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1. INTRODUCTION

The world’s current energy potential depends mainly on traditional energy sources such as
oil, natural gas, coal, etc. Growth in energy demand results in a decrease in these sources [1].
Otherwise, conventional energy sources have a significant negative effect on the environment,
such as the emission of toxic gases and greenhouse gases [2], [3].

For this reason, renewable energy has become a worldwide focus of attention, as it is a clean
and permanent source, unlike traditional sources, Renewable primary energy comes from
natural phenomena such as solar radiation, wind, wave and tide, biomass, etc [4]. Researchers
are exploiting these phenomena to establish sources that can meet the world’s energy needs,
including photovoltaic sources, wind power, green hydrogen, etc [5], [6], [7].

To make the most of renewable energy sources, researchers have proposed a number of techniques,
such as storage techniques [8], hybridization with traditional sources [9] or interconnection
techniques and energy injection into the power grid [10], [11], [12], [13]. The aim of these
techniques is to ensure the production of electrical energy on a permanent and non-intermittent
basis [12], [14].

In this context, our work will address a technique for exploiting renewable sources based on
battery storage for Microgrids applications, the objective being to ensure the supply of an
electrical load permanently connected to a renewable energy source that may be intermittent
(night for solar or absence of wind for wind turbine) by implementing a finite set control model
predictive FCS-MPC, to this end, we have proposed an average storage system that can supply the
load regardless of the state of the source.

A bidirectional DC/DC converter is proposed for energy management between the battery and
the source on the one hand, and between the battery and the load on the other, this converter
operates in two directions, one direction for Boost mode and the other direction for Buck mode
[15], [16], [17]. The switches are controlled in such a way as to favour the source that has optimum
electrical energy production, and so we have constructed two modes of operation depending on
the direction of energy flow in the bidirectional converter. If the production of the renewable
energy source is maximum, the controller will decide to operate in Buck mode (battery charging),
otherwise the controller will decide to operate in Boost mode (battery discharging).

A finite control set model predictive control FCS-MPC is proposed in this work to optimize
bidirectional DC/DC converter performance in both system operating modes, this type of control
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is based on current and past state data to predict the future state within a precise prediction
horizon [18], [19]. M. R. Basir Khan has developed a model of a DC microgrid with an energy
management system based on model predictive control MPC[20], [21].

In this context, traditional controls have been implemented, such as PI and PID control for the
control of a bidirectional DC/DC converter [22], [23], [24], as well as robust sliding mode control
[25], [26], otherwise, works propose intelligent control such as fuzzy logic and neural network
for the control of this type of converters [7], [17], [21], [24], the performance of a complex-order
PI controller is evaluated for the control of a DC-DC converter in[27], An intelligent control
strategy based on adaptive neuro-fuzzy inference system (ANFIS) is also implemented for the
control of a Boost converter[24], and a Buck converter[28].

Also, predictive model control is used in major works[19], Ademola-Idowu A used this control
for frequency stability in a low inertia microgrid [29], Aguilera R illustrated the stability and
performance of MPC for power converters, and a PI-MPC control is implemented for the control
of a Boost converter was realized in [30], on the other hand, Felip A has implemented a short-
horizon FCS-MPC controller with input and state linearisation to solve the problem of the
instability of the internal dynamics of a boost converter [31], we also found that Zhehan Yi has
proposed a control strategy for hybrid multi-bus microgrids based on predictive control FCS-
MPC[32].

The aim of our contribution is to highlight the effectiveness and performance of predictive
model control in DC microgrids for permanent energy production; to help us and give us the
information we need to implement and develop this type of control, and also to help engineers
integrate this control into renewable energy power plants.

2. DESCRIPTION AND METHODS

The proposed system contains a DC voltage source connected to a 2.5 Ah battery, and a load that
requires P= 15W at 15V, together forming a microgrid as shown in Figure 1.

