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Robust Nonlinear Economic M PC Based
Management of a Multi Energy Microgrid

Josip Vasilj

Abstract—In this paper, the nonlinear economic model pre-
dictive control based energy management of a multi-energy mi-
crogrid is presented. The microgrid is composed of the district
heating system with a cogeneration power plant supplying both
the heat and the electricity demand of residential buildings with
photovoltaic sources. Furthermore, access to liberalized heat and
electricity market is assumed. This kind of environment requires
consideration of the economical aspects, the technical aspects, the
safety/quality of supply, and consumer preferences. The major
contributions introduced in the presented approach are the follow-
ing. A nonlinear formulation is adopted to capture the nonlinear
thermal models and the nonlinear algebraic model of the heat
supply network. The second major contribution is the economic
character of the objective following the assumption of a liberalized
market environment. Such formulation accounts for the specifics
of the energy market organization. Finally, the stochastic nature
of the planning problem is introduced through a practical robust
formulation. The results obtained on a representative case study
clearly show the benefits of the proposed approach compared to
the traditional energy management approach.

Index Terms—Multi-energy systems, microgrid, model

predictive control, robust control, District heating.

|. INTRODUCTION

ODERN energy supply systems require highly efficient

energy conversion systemsin order to reduce the human
impact on the environment. Among such systems, cogeneration
power plants are still the foundation of district heating systems.
Their ability to utilize the energy extracted from the fuel in
severa phasesfor both the electrical and heat energy production
resultsin a highly efficient energy conversion process with eta
reaching up to 80% [1]. Another important change in trend
is the development of smaller-scale CHP plants appropriate
for smaller communities or industrial facility [2]. This devel-
opment puts CHP plants into a new context, the context of
multi-energy microgrids. By definition, the microgrid is the set
of interconnected loads and distributed energy sources that act
as a single controllable entity with respect to the grid [3]. This
definition can be further expanded to include heat energy and
form the multi-energy microgrid. Asthisdefinition suggests, the
interaction with the gridisthe basic determinant of themicrogrid
concept. This interaction can be seen through the exchange of
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energy in an organized energy market. The basic contribution
we propose here is the improvement in the management of the
described multi-energy microgrid.

Although cogeneration power plants connect heat and electric
energy supply systems, often, they are considered separately,
especialy in the context of energy management. Typically, a
priority is given to one form of energy and the other is deter-
mined based on the maximal energy that can be extracted at
this operation point. With the recent advancements in system
monitoring, communicating, controlling, and forecasting it is
possibleto devel op more advanced energy management schemes
that can utilize available information for more economically and
technically efficient energy supply. The ideal control scheme
that can account for all of the characteristics of district heating
systems and cogeneration power plants is the model predictive
control. Furthermore, the economic model predictive control
concepts [4] could contribute to even greater efficiency when
applied to the cogeneration energy conversion process control.
Inthispaper, we show that the economic nonlinear MPC delivers
the best results regarding the economic efficiency of the energy
supply while satisfying all of the safety requirements. The
stochastic nature of theweather/market-driven planning requires
robustness in control in order to ensure flexibility for extreme
scenarios. A practical form of robustnessisintroduced ensuring
that the system will be able to withstand the outer hull of the
scenario space without violating operational and safety condi-
tions. It is important to state that no strict feasibility guarantee
is ensured for this approach. Rather, robustness here indicates
a control dependent on extreme scenarios. The proposed MPC
scheme represents a comprehensive control framework that ex-
ploits the full potential of cogeneration power plants.

A. Literature Overview

In the broader context, we would like to mention several
papers covering the problem of microgrid management. This
problem has been approached primarily from the electrical side
with atypical case of electric energy source mixture [5] while
the heat component is rarely considered. Other omnipresent
topics include the microgrid modeling [6], the operation under
different regimes [7], or the application of novel algorithms for
management [8]. Compared to these topics, the problem of joint
electric and heat management is | ess present.

