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H I G H L I G H T S

• The flexible loads are developed as the ON-OFF and continuously adjustable loads.

• The communication latency is considered in the centralized control model.

• The frequency detection error is considered in the distributed control model.

• The frequency detection error can be reduced by the proposed hybrid control method.

• The estimation accurate of the frequency can be improved by the modification model.
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A B S T R A C T

Demand response has been widely utilized to provide frequency regulation service for the power systems by
adjusting the power consumption of flexible loads. The frequency regulation service is time-sensitive and gen-
erally realized by direct load control, due to the quick response requirement (generally a few seconds). Most of
the existing studies assume that the control on flexible loads can be implemented immediately without com-
munication latency (CML), and the system frequency deviations can be detected without errors (FDE). However,
in reality, the CML and FDE are ever-present during the control process and can influence the effectiveness of
regulation significantly. To address this issue, this paper develops the aggregation models of ON-OFF flexible
loads and continuously adjustable flexible loads, respectively. The centralized and distributed control methods
considering the CML and FDE are developed, respectively. On this basis, a novel hybrid control method is
proposed to compensate the CML and FDE, in which the modification method is developed for improving the
estimation accuracy of the FDE. The results in the numerical studies show that the maximum system frequency
deviation extends from −0.112 Hz to −0.120 Hz and −0.221 Hz due to the FDE and CML, respectively. After
the modification by the proposed hybrid control method, the maximum frequency deviation is decreased to
−0.110 Hz, which is almost equal to the ideal value when there is no FDE and CML. Therefore, this research can
compensate the CML and FDE well, which is useful for guiding demand response projects in smart grid.

1. Introduction

The large-scale blackouts in power systems are increasing in recent
years, which have caused tremendous negative influences on people’s
life. For example, the blackout in Brazil resulted in 22.5% grid output
on March 21, 2018 [1], and the blackout in Taiwan on August 15, 2017
affected 6.68 million households [2]. These blackouts raise awareness
of the importance of the frequency regulation service (FRS) for main-
taining the system balance between power supply and demand.

Traditionally, the FRS is provided by the generation units [3], such as
the thermal power generators and the gas turbine units [4]. However,
traditional generation units may be phased out in the near future,
which will lead to insufficient reserve capacities for FRS, especially
with the increasing fluctuations brought by the high penetration of
renewable energies [5].

The progressed information and communication technologies make
the customers’ loads smarter, which offers an alternative way to provide
FRS from demand side by adjusting the power consumption of flexible
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loads (FLs) [6], named as demand response (DR) [7]. The DR projects
can generally be divided into two categories: the price-based DR and
incentive-based DR [8]. The price-based DR is to influence customers’
power consumption through the time-varying electricity prices based
on the electricity cost in different periods [9]. The main purpose is to
increase the system social welfare or decrease the generation cost.
Hence, it is also named market-led or economic-based DR [10]. In
contrast, the incentive-based DR is by offering fixed or time-varying
payments to motivate the customers to reduce the electricity usage
during power system stress periods [9], which is also named system-led,
emergency-based or stability-based DR [10]. The main purpose is to
ensure the power systems’ security and stability operation by control-
ling FLs directly [11,12]. Therefore, the FRS, which needs a quick re-
sponse to the system fluctuations (generally 10–30 s for the primary
frequency regulation and 30 s to 15min for the secondary frequency
regulation) [3], should be implemented by the incentive-based DR. The
most extensive approach of the incentive-based DR is the direct load
control (DLC) method [13].

Many studies have been down to verify the effectiveness of the DLC.

For example, a hardware of smart home management system is de-
signed with the communication, sensing technology and machine
learning algorithm to realize the direct control of household appliances
in [14], while the communication delay is not considered. The air
conditioners are regard as one of the most important flexible loads and
regulated by the control centre to provide reserve capacities for the
power systems in [15,16], while the power system frequency is as-
sumed to be detected instantaneously and the loads can be controlled
without time delay. However, the communication delay and control
delay cannot be avoided based on the current technologies. The ther-
mostatic loads are controlled for system frequency regulation con-
sidering daily demand profile and progressive recovery in [17] and
[18], while the system frequency is supposed to be monitored without
errors. The deep learning-based techniques and the self-learning co-
ordinated control of FLs are proposed in [19] and [20], respectively, for
the load forecasting and the guarantee of customers’ comfort, while
power consumption data is assumed as ideal values. Besides, it is
proved that the customers can get benefits in real time distribution
energy market when they participate in DR [21]. Some demonstration

Nomenclature

Acronyms

AC air conditioner
CCM centralized control method
CFL continuously adjustable flexible load
CML communication latency
DCM distributed control method
DLC direct load control
DR demand response
FDE frequency detection error
FL flexible load
FRS frequency regulation service
HCM hybrid control method
IAC inverter air conditioner
MFD maximum frequency deviation
MVUE minimum-variance unbiased estimator
OFL ON-OFF flexible load
PMU phasor measurement unit
RT recovery time

Variables and parameters

i the i-th OFL (subscript)
j the j-th CFL (subscript)
k the k-th historical data (subscript)
r the rated value (subscript)
N total number of OFLs
NOFF total number of OFLs that are switched from ON-state to

OFF-state
M total number of CFLs
K total number of historical data
Φ the set of OFLs
Ψ the set of CFLs
POFL r i, , the rated power of the i-th OFL
POFL r avg, , the average rated power of the aggregated OFLs
POFL total, the total power of OFLs
PCFL j, the operating power of the j-th CFL

