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Abstract: Due to the rapid development of wireless charging technology, the recharging issue in
wireless rechargeable sensor network (WRSN) has been a popular research problem in the past few
years. The weakness of previous work is that charging route planning is not reasonable. In this
work, a dynamic optimal scheduling scheme aiming to maximize the vacation time ratio of a single
mobile changer for WRSN is proposed. In the proposed scheme, the wireless sensor network is
divided into several sub-networks according to the initial topology of deployed sensor networks.
After comprehensive analysis of energy states, working state and constraints for different sensor
nodes in WRSN, we transform the optimized charging path problem of the whole network into
the local optimization problem of the sub networks. The optimized charging path with respect to
dynamic network topology in each sub-network is obtained by solving an optimization problem,
and the lifetime of the deployed wireless sensor network can be prolonged. Simulation results
show that the proposed scheme has good and reliable performance for a small wireless rechargeable
sensor network.
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1. Introduction

Wireless sensor network (WSN) is a novel technology for acquiring information and processing
information, and it can be widely used in environmental detection, civil infrastructure, target tracking,
information security, intelligent medical care, etc. Since sensor nodes in WSN are usually powered by
rechargeable batteries, which have been constrained energy capacity and limited lifetime of network,
many researchers have devoted efforts to developing effective algorithms on WSN to alleviate this
problem [1–4]. To deal with this problem, reducing energy consumption has become the main focus in
wireless sensor networks in the past decade. Since it is infeasible or risky to replace a sensor’s battery
in some special deployment environment [5], most of the research literatures aim to maximize the
lifetime of network. Although their proposed methods can prolong the lifetime of a network to some
extent, the energy of sensor nodes would eventually run out and the deployed network stop working.

A recent breakthrough in wireless power transfer technique [6] provides a new choice for solving
the energy-constrained problem, which can make it promising to recharge energy for prolonging the
lifetime of network. The main objective of this paper is to address how to use wireless recharging
in a traditional battery powered wireless sensor network. Here we call such a network a wireless
rechargeable sensor network (WRSN). Wireless charging technology is usually used to charge sensor
nodes to supplement energy in WRSN. When wireless charging technology is applied to the mobile
charger, the mobile charger can be scheduled to recharge sensor nodes in WRSN. Xie et al. [7] studied
an optimization problem for recharge schedule and joint routing. They also showed a proof that the
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optimal traveling path is the shortest Hamiltonian cycle. In [8–10], a novel method is proposed to
schedule a mobile charger to visit fixed locations. The sensor nodes were recharged if the locations of
the sensor nodes were in the charging range of the mobile charger. This method has a high requirement
for mobile chargers. In [11], Wang et al. proposed a new strategy to recharge sensor nodes with the
minimum total visiting cost of the mobile chargers. A new algorithm which can be considered as the
traveling salesman problem based on the energy consumption of sensor nodes is proposed to minimize
distance in [12,13]. In [14], mobile chargers recharge sensor nodes and collect data to go through the
sensor nodes following a fixed path at the same time. Their method can prolong the lifetime of sensor
nodes, but it is difficult to apply in practice.

In WRSNs, mobile changers are expensive equipment. If a single mobile charger is sufficient to
complete requested charging tasks, in general, we may not increase the number of mobile chargers to
improve the quality of service. Therefore, a single mobile changer scheme has been used in smaller
scale sensor networks. The single mobile changer scheme has low cost and the charging plan is
relatively simple. However, due to the limited charge capacity of the single mobile changer, charging
time and visiting path require a reasonable design and planning. The multiple mobile chargers scheme
can be used to process tasks in a parallel manner for WRSN and this scheme can reduce the charging
delay. It is mainly applied to larger scale sensor networks. The scalability of the charging planning is
good, but the total costs of the multiple mobile charger scheme are higher.

According to the number of deployed mobile chargers, the existing work can be grouped into two
categories: single mobile charger scheme [9,15–17] and multiple mobile chargers [10,18–20]. In [17],
the authors proposed a hybrid clustering charging algorithm (HCCA). A means algorithm was used to
compute energy core set in order to reduce large recharging times and long traveling time. With the
rapid development of wireless charging technology, a sensor node is recharged while it is only in
the limited charging ranges of mobile chargers [21]. In practical application, it is inefficient to charge
multiple sensor nodes with a mobile charger at the same time. Moreover, since mobile chargers are
often costly, they have to be used as little as possible.

