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Abstract—With a large penetration of distributed energy
resources, DC power packet transmission has emerged as a
promising technique to achieve efficient peer-to-peer (P2P) power
dispatching. In this paper, a multirouter local area pack-
etized power network (LAPPN) is considered, consisting of
multiple power routers employed to dispatch power packets
among demander and supplier subscribers connected to differ-
ent routers. To realize the efficient P2P power transmission in
the LAPPN, a power packet dispatching protocol is developed
to determine the optimal routes for power packets to maximize
the power packets utilization efficiency. The transmission sched-
ule is then determined by allocating different power packets
on different power channels simultaneously to accommodate the
urgency requirements of different demander energy subscribers
(ESs). Simulation results demonstrate the effectiveness of the
proposed LAPPN power dispatching protocols in achieving high
power packet utilization and meeting the urgency requirements
of different demander ESs in P2P power delivery.

Index Terms—Packetized-power network, multi-router, P2P
power packet dispatching protocol, routing, scheduling.

I. INTRODUCTION

AKEY feature in future smart grids is the large penetra-
tion of distributed energy resources (DERs) [3]. Energy

subscribers (ESs) can control their energy needs with modular
DERs through a standardized plug-and-play interface [2]. This
enables energy sharing among the distributed ESs via flexible
peer-to-peer (P2P) power dispatching to achieve demand-and-
supply balance, thus alleviating the demand load fluctuation
to the utility grid [4] and reducing wasted power consump-
tion [5].
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In the literature, P2P energy dispatching is categorized into
two types according to the operation of currents, i.e., AC and
DC. In the current AC power grids, various techniques have
been developed to achieve P2P energy sharing. For example,
the FREEDM architecture was proposed in [2] to integrate
plug-and-play DERs and enable P2P energy sharing. A dis-
tributed coordinated control method was designed to provide
accurate power sharing and reduce circulating currents in [6].
A graph theory based routing algorithm was proposed for
power transmission in [7]. As the energy consumption behav-
iors of ESs can be dynamically changing, it is necessary to
manage the energy to utilize DERs more efficiently, especially
when the DERs’ capacity is limited. Reference [8] investi-
gated the cooperative energy transportation and storage for
future usage. A pricing based scheme was developed in [9] to
achieve efficient distributed energy management.

In addition to energy dispatching, information exchange
is also necessary for stable operations. Advanced metering
infrastructure (AMI) is a typical way to create communica-
tion networks among the ESs and the utility grid (UG) [10].
According to the data rate and communication range, the
communication networks can be categorized into three types:
wide-area networks (WANs), neighborhood-area networks
(NANs), and home-area networks (HANs) [11]. Therefore, it
is important for the AMI to satisfy the various communication
requirements, such as security, reliability, and Quality-of-
Service (QoS) [12]. Reference [13] discussed a hierarchical
communication system to reduce the control messages and the
bandwidth required of WANs.

However, since most DERs have DC outputs [14], incor-
poration of a large number of DERs brings new challenges
for steady and efficient operation of AC power grids. To
tackle these challenges, DC P2P power dispatching is con-
sidered where the information is transmitted together with
the energy. The concept of an open-electric-energy network
(OEEN) was first proposed in [15]. In an OEEN, the energy
is transmitted in power packets tagged with information about
the transmitter and the receiver. Following the pioneering
work on OEEN, an in-home DC packetized power distribution
system was proposed in [16] and extended to a general-
ized DC power packet distribution network in [17]. As the
key component of the power packet distribution network, the
power router was designed and experimentally verified in [5]
and [18] to realize P2P power dispatching. Reference [19]
extended the work in [15] and proposed a local area pack-
etized power network (LAPPN) with a power router, where
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multiple demander and supplier ESs are matched into pairs,
and interchange power packets simultaneously via the router.
A time division multiplex (TDM) based dispatching protocol
was proposed to balance the load and generation.

However, existing works considered the scheduling and dis-
patching of power only among supplier and demander ESs
connected to the same router. In this paper, we consider a more
general setting consisting of multiple supplier and demander
ESs as well as multiple routers. To improve the utilization of
the power packets, we optimize the flows of power packets
in the whole network by allowing the power packets to inter-
change in the whole network through different routers. That
is, power packets can be transmitted among different ESs con-
nected to different routers. The routers need to determine the
demander ES of a power packet based on the demand require-
ments, select the optimal route from the supplier ES to the
demander ES, and allocate the proper power channel for each
packet at the same time. This is different from the work in [19]
where a single router controls the pairing between supplier and
demander ESs. Since the power packet transmission among
routers is enabled, the scheduling of the power channel in one
router will affect the packets to be scheduled in neighboring
routers. The scheduling among different routers is coupled,
and thus regulating the transmission of a multi-router LAPPN
is very challenging. Therefore, it is necessary to develop
an efficient power dispatching protocol for multi-router
LAPPNs.

In this paper, we consider an LAPPN with multiple power
routers connected to different ESs and also to the UG to realize
P2P power packet transmission. We develop an efficient power
packet dispatching protocol in the LAPPN. Our contributions
are summarized below.

• We propose a packetized power dispatching protocol con-
sisting of four steps, i.e., registration, routing, scheduling,
and transmission, to realize the efficient regulation of an
LAPPN.

• We formulate the routing problem to maximize the power
packets’ utilization efficiency of the whole network. We
show that it is an NP hard problem. To solve it efficiently,
we propose a branch-and-bound (BB) method based on
continuous relaxation [21].