In relation to our work, we would like to give a brief
overview of the following publications. In [9], authors present
amixed-integer linear programming based model for stochastic
scheduling of microgrids with CHP plants. However, the heat
component is considered only as a passive demand and the
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system model is not dynamical. In [10] the authors consider
acombined CHP and HVAC system and perform Genetic algo-
rithm based optimization. Again, the model islacking dynamics
and detailed modeling of the heat demand. In [11], [12], the
emphasisis put on the economic side of themicrogrid operation,
where[12] putsthe problem into the MPC context. Both papers
neglect the system dynamics and the heat demand model. The
major issuein the control frameworks presented so far isthat the
heat side of the system is considered through the demand curve.
In [13], the dynamics of the heat demand are modeled through
detailed modeling of the building heat exchange. However, the
proposed model adopts linear MPC and approximates various
nonlinearities. Furthermore, the presented model neglects the
heat network. Finally, asimilar problemwasinvestigatedin[14],
where authors adopt a data-driven robust predictive control for
district energy control. The focus in their approach is put on
the disturbance identification based on the historical data. The
obtained model is approximated by a finite-dimensional linear
program. In relation to the approach presented in [14], we put
a greater focus on the detailed nonlinear model of the district
heating system with adetailed modeling of market relations and
less focus on the disturbance integration.

The problem of district heating network modeling in the
context of joint electric/heat supply has been considered in[15].
A detailed nonlinear model of the district heating network and
the electric network is presented. The focus [15] is the analy-
sis of the combined electric/heat network and not the control.
Furthermore, the demand is modeled as static heat loads. This
model will serve as the basis of the hydraulic component of the
district heating network model.

B. Contributions

The first major contribution is related to the application of
non-linear economic MPC which allows for a more accurate
representation of themodel and the economic consequences. Nu-
merous nonlinearities encountered in the mathematical model of
the district heat supply system can be handled with this scheme.
However, the complexity of this schemeisfar greater compared
to the traditional linear MPC scheme, but with the assumed
development of the computational power, we expect for this
control scheme to be areal-time solution.

The second major contribution is the economic nature of
the objective following the typical liberalized electric and heat
energy market organization. The power plant together with
its local consumers having their specific energy structure (a
form of amicrogrid) participate as a single entity in the larger
electric/heat energy market. The ability to transfer the economic
conseguencesof the system operation back to the process control
sets arealistic objective in the system control.

The third major contribution is the incorporation of
the detailed network and building model allowing for the
exploitation of the building thermal dynamics and utilization
of the weather/habit forecasts.

The last mgjor contribution is the robust formulation of the
original probleminorder to respond to uncertaintiesin forecasts.
Namely, weather parameters trajectories can deviate from the
expected and the microgrid needs to be able to respond to these
uncertainties.
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II. OVERVIEW OF THE SYSTEM

The system under consideration is depicted in Fig. 3. It
includes the cogeneration power plant as the central energy
subject on the production side. The demand side of the system
includes buildings connected to the district thermal grid. These
buildings are small energy systems of their own, absorbing the
solar power and demanding thermal energy based on the habits
of itsresidents. The same holdsfor the electric energy; buildings
have photovoltaic panels integrated on rooftops and the residual
electric consumption is highly weather/habit dependent. The
systemiscentrally controlled whereeach building setsitsdesired
temperature and communicates it to the central management
unit.

The examined system is fully described with the following
states. CHP related states are: PP'P - Active power output,
QPP - Heat output, Q™ - Input heat and 1"P - CHP plant
supply mass flow rate. Building related states are: 7, - Mass
flow rate of building b, 7, - Temperature inside building b.
Heat network related states are: 12, - Mass flow rate along pipe
p and T* - District network supply temperature. Finaly, the
exchange related states are: P#"'d* - Exchanged electric power
(+ to grid, - from grid), Q&'+ - Exchanged heat power (+ to
grid, - from grid) with market mn, 124 - Mass flow rate of the
heat exchanged with market m.

Theexamined systemisaffected by several parameters. These
parameterscan be grouped by theexternal environment. Thefirst
group aretheweather/habit dependent parameters. 7* - Ambient
temperature, I - Solar irradiation and P™' - Residual electricload
(Load minus PV production). The second group of parameters
arethe market related parameters: A° - electricity price, A - heat
price.

