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Abstract—With the development and evolution of power sys-
tem, the penetration of renewable energy increases continuously.
The energy Internet is proposed as the future of conventional
power systems, and it ensures the utilization efficiency of re-
newable energy sources and promises more reliable and intelli-
gent energy services. Being able to transfer and cache energy-
information flows among microgirds, energy routers play the key
role in the construction of future energy Internet. It is important
to ensure the stability of the core energy transfer functionalities
of energy routers. In this paper, the short-term energy cache
regulation for energy routers is investigated. A robust control
method against the potential uncertainties in energy transmission
processes is proposed. The energy cache regulation efficacy of the
proposed control method is evaluated with numerical simulation.
The results demonstrate the feasibility and effectiveness of the
proposed method.

Index Terms—robust control, energy router, energy internet

I. INTRODUCTION

With the growing concerns on climate change and environ-
ment contamination, the development of renewable energy and
relevant industries have received extensive attentions. How-
ever, most of these renewable energy sources, such as solar
power and wind power, are highly relevant to environment
conditions, i.e., solar irradiation, precipitation, wind speed, etc.
Affected by the uncertainties in their deployment environment,
these renewable energy sources are of the stochastic, intermit-
tent and uncertain natures, which make it difficult to integrate
them in the conventional power system directly.

For better integration and utilization of renewable energy
resources, the concept of microgrid was firstly proposed by
the consortium for electric reliability technology solutions
(CERTS) in 2002 [1], [2]. A microgrid is a small power system
consisting of renewable energy sources, generators, energy
storage and relevant loads [1]. The smart meters and intelligent
control system deployed in a microgrid enable more precise
and sensible energy management [2], which helps to improve
the utilization efficiency of the integrated renewable energy
generators. The microgrid is proved to be a successful structure
for the renewable energy integration in the conventional power
utility [3], and microgrid related researches are carried out
extensively [4]–[6].

While the penetration of renewable energy increase, it
becomes difficult to keep the balance between power service
qualities and energy efficiency within a microgrid. The smart

grid is proposed as a solution to tackle these difficulties [7],
[8]. With various sensors deployed, the smart grid solution
allows power-sharing in large area as well as the coordination
of multiple microgrids, and it is able to send notifications to
customers via the Internet, which engages users in the loop
of energy management. Further, in future energy Internet,
multiple relevant sectors, such as heating, fuel supply and
transportation systems, are included in the scope of the energy
Internet, and more features of the Internet are introduced [8]–
[10]. With advances in communication and sensing technolo-
gies, comprehensive scheduling and management of multiple
systems in energy Internet becomes possible, which allows
more intelligent and reliable energy services in energy Internet.

The energy Internet could be built up in a bottom-up manner
[8]. In this sense, distributed local power grids, i.e., mostly
microgrids, are interconnected via energy routers, and the
energy-information flow are transferred, cached and traded
through the energy routers network [8]. The distributed and
flexible characteristics of energy Internet greatly improve the
resilience and service quality of the whole system, and energy
routers play a key role in the realization of these core features
[11].

Plenty of the research outputs related to energy Internet are
focus on the power management issue in microgrids. In [4],
[6], [12], [13], the frequency regulation issues of microgrids
are investigated. Similarly, the voltage stabilization approach
for islanded microgrid is introduced in [14]. For the better
utilization of renweable energy, the coordinated operation for
multiple microgrid systems are studied in [5], [15]. In [16],
[17], stochastic processes are used to model the uncertainties
in the power output of renewable energy sources such as
photovoltaic panels and wind turbines. The power estimation
technologies for power consumption are introduced in [17],
[18], as well. Based on the advanced modeling methods men-
tioned above, in [19], deep reinforcement learning approach
are applied to achieve the power management in a regional
energy Internet system.

There are also some literature relevant to energy routers in
the energy Internet, see, e.g., [13], [20], [21]. The functionality
of energy routers in microgirds are taken into consideration
in [13], [20], such that the energy management principle of
energy Internet could be realized. On the other hand, the
energy routing strategies in energy Internet are developed



in [21], which provides solutions for the scheduling and
management of energy router networks.

In this paper, we focus on the short-term energy transfer
and cache management issue of energy routers. Based on the
control theory, a kind of robust H∞ control method is proposed
for the short-term energy cache regulation for energy routers.

