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Abstract— Building energy equipment is moving rapidly
towards Internet of Things (IoT)-driven devices to provide
consumer connectivity and device management. These device-
level interfaces along with 5G communications will be leveraged
to develop control architectures to engage a large number
of monitoring and control devices and provide real-time and
reliable energy services. Emerging 5G networks have high
potential to provide the communication technology for demand
response, with fast transfer speed, high reliability, and high
number of connections. Guaranteed inertial response to limit
frequency fluctuations is one of the main challenges in modern
power systems due to the increased penetration of renewable
generation, and it is largely affected by communication delays
and packet losses. This paper analyzes inertial response and
rate of change of frequency in a power system model with
inverter-interfaced air conditioners. The control loop considers
time delays and packet losses to show the need to switch to 5G
networks in future smart grids.

I. INTRODUCTION

The electric grid that underlies our economy and daily
lives is changing rapidly. The U.S. electric grid is evolving
from an architecture of large, centralized power generation
and control to a hybrid system that incorporates various
distributed energy resources (DERs) near the load. High
penetration of DERs, such as solar and wind, can result in
unacceptable frequency excursions due to the deterioration of
inertial response in the presence of disturbances. Utilizing re-
sponse from the demand side as a synthetic inertial response
can help reduce rate of change of frequency (RoCoF).

Utilizing demand control to provide grid services requires
synchronized wide-area control of a significant number of
loads (millions to tens of millions) to deliver a deterministic
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and necessary response to the electric grid needs. At the
grid edge where consumers connect to the grid, vast sensor
arrays, high-speed networks, and advanced communications
create a dynamic space where energy is not only passively
consumed but generated, stored, managed, and traded. The
communication delays and packet losses in sensors and
actuators are an important challenge for inertia emulation
control in power systems with demand response (DR) [1],
[2].

In [3] and [4], it was shown that residential loads could
be intelligently controlled to provide frequency regulation
services for power systems. The nonlinear behavior models
of residential customers are considered in [5] to implement
DR in a unit commitment of power systems [6]. In [7],
[8], [9], [10], the authors show that thermostatically con-
trolled loads are able to provide balancing services under
the constraint of guaranteeing user comforts. Hence, using
proper dispatching and modeling methods in DR programs
can positively impact power systems reliability. However,
communication delays, transmission errors, and packet losses
are unavoidable [11] and proven to have a significant neg-
ative impact on the inertial response, in particular, a severe
degradation of RoCoF [12]. Developing a new framework
that accounts for the dynamics of the electric grid and grid-
responsive loads would facilitate the scalable deployment of
demand-side management technologies, which leverage the
two-way communication to end-use devices for fine grained
control. 5G networks have the potential to enable communi-
cation and control architectures by leveraging services with
massive machine-type communications, ultra-reliable low-
latency communications, and enhanced mobile broadband.

This paper investigates the effects of communication de-
lays and packet losses on inertia emulation control in a
power system with DR setting, where the demand load is
represented by inverter-interfaced air conditioners (IACs)
[13]. TACs are favorable to be controlled as demand side
resources to provide operating reserve, as compared to regu-
lar air conditioners (ACs), since their compressor’s operation
frequency is adjustable. The simulation results show latency
and packet loss range of effects on the inertial response of the



system. The use of an improved communication technology,
such as 5G, would allow new functionalities in future smart
grids to improve their reliable operation.

This paper is organized as follows. Section II provides
the preliminaries on 5G technology for demand response in
smart grids. Section III describes the problem formulation
by introducing the model of power system with DR. Section
IV presents the simulation results of frequency regulation
in the time scale of inertial response for a power system
including IACs as a DR. Different scenarios representing
different time delays and packet losses are considered to
analyze their effects on the inertial response of the system.
Finally, Section V provides the conclusion.