Although previous methods can prolong the lifetime of WRSN, the following problems need to
be paid more attention and discussed thoroughly.

(1) The effect of the moving speed of the mobile charger:
(2) Previous work failed to neglect the importance of the location of service station:
(3) Non periodic charging problem in WRSN:
(4) How to apply the rest sensor nodes if the residual energy of a part of nodes in the network reaches

the threshold.

In this work, we combine the mobile charger and the wireless energy transfer together to provide
a dynamic scheduling strategy for mobile charger based on the optimization problem. In order to
achieve this goal and fully improve the utilization rate of mobile charger, the single charger scheme is
adopted to recharge sensor nodes. To solve the optimization problem, a novel recharging scheduling is
proposed to maximize the vacation time of mobile charger. This method can give a reasonable visiting
path through the local optimum of the sub-networks. As a result, the proposed scheme can prolong
the lifetime of a network significantly.

Different from the existing single mobile charger schemes, the contributions of this work are
summarized briefly as following:

(1) We propose a new method to determine the optimal location for the service station.
(2) The WRSN is divided into several sub networks. In the premise of ensuring certain coverage,

not all sensor nodes in each sub network are selected for the active nodes. When the residual
energy of the sensor node for the active nodes is lower than the threshold value, the sensor node
stops working and waits for charging.
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In order to improve the network lifetime and to consider the network service quality, in this work,
a novel and optimal charging scheduling algorithm which can maximize the vacation time of the
mobile charger is proposed.

The rest of this paper is organized as following. Section 2 provides the related models and
problem statement. Section 3 describes the propose charging scheduling scheme, followed with the
simulation of the proposed scheme in Section 4. Finally, Section 5 concludes this paper.

2. Related Models and Problem Statement

2.1. Network and Charging Model

In this section, the network architecture for WRSN is introduced. As shown in Figure 1, a WRSN
is made up of five components: base station, mobile charger, sensor node, cluster node and service
station, which are categorized as follows.
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Base station: The base station is used for collecting sensing data and performing management
of the network. The mobile charger can be commanded remotely by the user of the network via the
base station. It also has computing capabilities to perform the tasks of calculating recharge sequences.
The symbol B represents the base station.

Mobile charger: It is responsible for providing the energy supply for the rechargeable sensors.
A mobile charger denoted by C has a positioning system and knows its location. The locations of
sensor nodes are known to the mobile charger and base station. The mobile charger is equipped with
high density battery packs and charging coils. It can communicate with the base station via long
distance communication technologies.

Sensor node: The sensor node collects data from the monitoring region, and sends the collection
data to its cluster node. It reports its battery status to the cluster node. When the energy of the sensor
node drops to the threshold value, the sensor node is waiting for the mobile charger to charge.

Cluster node: A cluster node is a sensor node denoted by symbol H that collects the status
information of sensor nodes in the sub network. Each cluster node is responsible for a number of
nearby sensor nodes. In a circular fashion, a cluster node is selected at random so that the energy
consumption load of the whole network is distributed to each sensor node. This approach improves
the lifetime of the entire network.

Service station: When a mobile charger almost depletes its own energy or completes recharging
nodes, it returns to the service station for energy supply or maintenance. The symbol SS represents
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service station. Due to the maintenance and energy supplement of mobile charger in service station,
the location of the service station has certain significance.

In a WRSN, sensor nodes are deployed in a sensing field and they are no longer moving. Let
G = (S, D) represent the topology of the sensor nodes. S denotes the set of sensor nodes, and D is the
set of edges with the distance between two sensor nodes. In WRSN, each sensor si can transmit data to
other sensors within its transmission range Ri by single hop or multi-hop. In addition, every sensor
can be recharged by a mobile charger. The time for recharging sensor si by mobile charger is denoted
by tsi. Assume that the charging route to WSN for a mobile charger is (SS, s1, s2, · · · , sn, SS). That is to
say, mobile charger starts from service station. It visits all sensor nodes in sequence (s1, s2, · · · , sn),
and finally moves back to the service station.

