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Abstract

This work is focused on optimization problems within the predictive control framework for determining and engaging 

microgrid operation are considered: day-ahead, intra-day, peak power and battery degradation costs, as well as 
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1. Introduction

into three categories based on the response time of the 

before the activation time according to the declaration 
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Besides explicit demand response, the electrical energy 
provider can implicitly influence consumers to reduce 
peak power during times that are characterized by high 
electrical energy usage. This is achieved by increasing 
prices of electrical energy in peak times and decreasing 
prices when it is strategically appropriate to encourage 
consumption. Additionally, every electrical energy 
consumer contractually agrees with the electrical energy 
provider on a specific maximum power. The consumption 
above the declared maximum power is penalized by 
higher electrical energy prices [3]. 

To allow consumers or prosumers participation in 
flexibility provision, novel control systems enabling 
efficient and profitable demand response services have 
been developed. In [4] frequency regulation system 
for DR using electric vehicles charging and historical 
data to determine expectations of stochastic variables 
is developed. Cost-benefit analyses, using mixed 
integer linear programming, for several microgrid 
configurations are given in [5]. Besides a battery storage 
system, a building thermal mass can also be used as a 
thermal energy storage that contributes to the building’s 
flexibility in electrical energy consumption planning. 
The downside of the approach are larger thermal 
losses compared to the optimal control focused solely 
on energy-efficiency [6]. The coordinated operation 
between the building microgrid and the central heating, 
ventilation and air conditioning system (HVAC) for 
mutual flexibility provision is explored in our previous 
work [7]. 

This paper is a shortened version of the work [8]. Its 
main contributions are summarized as:
• optimization-based determination of optimal 

frequency regulation reserve power offer according 
to commercial rules for flexibility provision by the 
Croatian TSO,

• real-time Model Predictive Controller (MPC) that 
assures feasibility of flexibility provision for every 
possible moment of activation,

• worst-case optimization without stochastic data 
needed.

The work is organized as follows: Section 2 introduces 
a considered building microgrid and explains the DR 
scheme together with its corresponding optimization 
problem formulation. The simulation results based on 
a real case-study are elaborated in Section 3 and the 
conclusion is given in the final section.

2. Formulation of the optimization problem
A. Microgrid description

The considered microgrid consists of a battery storage 
and a non-controllable consumption combined with a 

photovoltaic source. Since the microgrid is connected to 
a distribution grid, its energy exchange with the grid is 
described with:
 (1)

where positive values of Eg(� ) relate to the energy taken 
from the grid and negative values to the energy provided 
to the grid, �ch and �dch are controllable battery charging 
and discharging energies, respectively. Notation Enc 
stands for the non-controllable energy consumption 
of the building. All energy variables in discrete-time 
actually correspond to the energies in time intervals 
between � T and (� +1)T where T is the discretization 
time of 15 min. System dynamics is described with only 
one system state which is the battery state of energy:

 (2)

where  �  is the efficiency of the battery system (power 
converter + battery). As in [10], it is possible for the 
battery to be both charged and discharged within one 
discretization interval, but respecting the following 
constraints:

(3)

where Pmax denotes the maximum power of the battery 
power converter (9.6 kW in the considered microgrid).

B. Cost variables

In this subsection components of the microgrid cost 
function for energy exchange with the grid including 
DR functionality are introduced. These components 
include day-ahead energy cost, intra-day energy cost, 
peak power penalization, frequency regulation reserve 
power revenue, regulation energy revenue and battery 
degradation cost.

Consumed electrical energy cost  Jda is calculated in the 
following way:

 (4)

where cda is a vector of day-ahead prices for every  
15-min discretization interval, obtained from the  
supplier or the electricity market.

On the intra-day market, the deviation of the exhibited 
energy exchange profile Eg from the day-ahead predicted/
declared reference energy profile Eg,ref is penalized with 
the cost function:

 (5)

Depending on the optimization problem, Eg,ref is either  
a profile to be declared to the grid that is an optimization 



13Vol. 16(3) 2021

variable or an already declared profile which is then a 
constant parameter.

