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Abstract. An increased number of distributed small generators connected to the 

power grid allows higher total efficiency and higher stability of electrical power 

supply by exporting energy to the grid to be achieved during peak demand 

hours. On the other hand, it poses new challenges in structuring and developing 

the control approaches for these distributed energy resources. This paper pro-

poses an improved method of real-time power balancing targeted to reaching 

long-term energy management objectives. The novel long-term energy man-

agement technique is proposed, that is based on load categorization and regula-

tion of energy consumption by regulating electricity price function estimated 

with the proposed mathematical model. The method was evaluated by a 

LabVIEW model by simulating various types of loads. The price function for 

the defined energy generation pattern from renewable energy sources was ob-

tained. 

Keywords. Intelligent Distribution Grid, Nanogrid, Energy Management, In-

stantaneous Power Balancing, Short-Term Energy Management, Pricing. 

1 Introduction 

The dynamic of worldwide installed power utilizing renewable energy sources (RES) 

is increasing year by year [1], showing global awareness of climate change and the 

footprint of human behavior on the nature: like mining activities that change the land-

scape and damages caused by oil plants. Another problem is related to the total effec-

tiveness of energy from the primary fuel. It relates to the total system efficiency of 

energy delivery to the end-user from a mining site, which includes energy losses at 

middle stages, like use of energy at the mining stage, energy conversion losses, 

transmission (mechanical and electrical) losses, as well as end-device efficiency. 

Consequently, locally generated energy (especially from renewable energy sources) is 

preferable because it excludes most of the mentioned losses. 

As more distributed small generators are connected to the power grid, higher total 

efficiency and higher stability of electrical power supply by exporting energy to the 
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grid during peak demand hours. On the other hand, it poses new challenges in struc-

turing and developing the control approaches for these distributed energy resources. 

Thus, it can be concluded that the centralized generation is moving towards distrib-

uted, plug-and-play type of generation that requires a special control approach. Im-

plementation of centralized control for such a dispersed grid is unacceptable, thus 

some kind of distributed control is to be realized. 

The advantages of Multi-Agent System (MAS) use in control applications  de-

scribed in [2] demonstrate the effectiveness of this approach in the organization and 

management of the intelligent distribution grid in large-scale applications. 

This paper discusses different energy management approaches for an intelligent 

grid that consists of RES, energy storage devices and controllable loads. An improved 

instantaneous energy management method is described  targeted to obtaining long-

term objectives and a novel long-term energy management approach is proposed 

based on load categorization and regulation of energy consumption by regulating 

electricity price function. 

2 Relationship to Internet of Things 

Concerning growing interest in intelligent systems that acquire data from network 

sensors, much higher predictive operation of household appliances is expected [3]. 

The concept named Internet of Things delivers the idea of connecting each smart 

appliance to the Internet, helping to communicate with the data center and providing 

advanced functionality (such as predictive connection of loads) that could help to 

solve the problem of peak demand, by scheduling of distributed generators and shed-

ding the end-user’s load or in other words, enabling demand-side management [4] [5]. 

The idea of Internet of Things covers a large functionality of the smart nodes, but 

this article uses a simplified model to test the long-term scheduling approach by using 

a bidirectional communication between the sources and loads on the one side and the 

data center on the other side. 

3 State of the Art in Energy Management 

Currently a major effort is focused on the approaches that keep energy balance in 

small-scale networks, such as nanogrids [6][7], microgrids [8]. The energy manage-

ment approaches are divided into groups which differ by the period of management: 

instantaneous (real-time) energy management, keeping balance in the period of milli-

seconds or seconds, short-term energy management, with periods of seconds to hours 

and long-term energy management, which defines energy management strategy to 

fulfil objectives for weeks and months. 
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3.1 Instantaneous Energy Management 

The operation in islanded mode requires special control techniques for energy genera-

tion units as they should regulate the output power with the demand of the local grid. 

For this reason the droop control approach is mostly utilized both in AC and in DC 

power distribution grids, which defines the method of power sharing between various 

sources by means of definition of different droops according to their nominal power 

[9].  

The droop control differs between AC and DC grids, because in a DC grid only 

supply bus voltage should be regulated, but in an AC grid – voltage and frequency. 

