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Abstract

In this paper, the efficiency of cooperative communications in power distri-
bution networks is investigated, where a number of renewable energy sources
(RESs) are deployed. Specifically, any medium voltage (MV) bus of the power
distribution network is considered as a wireless relay node where the informa-
tion gathered from each MV bus can be reliably transmitted to a control station
for further processing. Therefore, the power distribution network can be equiv-
alently considered as a cooperative communication network. The average bit
error rate of the proposed cooperative diversity network is studied and a closed-
form lower bound is analytically derived. Numerical results corroborate the
tightness of the proposed bound compared to the Monte Carlo simulations.
The proposed wireless communication scheme enables the increase of the RES
penetration level in distribution networks, improving so RES exploitation.
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1 Introduction

1.1 Renewable Energy Sources

The last decades witnessed rapid worldwide developments in the domain of
electric power generation. Societies have become particularly concerned about
environmental issues with ecological movements demonstrating significant
activity on the need for immediate solutions.As a result, political organizations
established extensive frameworks of support towards this promising sector
[1, 2, 3, 4]. Based on this, various RESs have been largely incorporated into
power systems. More specifically, besides traditional employing of hydro-
electric plants, the most significant RES contributor is solar energy which
is exploited mainly by means of large wind farms (WF) with power levels
between tens and hundreds of mega-watts (MW) [1, 2]. To this effect, a suffi-
cient increase of penetration level of RES in power systems is rather necessary
either as a complementary energy source in the energy market or as main unit
for microgrids. This task is among the top priorities of power generation
policies and has attracted the interest of both academic and industrial sector,
however numerous issues need to be adequately addressed. These issues are
related to the power generation and distribution where the close collaboration
of several technical domains such, power electronics, automation, control and
power network analysis is required [5, 6].

In more details, the centralized RES units typically infuse energy in the
power networks of high and extra high voltage levels. Hence, the produced
energy is subject to significant transmission and distribution losses as well as
losses related to increased investment costs due to the required infrastructure
in rural areas [7, 8]. As a result, various efficient and reliable power electronic
conversion solutions and effective driving techniques have been developed
for the connection of RES units to the distribution level [9, 10, 11, 12, 13,
14, 15]. However, these converters appear to have an important operating
problem which burdens the adequate penetration of RES. Notably, technical
specifications are not capable to account for the case of power distribution
networks with high proportion of penetration levels of RES i.e. over 20% of
the total installed electric power [16, 17].

Evidently, the capability of merging various production units is closely
related to the corresponding coverage of the required power load. This is
important given that RESs are not available for long time intervals both in
annual and daily basis. For example, wind farms are not sufficiently productive
during summer time or during periods with weak winds. To this end, satis-
factory load coverage requires the installment of additional alternative power
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generation components and potentially adequate power storing units such as
batteries, fuel cells and flying wheels. The latter is particularly necessary in
cases where a structure constitutes an autonomous microgrid which connects
to the power distribution network asynchronously [18, 19, 20]. Therefore,
the design and structure of the corresponding inverters must meet the spec-
ifications for serving simultaneously the various power production sources.
Furthermore, they are required to cooperate closely with the storing units and
the distribution network by providing high quality power with high operation
efficiency.

Moreover, the dynamic characteristics and the overall behavior of the
aforementioned converter topologies must be quantified adequately in the
context of transient operating conditions. This is particularly important since
the performance of distribution networks is often affected by transient phe-
nomena caused mainly by voltage disturbances due to short circuits and/or
from coupling/decoupling of large loads as well as by resonance related
issues caused by the presence of non-linear loads. Typical methods to com-
bat network-related disturbances include the use of active filters (AFs),
dynamic voltage restorers (DVRs) as well as traditional voltage support
elements (transformers with on load tap chargers, multilevel capacitors)
[21, 22, 23, 24, 25, 26, 27]. As a result, it is undoubtedly important to
guarantee accurate prediction of the behavior of the power distribution net-
work during transient conditions and its incorporation in system analyses for
electric power transmission. This is particularly critical since such analyses
constitute the basis for making decisions related to the stability of power
systems and the corresponding procedures on their commercialization [28, 29].
Therefore, it is evident that the core distribution networks should be con-
stantly aware of the characteristics of each connected RES unit so that power
quality as well as the stability and efficiency of the network are ensured
[30, 31, 32, 33, 34].