The rest of this paper is organized as follows. Firstly, in
Section II, the short-term model for energy cache in energy
routers is introduced. Then the energy cache regulation task
is formulated as a robust H∞ control problem in Section
III, and the solution for the control problem is provided in
Section IV. The effectiveness and feasibility of the proposed
control method are evaluated in Section V. Finally, Section VI
summarizes this paper.

II. SYSTEM MODELING

Energy routers are important infrastructures in the energy
Internet. At the microgrid level, energy routers provide ver-
satile accesses for the renewable energy sources and various
electrical equipment, such that the renewable energy resources
including photovoltaic panels and wind turbines can be utilized
more efficiently. At the same time, the energy router inter-
connects the microgrids in a regional energy Internet, which
enables the energy trading/sharing in a large area.

In this paper, short term energy cache management issue
related to the power routing functionality of energy routers is
investigated. The concept and features of energy router is in-
spired by routers in Internet. An energy router is able to trans-
fer the energy-information flows among microgrids as well
as buffering the flows with low priority. The buffered energy
flows would be cached in the energy storage devices integrated
in energy routers. With limited energy caching capacity, the
amount of power flow buffered should be maintained in proper
range. Especially, for the short term management of energy
routers, the size of energy cache is expected to be regulated
in the preset working point, such that the energy transmission
network built upon energy routers could be stable in daily
operations.

Here, taking the assumption that the transmission protocols
deployed in energy Internet are similar as the transmission
control protocol (TCP) in Internet, based on the fluid model
for TCP network flows [22], [23], the energy routing in an
energy router can be modeled as follows.

ÛW(t) = 1
R(t) −

W(t)W(t − R(t))
2R(t) p(t − R(t)), (1)

Ûq(t) = W(t)N(t)
R(t) − C(t), (2)

where W(t) is the window size for energy transmission; q(t) is
the instantaneous amount of energy cache in the energy router;
R(t) is the round trip time of the power and information ex-
change for active energy links; C(t) is the energy transmission
capability of the considered energy router; N(t) is the number
of active energy-information routing links; 0 ≤ p(t) ≤ 1 is the
dropping probability for the energy transmission requests.

Based on the energy routing model in (1) and (2), by
adjusting the dropping probability p(t), the size of energy
cache in an energy router could be regulated accordingly. The
dropping probability p(t) in (1) is used to selectively reject
the transmission requests received by the energy router. If a
transmission request is rejected, the corresponding energy flow
would not be transferred to the considered energy router. In
this sense, when the size of energy cache get close to the
capacity of the energy router, a high dropping probability
would help to restrict the increase of energy cache, and vice
versa.

In this paper, we focus on the short term energy cache
regulation of the energy router. Supposing that the energy
router is working at the set point (W0,q0, p0), by applying
linearization techniques [22], [23], the nonlinear model in (1)
and (2) can be approximated by (3) and (4) in short periods.

∆ ÛW(t) = − 2N0

R2
0C0

(∆W(t) + ∆W(t − R0)) −
1

R2
0C0

(∆q(t)

−∆q(t − R0)) −
R0C2

0

2N2
0
∆q(t − R0), (3)

Ûq(t) = N0

R0
∆W(t) − 1

R0
∆q(t), (4)

where ∆W = W(t) − W0, ∆q = q(t) − q0, ∆p(t) = p(t) − p0.
The term R0, N0 and C0 refers to the round trip time, number
of activated energy links and energy transmission capability at
time t = 0, respectively.

Let us denote X(t) = [∆W(t),∆q(t)]′, u(t) = ∆p(t), the
linearized model in (3) and (4) could be rewritten in (5){ ÛX(t) = AX(t) + AdX(t − R0) + Bu(t),

Z(t) = CX(t).
(5)

In the real world applications, the energy transmission
capability, round trip time and number of active links of
the energy router are varying continuously. To take these
complex factors into consideration, parameter uncertainties,
disturbance inputs and time-varying delay are introduced in
(5). The improved model is given in (6).

ÛX(t) = (A + ∆A)X(t) + (Ad + ∆Ad)X(t − d)
+B1ω(t) + (B2 + ∆B2)u(t),

Z(t) = CX(t).
(6)

where Z(t) is an observation for the system state X(t); ω(t)
is the disturbance input; time-varying delay d satisfies R0 ≤
d ≤ R0 + h. Here, h refers to the delay jitter, which would be
affected by the real-time communication quality changes. The
system parameters in (6) are shown as follows.
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R2
0C0

− 1
R2
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− 1
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0 0
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,
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[
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2
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,C =

[
0 1

]
.