AC droop control is realized in the following way – the amount of active power is 

tight with the frequency, but reactive power with voltage reference. When a genera-

tor’s output power becomes more capacitive, it increases the voltage reference, which 

increases the output power of the generator, at the same time decreasing the output 

frequency, thus sharing power with other generators. 
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Fig. 1. Droop control method – V-droop for DC grid, Eƒ-droop for AC grid 

From the point of view of energy management, DC distribution grids provide less 

problems, as only single parameter should be regulated within the defined levels. In 

contrast, energy management in an AC grid requires more attention due to inherent 

problems of reactive power fluctuations, harmonics, unbalances, as well as certain 

difficulties for generators to operate in no load conditions. These problems are com-

pared in the table below.  

Table 1. Comparison of instantaneous power balancing control challenges in AC and DC grids 

Problem AC grid DC grid 

P – active power balance ● ● 

Q – reactive power balance ●  

F – frequency control; synchronization; ●  

Harmonics, 3-phase unbalance ●  

R=∞ – no load condition ●  

Imax - Inrush currents ● ●  

3.2 Short-term Energy Management 

Instantaneous power balancing provides power sharing approach between various of 

sources. However it does not provide information about the resources of the grid, for 
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instance, islanded DC grid consisted of 1 kW source and 500 W load will operate at 

the same voltage level as second islanded DC grid, which consists of 10 kW source 

and 5 kW load. It means, that in one case there is no possibility to supply additional 1 

kW load, but in other grid – there is possibility. Thus, special control approach is 

needed to overcome this issue. 

In [10] the DC bus signalling (DBS) approach is applied to this problem. The con-

trol technique is based on different disconnection delays for different priority loads 

when DC bus undervoltage condition is occurred, thus enabling to lowest priority 

loads with shorter delays to disconnect faster, releasing power for higher-priority 

loads. The drawbacks of described approach are the following: the delays are set con-

stantly, meaning that the controllability of such approach is limited; there is always 

trade-off between the delay periods (with longer periods it is possible to define more 

steps of load prioritization) and the quality of DC bus voltage, as the longer are de-

lays, the bigger are voltage dips.  

In our opinion, the communication hardware should be used to provide better 

short-term energy management that would eliminate unwanted voltage dips. 

3.3 Long-term Energy Management 

According to literature [11], with proper control of microgrids it is possible to realize 

long-term objectives, such as the reduction of CO2 emissions by a certain percentage 

or export a defined amount of energy to the grid during some period (week, month or 

even year), which could be required by contract statements or transmission network 

operator’s tasks.  

It is recommended to solve that problem with artificial neural networks [12], which 

will successfully predict the amount of generated power by RESs. Another solution is 

to use genetic algorithms [13] that help to choose an optimized operation schedule for 

energy storage components providing reliable power supply and keeping lifetime of 

energy storages longer due to full charge and discharge cycles. An additional solution 

is provided by a pricing approach [14] based on changing the price per electrical en-

ergy. Different loads and sources behave according to an internal logic – how to oper-

ate under certain price limits. This solution results in additional load when the price is 

low and vice versa, load shedding when the price is high. However, it is not possible 

to predict amount of switched on or off load with this solution. 

4 Contribution of Research 

Instantaneous energy management approach based on the droop control method can 

be used to obtain long-term objectives in energy management by regulating the refer-

ence values of DC bus voltage for a bidirectional AC/DC converter that will influence 

the consumed energy in the local grid. 

The proposed method of long-term energy management is based on the mathemati-

cal model of price function estimation. It can be interpreted as a graphical approach of 

predictive energy generation surface intersection with acquired operation schedule of 
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categorized loads, which can also be drawn as a 3D surface, thus enabling the control 

of the intelligent grid by providing only price function information. 

4.1 Improved Instantaneous Power Balancing  

Our proposal is to use the well known droop control method for keeping power bal-

ance in the grid, but with variable reference values of a common point interface (CPI) 

converter. It is especially suitable for DC supply grids that always operate under the 

droop control method, as these are not connected to the utility grid directly, but 

through an AC/DC interface converter, which imports or exports energy to or from 

the grid, depending on the DC bus voltage. We propose to use variable reference 

value of the DC voltage grid for an interface converter that will influence the opera-

tion of local grid elements, for instance by decreasing the DC bus voltage reference 

value to few per-cents below the nominal value, the unnecessary loads will not oper-

ate or will operate at the highest energy saving mode and as a result, more energy will 

be exported to the grid.  

