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ABSTRACT 

Smart grids are aimed at improving the operation, 

monitoring, and the control of the electricity networks. The 

deployment of distributed energy sources and electric 

vehicles changes the nature of the electric system and adds 

new challenges to its operation. The massive rollout of 

smart meters and advanced metering infrastructure (AMI) 

is a first step in solving these challenges. AMI-based smart 

grids technologies must be carefully designed and tested 

before they may be deployed in the field, which requires 

appropriate methods and tools. Software simulations, 

although very useful at early design stage, are not 

sufficient at testing and validation stage: they may 

eventually fail to capture important features of the 

physical system under consideration. The aim of our work 

is to set up a hardware and software infrastructure that 

emulates a low-voltage "smart grid" network, both from 

the power and the communication perspectives, and to 

utilize it to realize proofs of concepts of some prototypical 

smart grid mechanisms. 
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INTRODUCTION 

With emerging challenges in the energy landscape, the 
electrical system needs to be changed. These challenges 
include introduction of distributed energy resources and 
electric vehicles, improvement of delivered power quality, 
new control schemes for complex systems, grid economics 
from services as meters reading to maintenance and grid 
reinforcement, etc. Smart grids came to address such 
issues by combining the traditional power system with the 
advanced information and communication technologies 
(ICT). Advanced metering infrastructure (AMI), which is 
used nowadays for automated meters readings (AMR), 
could also support various monitoring and control 
mechanisms for smart grids through its 2-way 
communication capability [1]. AMI-based smart grids 
technologies must be carefully designed and tested before 
they may be deployed in the field, which requires 
appropriate methods and tools. Software simulations, 
although very useful at early design stage, are not 
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sufficient at testing and validation stage: they usually 
abstract a lot of the engineering issues that will occur in 
the real system [2], thus, they may eventually fail to 
capture important features of the physical system under 
consideration. Many hardware tools and software tools are 
built for the simulation and validation of smart grids 
mechanisms. The hardware tools are usually test benches 
that only implement the electric system from the power 
perspective only and ignore the effects of the 
communication part as in [3-4], or they do the opposite 
where they only study the telecommunication perspective 
of a smart grid without having actual power flow in their 
systems as in [5]. These tools are important for unit tests 
and some validation processes however they are not 
sufficient. The software simulation tools on the other hand 
are advancing in the field of simulation of cyber-physical 
systems such as smart grids. They are known as co-
simulation (combined simulation) tools [6-10]. These tools 
however being software implemented are not sufficient for 
the final validation of smart grid applications before the 
deployment in the field. A combination of power hardware 
in the loop PHIL and co-simulation is an advanced option 
compared to each one of them individually as shown in 
[11]. This solution is more reliable for smart grid 
applications validation than the other two however it is still 
relying on simulations. Therefore, building a hardware test 
bench that covers all the domains of the new intelligent 
low voltage grid is needed. 
The aim of our work is to set up a hardware and software 
infrastructure that emulates a low-voltage "smart grid" 
network, both from the power and the communication 
perspectives, and to utilize it to realize proofs of concepts 
of some prototypical smart grids mechanisms in an 
environment that is closer to the real system than pure 
simulations. The major enabler of this work is the 
availability of the smart meters that represent the core 
element of the AMI. The system will be built around the 
Linky smart meter provided to us by Enedis, the main 
distribution system operator in France responsible for 95% 
of the distribution network in the French mainland territory 
[12]. 
This article gives a comprehensive description of the 
system being built. The remainder of this paper is 
organized as follows: It starts with a basic overview of the 
system understudy. Then it shows the building bricks of 
the hardware platform. The paper continues with the 
software framework and the control architecture. The 
paper concludes with a brief overview of the eventual 
smart grid applications use cases that will be tested on the 
platform will be depicted. 
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THE SYSTEM UNDERSTUDY 

The system under study is the low voltage network of the 
distribution system. The elements that will be reproduced 
consist of the MV/LV transformer, substation information 
system, LV electrical lines, smart meters, and customers 
(loads, generators, and energy control system). Voltage 
values are identical to that of French LV networks, that is 
to say, 230V AC nominal voltage. Currents are down 
scaled, in order to draw less power, by a factor of 100. The 
communication technology used is power line 
communication (PLC) that is currently used by the French 
AMI, and an extra communication channel is used for 
additional supervision. 
The setup is being built on stages where a working version 
will be delivered at each stage. A first prototype is realized 
with the most basic elements of a very small network of 
three single phase loads and no generation. In the second 
stage, the network elements are being replaced by more 
sophisticated ones improving the functionality and 
reliability of the platform. In later stages, the work will be 
extended to simulate larger networks with more smart 
meters. With a larger network, we intend to test more use-
cases on several topologies of the LV grid. 

THE HARDWARE PLATFORM 

Each element of the hardware platform is designed to 
emulate the real system’s elements and their flexibilities 
allowing the platform to perform as a sophisticated 
environment for the majority of the use cases. The 
elements are illustrated in Figure.1 below. 