The microgrid contracts peak power Ppp,c to the grid on 
monthly basis. The peak power cost considered in this 
paper is derived based on the peak power billing in 
Croatia [9], [10] and is defined with

 (6)

where ℰ�𝑝 is an auxiliary variable and c𝑝𝑝 is the price of 
peak power obtained from the grid operator.

The microgrid contracts unique reserve power Pres for 
every day in the next week and it is rewarded with

 (7)

where cres ≤ 0 is the price of reserve active power and  
𝒲 denotes the set of indices of days in a week. Since 
reserve power market is performed as an auction, 
choosing cres  is out of the scope of this paper and the  
reader can find more about this problem in e.g. [11].

If the grid activates a part of or the whole agreed  
flexibility reserve, which can last up to two hours, the 
microgrid is rewarded for the exhibited difference in 
electrical energy consumption compared to the declared 
consumption:

 (8)

 (9)

where Pact is a regulation power request of the grid that 
must be of the same sign and in absolute value lower than 
the absolute value of Pres, ℰact is an auxiliary variable,  
cact is the price of regulation energy, �=0.25 is a tolerance 
factor.

Battery capacity is degraded by every charging and 
discharging action which is penalized with:

 (10)

where cbd is the battery degradation cost [12].

C. Offline analysis optimization problem

The considered optimization problem consists of 
one scenario S𝑖 for the activation at every possible 
discretization interval  𝑖 in a day  (𝑖 ∊  ℋ, ℋ = {0,1,...,95}) 

and of a scenario Sn without activation. Further on, 
indices 𝑖 and n are used with different variables to 
denote a scenario to which a particular variable belongs. 
The information about the activation at the moment 
𝑖 is available just at the interval 𝑖‒1 which means that 
all states of the scenario S𝑖 must be equal to the ones 
of the scenario Sn when the activation occurs. Such an 
optimization problem can be qualified as the worst-case 
multi-stage recourse problem according to [13].

Constraints that connect scenarios Sn and S𝑖 assure that  
all decision variables are calculated using only 
information available at the corresponding moment:

 (11)

Scenario S𝑖 contains seven activations at the 𝑖th  
adiscretization interval each day (every 24 h), which is 
athe most frequently possible and the scenario Sn does 
anot contain any activation. Altogether there are 97 
ascenarios. Total costs Jn of scenario without activation 
aand J𝑖 of scenarios with activation at interval 𝑖 are 
adefined as:

 (12)

 (13)

It can be seen from (13) that every scenario assumes the 
grid will activate the whole contracted reserve power 
Pres . The optimization variables of the offline problem, 
besides the auxiliary variables from (6), (8) and (9), are 
uch, udch, Ppp,c and SoE(0) of all scenarios and the vector 
of contracted daily regulation power reserve Pres while 
the cost being minimized is:

 (14)

 (15)

D. Online MPC optimization problem

Online MPC operates in receding horizon fashion with a 
sampling time T = 15 min and applies only the optimal 
control variables for the first time-instant 𝑘, uch,n (0) and 
udch,n (0), to the battery storage system.

Contrary to the offline formulation, Jact is defined as 
follows for the online formulation:

 (16)
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All cost functions are the same as in the offline problem 
except Jact which is then added to (12) and (13), and also  
Jaux and Jid (E -g,n, E*g) are added to (12).

The final problem to be solved is

 (20)

 (21)

where u denotes the charging and discharging signals of 
all scenarios.

3. Simulation
A. Offline analysis

In the following section, offline analysis is conducted 
to ascertain how the agreed activation and reservation 
prices between the TSO and the microgrid affect 
operational costs of the microgrid, based on historical 
data Enc and cda.  

In Table I, several combinations of activation prices and 
reservation prices are shown for the maximum activation 
duration of one and two hours, respectively. To make 
sure that the reserved powers are at their maximum and 
uniform across all seven days, it is recommended to 
raise the reservation price instead of the activation price 
to further increase the optimal reserved powers. Of the 
other results listed in the table, J

˗
 denotes the mean cost 

of all scenarios, and Jworst denotes the highest cost value 
among all the scenarios that generally corresponds to the 
scenario Sn since it does not contain the activation 
reward Jact.

 (17)

The introduced auxiliary variable ℰs1 and its contribution 
to Jact are an implementation of soft constraints to enable 
feasibility of the optimization problem even if the 
microgrid cannot fulfill activated regulation power due 
to an unfavorable noncontrollable consumption. Soft 
constraint penalty is taken as cs=105. 

