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Abstract: Our objective through this work is to have a cogeneration system integrated into a
hybrid production system, coupled to the public grid and equipped with an ecological production
system (photovoltaic) with a storage system (accumulator), and to establish rules and tools for
optimizing energy management as well as the dimensioning of an energy system. The
optimizations will be carried out on the basis of consumption and production data. The
optimization criterion will be economic with a view to minimizing the total cost of the system to
meet the energy demand of a typical profile during a basic test period. However, "optimal" sizing
requires coordination with effective energy management to identify the optimum power
references, the minimum and maximum powers provided by each source and to estimate the
depth of discharge of the storage element. The parts presented concern the dimensioning and
management of energy transfers on the basis of consumption data and tariffs are:
- Establishing reliable and adapted electrical models of the subsystems. In order to be able to
determine, at each moment, for a given consumption and a given deposit, the power that the
production systems can provide. These models must be sufficiently accurate to account for energy
transfers and fast enough to allow calculations over long periods of time.
- Establish economic models of the different modules of the system. Climate deposits,
consumption profiles, fuel consumption, energy efficiency of the systems.
- Finally, carry out economic and energy optimization studies of the energy system using microgrid management algorithms based on different configurations of the system
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1. Introduction
The problems of energy supply and environmental protection are today of great importance
in the world. On the one hand, reserves of fossil resources (oil, natural gas, coal) are limited
and on the other hand, the use of these resources is responsible for the increase in greenhouse
gas (GHG) concentrations in the atmosphere, leading to global warming [1][2]. In the
framework of the debates on energy transition, the hybridization of production sources and
their implementation in the public grid is put forward as part of the solution to address both
climate and energy issues.
A hybrid system is an electrical grid that autonomously coordinates the production,
consumption and storage of electrical energy [3]. This type of network therefore makes it
possible to move from a demand-driven production system to a consumption system based
on other constraints such as electricity supply and feed-in tariffs, which in the future will
have to adapt to random variations in the production of renewable energies (solar, wind,
biomass...), this network must contribute to improving security of supply, to reduce the costs
of the distribution network and control energy, to integrate renewable energies into the grid
and to improve the efficiency of the whole system, if several technologies can be used, they
*
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should first be tested as individual components to study the stability and efficiency of their
interaction [4].
In this context cogeneration systems have emerged as a solution to help approve demand
during peak hours, as well as to compensate for other renewable energies that are intermittent
and dependent on climatic conditions such as solar and wind. Cogeneration technology, also
known as combined energy production, is a technique for the simultaneous production of
electricity and heat, its interest lies in the higher energy yields obtained compared to
equivalent separate production of electricity and heat [5], thus it allows to reduce emissions
of polluting gases when it is fed by fuels of a renewable nature such as purified biogas. This
technique is used in isolated or grid-connected sites. It consists of an internal combustion
engine, which burns fuel to create a mechanical movement, it is coupled to a synchronous
generator that transforms this mechanical movement into electrical energy, plus heat
exchangers to recover thermal energy in the cooling and exhaust systems.
The implementation of such a system aims to diversify the sources of renewable energy, thus
seeking a more significant reduction in the electricity bill consumed since renewable sources
can complement each other and provide a greater amount of energy. Part of the work is
oriented towards the physical modelling of electrical production systems (photovoltaic chain,
cogeneration unit...), there is also an optimization study of the system configuration
according to various criteria: combination of a minimal cost of the system for a requested
power [6]. The complexity of hybrid systems makes decision making difficult. However, an
intelligent control strategy is needed to manage the behaviour and power distribution of the
multi-source system. These energy sources must supply the load according to its needs while
respecting the various constraints related to the operation of the sources (production,
maximum power, efficiency, energy losses) and the storage elements (state of charge,
dynamics, ageing).