PΔ D the disturbance load
SOFL i, the operating state of the i-th OFL
κCFL j, the slope coefficient of the j-th CFL
lCFL j, the intercept coefficient of the j-th CFL

fΔ OFL i
THR

, the frequency deviation threshold of the i-th OFL to

provide FRS
fCFL j, the operating frequency of the j-th CFL
fCFL j

ADJ
, the operating frequency of the j-th CFL after the FRS

fCFL j,
min the lower limit of the frequency regulation of the j-th CFL

fCFL j,
max the upper limit of the frequency regulation of the j-th CFL

fPMU the measured system frequency deviation by the PMU
fr the rated frequency of the power system

fΔ s the system frequency deviation
fΔ s

min the minimum threshold for participating in FRS
fΔ s

max the maximum threshold for participating in FRS
fΔ TC i, the system frequency deviation measured by the i-th

terminal controller
̂fΔ TC i, the modified value of the system frequency deviation by

the i-th terminal controller
fΔ e i, the system frequency detection error of the i-th terminal

controller
tcml the total communication latency in the CCM
tmeas the communication latency during the measurement pro-

cess
t t/up down the communication latency during the uplink/downlink

process
tcal the communication latency during the calculation proce-

dure
tctrl the communication latency during the action process
Tg the time constant of the speed governor
Tt the time constant of the turbine
Tr the time constant of the reheat process
FHP the power fraction of the high-pressure turbine
R the proportional gain of the generator
K the integral gain of the generator
H the generator inertia
KD the load-damping factor
Xi The set of the system frequency detection error of the i-th

terminal controller
μi the FDE distribution expectation of the i-th terminal con-

troller
σi

2 the FDE variance of the i-th terminal controller
Ei the MVUE of the FDE distribution expectation of the i-th

terminal controller
Si

2 the MVUE of the FDE variance of the i-th terminal con-
troller

ξi the correction value of the system frequency deviation by
the i-th terminal controller
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projects of DR have also been carried out. For example, the EcoGrid EU
is implemented in Bornholm, Denmark to make small end-customers
provide regulation services to assist the system balance with high pe-
netration of renewable energies [22]. The DR project by the name of
friendly interactive system of supply and demand in Jiangsu Province,
China, is carried out to decrease the load peak-valley difference by
controlling customers’ household appliances [23].

Most of the existing studies on the control of FLs assume that the
control can be implemented immediately without communication la-
tency (CML), and the power system’s frequency deviation can be
monitored accurately without measurement errors. In fact, the CML and
the frequency detection error (FDE) are ever-present in the control
process of FLs [24]. Two typical control framework are taken as ex-
amples, the centralized control method (CCM) and the distributed
control method (DCM). In CCM, the CML can be introduced by sensing
equipment and actuators, including the frequency measurement delay,
the data uplink delay, the data calculation delay, the control downlink
delay and the terminal controller delay [25]. The platform with hard-
ware and software is set up in [26] to test the CML during the DLC
process. The results show that the FLs can be switched off between 3.3 s
and 4.6 s, instead of instant. In the experimental demonstration of
frequency regulation by commercial buildings [27], the CML is con-
sidered too large to be neglected, where about 20 s are reserved to
account for the CML and the fan transients. The negative effects of CML
are simulated and experimented in [28–32], where the CML can de-
crease the effectiveness of DR for providing FRS and even bring fluc-
tuations to the power systems along with the increase of the delay time.
In [24], the CML less than 0.25 s is proved to be “safe” with respect to
oscillatory instability, while the CML exceeding 0.5 s can result in
system instability on the test. In [33], the FLs are able to regulate the
system frequency successfully for the latencies of up to 0.3 s, while the
frequency will be unstable when the latency is 0.5 s. In [34], the per-
formance of the FRS is deteriorated when the latency is 0.2 s, and even
worse than the scenario without DR if the latency reaches 0.4 s. In a
word, the FRS is time-sensitive, whose effectiveness can be impacted
significantly by the CML.

Although many existing studies have gotten the conclusions that the
CML has negative influence on the DR projects, the compensation
method to reduce the CML’s impact is rarely studied. Indeed, the most
direct method for decreasing the CML is to upgrade the communication
equipment, while the cost may be unaffordable and will make the DR
projects uneconomic compared with traditional FRS provided by gen-
eration units. In [35], the CML’s impact on the stability region of the
FLs’ control parameters is studied, which illustrates that the optional
region will be smaller with the increasing of CML. However, how to
decrease the CML and increase the control parameters’ domain are not
further studied. In [36], the fuzzy-PI-based coordinator is proposed to
connect the FLs and the traditional generators, so that the generators
can receive the input signals from FLs’ to change the generating state
for mitigating the fluctuations brought by the CML. However, this
method increases the regulation burdens of the generators, especially
with the increasing capacity of FLs. The Padé approximation is used in
[34] and [37] to linearize the power system with DR and CML, while it
is a linearization method and has no effect on the compensation of CML.
In [38], the stochastic predictive controller and Kalman filter-based
state estimation techniques are proposed to reduce the effects of CML,
while this method mainly pays attention to the state estimation and
control of FLs. The system frequency measurement delay, the data
uplink delay and the calculation delay are not considered.

Apart from the CCM, the DCM is another mainstream approach for
implementing DR, in which the terminal controller can monitor the
system frequency deviation locally. The CML can be decreased com-
pared with the CCM [39]. However, in the perspective of FDE, the
frequency deviation in CCM is generally detected by some precision
instruments installed in power systems, e.g., the phasor measurement
unit (PMU), so that the FDE in CCM can be neglected [40]. In DCM,

considering the manufacturing cost of the large number of terminal
controllers, the accuracy of the frequency detection cannot be the same
with that by the PMU [41]. The FDE can lead to the DR capacity control
errors and even wrong actions, which may result in a large response
bias and threaten the power systems’ stability, especially with the in-
creasing scale of FLs.

To address these challenges, this paper proposes a novel hybrid
control method (HCM), which combines the advantage of DCM on the
short CML, and the advantage of CCM on the small FDE. Firstly, the
control parameters are set by the control centre to each terminal con-
troller before the implementation of the FRS. Then, the terminal con-
trollers can monitor the system frequency deviation locally and take
action to provide regulation capacities, so that the CML can be de-
creased significantly. In order to decrease the FDE brought by the
terminal controllers, the FDE modification model is proposed to modify
the measurement values of the system frequency. The implementation
method is that the control centre sends the accurate frequency devia-
tion value detected by the PMU to each terminal controller after each
dispatch. Then the FDE modification model is developed based on the
statistical data of the measured values by the terminal controllers and
PMU, which can be updated with the increase of the historical statis-
tical data.

The originality and contributions of this paper can be summarized
as follows:

(1) The aggregation models of FLs are developed according to two
categories, the ON-OFF FLs (OFLs) and the continuously adjustable
FLs (CFLs). The previous studies mainly pay attention to the OFLs,
while the CFLs are commonly overlooked. The power consumption
of CFLs in the power systems is increasing rapidly nowadays (e.g.,
the inverter air conditioners), and proved to be more suitable for
providing FRS [16].

