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ABSTRACT 
Information and communication technologies (ICT) play 
significant role in modern smart grids (SG). SG 
functionalities require implementation of devices with 
computing performance into the grids and communication 
network between these devices. This has also been the case 
in a low-voltage direct current (LVDC) electricity 
distribution system, to which remote and automated grid 
monitoring and control system besides advanced metering 
infrastructure (AMI) have been integrated. To get the full 
potential of the LVDC SG platform, customer load control 
is essential when demand-side-management-related 
functionalities are considered. This paper addresses the 
design of active customer interface (ACI) for the 
implementation of the load control functionality to the 
LVDC smart grid concept.  

INTRODUCTION 
Electricity distribution networks are heading toward smart 
grids (SG). Globally, the term smart grid includes a 
competitive and liberalized environment with the energy 
producers, micro-generation facilities and modern 
electricity distribution systems.  

The objectives listed in EU’s 20-20-20 target [1] have 
partly changed the electricity production scheme; the 
number of distributed generation (DG) units or 
decentralized connections of renewable energy 
technologies, such as wind turbines, and photovoltaic cells 
has increased at the customer end. In addition, with 
electrical energy storages (eESs), of which the number has 
and will be further increased in smart grids, the electrical 
power can be stored for the electricity blackout. Thus, the 
electricity distribution can be sustained during faults by 
operating in island mode. To be able to control the power 
flow in the grids, and provide uninterrupted energy supply 
to the customers, integration of information and 
communication technology (ICT) systems with the 
distribution grids have become a major cornerstone of 
SGs. ICT system includes intelligent electric devices 
(IEDs) and communication technologies, which both are 
needed to implement smart functionalities, such as  
monitoring of the distribution system and the statuses of 
the DG and eES units in the grids, and the behaviour of the 
customers, including their electrical energy consumption. 
All this information is stored locally, and transmitted to the 
remote data bases of the distribution and transmission 

system operators (DSO, TSO) [2]. With this information 
(especially the customer load data), the efficiency, 
reliability, and the flexibility of the electricity production 
and distribution can be improved. Customer load control 
is used, for instance for demand side management (DSM) 
and demand response (DR). Load control is essential for 
optimizing the energy consumption in grids. The power 
consumption peaks can be equalized by the combined use 
of the DGs and eESs, and by controlling customer loads. 
Further, monitoring and controlling of the whole grid to 
provide continuous and reliable power distribution for the 
customers is needed. 

General functionalities for modern SGs listed above are 
also implemented to the low-voltage direct current 
(LVDC) electricity distribution system, which is the 
studied SG concept. An LVDC field research site with its 
main properties and functionalities is presented in [3] and 
[4]. The LVDC ICT system comprising an Internet 
protocol (IP) based communication concept for the DC 
grid between the power electronic converters is presented 
in [5] [6]. However, for the implementation of the 
customer load control, the ICT system has to be extended 
to cover the whole LVDC system, including the customer-
end AC grids. In addition to the communication network 
extension, additional IEDs are needed inside the customer 
premises. These together form an active customer interface 
(ACI) platform. In this paper, the design of the ACI and its 
operation in the LVDC system is proposed. 

LVDC SMART GRID CONCEPT 
In the LVDC system, low-voltage DC and power 
electronic devices are applied in the electricity 
distribution. The concept of the LVDC distribution 
system, and the architecture and the dimensions of the 
LVDC field research site are illustrated in Fig. 1 [4].  

 
Fig. 1. LVDC system with the ICT built into a research site. 
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LVDC research site 
The LVDC SG concept is implemented in a public 
electricity distribution network operated by the Finnish 
DSO Järvi-Suomen Energia Oy, and owned by the energy 
company Suur-Savon Sähkö Oy. The LVDC research site 
is implemented in co-operation with Suur-Savon Sähkö 
Oy and it is located in Suomenniemi, Finland.  

The medium-voltage (MV) 20 kV AC is transformed into 
low-voltage AC with a 20/0.53/0.53 kV double-tier 
transformer. AC is then rectified with a commercial grid-
tie rectifying converter (GC) to LVDC, and delivered to 
the customers with bipolar-structured (±750 VDC and 
middle point 0 V) underground network. At the customers, 
customer-end inverters (CEIs) convert the DC to standard 
230/400 VAC, which is supplied to the customer loads 
through a three-phase customer-end AC grid [4]. The 
length of the AC grid from the CEI to the customer premise 
and the customer utility box is around tens of meters. 
Compared with low-voltage AC grids, the LVDC system 
provides certain advantages to the power distribution: 

· With the highest DC voltage level 1500 V still rated 
as low-voltage [7], approximately four times more 
power can be distributed, and seven times longer 
distribution distances as a function of voltage drop can 
be covered by using the same underground-cabled 
network used in the low-voltage AC distribution [8].  