2. System model
Before a control strategy for energy management can be implemented, in order to plan the
energy flows of the micro-grid in an optimal way, the different production components
making up the system must be modeled. This representation must be adapted, in terms of
granularity, in relation to the management algorithms developed and the associated
simulation times. The following components are typically included in our designed system:
centralized power grid, large capacity battery (energy storage), local cogeneration as a backup means of production (simultaneous production of heat and energy), and a production
source of a renewable nature (solar photovoltaic).
The system model is shown in Figure 1. In order to be compatible in terms of complexity
with the optimization procedures that will be developed, the network is modeled at a fairly
high level in terms of energy flows without consideration of voltage/current and control
loops.
The ratings used and the parameters characterizing each of these entities are described below:
- The consumer (individual, local authority, industry...) needs a certain amount of energy for
his own consumption at any given moment. Its consumption, in power, is noted Pc(t)
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- The producer of renewable energy produces at time t a power P1(t). This power depends:
The solar deposit whose temporal distribution is given by the function GPV(t)
(sunshine in W/m²).
- The ambient temperature Ta(t) in °C
- The production capacity in terms of installed peak power.
- Transfer functions (relations between the weather and electrical conditions and the
electrical production) a solar conversion chain noted FPV;
- The reversible inverter is characterized by the power transiting through it at time t,
and 1, its conversion efficiency;
- A local cogeneration unit for the production of electricity powered by a renewable energy
source (biogas).
- Availability of generation systems rated A(t) in case of maintenance or failure;

Figure 1: Overview diagram of the production system

3. Modeling of system elements
Studies of the different structures of renewable energy hybrid systems are carried out on the
basis of various models depending on the objective [7][8]. These models have in common
the use of meteorological data as input variables for the case of the photovoltaic system.
These data have to reflect the actual energy input received, which requires that the most often
available data be converted into usable data (solar irradiation, temperature...) [9][10]. In the
following, the models of both the photovoltaic and cogeneration converters and the electronic
converter are briefly described. The modeling of energy production systems aims first of all
at obtaining a tool for dimensioning and investigating the real physical system [11]. Several
works have been carried out on the subject [12], depending on the goal; the studied systems
will be described by more or less complex dynamic equations. In this section, we will present
some information related to the subsystems constituting a hybrid system and their numerical
simulation under the Matlab/Simulink environment.
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3.1. Models of the photovoltaic system
The behavior of photovoltaic modules has been studied at length in the work of [13][14]. In
the literature, there are two types of PV module models: electrical and energy models. The
electrical model is called diode-equivalent model (the most commonly used) or two-diode
equivalent model [15][16][17]. In this approach the supplied current and the terminal voltage
of the module are calculated from the received solar irradiance, the ambient temperature It
can be applied in short-term process studies, when it is necessary to know the electrical
quantities or to calculate the output power of the photovoltaic system
The current delivered by a photovoltaic cell:
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In the study we will conduct, the photovoltaic field will be connected to a MPPT (Maximum
Power Point Tracker) [18][19], which allows to recover the maximum available solar power.

Figure 2: Photovoltaic production chain

The integration of the MPPT simplifies the simple diode model to a single empirical equation.
Now, using only the climatic data of the site (sunshine and ambient temperature) and the data
of the module manufacturer, we can know the maximum power available at the output of the
PV module [19][20]. It is assumed that all the modules composing the PV field are subject to
the same weather conditions and behave in a similar way with regard to the PV field surfaces.
This model does not take into account the connection losses between the modules. The energy
produced by a PV field is estimated from the overall insolation on the inclined plane Ig(t) in
W/m2 , the ambient temperature, and the characteristics of the module provided by the
manufacturer under standard conditions.
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Knowing that the efficiency (under standard conditions) of a module is given by the
relationship:
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Calculating the size of the battery bank:
To make up for the lack or excess power, the system has a Lithium-Ion battery bank, with a
nominal voltage of &H4II imposed by the test bench. The capacity of the storage battery bank
in a hybrid system depends on the maximum daily charge, the number of days of autonomy,
and the maximum discharge [17][19]. It is calculated by the expression:

JH4II =

6.D (I)

ηKLGG .)KLGG .M;M

(5)

The inverter is an electronic converter whose purpose is the transformation of an electric
power in direct current, produced by the photovoltaic installation, into a power in alternating
current which will be supplied to the electric network or feed the isolated load. The efficiency
of the converter ηinv depends on the load, i.e. on the AC output power Pout. [21][22] This
dependency is called the inverter load curve and will be used for the analysis of the operation
of hybrid systems under steady state conditions. For the DC/AC inverter, the DC input power
(which is the power produced by the PV modules) is known and not the output power.
Therefore it is necessary to express the efficiency as a function of the input power. The
reduced electrical losses ploss can be expressed with satisfactory accuracy by a constant,
load-independent component p0 (%) and a load-dependent component p0 (%) [21][22]. The
expression is presented in equation (6):

NOP =

.QR%%

.STU,ELGFW

= N> + X. N

(6)

Where Ploss are the electrical losses, Y$Z,4I[ is the nominal power of the inverter, p0 and
k are coefficients calculated from the data provided by the manufacturer by equations (7) and
(8):
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Where η10 and η100 are the efficiencies respectively at 10 and 100% load with respect to the
nominal power, provided by the manufacturer. The reduced power p is expressed by (9).