• To meet the urgency requirements of different deman-
der ESs and allow multiple power packets to transmit
on different power channels simultaneously, we formulate
the scheduling problem as a two-dimensional geometric
knapsack (2D-GK) problem [20] and develop a dynamic
programing (DP) based algorithm to solve it.

• Simulation results demonstrate the effectiveness of the
proposed scheme in achieving more energy usage by
demander ESs and meeting the urgency requirements of
different demander ESs in P2P power delivery.

The rest of this paper is organized as follows. In Section II,
we introduce the LAPPN architecture and power transmission
model. In Section III, a packetized power dispatching protocol
is proposed. Power packet routing and scheduling problems
are considered in Sections IV and V, respectively. Simulation
results and discussions are presented in Section VI. Finally,
Section VII concludes this paper.

Fig. 1. Illustration of a multi-router LAPPN.

II. SYSTEM MODEL

In this section, we present the multi-router LAPPN config-
uration and mathematical model.

A. Configuration

As presented in Fig. 1, the multi-router LAPPN consists
of R power routers that are connected via DC power lines,
denoted by R = {1, . . . , R}. Each power router is equipped
with a controller that can process the trading and operating
information and control the power dispatching. In addition,
each router is connected to the UG1 and to some ESs which are
equipped with DERs and batteries.2 These ESs can be divided
into two classes: S supplier ESs, denoted by S = {1, . . . , S},
and D demander ESs, denoted by D = {1, . . . , D}. We define
Ni as the set of nodes connected to node i, i ∈ S ∪ R ∪ D,
where

j

{∈ Ni, node j is connected to node i,
/∈ Ni, otherwise.

(1)

We use the term power channel to describe the power lines
in the router to transmit power between two ESs. Power chan-
nel operates in a TDM manner, i.e., a power channel can
deliver one packet at a time. Multiple power packets can trans-
mit on different power channels at same time as long as they
are not transmitted from the same supplier or sent to the
same demander. We further assume that power router r has
Kr power channels to support the power packet transmissions
between the router and its connected demander ESs, denoted
by Kr = {1, . . . , Kr}. In addition, there also exit K′

r power
channels to support power transmission between two routers,
denoted by K′

r = {1, . . . , K′
r}.

1Although the LAPPN is a DC power packet distribution network, the UG
can be operated by either DC or AC. If the UG is an AC power distribution
system, the generated power needs to go through the DC/AC conversion when
it enters the UG.

2Since the generated power packet cannot be transmitted immediately, the
energy will be stored in its corresponding battery for future usage.
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Fig. 2. Structure of the power packet.

Each ES has an unique IP address and communicates with
the connected router independently. They transmit power pack-
ets tagged with the respective address information of demander
ESs to the router. The router allocates a power channel for this
transmission, and then forwards the packet to the correspond-
ing demander ES or to the adjacent router towards the target
demander ES according to the tagged address. The demander
ES receives the power packet to store or consume the energy.

B. Power Packet Structure

As presented in Fig. 2, a power packet is a voltage wave,
with a header, a payload, and a footer. A header, at the begin-
ning of the power packet, consists of a start signal and the
addresses of the supplier and the demander ESs. A payload
carries transmitted energy. The footer includes a mark at the
end of power packet. Moreover, the electric power and the
information are transmitted together in a power packet over
the same power line at the same velocity for synchronization.

In addition, the transmission is slotted into time slots with
the time length T . Let l denote the time duration of a power
packet, we have l = nT , where n is a positive integer with
n ≤ Nmax. Let lH and lF respectively be the time duration of
the header and the footer, which are fixed in a power packet.
The voltage and time duration of the payload can be flexible.
Let lp be the duration for the payload and lP be the maximum
payload duration. To transmit efficiently, the unused payload
zone needs to be less than a slot, i.e., lP − lp < T . Therefore,
a standard power packet satisfies l = lH + lP + lF = nT and
0 ≤ lP − lp < T . In this paper, we define trs as the power
packet length for supplier ES sr.

C. Power Transmission

Let pexp
s and prec

d denote the export power of supplier s
and the received power of demander ES d. Let pmax be the
maximum capacity of a power channel. Therefore, they satisfy
prec

d < pexp
s ≤ pmax. In this paper, we assume that the exported

power is always less than the maximum capacity of power
channel for all supplier ESs.

We use εs,d to denote the transmission loss factor from
node s to node d. For simplicity, we do not consider the power
loss due to router forwarding, and thus, the received power can
be expressed by prec

d = pexp
s (1 − εs,d).

III. POWER PACKET DISPATCHING PROTOCOL

The power packet transmission consists of four steps:
registration, routing, scheduling, and transmission. In the reg-
istration step, the ES registers on the trading platform as a

demander or supplier. Note that a power packet might be
transmitted to the demander ESs which are connected to the
neighboring router, and thus, in the routing step, the con-
troller needs to determine the received demander ES and
the intermediate passing routers towards the demander ES.
Besides, the limited power channels are the bottleneck in time
scheduling, therefore, the routers also need to allocate the
power channels in the scheduling step. In the transmission
step, the routers will forward the power packets according to
the tagged IP and the scheduling results.

To realize an efficient power dispatching over time, routing,
scheduling, and transmission are performed in three sequential
cycles, and each cycle contains C time slots. The routing and
scheduling are performed in the first time slot of a cycle and
the transmission will occupy the whole cycle, as illustrated in
Fig. 3.