II. 5G TECHNOLOGY FOR DEMAND RESPONSE

Networked control systems (NCS) such as smart grids are
spatially distributed systems in which the communication
between sensors, actuators, and controllers occurs through
a shared band-limited digital communication network [14].
This system structure requires ensuring data packets to be
successfully transmitted between the control components to
ensure the reliability of such NCS. Addressing the network-
induced delays and packet dropouts in NCS, a scalable and
pervasive communication infrastructure is crucial in both the
construction and operation of a smart grid [15].

In the past few years, the 5G network is being promoted
widely across the world due to its advantages in transfer
speed, reliability, security, power consumption, and large
number of connections [16]. Hence, utilizing the 5G network
can help achieve fast transfer speed, low communication
latency, high security, and a massive number of connections
in future smart grids [6]. The critical improvement in this
network communication is in transfer capacity, energy ef-
ficiency, and interference management. These features can
be achieved using 5G network as an ultra-dense cellular
network, where 5G base stations are anticipated to be 40-50
(BS/km?) as compared to 4G network base stations that are
close to 8-10 (BS/km?) [6]. The 5G massive multiple-input
multiple-output (MIMO) antennas are similar to existing 3G
and 4G base station antennas, but with a significantly higher
frequency and beam-steering and beam-forming technologies
that help the 5G base station antennas to direct the radio sig-
nal to the users and devices rather than in all directions [17],
see Fig. 1. Moreover, robust security and high reliability are
other achievements of using 5G networks. The 5G network
architecture can enhance data transfer security and support
diversified services via end-to-end service level agreement
assurance [6]. The 5G network slices are separated from each
other and can be regarded as individual structures managed in
the core network [18]. For the 5G network, the core network
is being redesigned to better integrate with the Internet and
cloud-based services, and it also includes distributed servers
across the network that improve response times and reduce
latencies [17].

In general, the DR aggregator may receive the area control
error (ACE) or other defined control error for the system
and send control signals to users to adjust their power
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Fig. 1. The 4G base station with sector antennas and the 5G base station
with multi-element massive MIMO antenna array

consumption and provide regulation power [6]. However, due
to the network bandwidth limits and network traffic conges-
tion, usually, network-induced delays and packet dropouts
are unavoidable [14]. In this case, the system frequency
regulation as one of the critical regulatory processes will
become unstable when the communication delay time is
over 0.4-0.5 s [19], [20]. The significant advantages of
5G network make it an application potential for DR in
smart grids. In this framework, the massive machine-type
communications’ feature of 5G network allows to achieve
large numbers of communication links among different loads
that provide more accurate and applicable demand response
control [6], [21]. Moreover, the fast transfer speeds and low
communication latencies in 5G networks for remote control
allow DR aggregators to send and receive information signal
with an acceptable delay and packet loss where the delay
time can decrease to 1 ms.

This paper shows the effects of time delays and packet
losses in inertia emulation and RoCoF control using demand
response as a part of frequency regulation. The primary aim
is to show the need for 5G networks in future smart grids,
where low communication delays and low probability of
packet losses lead to accurate frequency regulation.

III. PROBLEM FORMULATION

In this section, inertia emulation control in a power system
model with TACs is considered to analyze the effects of
communication delays and packet losses [13]. The general
structure of the power system with IACs is illustrated in
Fig. 2, where the DR controller is connected to the IACs to
provide the required amount of support to the grid. When
a disturbance AP, occurs, the system frequency changes.
In systems with high levels of renewables, the frequency
nadir and the RoCoF can exceed the nominal operational
constraints. Thus, controlling the RoCoF and frequency
nadir has a significant role in mitigating the impact of
disturbances. RoCoF can be used as a key index for the
control of frequency excursion [22], [23]. Generating units
will regulate the power generation AP to recover the system
frequency. However, when DR is considered in the power
system, the DR controller can also receive the RoCoF (Af
) and send control signals to the IACs to adjust their power
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Fig. 2. Transfer function model of power system with IACs

consumption and provide regulation power AP;4c. However,
the measurement and data transfer of RoCoF and control
signal (u.) are subject to communication delays [24].