The sensor nodes in WSN can be divided into three parts, in detail these are: active sensor node,
sleep sensor node and inactive sensor node. The active sensor node which can collect information
is a working node. Sleep sensor node represents an energy depleted node and waits for recharging.
Inactive sensor node is not working, but it’s full of energy. Every sensor node has a battery capacity
of Emax, and needs a minimum energy Emin to work properly. The time of visit all the sensor nodes
for the mobile charger is denoted by symbol T. The total time T has three parts. Travel time for the
mobile charger is expressed as T1. Charging time for the remaining energy of sensor nodes to reach
the threshold (these nodes are called sleep nodes) is denoted by T2. Charging time for a node in
a working state is denoted by symbol T3. The total distance of the movement path is the distance from
SS, through (s1, s2, · · · , sn) to SS. The total distance d can be expressed in the following expression,

d =
n+1

∑
i=1

d(i−1)i (1)

where d(i−1)i is the distance between sensor node si−1 and si. In particular, d01 denotes the distance
between service station and the first be charged node. dn(n+1) is the distance between service station
and the last node to have been charged. Assume that mobile charger moves at a constant speed v,
T1 can be calculated as the following expression.

T1 =
d
v
=

n+1
∑

i=1
d(i−1)i

v
(2)

Assume that the all sensor nodes have the same energy, and the initial energy of each node is full.
The charging time of the mobile charger for active node is related to their remaining energy. With the
energy consumption of collecting and sending data, the active nodes achieve the minimum value and
wait for charging. Inactive sensor nodes do not need to be charged. At a certain time, the set of m
active nodes is represented as Sm = (s1, s2, · · · , sm), and the set of k sleep sensor nodes is represented
as Sk = (s1, s2, · · · , sk). The set of l inactive sensor nodes is denoted by Sl = (s1, s2, · · · , sl).

The charging time of the sleep node and the active node are respectively expressed as:

T2 = k
Emax − Emin

pc
(3)

T3 =
m

∑
j=1

Emax − Esj

pc
(4)

where pc denotes the charging rate of charger, and it is constant and uniform for all sensor nodes.
The residual energy of active sensor node denoted by Esj should satisfy Esj > Emin.
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To design a reasonable scheduling strategy for wireless sensor network, the total time to traverse
all sensor nodes for mobile charger can be calculated as:

T = T1 + T2 + T3

=

n+1
∑

i=1
d(i−1)i

v + k Emax−Emin
pc

+
m
∑

j=1

Emax−Esj
pc

(5)

2.2. The Model of Energy Consumption

If the energy consumption of the sensor nodes is not balanced, the energy of some sensor nodes
is likely to be exhausted. In practical application, each node transmits data to a selected node which
is called the cluster node and places a heavy burden on the relay data. Some sensor nodes may be
compelled to go to sleep because energy is depleted.

To balance the network load and prolong the network lifetime, according to the initial network
deployment, the network is divided into several clusters, and each cluster can be seen as a sub network.
In [22], the cluster node is responsible for sending the collection information in multi hop or single hop
to the base station. The initial energy of each sensor node is denoted as Eint. In this paper, the initial
energy is fully charged. That is to say, Emax is equal to Eint. When the energy of the sensor node is
lower than the threshold value Emin, sensor node stops working and waits for recharging.

The largest energy consumption for sensor node is transmission data, and energy consumption
of data transmission is growing rapidly with the increase of the distance. The means of transmitting
data in the cluster is shown in Figure 2. Data information can be sent from one node to another node
by single hop or relay node. In order to reduce the energy consumption, an optimal path should be
selected to transmit data. The energy consumption is calculated as follows:

(1) When d < d0, the formula for energy consumption is expressed as the following equation.

ETX(K, d) = (1 + b)KEelec + Kε f sd2(d2 = min(d2, d2
ic + d2

jc)) (6)

(2) When d ≥ d0, the formula for energy consumption is expressed as the following equation.