The bi-directional DC/DC converter via battery, DC source and load is the key element of
this work, and our aim is to establish optimal control of the converter for integration into the
microgrid.
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DC/DC Converter . .
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-
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Figure 1. Proposed power system topology.
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2.1. Bidirectional DC-DC converter design and modelling

To develop our system control, we need to choose the right model to describe the system’s
dynamic and static behaviour. In our application, the state-space model is the most compatible
with the FCS-MPC optimizer, this representation is the most appropriate for complex non-linear
systems, unlike the other representations, this model is defined in continuous time by[33] :

B _ 4vit)+ Bu(t)

y(t)=Cx(1)

Where x(1) is the system state vector, u(t) is the system control or input vector and y(t) is the
system output vector, as well as A, B and C are system matrices.

The bi-directional DC-DC converter as shown in Figure 2 has the advantage of operating in
two modes. When the battery is fully charged, the DC voltage source will deliver current to the
connected load, in which case the converter operates in boost mode. On the contrary, when
the battery is less charged, the DC voltage source in this case will deliver current to the battery,
ensuring supply to the connected load, so the converter will operate in Buck mode [34].

(1)

Figure 2. Bidirectional DC/DC converter circuit [34].

In reality, we're looking at two different model systems: the first is a Boost converter, the second is
a Buck converter. So, we treat the two modes successively, based on the small signal analysis [33]:
« Boost mode:

In this mode, the energy source is the battery, the main Vpc source is disconnected, and the
battery is in discharge mode. The inverter inputs are: 9, (£)=Ya and i; (t)=ir (t)=iva: , and the
outputs are: 9, (t)=O9a and i, (t)=iiaa . So, the continuous-time state model associated with this
mode is:

M_ _n _(1=5) 1
i |_| L L {Q(U} - {&n(t)}
dg,(t)| |(1-8) 1 S(t)] | oIl O
a || C RC, (2)
i,(1)] [1 0], (1)
L%(w}_o lhm}

e Buck mode:

In this mode, the load and battery receive their energy requirements from the Vdc source, the
battery is in charge mode, the inputs in this case are : 9;, (t)=9pc and i; (t)=ipc-iwa, and the outputs
are 9, (t)=9a and i, (t)=-ir (t)=ipas, the continuous-time state model associated with this mode is :
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dit) | | _1 g

i |_| L L {z;(t)}z{&n(z)}

dst)| | L 1 L] ||l O

dr C,  RC, (3)
i,(0)] 1 0[i(t)
o) lo tllaon

2.2. FCS-MPC controller concept and design for bidirectional DC-DC control

As opposed to conventional controllers, the basic principle of the FCS-MPC controller is to
predict the future behaviour of the state variables of the system x(t) based on knowledge of its
current and past states. Finite control set model predictive control is simply an optimization
algorithm that tends to generate several solutions based on different scenarios, and then executes
the most optimal solution, so that the decision of the FCS-MPC controller is linked to the optimal
cost function g, the FCS-MPC then consists of two parts, a prediction part and a cost function
optimization part [16, 17], Figure 3 illustrates the predicted output from current and past data in
a prediction horizon.

Predicted output

Set point \

Past Future

| | ] | | | | |
I 1 1 1 1 1 1 I >

(k — 1T, kT (k+ 1T, Time

Figure 3. Control concept using the Model Predictive [35].

In the prediction block, a model of the predicted variable(s) is constructed from discrete-time

system state vectors, generally discretized using Euler’s method of first approximation due to its

simplicity, as shown in Eq. (4).
dx _x(k+1)-x(k)
dt T

N

(4)

In order to construct the appropriate prediction model for the system, the future variable and the
reference variable go to the cost function optimization block in order to establish a control law
Si With i = 1,...n, such that # is the number of switching states of the converter, the cost function
representation for the FCS-MPC controller is illustrated in Eq. (5):

g(i)=|x"(k+1)=x(k+1) (5)
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Figure 4. FSC-MPC controller structure[31].