(2) Based on the aggregation model of OFLs and CFLs, the frameworks,
control algorithms and system frequency response models of the
CCM and DCM are proposed, respectively. The CML and the FDE
are considered in the frameworks and models, which are usually not
considered in the previous studies.

(3) A novel framework and implementation procedure of the HCM are
proposed based on the CCM and DCM, which can avoid the CML
and reduce the FDE during the control process of FLs. Moreover, the
modification model is developed for improving the estimation ac-
curate of the FDE, in which the simplified iterative approach for
updating the modification parameters is also proposed to decrease
the data storage space and computation load of the terminal con-
trollers, respectively.

(4) The effectiveness of the proposed models and methods is illustrated
in case studies, in which the three control methods (i.e., the CCM,
DCM and HCM) are compared. The results show that, under the
same disturbance load, the maximum frequency deviation and the
recovery time extend from −0.112 Hz and 75.8 s to −0.221 Hz and
272.9 s, respectively, due to the influence of the CML. The proposed
HCM can modify the system frequency detection errors and make
the FLs take action more accurately, where the maximum frequency
deviation can be reduced from −0.120 Hz to −0.110 Hz.
Therefore, this research can compensate the CML and FDE well,
which is useful for guiding demand response projects in smart grid.

The remainder of this paper is organized as follows. The models of
FLs are developed in Section 2, including the OFLs and CFLs. Section 3
presents the frameworks, the control algorithms, and the system fre-
quency response models of the CCM and DCM, respectively. Section 4
presents the framework, the FDE modification model, and the im-
plementation procedure of the proposed HCM. Numerical studies are
illustrated in Section 5. Finally, Section 6 concludes this paper.
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2. Modelling of flexible loads for frequency regulation service

As the literature review in Section 1, DLC is the most extensive and
effective method to regulate FLs for providing FRS [10]. Generally, the
DCL is implemented by switching the operating state of FLs between
ON- and OFF-state [11,12]. This kind of FLs are named ON-OFF flexible
loads (OFLs). The other kind of FLs, which have converters and in-
verters (e.g., inverter air conditioners), can be controlled by adjusting
the motors’ or compressors’ operating frequency continuously to reg-
ulate the power consumption [16]. Considering the rapidly expanding
number of inverter air conditioners in the power consumption [42], this
kind of FLs are considered separately from the OFLs in this paper and
named continuously adjustable flexible loads (CFLs). Both the OFLs and
CFLs are modelled in this section.

2.1. ON-OFF flexible loads

The set of OFLs are denoted as = ⩽ ⩽ ∈i i N iΦ { |1 , }, where N is
the total number of OFLs. The power consumption of OFLs can be
calculated by the rated power POFL r i, , and the corresponding operating
state S t( )OFL i, , which can be expressed as

∑= =
=

P SP t P S t( ) ( )OFL total OFL r
T

OFL
i

N

OFL r i OFL i, ,
1

, , ,
(1)

where POFL r, and SOFL are the set of OFLs’ rated powers and operating
states, and can be expressed as =P P P P[ , , ..., ]OFL r OFL r OFL r OFL r N

T
, , ,1 , ,2 , , and

=S S t S t S t[ ( ), ( ), ..., ( )]OFL OFL OFL OFL N
T

,1 ,2 , , respectively. The operating
state has two values, i.e., ∈S t( ) {0, 1}OFL i, , where 0 is the OFF-state and
1 is the ON-state.

As for the large-scale FLs, the total power of OFLs can also be es-
timated by the average power from the historical statistical data, which
can be expressed as

∑=
=

P t P S t( ) ( )OFL total OFL r avg
i

N

OFL i, , ,
1

,
(2)

where POFL r avg, , is the OFLs’ average rated power. In this way, the total
regulation power of OFLs for providing FRS can be simplified to adjust

the number of OFLs operating in the ON-state.

2.2. Continuously adjustable flexible loads

The CFLs’ power consumption is mainly related to the operating
frequency of the motors (the compressors in the inverter air condi-
tioners belong to a kind of motors) [16], and can be expressed as

= +P t κ f t l( ) ( )CFL j CFL j CFL j CFL j, , , , (3)

where PCFL j, and fCFL j, are the operating power and corresponding op-
erating frequency of the CFL-j, respectively. The κCFL j, is the pro-
portionality coefficient that reflects the power consumption related to
the operating frequency of the compressor. The lCFL j, is the constant
coefficient of the power consumption, which is not related to the
compressor’s operating frequency, such as the power consumption by
the inverter air conditioner’s control panel and the indicator light.
Denoting the set of CFLs is = ⩽ ⩽ ∈j j M jΨ { |1 , }, where M is the
total number of CFLs. The CFLs’ coefficients are expressed
as = κ κ κK [ , , ..., ]CFL CFL CFL CFL M

T
,1 ,2 , and =L l l l[ , , ..., ]CFL CFL CFL CFL M

T
,1 ,2 , .

The set of operating frequencies are
=F f t f t f t[ ( ), ( ), ..., ( )]CFL CFL CFL CFL M

T
,1 ,2 , . Then, the total power of CFLs

can be calculated as

= +F LP t K 1( )CFL total CFL
T

CFL CFL
T

M, (4)

where the frequency regulation ranges of CFLs can be expressed as
∈f t f f( ) [ , ]CFL j CFL j CFL j, ,

min
,

max .

3. Control framework of flexible loads considering the
communication latency and frequency detection error

Based on the two typical FLs (OFLs and CFLs), the control frame-
works are developed in this section, including the centralized control
method (CCM) and the distributed control method (DCM). Moreover,
considering the pros and cons of the two kinds of methods, the com-
munication latency (CML) model is supplemented in the CCM, and the
frequency detection error (FDE) is considered in the DCM.

Flexible loads 
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Fig. 1. The framework of the centralized control method.

H. Hui, et al. Applied Energy 250 (2019) 161–174

164



3.1. Centralized control method

(1) Framework of the centralized control method

Fig. 1 shows the framework of the CCM. The phasor measurement
unit (PMU) installed on the bus acts as the frequency deviation sensor,
which can monitor the system frequency fPMU and get the deviation
value fΔ PMU , as shown in Eq. (5).