ETX(k, d) =


K(1 + b)Eelec + Kεmpd4(d4 = min(d4, d4

ic + d4
jc), dic ≥ d0, djc ≥ d0)

K(1 + b)Eelec + bKε f sd2
ic + Kεmpd4

jc(d
4 = min(d4, d2

ic + d4
jc), dic < d0, djc ≥ d0)

K(1 + b)Eelec + Kεmpd4
ic + bKε f sd2

jc(d
4
ic = min(d4, d4

ic + d2
jc), dic ≥ d0, djc < d0)

K(1 + b)Eelec + Kεmpd4(d4 = min(d4, d2
ic + d2

jc), dic < d0, djc < d0)

(7)

where d0 is a determined value, while ε f s and εmp are the attribute parameters of sensor node, and
Eelec is energy consumption of one sensor node receiving or transmitting 1 bit data. The symbol K
represents the amount of data that can be sent. Its unit is bit. The symbol b is a Boolean variable.
When the two nodes transfer data by single hop, the value of b is zero; Otherwise, the value of b
is 1. Symbol d represents the distance between the communication nodes.
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2.3. Problem Formulation

Give a wireless sensor network S with N nodes and parameters Emax, Emin and pw, the distance
dij between any pair of nodes, find a charging path starting from service station and visit each sensor
node exactly only once to charge them. In order to achieve this goal, novel scheduling algorithm is
designed to maximize the time ratio of the mobile charger at the service station.

At the same time, this method should guarantee normal operation in each sub network. In order to
find optimal path, we can obtain the following optimization objective function from the above analysis.

max
[
1− T

T′

]
s.t. Esj > Emin

(8)

After finishing recharging for wireless sensor node, mobile charger returns back to the service
station to be serviced and gets ready for the next charging trip. The time for the mobile charger staying
at the service station is called vacation time denoted by T′. The symbol T represents the Equation (5).
It is very difficult to solve the above optimization function. In this paper, the network is divided into
several sub networks.

3. Charging Scheduling Policy

3.1. Location Problem of Service Station

In this subsection, we determine the location of the service station in WSN. When the sensor
nodes are deployed, in order to provide better network service quality, we should determine the
location of the service station. The location of the service station is regarded as the single point optimal
location problem. When there are a large number of sensor nodes in WSN, in this paper, the network is
divided into several sub networks according to the distance between sensor nodes. Each sub network
is a cluster. Firstly, a center node such that the maximum distance to each node is minimized in each
cluster is determined, and then the optimal location of the service station is determined according to
the location of the center node. Variable mi is introduced in the following equation. The method of
center node in each sub network is determined as follows.

mi =

{
1, Sensor node si is selected
0, Otherwise

i ∈ [1, n′]

The mathematical model of determining the center node can be expressed as Equation (9),

min
1≤i≤n′

( max
1≤j≤n′

dij mi) (9)

s.t.


n′

∑
i=1

mi = 1

mi =

{
1
0

where dij is the shortest distance between sensor node si and sensor node sj. In this paper, the Floyd
algorithm [23] is used to obtain the shortest distance. The optimization objective function [9] is
a 0–1 integer programming problem, and we can use the following steps to calculate the center node
and the center radius in each sub network G = (S′, D′).

(1) Compute the shortest distance dij, i, j ∈ [1, n′] in each sub network G = (S′, D′) using
Floyd algorithm.

(2) Calculate the distance between each sensor node and its farthest sensor node li. li can be expressed
as li = max

{
dij
∣∣1 ≤ j ≤ n′ (i = 1, 2, · · · n′)

}
.
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(3) Find the minimum li, that is to say, lk = min{li|1 ≤ i ≤ n′}.

After the above steps, we can obtain center node sk and center radius lk in each sub network.
Assume that the coordinate position of the service station is (x, y). The coordinate positions of center
node are denoted by (x1, y1), · · · , (xn′ , yn′). Location of service station can be obtained through the
following optimization objective function.

min
n′

∑
i=1

√
(x− xi)

2 + (y− yi)
2 (10)

3.2. The Selection of Active Nodes

In this section, we consider the coverage of the sub network. In order to make full use of the
network resources, optimize the energy consumption and prolong the network life time, k j sensor
nodes are selected to become the current active nodes. They can guarantee a certain coverage rate α.
Symbol j denotes the j-th sub network. When the energy consumption of the active node drops to
a threshold value Emin, or the energy consumption of the active node achieve maximum value Ei

max,
the state of the sensor node becomes a sleep node. An active node should be selected from other
qualified nodes. The number k j in different sub network may be different. A set of sensor nodes in
a sub network can be denoted as S′ = {s1, s2, · · · , sm}. Active sensor nodes are selected using the
following calculation method.

m

∑
i=1

mi = k j (11)

s.t.



