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Abstract—Nowadays, in the face of the big data era and
more and more task computing requirements, edge computing
as a computing paradigm that offloads cloud computing and
storage resources to the network edge side relieves the pressure
of network bandwidth. With a large number of edge computing
devices deployed to the network edge, it is an urgent problem to
provide energy for these devices in an environmentally friendly
and reliable way. In order to solve this problem, a feasible
way is to replace part of the traditional energy with renewable
energy, which has been widely studied. However, the stochastic
characteristics of renewable energy and computing tasks and
the delay of task scheduling normally have a negative impact
on the power supply-demand balance in edge nodes. In this
paper, we study the robust frequency control problem in the edge
computing node powered by renewable energy considering task
scheduling. Therefore, a stochastic differential equation with time
delay is used to model the dynamics of task computing, energy
supply and task scheduling of edge computing system, and the
robust stability of AC bus frequency deviation of edge nodes is
discussed. The linear matrix inequality (LMI) method is used to
solve such control problem. Finally, numerical simulations show
the effectiveness of the proposed method.
Index Terms—edge computing, robust stability, stochastic differential equation, task scheduling

I. I NTRODUCTION
With the advent of the Internet era and the continuous
development of wireless network, the number of devices on the
edge of the network and the data generated are growing rapidly
[1]. According to IDC, the international data company, the
global data volume is expected to increase tenfold to 163ZB by
2025 compared with 16.1ZB in 2016 [2]. The cloud computing
transfers all the data to the cloud server through the network
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and solves the computing and storage problems by using the
powerful computing and storage capacity of the cloud server
[3]. However, in the context of the Internet of things, the
traditional cloud computing cannot continue to effectively deal
with such huge amount of data and tasks [4]. For example,
transmitting all the data to the cloud computing center through
the network may lead to insufficient network bandwidth,
resulting in high service delay and low user experience.
In order to address the above challenges, edge computing
(EC) has been widely concerned by both academia and industry in recent years. EC is a new computing paradigm, which
can offload part or all of cloud resources to the edge side closer
to users [5]. By computing tasks directly in the local area
close to the user side, the transmission delay and bandwidth
pressure of network are effectively alleviated, thus improving
the user experience and quality of service [6]. At present,
there exist a large number of research outputs on EC, focusing
on improving the security, privacy and delay optimization of
EC system [7], [8]. Considering that a large number of edge
devices are installed in different locations in a geographically
dispersed manner, the related energy consumption and supply
has been a challenging issue.
Although EC can improve the response speed of task
processing, it could lead to a sharp increase in energy consumption of edge nodes [9]. Because the tasks of edge nodes
are diversified in different time and location, the energy consumption of EC system is uneven and difficult to predict [10].
Moreover, the world is facing the problems of energy shortage
and environmental pollution, which could be aggravated by
the huge energy consumption of EC system. Therefore, some
research outputs proposed to rely on the geographical distribution of edge nodes to utilize different renewable energy around
[15].

Many studies have already mentioned the advantages of
utilizing renewable energy in EC to reduce the traditional
energy consumption; see, e.g., [11], [15]. In [11], the energy
supply problem of microgrid for edge system is transformed
into a mixed integer nonlinear optimization problem. Task
scheduling between nodes can make full use of renewable
energy and computing resources of different edge nodes, thus
the internal power balance of nodes can be properly adjusted.
The authors in [15] proposed to maintain the stability of
renewable energy powered EC system by optimizing the power
storage management strategy.
Considering the dynamic and stochastic nature of EC system, the authors in [13] proposed to use ordinary differential
equations and stochastic differential equations to model the
computing resource allocation of edge nodes. However, the
existing research does not use stochastic differential equations
to model the task scheduling and energy supply in edge computing systems. Besides, it is worth noting that although there
exist many research outputs (e.g., [16], [17]) on the robust
control of AC bus frequency in energy systems, literature on
this kind of problem within the edge nodes can be hardly
found.
Different from the methods proposed in [11], in order to better describe the dynamic and stochasticity of edge nodes and
energy supply equipment, e.g., computing energy consumption
of edge devices, computing task scheduling between different
nodes and power of electricity generation equipment, both
stochastic and ordinary differential equations are proposed to
model the system in this paper. The investigated system includes several edge nodes, and each node includes EC devices,
renewable energy generator, traditional power generator and
energy storage equipment, so as to ensure the smooth progress
of the task processing. The stochastic differential equation with
time delay has been used to formulate the system model, and
the robust frequency regulation problem is transformed into a
stochastic H∞ control problem in this paper.
The main contributions of this paper are outlined as follows:
1) In order to better describe the dynamic nature of the considered EC system, both stochastic and ordinary differential
equations have been used to model the dynamical process of
task scheduling between edge nodes, energy supply and energy
storage in edge nodes. Notably, the dynamical task scheduling
between edge nodes is modeled by differential equation for
the very first time.
2) It is highlighted that, in order to achieve robust frequency
stability, EC system stochasticity, transmission delay and external disturbance has been considered simultaneously, which
is novel. In this sense, the modeled dynamical system is closer
to the actual EC system in industry.
3) The problem of AC bus frequency regulation in each edge
node is appropriately formulated as a robust H∞ control
problem and can be solved by existing mathematical techniques effectively, which can be viewed as an advantage of
our proposed method.
The rest of the paper is organized as follows. Section
II describes the system architecture and the modeling of