= −f t f f tΔ ( ) ( )PMU r PMU (5)

However, due to the synchronized sampling, data packaging and
sending process, the PMU results in millisecond delay (tmeas) [25]. Then,
the frequency deviation data is transmitted to the control centre. In the
uplink transmission process, the data has to pass through the sub-sta-
tion communication server, the physical firewall, the routers and the
main-station communication server, which causes the uplink delay (tup).
Next, based on these FLs’ operating states (SOFL, FCFL) and the frequency
deviation value ( fΔ PMU), the control centre calculates the control in-
structions of the OFLs and CFLs. The delay of the calculation procedure
is expressed as tcal. After that the control centre sends the regulation
signals to the terminal controllers by the downlink transmission pro-
cess, which leads to the downlink delay (tdown). Finally, the terminal
controllers take action to adjust the operating state of the FLs, including
the ON-OFF control of OFLs and frequency regulation control of CFLs,
where the delay is expressed as tctrl. Therefore, the total CML of the CCM
can be expressed as

= + + + +t t t t t tcml meas up cal down ctrl (6)

(2) Algorithm in the control centre

The control centre has two algorithms for the OFLs and CLFs, re-
spectively. The algorithm for the OFLs is to calculate the total number
of OFLs, which should be switched OFF from the ON-state. The control
method is illustrated in Fig. 2(a), where the minimum and maximum
frequency deviation thresholds of the power system are expressed as

fΔ s
min and fΔ s

max, respectively. When the system frequency deviation is
less than the minimum threshold fΔ s

min, the OFLs will not be controlled
to provide the regulation service. It can be regard as the dead band of
the controllers to avoid the frequent adjustment of OFLs when facing
small system frequency fluctuations. When the system frequency is
larger than the maximum threshold fΔ s

max, all the OFLs will be switched
to OFF-state to provide the regulation service. In this condition, the
controlled number of OFLs reaches the maximum value and cannot
increase. If the system frequency deviation is between the fΔ s

min and
fΔ s

max, more OFLs will be controlled with the increase of fΔ PMU , where
the proportional value of the controlled number of OFLs in the total
available number of OFLs can be expressed as

− −f t f f f(Δ ( ) Δ )/(Δ Δ )PMU s s s
min max min . Therefore, the control algorithm

of OFLs can be described as

=

⎧

⎨

⎪

⎩
⎪

⩽

⩽ ⩽

⩾

−

−
N f t

f t f

N f f t f

N f t f

(Δ ( ))

0, Δ ( ) Δ

, Δ Δ ( ) Δ

, Δ ( ) Δ

OFF PMU

PMU s

f t f

f f s PMU s

PMU s

min

Δ ( ) Δ

Δ Δ
min max

max

PMU s

s s

min

max min

(7)

In order to decrease the impact of DR on customers’ comfort, the
total regulation times of each OFL are recorded as

=R r r r[ , , ..., ]OFL OFL OFL OFL N
T

,1 ,2 , , which are arranged in the order from
small to large. The first number of OFLs (NOFF) will be selected and
switched OFF. In this manner, the controlled times of the OFLs can be
approximately equal to avoid the frequent schedule of one specific OFL.

The control algorithm of the CFLs is for calculating the adjusting
values of the operating frequencies to change the corresponding oper-
ating power. The control method is illustrated in Fig. 2(b), where the
minimum and maximum frequency deviation thresholds of the power
system are the same with that in Fig. 2(a). When the system frequency
deviation is less than the minimum threshold fΔ s

min, the CFLs will re-
main the original operating states and not be controlled to provide the
regulation service. It can be regard as the dead band of the controllers
to avoid the frequent adjustment of CFLs when facing small system
frequency fluctuations. When the system frequency is larger than the
maximum threshold fΔ s

max, all the CFLs’ compressors will be adjusted to
the minimum operating frequencies to participate in regulation service.
At this time, the regulation capacity provided by CFLs reaches the
maximum value. If the system frequency deviation is between the fΔ s

min

and fΔ s
max, the CLFs’ operating frequencies will be adjusted to smaller

values with the increase of fΔ PMU . As shown in Fig. 2(b), the propor-
tional value of the adjustment of CFLs’ operating frequencies can be
expressed as − −f t f f f(Δ ( ) Δ )/(Δ Δ )PMU s s s

min max min . Therefore, the oper-
ating frequency of the CFL-j after the regulation can be expressed as

=

⎧

⎨

⎪
⎪⎪

⎩

⎪
⎪⎪

⩽

−

−

⩽ ⩽

⩾

−

−f f t

f t f t f

f t

f t f

f f t f

f f t f

(Δ ( ))

( ), Δ ( ) Δ

( )

( ( ) ),

Δ Δ ( ) Δ

, Δ ( ) Δ

CFL j
ADJ

PMU

CFL j PMU s

CFL j
f t f

f f

CFL j CFL j

s PMU s

CFL j PMU s

,

,
min

,
Δ ( ) Δ

Δ Δ

, ,
min

min max

,
min max

PMU s

s s

min

max min

(8)

The set of the operating frequencies can be expressed as
=F f t f t f t[ ( ), ( ), ..., ( )]CFL

ADJ
CFL
ADJ

CFL
ADJ

CFL M
ADJ T

,1 ,2 , . With the recovery of the power
system frequency, the CFLs’ operating frequencies will also restore to
the original values, so that the FRS has little or no effect on the cus-
tomers’ comfort in the short period of regulation process (generally
10–30 s for primary frequency regulation and 30 s-15min for secondary
frequency regulation) [3].

(3) System frequency response model of the centralized control method

Based on the control algorithms and the CML model of CCM, the

PMUf

(a)

N

max
sf

min
sf0

OFFN

0

More OFLs are 
switched OFF 
with the increase 
of the system 
frequency 
deviation.

PMUf

(b)

,CFL jf
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min
sf0

,
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CFL jf
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min
,CFL jf

Each CFL’s 
operating frequency 
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system frequency 
deviation.

Fig. 2. The control algorithms of the centralized control method: (a) the OFLs, (b) the CFLs.
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system frequency response model can be developed, as shown in Fig. 3.
In this system model, the reheat steam generator is taken as an example
of generation units, which includes the speed governor, the reheat
steam turbine and the generator [16,41,45]. When the disturbance load

PΔ D is added to the system suddenly, the system deviation fΔ s will occur
and be detected by the PMU. The FLs will decrease the power con-
sumption and the reheat steam generator will increase the power
generation to enable the system frequency to recover to the rated value.