Er
i > Emin

m
∑

i=1
miαi−β j

π(lk)
2 ≥ α

Ai,t ≤ Ei
max

mi ∈ {0, 1}

Er
i denotes the residual energy of sensor node si, while αi denotes the coverage area of sensor node si.

Center radius of the center node is denoted by l j
k, and β j denotes the overlapping coverage area of

active nodes. Energy consumption of sensor node si is denoted by Ai,t in t-th active period. We assume
that all sensor nodes are homogeneous and the sensing radius of the sensor node si is Ri. It is assumed
that all sensor nodes have the same sensing radius. We can compute β j as follows.

β j =
kj
∩

i=1
π(Ri)

2 (12)

3.3. Optimal Path Selection

Each sensor node reports its current battery status and remaining battery energy to the cluster
node which will send the collected energy status information to the base station. According to the
energy state of the node, the base station schedules the charging route of mobile charger. In this
paper, it is assumed that the positions of sensor nodes are no longer moving after the sensor nodes are
deployed. In WSN, the division of the sub network is fixed, but the topology of the active node in each
sub network is dynamic. As shown from Figures 3 and 4, the network topology is different in different
time periods.

When sensor nodes are deployed, the energy of each sensor node is full. A period of the network
has two phases: charging time of mobile charger and vacation time of mobile charger. Because of
dynamic change of the transmission data quantity and the topology structure in each sub network,
the charging time of the traversing node is not always the same.
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In any case, the charging sequence of the sensor nodes must satisfy certain conditions. Before
being charged, the energy and the number of active sensor nodes in each sub network are sufficient to
maintain the normal work, that is, the residual energy of the sensor nodes is not less than Emin.

Generally speaking, starting from the service station, the mobile charger traverses all sensor
nodes in WSN, and finally comes back to the service station. The optimization objective function (8)
can be described as the following: traverse all sensor nodes in the wireless sensor network, seeking
the shortest Hamilton path. The problem of Hamilton path is an NP hard problem. In all paths (the
number of the paths is n!), to find one optimal path, the computation complexity is high, and the
calculation cannot even be completed. In this paper, the constraint conditions of optimal path are
relaxed, and the global optimal is transformed into local optimal. The combination of the optimization
routes in each sub network is the charging path of the mobile charger.

The base station analyzes and calculates the state of sensor nodes and the residual energy of
sensor nodes, and then sorts the charging priority of the sub network (k1, k2, · · · , kk) based on the
results of this analysis and calculations. When a sub network is charged, we must ensure that other sub
networks can work properly. If the mobile charger leaves the service station too early, the utilization
rate of the mobile charger will come down. If the time of leaving the service station for the mobile
charger is too late, the sub network will not work properly because the energy of many nodes has
been depleted. It is difficult to estimate the energy consumption of one sensor node for some time in
the future. To facilitate the discussion, when the mobile charger begins to recharge the sensor node,
the energy consumption rate of the active nodes for the other sub networks is the same. The energy
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consumption rate is denoted by pw. In fact, the energy consumption of the cluster node is larger than
the general sensor node. When the mobile charger is in vacation status, the energy consumption of the
sensor node is calculated according to the actual situation.

In this sub section, we mainly focus on the charging path of the mobile charger in a wireless
sensor network. The base station should control the time of the mobile charger starting from the service
station. d0k1 is the distance between service station and active nodes which need to be recharged in
sub network k1, and the time of mobile charger to the first charging node is expressed as Equation (13).

t0k1 =
d0k1

v
(13)

when the mobile charger reaches the most need to be charged active node, the remaining energy
of active node is not less than Emin. Mathematically, to charge the first sub network, the following
conditions should be satisfied.

t′1 =
Ek1 − Emin

pw
≥ t0k1 (14)

The symbol Ek1 denotes the minimum residual energy of active nodes in the first sub network.
When the mobile charger completes the charging of all sensor nodes in sub network k1,

the distance d1k2 between the last node to be charged in the sub network k1 and the first node
to be charged in the sub network k2 should be computed. Accordingly, we can obtain the
following expressions.

t1k2 =
d1k2

v
(15)

t′2 =
Ek2 − Emin

pw
≥ t1k2 (16)

The same method can be used to obtain the relationship and conditions when the mobile charger
recharges the sensor nodes of the other sub network. Combining Equations (13)–(15), the optimization
objective function (8) can be re-expressed as:

min
[

T
T′

]
s.t.

t′1 =
Ek1
−Emin
pw

≥ t01

t′2 =
Ek2
−Emin
pw

≥ t1k2
...

t′kk
=

Ekk
−Emin
pw

≥ tk(k−1)kk

(17)

The constraint conditions of the above optimization objective function are similar, but the
constraint condition is mutually restricted, and it has the characteristics of a recursive function.
The charging route in a certain period is shown in Figure 5.