· The effects of short-time faults in the MV grid are not 
experienced by the customers, because of the energy 
storage capacitors implemented in the GC and at the 
CEIs; high-quality AC voltage can still be delivered 
to the customers during such faults. This feature is 
improved when an eES is implemented to the DC grid. 

· Connection of DG and eES units, such as solar panels 
and battery banks to the DC grid is an advantage; 
synchronization of them with the DC is not required.  

· Accordingly, the DC grid can sustain itself as an 
island grid and remain functional when the connection 
to the MV grid is not available. 

To  get  the  full  potential  of  these  features,  SG  
functionalities, such as active on-line grid monitoring have 
been integrated on the LVDC system, and thus IEDs, and 
communication network are required. The concept of the 
ICT system with the main SG functionalities on the LVDC 
research site is illustrated in Fig 1. The grid converter (GC) 
and each CEI are equipped with embedded PC (EPC) and 
communication interface (CI). Local communication 
network is installed between these.  

The LVDC research site with the SG functionalities is 
presented in [4]. Next system development milestones are:  
· Implementation of battery energy storage system 

(BESS); has been in operation since 10/2014 (Fig. 1). 
· Implementation of active customer interface with load 

control functionality to each customer.  

While, the BESS has already been implemented with 
direct connection to the DC grid [9], the final task to 
complete the SG concept is to design and implement the 
ACI,  and  integrate  it  to  the  LVDC  ICT  system.  The  
concept of active customer interface is presented in [10], 
and applied in the LVDC system; it interconnects the usage 
of modern power electronics in electricity distribution, 
advanced metering infrastructure (AMI) and two-way 
communication between the remote data bases and 
applications of the DSO, service providers and energy 
market players to form a SG platform [10].  

LVDC ICT system 
The communication network of the LVDC ICT system is 
IP based, and implemented with multi-core optic fibre 
between the GC and CEIs, installed next to the DC 
underground cable. The communication interfaces in this 
case are Ethernet switch at the GC, which comprise 
Ethernet-to-fibre slots, and Ethernet-to-fibre converters at 
each CEIs. The IED at the GC and each CEI are 
implemented with Linux-based EPCs, and those are 
interconnected through the underground optic fibre 
network. The smart grid functionalities are implemented 
and written with C. The LVDC system is connected with 
ADSL connection, and 3G modem through a mobile 
network as a back-up connection, to the DSO’s grid 
monitoring systems, and the remote web-server, where all 
the data is gathered and presented. Data transmission over 
Ethernet is implemented with custom made protocol based 
on fixed size TCP/IP packets developed for the application 
[11]. The LVDC ICT system is illustrated in Fig. 2. 
 
The BESS is equipped with similar EPC that of the GC and 
CEIs. It controls the operation, use and utilization of the 
BESS, monitors the battery cells, and transmits the current 
state-of-charge (SOC) statuses to the GC EPC, which 
stores the information to its logs (local memory and 
provides the information through the web server). The 
BESS control and monitoring has already been integrated 
to the remote on-line monitoring system of the LVDC ICT 
system [9].  The  web portal  of  the  LVDC remote  on-line  
monitoring system is presented in [6].  
 

 
Fig. 2. LVDC ICT system architecture with the IEDs (embedded 

PCs)  at  the  GC,  BESS  and  CEIs,  and  the  communication  
networks. 
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ACI DESIGN FOR THE LVDC SYSTEM  
For the implementation of the customer load control 
functionality, the ACI platform is required. ACI is built on 
the CEI embedded PC, and comprises an additional load 
control unit (LCU) inside the customer premise, and 
communication network between these [11]. By this 
architecture, the ACI platform is able to provide the 
customer load control functionality, and is interconnected 
with the upper remote control and DR/DSM. To get access 
to the customer loads, the additional LCU located close to 
the loads is required. In the LVDC field system, the CEIs 
are located next to the customer premises in the range of 
few tens of meters. Thus, between the CEI and customer 
utility box (CUB) inside the customer premise there is a 
low-voltage AC cabling. Therefore, for the ICT system 
extension to cover the customer premise and to enable the 
load control functionality, between the LCU and the CEI 
EPC, a communication network is required.  
 