In accordance with our work, the prediction algorithm starts by calculating the predicted current
at the future sampler i (k+1) based on the current of the current sampler inductance i; (k) and the
other system parameters, the prediction function is given from the system state representation in
two modes successively Eq. (2) and Eq. (3) [30].

ail™ oy, 1-S 1
=——i,(t)———9(t)+—=3,(t 6
7 (D= %()+8,(1) (6)
di" ] S
—L =L (t)-—3(t)+=8, (1 7
dt LlL() L 0() L m() ( )

According to the Euler approximation, we have established the two predictive models associated
with the boost and buck modes successively in Eq. (8) and Eq. (9).

i, (k+1)"" = iL(k)+%[l9m(k)—VLiL(k)—(l—S)So(k)] (8)

i (k+1)" = iL(k)+%[Sl9m(k)—rLiL(k)—r%(k)] (9)

Figure 5 shows the FCS-MPC controller architecture proposed in this work, the FCS-MPC
controller inputs are : the reference current i," (k+1) generated by the PI controller, the actual
current i; (k) entering or leaving the battery, the actual input voltage Vi, (k), the actual output
voltage 9, (k), and the Boolean operating mode={0,1}, the FCS-MPC controller output is a
commutation signal S(i) to control the bidirectional DC/DC converter.

9 (k+1) S (E+1
& S
9. (k) i (k) —— S() Bidirectional {‘90(?)» fL(f)}

a.(k) FCS-MPC DCDC

Converter
3, (k) ——

in

mode ———

Figure 5. Proposed FCS-MPC controller structure.

The reference current i,” (k+1) is generated by a PI controller is essential to evaluate the quadratic
cost function in all iterations (k+1), this function is represented as [30]:
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g"* (i) =iy (k+1) =i (k+1)) (10)

We have designated an algorithm flow chart Figure 6 that clearly describes the essential steps
during acquisition, processing and decision of our proposed controller:
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Figure 6. Proposed FCS-MPC organization chart[31].

3. SIMULATION, RESULTS AND DISCUSSION

To validate the performance of our proposed controller, we implemented it to manage a
bidirectional power system. A load that requires 15W permanently connects with two energy
sources that may be intermittent, the first is a 15V DC generator from a renewable source and
the second is a 2.5Ah battery. The intermediary device is a bidirectional DC/DC converter that
operates in Buck or Boost mode, depending on the state of the battery and DC source. Table 1
summarizes the parameters of the various components of our system.
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Table 1. Study system parameters.

Parameter Value Unit
Vbe 15 A\
ipc 1 A
Vbart 6 \Y%
Chart 2,5 Ah
R 15 Q
L 1 mH
Co 20 uF
G 500 uF
11 0.2 Q
Te 0.001 Q
f 10 KHz

Figure 7 shows the nominal voltage in discharge mode as a function of battery autonomy.

751 ——Discharge curve | |
Nominal area
7 Exponential area
6.5 ¥

0 0.5 1 1.5 2 25
Time (hours)

Figure 7. Battery discharge characteristics.

In fact, we've assigned two distinct tasks to our controller: the first is to control the DC-DC
converter in two modes, while the second is to manage the energy flow by taking into consideration
the battery’s state of charge, with the aim of meeting the energy requirements of the load at all
times, improving dynamic behaviour in transient conditions, and protecting and ensuring long
battery life.

3.1. Simulation

Figure 8 shows the Matlab/Simulink simulation of the energy chain of the system we have
described.

Figure 8. Matlab/Simulink simulation of a bidirectional DC/DC converter.
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For the control and management chain, Figure 9 illustrates the simulation of the topology
proposed in Figure 5. Input states pass first through a switch system, which decides which input
variables and which output variables to use according to mode, then the FCS-MPC controller
acquires its variables for processing and control.

[v_bait] =)

192}

Aeha

| O S S =

Figure 9. FCS-MPC controller simulation.

A PI controller is selected to determine the reference current i;" (k+1) from a reference voltage
according to the operating mode illustrated in Figure 10.

V_batt_ref

Voltage controlleur for Buck mode

[V_batt]

15

Voltage controlleur for Boost mode

V_load_ref

[V_load]

Figure 10. PI controller Simulation.

