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Abstract In this work, a novel performance analysis

method for evaluating the robustness of emerging power

distribution networks (PDNs), which involve deployable

renewable energy sources, is proposed. This is realized

with the aid of the outage probability (OP) criterion in the

context of cooperative communications, which is widely

considered in modern wireless communication systems.

The main usefulness of this method is that it allows the

involved components to communicate to each-other by

means of a robust and flexible wireless sensor network

architecture. In this context, any conventional medium

voltage (MV) bus of the PDN is represented as a wireless

relay node where data signals gathered from each MV bus

can be forwarded reliably to a control station for the sub-

sequent processing. The received signals at wireless nodes

are decoded and then forwarded to ensure minimal errors

and maximal robustness at the receiving site. The consid-

ered OP analysis denotes the probability that the power of a

received information signal drops below a pre-defined

threshold which satisfies the acceptable Quality of Service

requirements of a reliable signal reception. To this end,

simple closed-form expressions are proposed for the OP of

a regenerative cooperative-based PDN in the presence of

various multipath fading effects, which degrade informa-

tion signals during wireless transmission. The offered

results are rather simple and provide meaningful insights

for the design and deployment of smart grid systems.

Keywords Smart grid, Cooperative communications

(CCs), Power distribution network (PDN), Outage
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sensor network (WSN)

1 Introduction

Electric power generation systems constitute an invaluable

part of human life. Based on this, power generation has been

effectuated through different sources in order to meet the

extensive demands of any geographical and populated area in

an efficient and robust manner. To this effect and with the

currently wide awareness for critical global ecological and

environmental matters, the need for critical requirements and

actions on the generation, transmission and consumption of

energy resources has been raised extensively [1]. This has

resulted in demands for more ecological sources of energy

over conventional methods of production as well as more

efficient management of resources that additionally secure

indirect energy savings [2]. This trend has been also supported

and promoted strongly by national and international political

and societal authorities, which in turn have increased the

attention of both industry and academia in providing effective

solutions that can create a societal, environmental and eco-

nomic impact [1–3].

Renewable energy sources (RESs) constitute an impor-

tant alternative source of energy that is researched and

exploited rapidly. A crucial task of RES based systems is
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their efficient and robust integration in the core power

network and particularly when referring to microgrids. This

is not a straightforward task due to the different charac-

teristics, specifications and demands of each RES, which

have been taken into account for ensuring smooth and

efficient network operation. By additionally recalling the

critical involvement of different technical domains such as

power electronics, automation, control, sensors and actua-

tors as well as power network analysis, the need for robust

network performance and reliable service provision

becomes more evident. More specifically, the centralized

RES units typically infuse energy in the power networks of

high and extra high voltage levels. As a consequence the

produced energy experiences substantial losses related to

transmission and distribution as well as economic costs due

to the need for non-trivial infrastructure capital investment

in non-dense rural and remote areas [4]. Recalling that the

contribution of RES units in the overall power network is

increasing and anticipating that the corresponding levels

will be over 20 %, the aforementioned effects are

undoubtedly non-negligible and must be addressed

effectively.

Potential solutions have been proposed in the context of

efficient and low-cost power electronic based conversion

structures and driving methods [5–8] and the references

therein. As a result, various efficient and reliable power

electronic conversion solutions and effective driving tech-

niques have been developed for the connection of RES

units to the distribution level [7–9]. However, these con-

verters appear to have an important operating problem as

they are incapable of accounting for the current demands of

power distribution networks (PDNs), which ultimately

burdens adequate penetration of RES. This in turn increa-

ses the need for addressing satisfactorily the merge of

different production units so as to ensure acceptable service

coverage. This operation is critical and often challenging as

certain units can contribute in the greater power networks

partially and/or seasonally. Thus, adequate compensation

methods must be taken into account which are typically

realized by installing additional alternative power sources

or, more importantly, employing storage devices and units.