task scheduling, task computing, energy power components.
Section III formulates the robust control problem and provides
the solutions. In Section IV, some numerical simulations are
provided. Finally, the conclusion is presented in Section V.
II. S YSTEM M ODELING
In this section, we first introduce the system architecture.
And the power models of EC devices, renewable energy
generator, traditional energy generator and energy storage
equipment are formulated, by which we obtain the mathematical model of the considered EC system.
A. Description of System Architecture
In this paper, it is assumed that there are n EC nodes, each
EC node is connected with different traditional power generation devices, battery energy storage devices and renewable
energy power generation equipment.
In order to better describe the task scheduling between
different edge nodes, this paper describes the EC system by
an undirected graph denoted as G(V, ξ), where V denotes n
edge nodes, ξ is the edges set of the undirected graph. Edge
el = (i, j) = (j, i) indicates that computing task can be
scheduled between the i-th edge node EDi and the j-th edge
node EDj through the l-th communication link. For example,
if the amount of tasks of an edge node is too much, the local
energy will be insufficient to make up for its consumption,
then the edge node can schedule part of the computing tasks
to other edge nodes. It is worth noting that considering the
geographical location, time delay and other factors, there is
not always communication between any two edge nodes in
this paper.
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Fig. 1. The scenario of a typical EC system.

A typical EC system with four edge nodes concerned in this
paper is shown in Fig. 1, in which TEGi, BESi, REGi and
EDi represent the traditional energy generator, battery energy
storage, renewable energy generator and edge device in the ith edge node, respectively. The doted line indicates that there
is task scheduling between the two edge nodes.
B. Modeling for Task Scheduling
Task and resource scheduling in EC system is a dynamical
process. In order to better represent such dynamic property,
ordinary differential equation has been used to model resource scheduling in [13]. In many research outputs, e.g.,

[19], task scheduling is regarded as a controllable process.
When a certain edge node is overloaded, a part of the task
can be scheduled to other edge nodes through the control
signal. However, there is no such research output, in which
differential equations with control inputs are used to model
task scheduling.
In addition, due to the time required for network transmission, the time delay must be considered in EC task scheduling
modeling. Therefore, an ordinary differential equation with
time delay and control inputs is used to model task scheduling
in this paper.
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(t) denotes the change in the amount of tasks
scheduled on the l-th communication line, and ults (t) is
l
the control input. Tts
and τ (t) denote the time constant of
task scheduling and task transmission delay, respectively. The
system coefficient blts can be obtained by parameter estimation
method.

For a single EC node, considering that the change of the
amount of task requests generated by the terminal devices
around it could not be smooth, the Wiener process w(t) has
been considered to simulate the stochasticity of the task quantity change in this paper. In addition, considering that some
disturbances may have adverse effects on the bus frequency
deviation, such as suddenly receiving a large amount of task
requests, the variable vek (t) is used to represent such disturbances input. In this paper, the amount of local computing
tasks received by each EC node is modeled by a stochastic
differential equation with disturbance input. The modeling of
local task computing is as follows.

1 
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where TPk V is the time constant of PV, and rPk V is the
coefficient of the diffusion term.
E. Modeling for Controllable Power Generator
Due to the uncontrollability and strong stochasticity of
renewable energy, it is necessary to make proper control
strategy with respect to conventional generators, such that the
normal operation of EC devices can be guaranteed. Without
loss of generality, in this paper the traditional energy generator
refers to micro turbine (MT). ukM T (t) denotes the control input
of the traditional power generator. The power changes of MT
in the k-th edge node is modeled as follows [17].
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where TM
T is the time constant of MT, and bM T is the system
coefficient related with the controller.

