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Abstract. Investigations in this paper concern management of Hybrid Renewable
Energy systems (HREs). To achieve it, a supervisory system based on hybrid systems
concept is designed, in order to ensure power flow between energy generators (solar
panel and pico-hydroelectric), batteries and load. Differential Hybrid Petri Net is used
to model the proposed supervisory and simulations are made in Matlab environment.
Results obtained present a good performance criteria Loss of Power Supply Probability,
and this show the effectiveness of our approach in the coordination of HREs components
during the energy sharing process by reducing load shedding in microgrid system.
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1. Introduction

Supervision of a power electric generation is an essential challenge for many
hybrid energy systems. The systems which are built on renewable sources represent
an opportunity to the power balance of a country, particular in rural areas for supply
electricity. Indeed, it is estimated that 18% of the global population do not have access
to electrical energy [1]. Among the multiple reasons of this low penetration of electricity
in remote areas, we have the obsolescence of the main grids, rural population which
are located in rugged terrain areas and low exploitation of available renewable energy
sources. That is why, the development of decentralised stand-alone Hybrid Renewable
Energy Systems represents an important alternative this last decade for economic,
sociological, and ecological factors. In fact, implantation of such systems in most of the
cases does not require enormous financial means and low cost maintenances; moreover
, it allows the rural populations to directly has an electricity supply and due to the

3 Present address: Department of Electrical Engineering, Energetic and Automatic, P.O. Box 455, The
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scale of the installation, damages on environment are significantly reduced. Among
the renewable sources of energy, the utilisation of solar and wind power have become
increasingly important, attractive, and cost effective [2]. However, the choice of a suitable
configuration of hybrid installation for a given site depends on many factors, including
the load power, geography site, the topographical features and climate conditions of the
region [3]. Thus, to consider reasons mentioned by E.M.Nfah [4], Kenfack [5] and Abanda
in [6], the decentralised HREs is composed of photovoltaic/pico hydroelectric turbine and
battery energy storage systems. Moreover, these components are interconnected on DC
bus via power converters. Electrical energy generated by such system is submitted to
many disturbances which are caused by the random behaviour of weather conditions,
and sometimes unpredictable profile of the load. These fluctuations are caused by several
dysfunctions at DC bus microgrid like peaks and drop of power, outages of current and
bad quality of energy (unstable voltage and frequency). To remedy these problems, some
installations are equipped with some conventional generators which use fossil fuel [7], in
order to guarantee availability of power. Unfortunately, these generators have negative
impacts on environment such as air pollution and climate change [8]. Therefore, to
follow these systems, we need a sophisticated methods to control the energy generation.
Several researches have concerned with supervisory of hybrid power sources according to
the availability of the renewable energy sources, using the graphical tools of modelling.
Indeed, those works are based on the modelling of continuous events of a system with
bond graphs, energetic macroscopic representation and causal ordering graph [9], other
focused only on discrete events by using Petri Nets [10], [11], [12] and automata [13].
In this framework, HREs is considered as a hybrid system with continuous and discrete
events. Due to this fact, Hybrid Automata [14] and Differential Hybrid Petri Nets
(DHPN) [15] are able to model both events. We use DHPN, because it can allow
the representation of conflicts, casualties, resource sharing and synchronisation [16];
this is not the case with Hybrid Automata. DHPN have been recently introduced to
model and simulate hybrid power systems [15] and [17]. In Sousa [15] hybrid electrical
energy systems are modelled and analysed like a hybrid system through the formalism of
Differential Hybrid Petri Nets (DHPN). In comparison with this last work, we focus on
the control of decentralised stand-alone HREs, but the difference is based on the topology
and design of different operational modes of the system. Simulation is implemented to
prove effectiveness of our approach on the proposed management strategy. The following
assumptions are made: we suppose that the voltage on the direct current bus is quite
stable and the photovoltaic generator is working on his maximum point power.