Considering IACs as the load demand that can be con-
trolled by the DR controller, the frequency regulation capac-
ity can be evaluated as:

(1+T.s)(1+CiR;is)DR(s)
(1 + TCS)(I + Cl'Rl'S) + kQRiC(S)

where Af represents the the power system’s frequency de-
viation and Afjacs is the compressor’s operating frequency
deviation. Here, by considering the inertia emulation as
the short time period of frequency regulation process, the
outdoor temperature is assumed to be fixed, and there is
no change to the setpoint temperature [3], [13]. C; and R;
are the thermal capacity, and thermal resistance of room-i,
T. represents the inertia time constant of the compressor,
and kg is the coefficient of the cooling capacity [13], [3].
The proportional-integral controller C(s) has been verified
to achieve the adjustment of the compressor’s operating
frequency [3]. The controller of the IACs providing reg-
ulation capacity for the power system is represented by
DR(s) = 6+ L that is considered as a DR controller. The
power consumption of the IACs can be described as:

Afiacs(s) = Af(s) (D)

K
Piacs = —2— fiacs(s) + W 2)

14+T.s
where K, and 1, are the coefficients of the power consump-
tion. The TACs regulation capacity is expressed in (3), where
in this framework it is connected to the primary model by
Af (RoCoF) to provide inertia emulation control [13].

K,(1+CiR;s)

APiacs =
TACs (14 T.s)(1 4+ CiRis) + koRiC(s)

DR(s)Af(s) (3)

Note that the regulation capacity provided by one IAC is
small, so the aggregated regulation capacity of a large-scale
IAC:s is generally considered in modeling and simulation [3],
[13].

Based on the presented power system model with IACs in
Fig. 2, the frequency deviation can be obtained by

(2Hs+D)Af(s) = AP + APL + APjacs 4

where D and H express the load damping and the inertia
constant of the system, respectively [13]. The load deviation
is represented by AP;, and AP is the regulation power
provided by the generator that can be described as:

(FHPTrS+ 1)
(Tps+ 1)(Tis+1)(Trs+ 1

where Ty, T;, and T, are the time constants of the speed
governor, turbine, and reheating process, respectively. Fyp
represents the high-pressure turbine constant, and Rs denotes
the speed droop. Then, the RoCoF can be easily obtained
by computing Af and will be sent to the DR controller to
provide the required regulation power for inertial response
in the presence of disturbances.

In the provided model, the system frequency deviation
is initially detected by the DR control center, and then a
control signal will be sent to each IAC’s controller to adjust
the required regulation capacity. In this send and receive
process, the communication delay (e~ ™) and packet loss can
happen due to the network bandwidth limits and network
traffic congestion. Here, it has been assumed that an actual
delay and packet loss on the control signal (u.) exist, and
our comprehensive results are shown to validate the need for
5G networks in future smart grids.

1
APG = ] (K= zM) 6

IV. CASE STUDY

In the given model, the generator inertia H is set to 6 s and
the load damping factor D to 1. The control parameters for
the generator R and K¢ are 0.1 and 0.5, respectively. For the
DR controller (DR(s)), the parameters 6 and ¥ are set to 200
and 0.02, respectively. Also, the time constants for the speed
governor are selected as 7, =0.2s, T, =03 s, and 7, =7
s. The simulation results for the power system model with
IAC:s control loop and parameters given in [13] are presented
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Fig. 4. The comparisons of RoCoF for different time delays

in this section with a disturbance of 20 MW step increase
in load and a system capacity of 800 MW. Fig. 3 shows the
frequency regulation for different communication delays in
sending RoCoF signal, i.e., the derivative of frequency Af,
to the DR controller. Clearly, increasing the delay lowers the
frequency nadir and decreases the emulated inertia, and it
could lead to instability of the system. The fluctuations of
RoCoF using DR with IACs decrease as time progresses,
and they are affected by the communication delays as seen
in Fig. 4. Furthermore, Fig. 5 shows the regulation power in
the inertial response time scale.