Those are rather useful in autonomous microgrid structures

that typically establish connection to the greater PDN

asynchronously [10].

The design and structure of the corresponding inverters

must meet the specifications for serving the various power

production sources simultaneously while they are required

to cooperate with respective storing units so that a high

quality and operation efficiency is ultimately feasible [11–

13]. Evidently the reliable and robust operation of power

networks, which involve various RES in different geo-

graphical locations, requires accurate quantification and

continuous control of numerous factors and characteristics

both in regular and in transient conditions. Notably, it is

particularly important accounting for such conditions due

to critical voltage disturbances by short circuits, coupling/

decoupling processes of large loads and resonance by non-

linearity. Typical methods to overcome such destructive

effects include, among others, the use of active filters

(AFs), dynamic voltage restorers (DVRs), multistage

capacitors and conventional voltage support elements such

as transformers with on load tap chargers [11–17] and the

references therein. As a result, it is undoubtedly important

to guarantee accurate prediction of the behaviour of the

PDN during transient conditions and its incorporation in

system analyses for electric power transmission. This is

especially critical as it can constitute the benchmark for

respective decision-making processes on the stability of

power systems. As a result, the core distribution networks

should be constantly aware of the conditions and charac-

teristics of each connected RES unit so that the corre-

sponding power quality, stability and efficiency of the

network are in line with the predefined requirements and

specifications.

Based on the usefulness and challenges of alternative

energy sources (AESs), it became evident that it is crucial

for PDNs to constantly possess information of the char-

acteristics of each individual component of the involved

AESs. This will ensure the stable and robust operation of

networks which require a sufficient quality of the infused

energy produced by AESs. Moreover, the deployment of

Smart Grids is strongly dependent on the use of new

wireless communications techniques from both monitoring,

control and conveying critical data from/to RES units [18,

19]. To this end, cooperative communications (CCs) can be

deployed in order to allow reliable transmission of infor-

mation related to the aforementioned characteristics of

each RES. Specifically, by using the wireless topologies of

relay systems, each RES can be equivalently represented

by a relay, which can receive and transmit information. It is

shown that this concept increases the potential reliability of

PDNs as the decisions on coupling of certain AESs over

other less suitable AESs will be made upon exploiting

accurate information about the necessary component

parameters.

Motivated by the above and the contribution in [20], this

paper introduces a useful method that provides adequate

control of the power network. Specifically, this method

contributes in accounting efficiently for the determination

of the criteria and characteristics that are required for

adequate decision making procedures on coupling and

decoupling of RES. This is realized by means of wireless

cooperative systems, which constitute a core part of

emerging telecommunications systems. The underlying

concept of such systems is that wireless signals that convey

information can be transmitted through one or more
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intermediate communication nodes. It has been shown

extensively that this method increases the performance of

communication links substantially because the associated

impairments during wireless propagation are drastically

minimized. Given also that this method practically reduces

the distance between a source and a destination, the cor-

responding costs are minimized, whereas the probability of

a system failure becomes rather low. In the present work,

we adopt such a wireless deployment for representing a

communication topology assuming that RES units act as

source relay terminal or relay node and substations act as

either source or destination nodes. Such a structure enables

rapid and continuous information of the PDN on the

operational characteristics and overall structure of RES

units that can determine the decisions on the set-point of

each RES effectively. This is performed by additionally

taking into account the detrimental effects of multipath

fading, which distort information signals during wireless

transmission. This is implemented in the context of the

outage probability (OP) performance metric, which is a

critical and popular measure of performance used in both

conventional and emerging wireless communication sys-

tems. The characteristics and specifications that constitute

the current work an interesting engineering application are

listed below.

1) Cooperative communications and wireless relaying

transmission are the key features of modern wireless

communications standards such as the 3rd generation

partnership project long term evolution—Advanced

(3GPP LTE-Advanced). Therefore, by using the

benefits of cooperative relaying transmission in a

WSN in dispersed RESs, the reliability and efficiency

of a PDN increase significantly.