The paper has the following organisation: Section 2 presents the configuration
of the HRE system, then in Section 3 we discuss the mathematical modelling of each
component of the HRE system. After this, designing of the supervisory control of the
stand-alone hybrid generation electrical system and definition of the Differential Hybrid
Petri Nets formalism are shown in Section 4. Section 5 is focused on the modelling of
supervisory control by DHPN tool, the validation of the model by simulation and the
discussion of the results are done in Section 6, Section 7 sums-up the conclusion.
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2. Topology of the decentralised stand-alone Hybrid Renewable Energy
Systems (HREs)

Hybrid Renewable Energy System is a system which has at least two renewable
sources of energy. This appears to be one of the most attractive solutions to overcome
the lack of electricity and environmental problems. Cameroon has a high hydro potential
estimated to 294TWh/year [6], and the rivers of rural areas are fed by two main
catchments from the Adamawa high plateau and the western highlands. Which allows
these rivers to have for example, a mean discharge flow of 7m?3/s in Far North region
[18]. Furthermore, estimates of 5.8 and 4kWh/day/m? respectively in the Northern and
Southern regions of the country of global solar radiation[6], solar energy is abundantly
distributed all round the year especially in the dry season which usually runs from
November to March every year. Even in the rainy season the solar resource is always
richly available [16]. Due to these assets, HRES describes in Figure 1 is composed of
heterogeneous renewable sources (solar panel and pico-hydroelectric). We also have a
storage system which is made by battery banks, and power electronic converter (Zero
Voltage Switching). All these components are coupled on a DC bus.
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Figure 1: Topology of Stand-alone HRES

3. Mathematical Modelling of a Decentralised Stand-alone HRES

The mathematical model for each component of the topology is presented. A proper
derivation of mathematical model for the system is necessary to have a better analysis
of the system dynamics in transient and steady-state operation.

3.1. Pico-hydro power plant

Power plant used is for the smallest scale with capacity less than 5Kw [4]. The
dynamic model of generators is based on the reference Park (d-q) with orientation of
the stator flux. It permits to separate the representations on d and q axes. In this case
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we consider only the vector control method by orientation of the stator flux. The field
is then rotated and oriented according to the stator flux of direct axes. It follows that

by =D;Pq=0 (1)
Moreover we neglect stator resistance and we are on steady state; the stator voltage
is given by:
{ Vsd = Rgigq + dq)Sd ~0 (2)
Vsqg = Rglgg +wsPeqg >~ vs = wsPs
And the rotor voltage is given by

Upd = Ryipg+ oL, dfﬁd + oLywrirg 3)

Upg = Rypipg+oL, Zl;q oL, wypirqg + wTLL—”;’(I)s

Thus, by combining the voltage and mechanical torque equation of the whole pico-
hydro power plant system, we obtain:

di R . 1

drtd = ULr lpd — Wrlrq = 51, Vrd

di R, L 1

d‘éq = — g —f—wrZTd wToLmL D, + 5L Urq (4)
dta = (T’tub fv a)

with Tyyrp = 1t £ Q( )and Tem = pq’s%irq
or we have w, = ws P8y = gws; Vg = 0 and v,y = 0. This leads to the following

system:
d"r P Rr s
% = oL, lrd — ( Ws _an) lrq
di R, : L, ®
=+ (ws — PQa) ipg — ofbrg — (ws — py) = 5 (5)
dQQ, __ Ly ®s -
da — ka"FpJTzssqu_%Qa
is system can be written as
This syst be writt
. —Rr . .
d lrd Lyo —Ws 0 Upd PQyirg e
y — —Ry me‘I’s - _ WsbimPs
pn irg | = Ws o T irg | + | —PQatrd — =2 T (6)
S bt

where k, = nipgh/J
Thus, the active and reactive power produced is given by the following relations:

P, = —vp kmj
{ ot L (7)

Qs = Usfz - Usfrsnldr
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3.2. The photovoltaic generator
We suppose that the system is working at his maximum power point tracking.
Mathematical model of the output current is given by the Equation (8) see [19].

ipy = Iph — Ip -1, (8)

Where 1, the photo-generated current depends on both irradiance and cell
temperature expressed as:

G
Iph = aq [Icc,ref + Kz(Tc - Tc,ref)] (9)
ref

The diode current Ip is given by:

