operating frequency is only influenced by the power
system’s frequency deviation Δfs(s).

Substituting (10) into (4) yields the regulation capacity pro-
vided by the IAC as follows:

ΔPi(s) = Ψ(s)D(s)Δfs(s) (11)

where

Ψ(s) =
κP (1 + Tas)

(1 + Tcs)(1 + Tas) + κQRiC(s)
. (12)

Compared with traditional generating units, the regulation
capacity provided by one IAC is small. Therefore, the aggre-
gated regulation capacity of the large-scale IACs is generally
considered, which can be calculated by

ΔPIAC(s) =

N∑
i=1

ΔPi(s) =

N∑
i=1

ΔPavg(s)Si(s)

= ΔPavg(s)SON (13)

where N is the total number of IACs. ΔPIAC(s) is the aggre-
gated regulation capacity of IACs. As for large-scale IACs, the
average regulation capacity ΔPavg(s) can be calculated using
historical statistical data. Therefore, the total regulation capacity
can also be evaluated by summing the operating state of each
IAC Si(s). The Si(s) is equal to 1 if the IAC-i is in the ON-state,
while it is 0 if the IAC-i is in the OFF-state. SON is the total
available number of IACs in the ON-state.

III. MODELING OF THE POWER SYSTEM WITH THE CONTROL

LOOP OF LARGE-SCALE IACS

Traditional power systems are only regulated by power gener-
ation units, such as thermal units and gas turbines. Therefore, a
traditional power system model without IACs can be illustrated
as Fig. 2(a), where a reheat steam generator is taken as an
example [27], [28].

Fig. 2(b) shows the novel power system model with the control
loop of large-scale IACs [15]. The power system frequency
deviation is caused by the load deviations ΔPD and is recovered
under regulation from the generator and IACs. Therefore, the
system frequency deviation can be expressed as

Δfs(s) =
1

D + 2Hs

[
ΔPG(s) + ΔP̂IAC(s)−ΔPD(s)

]
(14)

where D and H are the load-damping factor and the iner-
tia constant of the system, respectively. ΔPD(s) is the load
deviation. ΔPG(s) is the regulation power provided by the
generator, which includes two controllers: the proportional con-
trollerΔPGP (s) for the primary frequency regulation (PFR) and
the integral controller ΔPGS(s) for the secondary frequency
regulation (SFR). Therefore, the ΔPG(s) can also be expressed
as

ΔPG(s) = G(s) · [ΔPGS(s)−ΔPGP (s)]

= G(s) ·
[
ΔPGS(s)− 1

R
Δfs(s)

]
(15)

Fig. 2. Comparison of power system model with and without the con-
trol loop of IACs. (a) Traditional power system model without the control
loop of IACs. (b) Novel power system model with the control loop of
IACs.

where

G(s) =
1 + FHPTrs

(1 + Tgs) (1 + Tts) (1 + Trs)
. (16)

R is the speed droop parameter. Tg , Tt, and Tr are the time
constants of the speed governor, the turbine, and the reheat
process, respectively. FHP is the high-pressure turbine section.

As for the regulation capacities provided by the large-scale
IACs, the system frequency deviations are detected first by the
control center and then transmitted to each IAC’s controller. This
process inevitably causes the communication latency τ , which
is expressed as e−τs in Fig. 2.

The communication latency process is nonlinear, which
causes great inconvenience for solving the eigenvalues and ana-
lyzing the system’s dynamic performances. In previous studies
[25], [26], the Padé approximant has proven to be able to
linearize the communication latency process with strong conver-
gence results. This method is used in this article and expressed
as

Δf̂s(s) = e−τs ·Δfs(s) ≈ Pkl(s) ·Δfs(s) (17)

where

Pkl(s) =

∑l
j=0

(l+k−j)!l!(−τs)j

j!(l−j)!∑k
j=0

(l+k−j)!k!(τs)j

j!(k−j)!

=
b0 + b1τs+ · · ·+ bl(τs)

l

a0 + a1τs+ · · ·+ ak(τs)
k
. (18)

k and l are the orders of the denominator and numerator poly-
nomials in the Padé approximant function, respectively. aj and
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bj are the coefficients of the Padé approximant function, which
can expressed as{

aj =
(l+k−j)!k!
j!(k−j)! , j = 0, 1, . . . , k

bj = (−1)j (l+k−j)!l!
j!(l−j)! , j = 0, 1, . . . , l

. (19)

Therefore, the aggregated regulation capacity of IACs can be
derived from (13) and (17) into

ΔP̂IAC(s) = Pkl(s)ΔPIAC(s). (20)

Based on the novel power system model with the control loop
of large-scale IACs, the dynamic performances, stability, and
sensitivity of power systems with and without IACs are studied
in Section IV.