1.2 Cooperative Communications

Cooperative communication is an emerging wireless communication tech-
nology that possesses distinct features in terms of deployment, connectiv-
ity and quality of service. Furthermore, cooperative networks have been
shown to be a key contributor towards minimizing traditional require-
ments for fixed telecommunication infrastructure. To this effect, relaying
techniques enable network connectivity where traditional architectures are
impractical due to location constraints and can be applied to cellular,
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wireless local area networks (WLAN), and hybrid networks. The con-
cept underlying cooperative communications is that the source-terminal
communicates with the destination-terminal through a number of relays-
terminals, so called nodes. This concept is also known as multihop relay-
ing transmissions and based on this multihop networks are capable of
broadening radio coverage without necessarily using large transmitting
power [35], [36].

In general, cooperative networks are multihop communication net-
works where the destination-terminal combines the signals received from
both source-terminal and relays [37, 38, 39, 40]. This is a particularly
critical procedure as the signal combining aims to minimize the corre-
sponding information errors in the presence of fading. It is recalled here
that fading is the varying distortion of wireless propagated signals which
are subject to reflection, diffraction, refraction and scattering phenomena
and have been shown to affect the performance and stability of wire-
less communication systems. Therefore, it is evident that analyzing the
performance of multihop wireless communication networks over fading
channels has been an important field of research [35, 36, 37, 38, 39, 40]
and the references therein. Indicatively, in [39] a tight performance bound
for the probability of error in a cooperative network over Rayleigh fad-
ing channels has been proposed. Furthermore, in [41, 42], performance
bounds for multihop wireless communication networks with blind (fixed
gain) relays over Rice, Hoyt and Nakagami-m fading channels have been
derived.

In the same context, with the aid of the well-known inequality between
harmonic and geometric means of positive random variables (RVs), an effi-
cient performance bound for the end-to-end signal-to-noise ratio (SNR)
of wireless multihop networks with cooperative diversity operating over
independent and not necessarily identically distributed (i.n.i.d.) Nakagami-
m fading channels was reported in [43]. Capitalizing on that the pro-
posed bound is a product of arbitrary powers of statistically indepen-
dent squared Nakagami-m (Gamma) RVs, a closed-form expression was
derived for the corresponding moment generating function (MGF). Using
this expression, closed-form lower bounds were deduced for the aver-
age error probability for different digital modulation formats. The offered
results showed a significant improvement in BER of transmitted infor-
mation which constitutes such multi-hop deployments highly efficient and
robust.
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1.3 Contribution

The usefulness and challenges of RES were revisited in detail in Sec. I.A.
Based on this, it became evident that is crucial for power distribution net-
works to possess constantly information on the state of the characteristics
of each individual component of the involved RESs. This will ensure the
stable and robust operation of networks which require a sufficient quality of
the infused energy produced by RESs. This can be achieved in a reliably
manner with the aid of cooperative communication. Specifically, by using
the wireless topologies of relay systems, each RES can be represented by an
equivalent wireless relay node which can receive and transmit information.
As it will be shown, this concept increases the reliability of power distribution
networks as decisions on coupling of certain RESs over other less suitable
ones will be made upon exploiting accurate information about the necessary
component parameters. In more details, the contributions of this work are the
following:

• A cooperative communication topology for efficient communication
between RESs units and the power distribution network is proposed.

• According to the requirements of the operational scenario, each RES unit
acts as a wireless source relay terminal or relay node and the substation
either as a source or destination node.

• Based on the proposed method, the power distribution network can be
notified continuously about the status and characteristics of each RES
unit, enabling it to make an effective decision on the setpoint of each
RES unit.

• The employed cooperative communication topology takes into account
the fading phenomenon and provides significant reduction of communi-
cation errors i.e. reduced bit-error-rate and outage probability.

• The proposed technique is potential to increase significantly the effective
penetration of RESs in the power distribution networks and will ensure
the required energy quality and security of the network.

• The power distribution network will be remarkably flexible as each RES
unit will act as a dynamic adaptive component which will couple to the
network when it meets the energy and stability requirements.

To the best of the Authors’ knowledge, the proposed concept has not been
reported in the open technical literature.
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2 System Model

A MV radial distribution network with high RES penetration level is shown
in Fig. 1. Any MV bus of this network may have RES generation (in terms
of active and reactive power), an energy storage unit (EB) and loads. Conse-
quently, a wireless sensor has to be installed at each MV bus so as to collect
and transmit all the necessary information to the Substation control room. This
piece of information includes the following data:

• RES power generation (both active and reactive).
• RES unit availability (on a daily basis).
• EB unit state of charge.
• Load consumption (both active and reactive).
• MV bus rms voltage level and phase angle.
• RMS current level at the point of common coupling (PCC).
• Active power level at the PCC.
• Report on any voltage disturbance incident (overvoltage, undervoltage,

voltage asymmetry, excessive harmonic distortion).
• Report on any fault incident as well as on the corresponding reaction of

the protection scheme.