N=.

.RbG

STU,ELGFW

(9)

The electrical losses are the difference between the Pin input DC power and the output power
(10). Thus combining equation (6) and (10) we get (11):

OP = Y$ − PcI

(N0 + X. N2 )Y$Z,4I[ = Y$ − PcI

(10)
(11)

On the other hand, the input power can be expressed from the output power and efficiency
(12). Thus after substituting (12) in (11) and using (9) one obtains (13):
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Y$Z = ηRbG
.

(12)
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Hence the efficiency of the inverter is expressed by (14):
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f
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(14)

3.2. Modeling a cogeneration unit
A diesel generator can be divided into three main components: the main engine, which
consists of a machine (internal combustion engine) with a speed governor that rotates the
inductor of a synchronous generator (alternator), and an automatic voltage regulator (control
system) that keeps the whole unit stable [23]. This system is the seat of a set of very different
phenomena (electrical, electromechanical, mechanical, thermochemical, etc.), difficult to
describe by simple dynamic equations. In the literature the modeling of a cogeneration unit
generally focuses on mechanical, electromechanical and electrical phenomena. However,
these models are often parameterized by thermochemical considerations related to the
thermodynamic cycle of the heat engine [24].

Figure 3: Model of a cogeneration system

Renewable energy systems have intermittent output characteristics and are integrated with
conventional energy sources to provide constant power. In many hybrid systems, the diesel
generator acts as this stable source of power. Diesel generators are designed to satisfy the
load and also to charge the storage device (battery) when the power supplied by the renewable
energy source and the battery is insufficient to satisfy the load. An adequate energy balance
is necessary for the optimal operation of such a system [25][26].

3.2.1. Mechanical torque generation
In this section focusing on the dynamics of mechanical torque in relation to the fuel flow
index [27][28].

J (l) = j. . no (l). p =.
m

E

D

(15)
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The instantaneous electrical power produced by the generator is written [29]:
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[Variation in armature magnetic energy] [Electromagnetic power] [Joules loss]
Electromagnetic power is the power transmitted through the air gap. By dividing this power
by the driving speed of the rotor (m=sync), we obtain the electromagnetic torque of the
generator (this torque will be opposed to the mechanical torque of the combustion engine of
the cogeneration unit).
J3 = . [ . g" − " . g[ 


vF

vq

(20)

3.2.2. Hourly fuel consumption
For a cogeneration group, the hourly fuel consumption is strongly related to the load rate and
the rated power of the generator, can be approximated by a linear function of the load rate
[23][24][30][31]:
n() = (> +  δ) ()

(21)

With m: Hourly fuel consumption, usually expressed in (L/h)
a0, a1: Constants obtained from literature or experiments (L/KWh)
It is interesting to study the optimal management of CHP generators by seeking to minimize
fuel consumption. The number of generators required can be expressed as a function of
maximum power. Since a hybrid system must be able to provide part of the load even in the
absence of sunshine (cloudy or night-time passages), with a lack of electrical grid, the total
number of generators can be determined by the expression [23]:

/<r. =

 (.qL (I))
.FCA (I)

(22)

Since the generators are all identical, the fuel consumption and the total power of the load to
be supplied by the local cogeneration units at time t are written respectively:
s
n() = =<r. ( ). ∑:RT
(I)(> +  δ ())



=<r. ()

:

s
= =<r. (). ∑:RT
(I) δ ()

:

(23)
(24)

Where No(t) is the number of generators in operation at time t, and ND is the total number of
cogeneration units installed, noting that No(t) < ND
According to expressions (23) and (24), fuel consumption is written as follows:
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(25)

Equation (25) shows that minimizing the number of generators in operation each hour will
also result in minimizing fuel consumption [23]. Therefore, the number of generators in
operation NO(t) can be determined by :
/P$ ( ) =

.A (I)

.FCA (I)

(26)

With an hourly time step (∆t= 1h), the average daily running time T of each generator will
simply be written:

 = ∑  /P$ (). ∆ //M

(27)