IV. DYNAMIC PERFORMANCE OF THE POWER SYSTEM WITH

THE CONTROL LOOP OF LARGE-SCALE IACS

A. Steady-State Error Evaluation of the Power System

As shown in Fig. 2(b), the power system frequency can be
regulated by the PFR ΔPGP (s) and the SFR ΔPGS(s) of the
generator, and the ΔP̂IAC(s) of the IACs. Generally, the PFR is
fast, while it cannot make the system frequency return to zero.
Therefore, the regulation capacities will finally be provided by
the SFR of the generator and the IACs in steady-state [25].

Substituting (15) and (20) into (14) yields

Δfs(s) =
1

Φ(s)
[G(s)ΔPGS(s)

+ Pkl(s)ΔPIAC(s)−ΔPD(s)] (21)

where

Φ(s) = D + 2Hs+G(s)/R. (22)

Assuming there is a step disturbance load in the power system,
which can be expressed as

ΔPD(s) = ΔPD/s. (23)

Then, substituting (23) into (21), the steady-state value of the
system frequency deviations can be calculated as

Δfs,SS = lim
s→0

sΔfs(s)

=
1

Φ(0)
(ΔPGS,SS +ΔPIAC,SS −ΔPD) (24)

where

Φ(0) = D +G(0)/R = D + 1/R (25)

ΔPGS,SS = lim
s→0

sG(s)ΔPGS(s) (26)

ΔPIAC,SS = lim
s→0

sPkl(s)ΔPIAC(s). (27)

Therefore, when the power system frequency returns to a
steady-state, the disturbance powerΔPD is provided by the gen-
erator ΔPGS,SS and the IACs ΔPIAC,SS . The specific values
of the two kinds of regulation capacities in the steady-state can
be calculated as follows.

1) Steady-State Regulation Capacity of the Generator:
The integral controller is generally used in the SFR process of
the generator, which can be expressed as

ΔPGS(s) = −KΔfs(s)/s. (28)

Substituting (28) into (26) yields

ΔPGS,SS = −KG(0)Δfs(0) = −K

∫ ∞

0

Δfs(t)dt. (29)

Therefore, the regulation capacity provided by the generator
will increase as the system frequency deviations Δfs increase.

2) Steady-State Regulation Capacity of the IACs: As
shown in (7), there are two controllers for the IACs. The first is
the inbuilt controller for maintaining the indoor temperature to
be equal to the set value. The proportional-integral (PI) controller
has been verified as a conventional effective method to achieve
the adjustment of the compressor’s operating frequency [15],
which can be described as

C(s) = ξ + η/s. (30)

The second one is the additional controller for the IAC pro-
viding regulation capacity for the power system, where the PI
controller can also be adopted and can be described as

D(s) = −δ − γ/s (31)

where the proportional and integral gains δ and γ are set as
negative values, because the IAC’s operating frequency should
be reduced when there is a positive disturbance load in the power
system.

Substituting (30) and (31) into (11) and (12) yields the regu-
lation capacity provided by one IAC, which is

ΔPi(s) =
−κP (1 + Tas)(δs+ γ)

s(1 + Tcs)(1 + Tas) + κQRi(ξs+ η)
Δfs(s).

(32)
Then plugging (32) into (13) and (27), the total stable-state

regulation power provided by aggregated IACs can be obtained
as

ΔPIAC,SS = lim
s→0

sPkl(s)

×
N∑
i=1

−κP (1 + Tas)(δs+ γ)Δfs(s)

s(1 + Tcs)(1 + Tas) + κQRi(ξs+ η)

= lim
s→0

sPkl(s)
N∑
i=1

−κP γ

κQRiη
Δfs(s)

= Pkl(0)
N∑
i=1

−κP γ

κQRiη
Δfs(0) · lim

s→0
s = 0. (33)

It can be seen from (33) that the IACs will finally withdraw
all the regulation capacities with the recovery of the system
frequency, which is exactly the ideal control result of IACs.
The reason can be analyzed from (7), in which two deviations
can change the operating frequency of the compressor, i.e., the
temperature deviation Δθdev,i and the system frequency devia-
tion Δfs. When a disturbance load power occurs in the power
system, the Δfs will not be zero. Then the IAC will adjust the
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compressor’s operating frequency to provide regulation capaci-
ties. However, this process can also cause increases in the indoor
temperature deviations Δθdev,i, which will lead to the reverse
regulation of the compressor’s operating frequency to guarantee
the indoor temperature within the acceptable ranges. Therefore,
as soon as the system frequency deviation Δfs returns to zero,
the inbuilt controller C(s) can make the IAC return to the
original power consumption to maintain the indoor temperature.
This also means that the IAC will withdraw from the regulation
process at that time.