A. Registration

ESs that demand or supply energy need to register on the
centralized trading and control platform as demanders or sup-
pliers. For supplier ES s, it needs to report the exported
energy Eexp

s , and for demander ES d, it also needs to report its
demanded energy range [Emin

d , Emax
d ]. Besides, demander ES

d needs to inform the trading platform of an urgency factor
κ0(d) ≥ 1 which indicates its urgency for buying power pack-
ets, and supplier ES s needs to inform the platform of a factor
ϑ(s) ≥ 1 which indicates its willingness to sell power packets.
κ0(d) can be regarded as the cost that the demander ES can
offer to buy power packet s,3 and ϑ(s) can be regarded as the
price to sell power packet s.

B. Routing

We assume that the controller has all the information of
the routers and ESs, such as the topology connections and
the transmission loss factors among the routers and ESs. The
supplier ESs will send requests to the router before trans-
mission. The controller needs to determine which demander
ES is matched with the supplier ES based on the network
information and the requests in the last cycle. If the paired
demander ES is not connected to the same router as the
supplier ES, the controller also needs to plan the transmis-
sion route to maximize the total received energy. The routing
problem will be formulated and solved in Section IV.

C. Scheduling

The scheduling for power packets is performed by each
router individually. When the routes of the requested power
packets are determined, the router will schedule these power
packets according to the mechanism which will be intro-
duced in Section V. However, the total power channels may
not be sufficient to schedule all the power packets. Then the
unscheduled power packets need to wait for the next schedul-
ing cycle. If all the power packets have been scheduled, these
power channels can also be used to support power interchange
between some demander ESs and the UG.

3For simplicity, a power packet from supplier ES s is called power packet s.
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Fig. 3. Real-time scheduling for LAPPN.

D. Transmission

After the controller solves the dispatching route information,
the results will be sent to the supplier ESs and the routers.
The supplier ES will tag the IP information to the header of
its power packet. The routers will maintain a routing table and
dispatch the power packets over the allocated power channel
according to the routing table.

IV. POWER PACKET ROUTING

In this section, we first formulate the power packet routing
problem, and then utilize the branch-and-bound (BB) method
with continuous relaxation to solve it.

A. Problem Formulation

Note that not all the demands of the demander ESs can be
satisfied, thus, some demander ESs may utilize the power from
the UG. In addition, the generated power packets may not be
utilized fully by the supplier ES, and therefore, the supplier
ES can sell the power to the UG as well. We define selection
vector z = [zd] to represent whether demander ES d utilizes
the power from the UG, where

zd =
{

0, ES d utilizes the power from the UG,

1, ES d utilizes the power from supplier ESs.
(2)

Further, define a routing matrix XS×(S+R)×(R+D) = [xs
i,j] to

indicate whether packet s goes through link i − j, where

xs
i,j =

{
1, power packet s goes through link i − j,
0, otherwise.

(3)

Thus, the received energy from power packet s can be
expressed as

Erec
s = Eexp

s

∏
i∈S∪R,
j∈D∪R

(
1 − εi,j

)xs
i,j . (4)

Likewise, we define a supplier-demander pair matching
matrix YS×D = [ys

d] to indicate whether node d is the
demander ES of packet s. Specifically,

ys
d =

{
1, power packet s is sent to demander ES d,

0, otherwise.
(5)

Note that in a router, the incoming degree is always equal
to the outgoing one. Besides, the incoming degree for a sup-
plier ES is equal to the number of supplier-demander pairs.

Therefore, we have the following constraints:∑
j∈Nr

xs
j,r −

∑
j∈Nr

xs
r,j = 0,∀r ∈ R, s ∈ S, (6)

∑
j∈Nd

xs
j,d = ys

d,∀d ∈ D, s ∈ S. (7)

Moreover, a power packet can only be delivered to at most
one selected demander ES. That is to say,∑

i∈D
ys

d ≤ 1,∀s ∈ S. (8)

Finally, the received energy needs to satisfy the demand of
the demander ES. That is, the received energy needs to satisfy

Emin
d zd ≤

∑
s∈S

Erec
s ys

d ≤ Emax
d zd,∀d ∈ D. (9)

Our objective is to maximize the total received energy
by optimizing zd and xs

i,j. Thus, the optimization problem is
formulated as

P1: maximize
X;z

∑
s∈S

Erec
s

∑
d∈D

ys
d, (10a)

s.t.
∑
j∈Nr

xs
j,r −

∑
j∈Nr

xs
r,j = 0,∀r ∈ R, s ∈ S, (10b)

∑
d∈D

ys
d ≤ 1,∀s ∈ S, (10c)

Emin
d zd ≤

∑
s∈S

Erec
s ys

d ≤ Emax
d zd,∀d ∈ D, (10d)

xs
i,j, zd ∈ {0, 1}, (10e)

where Erec
s is defined in (4) and ys

d is given in (7).
Constraints (10b) correspond to the flow constraints in (6).
Constraints (10c) imply that one power packet can be sent
only to one demander ES. Constraints (10d) are the demand
requirements for the demander ESs.

B. Algorithm Design

Problem (P1) is a 0-1 program, which has been proved to
be NP-hard [22]. To solve this problem, we utilize the BB
algorithm. The key idea of the BB algorithm is to split the
feasible region into smaller ones and eliminate those that will
not contain an optimal solution. To be specific, each feasible
region has an upper bound of the objective function, the search
will keep track of the region with the largest upper bound and
skip the others. In what follows, we will elaborate on how to
calculate the bound and perform branching.