In the case where all generators are identical and all coupled in parallel, the equilibrium point
will naturally go to a state where all load rates have the same value. Thus, at each instant t,
the charge rate can be determined by [23]:

δ() = :

.CA (I)

RT (I)..FCA (I)

(28)

3.3. Numerical simulation of the two PV/CHP production sources
For the simulation, the first source consists of a photovoltaic system connected in series with
a partial MPPT to recover the maximum of the power produced, keeping a constant voltage
at its output, the second source is equipped with a cogeneration group connected in series
with a controlled rectifier. The two sources are connected in parallel with each other. At the
output of the two sources there is a global chopper to control the power to be injected into
the electrical grid. The simulation diagram under the Matlab/Simulink software, presents the
two production sources, plus the conversion chain which consists of a global chopper, and an
inverter for the conversion of the voltage generated by the global chopper into sinusoidal
voltages at the output, and the synchronization of the latter with the voltages coming from
the electrical grid.
The model is applied to Matlab-Simulink. A series of simulations is carried out to study the
behavior of the model, simulation parameters Settings: rated output power of synchronous
generators is 4KW; Rated voltage is 380V; Frequency is 50Hz;
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Figure 4: synoptic schematic of system modeling under the Matlab/Simulink environment

Figure 5: Reference and measured mechanical torque
Cm-ref (red) and Cm-mesured (bleu) in reduced value

590

Figure 6: Mechanical reference speed and
measured ωm-ref (bleu) and ωm-mesured (red)

Figure 7: The stator voltages of the
synchronous generator Va,b,c

Figure 8: Voltage set-point (red) and measured
voltage (bleu) of the voltage regulator

Figure 9: Voltage at the output of the
inverter before filtering

Figure 10: Voltage at the output of the
inverter after filtering

J. Electrical Systems 16-4 (2020): 582-603

Figure 11: DC bus voltage regulated to 500V

Figure 12: The power at the output of the
system regulated on 6KW

The response of the system at constant (reduced) speed and torque is given in Figures 5 and
6; both graphs show that the speed governor of the internal combustion engine is correctly
defined.
Figure 8: The regulation voltage is maintained around 379 and 380 V. This explains why the
functions of the different controls have been correctly realized either for the excitation system
or for the voltage regulator.
Figure 7: the behavior of the system is a balanced three-phase system, which means that the
proposed simulated model is quite efficient. Figure 11 shows the voltage at the output of the
boost in relation to a reference value of 500V, the figure shows that the measured voltage is
very close to the set value.
Figure 12: gives the value of the electrical power generated by the cogeneration system,
indicating that the current and voltage control loops in the conversion chain have been well
defined.
4. Economic modeling
The optimization of energy transfers and installed power will be done according to economic
criteria. We must therefore introduce a cost function for the user of each element of the
complete system [20]. In a general way, we define the operating cost Ctotal(t) by a given
element at time "t" (t in hours), as the sum of the CI investment costs (depends on the
maximum capacity of the elements), CE energy (This cost depends on the power produced or
consumed at time t and the maximum power that can be received or returned by the element,
and CU use (This cost can be broken down into an annual maintenance cost that depends on
the capacity of the installation and a production-dependent wear and tear maintenance cost)
[32][33]. The total cost of operating the system is:
JIPI4O = ∑ J9 () + ∑ J () + ∑ J ()

(29)

The operating cost of the components can also be included in the system management
strategy: fuel cost for connected CHP units. Often these costs are estimated in a linear way
according to the power delivered by the sources concerned.
 For the production system: renewable energy

J.) = ∑I

<0CAB (.ABCDEêGF ,I)
ABCUSF


.  + ∑I
J3=.) .  (). .) ()

(30)
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J9=.) : The total investment cost in (€/KW) for a lifetime .)=ZY in (hour)
J3=.) : Maintenance cost (€/h)
 For the cogeneration unit:


J<r. = ∑I

<0CA (.ACDEêGF ,I)
ACUSF


.  + ∑I
J3=<r. .  (). <r. () +

∑I
Jc=<r. .  ( ). <r. ( )

J9=<r. : The total investment cost in (€/KW) for a lifetime <r.=ZY in (hour)
J3=<r. : Maintenance cost in (€/h)
Jc=<r. : Operating cost in (€/KWh)
 For the power grid:

JxY[ = ∑I
Jc=xY[ .  ( ). xY[ ()

Jc=xY[ : Operating cost in (€/KWh)
 For batteries:


JH4II = ∑I

<0CKLGG (.KLGGCDEêGF ,I)
KLGGCUSF

.