These elements can be classified in three units: 

The secondary substation 

The secondary substation unit contains a 3-phase 

controllable voltage source used as a grid simulator. It is 

used to emulate voltage fluctuations on the MV/LV 

transformer. Its separate phase voltage control, both in 

terms of amplitude and angle, allows to simulate cases of 

“weak MV faults” such as the loss of one of the three 

phases on the MV side (resulting in strongly imbalanced 

voltage on the LV side of the MV/LV transformer). The 

substation unit implements also the information system 

that consists of the so-called “data concentrator” that plays 

the role of the central coordinator of smart meters through 

the PLC communication network, and the 

telecommunication link with the central information 

system.  The coordination in our platform is done with the 

help of a G3-PLC gateway, and the central control 

algorithm of the use-cases undertest is hosted on a standard 

computer. In addition to these “real world” roles, the 

substation implements monitoring and control features that 

would not exist in the field but that are useful in a 

laboratory environment, such as sending setpoints to the 

loads to control how much power they should consume at 

any time. These additional data exchanges are realized 

through a dedicated “utility communication channel” that 

currently uses Ethernet and Wi-Fi technologies. The 

equipment used in the substation is shown in Figure.2.

 

 

 
Figure.1 The hardware platform 

 



 25th International Conference on Electricity Distribution Madrid, 3-6 June 2019 
 

Paper n° 2313 

 
 

CIRED 2019  3/5 

 
Figure.2 The secondary substation 

The customers 

The customers are the nodes of the electric network that 

consist of the following elements: 

Smart meter 

Each customer is connected to the network by a smart 

meter that offers 2-way communication with the central 

coordinator via PLC technology. A second communication 

interface with the customer’s equipment downstream the 

meter is also available and it allows reading data from the 

meter. We can distinguish 3 different roles of a smart 

meter: 

a) a modem: communication interface, 

b) a sensor: measurement device, 

c) an “indirect actuator”: responsible for the control 

commands that will be sent to the customer’s flexible 

equipment, if any. 

Load / generator 

To be consistent with several use cases, each customer’s 

“load” should be able to consume/produce active and 

reactive power, i.e. it should be able to operate in the four 

quadrants of the PQ plane. To limit the size, the cost, and 

the power consumption of the setup, the customers are to 

operate at nominal voltage but with down-scaled currents. 

We chose 1/100 as the current scaling factor. 

Active power is consumed using a PWM-controlled 

resistor. As for active power generation, it is done by a PV 

system emulator consisting of a micro inverter and a 

programmable DC power supply. Reactive power is 

managed simply by a bank of switched capacitors and 

fixed inductors. 

 

Current loop 

The system is operating at voltage values identical to the 

French low voltage grid, that is to say, 230 Vac nominal 

voltage. With the currents being down-scaled, the current, 

power, and energy readings of the smart meters will be 

affected. To account for this scaling at meter-level, a 

current amplifier that reads the current flowing in the load, 

re-amplifies it using the same scaling factor, then injects it 

in the meter is used. This setup is referred to as a “current 

loop”. Although this device is not very critical, since all 

values could be measured and re-scaled in the software, it 

has two main advantages; first the meter’s breaker 

wouldn’t trigger for over-consumption in the reduced-

scale case, and second the accuracy of meter readings 

should be better at normal (not down-scaled) values. 

Additional measurements 

On top of the smart metering infrastructure, other 

measuring instruments are used in the setup. Each 

customer in the setup is then equipped with an energy 

meter connected via ethernet to the central coordinator. In 

addition to these meters, current sensors are used on the 

lines. These measurements are used for extra supervision 

in the experimental setup only, and would most probably 

not exist in the field. 

Micro-computer 

The micro-computer at the customer premises plays a 

significant role in operating other equipment. It reads 

measurements and data of the smart meter and of the other 

measuring instruments. Also, it reads the state of the 

current loop and changes its state (ON/OFF). Moreover, 

the micro-computer is the responsible of controlling the 

load to follow a variable load profile. In addition to these 

basic roles, the micro-computer could serve as a local 

controller, at a domestic level, which can be considered as 

the customer’s “energy box”. Such an energy box could 

perform customer-level load management tasks, such as 

shedding non-priority loads whenever the customer’s 

subscribed power is about to be exceeded.  We chose the 

Raspberry Pi 3 for this mission. 

 

LV lines 

The power lines are modeled with proper impedance that 

is valid at both 50 Hz and the narrow band PLC frequency 

range 35-91 kHz (CENELEC A) as specified by European 

standard [13]. The concept of “proper” is different in the 

two cases. At 50 Hz, the proper impedance has 100 times 

the real value so that the correct voltage drops happen at 

reduced currents. In the 35-91 kHz band, the goal is to have 

a realistic attenuation of the PLC signal. 