On the other hand, each MV bus may accept directives from the Substation
control room through its wireless sensor, such us:

Figure 1 A MV radial distribution network with high RES penetration.
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• RES generation dispatching schemes.
• Load shedding schemes.
• Anti-islanding directions (connect/disconnect directions).
• Load forecast.
• RES generation forecast.

The MV radial distribution network with high RES installations can
be equivalently be considered as a N -hop wireless communication net-
work which operates over independent and not identically distributed
(i.n.i.d.) Nakagami-m fading channels. Specifically, it is assumed that the
source terminal S (WSN21) communicates with the destination termi-
nal D (control room) through a direct link and via N − 1 RES-nodes,
R1(WSN22), R2(WSN23), . . . , RN−1(WSN2N ).

The control room is equipped with a transmit/receive antenna and can
activate/deactivate each of 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 multihop communication 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
multihop communication network.

The WSNs can gather from RES nodes all the appropriate information as
discussed above and play the role of intermediate non-regenerative relays from
one hop to the next which are able to amplify-and-forward 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. Assuming that terminal S is transmitting a signal with an
average power normalized to unity and maximal-ratio combining (MRC) at
the destination terminal (control room), the end-to-end SNR, i.e., the SNR at
the output of D, can be expressed as follows [44] :

γend = γ0 + γ̃ (1)

where

γ̃ =
N∏

i=1

υ2
i g2

i−1

⎛
⎝ N∑

i=1

N∏
j=i+1

N0,i g2
j−1 υ2

j

⎞
⎠

−1

(2)
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where γ0 is the instantaneous SNR between S and D, υi is the fading amplitude
of the ith hop, N0,i is the one sided power spectral density at the input of the
ith relay, and gi is the gain of the ith relay with g0 = 1. Due to the fact that, υi

follows the Nakagami-m distribution, the corresponding instantaneous SNR,
γi, defined as γi = υ2

i /N0,i, is Gamma distributed with probability density
function (PDF) expressed as [45]

fγi(γ) =
mmi

i γmi−1 exp
(
−miγ

γi

)
γmi

i Γ (mi)
(3)

wheremi ≥ 1/2 is a parameter describing the fading severity of the ith hop and
γi is the average SNR, i.e., γi = E[υ2

i ]/N0,i, with E[·] denoting expectation.
By setting αi = mi and βi = γi/mi in (11), (3) is straightforwardly deduced.
The corresponding gain can be expressed as [35]

g2
i = υ−2

i (4)

where the relay just amplifies the incoming signal with the inverse of the
channel of the previous hop regardless of the fading state (i.e., the noise)
of that hop. As mentioned in [35], such relays serve as benchmark for all
practical multihop networks using non-regenerative relays. Furthermore, its
performance in the high SNR region, is equal to the performance of the CSI-
assisted relays which satisfy the average power constraint, with an amplifying
gain in [40, eq. (9)], namely,

g2
i = (υ2

i + N0,i)−1. (5)

By substituting (4) into (2), the end-to-end SNR becomes

γend =
2∑

k=1

γ̃k (6)

where

γ̃k =

⎧⎪⎨
⎪⎩

γ0 for k = 1
N∏

ι=1
γi

(
N∑

i=1

N∏
i�=j=1

γj

)−1

for k = 2
(7)

In order to study important performance metrics of the end-to-end SNR, (7)
should be expressed in a more mathematically tractable form. This can be
achieved with the aid of a tractable upper bound for (6) which is based on the
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well-known inequality between geometric GN and harmonic HN means of N
positive RVs x1, x2, . . . , xN , namely,

HN
Δ= N

(
N∑

i=1

1/xi

)−1

≤ GN
Δ=

N∏
i=1

x
1/N
i (8)

By utilizing (7) and (8), an upper bound for the end-to-end SNR, γub, for
multihop networks with CSI-assisted relays is straightforwardly deduced that
γend ≤ γub with

γub = γ0 + γa = γ0 +
1
N

N∏
i=1

γi
1/N . (9)

Notably, the above results can be used effectively in the constant transmis-
sion of the state and characteristics of each RES. This can ensure the robust
update of the power distribution network and can ensure efficient decision
making with respect to coupling and de-coupling of RESs so that the required
load demands are met.