Findly, the examined system is controlled with the fol-
lowing control variables. PP - CHP power output control
signal, Q<"P-¢ - CHP heat output control signal, 7§ - Build-
ing mass flow rate control signal. These signals are received
by valve actuators which respond following their respective
dynamics.

In the following, we append the parameters in vector

© = (T°,1, P",x%,19),
the system’s states in vector
X = (PChp,QChpaQin)mChpambaTgn7TS7mp7

grid+ grid+ - grid
P ’ Qm s My, )7

and the controlsin vector
U= (P)chp,c7 Qchp,c, ,r-nchp,c7 mlc)’ m%};id’c).

For clarity, it isimportant to declare all sets used in the model.
These are: 2, - Set of &l nodesin a heating network, 2, - Set
of al pipesin aheating network, €, - Set of all buildings, €2,,, -
Set of all heat markets.

A. Physical Model

The central component of the examined system is the co-
generation plant supplying both the heat and electric energy.
Mathematical models of thermal power plants vary extensively
depending on the design of the system in terms of re-heaters
and pumps [16]. Since the focus in this paper is put on the
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Fig. 1. CHP-based microgrid.

network and energy optimization, asimpler model with asingle
turbine will be adopted. Dynamics of such cogeneration plant
are simpler and the following model describes the response of
energy output to control signals:

dP™ 1 e

dt Tehp,p

dQChp
dt  Tewpg

where Ty, @nd Tepp o aretime constants of valves controlling
the heat supply for electric and thermal energy conversions.
Depending on the extracted energy (for both heat and el ectric)
the input heat will have to be corrected in order to achieve the
desired extraction [17]. Theinput heat isdetermined with the ex-
tracted energy and the energy conversion efficiency of the plant:

Pchp + Qchp
n(Pee, Qehr)

pehr) (1a)

(Qchp,c o Qchp) (lb)

Q"= (1c)
where Q™ is the input heat and 7 is the energy conversion
efficiency.

Itisindicated in (1c) that the energy conversion efficiency is
a function of extracted energy in both forms. This function is
typically described with athird order polynomial:

0 =71 + Y2 PP 4 43 (PhP)2 4y (PEIP)3

+ (5 + Y6 (PP 4 47 (P")2)(QP) + w(@ch”)("’ld)

Finally, in order to properly represent the energy conversion
processitisnecessary toincludethe operating range of the plant.
Dueto various characteristics of the energy conversion process,
the operating range of a cogeneration plant is constrained to
a specific region [18]. Fig. 2 depicts the energy conversion
efficiency and atypical operating range of a cogeneration plant.

Mathematically, the operating range depicted in Fig. 2 can be
described with a set of NV linear inequalities:

A; PP 4 B,Q"? +(C; <0, i=1...N 2

The extracted heat entersthe heat exchanger whereitisbeing
transferredtothecircul atingwater which carriesthe heat through
the supply network to the consumers. Consumers use this heat
through radiators in order to maintain the desired temperature
of the building. To do so, the heat needs to compensate for the
loss of heat due to the exchange between the building and the
environment. Upon supplying the buildings with heat, circulat-
ing water is returned to the heat exchanger in the plant where it
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Fig. 2. Operating range and energy efficiency of the plant.

is being reheated. In the following paragraphs, a mathematical
description of the described processis given.

In order to devel op ageneric model of the heat supply system,
it is necessary to introduce severa generalizations. The heat
supply system can be topologically seen as a directed graph
G = (N, B) with nodes and branches and respective matrices:
Incidence matrix A connecting the nodes to the branches and
loop incidence matrix B connecting the loops to the branches.
Furthermore, two positional matrices and one positional vector
are required to maintain the model’s generic representation.
The first positional matrix, denoted as C, connects buildings
to nodes. The second positional matrix, denoted as D connects
heat markets to nodes. Finally, a vector E connects the CHP
plant to a node.