2) Due to harsh conditions in a PDN, the sensor nodes

should be able to transmit all the critical data from the

electrical network and provide adequate information to

control stations ensuring the stability of the network.

Therefore, the most significant performance metric of

a WSN deployed in a PDN (i.e., a smart grid) is the

nodes’ outage—temporary or permanent—which is

evaluated by means of the OP performance metric.

3) The direct application of prior knowledge on cooper-

ative communications with DF relays in a dispersed

RES network has not been previously introduced.

4) Closed-form expressions are derived for the OP when

the channels between experience Nakagami-m fading.

So the engineers can easily evaluate the probability of

a sensor node being in outage i.e., the probability of a

RES unit experiences an outage event.

The remainder of the paper is organized as follows:

Section 2 presents the considered system and channel

model with detailed description of the involved

components and corresponding operation. The outage

probability measure and the multipath fading statistical

model are introduced in Sect. 3 where simple analytic

expressions for the considered scenario are derived in

closed-form. The offered results are subsequently

employed in Sect. 4 for evaluating extensively the per-

formance of the considered system for various commu-

nication scenarios in both severe and moderate multipath

fading conditions. Closing remarks are finally provided in

Sect. 5.

2 System and channel models

2.1 PDN with RES penetration

We assume a medium voltage (MV) radial distribution

network with high RES penetration level. This is illustrated

in Fig. 1, where is it shown that any MV bus of this net-

work may have RES generation, in terms of active and

reactive power, an energy backup unit (EB) and loads.

Therefore, a wireless sensor node (WSN) has to be

installed at each MV bus so as to gather and transfer all

necessary information to the corresponding substation

control unit. Based on this, the respective transmitted sig-

nals consist of the following useful data:

1) Active and reactive RES power generation.

2) Statutory information of continuous monitoring on

RES unit availability.

3) EB unit state of charging.

4) Active and reactive load consumption.

5) MV bus voltage level along with the corresponding

phase angle.

6) RMS current level at the point of common coupling

(PCC).

7) Active power level at the PCC.

8) Reporting on any voltage disturbance incident such as

overvoltage, undervoltage, voltage asymmetry, exces-

sive harmonic distortion.

9) Reporting on any fault incident or system malfunction

on both the unit and the corresponding reaction of the

protection scheme.

Likewise, each MV bus may accept directives from the

substation control room through its WSN with regards to

the following characteristics:

1) RES generation dispatching schemes.

2) Load shedding schemes.

3) Anti-islanding directions (connect or disconnect

directions).

4) Load forecast.

5) RES generation forecast.
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The MV radial distribution network with high RES

installations can be equivalently represented as an N dual-

hop wireless CC network which operates over multipath

fading conditions that affect communication signals during

wireless propagation. Such systems are widely known as

cooperative diversity systems due to the use of relay nodes

that receive information signals from a source node and

forward them to a destination after either amplification or

decoding and subsequent re-encoding. It is recalled here

that CC systems are among the major emerging wireless

technologies capable of providing significant advances in

terms of efficiency, connectivity and quality of service.

Furthermore, they have been shown to constitute a key

contributor towards minimizing traditional requirements

for fixed telecommunications infrastructure [21–24].

In general, cooperative networks are multi-hop com-

munication networks where the destination-terminal com-

bines the signals received from both source-terminal and

relays [25–27]. This is a particularly critical procedure as

the signal combining process aims to minimize the corre-

sponding information errors in the presence of fading.

Notably, fading is the varying distortion of wireless prop-

agated signals which are subject to reflection, diffraction,

refraction and scattering phenomena and have been shown

to affect the performance and stability of wireless

communication systems. Therefore, it is evident that ana-

lyzing the performance of multi-hop wireless communi-

cation networks over fading channels has been an

important field of research [22–27].