In conclusion, it is possible to fulfil long-term objectives with a CPI converter 

which regulates its reference value for the regulation of a local grid operation mode, 

as other grid elements choose their operation mode in accordance with the grid volt-

age – the parameter available for all elements of the grid. 

4.2 Novel Long-term Energy Management Approach 

Our proposal is to define categories of household appliances which switch and oper-

ate at different conditions: 

1. Time-triggered load (see Fig.2a) – pumps, general illumination etc. – the load 

which basically switches on at a defined time; 

2. Price-triggered load (see Fig.2b) – energy storage element, washing machines etc. 

– the load which turns on when the price is within an acceptable level; 

3. Hybrid-triggered load – heater, boiler, refrigerators etc.– the load which operates 

according to the daily schedule (depending on consumption), but it can also switch 

on a little earlier when the price per electricity is economically profitable; 

4. Price-responsive load (see Fig.2c) - controllable illumination – the load which 

changes the consumed power depending on the price per electricity. 

   

a) Time-triggered load 
b) Price-triggered storage 

element 

c) Price-responsive load 
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Fig. 2. Load pattern graphs 

The proposed algorithm is realized in the following way. Each load based on the 

statistics of use and on the changes of electrical price provides an energy management 

system (EMS) with a schedule of operation (for time-triggered and hybrid-triggered 

loads), condition of operation (for price-triggered and hybrid-triggered loads):  

 ( ) ( ) ( )( ) ( )( )∑ ∑ −− +=Ψ
i j
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trigTload tCPtCPtC ,,,
1 , (1) 
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After having aggregated all data from loads ( ( )tCP
i

trigT ,−  for time-triggered loads 

and ( )tCP
j

respC ,−  for price-responsive loads), EMS subtracts the 3D surface of de-

mand 
( ) ( )tCload ,1

Ψ  (to which the power reserve is added ( )tCdelta ,Ψ ), from the 3D 

surface of generation ( )tCsource ,Ψ  (see Fig. 3a) to extract the interconnection line, 

the projection of which to Time-Cost axes is used to find the price function ( )tC )1(
 

(see Fig. 3b): 
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Ψ+Ψ∩Ψ= . (4) 

 

 

a) Primary energy balancing with time-

triggered and price-responsive loads  
b) Preliminary price function 

Fig. 3. Primary equalization of price function 

The scheduling of price-triggered loads is also used for the determination of the 

price function. EMS combines the price-triggered loads in accordance with energy 

excess, which is calculated using (5) (see Fig.4a): 

Generation 

surface 

Consumption 

surface 
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As a result, the price function ( )tC )1(
 is changed in accordance with the switching 

schedule of price-triggered loads, keeping the price at a desirable level, to regulate the 

amount of switched price-triggered loads and the power balance (see Fig.3b). 

a) Secondary balancing (energy excess is 

projected to Time-Power axis;3D surface -

scheduled price-triggered loads) 

b) Resulting price per electrical energy 

Fig. 4. Proposed algorithm of finding the price function 

5 Conclusions and Future Work 

This paper proposes an improved real-time power balancing approach for DC distri-

bution grids. It is based on the possibility of changing the reference parameter of the 

DC voltage for a bidirectional AC/DC interface converter influencing the DC bus 

voltage. When the voltage is decreased, it will lead to the change of operation of grid 

elements controlled by the droop control method, unnecessary loads will be switched 

off during the period of low DC voltage. Consequently, a larger amount of the energy 

will be exported to the utility grid. Thus, it is possible to fulfil long-term objectives 

just by controlling the voltage reference value of a bidirectional interface converter. 

The novel approach of long-term energy management is based on pricing tech-

nique. It uses the load categorization that defines different conditions of operation for 

different loads. Each grid element can communicate with the energy management 

system (EMS), which aggregates time scheduling and condition of operation of all 

elements and finds the interconnection line between the 3D surface of the load and the 
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3D surface of generation. As a result, a certain price function is defined that can be 

used to realize predictive energy management of an intelligent distribution grid. 

Our future plan is to conduct experiments to test the proposed methods on a small-

scale network to acquire real evaluation of long-term and short-term energy manage-

ment approaches taking into account typical summer, winter and spring day consump-

tion patterns, as well as appropriate forecast generation patterns. 
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