Applicable communication technologies for this last meter 
are power line communication (PLC) and wireless sensor 
networks (WSNs). These are both commonly considered 
for smart grid communications. Therefore, PLC and WSN 
technologies are used in the demonstrations of the 
integration of the ACI and customer load control. Both 
narrow-band PLC with low data rates, and broadband PLC 
with Mbps data rates are studied for the LVDC ICT system 
[5] [12]. Moreover, the narrow-band PLC is studied in the 
customer-end AC grid in [13]. The data amounts between 
the CEI EPC and LCU in customer premise are not major, 
only bytes of information about the load control data. 
Thus, narrowband PLC would be more appropriate over 
the broadband. With modern PLC modems, IP is 
supported, which provides compatibility between the CEI 
EPC and the LCU. WSN technologies for the SGs are 
studied in [14] [15]. Those provide low-cost solutions to 
the last meter applications. The network between the CEI 
EPC and LCU inside the customer premise can be 
implemented with a wireless IEEE 802.15.4 link.  

ACI network architecture 
If the communication network between the CEI EPC and 
LCU  inside  customer  premise  is  wired  (Fig.  3  |1|),  for  
instance PLC, the communication is IP-based for the last 
meter and this provides compatibility for the 
implementation of the load control functionalities between 
the CEI EPC and the LCU. However, if the communication 
medium is replaced and carried out with WSN (Fig. 3 |2|), 
the  (IP)  data  packet  must  be  sent  on  the  wireless  
communication protocol. Thus, whether the PLC or WSN 
is chosen the, LCU should have connection available for 
these both; RJ-45 for the Ethernet connection to the PLC 
modem, and also interfaces for the wireless radio modules. 
Moreover, the LCU should be programmable, low-cost, 
but still have computational performance [11]. 

 
Fig. 3. ACI network architecture between the CEI EPC and LCU 

inside the customer premise. 

Based on these demands, and for the research purposes, 
Raspberry Pi (RPi), a commercial Linux-based single-
board computer was chosen for the LCU. Load control 
functions can be written in C program to the RPi, and this 
provides straightforward integration of the load control 
functionality to the LVDC distribution management 
system; all functionalities and whole system operation is 
written with C. RPi provides also enough memory and 
interfaces for connecting either Ethernet (for PLC,) or 
GPIOs and USB ports for the wireless radio module 
connections.  

Wireless sensor network in ACI 
The modules for the WSN of the ACI platform are XBee 
Pro [16], which are based on ZigBee standard developed 
by ZigBee Alliance. The ZigBee standard operates on 
IEEE 802.15.4 physical radio specification, which is 
packet-based radio protocol for low-cost devices, and 
operates in unlicensed bands of 868/900 MHz, and 2.45 
GHz. XBee modules provide easy-to-implement solution 
to various applications, and point-to-point connections and 
mesh networking (namely XBee DigiMesh), where radio 
nodes operate as relays for data; packets are transmitted 
with hops over the modules to the desired destination [16].  
 
For the network architecture, when the system is fully 
implemented with WSN, 868 MHz radio modules 
(allowed in Europe) are used for the data transmission 
between the CEI EPC and the RPi. For the network inside 
the customer premise there are 2.45 GHz modules applied. 
This is because of the radio signal penetration concerns; 
the data transmission power with 2.45 GHz is only 10 mW, 
and the radio module in the CEI is inside the CEI cabinet, 
and the other module is inside the customer premise. 
Besides these, the foliage of the trees, and the landform 
between the customer and CEI, or even heavy rain of thick 
snowfall during winter time, makes the radio link quality 
challenging with the 2.45 GHz band. Thus, for the 
reliability and proper link quality in all cases, the 868 MHz 
modules are chosen for the link between the CEI EPC and 
LCU. In addition, this makes network architecture more 
simple and the bandwidth allocation more effective; lower 
MHz  band  for  the  outdoor  and  GHz  band  inside  the  
customer premise. The data transmission network inside 
the customer premise in detail is illustrated in Fig. 4.  
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Fig. 4. Data transmission network implemented with 2.45 GHz WSN 

inside the customer premise. 

The XBee radios can be programmed as a coordinator, 
router or end node. Thus, the 2.45 GHz XBee module 
connected to the RPi is assigned as a coordinator; it is the 
master of the indoor network and coordinates the network 
inside the customer premise. The RPi takes commands 
from the CEI EPC whether the interconnection is 
implemented through PLC or 868 MHz XBee module. In 
the case of wireless sensor network, the 868 MHz XBee 
module is assigned as a router or end node, and the module 
attached to CEI as a coordinator. By this way the hierarchy 
in the network under the CEI EPC is remained; the RPi is 
the slave of the CEI EPC.  
 
