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In this paper, a hardware in the loop simulation (HIL) is presented. This application is purposed as the
first step before a real implementation of a Generalized Predictive Control (GPC) on a micro-grid system
located at the Military University Campus in Cajica, Colombia. The designed GPC, looks for keep the

battery bank State of Charge (SOC) over the 70% and under the 90%, what ensures the best performance
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in the battery bank according its technical specifications. The GPC algorithm was embedded on a STM32
microcontroller and the micro-grid model was embedded on an ARDUINO MEGA microcontroller.
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1. INTRODUCTION!?

Modern society depends on the availability and
accessibility to electrical energy, from small to large
tasks electrical energy is necessary in our daily living.
For many decades, almost all the electricity consumed in
the world has been generated from three different forms
of power plant: Fossil, hydro and nuclear [1],
nonetheless, issues such as, global warming, the pollution
of the air, water and land, the production of acid rain or
the health threats caused by burning fossil fuels, have
forced society to find new ways to generate electrical
energy.

Renewable energies have turned into an efficient,
optimal and ecofriendly solution to supply the energy
demand across the world [2], especially inside those
areas where electrical energy cannot be taken easily. In
Colombia, according to the Mines and Energy Ministry,
around 52% territory is not interconnecting to the grid,
even more, inside these areas, there are 5 main cities of
the country, and these cities supply their demand of
electrical energy through fossil power plants, which
increase contamination levels inside those areas.

*Corresponding Author Email: oscar.aviles@unimilitar.edu.co (O.
Avilés)

Therefore, how to combat this contamination if energy is
essential for daily living? This necessity of generate
energy has forced people to take advantage of different
kinds of natural resources, available near these areas,
solar energy and wind energy are trending to solve this
problem [3].

Then the problem lays on how to improve the
efficient and performance of these renewable energies, so
here is when terms like smart grid and micro grid appear.
A smart grid is an electrical grid which includes a variety
of operational and energy measures including smart
meters, smart appliances, renewable energy resources,
and energy efficient resources [4], in the other side, a
micro grid is a small, independent power system, which
increase reliability with distributed generation, efficiency
with reduced transmission length and Combined Heat
and Power (CHP), at the same time, this kind of grids
integrate  alternative energy sources easier than
conventional grids [5].

Micro-grids are an evident solution for non-
interconnected zones here in Colombia, this because of
the facilities of find renewable energies in our territory.
Nowadays, new techniques are been tested on these
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micro grid systems [6, 7] aimed to optimize their
performance, what we proposed in this article is a
validation of a GPC work on a micro-grid system through
embedding the control algorithm on a STM32 board and
the micro-grid mathematical model on an ARDUINO
MEGA board, this with the final purpose of test and
validate the performance of this kind of controllers.
GPC is capable of stable control of processes with
variable parameters, variable dead-time, and with a
model order which changes instantaneously [8]. This
method has become one of the most popular Model
Predictive Control (MPC) methods both in industry and
academia. It has been successfully implemented in many
industrial applications, showing good performance and a
certain degree of robustness [9]. We improved the
robustness of this controller through CARIMA [10]
model application, in this way it ensures an optimal
performance of the micro grid. As this system reads the
input signals given by the sensors placed in the micro
grid, it will know how the performance of micro grid will
be, and the controller will determine how much current
will pass from the alternative energy to the load powered
by the micro grid. Instead of having a reactive control
which only detects when the load in battery is below
70%, the predictive controller will anticipate that and will
proceed according the previous setup in the micro grid.

2. MICRO-GRID MODELLING

In order to identify the micro-grid system, it is necessary
to represent each one of its components, mathematical
models are proposed next.

2.1.Photovoltaic Model A photovoltaic panel (PV)
module is represented as two nodes electrical circuit with
the sunlight emulated as a current source, a diode
connected in antiparallel, in a series and parallel
resistances, as shown in Figure 1.

Then, the equation that defines the PV model
dynamics in terms of an output current can be obtained
via Kirchhoff’s current law, as shown in Equation (1).

1=1ph_1d_1p (1)
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Figure 1. Photovoltaic Model Representation
where, I,,,,14, and I, are defined in Equations (2), (3) and

(4).
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where, G is the irradiance, G,.r is the irradiance at
Standard Conditions, T is the cells temperature, thus T =
T, — Terer (Terer = 298K) and u,. is the coefficient
temperature of short circuit.

2.2.Wind Turbine Model To model a wind turbine
starts by defining the static and mechanical
characteristics. The tip-speed ratio (TSR), denoted by 2,
is the radio between the linear speed as shown in
Equation (5), calculated by the rotor radius and angular
speed.