)
(initial_state
+ 2
SOC <=S0C_ini] [SOC >SOC_init
N Y
[SOC] socC mode [mode]
(harge | [soc>=s0C_max) _(@escharge |
mode = mode =0
— J

Figure 11. Proposed energy management system for the system.

Figure 11 illustrates the proposed management system for deciding the operating mode
according to the state of the battery, the system initially compares the state of charge SOC from
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the battery with the state of charge SOC;.:=50%, the decision is based on the following condition:
if SOC<SOC,.i, the system decides the charging mode (Buck mode) up to 90%, otherwise the
system decides the discharging mode (Boost mode) up to 10%, with SOC;.i=50%.

3.2. Results

» Buck mode (battery charging)

Assuming initially that the battery is almost empty with (SOC = 10%), the controller decides
that the system should operate in battery charge mode, providing power to the load at 15W,
with the battery charging at 5W after a transient. Figure 12 illustrates the behavior of the battery
voltage and current over the simulation time as a receiver under the FCS-MPC model predictive
control and the PI controller, Figure 12(a) and Figure 12(b) represent the current delivered to the
battery for the two controllers FCS-MPC and PI successively, and Figure 12(c) and Figure 12(d)
represent the battery voltage under this condition for the two controllers successively.

—Battery current for FCS-MPC —Battery current for PI
-~ iL_ref 0.5 -~ iL_ref

&
)

Current(A)
< s
=

Current(A)
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=)

ok
o

0 5 10 15 20 25 30 35 40 45 50 0 5 10 15 20 25 30 35 40 45 50
Time (ms) Time (ms)

—Battery voltage for FCS-MPC —Battery voltage for Pl

Voltage(V)
(=]
S o
@ L ~~
W =
p—
Voltage(V)
[=2]
o N
~N »nN

6.05 6.18

0 5 10 15 20 25 30 35 40 45 50 0 5 10 15 20 25 30 35 40 45 50
Time (ms) Time (ms)

(©) (d)y

Figure 12. Battery parameters in charge mode.

 Boost mode (battery discharge)

In this case, it is assumed that the battery is almost charged (SOC = 90%), the controller decides
that the system should then operate in battery discharge mode in the connected load, as well as
the DC source being properly disconnected. Figure 13 shows the behavior of the battery as an
energy source over the simulation time, Figure 14 illustrates the behavior of the connected load
under the FCS-MPC predictive model control and the PI controller. In Figure 13(a) and Figure
13(b) represent the current delivered to the battery for the two controllers FCS-MPC and PI
successively, Figure 13(c) and Figure 13(d) represent the battery voltage under this condition for
the two controllers in succession, and in Figure 14(a) and Figure 14(b) show the load terminal
voltage at a reference voltage of 15 volts for the FCS-MPC and PI controllers in succession.

47 Solar Energy and Sustainable Development, Special Issue (MSMS2E), October, 2024.



A new advanced strategy for controlling the charging and discharging of a storage unit in a microgrid using a finite control set predictive model.

— Battery current for FCS- MPC 6 —Battery current for P1
3 - iL_ref oo iL_ref
- 4
z —
g2 g 2
£ g
= 1 3
o 9
0 2
0 5 10 15 20 25 30 35 40 45 50 0 5 10 15 20 25 30 35 40 45 50
Time (ms) Time (ms)
() (b}
6 —Battery voltage for FCS-MPC 6.5 —Battery voltage for Pl
.5
6.45
S6.4 < 64
g D6.35
Se3 =
= 6. 5
g 2 6.3
6.25
6.2
6.2
61 o0 5 10 15 20 25 30 35 40 45 50
0 5 10 15 20 25 30 35 40 45 50 ]
. Time (ms)
Time (ms)
(© (d)
Figure 13. Battery parameters during discharge.
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Figure 14. Battery-powered load parameters.