Fig. 6 shows the results for different packet loss durations
in the RoCoF signal transmission. The packet loss starts at
t =0.5 s and is applied for different time durations. As the
results show, losing data impacts the RoCoF and inertial
emulation control as it it is clear in Fig. 6 and Fig. 7.
Increasing the duration time of packet loss will lower the
frequency nadir and decrease the emulated inertia provided
by DR with TACs. Fig. 8 shows the impact of data losses on
the regulation power. The presented results provide an insight
to the impact of different communication technologies on the
frequency regulation in power systems, particularly future
smart grids with many loads to deliver a deterministic and
necessary response to the grid. Note that using a 5G network
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can reduce the delay to 1-10 ms and help guarantee inertial
response. The packet loss as an infinite delay can also be
reduced using 5G network, and it can help provide a more
reliable and secure grid.
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V. CONCLUSIONS

This paper investigates the effect of communication delays
and packet losses on inertia emulation using a power system
model considering services provided by IACs. The results
show that time delays and packet losses in the transmission
of the RoCoF signal to the DR aggregator through the
communication network can cause instability and/or severe
frequency excursions. Therefore, adopting a new communi-
cation technology, such as 5G, with low latency and packet
loss will have a significant impact in improving future
smart grids with guaranteed inertia emulation performance.
The investigation of communication impairments and 5G
communications for inertia emulation and primary frequency
control of large-scale power systems will be considered in
the future work.

ACKNOWLEDGMENT

This manuscript has been authored by UT-Battelle, LLC
under Contract No. DE-AC05-000R22725 with the U.S.
Department of Energy. The United States Government retains
and the publisher, by accepting the article for publication, ac-
knowledges that the United States Government retains a non-
exclusive, paid-up, irrevocable, world-wide license to publish
or reproduce the published form of this manuscript, or allow
others to do so, for United States Government purposes. The
Department of Energy will provide public access to these
results of federally sponsored research in accordance with the
DOE Public Access Plan (http://energy.gov/downloads/doe-
public-access-plan).

REFERENCES

[1] S. Debbarma, C. Hazarika, and K. M. Singh, “Virtual inertia emulation
from hvdc transmission links to support frequency regulation in pres-
ence of fast acting reserve,” in 2018 2nd International Conference on
Power, Energy and Environment: Towards Smart Technology (ICEPE).
IEEE, 2018, pp. 1-6.

[2] J. Zhu, J. M. Guerrero, W. Hung, C. D. Booth, and G. P. Adam,
“Generic inertia emulation controller for multi-terminal voltage-
source-converter high voltage direct current systems,” /ET Renewable
Power Generation, vol. 8, no. 7, pp. 740-748, 2014.

[3]

[4]

[3]

[6]

[7

—

[8]

[9]

[10]

(11]

[12]

[13]

[14]

[15]

[16]

[17]

(18]

[19]

[20]

(21]

[22]

(23]

[24]

H. Hui, Y. Ding, and M. Zheng, “Equivalent modeling of inverter
air conditioners for providing frequency regulation service,” IEEE
Transactions on Industrial Electronics, vol. 66, no. 2, pp. 1413-1423,
2018.

Q. Shi, F. Li, G. Liu, D. Shi, Z. Yi, and Z. Wang, “Thermostatic
load control for system frequency regulation considering daily demand
profile and progressive recovery,” IEEE Transactions on Smart Grid,
vol. 10, no. 6, pp. 6259-6270, 2019.

M. Rahmani-Andebili, “Nonlinear demand response programs for
residential customers with nonlinear behavioral models,” Energy and
Buildings, vol. 119, pp. 352-362, 2016.

H. Hui, Y. Ding, Q. Shi, F. Li, Y. Song, and J. Yan, “5G network-
based internet of things for demand response in smart grid: A survey
on application potential,” Applied Energy, vol. 257, p. 113972, 2020.
P. Du and N. Lu, “Appliance commitment for household load schedul-
ing,” IEEE transactions on Smart Grid, vol. 2, no. 2, pp. 411-419,
2011.

N. Lu, “An evaluation of the HVAC load potential for providing load
balancing service,” IEEE Transactions on Smart Grid, vol. 3, no. 3,
pp. 1263-1270, 2012.