1) Bound Calculation: Relax the binary variables xs
i,j and

zd to continuous values in [0, 1], and thus, problem (P1) can
be rewritten as

P2: maximize
X;z

∑
s∈S

Erec
s

∑
d∈D

ys
d, (11a)

s.t.
∑
j∈Nr

xs
j,r −

∑
j∈Nr

xs
r,j = 0,∀r ∈ R, s ∈ S, (11b)

∑
d∈D

ys
d ≤ 1,∀s ∈ S, (11c)
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Emin
d zd ≤

∑
s∈S

Erec
s ys

d ≤ Emax
d zd,∀d ∈ D, (11d)

xs
i,j, zd ∈ [0, 1]. (11e)

As the solution of problem (P1) is also a feasible solution
of problem (P2), the optimal solution of problem (P2) pro-
vides an upper bound for problem (P1). On the other hand,
since the terms Erec

s ys
d are concave functions, problem (P2) is

a convex problem, and the optimal solution can be obtained by
Lagrange dual method [23]. That is, we can solve problem (P2)
through maximizing its Lagrangian function and minimizing
the corresponding dual function.

Let η = [ηs
r], θ = [θ s], and λ = [λl

d, λ
u
d] be the

vectors of the Lagrangian dual variables corresponding to con-
straints (11b), (11c), and (11d), respectively. Therefore, the
Lagrangian of the primal objective function is given by

L(η, θ ,λ) =
∑
s∈S

Erec
s

∑
d∈D

ys
d +

∑
s∈S

θ s

(∑
d∈D

ys
d − 1

)

+
∑
s∈S

∑
r∈S∪R∪D

⎛
⎝∑

j∈Nr

xs
j,r −

∑
j∈Nr

xs
r,j

⎞
⎠

+
∑
d∈D

λl
d

(
−
∑
s∈S

Erec
s ys

d + Emin
d zd

)

+
∑
d∈D

λu
d

(∑
s∈S

Erec
s ys

d − Emax
d zd

)
. (12)

The Lagrangian dual function can be given by

D(η, θ ,λ) = max
X,z

L(η, θ ,λ)

s.t. xs
i,j, zd ∈ [0, 1], (13)

and the dual problem is given by

max
η,θ ,λ

D(η, θ ,λ)

s.t. ηs
r, θ

s, λl
d, λ

u
d ≥ 0. (14)

Based on the Karush-Kuhn-Tucker conditions, we have

(
xs

i,j

)∗ =

⎡
⎢⎢⎢⎢⎢⎣

ln

(
θsρi,jχj+

(
λs

j −λs
i

)
ρi,j(

λl
d−λu

d−1
)

ln(1−εi,j)
∑

d∈D
ys

d

)

ln
(
1 − εi,j

)

⎤
⎥⎥⎥⎥⎥⎦

+

, (15)

(zd)
∗ = min

⎧⎪⎨
⎪⎩

∑
s∈S

Erec
s ys

d

λl
dEmin

d

, 1

⎫⎪⎬
⎪⎭. (16)

and

λl
dEmin

d = λu
dEmax

d , (17)

where [x]+ = max{x, 0},
ρi,j =

{
1, i ∈ Nj,

0, otherwise,
(18)

and

χj =
{

1, j ∈ D,

0, otherwise.
(19)

We also substitute (17) into the Lagrangian function and
eliminate λu

d to reduce the computational complexity.
To obtain the optimal primal solution, the dual vari-

ables are then iteratively computed by using the subgradient
method [24], i.e.,

(
ηs

r

)(n+1) =
[(

ηs
r

)(n) + ξ (n)
(
ηs

r

)∇(n+1)
(
ηs

r

)]+
, (20)

(
θ s)(n+1) =

[(
θ s)(n) + ξ (n)

(
θ s)∇(n+1)

(
θ s)]+

, (21)

(
λl

d

)(n+1) =
[(

λl
d

)(n) + ξ (n)
(
λl

d

)
∇(n+1)

(
λl

d

)]+
, (22)

where n is the iteration index, ξ (n)(ηs
r), ξ (n)(θ s), and ξ (n)(λl

d)

are the step sizes at the n-th iteration to guarantee convergence,
respectively. ∇(n+1)(ηs

r), ∇(n+1)(θ s), and ∇(n+1)(λl
d) are the

subgradients of the dual function, which are given by

∇(n+1)
(
ηs

r

) =
∑
j∈Nr

(
xs

j,r

)(n) −
∑
j∈Nr

(
xs

r,j

)(n)

, (23)

∇(n+1)
(
θ s) =

∑
d∈D

(
ys

d

)(n) − 1, (24)

∇(n+1)
(
λl

d

)
= Emin

d (zd)
(n) −

∑
s∈S

(
Erec

s

)(n)(
ys

d

)(n)
. (25)

2) Branching Algorithm: The algorithm consists of branch-
ing variable and branching node selections. In branching
variable selection, we will determine which variable to recover
from the relaxed value. The basic idea is to select the vari-
able with the largest difference between the relaxed value and
the boundary. In this way, we can find a tighter bound on the
objective function value so that more nodes can be pruned.
The rule of branching variable v selection can be expressed as

v = arg max
xs

i,j∈X,zd∈z

{
min

{
1 − xs

i,j, xs
i,j

}
, min{1 − zd, zd}

}
. (26)

The branching node selection selects a node for generating
new subproblems, i.e., it determines whether the selected vari-
able v is 0 or 1. Suppose E0 and E1 are the upper bounds for
nodes v = 0 and v = 1, respectively. The upper bounds E0 and
E1 can be obtained by solving problem (P2) with constraints
v ≤ 0 and v ≥ 1, respectively. We define the upper bound to
be negative if the problem does not have a feasible solution. If
E0 < E1, we will update problem (P2) by adding a constraint
v ≥ 1. Otherwise, we will update problem (P2) by adding a
constraint v ≤ 0. We will repeat the aforementioned steps until
all the variables are integral.