Theheat network is, infact, ahydraulic network and it’sstates
can be fully determined with two hydraulic laws [19]. Here,
we will adopt a nodal formulation of these laws. The first law
associated is the mass conservation principle expressed in:

> Anpnip = > Crpiing

;DEQP bey,

+ > Dy + By =0, i,
meQm,
(33)
The second law is the energy conservation principle expressed
in:

> BipKymiplniy| =0, VI

PEQ,

(3b)

where K, isthe pipeline p resistance coefficient.
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Thesecond set of equationsarethermal equationsdetermining
the temperature dynamics in each building (details in [20]).
Each node with connected building is characterized by the
water entering the node with the temperature 7'° and the mass
flow rate i, where it absorbs/releases heat and exits with the
temperature T". The general mathematical description of the
absorbed/released heat is:

Qp = cpmip(T° —1T7). (30)

The absorbed/released heat determines the temperature dy-
namicsinresidential buildings. If weincorporatethisexpression
into the general law of temperature dynamicsin aclosed system,
the following thermal equation can be associated with each
building:

o7}
dt

= kl,b(Ta — Tén) + kzybmb(Ts — Tr) + k37bszeI
(3d)
wherek; _3 , areheat related coefficientsand A} isthe building
effective window area dependent on the building orientation.
In the case of the supply node, the temperature dynamics
are similar. These dynamics are described with he following
mathematical model:

drs

o = M ) — R (T

—T") + k§PQP
(39)
The next set of equations is related to the market exchange.
The exchanged heat is determined with the following equation:
le;id—i— _ Q%Il’id— _ Cpm%iid(Ts _ Tr)7 Qgridi >0 (3f)
where ¢, isthe specific heat of water.
The exchanged electric power is determined in:
Pgrid+ o Pgridf _ Pchp o Prl’ Pgrid:l: >0 (39)
It is important to ensure the distinction between exported and
imported heat/electric power in (3f) and (3g). Thisis required
by the difference in prices for imported/exported power. This
asymmetry istheconsequenceof the current market organization
where the supply related auxiliary costs are transferred to the
demand side [21]. This direction is preserved with the differ-
ence Qeridt — Qerid-, peridt _ perid- and the non-negative
bounds, Q&4+ > 0, perid: > .
Finally, the valve actuators dynamics are defined in:

drinchp 1

- chp,c - ch
T TS (m R () p) (3h)
valve
dri, 1 .
el W (g — 1) (3i)
dm%’iid 1 - grid - grid H
at = Jerid (mf’n © — i, ) (3))

valve

where 1 and ¢ denote the mass flow rate and the control
signal for each valve (chp, building or grid), and T,y iStheir
respective time constant. This time constant is in the range of
0.1-5 seconds and, depending on the system sampling time, can
be considered instantaneous.
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1. OPTIMIZATION MODEL

In order to develop an appropriate MPC framework, it is
important to examine the decision process associated with the
operational planning in a multi-energy microgrid. The most
important requirement in the district heating operation is to
maintain the desired temperature in residential buildings fol-
lowing the numerous external parameters affecting the building
temperature. Furthermore, the electric demand of the buildings
has to be satisfied as well. Supply of the heat and electricity
demand is the primary objective of the multi-energy microgrid
operation. Due to the flexibility available through the system'’s
interconnection to the external markets, the second component
of the decision process is economic in nature. Depending on
the market circumstances, it might be cost-effective to buy
heat/el ectric power from the external market or to produce and
export. Furthermore, due to the price asymmetry, it might be
cost-effective to minimize any trade and satisfy the demand
within the microgrid.

A. Objective

The market organi zation adopted here assumes high temporal
resolution trading. This means that the real-time operation fol-
lows trading immediately and the planned vs delivered energy
deviations are negligible resulting in no imbalance penalty.
This kind of trading is not a common practice at the moment.
However, it is expected to become acommon market practicein
the future, following the development of smart grids[22].

The overall objective can be split in two distinct groups, the
tracking and the economic objectives. The tracking objective
is related to the temperature control inside the building where
the desired temperature has to be maintained in accordance to
the comfort preferences of the residents. For this purpose, the
quadratic penalty is adopted in the objective. A more flexible
temperature tracking could be adopted here [23]. However,
tight temperature tracking alows for a clear analysis of the
economic states dynamics and an exact comparison with the
traditional approach. The economic objectives are related to
the heat/el ectric market exchange and the production costs. All
of these objectives can be defined as the minimization of the
following function:

J(X(),U(),0()) =

a Z /Tf (Tgn(T) — TZ;Q’C':(T))2 dr

bey, i

desired building temperature

B /Tf ()\e+ (T)PgridJr (7_)

0

— 1 (T)Pgrid* (T)) dr

electric power trading profit

- [T @ () 2 (1)@= () dr
o heat trading profit
+ /Tf A fuel Q™ (1) dr.