The corresponding parameter uncertainty matrices ∆A, ∆B2
and ∆Ad are modeled with

[∆A ∆B2 ∆Ad] = EΣ(t)[F1 F2 Fd],

where Σ(t)′Σ(t) ≤ 1.

III. PROBLEM FORMULATION

With the system model (6) in Section II, the energy cache
management problem for energy routers are formulated as
follows.

As stated previously, in this paper, we focus on the short
term energy cache regulation task of the investigated energy
router. One of the most important concerns is the stability
of the energy transfer system. More specifically, the stability
of the size of energy cache. Once the energy cache deviates
its reference value in an energy router, the operation of
other connected routers would be potentially affected. Local
malfunctions triggered by the instability of individual energy
routers may lead to the failure of the whole energy Internet. In
this sense, it is quite important to deploy appropriate control
schemes for energy routers.

In this paper, the L2 norm based H∞ performance defined
in (7) is used to measure the stability of energy cache size in
an energy router.

J = ∥Z(t)∥2 − γ2∥ω(t)∥2 ≤ 0, (7)

where γ is a preset disturbance attenuation factor; Z(t) and
ω(t) are observed energy cache size and system disturbance
in (6), respectively; ∥·∥2 is the L2 norm. For a given function
f (t), its L2 norm is calculated as follows.

∥ f (t)∥2 =

∫ ∞

0
f (t)′ f (t)dt . (8)

The value of γ in (7) reflects the strictness of the H∞ perfor-
mance, and it should be set accordingly based on the practical
situations. Generally, an H∞ performance with smaller γ
would be more difficult to be satisfied.

The robust H∞ control problem for the energy routers is
then formulated as follows.

J ≤ 0
ÛX(t) = (A + ∆A)X(t) + (Ad + ∆Ad)X(t − d)

+B1ω(t) + (B2 + ∆B2)u(t),
Z(t) = CX(t).

(9)

IV. ROBUST CONTROL APPROACH

In this section, two theorems are introduced to obtain
desired controller for the robust H∞ control problem (9).

Firstly, Theorem 1 provides a sufficient condition for the
asymptotic stability of system (6).

Theorem 1 ( [22]): Given a feedback controller u(t) =
K X(t), supposing that the disturbance input ω(t) = 0, if there
exist symmetric semidefinite matrices P, Q, M , Z , matrix N
and positive scalar ε > 0, such that the matrix inequality (10)

holds, where ∗ refers to transpose of the corresponding element
in matrix (10), d̄ = R0 + h,

Ω = P(A + B2K) + (A + B2K)′ + dM + N + N ′,

then the system is asymptotically stabilized with controller
u(t) = K X(t).

Theorem 1 shows that the system (6) could be stabilized
with specific controllers without external disturbances. But the
controller cannot be obtained directly from (10). Based on
Theorem 1, Theorem 2 indicates the sufficient condition for
controllers that ensure the robust stability of the considered
energy router system. The sufficient condition is formulated
as a linear matrix inequality, which can be solved without
essential difficulty.

Theorem 2 ( [22]): With the disturbance input ω(t) and
attenuation factor γ, if there exist symmetric semi-definite
matrices X , Q, M , Z , matrices Y , N and positive scalar ε > 0,
such that the linear matrix inequality (11) holds, where ∗
refers to transpose of the corresponding element in matrix (11),
d̄ = R0 + h,

Ξ = AX + B2Y + X A′ + Y ′B′
2 + N + N ′ +Q,

then the system is asymptotically stabilized with controller
u(t) = K X(t) and the H∞ performance (7) is satisfied. Here,
K = Y X−1.

With the two theorems introduced above, the solution for
the robust H∞ control problem (9) is obtained.

V. SIMULATION

To evaluate the effectiveness of the proposed robust H∞
control approach, numerical simulation results are provided in
this section.

In the simulations, the disturbance input ω(t) for system (6)
is approximated with Ornstein-Uhlenbeck process [17] defined
in (12).

dω(t) = −θ(ω(t) − µ)dt + σdw(t), (12)

where θ, µ and σ are parameters characterizing the disturbance
input ω(t); w(t) is a standard scalar Wiener process. The time
period of the simulation is set to be t ∈ [0,3s], and the
parameters used in simulation is provided in Table I.

TABLE I
PARAMETERS FOR SIMULATION

Parameter Value Parameter Value

N0 10 C0 1500
R0 0.23(s) h 0.12(s)
γ 1.3 ε 1.9
θ 3.8 µ 0.5
σ 1.0 d̄ 3.5(s)

During simulation, coefficient for disturbance input ω(t) and
parameter uncertainties matrices in (6) are given as follows.