The overall procedure of the power packet routing algorithm
is summarized in Algorithm 1.

Remark 1: The power packet routing algorithm needs to
solve at most S ∗ (R + S) ∗ (R + D) + 1 problems (P2).

Remark 1 implies that the computational complexity will
increase quickly as the number of ESs. Therefore, we provide
the following four propositions to accelerate the branching
algorithm.

Proposition 1: If the relaxed value zd ≤ Ed
min

Ed
max

, then we
have zd = 0.

Proof: See in the Appendix.
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Algorithm 1 Power Packet Routing Algorithm
Input: Supplier ESs S; demander ESs D; transmission loss

factor εs,d; exported energy Eexp
s ;

Output: Routing matrix X; Selection vector z;
1: Solve problem (P2) to obtain the initial solution;
2: repeat
3: Select the branching variable v according to (26);
4: Calculate the upper bounds E0 and E1 by solving

problem (P2) with constraints v ≤ 0 and v ≥ 1,
respectively;

5: If E0 > E1, update problem (P1) by adding a
constraint v ≤ 0, and adding a constraint v ≥ 1 otherwise;

6: until All elements in X and z are integer.

Proposition 2: For power packet s, if xs
s,r = 0,∀r ∈ R,

then we have xs
i,j = 0,∀i ∈ S ∪ R, j ∈ D ∪ R.

Proposition 3: For power packet s and router r, there exist
at most one d which satisfies xs

r,d = 1.
Proposition 4: For power packet s and router r, if xs

r,r′ = 1,
r′ ∈ R, then xs

r,d = 1,∀d ∈ D.
Propositions 2, 3, and 4 are the direct derivations from the

network topology. Since the power packet cannot be split to
two smaller one, there exists at most one route for one power
packet.

V. POWER PACKET SCHEDULING

In this section, we first formulate the packet scheduling
problem and then propose a DP based algorithm to solve the
scheduling problem.

A. Problem Formulation

Scheduling is performed by each router individually.
For each router, there are two kinds of power channels:
(1) intra-router power channels, which support the transmis-
sion between the router and its connected demander ESs; (2)
inter-router power channels, which support the transmission
among routers. If the supplier and demander ESs are connected
to the same router, their power packets require only intra-
router channels for transmission. The transmission between
two routers requires an inter-router channel, and the second
router will assign another channel to the power packet for its
next hop transmission.

The objective of the controller is to schedule the power as
much as possible in one cycle, and thus, it tries to schedule
the power packets with more energy first. On the other hand,
it also needs to consider the urgent requests of some demander
ESs and the fairness of scheduling of these supplier ESs. To
evaluate this, we design a utility model for each power packet,
and derive the scheduling problem according to the model.

Define the set of demander ESs that utilize the power from
supplier ESs by D′, i.e., D′ = {d|zd = 1}, and the set of
supplier ESs that sell power to demander ESs by S ′, i.e.,
S ′ = {s| ∑

d∈D
ys

d = 1}. Let d(s) denote the paired supplier ES

for power packet s. For power packet s, we define the utility
function u(s) to be proportional to the received energy. Also,

power packets with higher urgency of buying and willingness
of selling have a higher priority.

It is worthwhile to mention that to ensure fairness and
ensure that the packets with low priority have transmission
opportunities, the urgency factor of an unscheduled power
packet will increase in the next scheduling cycle. When the
power channels are insufficient for scheduling power pack-
ets, the packets with low energy need to wait for a long
time to be scheduled. Therefore, we define the urgency factor
κ(d(s)) = (1+α)τ κ0(d(s)), where τ is the number of waiting
cycles and α is the increased urgency factor. Therefore, u(s)
can be expressed as

u(s) = κ(d(s))

ϑ(s)
Erec

s ,∀s ∈ S ′. (27)

Let Ar and Br denote the set of power packets transmitting
on intra-router and inter-router channels for router r, where
Ar,Br ⊂ S ′. In addition, define the channel allocation matrix
� = [ωs,k] to indicate whether packet s is transmitted on
channel k, where

ωs,k =
{

1, packet s transmits on channel k,
0, otherwise.

(28)

Since one packet can be transmitted only on at most one
channel, we have∑

k∈Kr∪K′
r

ωs,k ≤ 1,∀s ∈ Ar ∪ Br. (29)

Likewise, define a time slot allocation matrix � = [φs,t] to
indicate whether packet s occupies slot t, where

φs,t =
{

1, packet s transmits on slot t,
0, otherwise.

(30)

Let Ts denote the duration for power packet s; as the power
packets require continuous time slots for transmission, we have
the following constraints:

C∑
t=0

|φs,t+1 − φs,t| = 2
∑

k∈Kr∪K′
r

ωs,k,∀s ∈ Ar ∪ Br, (31)

∑
k∈Kr∪K′

r

C∑
t=1

φs,tωs,k = Ts,∀s ∈ Ar ∪ Br, (32)

where we define φs,0 = 0, φs,C+1 = 0.
Based on this notation, the scheduling problem can be

expressed as

P3: maximize
�;�

∑
s∈Ar

u(s)
∑
k∈Kr

ωs,k +
∑
s∈Br

u(s)
∑
k∈K′

r

ωs,k,

(33a)

s.t.
∑

k∈Kr∪K′
r

ωs,k ≤ 1,∀s ∈ Ar ∪ Br, (33b)

C∑
t=0

|φs,t+1 − φs,t| = 2
∑

k∈Kr∪K′
r

ωs,k,∀s ∈ Ar ∪ Br,

(33c)

∑
k∈Kr∪K′

r

C∑
t=1

φs,tωs,k = Ts,∀s ∈ Ar ∪ Br. (33d)
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Constraints (33b), (33c), and (33d) correspond to (29), (31),
and (32), respectively.