0 H—/
fuel cost

4
where** istheelectricity sell/buy price, A9+ isthe heat sell/buy
price, and Af°! isthe fuel price. Weight o in (4) is necessary in
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order to set the importance of temperature tracking compared
to economic part of the objective. Since we have put a high
importance on temperature tracking, this weight will be set to
104,

B. Planning Horizon

In its strict formulation, the model predictive control is
the finite-horizon approximation of the infinite-horizon con-
trol problem. Finding a suitable finite-horizon approximation
is a difficult task, further complicated in the case of systems
with long-term storages. On the other hand, the uncertainty
of parameters on larger horizons allows for declaring higher
importance on lower horizons. If an examined system has a
specific periodicity initsnature, it is appropriate to organize the
energy management accordingly. Inthe case of adistrict heating
system, a characteristic daily periodicity can be recognized and
the heat reservoirsare designed for thisdaily periodicity. Hence,
the terminal constraint will be used to follow this periodicity:

T5(24h) = T>™! (5)
where 75!l s the system nominal supply temperature.

The planning horizon will span from ¢, to the end of the day.
This means that the horizon will decrease as time passes until
the end of the day when the new planning horizon starts.

C. Robust Formulation

The planning horizon at the beginning of the day is one
day. Thisis along horizon in terms of parameter forecast and
the uncertainties in parameter prediction have to be taken into
account in the MPC formulation. The robust formulation will
“push” the control trajectories away from the boundary hull
in order to enable the freedom to respond to the realization of
different scenarios.

Toachievethis, two extremescenarioswill bedistinguished as
the envel ope of the complete set of scenarios. Such extreme tra-
jectoriesin parameter realization haveavery low probability and
their purposeisto ensure the robustness. It isimportant to point
out that therobust trajectoriestypically introduce economicloss.
However, this loss is considered to be an acceptable trade-off
for the resulting robustness. A more strict formulation could
be adopted, where this economic trade-off could be formulated
more precisely in terms of risk [24]. However, it is out of the
scope of this paper to investigate this matter.

In order to achieve this robust formulation, each state, con-
trol, and parameter in the model will be formulated as sce-
nario dependent, i.e. each state/control trajectory corresponds
to each scenario trgjectory of uncertain parameters. Each sce-
nario is denoted with £ and the set of &l scenarios is €2 =
{exp, min, max}, where exp is the expected scenario while
min and max are extreme scenarios. The expected scenario is
related to the original deterministic problem formulated in (4).
This scenario governs the expected economic interactions. On
the other hand, extreme scenariosintroduce robustness ensuring
that the system can safely pass through extreme scenarios with
fewer concerns for economics.

Now, ©, X and U become O, X, and Uy, and additional sets
of constraints are added to the original problem. The complete
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optimization problem is now formulated as:

ngglfgg( ¢ 5;:5 Je(Xe(+), Ue(:), ©¢ (), (6a)
st Xe(0) = X(0), (6b)
Xe(1) = f(Xe(7), Ue(7), O¢(7)), (60)
9(Xe(7),Ue(7),0¢(7)) = 0, (6d)
h(Xe(7),Ue(7),0¢(7)) <0, (6€)

T¢(24h) = To™, (6f)

Ue;cp(TO) = Umin(TO) = Unaz (TO) (69)

In the complete formulation (6), 7¢ represents the weight-
ing factor for each objective. This factor typically reflects the
probability of each scenario. However, a more conservative
approach could be implemented through higher weighting of
the extreme scenarios. The last constraint in the reformulated
problem ensures the unique control signal in the current control
loop. This constraint connects all scenarios. Also, the coupling
is performed through the tracking component of the objective.
Namely, in each scenario, the objectiveisto maintain the desired
temperature in buildings. Hence, the problem (6) is solved
simultaneoudly for all scenarios.