For the customer load control, the RPi is connected via 
2.45  GHz  XBee  modules  to  a  relay  controller  board  
(RCB). This is because, the CUB where the RCB is placed 
can be relatively distanced from the RPi, and thus 
additional wires are not required. The RCB used has to 
have sufficient capability to turn on/off high load current. 
Thus, a commercial RCB chosen for the ACI has eight 
relays and with 30A/240VAC contact rating in each relay. 
The RCB is connected to each phase. By this way 
sufficient amount of customer loads can be controlled. The 
RCB is equipped with I2C bus controller, and up to eight 
RCBs can be linked to the same I2C bus. For the I2C bus 
a modest micro controller (µC) and XBee module are 
connected (Fig. 4). The loads are controlled by the RPi via 
I2C bus over the XBee modules. After a load control 
packet has been sent from the RPi over the I2C bus to the 
RCBs, based on the updated load control look-up table in 
the CEI EPC, the RCBs changes the relay states 
accordingly, and verifies the relay statuses by sending the 
current relay states back to the RPi.  
 
In  addition  to  the  XBee  module  in  the  RCB,  few  other  
XBee modules that work as end nodes are placed to the 
customer premise to measure, for instance indoor and 
water heater temperatures. Measurements are carried out 
by XBee module built-in temperature sensor or an 
additional one connected to the module. Each XBee 
module is powered with 5 VDC, from USB power plug.  

Moreover, a graphical customer interface (GCI), for 
instance a touch screen is connected directly to the RPi 
GPIOs and by this way the customer can follow the current 
energy consumption, and is given an option to manage 
locally and straightforward the load control states, or 
disable the whole load control functionality. By this way, 
the ACI platform is flexible and capable to be used as a 
customer building automation system.    

Demonstrations of the ACI  
Currently, single functionalities of the ACI have been 
tested successfully. RCB control with RPi via I2C bus and 
temperature sensor readings, both over the wireless link 
are implemented in the laboratory. The next steps are:  
1. Build a functioning C program in the RPi to 

demonstrate the operation of the ACI platform with 
the load control in a laboratory environment.  

2. Interconnect and integrate the RPi functionalities to 
the LVDC ICT system first in the laboratory, and run 
some demonstrations. 

3. Integration of the ACI platform with load control 
functionality to the customer premise, and integrate it 
with the LVDC ICT system and the distribution 
management system in the field research site. 

4. Develop algorithms and the functionality for 
interconnecting the BESS and the load control of each 
customer, and link the electricity price information by 
the electricity market vendors to the whole system.  

5. Tests of the LVDC system in island mode with full 
integrity of the BESS and customers’ load control. 

 
The implementation and the functionality tests, and the 
development of the ACI platform in the LVDC research 
site will be discussed in future publications.  

CONCLUSIONS AND FUTURE WORK  
Design of an active customer interface (ACI) concept for 
the implementation of customer load control functionality 
to the low-voltage direct current (LVDC) electricity 
distribution system was presented in this paper. The ACI 
concept includes; 1) smart devices inside the customer 
premise for controlling the customer loads, and 2) local 
communication networks (wired or wireless), which 
interconnect the load control functionality to the 
embedded PC in the customer-end inverter (CEI), and thus 
to the existing LVDC ICT system.  
 
State of charge (SOC) of the battery energy storage system 
(BESS) in the LVDC grid, temperature information inside 
the  customer  premise,  time  of  the  day,  and  price  of  the  
electricity are all used as inputs when customer loads are 
controlled. In future, when the ACI is implemented to the 
customer side and the load control algorithms utilized in 
practise, the load control functionalities will be further 
enhanced. In addition, while the experiences of the use of 
the ACI are gathered, the complete functionality of the 
LVDC SG system platform will be further developed.  

Ethernet

GCI Local 
load control

sensors

Customer premise

CUB
P1

P2
P3

PEN

RJ45

868 MHz

Customer
loads

XBee & µC

2.45 GHz

Indoor
temperature

Water 
heater

Water temperature

XBee modules

Coordinator
Router
End node

RCBs
I2C

PLC

RPi



 23rd International Conference on Electricity Distribution Lyon, 15-18 June 2015 
 

Paper 1137 
 

 

CIRED 2015  5/5 

ACKNOWLEDGMENTS 
This work was supported in part by Smart Grids and 
Energy Markets (SGEM) research program coordinated by 
CLEEN Ltd. with funding from the Finnish Funding 
Agency for Technology and Innovation, TEKES. 
 
 
REFERENCES 
 
[1] European Commission, 2008, Impact assessment on 

the Eu’s objectives on climate change and renewable 
energy, Brussels, Belgium. 