B. Algorithm Design

From problem (P3), we can observe that the scheduling
problems on intra-router and inter-router channels are inde-
pendent and has the same form. Therefore, we can decompose
problem (P3) into two subproblems and solve them in parallel.
In what follows, we only introduce how to solve the schedul-
ing subproblem on intra-router channels for simplicity, which
is listed below:

P4: maximize
�;�

∑
s∈Ar

u(s)
∑
k∈Kr

ωs,k, (34a)

s.t.
∑
k∈Kr

ωs,k ≤ 1,∀s ∈ Ar, (34b)

C∑
t=0

|φs,t+1 − φs,t| = 2
∑
k∈Kr

ωs,k,∀s ∈ Ar, (34c)

∑
k∈Kr

C∑
t=1

φs,tωs,k = Ts,∀s ∈ Ar. (34d)

When we regard the channels and time slots as two dimen-
sions in a plane, the problem (P4) can be reformulated as a
2D-GK problem.

Definition 1: From a set of blocks Ar, each with utility
u(s), the optimization problem (P4) is to find a subset of blocks
together with their locations O(s) in the channel-time grid G
to maximize the total utilities, i.e.,

P5: maximize
σ

∑
s∈Ar

u(s)σ (s), (35a)

s.t.
⋃

s

μ(σ(s)) ⊆ G, (35b)

μ(σ(s1)) ∩ μ(σ(s2)) = ∅, s1 �= s2, (35c)

σ(s) ∈ {0, 1}, (35d)

where

μ(σ(s)) =
{O(s), σ (s) = 1,

∅, σ (s) = 0.
(36)

and

G = [0, Kr] × [0, C],O(s) = [
fs, fs + 1

] × [ts, ts + Ts].(37)

Constraint (35b) indicates that block locations cannot
exceed the dimensions of the grid G, and constraint (35c)
implies that overlapping between any two blocks is not
allowed. The constraint (35d) indicates whether a block is
selected.

Since the 2D-GK problem is NP-hard [25], we propose
a DP based algorithm [26] to solve it efficiently. Note that
each power packet can utilize only one channel, and thus, the
channel dimension of each block is one. In addition, different
channels are independent. Therefore, we can divide the plane
into Kr channels and maximize the total utilities for each chan-
nel. In this way, we can decompose the 2D-GK problem to
Kr one dimensional knapsack problems (KPs) and solve these
KPs successively.

Algorithm 2 Power Packet Scheduling Algorithm
Input: The set of blocks Ar; the number of channels Kr; the

number of time slots for one cycle C;
Output: Selection matrix σk(l);

1: Initialize π = Ar, k = 1;
2: repeat
3: Initialize Fk(l, b) = 0, 1 ≤ l ≤ |Ar|, 1 ≤ b ≤ C.
4: Update Fk(l, b) according to (38) for all l ∈ π and b;
5: Calculate the optimal solution σ ∗

k (l) using (39);
6: k = k + 1;
7: until k = Kr;

Define π as the set of available blocks, Fk(l, b) as the
optimal value for channel k with the first l variables solved
and the length of b left, and σk(l) as the solution for block l
in channel k. Initially, π = Ar.

For channel k, we will search all the blocks in π . To begin
with, we set Fk(l, b) = 0, 1 ≤ l ≤ |Ar|, 1 ≤ b ≤ C. If
we set σk(l) = 0, the objective value equals to Fk(l − 1, b).
Otherwise, if we set σ(l) = 1, the objective value equals
to Fk(l − 1, b − Tl) + u(l). We can calculate the optimal
value Fk(l, b) by taking the maximum of the preceding objec-
tive values. Thus, the dynamic programming recursion can be
expressed as

Fk(l, b) = max
{

Fk(l − 1, b), Fk(l − 1, b − Tl) + u(l)
}
, (38)

for 2 ≤ l ≤ |Ar| with an initial condition Fk(1, b). Starting
with σ ∗

k (1), we can calculate the optimal solution σ ∗
k (l) using

σ ∗
k (l) = arg max

σk(l)∈[0,1]

{
Fk(l − 1, b − Tl) + u(l)

}
. (39)

Finally, we will remove any block s with σ ∗
k (s) = 1 from π .

The DP algorithm is summarized in Algorithm 2.
Remark 2: The computational complexity of the DP algo-

rithm is O(CKr|Ar|).

VI. SIMULATION RESULTS AND ANALYSIS

In this section, we compare the performance of the proposed
multi-router power packet dispatching (MR) scheme with the
intra-router (IR) scheme where the power packets can be trans-
mitted only to the demander ESs which are connected to the
same router.