(31)

(32)

(33)

J9=H4II : The total investment cost in (€/KW) for a lifetime H4II=ZY in (hour)
The total cost is the sum of the costs for each production subsystem:

5. Problem statement and constraints
5.1. Energy optimization in a hybrid production system
The overall optimization of the energy supplied by the hybrid system's production sources is
based on mathematical modeling of all the devices making up the system's energy chain
(CHP, photovoltaic, battery, power grid). This is defined by mathematical equations
reflecting the operation of the energy chain called "constraints" and control or decision
variables and a cost function to be optimized called the "objective function". The type of
modeling adopted depends once on the nature of the sources, and their characteristics such
as: efficiency, energy losses… [34][35]. however, the resulting mathematical model can be
expressed in different forms: linear, non-linear, convex or non-convex. Depending on the
type of modeling, several methods or approaches exist to obtain optimal or sub-optimal
decisions within calculation times that depend on the complexity of the mathematical model
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[35]. The objective of this section is to minimize the cost of operating the system according
to a given type of mission profile.

 Photovoltaic system: In our model, the renewable energy + () is first used as a source
of electricity for the users because it is free of charge. Let .) () be the renewable energy
used to meet the electricity demand. If we have a surplus of renewable energy when the
energy demand has been met, we use this part of the energy .) () , to charge the batteries.
In addition, the amount of renewable energy harvested in a time slot is limited.
+ () = .) ( ) + .) ()
0 ≤ P (t) ≤ P-



.) ( ) =  (). η . 1 −  ( ). + ()
.) ( ) =  (). η .  (). + ()

(34)
(35)
(36)
(37)

 Local cogeneration unit: We assume that electricity and thermal energy can be produced
simultaneously by our local generator. Using an idealized model, we will investigate a more
practical cogeneration model in our future work. η and η are the efficiencies of
converting fuel to electricity and thermal energy respectively. At each time slot t, the
cogeneration unit produces electricity and thermal energy, the quantities of which are
designated respectively by η=<r. . <r. () and η=<r. . <r. (). The electricity produced
by the CHP denoted <r. () will be used for power supply to meet the demand, with
parameter A3(t) representing the on/off decision of the generator :
- A3(t) = 1: Represents the on/off of the cogeneration unit to the micro-grid
- A3(t) = 0: Refers to the micro-grid shutdown of the cogeneration unit.
<r. ( ) = η=<r. . <r. ()

0 ≤ <r. () ≤ <r.=345 ()

=<r. () =  (). η . <r. ()

(38)
(39)
(40)

 Centralized power grid: We assume that the power grid and the micro-grid are connected.
Electricity can be acquired from the centralized power grid to meet the demand for
electricity. The system obtains power of the order of xY[ () to meet the demand directly,
where xY[=345 is defined as the upper limit of direct power supply from the power grid.
We then have:
0 ≤ xY[ () ≤ xY[=345
(41)
xY[ () =  ( ). xY[ ()

5.2. Balance of energy flows

0 ≤ xY[ () ≤ xY[ =345

(42)

(43)

The hybrid system to be designed consists of photovoltaic panels characterized by a total
peak power Ppeak, and an NCHP number of CHP generators of the same size PeCHP(t). Since the
system is designed to supply an entire electrical load Pc(t), the following energy flow balance
is available at any time t:
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∑ () = 0

.) () + y () − y () = 0

(44)

PPV’(t): Total electrical power provided by the photovoltaic panels (KW)
Pc’(t): Total electrical power supplied by CHP generators, batteries and power grid (KW)
5.3. Electricity demand
In our micro-grid system, Pc(t) represents the total demand for electricity at time interval t,
which must be met once requested. The net power demand Pc'(t), which is the excess of the
power demand over the renewable energy at time interval t, is equal to the subtraction of the
power demand and the renewable energy, and can be expressed as:
y () = y () − .) ( )

(45)

The Pc-max indicates the maximum net power demand in a time interval, and then we have:
0 ≤ y ( ) ≤ y=345

(46)

The power can be obtained from the electrical grid, the local cogeneration plant and the
battery, designated by: xY[ (), <r. (), H ().