It can be seen from the Fig. 3 that the power generation deviation
PΔ G can be derived from the reheat steam turbine model and the speed

governor model. The speed governor model is influenced by the pro-
portional gain (R) and the integral gain (K ). Therefore, the PΔ G can be
derived as [16]

= − −

= −

+
+ + +

+ +
+ + +
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Δ
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T s T s T s
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HP r
t r g

HP r
g t r (9)

where 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’s power fraction. R and K are the proportional and integral
gains, respectively. Moreover, H and KD are the generator inertia and
the load-damping factor, respectively. Based on Eqs. (1)–(8), the reg-
ulation power of the OFLs and the CFLs in the CCM can be expressed as

= − −P P N f eΔ (Δ )·OFL total OFL r avg OFF PMU
st

, , , cml (10)

= − −F FP eKΔ ( )·CFL total CFL
T

CFL
ADJ

CFL
st

, cml (11)

3.2. Distributed control method

(1) Framework of the distributed control method

Fig. 4 shows the framework of the DCM, where the terminal con-
trollers can monitor the system frequency deviation ( fΔ TC i, ) locally.
However, different from the measurement accuracy of the PMU in the
CCM, the system frequency detection error (FDE) by the terminal
controllers cannot be neglected, which can be expressed as

= −f t f t f tΔ ( ) Δ ( ) Δ ( )e i s TC i, , (12)

where fΔ s, fΔ TC i, and fΔ e i, are the actual frequency deviation, the mea-
sured frequency deviation and the FDE, respectively. Moreover, the
control centre presets the frequency deviation thresholds to each
terminal controller before the FRS occurrence, so that the terminal
controllers can take action when the system frequency deviation
reaches the threshold values. In this manner, the control centre and the
terminal controllers do not need to keep communication in real-time,

and the CML can be decreased significantly.

(2) Algorithm in the terminal controllers

As for OFLs, the terminal controllers are set frequency deviation
thresholds ( fΔ OFL i

THR
, ). If the measured frequency deviation ( fΔ TC i, ) exceeds

the threshold value, the corresponding OFLs will be switched OFF. The
threshold values obey uniform distribution between fΔ s

min and fΔ s
max,

which can be expressed as

∼f U f fΔ (Δ , Δ )OFL i
THR

s s,
min max

(13)

Therefore, more OFLs will participate in FRS with the increase of
the system frequency deviation, which is similar with the response ef-
fectiveness in CCM. In order to avoid the frequent schedule of one
specific OFL, the thresholds are allocated again after each round of
dispatch.

As for the CFLs, the terminal controllers preset the system frequency
deviation ranges, fΔ s

min and fΔ s
max. When the system frequency devia-

tion occurs, the terminal controllers will adjust the CFLs’ operating
frequency based on Eq. (14).
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In summary, the DCM algorithm in the terminal controllers can
realize the same response effectiveness with the CCM algorithm in the
control centre. The main differences of the two control frameworks are
the CML and the FDE, where the CML in CCM is large but small in DCM,
while the FDE in CCM is small but large in DCM.

(3) System frequency response model of the distributed control method

Fig. 5 shows the system frequency response model of the DCM,
where the main difference with the CCM is the measurement method of
the system frequency deviation. The system frequency is monitored by
each terminal controller in the DCM, which is expressed as fΔ TC i, .

Based on Eqs. (1)–(4) and (12)–(14), the regulation power of the
OFLs and the CFLs in the DCM can be expressed as

∑= − ⌈ − ⌉
=

P P f fΔ Δ ΔOFL total OFL r avg
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N
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, , ,
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= −F FP KΔ ( )CFL total CFL
T

CFL
ADJ

CFL, (16)

where the ceiling function ⌈ − ⌉f fΔ ΔTC i OFL i
THR

, , is equal to 1 when the fΔ TC i,

is larger than the threshold value fΔ OFL i
THR

, . However, the measured system
frequency deviation fΔ TC i, may be not accuracy and cause regulation
power errors, especially with the increasing number of FLs. In Section 4,
a hybrid control method (HCM) is proposed to decrease the FDE.

4. Framework and implementation procedure of the hybrid
control method

(1) Framework of the hybrid control method

Fig. 6 shows the control framework of the hybrid control method
(HCM) and the system frequency response model. It can be seen that the
PMU is installed on the power system and can monitor the system
frequency deviation, just as that in CCM. Moreover, the terminal con-
trollers of FLs can also measure the system frequency deviation locally,
similar with that in DCM. The terminal controllers can take action
based on the local frequency detection values ( fΔ TC i, ), so that the CML in
CCM can be avoided. However, as mentioned above, the fΔ TC i, may have

FDE and cause response power bias. To address this problem, a mod-
ification model of fΔ TC i, for decreasing the FDE is developed based on

the historical statistical data of FDEs. The fΔ TC i, is modified to ̂fΔ TC i,
before implementing the control algorithm in Eqs. (13) and (14). After
the control process, the measured system frequency deviation by the
PMU will be transmitted to the terminal controllers, which is regard as
the accuracy value and will be compared with fΔ TC i, to adjust the
parameters of the modification model. In this manner, the correcting
precision of fΔ TC i, can be raised with the increase of measured data.

(2) Modification model of the terminal controllers

The measured system frequency deviation by the PMU ( fΔ PMU) is
regard as the accuracy value, so that the FDE can be defined as

= −f f fΔ Δ Δe i k PMU k TC i k, , , , , (17)

where =k K1, 2, ..., is the total number of historical data of the con-
troller-i. Based on the generalized error distribution theory, the FDEs
are assumed to obey the normal distribution, which is expressed as

∼X N μ σ( , )i i i
2 (18)
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where μi and σi
2 are the FDE distribution expectation and variance of

the terminal controller-i. Xi is the statistical set of fΔ e i k, , , which can be
described as =X f f f{Δ , Δ , ...,Δ }i e i e i e i K, ,1 , ,2 , , .