However, this does not mean that the IACs are useless for
the stability of the power system. During the process of system
frequency fluctuations, the IACs can rapidly adjust their power
consumption to decrease the gap between the power supply side
and power demand side, which is significantly helpful to reduce
the system frequency deviations. The importance of the IACs to
the stability and robustness of the power system will be analyzed
in detail in Section IV-B.

B. Stability Analysis of the Power System With and
Without IACs Providing Regulation Capacities

Based on the classical control theories [29], the stability of
the power system can be characterized and analyzed by the
closed-loop transfer function (CLTF) and the open-loop transfer
function (OLTF). As shown in Fig. 2, the CLTF of the power
system frequency deviations relating to the step disturbance load
can be described as

CLTFwIAC(s) =
Δfs(s)

ΔPD(s)

=
−M(s)

1 +M(s)

[(
1

R
+

K

s

)
G(s) +

(
δ +

γ

s

)
Pkl(s)Ψ(s)SON

]
︸ ︷︷ ︸

OLTFwIAC(s)

(34)

where M(s) = (D + 2Hs)−1. OLTFwIAC(s) is the open-loop
transfer function for the corresponding closed-loop system.

Moreover, if there is no IAC providing regulation capacities,
the CLTF of the power system can be described as

CLTFwoIAC(s) =
Δfs(s)

ΔPD(s)
=

−M(s)

1 +M(s)

(
1

R
+

K

s

)
G(s)︸ ︷︷ ︸

OLTFwoIAC(s)

(35)
where OLTFwoIAC(s) is the open-loop transfer function for the
closed-loop system without IACs providing regulation services.

Based on the two open-loop transfer functions in (34) and
(35), the Bode plots can be obtained to analyze the stability of
the power system before and after considering IACs. Here the
parameter values of the test system are based on realistic data in
China [15], [16], as shown in Table I.

It can be seen from Fig. 3(a) that the gain and phase margins in
the original power system without IACs are 27.4 dB and 51.6°,
respectively. With the increasing number of IACs for providing
regulation capacities, both the gain margin and the phase margin

TABLE I
PARAMETER VALUES OF THE TEST POWER SYSTEMS [15], [16]

become larger. As shown in Fig. 3(d), when 100 000 IACs are in
the control loop, the gain margin and phase margin of the power
system will be 30.3 dB and 53.4°, respectively. This proves
that the power system becomes more stable for dealing with
uncertain load power disturbances.

Moreover, in order to analyze the variation trends of the power
system’s dynamic performances with the increasing number of
IACs providing regulation capacities, the root locus method is
used in this article. First, the system characteristic equation (i.e.,
the denominator polynomial) in (34) can be rearranged as

1 + SON · M(s) (γ + δs)Pkl(s)Ψ(s)

1 +M(s) (K + s/R)G(s)︸ ︷︷ ︸
OLTFre

wIAC(s)

= 0. (36)

Based on the rearranged open-loop transfer function
OLTFre

wIAC(s) in (36), the root locus plots relating to the avail-
able number of IACs SON can be obtained, as shown in Fig. 4. It
can be seen from Fig. 4(a) that all the root loci are in the left-half
plane. This indicates that the power system is stable regardless
of the value of SON.

However, when the communication latency is considered, the
power systems will be stable with some conditions, as shown in
Fig. 4(b)–(d). Here the Padé approximant is set as k = l = 5,
i.e., the 5th-order approximant. Fig. 4(b)–(d) shows that the root
loci will go from the left-half plane to the right-half plane with
the increasing number of IACs providing regulation capacities.
That is to say, if the communication latency is non-negligible in
actual power systems, there exists a maximum number constraint
of IACs (Smax

ON,τ ) for providing regulation service. If the IACs’
number exceeds Smax

ON,τ , the power system will become unstable
in any load disturbance scenario.