y ( ) = xY[ ( ) + <r. ( ) + H ()

y () =  (). xY[ () +  (). η . <r. () +  (). η . H ()

(47)
(48)

5.4. Battery charging and discharging model
The dynamics of the battery state of charge (SOC) level B(t) is given as follows :
() = ( − 1) − ηM . H () + ηy . .) ()

() = ( − 1) − ηM . 2 (). η . H ()7 + ηy . [.) ()]

(49)
(50)

Where ηM is the discharge efficiency of the battery; and ηy is the charge efficiency of the
battery. We can see that the battery must satisfy capacity and charge/discharge constraints at
any time t.
0 ≤ o () ≤ 345
(51)
0 ≤ o () ≤ y4x

(52)

H () =  (). η . H ()

(53)

The energy accumulator here is of the electrochemical type characterized by its maximum
storage capacity Bmax, efficiencyη , availability A4(t). We note B(t) the energy stored in the
battery and Pb(t) the power it receives or supplies at time t.
3Y$ ≤ () ≤  345

(54)

Where Bmax is the battery capacity, P_44max is the maximum discharge power of the battery in
each time slot, and P_charge is the maximum charge power of the battery.
5.5. Consumption profiles: On-site consumption data
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In our case study we will provide consumption data of a collective room with a one hour step
during a basic test day. Note that the premise under consideration has a surface area of 200
m² for about ten inhabitants. With such consumption profiles it is interesting to have an
overview of the measurements. Daily curves are presented in winter and summer with a fall
in consumption during the weekend compared to the days worked during the week when
consumption is interesting during opening hours. One will notice basic power consumption
even during the night around 2.2KW for the summer season and 4KW for the winter season,
which should correspond to the air conditioning or heating system and the monitoring
systems of the refrigerating appliances.
5.6. Production profiles: Photovoltaic panel model
To generate a production profile of a photovoltaic system, we use a simple model of solar
panels inherited from a one-diode representation. The calculation of the power produced
takes into account the incident sunlight, and the ambient temperature according to the
characteristics of the panels considered.

Figure 13: consumption data in KW:
winter/summer season

Figure 14: power produced by the photovoltaic
system winter/summer

5.7. The objective functions of the problem
The objective function of the constrained minimization problem is the total discounted cost
just taking into account the costs of using each production system at the end of the time
horizon [35]. For reasons of complexity, a discretization of space-time is performed with a
time step ∆t=1h. All these vectors are sampled per hour (24 points for a full day). By
associating the objective and the constraints related to the operation of the system, the global
model is as follows:
() = J=.) .) () + J=xY[ xY[ () + J=<r. <r. () + J=H4II H4II ()
Objectif: ngh ∑ ()
y () = .) () + xY[ ( ) + <r. () + o ()
y () = y () − .) ()

∀ ∈ 

∀ ∈ 

(55)
(56)
(57)
(58)
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( ) =  ( − 1) − ηM . o () + ηy . o ()
0 ≤ ( ) ≤ 345

0 ≤ y ( ) ≤ y=345

0 ≤ .) () ≤ .)=345

0 ≤ xY[ ( ) ≤ xY[=345

0 ≤ <r. ( ) ≤ <r.=345
0 ≤ o () ≤ o=345

o=3Y$ ≤ o ( ) ≤ o=345

The state vectors are: £I = 2y (), .) (), (), JxY[ (), J<r. ()7
The control vectors are : ¤I = 2.) (), xY[ (), <r. (), o ()7

∀ ∈ 

(59)

∀ ∈ 

(61)

∀ ∈ 

∀ ∈ 

∀ ∈ 

∀ ∈ 

∀ ∈ 

∀ ∈ 

(60)
(62)
(63)
(64)
(65)
(66)