However, the ideal values of the μi and σi
2 are unknown, and have to

be estimated based on the historical statistical data. Cramér-Rao bound
provides a lower bound on the variance of unbiased estimators aiming
at deterministic (though unknown) parameters [43]. Therefore, the
minimum-variance unbiased estimator (MVUE) of μi and σi

2 can be
calculated as

∑=
=

E
K

f1 Δi
k

K

e i k
1

, ,
(19)

∑=
−

−
=

S
K

f E1
1

(Δ )i
k

K

e i k i
2

1
, ,

2

(20)

Then, the modified system frequency deviation ̂fΔ TC i, can be calcu-
lated as

̂ = +f f ξΔ ΔTC i TC i i, , (21)

where ξi obeys N E S( , )i i
2 . Moreover, considering the calculation

methods in Eqs. (19) and (20) may need large storage space for the
historical data and high performance chip for the computation, a sim-
plified iterative approach is proposed to update the two parameters Ei
and Si

2.
Suppose the new round measurement data of the system frequency

deviation is +fΔ e i K, , 1. Then, we have the updated expectation ̂Ei, which is
expressed as
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Similarly, the updated variance ̂Si
2
for the +K( 1) sets of measure-

ment data can be expressed as
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Therefore, Eqs. (19) and (20) can be transformed into
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In this manner, the terminal controller only needs to store two
parameters (Ei and Si

2), instead of all the fΔ e i k, , data in history.

(3) Implementation procedure of the hybrid control method

Fig. 7 shows the implementation procedure of the HCM. The first
step is the initialization of the parameters in the terminal controllers.

Then, the control centre presets the control parameters into the term-
inal controllers, including the frequency deviation thresholds fΔ OFL i

THR
, for

OFLs and the frequency deviation response ranges ( fΔ s
min and fΔ s

max) for
CFLs. The terminal controllers monitor the system frequency and will
adjust the operating states of the corresponding FLs, if the deviation
value exceeds the threshold. After the regulation, the parameters of the
modification model will be updated for the next round of dispatch.

5. Case studies and discussions

5.1. The test system

The test system adopts the power systems in Figs. 3, 5 and 6 for the
CCM, DCM and HCM, respectively. The power systems include the re-
heat steam generator, the conventional unchangeable loads, and FLs
(OFLs and CFLs). The parameters of the FLs are based on the actual test
data in [15] and [16], where the OFLs are assumed to be the typical
heating, ventilating and air conditioning (HVAC) systems, and the CFLs
are assumed as the inverter air conditioners (IAC). The ambient tem-
perature and the model parameters are based on the test data and the
national standards in Hangzhou, China, on August 1st, 2015 [15]. The
set temperatures of the HVACs and IACs are distributed randomly be-
tween 22 °C and 26 °C to simulate various requirements of the room
temperatures for different customers [44]. The frequency regulation
ranges of CFLs are 1∼ 150 Hz [16]. The coefficients of the CFLs κCFL j,
and lCFL j, are 0.04 kW/Hz and 0.02 kW, respectively. The average op-
erating power of the OFLs and CFLs are around 1 kW and 1.4 kW, re-
spectively. It is assumed that the number of OFLs and CFLs are 10,000
in the power system.

The generation capacity of the reheat steam generator is 800MW
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[16,41,45]. The time constants of the speed governor (Tg), the turbine
(Tt), and the reheat process (Tr) are 0.2 s, 0.3 s and 7 s, respectively. The
high pressure turbine’s power fraction (FHP), the speed droop parameter
(R), and the integral gain (K ) are 0.3, 0.05 and 0.5, respectively.
Moreover, the ramp rate constraint of the generator must be considered
in practice, which is set as 3% per minute [41]. The generator inertia
(H ) and the load-damping factor (KD) are 10 and 1, respectively. The
rated frequency of the power system is 50 Hz. The minimum and
maximum frequency deviation thresholds are fΔ s

min =0.03 Hz and
fΔ s

max =0.2 Hz, respectively. It is assumed that the disturbance load
PΔ D is 2% of the system capacity (i.e., =PΔ 16 MWD ).

5.2. Case 1: The analysis of the communication latency

Fig. 8 shows the system frequency deviations in five scenarios, in-
cluding =t 0 scml , =t 1 scml , =t 2 scml , =t 3 scml , and =t 4 scml . It can be
seen that the frequency oscillations are not apparent, when the CML is
less than 2 s. However, the oscillations will be obvious when CML is
equal to or larger than 3 s, which can result in the increase of the
maximum frequency deviation (MFD) and the extension of the recovery
time (RT). The RT is defined as the time interval from the occurrence
moment of the frequency deviation to the moment when the deviation
returns to the dead band value, which is± 0.03 Hz. The MFD, RT, the
maximum regulation powers of OFLs and CFLs are presented in Table 1.
The MFD and RT are similar when the CML is less 2 s. However, when
the CML is 4 s, the MFD and RT will increase to −0.221 Hz and 272.9 s,
respectively, which are around twice the corresponding values in the

=t 1 scml scenario.
Fig. 8(b)–(d) shows the regulation power provided by the generator

and FLs when the CML is 0 s, 3 s, and 4 s, respectively. In Fig. 8(b), the
regulation powers of the OFLs and CFLs increase first, and then de-
crease to zero finally. Because the FLs will restore to the original op-
erating states with the recovery of the system frequency. The regulation
power of the generator increases smoothly and finally provides all the
disturbance load. In Fig. 8(c) and (d), the regulation power oscillations
are obvious, which is harmful to the generator and can lead to more
influences on the operation sates of FLs. In these scenarios, the comfort
of customers and even the service life of some appliances may be im-
pacted. Moreover, as shown in Table 1, the maximum regulation power
by FLs rises with the increase of the CML. Because longer CMLs result in
larger system frequency deviations, which makes more FLs reach the
DR threshold values to take action.

Fig. 9 shows the system frequency deviations under different
available regulation capacities from FLs, where the CML is assumed as a
constant (i.e., 2 s). If there is no FLs, the MFD is around −0.45 Hz,
while the MFD can be decreased to −0.18 Hz when there are 5,000
OFLs and CFLs. From this perspective, the FLs can assist in decreasing
the system frequency fluctuations significantly. Because the FLs have
less inertia and can take action faster than traditional generation units
(e.g., the reheat steam generator).

However, as shown in Fig. 9(b), the frequency oscillations appear
during the regulation process and will be more obvious with the in-
crease of the FLs’ number. Considering the scenarios in Fig. 9 are under
the same CML, the results illustrate that larger FLs’ capacities are more
sensitive to the CML. Moreover, the MFD cannot decrease significantly
anymore, even though there are more FLs. Therefore, due to the CML,
the regulation effectiveness of FLs cannot be increased with more FLs,
and even can lead to a deterioration effect. In summary, the CML should
be considered more with discretion in the power systems with large-
scale FLs, which is exactly the challenge in the near future smart grid.