V};v + Rstv

) (10)

ID — Isat [efbp(

where ¢ = 1.602 x 10719C Electron charge and k = 1.381 x 10723J K~ is the Boltzmann
constant; the reverse saturation current is given by:

qlbsy 1 1
Togi = A —= - — 11
sat % exp [ o <Tc’mf T (11)
where 5
T,
A= Isat,ref (T . ) (12)
c,ref

Taking into account that the shunt resistance R, is usually very large: (R, — oo =
I, = 0), the current produced by the photovoltaic generator is given by

Upy + Rglpy

WViNwN, ) —1] (13)

Z.pfu = NpIph - NpIsat [exp(

and finally, the power supplied by the photovoltaic plant converter is given by:

Ppy = vpvipy (14)

3.3. Battery bank

Although it is an additional source of energy for the system, the battery bank also
constitutes a load for the grid. His function is to store the electric power generated by
both plants PV and Pico-hydroelectric, in order to be used when there is a deficit of
energy produced by the main generators. The expression of the battery current of the
system can be modelled by equation (15) ( see [20]).

lpat = Z‘php + ipv — i (15)

The voltage at the terminals of the battery is expressed by:

vp = Fp + v + (iphp + lpy — iL) Ry (16)
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with

. , .
o (Tphp + ipv — iL) (17)

The charge and discharge processes of the battery correspond to:

Ve =

e Discharge process :

I
Vega = 1,965 + 0,12S0C(t) — —C'?B x K1 (18)
10
where K1 = (i + gomthes +0,02)(1 - 0,007AT)

e Charge process :

Ipp

Vepe =2+ 0,1650C(t) — Yo
10

x K2 (19)

with K2 = (18 + sgyez +0,036)(1 - 0,0025A7)

Ipp denotes the intensity delivered by the battery (A).
Moreover, to follow the level of energy in the battery bank we use the parameter
SOC which is evaluated in [15] by the Equation (20).

SOC(t) = SOC(0 / Doat gy (20)

4. Supervisory control design

4.1. Grid Connected Stand-alone Generation Hybrid System
The Figure 2 shows the structure of the control adopted particularly the high
level control. In fact, it presents the three commands Cy,Cy and C35 which are the
different contactors of the system, fixed respectively between the generators, load and
battery. The capacity to supply electricity by HRES is directly linked to weather
conditions. Fundamentally, it is able to manage the power flow between generators
and load according to some constraints (environmental and system component ). As
criteria to define different operating modes, we consider the behaviour of storage system,
particularly the State of Charge (SOC) and the energy balance between the total
generation (solar + Pico hydroelectric) and the load demand.
Low level control is not part of this study. Nevertheless, functions Cry(P),Cra2(P)
and C4(P) are the proportional integral corrector functions respectively of the current
and voltages.

4.2. Design of the Control Operating Mode
First we will define the power error P.:

P. = Pphp + va — Py, (21)

According to the values of P., we will design a supervisory high level control in order
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High level control
Differential petri net

Poip

* Control

Figure 2: High level Control

to ensure the power supply of consumers. Thus, the commutations between the modes
are given according to the different values of the equation 21 and the state of battery
value equation 20. The following rules can be formulated :

Mode 1: During this state, available plants power is enough to supply load and the
batteries are empties. In this case, load is entirely fed by main generators. Due to the
fact that SOC is at the minimum level, batteries are charged by excess energy. In this
situation, the generators supplied the consumers alone.

Mode 2: Power flow in this mode is almost in equilibrium, when the both plants PV
and Pico-hydro can not supply a power required by the load, battery system is connected
, to generate energy enough for the load . Duration of this mode is sustained by the
capacity of the battery to stay in SOC,,;, < SOC < SOC,4z-

Mode 3: The powers from generators and batteries are less than the required power
from consumers. It cannot be used to track during a long time load. This phase is
sustained until the state of charge surpasses the minimum threshold SOC,,;,,. Therefore
the consumers are disconnected to allow the full charge of the battery bank.