2.2 Relay system description

In Fig. 1, a dual-hop regenerative1 relay system that

consists of a source node S, a destination node D, and

N half-duplex relays, each of which is denoted by Rk,

k = 1, 2, …, N is considered. Specifically, it is assumed

that the source terminal in control room (S) communicates

with the destination terminal WSN12 (D) through N relays

(i.e. RES-nodes), WSN21 (R1), WSN22 (R2),…, WSN2N

(RM). In the first time slot, the source broadcasts a symbol

to the relays. Then, in the second time slot, selection

diversity is applied, i.e. the relay with the best end-to-end

channel is selected to forward the signal to the destination

while the source remains silent. It is noted here that the

destination is assumed to have perfect channel state

Fig. 1 A MV radial distribution network with high RES penetration with deployment of a wireless CC network

1 Regenerative cooperative systems are those that relay nodes decode

the received signal and re-encode it prior to forwarding it in the

destination. On the contrary, non-regenerative cooperative systems

are those where relay nodes amplify and then forward the signals to

the destination
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information, which is feasible in deployments relating to

power systems. To this effect, maximum-likelihood com-

bining of the signals from the source and the selected relay

can be employed. Notably, the destination terminal (i.e. a

WSN) can also act as a source node and transmit its

information signals retrieved by RES to the control room

(destination node) via dual-hop transmissions. Note that in

Fig. 1 both scenarios were depicted where the control room

and each WSN can act as either a source node or desti-

nation terminal.

The control room is equipped with a transmitting/re-

ceiving antenna and can activate/deactivate each of the

WSN by transmitting a pilot signal. Therefore, if the

information of a specific MV bus is needed, the control

room activates the WSN assigned to this MV bus to

transmit its information to the control room not only

directly, but also via a number of predetermined WSNs.

Each of the activated WSNs of the multi-hop communi-

cation network forwards the received information signal

from its preceding node to the next one. The rest WSNs

remain idle. Note that the control room is fully aware of the

status of each WSN and can activate a certain number of

WSNs to form an appropriate multi-hop communication

network. The WSNs can gather from RES nodes all the

appropriate information and play the role of intermediate

regenerative relays from one hop to the next, which are

able to decode-and-forward (DF) the information received

by its preceding WSN. It is assumed that these WSNs can

transmit over orthogonal time slots to ensure half-duplex

operation and avoid any inter-signal interference. It is also

assumed that each terminal S transmits a signal with an

average power normalized to unity.

3 Outage probability of regenerative systems
in fading conditions

OP constitutes a vital performance measure of wireless

communication systems. By recalling that wireless data

rate transmission is largely a function of the respective

signal noise ratio (SNR), the OP denotes the probability

that the SNR level drops below a certain pre-defined

threshold which results in the failure in satisfying the

expected QoS requirements [28]. The outage probability is

defined as follows,

Pout ¼
Zcth

0

pc cð Þ dc: ð1Þ

where pc cð Þ denotes the probability density function (PDF)

of the corresponding fading statistics and cth is the pre-

defined SNR threshold under which transmission is sus-

pended [28].

3.1 Multipath fading channel

Fading is an effect that distorts wireless information

signals during wireless transmission. Its effect on the per-

formance of conventional and emerging communication

systems has been critical and thus, in depth investigations

on accurate channel characterization and modelling have

been extensive. In this context, Nakagami-m distribution

has been shown extensively to provide accurate fit in both

severe and moderate multipath fading conditions. Based on

this, the corresponding SNR per symbol is distributed

according to the following PDF [28],

pc cð Þ ¼ mmcm�1

�cmC mð Þ e
�mc

c ; ð2Þ

where c and m are the average SNR per symbol and the

Nakagami parameter that denotes the severity of fading,

respectively, whereas C �ð Þ denotes the Euler gamma

function [29]. Evidently, the OP of a conventional wireless

communication system over Nakagami-m fading channels

is obtained by substituting (2) into (1). However, this does

not apply readily in cooperative systems.