5.3. Case 2: The analysis of the system frequency detection error

The system frequency is measured by the terminal controllers in the
DCM, which may be not as accurate as that in CCM by the PMU. The
FDEs of the terminal controllers are shown in Fig. 10, which are used to

illustrate the impact of the FDE on the regulation effectiveness of FLs.
The disturbance load PΔ D and the number of FLs are the same with that
in Case 1, which are 16MW and 10,000, respectively.

Fig. 11(a) shows the system frequency deviations when the terminal
controllers are with and without FDE. There are two main negative
influences. One is some small jitters are introduced by the FDE during
the frequency recovery process. The other one is the MFD becomes
larger, which changes from −0.112 Hz to −0.120 Hz. Fig. 11(b) shows
the system frequency deviations with different available capacities of
FLs in DCM. Compared with the scenario without FLs in Fig. 9(a), the
system frequency deviations are decreased significantly from
−0.453 Hz to −0.171 Hz (N=M=5000), which relies on the small
inertia of FLs to take action rapidly.

Moreover, it can be seen from the Fig. 11(b) that the FDE in DCM
will not bring large oscillations, even though the number of FLs reaches
20,000. However, as shown in Fig. 8(a), the CML in CCM will introduce
serious oscillations. Especially with the increasing number of FLs, the
CML can cause more oscillations, as shown in Fig. 9(b). Therefore, faced
with large-scale FLs in the future smart grid, the constraint on the CML
should be smaller to avoid the serious frequency oscillations, while
exactly the CML may be longer with larger number of FLs. From this
perspective, the DCM is more appropriate for large-scale FLs than the
CCM.

The MFD, RT, the maximum regulation powers of OFLs and CFLs in
Case 2 are presented in Table 2. With the increasing number of FLs,
more regulation capacities are provided by the OFLs and CFLs, so that
the MFD and RT are decreased. Moreover, the positive effect of FLs is
significant at the beginning stage, while the effect will be unobvious
gradually with the increasing number of FLs, because the available
capacity of FLs becomes large enough to deal with the disturbance
power PΔ D.

5.4. Case 3: The effectiveness of the proposed hybrid control method

On the basis of the control structure in Fig. 6 and the im-
plementation procedure in Fig. 7, the system frequency deviations are
measured and then modified by terminal controllers locally. As shown
in Eqs. (17)–(26), the modification method of the measured frequency
detections ( fΔ TC i, ) by terminal controllers is based on the historical data
of FDEs. Therefore, the modification precision can be improved with
the number of data, i.e., the response times. The FDEs of the terminal
controllers are assumed to be the same with that in DCM, as shown in
Fig. 10. The disturbance load PΔ D, the number of FLs, and the sampling
frequency of terminal controllers are 16MW, 10,000, and 1 s, respec-
tively.

Fig. 12 shows the results of the frequency regulation by the HCM,
where Fig. 12(a) and (b) are the fifth and tenth response, respectively.
The ideal frequency regulation results are the first scenario, which is
without FDE. The actual regulation results are the second scenario,
which is with FDE but without modification of the measured frequency
deviation value. The third scenario shows the effectiveness of the
modification method in HCM.

It can be seen from Fig. 12 that the MFD and the RT can be de-
creased and get close to the ideal curves by the HCM. The ideal MFD is
−0.112 Hz, while it will be −0.120 Hz if the terminal controllers have

Table 1
The results with different communication latencies in Case 1.

Scenarios MFD (Hz) RT (s) PΔ OFL total,
max

(MW)

PΔ CFL total,
max

(MW)

Oscillations

=t 0 scml −0.112 75.8 0 0 Non-obvious
=t 1 scml −0.122 75.8 5.41 7.57 Non-obvious
=t 2 scml −0.155 76.7 7.38 10.33 Non-obvious
=t 3 scml −0.189 106.8 9.36 13.11 Obvious
=t 4 scml −0.221 272.9 10 14 Obvious
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FDEs. The MFD is modified from −0.120 Hz to −0.116 Hz in the fifth
response and −0.110 Hz in the tenth response, which are closer to the
ideal value. The modified RT is also shortened from 75.4 s in the fifth
response to 74.6 s in the tenth response. Therefore, the results illustrate
that the modification performance can be improved with the increase of
the response times. The measured results are shown in detail in Table 3.

The FDE ( fΔ e i k, , ) defined in Eq. (17) are counted in ten response
times, where the statistical data of the terminal controller-i are shown
in Fig. 13(a). The fitting curve shows that the normal distribution can
fit well on the statistical data of FDEs. The distribution expectation μ( )i
and the variance σ( )i

2 are 0.01002 and 0.009962, respectively.
Fig. 13(b) shows the normal quantile-quantile plot (Q-Q plot) of the
statistical data, which can be used to check the normality assumption of
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Fig. 9. The frequency deviations of the power system based on the centralized control method with different available capacities of flexible loads.
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Table 2
The results with different number of flexible loads considering FDE in Case 2.

Scenarios MFD (Hz) RT (s) PΔ OFL total,
max

(MW)

PΔ CFL total,
max

(MW)

Oscillations

N=M=0 −0.453 134.5 0 0 Non-obvious
N=M=5000 −0.171 89.2 5.00 7.00 Non-obvious
N=M=10,000 −0.120 75.8 6.97 9.76 Non-obvious
N=M=15,000 −0.097 72.6 8.59 12.02 Non-obvious
N=M=20,000 −0.084 68.4 10.02 14.03 Non-obvious
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the statistical data. The percentile points will fall on the reference line
(i.e., a 45 degree angle line), if the FDEs obey the normal distribution.
The confidence level is set as 95%, which forms the confidence band in
the Fig. 13(b). It can be seen that most of the points fall on the reference
line, and all of the points are in the confidence band. Apart from the

graphical method (i.e., Q-Q plot), some numerical methods have also
been proposed to check the normality assumption, including the Sha-
piro-Wilk (SW) test, Kolmogorov-Smirnov (KS) test, Anderson-Darling
(AD) test, and Lilliefors (LF) test [46]. The corresponding p-values are
0.72715, 1.000, 0.65682, and 0.200, respectively. Since all the p-values
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Fig. 12. The comparisons of the system frequency deviations based on the hybrid control method: (a) the fifth response; (b) the tenth response.