According to the state of switches, this can be recapitulated in Table 1:

Table 1: Conditions for the selection of operational mode

Mode Constrains States of contactors
1 Pe >0 and SOC > SOChax 01=0,0,=1;03=1
2 P > 0and SOChin < SOC <S0Chax 01=1;0=1;03=1
3 PC SOand SOCSSOCmm 01 21;0221;0320

In this table when O; = 0 it means that the contactor C; is opened and if O; = 1 the
contactor Cj is closed, with ¢ = {1,2,3}. During his exploitation, the discrete events
mentioned below are interacted with continuous events which dynamics are modelled by
differential equations. Therefore, to represent graphically all these phenomenon we used
DHPN which is defined below.

70



—\ TECHNIUM Technium Vol. 2, Issue 7 pp.64-76 (2020)
\@ ISSN: 2668-778X

www.techni umscience.com

4.8. Differential Hybrid Petri Net

Differential Hybrid Petri Net is one of the extension of Petri Net. Initially defined
by Demongodin in [21], this formalism has been improved by many researchers. In this
work, the following definition is adopted.

Definition 4.1 A Differential Hybrid Petri Net is defined by
DHPN = (Xpr,Xp,Tp,Tpr, Pp, Ppr, Pre(P;,T}), Post(P;, Tj), My, x) verifying the
following conditions:

o Xpr is a finite set of continuous state variables, Xpr C R ;

e Xp is a finite set of discrete state variables, Xp C ZT ;

o Tp is a finite set of discrete transitions ;

e Thr is a finite set of differential transitions ;

e Pp is a finite set of discrete places ;

e Ppr is a finite set of differential places ;

e Pre(P;,T;) is a function that defines arcs from a place to a transition with
Pre(P;,Tj) € R;

e Post(P;,Tj) is a function that defines arcs from the transition with Post(P;,T;) € R;

o My = [Mco; Mpy) is the initial marking of discrete and continuous states;

e x C(Pp xTp)U(Tp x Pp) is a set of arc which consist of a set of ordinary arcs
and a set of inhibitor arcs;

e PNT =0 and PUT #10

5. Modelling of supervisory control by DHPN

Once the design of operational modes is done, let us modelled by DHPN. Indeed,
supervisory is led by this level which selects the operating mode and the coupling
of the sources and load at the DC microgrid. Supervisory system is based on three
inputs and three outputs as illustrated by Figure 3. According to inputs information,

Supervisor
S}?C_' Selection of 0
1 =P | imissible states | POz
PG q 'ﬂoj

Figure 3: Supervisory system

essentially continuous events, supervisor assesses power balance of each source, then
drives information to different outputs. Otherwise, it makes sure those informations
achieve to desirable states.

Remark: It’s important to note according to Figure 4, the firing of some transitions
required to consider constraints mentioned in Table 1; in the case of structural conflicts,
the priorities of firing the transitions can be presented. So, the priority of a transition
will be fixed in simulation.
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Figure 4: Differential Petri net model of High level control

Table 2: Legend of Figure 4

Continuous events continuous states

Tpf1 Calculation of P, and Ppyq Ppfs1 Power of PV and Power of pico — hydroelectric
Tpy2,Tpys  Calculation of V4:&S0OC Ppyo  Voltage battery and SOC

Tpya Calculation of Pjyqq Ppss  Load power

Discrete events Discrete states

T Switch from Mode I to MODE II Py MODE 1

Ts Switch from Mode II to MODE III | P, MODE II

T3 Switch from Mode II to MODE III | Ps MODE III

Ty Switch from Mode II to MODE I P, Plants and Batteries supply

T5 Coupled Plants and batteries Py Generators in stand alone mode
Ts Turn On stand alone mode P Uncoupled load