The optimization parameters are, for each hour, the energy produced by the photovoltaic
system, the cost of purchasing electricity from the grid, the cost of purchasing fuel for the
cogeneration unit, and the electrical demand (load profile). The optimization variables are
the peak power of the photovoltaic field, the maximum power supplied by the electrical grid,
and the installed power of the CHP generators. These three variables are sufficient to fully
determine the system characteristics.
5.8. Strategies and control algorithm for energy management
In order to perform an energy balance calculation at all levels of the system, the user must
provide estimates of final energy demands [36][37]. It must also provide the capacities of the
existing installations, the characteristics and potentials of the technologies used. These data
are then converted into matrices, corresponding to a linear-mixed programming problem
whose objective function is the constrained minimization of the total discounted cost.
Optimization algorithms are at the center of the management strategies envisaged and aim in
a large part of the studies to enhance the value of the multi-source system by minimizing the
energy bill. A number of methods can be found in the literature for optimal management of
energy flows. Two main classes emerge between step-by-step optimization procedures of
references for degrees of freedom or a global optimization of flows over a given planning
window.
Towards a linear modeling in mixed variables:
Linear programming deals with a particular class of convex optimization problems, where
the objective function and all constraint functions are linear [38]. The solution of linear
optimization problems is obtained more easily than that of non-linear problems.
min ¨¨¨©. ª
¨¨¨© , ¨¨¨©, ª
¨¨¨© ∈-ℝ$

f×$
f
¨¨¨¨¨¨¨©
¨¨¨¨¨¨¨©
" . ª
¨¨¨© = ¬
, ¬
" , " ∈-ℝ
" ∈-ℝ

"×$
"
¨¨¨¨¨¨¨¨¨©
¨¨¨¨¨¨¨©
$" . ª
¨¨¨© ≤ ¬
, ¬
$" , $" ∈-ℝ
" ∈-ℝ
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Algorithms exist which find a solution to the linear problem under constraints in polynomial
time or prove that such a solution does not exist. Two classes of methods group the most
popular algorithms. Both can be characterized as linear search methods [38]:
- The algorithms based on the Danzig simplex algorithm are based on the idea that linear
constraints define a convex polytope in ℝ. If a solution exists, it is located at a vertex of this
polytope. The simplex algorithm progresses by evaluating a subset of the vertices. It moves
from one vertex of the convex envelope to a neighboring vertex, always reducing the
objective value.
- On the contrary, the inner point algorithms construct a sequence of points within the
allowable space following a descending direction of the objective function while keeping an
appropriate distance from its bounds at each iteration.
6. Case study: Study and optimization of the system without storage unit
In this case the storage system is cancelled, the three distributable sources, the photovoltaic
system, the cogeneration unit, and the power grid, represented by PPV(t), PCHP(t) and
PGRID(t), are used to supply the load, when the load demand exceeds the limit of the
photovoltaic system. The problem is to minimize the cost of operating these generation
units for a specific operating period in order to meet the system load demand and the
operational constraints of the power system to be maintained.
Objectif: ngh ∑ ()

(67)

y ( ) = .) ( ) + xY[ () + <r. ( ) ;

(69)

( ) = J=.) .) ( ) + J=xY[ xY[ () + J=<r. <r. ( )
(58), (61), (62), (63), (64)

 ( ) =  ( ) =  ( ) = 1

,

 (  ) = 0

(68)

(75)

The state vectors are: £I = 2y (), .) (), JxY[ (), J<r. ()7

The control vectors are: ¤I = 2.) (), xY[ (), <r. ()7

The entire management procedure is summarized in the diagram in Figure 4. Starting from
the optimal demand specifications and production/cost measures, optimizations are initiated
according to the target value in relation to the optimal profile. Once these procedures have
been carried out, the new grid and cogeneration unit capacities are calculated based on the
adopted management program.
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Figure 15: flowchart of the non-storage mode in which all the conditions for optimization are ensured

Simulation Results:
The simulation of the process is carried out on the basic test day (winter/summer working
day) used as a basis for the management system, taking into account the production/cost
constraints. The corresponding consumption and production profiles are given in Figures 2
and 3. Daily operation of the optimal system: Figure 3.4 shows the daily production of the
PV field, the cogeneration unit, and the power grid on a typical day. It can be seen that the
demand is satisfied at each instant t by the sum of the powers at the same instant t that pose
a minimum cost of use (which confirms the energy balance).
It is therefore important to point out that the energy produced by PV has smoothed the
consumption curve well during sunny periods, especially in summer (low consumption) with
fewer hours of operation of the cogeneration unit. On the other hand, during the winter
months, it can be seen that another source with PV is needed to satisfy the electrical demand.