Moreover, it can be illustrated in Fig. 4(b)–(d) that the value
of Smax

ON,τ becomes smaller as latency time increases. Therefore,
in the case of the power system with a longer communication
latency, the maximum number of IACs for providing regu-
lation capacities should be fewer. In other words, given the
power system with the same number of IACs participating
in regulation services, a longer latency time can make the
power system more unstable. The impacts of communication
latency will be further analyzed in the numerical studies in
Section V.
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Fig. 3. Bode plots of the power system with and without IACs providing regulation capacities. (a) Without IAC. (b) With 10 000 IACs. (c) With 50
000 IACs. (d) With 100 000 IACs.

C. Sensitivity Analysis of the Power System With and
Without IACs Providing Regulation Capacities

Sensitivity analysis is used to analyze the robustness of the
power system faced with uncertain changes to the system pa-
rameters [25]. In this article, the sensitivity of the power system
with regard to M(s) is analyzed.

The derivative of the CLTF with respect to M(s) can be
calculated by (34). In order to simplify the theoretical derivation
process, the functions CLTFwIAC(s) and M(s) in (34) are
substituted by y and x, respectively. The constant quantity is
expressed as c. Therefore, (34) can be simplified as

y =
−x

1 + c · x. (37)

The derivative of y with respect to x can be calculated as

∂y

∂x
=

−1 · (1 + c · x)− (−x) · c
(1 + c · x)2 =

−1

(1 + c · x)2 . (38)

Then, the sensitivity of the proposed power system model
with regard to M(s) can be calculated as

∂y

∂x

/
y

x
=

−1

(1 + c · x)2
/ −1

1 + c · x =
1

1 + c · x =
x−1

x−1 + c
.

(39)

The (39) can also be expressed as

SwIAC(s) =
∂CLTFwIAC(s)

∂M(s)

/
CLTFwIAC(s)

M(s)

=
M(s)−1

M(s)−1 +
[(

1
R + K

s

)
G(s) +

(
δ + γ

s

)
Pkl(s)Ψ(s)SON

] .
(40)

Based on (35), the traditional power system model without
IACs can also be calculated in the same method [from (37) to
(39)], which is expressed as

SwoIAC(s) =
∂CLTFwoIAC(s)

∂M(s)

/
CLTFwoIAC(s)

M(s)

=
M(s)−1

M(s)−1 +
(
1
R + K

s

)
G(s)

. (41)

Based on the (40) and (41), the sensitivity values of the power
system with regard toM(s) can be simulated, as shown in Fig. 5.
It can be seen that the power system will be less sensitive to
M(s) with the increasing number of IACs for providing regula-
tion services. From this perspective, the IACs can increase the
robustness of the power system to deal with uncertain changes
to the system parameters, e.g., D and H .
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Fig. 4. Root locus plots of the power system with the increasing number of IACs providing regulation capacities. (a) Without communication
latency. (b) With τ = 0.1 s. (c) With τ = 1 s. (d) With τ = 10 s.

Fig. 5. Sensitivity values of the power system with regard to the sys-
tem transfer function M(s) under different numebr of IACs for providing
regulation capacties without communication latency.

However, when the communication latency between the oc-
currence time of the system frequency deviations and the action
time of IACs cannot be neglected, the sensitivity values of
the power system with the control loop of IACs (SwIAC) may
not be better than the original power system without IACs
(SwoIAC). As shown in Fig. 6, if there are 100 000 IACs in

Fig. 6. Sensitivity values of the power system with regard to the sys-
tem transfer function M(s) under the same number of IACs for providing
regulation capacities with different communication latencies.

the control loop, the sensitivity values SwIAC will be less than
SwoIAC only when the latency time is less than 1 s. The SwIAC

will be larger than SwoIAC under τ = 2, 3, and 4 s scenarios,
which illustrate that the robustness of the power system de-
creases even though the IACs can increase the total regulation
capacities.
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Fig. 7. Regulation power provided by the generator, the IACs, and the
ILs.

In summary, IACs can indeed increase the robustness of
power systems by providing regulation capacities, as shown
in Fig. 5. However, this benefit is under the premise of small
communication latency time, as shown in Fig. 6.

V. CASE STUDIES

A. Test System

The power system in Fig. 2 is taken as the test system in
this article, which includes a reheat steam generator, traditional
loads, and IACs for providing regulation capacities. The pa-
rameter values are based on the data in Table I [15], [16]. The
system capacity is 800 MW, and the rated frequency is 50 Hz. It
is assumed that the initial load power is around 600 MW, and the
disturbance power is 20 MW. Four cases are considered, namely:
the regulation capacities are provided only by the generator in
Case 1, by the generator and 50 000 IACs in Case 2, by the
generator and 100 000 IACs in Case 3, and by the generator and
50 000 interruptible loads (ILs) in Case 4.