D. Numerical Solution

The optimization problem defined in (6) is an example of
the optimal control problem (OCP) governed by differential
and agebraic equations (DAES). Such problems are typically
solved with a family of numerical methods referred to as direct
methods [25]. These methods are based on the transformation
of the original problem to a nonlinearly constrained optimiza-
tion problem through discretization of the state and the control
functions with respect to the temporal dimension. In this pro-
cess, infinite-dimensional temporal space is approximated with
a finite one. Three distinct methods in this family are single-
shooting, multiple-shooting, and the collocation method. Single
shooting approximates the entire trajectory using simulation
and optimizes the parametrization of the control for the state
trajectory. This method is suitable for simple control trajecto-
ries and is rarely used in complex systems. Multiple shooting
breaks the trgjectory into smaller segments and performs opti-
mize/simulate sequences on each segment (single shooting on
smaller segments). Thisincreases the robustness making it suit-
ablefor complex systems. The collocation method approximates
state trajectory as piece-wise polynomial and performs asingle
instance optimization with dynamics integrated into the NLP
problem. The collocation method is @ so robust and suitable for
complex systems. Compared to multiple shooting, collocation
handles discontinuities of the control function better but results
inan NLP problemwith ahigher number of variables[26]. Here,
wewill adopt the collocation method. Thefollowing paragraphs
give abrief description of the collocation method.

Let us divide each control interval [t, t;41] into an equidis-
tant grid t,0 <t < -+ < tpng With ng + 1 points spaced
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by h. Each stateis represented as a D-degree polynomial:
o Buliding

—1
ZP ( k,y)xk,m’ t € thgitejl  (7)

where, z;, ;; are polynomial coefficients and P;(7) is a La
grangian polynomial basis of order d:

d
T — Tp
Py(r) = H ) €10,1] (8
r=0,r#1 v r

Collocation pointst,. are chosen through Radau scheme. The
state derivativeis:

dl’k

C)

2 : /
P xk,jl

Thedynamic constraintsini mpI icit DAE formulation read as:

k=0,..,N,
( ZP/ Ti xkaaxk]wuk> - O .7 - 0 5 1, (10)
=0 1= 1 d

In order to impose continuity it is necessary to connect all
neighbouring intervals with:

d
> Pl
=0

These approximations transform the original problem to non-
linear optimization problem. More details on the direct colloca-
tion method can be found in [27].

k=0,...,N, 1)

=0 j=0,...,n;—1

)iji — Tk,j4+1,0

Pipeline

market

1.3;'.-1 m o
18

Fig.5. Modified Barry Island heat network.

IV. CASE Stuby

The MPC framework presented in this paper isvalidated on a
case study of the modified Barry island heat network depictedin
Fig. 5. The modificationsintroduced in this network are related
to the addition of the heat exchange market.

The model parameters © are taken from [28] for temperature
and solar irradiation while the residual load is obtained through
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the scaling of typical load data. On top of these trgjectories,
a set of scenarios is simulated using autoregressive models to
incorporate uncertainty in forecasting [29]. These scenarios are
depictedin Fig. 4. Asitisexpressed in the robust formulation of
the presented MPC framework, parameters affecting the build-
ing temperature and residual load are considered in expected
(black linein Fig. 4) and min/max scenarios (red linesin Fig. 4).
The min/max (red) scenarios are the outer hull of the complete
set of scenarios. The desired building temperatureis 25 °C. The
electricity sell priceis 60 € /MWh and the electricity buy price
is 150 € /IMWh. The heat sell/buy priceis 10 € /MWh, and the
fuel costis 70 € /IMWh.

The model is solved with IPOPT solver [30] in
Python(PYOMO) environment [31] on a machine with Intel i7
2.7 GHz processor and 12 GB of RAM. The adopted sampling
timeof themodel is1 minute. The number of discretization steps
is100 with 3 collocation points on each segment. Typical solver
timeisin the range of 2 minutes for the first run. However, this
timewill be further reduced when the algorithm isimplemented
in aloop and the solutions can be transferred as initialization
in each run. Since we are dealing with thermal systems with
low tempora constants, this performance is satisfactory. The
presented control scheme will be applied for two operation
regimes:. islanded mode and interconnected mode with respect
to heat supply.