C. Modeling for Local Task Computing

d∆Sek (t) =

used to model the power change of PV. The power change of
PV in the k-th edge node is modeled as follows [17].

1 
d∆PPk V (t) = k
− ∆PPk V (t) + vPk V (t) dt
(3)
TP V
+ rPk V ∆PPk V (t)dw(t),

(2)

where Tek is the time constant of task computing, and rek is
the system coefficient. ∆Sek (t) represents the change of the
computing task to be performed by the k-th edge node.
D. Modeling for Photovoltaic Unit
Facing the problem of energy consumption of edge nodes,
renewable energy devices, such as photovoltaic panels or
wind turbines, are deployed around the edge device according
to geographical conditions, which can effectively reduce the
consumption of traditional energy [11]. In this paper, the photovoltaic unit (PV) is used as the renewable energy generator.
Considering the stochasticity of PV power and the possible
external interference, such as the change of light intensity,
a stochastic differential equation with disturbance vPk V (t) is

F. Modeling for Battery Energy Storage and Frequency Deviation
In order to further maintain the balance between energy
consumption and generation, BES is considered in the energy
supply system. The battery energy storage in the k-th edge
node is modeled as follows:
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k
k
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k
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where TBES
is the time constant of BES, and PBES
(t)
represents the power changes of battery energy storage in the
k-th edge node. Since the research focus of this paper is not
on the BES itself, the state of charge (SOC) is not considered.
The similar modeling approach without considering SOC has
been reported in, e.g., [12] and [18].
In (5), ∆f k (t) is the AC bus frequency deviation within the
k-th edge node, which can be modeled as follows [20].
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where M̄ k stands for the inertia constants, and D̄k stands for
the damping coefficients of the k-th edge node. In (6), ∆P k (t)
denotes the bus power of the k-th edge node, which is modeled
as follows.
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where G is the proportional relationship between
Pm task changes
l
and power consumption changes. Sek (t) − l=1 f (k, l) · Sts
(t)
denotes the changes of tasks that the edge node needs to
execute after considering task scheduling. The function f (k, l)

represents the direction of task scheduling. When f (k, l) = 1,
the k-th edge node schedules tasks to other nodes through
the transmission line l. When f (k, l) = −1, the k-th edge
node receives the tasks scheduled from other nodes through
the transmission line l.
G. Modeling for System
To simplify the description of the system, we define the
following vectors. For the k-th edge node, the system state
k
vector is defined as xk (t) = [∆Sek (t), ∆PPk V (t), ∆PM
T (t),
k
k
0
∆PBES (t), ∆f (t)] . The control input is defined as ukM T (t).
Disturbance input vector is v k (t) = [vek (t), vPk V (t)]0 . Then,
we define the state vector of task scheduling between edge
1
2
m
nodes as xts (t) = [∆Sts
(t), Sts
(t), ..., Sts
(t)]0 . The control input vector of task scheduling is defined as uts (t) =
0
[u1ts (t), u2ts (t), ..., um
ts (t)] , where m is the number of communication lines.
Then, for the whole EC system, we define the system
state vector x(t) = [x1 (t)0 , x2 (t)0 , ..., xn (t)0 , xts (t)0 ]0 .
The
system
control
vector
is
u(t)
=
[u1M T (t)0 , u2M T (t)0 , ..., unM T (t)0 , uts (t)0 ]0 . The system controled output vector is z(t) = [∆f 1 (t), ∆f 2 (t), ..., ∆f n (t)]0
where n means the total number of edge nodes. Finally, we
transform the considered EC system into the following form:
(
dx = (Ax + Ad x(t − τ (t))) + Bu + Cv)dt + RxdW (t)
z = Dx



Ω
XA0
d

 DX

 RX
C0

Ad X
−(1 − h)S
0
0
0

XD0
0
−I
0
0

XR0
0
0
−X
0


C
0 

0 
≤0
0 
−γ 2 I

(11)

where Ω = AX + XA0 + BY + Y 0 B 0 + S.
The formulated control problem can be solved by the
theorem in [14], so the detailed proof is omitted in this paper.
IV. N UMERICAL S IMULATION
To verify the feasibility of the proposed method, numerical
simulation results are provided in this section.
The detailed parameters, which can be measured by parameter estimation method [17], [18], are listed in the Table I.
Two kinds of disturbances, illustrated in Fig. 2(a) and Fig.
3(a), have been used to test the feasibility of proposed control
strategy. Without the implementation of any control strategy,
TABLE I
T IME C ONSTANTS OF T HE EC S YSTEM
Parm.

Value

Parm.