[2] I. Hauer, A. Naumann, M. Stötzer, and Z. A. 
Styczynski, 2012, "Communication interface 
requirements during critical situations in a smart 
grid," Proceedings IEEE PES International 
Conference and Exhibition on Innovative Smart Grid 
Technologies (ISGT Europe), 14-17 Oct., Berlin, 
Germany. 

[3]  P.  Nuutinen,  T.  Kaipia,  P.  Peltoniemi,  A.  Lana,  A.  
Pinomaa, P. Salonen, J. Partanen, J. Lohjala, and M. 
Matikainen,  2013, "Experiences from the use of an 
LVDC system in public electricity distribution," 
Proceedings International Conference on Electricity 
Distribution (CIRED), 10-13 Jun., Stockholm, 
Sweden. 

[4]  P.  Nuutinen,  T.  Kaipia,  P.  Peltoniemi,  A.  Lana,  A.  
Pinomaa, A. Mattsson, P. Silventoinen, J. Partanen, 
J. Lohjala, and M. Matikainen, 2014, "Research site 
for low-voltage direct current distribution in an utility 
network – Structure, functions and operation," IEEE 
Trans. Smart Grids, vol.  5, no. 5, pp 2574-2582, Sep. 
2014. 

[5] A. Pinomaa, 2013, Power-line-communication-
based data transmission concept for an LVDC 
electricity distribution network – Analysis and 
implementation, Ph.D. dissertation, Dept. Electr. 
Eng., Lappeenranta, Finland. 

[6] A. Lana, 2014, LVDC power distribution system: 
Computational modelling, Ph.D. dissertation, Dept. 
Electr. Eng., Lappeenranta, Finland. 

[7] European Commission, 2006, Low-voltage directive 
LVD 2006/95/EC, Brussels, Belgium. 

[8] T. Kaipia, P. Salonen, J. Lassila, and J. Partanen, 
2006, "Possibilities of the low voltage dc distribution 
systems," Proceedings Nordic Distribution 
Automation Conference (NORDAC), 21-22 Aug., 
Stockholm, Sweden. 

[9]  P.  Nuutinen,  A.  Lana,  T.  Kaipia,  A.  Mattsson,  A.  
Pinomaa, P. Peltoniemi, J. Karppanen, J. Partanen, P. 
Silventoinen, and M. Matikainen, 2015, 
"Implementing a battery energy storage system with 
a converterless direct connection to an LVDC 
distribution network," Proceedings International 
Conference on Electricity Distribution (CIRED), 15-
18 Jun. 2015, Lyon, France. 

 

[10] P. Järventausta, J. Partanen, and S. Kärkkäinen, 
2008, "Interactive customer interface for advanced 
distribution management and electricity market," 
Proceedings SmartGrids for Distribution, CIRED 
seminar (IET-CIRED), 23-24 Jun., Frankfurt, 
Germany. 

[11]  A.  Pinomaa,  A.  Lana,  T.  Kaipia,  P.  Nuutinen,  P.  
Peltoniemi, J. Karppanen, A. Mattsson, J. Partanen, 
2014, "Technical requirements for customer-end 
devices and communication network in 
implementing smart grid functionalities to LVDC 
system," Proceedings Nordic Distribution 
Automation Conference (NORDAC), 8-9 Sep., 
Stockholm, Sweden. 

 [12] A. Pinomaa, J. Ahola, A. Kosonen, and P. Nuutinen, 
2014, "Power line communication network for a 
customer-end AC grid in an LVDC distribution 
system," Proceedings IEEE International 
Conference on Smart Grid Communications 
(SmartGridComm), 3-8 Nov., Venice, Italy. 

[13] A. Pinomaa, J. Ahola, A. Kosonen, and P. Nuutinen, 
2013, "Applicability of narrowband power line 
communication in an LVDC distribution network," 
Proceedings IEEE International Symposium on 
Power Line Communications and Its Applications 
(ISPLC), 30th Mar.  -  2nd Apr., Johannesburg, South 
Africa. 

[14] D. Niyato, P. Wang, and E. Hossain, 2012 
"Reliability analysis and redundancy design of smart 
grid wireless communications system for demand 
side management," IEEE Wireless Comm., vol. 19, 
no. 3, pp. 38-46, Jun., 2012. 

[15] V. C. Gungor, B. Lu, and G. P. Hancke, 2010, 
"Opprotunities and challenges of wireless sensor 
networks in smart grid," IEEE Trans. Ind. 
Electronics, vol. 57, no. 10, pp. 3557-3564, Oct., 
2010. 

[16] XBee DigiMesh data sheet. Available at: 
http://www.digi.com/pdf/ds_xbeedigimesh24.pdf, 
14.1.2015. 

 
 
 