H. Hui, Y. Ding, W. Liu, Y. Lin, and Y. Song, “Operating reserve
evaluation of aggregated air conditioners,” Applied energy, vol. 196,
pp. 218-228, 2017.

W. Cui, Y. Ding, H. Hui, Z. Lin, P. Du, Y. Song, and C. Shao, “Eval-
uation and sequential dispatch of operating reserve provided by air
conditioners considering lead—lag rebound effect,” IEEE Transactions
on Power Systems, vol. 33, no. 6, pp. 6935-6950, 2018.

D. Xie, H. Hui, Y. Ding, and Z. Lin, “Operating reserve capacity
evaluation of aggregated heterogeneous TCLs with price signals,”
Applied Energy, vol. 216, pp. 338-347, 2018.

H. Hui, Y. Ding, Y. Song, and S. Rahman, “Modeling and control of
flexible loads for frequency regulation services considering compen-
sation of communication latency and detection error,” Applied Energy,
vol. 250, pp. 161-174, 2019.

H. Hui, Y. Ding, T. Chen, S. Rahman, and Y. Song, “Dynamic and
stability analysis of the power system with the control loop of inverter
air conditioners,” IEEE Transactions on Industrial Electronics, vol. 68,
no. 3, pp. 2725-2736, 2020.

X. Zhang, Q. Han, X. Ge, D. Ding, L. Ding, D. Yue, and C. Peng,
“Networked control systems: A survey of trends and techniques,”
IEEE/CAA Journal of Automatica Sinica, vol. 7, no. 1, pp. 1-17, 2020.
R. Hu, Y. Qian, and J. Wang, “Recent advances in wireless technolo-
gies for smart grid [guest editorial],” IEEE Wireless Communications,
vol. 19, no. 3, pp. 12-13, 2012.

M. Agiwal, A. Roy, and N. Saxena, “Next generation 5G wireless
networks: A comprehensive survey,” IEEE Communications Surveys
Tutorials, vol. 18, no. 3, pp. 1617-1655, 2016.

“ITU-T Recommendation K.Sup16: Electromagnetic field compliance
assessments for 5G wireless networks[s],” 2018.

Y. Zhang, J. Li, D. Zheng, P. Li, and Y. Tian, “Privacy-preserving
communication and power injection over vehicle networks and 5G
smart grid slice,” Journal of Network and Computer Applications, vol.
122, pp. 50-60, 2018.

S. A. Pourmousavi and M. H. Nehrir, “Introducing dynamic demand
response in the LFC model,” IEEE Transactions on Power Systems,
vol. 29, no. 4, pp. 1562-1572, 2014.

, “Real-time central demand response for primary frequency
regulation in microgrids,” IEEE Transactions on Smart Grid, vol. 3,
no. 4, pp. 1988-1996, 2012.

A. Osseiran, F. Boccardi, V. Braun, K. Kusume, P. Marsch, M. Mater-
nia, O. Queseth, M. Schellmann, H. Schotten, H. Taoka, H. Tullberg,
M. A. Uusitalo, B. Timus, and M. Fallgren, “Scenarios for 5G mobile
and wireless communications: The vision of the metis project,” IEEE
Communications Magazine, vol. 52, no. 5, pp. 26-35, 2014.

S. Morovati and H. Pulgar-Painemal, “Control coordination between
DFIG-based wind turbines and synchronous generators for optimal
primary frequency response,” arXiv preprint arXiv:2009.07890, 2020.
S. Morovati, Y. Zhang, S. M. Djouadi, K. Tomsovic, A. Wintenberg,
and M. Olama, “Robust output feedback control design for inertia
emulation by wind turbine generators,” IEEE Transactions on Power
Systems, pp. 1-1, 2021.

F. Zhang, Y. Sun, L. Cheng, X. Li, J. H. Chow, and W. Zhao, “Mea-
surement and modeling of delays in wide-area closed-loop control
systems,” IEEE Transactions on Power Systems, vol. 30, no. 5, pp.
2426-2433, 2014.