Value

Parm.

Value

Tek

[1.4, 1.8]
[0.12, 0.15]
[0.6, 0.9]
[1.2, 1.5]
4

TPk V
k
Tts
bkM T
M̄ k
γ

[1.1, 1.4]
[0.11, 0.16]
[1.5, 2.4]
[0.18, 0.23]
0.35

k
TM
T
rek
k
rBES
D̄k
h

[1.2, 1.5]
[0.5, 0.9]
[1.2, 1.5]
[0.011, 0.016]
0.7

k
TBES
k
rP
V
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G

(8)
From (1) to (8), we have transformed the EC system into a
mathematical control system.
III. P ROBLEM F ORMULATION AND S OLUTION
In this section, a robust frequency control problem for edge
nodes is formulated as a robust H∞ control problem and is
solved analytically.
Definition: Given a scalar γ > 0, the AC bus frequency regulation problem studied in this paper can be described by the
H∞ performance which is formulated as kz(t)k < γkv(t)k,
where k · k is defined as
(Z
)! 21
∞

kz(t)k ,

2

|z(t)| dt

E

,

the frequency deviation within the four edge nodes under
the disturbance in Fig. 2(a) is shown in Fig. 2(b), whereas
the frequency deviation within the four edge nodes under the
proposed control strategy is shown in 2(c). ]

(a) Disturbance inputs for the EC system.

(9)

0

where γ denotes the disturbance attenuation. Then, the cost
functional of the robust control problem is formulated in (10).
"Z
#
T
2 0
0
J(u, v) , E
(γ v v − z z)dt .
(10)
0

(b) without control

In order to solve this stochastic robust control problem with
time delay, we need to find a control u∗ such that the cost
function (10) is less than 0 for all non-zero disturbances.
Theorem 1. [?] Given a scalar γ > 0, if there exist
symmetric matrices X > 0, S > 0 and matrix Y satisfying
LMI (11), a control input u∗ can be obtained to stabilize
the stochastic robust control system with time delay, where
u∗ = Kx, K = Y X −1 .

(c) with control

Fig. 2. Frequency deviations under the disturbance

By comparing Fig. 2(b) and 2(c), it can be seen that the
frequency deviation within the four edge nodes is effectively
stabilized under the proposed control strategy. It is notable
that the disturbance at about 1.3 second has caused large
frequency deviation when no controller has been implemented,
which would probably cause system blackout, whereas the

same disturbance has only causes a small fluctuation under
the proposed controller.
Comparing Fig. 3(b) and Fig. 3(c), it can be seen that
the proposed method makes the frequency deviation stable
under the continuous disturbance. Compared with Fig. 2(c),
the control effect of frequency deviation in Fig. 3(c) is slightly
worse due to the long-term negative impact of continuous
disturbance.
In order to better show the influence of delay on system
stability, let us set the delay to be a relatively large value. Fig.
4(a) shows the control effect when the disturbance is zero and
the delay is set to be 600 ms. It can be seen that at 600 ms,
the time delay causes the frequency deviation to fluctuate

(a) Disturbance inputs for the EC system.

(b) without control

(c) with control

Fig. 3. Frequency deviations under the continuous disturbance

temporarily. In Fig. 4(b), when the delay is set to be 900ms,
the frequency deviation fluctuates slightly at that moment.

(a) with 600ms delay

(b) with 900ms delay

Fig. 4. Frequency deviations under control with different delay

V. C ONCLUSION
In this paper, the bus frequency regulation of each edge node
in EC system is discussed. Considering the dynamics of the
system, the delay of task scheduling and external disturbance,
a stochastic differential equation with time delay is used to
model task scheduling, task processing and energy supply
equipments. Finally, we transform the frequency regulation
problem into a stochastic control problem, and the problem
is solved by LMI approach. The effectiveness and feasibility
of the proposed method are successfully verified by numerical
simulations.
Since the energy scheduling in EC has not been fully
considered in this work, our future research shall focus on the
integration of information flow and energy flow in EC system.