T Switch OFF loads Py Coupled load

Ty Switch ON loads Py Battery empty

Ty Run to discharge state Py Baittery full

Tio Run to charge state h the simulation step

6. Simulations and results

Assessment of the model was realised in the virtual environment MATLAB,
composed of different subsystems, profile of loads presented in Figure 6 (b) see ([22]).
Then depending on the power required and the type of our installation, we opte for the
installation of two S5kwp power PV generators. It is made up of photovoltaic panels
of type KD180GX-LP of SUD CONCEPT brand KYOCER, the energy storage system
of a set of batteries. For each battery: stationary type, V,, = 12Vi, Crareq = 140Ah.
The BB has Vp = 24V ce and Cp = 1400Ah . The small hydraulic plant consists of an
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asynchronous generator whose parameters are: 4kw and 1500 rpm Weather data for the
location, for a typical weather year was taken from Cameroon Civil Aviation Authority
located in the North region of Cameroon. Figure 5(a and b) shows temperature and
hourly global horizontal radiation (W/m?) of three days in different months (January,
June and September) respectively of the chosen site. The flow profile used is illustrated
by Figure 5(c).
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Figure 5: (a) Hourly global horizontal radiation; (b) Hourly temperature; (c) Exploited
flow

DHPN model has the following initial marking : My(t) = [ Mpo Mco ]T,Where
Mpo=[1 00100 1 1 0] andMoo=[Poo Pro vato SCOy iparo |* =
[ 2220 22959 18220 0.50 0"

Pco = Pyhpo + Ppo - We obtained the following results for the continuous states:

Figure 6 represents the behaviour of the load and plants power without any
supervisory system, and Figure 7 the behaviour of the system with supervisory system.

Furthermore, during the running of the model, many discrete markings are generated.
Among we have a marking of each mode represented by :

Mpi=[0 1000010 0],
Mpy=[0 0101010 1]%
Mps=[0 10000 10 0];and

Mps=[1 00000 100]

The curves obtained in Figure 7 show the continuous behaviours for three days of
operational system. Initially between ¢ = 1 to ¢t = 16h, the system is in MODE I. This
implies that the generators are in stand alone mode, the battery bank is charged and
the consumers are connected. In this case, tokens are in different places as mentioned
in Figure 4; hence Mpg. After system runs to MODE II through place P, by firing
T, between t > 16h to t < 33h. In fact, during this mode, as show in Figure 7 (a),
we observe that the load is fed by power produces by the generators and the energy
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Figure 7: (a) Power ; (b) SOC; (c¢) battery voltage ; (d) battery current

in battery which is decreasing as illustrated to Figure 7(b). Furthermore, in ¢ > 33h
to t < 40h energy provided by the both generators is enough to satisfy the consumers,
the progress of the system goes to place P3 where we obtain Mpy by validating 75 and
Ts. In this phase, battery is recharged by the excess energy produces by the generators.
After, between t > 40h to t < 48h, the system returns to MODE II by firing 7 we get
Mps, then Mpy by firing T5, Ty and Ty at last return to initial state. . The progress of
this operational system can be illustrated by the marking graph given by the Figure 8.

With s1 = {T1}; s2 = {12, Ts };53 = {T3};50 = {Tu}; s5 = {15, T, To} and s¢ = {T1}.

Moreover, to evaluate power system reliability supervised, the criteria Loss of Power
Supply Probability given by Equation 22

LPSP — ZtT:I (%(t) + Poar(t))
> i—1 Pr(t)

(22)
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Figure 8: Marking graph

is used. It corresponds to the ratio of all energy deficit to the load demand during
operational modes [23]. So according to the number of batteries, Table 3 presents
different performances of the HRES.

Table 3: Performance criteria

Num bat 60 80 100
LPSP 0,0192 0,0102 0,00004

It follow that to ensure a better supply of the electrical energy of the load, we need 100
numbers of batteries, due to his low value of LPSP which equal to 0.00004

7. Conclusion

This work is focused on the design of the supervisory control system by using
Differential Hybrid Petri Net of a HRE system. We introduce a topology of our hybrid
system with mathematical models of each considered component. Then, we described
operational modes which are based on the level of energy in the storage system and ratio
of available energy, moreover, for a better satisfaction of the consumers we evaluate the
ability of the system to supply the load through LPSP. Eventually, results obtained
show the relevance of the proposed management methodology. Future works continue
investigation in order to compare our approach to others methods, and to develop optimal
control with Model Predictive Control technique.
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