Therefore, the impacts of the IACs can be analyzed by com-
paring Case 1 and Case 2. The impacts of different number of
IACs can be compared through Case 2 and Case 3. Besides,
the 50 000 ILs in Case 4 are the same 50 000 IACs as those in
Case 2, while the IACs in Case 4 are controlled by switching
between ON- and OFF-states. The purpose here is to compare
the control method proposed in this article (i.e., adjusting the
compressor’s operating frequency) with the traditional ON–OFF

control method discussed in previous studies [3], [25], [26].
All the models and methods are formulated in MATLAB

R2014a on a laptop with Intel(R) Core(TM) i7-5500U proces-
sors, clocking at 2.40 GHz and 8 GB RAM.

B. Dynamic Performances of the Regulation Process

Fig. 7 shows the regulation power provided by the generator,
the IACs, and the ILs in the four aforementioned cases. Note that
the horizontal axis employs log10 of the time to show both the
details before 10 s and the adjustment results after 1000 s. It can
be seen from the first 10 s in Fig. 7 that the IACs can be regulated
more rapidly than the generator, which is helpful to decrease
the power gap between generation and consumption to reduce

Fig. 8. System frequency deviations in the four cases.

system frequency deviations. Besides, it can be seen from the
100–1000 s in Fig. 7 that the generator finally undertakes all the
regulation power, while the IACs smoothly withdraw from the
regulation process. This confirms the analysis of the steady-state
error evaluation in Section IV-A.

The system frequency regulation effects in the four cases can
be found in Fig. 8, where the maximum frequency deviation
can be reduced from −0.1168 Hz in Case 1 to −0.0821 Hz and
−0.0629 Hz in Case 2 and Case 3, respectively. The variation of
the maximum frequency deviation is significantly obvious be-
tween Case 1 and Case 2, which exactly benefits from the smaller
regulation inertia of IACs relative to traditional generating units.
This verifies the value of IACs for the stability of the power
system—in agreement with the analysis in Section IV-B—even
though the IACs withdraw all the regulation power with the
recovery of the system balance.

Different from the control method discussed in this paper (i.e.,
continuously changing the compressor’s operating frequency),
the ILs in Case 4 are controlled by switching between ON-
and OFF-states [3], [25], [26]. It can be seen from Fig. 7 that
the ILs still maintain the regulation power (i.e., keeping the
off-state) even though the system frequency deviations have been
eliminated. Therefore, there is no doubt that the proposed control
method in this article has less impact on end-user comfort,
because it only changes the compressor’s operating frequency
within around 100 s.

In order to illustrate the impacts on end-user comfort in more
detail, the indoor temperature deviations during the IACs’ con-
trol process are shown in Fig. 9. It can be seen that the maximum
indoor temperature deviation is around 0.16 °C, which has little
impact on user comfort.

C. Impact Analysis of the Communication
Latency and Padé Approximant

Latency time in the actual power system is based on various
factors, for example, protocol, transmission distance, channel
bandwidth, and network traffic [30]. Normally, power systems’
state detection and data transmission are achieved via a wide-
area measurement system (WAMS), in which the latency time
includes measurement delay, data uplink delay, synchronization
and calculation delay, data downlink delay, and controller action

Authorized licensed use limited to: Universidade de Macau. Downloaded on January 06,2021 at 02:54:41 UTC from IEEE Xplore.  Restrictions apply. 



2734 IEEE TRANSACTIONS ON INDUSTRIAL ELECTRONICS, VOL. 68, NO. 3, MARCH 2021

Fig. 9. Indoor temperature deviations when the IACs are in the control
loop.

Fig. 10. System frequency deviations under different latency time.

delay. In the US Pacific Northwest power system [31], the
latency time of WAMS using fiber-optic digital communication
is around 38 ms, and the latency time of WAMS using analog
microwave channels is about 80 ms. In the Jiangsu Power Grid in
China [32], the testing of WAMS latency time is in the range of
20–80 ms, and most of the latency time is within 40 ms. Besides,
in the Guizhou Power Grid in China [33], the latency time of data
transmission is measured around 10–20 ms, and the operational
delays are in the ranges of 40–60 ms. Therefore, in actual power
systems, the latency time is always less than 100 ms (i.e., less
than 0.1 s).