ACKNOWLEDGMENT
This work was funded in part by the Science
and Technology Project of China Southern Power
Grid(090000KK52190169/ SZKJXM2019669).
R EFERENCES
[1] M. Marjani, et al., “Big IoT data analytics: architecture, opportunities,
and open research challenges,” IEEE Access, vol. 5, pp. 5247-5261,
2017.
[2] D. Reinsel, J. Gantz, J. Rydning. 2018. Data age 2025. The digitization
of the world: From edge to core. An IDC White Paper # US44413318.
[3] A. u. R. Khan, M. Othman, S. A. Madani and S. U. Khan, “A survey
of mobile cloud computing application models,” IEEE Communications
Surveys & Tutorials, vol. 16, no. 1, pp. 393-413, First Quarter 2014.
[4] W. Li, et al., “On enabling sustainable edge computing with renewable
energy resources,” IEEE Commun. Mag., vol. 56, no. 5, pp. 94–101,
May 2018.
[5] W. Shi and S. Dustdar, “The promise of edge computing,” Computer,
vol. 49, no. 5, pp. 78–81, May 2016.
[6] X. Zheng, M. Li, M. Tahir, Y. Chen, and M. Alam, “Stochastic computation offloading and scheduling based on mobile edge computing,”
IEEE Access, vol. 7, pp. 72247–72256, 2019.
[7] Z. Zhou, X. Chen, E. Li, L. Zeng, K. Luo, and J. Zhang, “Edge
intelligence: paving the last mile of artificial intelligence with edge
computing,” Proc. IEEE, vol. 107, no. 8, pp. 1738–1762, Aug. 2019.
[8] S. A. Osia, A. S. Shamsabadi, A. Taheri, H. R. Rabiee, and H. Haddadi,
“Private and scalable personal data analytics using hybrid edge-to-cloud
deep learning,” Computer, vol. 51, no. 5, pp. 42–49, May 2018.
[9] A. Bozorgchenani, D. Tarchi, and G. E. Corazza, “Centralized and
distributed architectures for energy and delay efficient fog network-based
edge computing services,” IEEE Trans. Green Commun. Netw., vol. 3,
no. 1, pp. 250–263, Mar. 2019.
[10] L. Chen, S. Zhou, and J. Xu, “Computation peer offloading for energyconstrained mobile edge computing in small-cell networks,” IEEE/ACM
Trans. Networking, vol. 26, no. 4, pp. 1619–1632, Aug. 2018.
[11] M. S. Munir, S. F. Abedin, N. H. Tran and C. S. Hong, ”When edge
computing meets microgrid: a deep reinforcement learning approach,”
in IEEE Internet of Things Journal, vol. 6, no. 5, pp. 7360-7374, Oct.
2019.
[12] H. Hua, J. Cao, G. Yang, and G. Ren, “Voltage control for uncertain
stochastic nonlinear system with application to energy Internet: nonfragile robust H∞ approach,” Journal of Mathematical Analysis and
Applications, vol. 463, no. 1, pp. 93-110, Jul. 2018.
[13] H. Hui, C. Zhou, X. An, and F. Lin, “A new resource allocation
mechanism for security of mobile edge computing system,” IEEE
Access, vol. 7, pp. 116886–116899, 2019.
[14] S. Xu, T. Chen, “Robust H∞ control for uncertain stochastic systems
with state delay,” IEEE Trans. Autom. Control, vol. 47, no. 12, pp.
2089-2094, 2002.
[15] S. Conti, G. Faraci, R. Nicolosi, S. A. Rizzo and G. Schembra, “Battery
management in a green fog-computing Node: a reinforcement-learning
approach,” in IEEE Access, vol. 5, pp. 21126-21138, 2017.
[16] H. Hua, C. Hao, Y. Qin, and J. Cao, “Stochastic robust H∞ control
strategy for coordinated frequency regulation in energy Internet considering time delay and uncertainty,” in Proc. The 13th World Congress
on Intelligent Control and Automation, Changsha, China, Jul. 2018, pp.
111-118.
[17] H. Hua, Y. Qin, and J. Cao, “Coordinated frequency control for multiple
microgrids in energy Internet: A stochastic H∞ approach,” in Proc. 2018
IEEE PES Innovative Smart Grid Technologies Asia, Singapore, May
2018, pp. 810-815.
[18] H. Bevrani, M. R. Feizi and S. Ataee, ”Robust frequency control in
an islanded microgrid: H∞ and µ -synthesis approaches,” in IEEE
Transactions on Smart Grid, vol. 7, no. 2, pp. 706-717, March 2016.
[19] J. Ren, G. Yu, Y. He, and G. Y. Li, “Collaborative cloud and edge
computing for latency minimization,” IEEE Trans. Veh. Technol., vol.
68, no. 5, pp. 5031–5044, May 2019.
[20] H. Hua, Y. Qin, C. Hao, and J. Cao, “Stochastic optimal control for
energy Internet: A bottom-up energy management approach,” IEEE
Transactions on Industrial Informatics, vol. 15, no. 3, pp. 1788-1797,
Mar. 2019.