3.2 OP of decode-and-forward systems

over Nakagami-m fading channels

The wireless channel is also corrupted by additive-

white-Gaussian-noise (AWGN) with single-sided power

spectral density N0. The Nakagami-m fading parameters

in the source-relay paths (first hop) and relays-to-desti-

nation paths (second hop) are denoted as m1;k and m2;k,

respectively, whereas the corresponding SNRs are given

by c1;k and c2;k, respectively. Based on this, the average

SNRs are given by �c1;k ¼ XSRk
Es=N0; �c2;k ¼ XRkDEs=N0;

with XSRk
; XRkD; and ES denoting the average fading

power of the first hop, the average fading power of the

second hop and the energy per transmitted information

symbol, respectively. To this effect, the cumulative dis-

tribution function (CDF) of the aforementioned regener-

ative system over Nakagami-m fading can be expressed as

[23, 24],

Fcj cjð Þ ¼ 1�
C m1;k;

m1;kc1;k
�c1;k

� �

C m1;k

� � C m2k ;
m2;kc2;k
�c2;k

� �

C m2;k

� � ; ð3Þ

where XSRk
¼ XRkD ¼ 1 due to normalization and

C a; xð Þ,
Z 1

x

ta�1e�tdt; ð4Þ

is the upper incomplete gamma function which for x ¼ 0

reduces to the Euler gamma function i.e. Cða; x ¼ 0Þ ¼
CðaÞ [29]. By also recalling that G a; xð Þ,Cða; xÞ=CðxÞ
denotes the generalized upper incomplete gamma function,
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Eq. (3) can be equivalently re-written in the following

simpler form,

Fck ckð Þ ¼ 1� G m1;k;
m1;kc
XSRk

�c

� �
G m2;k;

m2;kc
XRkD�c

� �
: ð5Þ

By recalling that for every communication system over

fading channels, Pout ¼ F cthð Þ and based on (5), the OP for

the case of N relays is expressed as follows,

Pout ¼
YN
k¼1

1� G m1;k;
m1;kcth
XSRk

�c

� �
G m2;k;

m2;kcth
XRkD�c

� �� 	
:

ð6Þ

It is noted here that the worst case fading scenario is

when m ¼ 0:5: By also recalling that

C 1=2; xð Þ,
ffiffiffi
p

p
erfc

ffiffiffi
x

p
ð Þ it immediately follows that the

OP for the worst case scenario is expressed as,

Pout ¼
YN
k¼1

1� p erfc
ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
cth

2XSRk
�c

r� �
erfc

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
cth

2XRkD�c

r� �� 	
:

ð7Þ

In the same context, for the special case that the value of

the severity of fading parameters are positive integers i.e.

m1;k 2 N and m2;k 2 N; the Cða; xÞ can be expressed in

terms of a finite series given in [29, Eq. (8.352.4)].

Therefore, by performing the necessary change of variables

and substituting in (6), one obtains the following closed-

form expression that consists only of elementary functions,

Pout ¼
YN
k¼1

1� e
� m1;k

XSRk
�cþ

m2;k
XRkD

�c

� �
cth

(

�
Xm1;k�1

i¼0

Xm2;k�1

j¼0

mi
1;km

j
2;kc

iþj
th

i!j!Xi
SRk

X j
RkD

�ciþj

)
:

ð8Þ

Hence, for the special case that m1;k ¼ m2;k ¼ 1, the

above expression reduces to the OP expression for

Rayleigh multipath fading channels, namely,

Pout ¼
YN
k¼1

1� e
� cth

XSRk
cþ

cth
XRkD

c

� �

XSRk
XRkD�c2

8><
>:

9>=
>;: ð9Þ

4 Performance analysis

This section is devoted to the analysis of the perfor-

mance of OP for different communication scenarios. In

more details, Fig. 2 illustrates the OP as a function of the

average SNR for Rayleigh fading conditions and different

values of cth. One can observe that the OP behaviour

depends highly on the value of the pre-determined

threshold since even slight variations create a considerable

impact on the corresponding performance. This is partic-

ularly evident in the critical area of low SNR regimes

where the OP lies between 1 and 10-3.