A. Islanded Regime

Fig. 6 depictsstatetrajectoriesfor CHPinput heat, CHP output
heat, and supply temperature (grid exchange mass flow rate
is zero in the islanded regime). The black line represents the
expected scenario, gray lines represent extreme scenarios while
the red line shows the operating range. The input heat is the
result of heat and electric power output and the corresponding
conversion efficiency. The second state is the CHP heat output.
A characteristic dip can be noticed in the middle of the day.
Thisdip istheresult of the increase in the ambient temperature
resulting in the heat demand decline. The opposite trend can
be seen for the supply temperature. This means that the heat
energy isstored in the CHP heat storage instead of an additional
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CHP aletric power cutput - P70
R T
o

1500

1000

lw

A00

A1) e b ettt it i
200 +-
= i
o e ‘/
R e e s s
c'r Elllil 4|.|;'| r.|'1| | ml_\n [rj;lil 12i i 1 4:_.ru
Time [min]
""" lim min — max — R
Fig. 8. Idlanded regime - State/Control trajectories for CHP electric power

output and Electric power exchange.

decrease in heat output which leads to a less efficient operating
point.

Fig. 7 depictstrajectoriesfor Building 1 temperature and mass
flow rate. It can be seen that the desired temperature of 25 °C
is maintained through variation of the building mass flow rate.
Again, a characteristic dip can be noticed in the middle of the
day following theincrease in the ambient temperature. A single
building is used for the clarity of the depiction, but the desired
temperature is maintained in other buildings as well.

Fig. 8 depicts trgjectories for CHP electric power output and
Electric power exchange. Thelow selling price and the high buy-
ing price motivates the minimization of the exchange with the
grid. However, dueto limitationsin CHP dynamics and the high
inefficiency in low output operating points, a certain exchange
is necessary. Another interesting phenomenon is the dynamic
operating limits (red). Namely, thelimit in el ectric power output
depends on the current heat power output. Conseguently, there
isaconflict in operation objectives. Due to the decrease in heat
power output following the increase in ambient temperature
the limits in electric power decrease accordingly. On the other
hand, during this period the electric consumption rises and the
electric power follows it. This resultsin operation on the limits
of the operating range. In the extreme consumption scenario,
additional exchange with the grid can be noticed. Previously
mentioned energy storing istheresult of heat decrease avoidance
that enables the higher limit in electric power output.

Authorized licensed use limited to: University of Split. Downloaded on June 04,2024 at 10:16:53 UTC from IEEE Xplore. Restrictions apply.



VASILJet al.: ROBUST NONLINEAR ECONOMIC MPC BASED MANAGEMENT OF A MULTI ENERGY MICROGRID

CHP total input heat - (2"

5000
ol m
3000 __
Z 20001 ~

1000

Q

CHP heat output - (7

ADCY

A IR e e e
= —
£ o] _v_d-ﬂ—a
= 1000 - '

Mass flow rate exchange with external grid - ™"

2.0
. L0
FRAE —
- gl m_'

24— - - - - : : :

fl 200 At G SO0 LEn| 120 1400
Time [min]
=+ lim =+ min — max —_— exp
Fig. 9. Interconnected regime - State trgjectories for CHP input heat, CHP

output heat, Supply temperature, and Grid exchange mass flow rate.

Building 1 temperature ~ T}

£
25 4
U oan 4
15+
10
Building 1 mass flow rate - v
I3
e
‘!t_
5 w
00 4— r T T - - - —
i B0l ] i i) o paun L4
Tisne [min|
- i s —_—
Fig. 10. Interconnected regime - State/Control trajectories for Building 1

temperature and mass flow rate.

B. Interconnected Regime

Let us assume an interconnected regime with limits of
+2 Kkg/s. Another important assumption is the fixed supply
temperature following the supply quality standard necessary in
the exchange. The basic difference compared to the islanded
regimeisthe availability of, in this case, cheaper source of heat.
Hence, thereisthe motivation to maximize the heat import from
the grid. Consequently, the mass flow rate of the import heat is
maximal except for abrief period in the middle of the day ascan
be seen in the Fig. 9. Thisresultsin a decrease of the CHP heat
output. The CHP heat output is minimized to a point where the
conversion efficiency decreases and, also, the operating range of
the electric side narrows.