A first realization of a small network of three customers is 

shown in Figure.3 below. 
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Figure.3 Small single-phase network 

THE SOFTWARE ASPECTS 

The software framework 

The hardware platform can host different monitoring and 
control algorithms and use-cases with different levels of 
complexity. It will also be coupled with a sophisticated 
software platform that is being developed in a joint project. 
The software has advanced capabilities in the fields of 
control, optimization, and communication, which aims at 
managing flexibilities and eliminating congestions in the 
LV network. Its methods depend entirely on the smart 
metering data through the advanced metering 
infrastructure [14]. The hardware platform represents an 
excellent environment for testing the methods 
implemented in this software by replacing simulated 
communication aspects and simulated power flows by real 
communication and real measurements. 

The control architecture 

The platform has the capability to perform computations 
at its root computer at the substation, or locally at the 
nodes’ micro-computers. Information exchange among the 
computing units occurs via the advanced metering 
infrastructure that links them. The telecommunication 
network is thus not abstracted, and by no means considered 
as “perfect”: real powerline communication (PLC-G3) is 
implemented. The communication capabilities may be 
further degraded artificially by the addition of PLC filters, 
signal attenuators, and by the injection of noise and traffic 
in the narrow band PLC frequency range. This allows to 
test variety of control algorithms that can be central, 
distributed, or a combination of both in a close-to-reality 
environment on one hand, and to study their robustness 
against communication challenges on the other hand. 
Furthermore, some control algorithms could be 
implemented directly in the customers’ equipment. An 
example is the P(U) & Q(U) control done by the PV 
inverter. We can therefore deploy control algorithms of 
hierarchical nature involving a central algorithm 
(substation-level) on a main computer and distributed 
algorithms (domestic-level) on micro-computers in 
addition to some control algorithms that could be directly 
implemented in the customers’ equipment (device-level).  
For instance, a smart grid control scenario that spans the 

three control levels can be as follows; the main control 
optimization is solved centrally and set points are sent to 
the customers through the metering infrastructure. At 
customer-level, another layer of control takes the set points 
as inputs and manages their equipment consumption and 
production accordingly. The PV inverter is left to manage 
the reactive power as per voltage value Q(U). 

USECASES: A PERSPECTIVE 

The smart grid applications that can be implemented and 

tested on our platform involve a wide range of grid 

monitoring, control, and information and communication 

technologies (ICT) use-cases. A set of use cases has been 

chosen to be tested in the platform. The use cases chosen 

can be classified under the three categories mentioned 

above: 

Grid monitoring 

These are the cases where no direct action on the grid is 

involved. The goal is to improve information about the 

system state. The supervision of the grid under normal and 

abnormal operation (such as “weak MV faults” as 

described in the introduction) is based on the AMI 

measurements and possibly subsequent calculations 

(known as “state estimation”). Our choice for grid 

monitoring under normal operation was to use state 

estimation data to produce the inputs of a local LV 

controller. Detection of abnormalities like inaccurate data, 

“weak faults” or partial (small area) voltage cuts, either on 

the medium voltage level (MV) or the low voltage level 

(LV), is an interesting topic to be tested. 

Grid control 

The focus in grid control is on the control of flexibilities, 

mainly for mitigating low voltage grid congestions. Two 

particularly interesting cases are to be conducted: the 

control of photovoltaic systems (PV) and the control of 

electric vehicles (EV). By the control of PV we refer to the 

active and reactive power control as a function of voltage 

i.e. P,Q(U). This type of control can be done at the three 

control levels: central, domestic and device level or 

combinations of the three. The control of EV is considered 

as more complex than PV as it requires a look-ahead 

planning of the actions to be taken, since the effects of EV 

control are much less transparent to the user than the 

curtailment of generated power. 

Information and communication technologies 

As the name of this category suggests, it involves use cases 

that are issues of ICT rather than power engineering. We 

can distinguish two main issues: the non-idealities of the 

communication channel, and the scalability and ease of 

parameterization of the system. The first use case chosen 

is the stress-testing of the robustness of the monitoring and 

control applications against the degradation of the PLC 

communication performance. This is realized by polluting 

the network with noise, congesting it with traffic in the 

PLC frequency band, or interrupting the communications 
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with some nodes temporarily using filters. The second use 

case is the study of the robustness of the control and 

monitoring applications against changes in the system 

topology. For example, what is the response of the control 

algorithm if a new customer arrived, a customer departed, 

or the network is reconfigured? 

CONCLUSION 

Due to the increasing integration of power system and ICT 

processes in the evolution of smart grids, appropriate tools 

for validating their applications in a close-to-reality 

environment is required before any deployment. Various 

simulation approaches have been proposed for simulating 

smart grids in a cyber-physical manner. All these 

approaches have their advantages, however they are not 

sufficient. In this paper, we showed an overview of a 

hardware-based, down-scaled experimental setup that 

allows the simulation and validation of several smart low 

voltage grid applications while taking into account the 

various cyber-physical perspectives, that is to say, the 

power and telecommunication aspects. 

The setup is now in its assembling phase. Unit tests have 

been carried out on its various modules and a small 

prototype is built for basic demonstrations. Ongoing work 

for realizing a larger system shall produce a more 

advanced tool for testing more applications.  
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