We first introduce the simulation settings. The LAPPN con-
sists of three routers which are connected by inter-router
channels. In this simulation, we assume that the numbers of
intra-router and inter-router channels for one router are equal,
and the numbers of channels in different routers are also the
same, i.e., Kr = K′

r = K. The maximum capacity for the bat-
tery of one ES is assumed to be 10 KWh. Since the demand
load of a demander ES and the generated power of a supplier
ES vary over time respectively, the stored energy in the bat-
teries will fluctuate. To identify whether an ES is a supplier or
demander, we define two thresholds for the remaining energy
in the battery. An ES acts as a demander ES if the remain-
ing energy in its battery is lower than 40% of its capacity,
and thus, the maximum demanded energy Emax

d should be a
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TABLE I
PARAMETERS FOR SIMULATION

value falling into the range from 6 KWh to 10 KWh and the
minimum demanded energy is assumed to be Emin

d = 0.5Emax
d .

If the remaining energy for an ES is larger than 80% of its
capacity, it will serve as a supplier ES. The generated power
of the ES, whose remaining energy in its battery is between
these two thresholds, will be stored in its battery rather than
being dispatched.

The generated power packet has a fixed power and differ-
ent supplier ESs may export different amounts of power. We
assume that the exported power follows a uniform distribution
in [0.8pmax, pmax]. Since the transmission loss is proportional
to the transmission distance, the transmission loss for differ-
ent power packets is different. We assume that the maximum
transmission loss between the router and ESs is ε and the
maximum transmission loss between two routers is 2ε. Since
the ESs and routers are uniformly distributed in the plane,
the probability function (PDF) of the transmission loss factor
εs,r is f (εs,r) = 2εs,r

ε2 and the PDF of εr,r′ is f (εr,r′) = εs,r

2ε2 .
The urgency factor κ0(d) and willingness factor ϑ(s) follow
uniform distribution in [1, 3] and [1/2, 1], respectively.

The duration of a time slot T is set as 3 minutes. The time
lengths of the header and footer are neglected in the simula-
tion, because they are about tens of microseconds [5], which
costs less than 0.1% of a time slot. In addition, we assume
that the time length of a power packet is no more than three
time slots, and one supplier ES will produce only one power
packet for one cycle. The simulation parameters are given in
Table I.

A. Performance Analysis

Fig. 4 demonstrates the received power versus the number
of supplier ESs with K = 2 and C = 20, and provides the
exported energy as the benchmark. There are [2, 3, 5] supplier
ESs and [3, 8, 2] demander ESs connected to router 1, 2, and 3,
respectively. Besides, the increased supplier ES are all con-
nected to router 1. We can observe that the received power
using the MR scheme increases with the number of supplier
ESs while the one using the IR scheme saturates when the
number of supplier ESs exceeds 16. This is because the redun-
dant power packets cannot be utilized by local demander ESs
without power packet routing when the supplied power pack-
ets exceeds the demand. It further verifies the effectiveness

Fig. 4. Received electric energy versus number of supplier ESs with K = 2
and C = 20.

Fig. 5. Received electric energy versus loss factor ε with K = 2 and C = 20.

of the power packet routing among different routers. In addi-
tion, we can infer that router 1 will perform the transmission
among routers when the number of supplier ESs connected to
router 1 exceeds 8.

In Fig. 5, we plot the received power as the function of the
loss factor ε with K = 2 and C = 20. Suppose that there
are [15, 3, 5] supplier ESs and [3, 8, 2] demander ESs con-
nected to router 1, 2, and 3, respectively. In this figure, we
can observe that the received energy power decreases with the
increasing loss factor. In addition, the descending rate of the
received power using MR scheme is larger than that using IR
scheme due to the transmission loss between two routers. Since
loss factor generally indicates the distance between routers,
the results suggest that routing will be no longer effective if
the distance among routers is sufficiently long, and this is the
reason why we implement the MR scheme in a local network.

In Fig. 6, we demonstrate the proportion of the occupied
time slots versus the number of suppliers for different numbers
of channels K and the time slots in one cycle C. It is noted that
the utilization of time slots increases as the number of supplier
ESs and becomes saturated when the number of supplier ESs
exceeds a certain threshold. The LAPPN can support more
power packets with more power channels, but it may lead to
low system utilization if the number of ESs is small. Therefore,
proper selection of the number of channels may affect the
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Fig. 6. Proportion of occupied time slots versus number of supplier ESs.

Fig. 7. Cumulative distribution function of the urgency factor κ0 with K = 1
and S = 25.

performance of the LAPPN. We can also observe from the
figure that the number of time slots in one cycle C will affect
the performance of the proposed scheduling scheme. The sat-
uration threshold will increase as C grows. In addition, the
curve with K = 2, C = 10 and that with K = 1, C = 20 basi-
cally overlap for both inter-router and intra-router channels.
This indicates that the LAPPN will have equivalent schedul-
ing performance if the values of KC are equal. Besides, the
figure shows that the inter-router channels are activated when
the number of supplier ESs is around 16, and this is consistent
with Fig. 4.

In Fig. 7, we present the cumulative distribution func-
tion (CDF) of the urgency factor κ0 with K = 1 and S = 25
for different values of the increased factor α and the num-
ber of time slots in one cycle C. We can observe that more
power packets with low urgency factor are scheduled if the
LAPPN is equipped with more power channels. This implies
that the power packets with higher urgency will be scheduled
first. For comparison, we also illustrate the CDF of the scheme
where urgency factor remains the same in different cycles, i.e.,
α = 0. These results show that the proportion of scheduled
power packets with κ0 ≤ 2 for α = 0 is at least 50% less than
that for α = 0.1 when C = 20. The reason is that the scheme
with α = 0.1 tends to schedule the waiting power packets first
to avoid long waiting times to ensure that the power packets

with low urgency factors also have more opportunities to be
scheduled. Though it achieves better fairness for power pack-
ets, it is not efficient from the perspective of the network. This
implies that we can achieve a trade-off between fairness and
efficiency by adjusting the value of α. However, when C = 20,
comparing the proportion of scheduled power packets whose
urgency factor κ0 is less than 2, we can observe that the gap
between the proportions with α = 0.1 and with α = 0.05
is less than the gap between the proportions with α = 0.05
and with α = 0. This implies that the sensitivity of tuning α

decreases as α grows.