B1 =

[
10
5

]
,E =

[
1.0 0.3
−0.2 1.0

]
,




Ω −N + PAd (A + B2K)′ PE (F1 + F2K)′
∗ −Q A′

d
0 F ′

d
∗ ∗ −d̄−1Z E 0
∗ ∗ ∗ −εI 0
∗ ∗ ∗ ∗ −ε−1I


≤ 0 (10)



Ξ AdX − N B1 X A′ + Y ′B′
2 M XC ′ E XF ′

1 + Y ′F ′
2

∗ −Q 0 X A′
d

0 0 0 XF ′
d

∗ ∗ −γ2 B′
1 0 0 0 0

∗ ∗ ∗ −d̄−1Z 0 0 E 0
∗ ∗ ∗ ∗ −d̄−1M 0 0 0
∗ ∗ ∗ ∗ ∗ −I 0 0
∗ ∗ ∗ ∗ ∗ ∗ −εI 0
∗ ∗ ∗ ∗ ∗ ∗ ∗ −ε−1I


≤ 0 (11)

F1 =

[
0.185 0.185
0.317 0.317

]
,F2 =

[
0.264
0.053

]
,

Fd =

[
0.264 0.264
0.053 0.053

]
.

Based on the system parameters provided above, the linear
matrix inequality in (11) is solved with cvxpy [24], [25], which
is a Python convex optimal toolbox. The obtained feedback
gain K = [0.5423 0.1272].
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Fig. 1. Disturbance input ω(t).

The disturbance input ω(t), which is generated from (12),
during simulation is shown in Fig. 1. The time delay for the
considered energy router is plotted in Fig. 2. It can be found
that the generated time-varying delay is within the upper and
lower bounds, i.e., R0 + h and R0.

The deviations of the parameter uncertainties, i.e., Σ(t), are
illustrated in Fig. 3

With the disturbance input in Fig. 1, the delay of energy-
information flow of energy router in Fig. 2 and the parameter
uncertainty deviations in Fig. 3, the controller u(t) = K X(t) is
applied to the energy router system (6).

The main simulation results are shown in Fig. 4, Fig. 5 and
Fig. 6, respectively. The deviations of dropping probability for
transmission requests are shown in Fig. 4. It is easy to figure
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Fig. 2. Time delay in the considered energy router.
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Fig. 3. Deviations of parameter uncertainties.

out that the deviations of dropping probability are kept within
a small range. Thus, the overall performance of the energy
flow transmission via the considered energy router will not be
influenced significantly by the energy cache regulation.

The deviations of W(t), i.e., energy transmission window
of the investigated energy router, are shown in Fig. 5. The
curve of ∆W(t) under the obtained robust H∞ controller is
illustrated with solid line. For comparison, trajectory of ∆W(t)
without energy cache regulation is plotted with dashed line.
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Fig. 4. Dropping probability deviations ∆p(t).
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Fig. 5. Fluctuations of energy flow transmission window.

Similarly, curves of energy cache fluctuations under proposed
controller and that without energy cache regulation are plotted
in Fig. 6, with solid and dashed lines, respectively. It is
obvious that with the proposed robust H∞ controller, the
magnitude of transmission window and the energy cache size
are perfectly maintained around the set point. When there
is no energy cache regulation performed, the working point
of the energy router would deviate the set point within 0.3s,
which would lead to the failure of the linearized system (6)
and incur potential damages to the energy routers and energy
transmission network.

0.0 0.5 1.0 1.5 2.0 2.5 3.0
Time (s)

0

20

40

60

80

100

120

140

160

q(
t)

Robust H control
No Energy Cache Regulation

Fig. 6. Changes in energy cache size ∆q(t).

Based on the simulation result above, the effectiveness and
feasibility of the proposed control approach are evaluated. The
simulation results demonstrate the importance of energy cache
regulation for energy routers.

VI. CONCLUSION

In this paper, the energy cache regulation problem for
energy routers in the energy Internet is investigated. With
the linearized energy transmission model, a kind of robust
H∞ controller for short-term energy cache management is
proposed. The efficacy and feasibility of the proposed control
method are successfully evaluated with numerical simulations.

Since the long-term dynamics of the energy flows in the
energy Internet and the influences from microgrids are not
fully considered, Our future research would focus on the fur-
ther integration of energy routers in different energy Internet
scenarios.
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