3 Average Error Probability

Due to the statistical independence of γi and γ0, the moment-generating-
function of the bound of the end-to-end SNR in (9) is expressed as,

Mγub
(s) = Mγ0 (s) Mγa (s) (10)

where Mγ0 (s) and Mγa (s) are the MGFs of γ0 and 1
N

∏N
i=1 γi

1/N , respec-
tively. The MGF, Mγa , is a product of arbitrary powers of N Gamma RVs. To
this effect, we let {Xi}N

i=1 be N independent, but not necessarily identically
distributed (i.n.i.d.), Gamma RVs, with PDF given by

fXi(x) =
xαi−1

βαi
i Γ (αi)

exp
(

− x

βi

)
(11)

where Γ (·) is the Gamma function [46, eq. (8.310.1)] and αi, βi be positive
real numbers. Based on this, the MGF of the new RV Y1 can be expressed as

the product of arbitrary powers of N RVs Xi, namely, Y1
Δ=

N∏
i=1

X
�i/k
i with

�1, �2, . . . , �N and k, being positive integers. Importantly, the MGF of Y1 can
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be expressed in closed-form in terms of the Meijer G-special function [46, eq.
(9.301)] as in [44]

MY1(s) = Λ Gk,r
r,k

⎡
⎣g(s)

∣∣∣∣∣∣
Q�1,1−α1 , Q�2,1−α2 , . . . , Q�N ,1−αN

Qk,0

⎤
⎦ (12)

where

g(s) =
(−1)k (s/k)k

N∏
i=1

(βi�i)
−�i

(13)

and

Λ = k1/2
(√

2π
)−r+N−k+1

(
N∏

i=1

Γ (αi))−1
N∏

i=1

�
αi−1/2
i (14)

where r =
∑N

i=1 �i, Qk,u
Δ= u/k, (u + 1)/k, . . . , (u + k − 1)/k, with u

real. To this effect, by inserting (12) in (10) and the MGF expression of γ0
presented in [45, Table 2.2], the MGF of γub can be expressed as

Mγub
(s) =

(
1 − sγ0

m

)−m N1/2

(2π)(N−1)/2
N∏

i=1
Γ (mi)

(15)

×GN,N
N,N

⎡
⎣h(s)

∣∣∣∣∣∣
m1, m2, . . . , mN

QN,0

⎤
⎦ (16)

where

h(s) = (−1)N (s/N2)N (
N∏

i=1

(γi/mi)
−1)−1 (17)

It is noted here that with the aid of [47, eq. (18)], the Meijer’s G-function
can be written in terms of the more familiar generalized hypergeometric
functions [46, eq. (9.14.1)]. Furthermore, it is recalled that both the Meijer’s
G-function and the hypergeometric functions are standard built-in functions in
most commercial mathematical software packages such as Maple and Math-
ematica. As a result, their computational implementation is realized rather
quickly and straightforwardly.
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Figure 2 BER lower bounds for a cooperative multihop RES network (γi = γ0 = γ and
mi = m = 2).

4 Numerical & Simulation Results

With the aid of the closed-form expression for the MGF of γub in (15),
the average bit error probability (BER) can be evaluated according to the
MGF-based approach for the performance evaluation of digital modulations
over fading channels [45]. This can be achieved for a wide variety of digital
modulation formats such as M -ary phase-shift keying (M -PSK) and M -ary
quadrature amplitude modulation (M -QAM).

For the case of equal average SNR per hop (for all hops, γi = γ0 =
γ), lower bounds for the BER for binary phase shift-keying (BPSK) of a
cooperative multihop RES network are depicted for N = 3 and N = 5 hops. It
is clearly shown that the average BER decreases substantially as the number of
hops increases. Indicatively, for γ̄ = 12 dB, the corresponding BER difference
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Figure 3 BER lower bounds for cooperative multihop RES network versus Nakagami fading
parameter m (γi = γ0 = γ and mi = m).

is up to two orders of magnitude which demonstrates the effectiveness of this
method. This is particularly important in power distribution networks that
employ RESs as the required assessment on the characteristics and figures of
each component can be transmitted remarkably accurately.

In the same context, Figure 3 illustrates the corresponding BER versus
m for the case of BPSK constellation. One can notice the effect of fad-
ing on the system performance. However, by comparing the two figures it
immediately follows that the involved fading variations can be effectively
combated by increasing the number of relay nodes. Since these nodes can be
the RESs themselves, it is evident that deploying this concept in modern power
generation systems and distribution networks can increase substantially their
performance, stability and robustness.
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5 Conclusions

This work was devoted to the deployment possibilities of cooperative com-
munication networks in power distribution networks with increased RES
penetration level. Given the high requirements of RESs for joining the net-
work, it is important that the characteristics of each component are fully
available upon making a decision on the operating conditions of each RES
unit at a given scenario. It was extensively shown that this can be achieved
by employing cooperative communication concepts where each MV bus (e.g.,
RES) can act as a wireless relay node. To this effect, the status of each RES
unit is fully available at the power distribution network with high reliability,
since the corresponding error rate is significantly low.
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