The whole algorithm can be described as follows:

(1) Use the principle of proximity to determine the division of sub networks;
(2) Determine the position of the mobile charger;
(3) Determine the active nodes and select cluster nodes in each sub network;
(4) Update the active nodes according to the energy consumption of the node, and update the cluster

nodes correspondingly;
(5) According to the energy consumption of each sensor node in the sub network and the overall

energy consumption in each sub network, the recharging scheduling strategy is determined.
In each sub network, the residual energy of the last k j active nodes is no less than Emin before
being charged. It can make full use of the energy of each node;



Symmetry 2017, 9, 285 10 of 14

(6) After finishing the charging nodes, the mobile charger returns to the service station and waits for
the next charge.
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4. Simulation Results

In this section, examples of our proposed scheme are given in different sensor nodes. Figures 6–8
show the travelling paths with different sensor nodes. Assume that sensor nodes are deployed in
a 100 m × 100 m square area. In the square area, there is one base station and one service station which
can accommodate the mobile charger. The Experimental simulations are achieved in Matlab R2008.
The sensor nodes meet the following conditions:

(1) The sensor nodes are fixed.
(2) The sensor nodes send data through single hop or multiple hops.
(3) The sensor nodes know their locations with the help of GPS.
(4) Euclidean distance can be obtained by mobile charger with the help of GPS and location algorithm.

We know the location information of sensor nodes, base stations by positioning technology in
advance. The location of service station can be calculated. According to the charging scheduling
policy in Section 3, we simulate the charging planning route of the mobile charger for the senor nodes.
Figures 6–8 show the optimal travelling path in a different number of sensor nodes.
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In Figure 6, the total travelling distance of the mobile charger for 30 sensor nodes is or so 654 m.
In Figure 7, the total travelling distance of the mobile charger for 40 sensor nodes is about 789 m.
In Figure 8, the total travelling distance of the mobile charger for 50 sensor nodes is about 1093 m.

Under the same condition, the average recharging time for 30 sensor nodes is about 6327 s,
while the average recharging time for 40 sensor nodes is about 8394.5 s, and the time for recharging
50 sensor nodes takes 10,546.5 s approximately. Ratios of vacation time for the mobile charger are
47.28%, 30.05 and 12.11%, respectively. The utilization rate of a single mobile charger is very high for
a relatively small network. In a large-scale network, for an increase in the number of sensor nodes,
charging time and travelling distance are gradually increasing, so the single mobile charger scheme is
not suitable for a large wireless rechargeable sensor network.

In order to express the advantages of our scheme, we compare the performance of our proposed
scheme with the literature [17]. Compared to [17], we can see that our scheme has a small travelling
path when the scale of sensor nodes is small from Figure 9. As the scale of sensor nodes increases,
the travelling path of HCCA is better than ours. Our scheme is more suitable for small WSNs. As shown
from Figure 10, we see that the recharging time of our scheme is low compared to that of the scheme
in literature [17]. The change in idle rate is given in Figure 11. When the number of nodes is 60,
the utilization of charging equipment can achieve about 95%.
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5. Conclusions

In this section, the conclusion and future work are summarized. In this work, we have studied the
optimization recharging path problem for a wireless sensor network. In order to obtain the reasonable
charging route for sensor nodes, we formulate the problem, and transform the global optimization
problem into a local optimization problem. Our charging scheduling strategy can ensure the normal
work of the wireless sensor network under certain constraint conditions. Meanwhile, it can maximize
the vacation ratio of single mobile charger. Simulation results show that our optimal scheduling
algorithm can complete the recharging task well for a small wireless sensor network.

In future work, we will try to design a charging scheduling algorithm for a large-scale sensor
network in multiple mobile chargers. Moreover, we will try to find the minimum number of mobile
chargers for recharging a large-scale sensor network.
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