Fig. 10 shows the system frequency deviations under different
communication latencies (τ = 0, 0.1, 1, 2, 3, and 4 s). It can
be seen that the τ = 0.1 s scenario nearly overlaps with the
τ = 0 s scenario, i.e., 0.1 s has almost no impact on regulation
effects. This latency time is also the longest period of latency
in actual power systems, for example, the US Pacific Northwest
power system, the Jiangsu Power Grid and Guizhou Power Grid
in China [31]–[33]. Under the τ = 1 and 2 s scenarios, the
maximum system frequency can still be reduced from −0.1168
to −0.0764 Hz and −0.0950 Hz, respectively. However, as the
communication latency increases, the maximum system fre-
quency deviation becomes closer to the scenario without IACs,
and this comes with severe oscillations. More seriously, when
the latency time reaches 4 s, the power system frequency cannot
return to the stable state, as shown in the thumbnail in Fig. 10.

Fig. 11. Accuray of the Padé approximant for the communication
latency.

Fig. 12. Impact analysis of the system parameter uncertainties.

Therefore, the communication latency had better be restricted
to within 1 s to guarantee the benefit of IACs for the power
system, which can be achieved easily by existing communication
systems (generally, the latency time of actual WAMS is less than
0.1 s).

In order to verify the effectiveness of the Padé approximant,
the 1st-, 3rd-, and 5th-order approximants are compared when
the latency time is 1 and 2 s, as shown in Fig. 11. It can be
seen that both the 3rd- and 5th-order approximants overlap with
the ideal curves. Therefore, the 3rd-order Padé approximant is
accurate enough to study the effects of the IACs’ communication
latency.

D. Impact Analysis of the System
Parameter Uncertainties

In actual power systems, the system parameters (e.g., the
load-damping factor D and the inertia constant H) cannot be
measured and obtained so accurately. It is assumed that D and
H have ±30% uncertainties around the nominal values. Total
eight scenarios are compared in Fig. 12.

It can be seen that the power system with less D and H is
more sensitive to disturbance power, mainly because of smaller
system inertia. Besides, regardless of increases or decreases to
these two system parameters, the IACs in the τ = 0 s scenario
always contribute to decreasing the system frequency deviations,
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which confirms that the robustness of the power system gets
enhanced by the IACs. However, with the extension of the
communication latency, the regulation effectiveness of IACs
becomes worse seriously, especially in the −30% scenarios.
Therefore, in actual power systems with a high probability of
communication latency, the minimum boundary values of the
system parameters should be paid more attention, in order to set
aside margins to guarantee system stability.

E. Experimental Test

Some realistic tests on the IAC (GREE KFR-72LW/(72555)
FNhAd-A3) are carried out for providing regulation services for
power systems. GREE is the largest air conditioning company
and accounts for about forty percent of IAC sales in China
(http://global.gree.com/). The GREE IAC is tested in a room
of around 60 square meters, located in Hangzhou City, China.
The adjustment ranges of the GREE compressor’s frequency are
around 10–90 Hz [15].

When the set temperature is 26 °C and the outdoor temperature
is 5 °C, the GREE IAC is operating in the heating mode and the
compressor’s operating frequency is around 46 Hz. When the
regulation service is needed and the controller send instructions
to the IAC, the compressor’s operating frequency decreases from
around 46 to 30 Hz. Meanwhile, the IAC’s operating power also
drops from about 1800 to 750 W. The response time of the IAC
is 11 s, which can meet the requirements of the response time
for primary frequency regulation (i.e., 30 s).

VI. CONCLUSION

This article proposed a novel power system model with the
control loop of large-scale IACs. The dynamic performances,
stabilities, and sensitivities of the power system before and after
considering IACs were analyzed and compared. The numerical
results showed that the stability and robustness of the power
system can be enhanced by the IACs, even though the IACs
finally withdraw all the regulation power with the recovery of
the system balance. However, the benefit of the IACs to the
power system should satisfy the premise of limited communica-
tion latency. As for larger scale controlled IACs, the latency
time should be restricted to a smaller value to avoid severe
system oscillations. Finally, in power systems with uncertain
parameters, the minimum boundary values should leave room for
margins to guarantee system stability. The studies in this article
can provide useful guidance for controlling IACs to provide
regulation capacities for modern power systems.

In the future work, the authors will further focus on han-
dling nonuniform time-varying delays and applying continuous
consensus algorithms [34] in the proposed novel power system
model with the control loop of IACs.
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