Table 3
The results with different disturbance powers in the hybrid control method.

PΔ (MW)D scenarios MFD (Hz) RT (s) PΔ OFL total,
max (MW) PΔ CFL total,

max (MW)

8 w/o FDE −0.063 35.3 0 0
w/ FDE, w/o modification −0.069 35.7 3.96 5.55
w/ FDE, w/ modification −0.063 34.1 4.22 5.86

16 w/o FDE −0.112 76.1 0 0
w/ FDE, w/o modification −0.120 75.8 6.97 9.76
w/ FDE, w/ modification −0.110 74.6 6.65 10.12
w/ FDE, w/ modification-5th −0.116 75.4 7.18 9.50

24 w/o FDE −0.161 103.3 0 0
w/ FDE, w/o modification −0.169 104.0 9.88 13.83
w/ FDE, w/ modification −0.161 103.8 9.92 13.93

32 w/o FDE −0.228 125.3 0 0
w/ FDE, w/o modification −0.234 125.5 10.00 14.00
w/ FDE, w/ modification −0.227 125.1 10.00 14.00

40 w/o FDE −0.484 170.0 0 0
w/ FDE, w/o modification −0.486 168.9 10.00 14.00
w/ FDE, w/ modification −0.485 170.4 10.00 14.00

Here “w/” means “with”, “w/o” means “without”.

-0.02 -0.01 0.00 0.01 0.02 0.03 0.04
0
2
4
6
8

10
12
14
16
18
20
22
24

(a)

C
ou

nt

Frequency detection errors fe,i (Hz)

 FDE ( fe,i) 20.01002,0.00996iX N 0.010N
Fitting curve of 
the FDE count

-0.03 -0.02 -0.01 0.00 0.01 0.02 0.03 0.04 0.05
-0.03

-0.02

-0.01

0.00

0.01

0.02

0.03

0.04

0.05(b)

Th
eo

re
tic

al
 Q

ua
nt

ile
s

Sample Quantiles

 Percentiles
 Reference line
 Lower percentiles
 Upper percentiles

The confidence band is formed from
the lower and upper percentiles, where
the confidence level is set as 95%.

Fig. 13. The fitting curve of the frequency detection errors: (a) the statistical data and corresponding fitting curve; (b) the quantile–quantile plot of the statistical
data.

H. Hui, et al. Applied Energy 250 (2019) 161–174

172



are larger than 0.05, it can be concluded that the statistical data of FDEs
obeys the normal distribution at the level of significance.

The influence of different disturbance powers on the effectiveness of
the proposed HCM is also illustrated, as shown in Fig. 14. The number
of FLs are the same (10,000), which means the scenarios are with the
same available regulation capacity from FLs. The sampling frequency
and the response times of terminal controllers are 1 s and 10, respec-
tively. The disturbance powers in Fig. 14(a)–(d) are set to be 8MW
(1%), 24MW (3%), 32MW (4%), and 40MW (5%), respectively.
Fig. 12(b) shows the scenario with 16MW (2%) disturbance power.

Based on the Fig. 14 and Table 3, it can be seen that the MFD will be
larger and the RT will be longer with the increase of the disturbance
power. That is because the regulation speed of the generator and the
available regulation capacity of the FLs are the same in these scenarios,
where the MFD and RT will be worsen with larger disturbance power.
Moreover, the maximum dispatched regulation powers of FLs are in-
creased from =PΔ 4.22 MWOFL total,

max and =PΔ 5.86 MWCFL total,
max in

=PΔ 8 MWD scenario to the upper limits ( =PΔ 10.00 MWOFL total,
max and

=PΔ 14.00 MWCFL total,
max ) in larger disturbance power scenarios. As shown

in Fig. 14(d), the increased disturbance power causes the overlap of the
three curves. Because the system frequency deviations are too large in
this scenario, and all the regulation capacities are dispatched. In this
condition, the FDE can be ignored and the modification method in HCM
is meaningless. The only and fundamental solution is to increase the
available regulation capacities provided by FLs or generators.

6. Conclusions

This paper proposes a novel hybrid control method (HCM) to
compensate the communication latency (CML) and the frequency de-
tection error (FDE) during the control process of flexible loads (FLs) for
providing frequency regulation service (FRS) in power systems. Firstly,
the aggregation models of the ON-OFF FLs (OFLs) and continuously
adjustable FLs (CFLs) are both developed and controlled in this paper.
The CFLs are increasing rapidly nowadays (e.g., the inverter air con-
ditioners), and proved to be more flexible and suitable to provide FRS.
However, the CFLs are rarely considered in the previous studies, which
mainly pay attention to the OFLs. Moreover, the framework, control
algorithm and the system model of the centralized control method
(CCM) and distributed control method (DCM) are developed, respec-
tively, which consider the influence of the CML and FDE. On this basis,
the HCM based on the CCM and DCM is proposed to compensate the
CML and FDE, in which the modification method of FDE is developed
for improving the estimation accurate of the system frequency devia-
tions. The simplified iterative approach for updating the parameters in
the FDE modification model is proposed to decrease the requirement on
the data storage space and computation of the terminal controllers.

The numerical studies show that the effectiveness of the FRS pro-
vided by FLs can be impacted significantly by the CML and FDE,
especially with the increase available regulation capacity of FLs. The
maximum frequency deviation (MFD) and the recovery time (RT) will
be extended from −0.112 Hz and 75.8 s to −0.221 Hz and 272.9 s,
respectively, if the CML reaches 4 s. Moreover, the large number of FLs
can lead to significant system frequency oscillations during the
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regulation process due to the CML, which will be a serious problem in
the power systems. Apart from the influence of the CML, the MFD is
also extended from −0.112 Hz to −0.120 Hz as a result of the FDE.
Faced with this challenge, the results in numerical studies illustrate that
the HCM can avoid the CML and reduce the FDE. The MFD is modified
to −0.116 Hz in the fifth response and −0.110 Hz in the tenth re-
sponse, which are almost equal to the ideal value (−0.112 Hz) when
there is no CML and FDE. Besides, the modified frequency deviation
curves can be nearly overlapped with the ideal regulation curves.
Therefore, this proposed models and methods can compensate the CML
and FDE well, which are useful for guiding the DR projects in the future
smart grid.
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