B. Cost-Effectiveness Analysis

In this section, we will analyze the cost-effectiveness [27]
of the multi-router deployment. We first give some definitions
on unit cost and cost-effectiveness.

Definition 2: The unit cost is defined as the cost per unit
of the received energy, that is,

UC = ζ

Etotal
, (40)

where ζ is the total cost for the router deployment and Etotal

is the total received energy.
We denote the total cost and received energy for the MR

scheme as ζMR and Etotal
MR , and the total cost and received

energy for the IR scheme as ζIR and Etotal
IR , respectively. Note

that the total cost consists of the cost for routers, which is a
constant denoted by L, and the cost for power lines, which is
proportional to the number of power lines. Since the cost for
a power line is proportional to its length of the power line,
the cost is also proportional to the transmission loss factor.
Define the proportion as β. Note that the PDF of εs,r is 2εs,r

ε2

and the PDF of
√

εr,r′ is 2εs,r

4ε2 . Therefore, the average cost for

a intra-router channel is 2β
3 ε and a inter-router channel is β 4

3ε,
respectively. Under the aforementioned simulation settings, we
have

ζIR = RL + 2RK
2β

3
ε = 3L + 4Kβε,

ζMR = RL + 2RK
2β

3
ε + R(R − 1)Kβ

4

3
ε = 3L + 10Kβε.

(41)

Definition 3: Cost-effectiveness of the MR scheme is
defined as

δ = UCIR

UCMR
= ζIR

ζMR

Etotal
MR

Etotal
IR

. (42)

The cost-effectiveness captures the relation between the cost
and the outcome. δ > 1 implies that the unit cost of the MR
scheme is less than that of the IR scheme, and we can call
that the MR scheme is more cost-effective than the IR scheme.
δ < 1 means that the IR scheme is more cost-effective than the
MR scheme. According to (41) and (42), the cost-effectiveness
can be given by

δ = Etotal
MR

Etotal
IR

3L(εβ)−1 + 4K

3L(εβ)−1 + 10K
. (43)
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Fig. 8. Cost-effectiveness δ versus number of supplier ESs with K = 2,
C = 20, L = 105, and β = 105.

Fig. 9. Cost-effectiveness δ versus cost of a router L with ε = 0.05, C = 20,
β = 105, and S = 25.

In Fig. 8, we plot the cost-effectiveness δ versus the num-
ber of supplier ESs with K = 2, C = 20, L = 105, and
β = 105. There are [2, 3, 5] supplier ESs and [3, 8, 2] deman-
der ESs connected to router 1, 2, and 3, respectively. Besides,
the increased supplier ES are all connected to router 1. From
this figure, we can observe that δ increases with the number
of supplier ESs. This is because the received energy using the
IR scheme saturates when the number of supplier ESs exceeds
16 while that using the MR scheme increases with the num-
ber of supplier ESs due to power packet routing. The MR
scheme is more cost-effective than the IR scheme when the
number of supplier ESs exceeds 20 when ε = 0.05, which
implies that MR scheme is cost-effective in the scenario with
significant demand-and-supply imbalance. In addition, we can
also observe that δ decreases as ε grows. Since the average
transmission distance increases as ε grows, the total received
energy decreases but the cost for channels increases. This also
implies that the MR scheme is suitable to be implemented in
a local network.

Fig. 9 demonstrates the cost-effectiveness versus the cost of
a router L with ε = 0.05, C = 20, β = 105, and S = 25 for
different values of K. This figure shows that δ increases with L
and δ converges to a constant when L � Kεβ, which can also
be derived from (43). In addition, we can also find out that δ

decreases with K. There are two reasons. First, deploying more

channels will lead to a lower cost ratio ζIR
ζMR

. Second, since
the capacity of intra-router channels is the bottleneck, deploy-
ing more channels will bring more benefits to the intra-router
power packet transmissions, and thus, the received energy ratio
Etotal

MR

Etotal
IR

decreases with more channels.

VII. CONCLUSION

In this paper, we have proposed a packetized power dis-
patching protocol to realize power dispatching in an LAPPN
with multiple routers. The power packet routing and schedul-
ing in this protocol have been formulated, respectively. We
have proposed a BB method with continuous relaxation to
solve the power packet routing problem. In addition, a DP
based algorithm has been developed to tackle the power
packet scheduling problem. Simulation results have shown the
effectiveness of the proposed routing algorithm in maximiz-
ing the received energy of demander ESs and verified that
the proposed scheduling mechanism can achieve a trade-off
between fairness among the ESs and system efficiency by tun-
ing the factor α. The cost-effectiveness analysis has shown that
the MR scheme is cost-effective in scenarios with significant
demand-and-supply imbalances.

APPENDIX

PROOF OF PROPOSITION 1

When we substitute zd
Emin

d
Emax

d
into constraint (11d), we can

have
∑
s∈S

Erec
s ys

d ≤ Emin
d . Since the received power for ES d

in problem (P2) is the upper bound of the one for problem
(P1) and the upper bound of the received power cannot satisfy
the minimum received energy constraint, the received power
for ES d in problem (P1) also cannot satisfy the constraint.
Therefore, zd = 0.
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