Fig. 10 shows that, as it was the case with islanded regime,
the temperature is kept on desired level. Although the heat
demand isthe samein both cases, dueto the differencein supply
temperature, the mass flow rate is dlightly different in this case.

The electric market conditions are the same in both cases but
the trgjectories are different. Fig. 11 shows these tragectories.
Again, thereisamotivation for trading minimization due to the
low selling and high buying price. The difference compared to
theislanded operationistheincreasein the el ectric power import
in the middle of the day. This is the direct consegquence of the
change in the operating limits for the electric power following
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TABLE |
ISLANDED REGIME
Cost Q" Qurid porid Total
Traditional ~ 6579.5€ 0€ -300€ 6279.5€
ENMPC 5634.1€ 0€ 32.8€ 5666.9€
A -945.4€ 0€ 332.8€ -612.6€
A[%] -9.75%
INTERCONNECTED REGIME
Traditional ~ 5906.2€  205.5€ -1264€  5985.3€
ENMPC 5012.9€ 1944€  232.5€  5439.8€
A -893.3€  -11.1€ 358.9€ -545.5€
A[%] 9.11%

the decrease in heat output explained above. The economic loss
introduced with thisincreasein el ectric power import isjustified
with the avoidance of fuel costs with cheaper heat import.

C. Performance Analysis

In order to point out the major benefits of the presented
MPC framework, a comparison with the traditional approach
is necessary. However, the examined framework isapplicablein
arather novel environment. The multi-energy microgrids are a
novel concept with few examplesin traditional systems. Hence,
we can only consider traditional district heating networks with
decoupled energy systems. We will assume a typical manage-
ment approach of satisfying heat demand with constant supply
temperature while maximizing the electric power output.

The cost structure for traditional and ENMPC framework
is shown in Table I. The profit form electric power exchange
is higher in the traditional case. However, this profit cannot
compensatefor theincreasein fuel costsfor total input heat. The
total costsare612.6€ lower inthe case of the ENMPC approach.
Thisisa9.75% decreasein costson adaily level.Similar results
can be seen in the case of the interconnected regime as well.
The total costs are 545.5€ lower in the case of the ENMPC
approach. Thisisa 9.11% decrease in costson adaily level.

Although it is difficult to find an appropriate benchmark for
novel concepts in energy supply, we have shown the benefits
of economic model predictive control of multi-energy micro-
grids. Significant savings can be achieved while maintaining the
desired level of comfort.
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V. CONCLUSION

In modern energy systems, it is necessary to consider the
electric energy supply and heat energy supply jointly. This
holds for smaller-scale energy systems and the multi-energy
microgrid is considered in this paper. The central component
of this microgrid is the CHP unit which connects the electric
and heat supply systems.

We have shown that an energy management system based
on the robust nonlinear economic model predictive control
provides a comprehensive control framework with high model
accuracy. Furthermore, introduced robustness prepares the sys-
tem for extreme trgjectories in parameter realization and hence
ensures a safe operation. Economic character of the control
objective models the economic consegquences of the control
trajectories. Such an approach seeks for the most economically
feasible trajectories within the set of admissible trajectories.
Further market liberalization initiatives will require econom-
ically motivated control/management approaches. Hence, the
presented approach is in line with the expected energy system
development. Important extension of the proposed model will
be the distributed approach in system with several microgrids
sharing common resources. Distributed control/management
necessary introduces compromises and raises questions on fair
access/usage of common infrastructure. Thisisone of the major
issues in market liberalization initiatives.

The ongoing development in computational power allowsfor
the implementation of detailed system models with complex
numerical computations. On the other hand, it could be argued
that the observed computational time might not be adequate if
a larger system was considered. Hence, a practical validation
is required in order to give a realistic value of the proposed
approach. Possible future extensions of the proposed approach
could integrate adetailed electrical model of the microgrid. The
major challenge in this extension is the difference in temporal
dynamics between electrical and thermal systems. Based upon
observed computational time, such an extension could further
challenge current computational capabilities.
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