« Instant of switching between the two modes

Initially, we assume that the system started by charging the battery, but according to our
specification, when the SOC state-of-charge reaches 90%, the system must switch instantaneously
to discharge mode by cutting off the supply from the renewable DC source. Figure 15 illustrates
how the system behaves at the instant of switching operating mode for the FCS-MPC and PI
controllers. Figure 15(a) represents the power received from the load using the FCS-MPC
controller, and Figure 15(b) represents the same situation for the PI controller.

20 _— —Load power for FCS-MPC 20 — Load power for PI
Power source switching -~ P_ref Power source switching - - P_ref
e
T 1
= =
= 3
=10 &1
2z S
5 DC renewable source Battery source > 5 DC renewable source ery source
0

0 10 20 30 40 50 60 70 80 90 100 0 10 20 30 40
Time (ms)

@) (®)

50 60 70 80 20 100
Time (ms)

Figure 15. Power consumed by the connected load when the power sources are switched.
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3.3. Discussion

To validate the effectiveness of our proposed FCS-MPC controller, we have tested it in three
possible situations for controlling Bidirectional DC/DC converters in parallel with the traditional
PI controller, the first is testing in Buck mode (battery charging), the second is Boost mode
(battery discharging) and the third is the instant of switching between the two modes, Table 2
summarizes the different results for output voltages 9, () in each mode.

Table 2. Simulation results.

Boost mode Buck Mode
Setting time (ms) | Steady state error (V) | Setting time (ms) | Steady state error (V)
PI 20 0.12 18.00 0.30
Proposed FCS-MPC 10.13 0.11 10.13 0.28
COPI[27] 15.00 - - -
ANFIS (Boost)[24] 30.00 1.58 - -
ANFIS (Buck)[28] - - 14.20 0.20

In boost mode, under FCS-MPC control, the battery voltage begins with a linear transient until
it reaches steady state during #=10.13 ms. On the load side, the system maintains the same
response time, with zero overshoot on the connected load, so the system is more accurate and
follows the setpoint better. However, under PI control, the battery test goes through a drop in
the transient regime, and in the steady state, voltage and current show significant ripples. It is
therefore clear that the FCS-MPC controller is better suited to improving the performance of the
boost converter between the battery and the connected load.

In Buck mode, battery voltage and current evolve linearly until £=10.13 ms. without overshoot
in the transient regime, after which the system reaches a steady state and starts charging at a
voltage of 9,,+=6.25 V. In this mode, it’s clear that the FCS-MPC controller has a significant effect
on battery charging. In terms of speed, the response time in this case is very significant, and
overshoot and ripple rate are well optimized, compared with other traditional PI controllers.
In the last test, by switching from Buck mode to Boost mode, i.e. by changing the direction
of the energy flow from charging to discharging the battery, under the control of FCS-MPC,
the battery instantly changes state, passing from receiver to generator, with a brief transient, the
load also changes energy source without interruption, and continues to operate with the same
characteristics, this FCS-MPC option is very important in microgrids when renewable sources
cease to operate, energy storage units can be used to store energy, and the battery can be recharged.
By analogy with similar work, Warrier et al [27] found after a PI controller enhancement (COPI)
that Boot converter response time is £,=15.00 ms, for the same system, Youssfi et al[24] have a
response time of £=30.00 ms and a static error e,=1.58 ms by implementing ANFIS controller,
however, Shaikh et al[28] implemented the same controller for Buck converter control, they
found that response time is t,=14.20 ms, as well as static error is e,=0.20 ms. Compared with
these results, our proposed controller offers a crucial and significant improvement, which better
confirms our proposal.

In summary, the simulation test we carried out strongly validates the effectiveness of our proposed
controller compared with the traditional PI controller.

4. CONCLUSION

The FCS-MPC controller we have proposed in this contribution has shown that it is capable
of controlling and handling the operation of more complex systems with high performance
compared to other traditional controllers, such as our proposed bidirectional DC/DC converter
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for energy flow management in a DC Microgrid, In this context, this work will provide insights
for the practical realization of a DC or AC Microgrid controlled by predictive control, as well
as manipulating this control for active and reactive power control, harmonic control and fault
detection in DC and AC Microgrids.
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