Both the declared consumption profile E*g and the  
profile that is going to be declared E�g,n are used as a 
reference profile in (16), depending on the discretization 
interval 𝑘. The prediction horizon in on-line MPC  
always corresponds to the length of known day-ahead 
prices. When the prices for the following day are 
announced, the online MPC abruptly increases the 
prediction horizon for another 24 hours and declares the 
solution E�g,n for the following day to the grid. Notation 
𝑘mid denotes the last discretization interval with the 
known declared consumption profile. To avoid  non-
linearity and the need for a sequential linear program it 
is assumed that after 𝑘mid, � is equal to 1 as the worst 
case, and thus an auxiliary cost Jaux and constraints are 
added to scenario Sn:

 (18)

(19)
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Fig. 1a. shows energy exchange with the grid for a period 
of seven days with a time resolution of 15-minutes. It 
can be noticed that the energy exchange profile Eg,n does 
not include any charges or discharges of the battery 
because this strategy enables the microgrid to fulfill  
all the activations in scenarios S𝑖. In Fig. 1b, it can also 
be noticed that the batteries in the scenarios S𝑖  tend to 
charge when the electricity prices are low (usually around 
midnight) and discharge to their full extent (2 hours  
and 75% of the reserved power in the particular 
simulation) when they are activated. The activation that 
starts around midnight of the last day is circled back to 
the first day in the optimization problem to satisfy the 
repeatability condition of the battery’s SoE.

Contracted peak energy Epp,c= Ppp,cT can also be found  
in the graph (purple dashed). It is chosen so that the  
peak power of scenario Sn is on the edge of the interval 
where there are no penalties, i.e. it does not cross 105%  
of Ppp,cT. The energy exchange profile Eg,92 of the 
scenario S92 (flexibility activation at 22:45 every day) 
uses the battery to reduce the maximum total peak power 
while profile Eg,58 exhibits flexibility activation at the 
same time.

B. Online MPC

One pair of prices cres= ‒0.7 EUR/kW and  
cact= ‒0.4 EUR/kWh and the calculated optimal  
Pres= ‒12.8 kW are taken for a case study simulation  
of the online MPC. 

The simulation results are shown in Figs. 2a and 2b. 
In the online simulation optimization is run in every 
discretization interval and all signals are marked with 
a suffix denoting the interval when they are obtained. 
The number in the index denotes a scenario relative to 
the interval while E ⬚ 

g ,cl denotes the exhibited energy 
exchange profile obtained with the closed-loop MPC. 

It can be seen how the microgrid changes its plan  
during the time. At the beginning of the simulation the 
microgrid decides to charge the battery around midnight 

in the case of scenario 𝑖 = 52 (dashed dark blue line  E0g,52 

and P0
bat,52). Midnight battery charging corresponds to the 

low energy prices period and it is within the recuperation 
period, assuring the microgrid will be ready for every 
possible next activation.

After the activation occurred at 𝑘 = 52 (13:00) the 
microgrid does not have to be ready for an activation  
until  𝑘 = 52 + 96 and reference profile E*g,d+1 is not  
declared until 17:00. The microgrid exploits that situation 
to postpone charging to expiration of the recuperation 
period which can be seen by observing E*g,d+1 (yellow 
dashed line). Thus the microgrid reduced the battery 
degradation cost for the first several scenarios after the 
recuperation period, which is considerably more than a 
difference in electrical energy prices. Not only frequency 
regulation is fully fulfilled without discharging the  
battery but also one charging cycle is avoided. 
Furthermore, even if the next activation is after the 
rescheduled charging (i.e. after 40 h), the microgrid still 
achieved savings by avoiding intra-day costs that would 
occur in the case of midnight charging.

T a b l e 
1.

4. Conclusion

This paper deals with the building microgrid’s ability 
to participate in tertiary frequency regulation through 
demand response and obtaining benefits by the predictive 
control of battery charging and discharging. At the same 
time additional benefits are assured through peak power 
reduction and participation in the day-ahead energy 
market. Furthermore, the building contributes to better 
grid operation and power system regulation.
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