In the same context, Fig. 3 depicts the OP for three

different cth cases for the worst case fading scenario i.e.

m1;k ¼ m2;k ¼ 0:5. Clearly, the performance of the coop-

erative system is rather sensitive on the severity variations

of the fading conditions. For example, in comparison to the

Rayleigh fading scenario considered in Fig. 3, the OP has

decreased by at least an order of magnitude for comparable

average SNR and threshold SNR values.

The crucial effect of fading is also demonstrated in

Fig. 4. Four different scenarios are considered for quanti-

fying the effect of fading both in terms of its severity and

on different fading conditions in the pre-relay and post-

relay links. The four considered scenarios are: i)

Fig. 2 OP vs �c for the Rayleigh case (m = 1), XSRk
¼ XRkD ¼ 1:0

and different values of cth

Fig. 3 OP vs �c for XSRk
¼ XRkD ¼ 1:0; cth ¼-3 dB, cth = 0 dB and

m1;k = m2;k = 0.5
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m1,1 = 0.5, m1,2 = 0.5, m1,3 = 0.5, m14 = 0.5, m2,1 = 0.5,

m2,2 = 0.8, m2,3 = 1.2, m2,4 = 2.0; ii) m1,1 = 0.5,

m1,2 = 0.8, m1,3 = 1.2, m1,4 = 2.0, m2,1 = 0.5,

m2,2 = 0.4, m2,3 = 0.5, m2,4 = 0.5; iii) m1,1 = 2.0,

m1,2 = 2.0, m1,3 = 2.0, m1,4 = 2.0, m2,1 = 0.6,

m2,2 = 0.9, m2,3 = 1.5, m2,4 = 2.5; iv) m1,1 = 0.6;

m1,2 = 0.9; m1,3 = 1.5; m1,4 = 2.5; m2,1 = 2.0;

m2,2 = 2.0; m2,3 = 2.0; m2,4 = 2.0. Based on this, it shows

that the switching of the fading conditions between the S–R

and R–D paths does not create a significant variation in the

OP performance. Nevertheless, the effect of severity of

fading is substantial in all cases as the OP varies

significantly.

In the same context, the OP variation is illustrated in

Fig. 5 as a function of the pre-determined threshold for

different values of �c and the fading conditions in Scenario

A, Scenario B, Scenario C and Scenario D, that were

considered in Fig. 4. One can clearly notice that the OP

increases proportionally to cth and its value is, as expected,

unity when the �c is smaller than it. On the contrary, the

greater the value of c compared to cth, the smaller the OP

level, and thus the most robust the established communi-

cation between the involved units.

Given the nature of power system networks, it is

anticipated that the offered results will be useful in future

deployments subject to efficient consideration of the fading

conditions that will ensure minimal OP values and thus an

effective and robust system operation.

5 Conclusion

This paper was devoted to the deployment possibilities

of CC systems in PDNs that constitute several RESs. Given

the high requirements of RESs for joining the network, it is

important that the characteristics of each component are

fully available upon making a decision on the suitability of

each RES at a given scenario. It was extensively shown

that this can be achieved by employing CC concepts where

relay nodes can act as RESs. To this effect, the status of

each RES is fully available at the PDN with high reliability

as it has been shown that the corresponding errors are

significantly low. This was quantified by means of the

outage probability measure which is frequently used in

analyzing the performance of conventional and emerging

wireless mobile communication systems. Different fading

conditions were also taken into account and it was shown

that thorough consideration of the corresponding effects

can lead to efficient and reliable designs of future power

network systems.
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