Figure 16: Simulation results for summer/winter source balancing
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Figure 17: Summer hourly usage cost - smart-grid/classical

Figure 18: Winter hourly usage cost - smart-grid/classical

Figure 19: Status of the cogeneration unit (1=ON, 0=OFF) Figure 20: winter/summer electricity costs

Interpretations:
The use of a cogeneration unit (CHP) as a complementary agent in a hybrid system
comprising a photovoltaic production line and a conventional source (figure 16) represents
an interesting solution to the problem of peak hours when the demand for energy is high
(figure 19), especially during the coldest hours, CHP allows to replace during hours of the
day the direct consumption through the electrical grid with a lower cost. In order to illustrate
(figure 17, 18) the gains brought by the integration of a CHP unit and a solar field in an
electric grid, this integration brings a saving in the tariffs imposed by the public producer
(conventional consumption). The influence of the integration on the hourly use cost curve
can be seen in the periods between 5 a.m. and 9 p.m. during the summer, and during periods
of high consumption (in winter) between 12 noon and 8 p.m. The energy management applied
to the system has made it possible to reduce the energy supplied by the electrical network,
with a saving of 22.9% in bills during the winter period and 61.2% during the summer period,
showing the particular interest of the management strategy when the system is subsidized by
other production systems.
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Conclusion
In this work, a general presentation of energy production systems was the subject of a first
part. The characteristics of the elements making up the power system were briefly presented,
including their modeling and numerical simulation. Then, an economic model of the
production system was presented to evaluate the cost of operating the system in comparison
with a conventional production system. Before developing the optimization algorithms
required for management and sizing, the energy flows of each subsystem studied must be
defined in a manner appropriate to the level of precision compatible with the optimization
procedures to be implemented subsequently. The second part is devoted to the definition of
the input data (climatic potential, consumption profile, etc.) as well as the envisaged tariff
policies. These data will be essential to test the algorithms set up, and to propose energy
management and optimization methods adapted to multi-source systems able to meet the
energy demand at each time interval while respecting the various constraints related to the
operation of the system's energy chain, and to minimize and optimize fuel consumption by
conventional sources (cogeneration unit). The simulation results obtained showed the
primary interest of integrating renewable generation sources in a hybrid system, by
minimizing the dependence on the electrical grid and the fluctuation of consumption rates.
The connection of a cogeneration unit to the hybrid system plays an interesting role during
peak hours when electricity costs are important.
Acknowledgements
The research team would like to thank the national center for scientific and technical
research CNRST, for its funding of the project "Study of appropriate technologies for
the conversion of organic waste and biomass into renewable energy and sustainable biofertilization
Notation


: Sunlight in the plane of the panels (W/m2)

: Cell junction temperature (°C)

: Current GI supplied by the panel group (A)
&
: Voltage at the group terminals (V)

: Corresponds to the reference sunshine of 1000W/m2

: The temperature of the reference panels of 25°C.
P1, P2, P3, P4 : are constant parameters.
X
: Boltzmann constant (1.38.10-23 J/K),
®
: The elementary load (1.6 10-19 C), and
: Gap energy
x
Ns
: nombre des panneaux montés en série
A
: surface d’un panneau
Rsh
: résistance de shunt
Rs
: résistance equivalent
-.. : Power supplied by the PV field (W)
/.)
: Number of modules in the PV field
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89
89+
345

: Global solar irradiation of the considered place (W.m-2)
: Global solar irradiation under reference conditions (=1000W.m-2)
: Peak power of a PV module under reference conditions (Wp)
µ345 : Variation of PV power as a function of temperature
: PV module junction temperature
6
6+
: Junction temperature in the reference conditions of the module (=25C°)
: Ambient temperature of the place under consideration (C°)
#
/¯J : Operating temperature of PV cells under reference conditions (C°)
JH4II : Total battery capacity (Ah)
y () : Daily consumption
&H4II : Output voltage of the battery bank (V)
ηH4II : Battery efficiency.
t¯t : Represents the permissible deep discharge of the battery (Depth of Discharge).
°
: Number of days of autonomy
C
: The dynamics of the mechanical torque
K
: The static gain
Tr
: Time constant expressing the limit in reaction speed of the motor
Tc
: Time constant expresses the time delay for the
mB(s) : The equivalent in the Laplace plane of the supply index.
ωmref : The rotational speed
Sref
: The basic apparent power
HD
: total inertia
DD
: total friction coefficient
&(4Hy : Stator voltages
&4Hy : Rotor voltages
: Stator resistor
'
'
: Rotor resistor
Is
: Stator currents
Ir
: Rotor currents
Cem
: Electromagnetic torque
: Instantaneous electrical power
Pg
abc
ϕs
: Stator flux
ϕrabc
: Rotor flux
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