T Wy

A== ®)
The TSR and the user-defined blade pitch angle, are used
to calculate the rotor power coefficient, denoted by C,, as
shown in Equation (6) [11].
PT

Cp=5 (6)

PW

P,, is defined as the power of wind and PB. is the power of
rotor. Finally, the state equation is presented in the
Equation (7), with the output in the current iy. Where B,
is the equivalent damping, K. is the equivalent hardness,
Jre is the reflected inertia, L; is the rotor electric
inductance, L, the armature electric inductance and R,
is the rotor electric resistance

Begq Keq

Wel |"he T O [[Wre =
Oe|=| 1 0 0 [HTe + [l T,
° Ly Ryot l
l — 0 —-= g
ol Ly 0 @)
Wee
y=[0 0 1]|6re
ig

2. 3. Battery Model The Battery model can be
expressed by the open circuit voltage (V,.) or
electromotive force (EMF) E,, the battery voltage V;, the
internal resistance R;, the discharge current i and the
State Of Charge (SOC) @ as shown in the Equations (8)
and (9).
Q

Q-fidt

+ A;Bft dt ®)

E=E,—K

Vi=E—R;-i 9)

where, Q is the maximum battery capacity, A is the
exponential amplitude, K is the polarization voltage
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constant and B is the time constant inverse capacity.
The battery voltage obtained is given by Equation (10).

Q
Q—ir

o
Q-i

—Bi,

i + 4, (10)

Epate = Eo — K -R—K

2. 4. Buck Converter Model The typology of Buck
converter is shown in Figure , with a power switch S,
inductor L and capacitor C. The resistance R represents
the load on the battery circuit. This converter is attempted
to emulate a diesel power source; which is commonly
present in isolated power systems [12].

The dynamic process of the circuit can be described
by the ordinary differential Equations (11) and (12).
Buck response was controlled by a discrete time servo
system.

di _
LE_ v+ Eu (11)

av _ .
CE—I Rv (12)

2. 5. Micro Grid System The micro-grid was
designed to be modeled as shown in Error! Reference
source not found..
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When the individual renewable source representation is
obtained, it is integrated into the micro grid to get the
final mathematical model, in this case is required the
application of linearization techniques that provides a lot
of insight about its dynamics. From the above, a process
of discrete-time system identification was helpful to get
the linearization model, obtaining the Simulink
representation shown in Error! Reference source not
found.. In this tool is required define the operating point,
in this case we use the model initial conditions as shown
in Table 1.

The toolbox shows the state space, the zero-pole gain
and the transfer function representation; it s
implemented the transfer function in the Equation (13),
to calculate a generalized predictive control.

G(z) = 0.0002535 z3+1.31e522+5.381e52-9.82¢ ~*° (13)
z*—7349.517e1022-3.952¢352-8.246e %7

3. CARIMA MODEL IN A GPC WITH MEASUREMENT
DISTURBANCES MODEL

The common SISO transfer function model for GPC is
the CARIMA model, because it considers the uncertainty
that could have a non-zero steady state in its
representation, so in Equation (15) is shown its
mathematical expression [13]. Where ¢, = 0 means a
random variable and T(z) is treated as a design
parameter. For convenience the CARIMA model can be
expressed as shown Equation (16), where [a(z)A] is a
combination between a(z) and Delta(A), and Au, use
input increments with A= 1 — z~* [14-16].

Gain2
Photowvoltaic Panel s
[—{Rad Ip > it) oty [
Radiation e e h Out

Figure 1. Micro Grid Representation

TABLE 1. Model Initial Conditions

Condition Value
Wind Turbine 0.0001
Battery model 498960
Buck Converter 1
Photovoltaic Panel 0

a(2)y, = b(uy +d(2)v, + T(2) %‘ (15)

where, d(z)v, is the representation of disturbances
transfer function. For convenience, the CARIMA model
can be expressed as shown in Equation (16), where
[a(z)A] is a combination between a(z) and delta (4),
Auy, use input increments and Av, use disturbances
increments with 4 =1 — z71,



0. Rivera et al. / IJE TRANSACTIONS B: Applications Vol. 31, No. 8, (August 2018) 1215-1221 1218

[a(@)Alyx = b(D)[Aux] + d(2)[Avy] + T(2)sy (16)

Another way to represent the CARIMA model is through
Equation (17). In SISO models b(z) and A(z) are given
by the numerator and denominator of transfer function as
shown in Equations (18) and (19). While d(z) are given
by the numerator of disturbance model as is shown in
Equation (20).

A2y, = b(D)[Auy] + d(@)[Av,] + T(2)gk (17)
b(z) = bzl + - + bz ™ (18)
A(z) =14+ Az  + -+ A4,z7" (19)
d(z) =dy+dyz7t + -+ dpz7?P (20)

To have an appropriate notation it is considered the
system in terms of matrix and vectors as shown in
Equation (21).

4 4 4
Yeri =H-ouy+Peup 1 +E->v + G 1)
4

< Vp-1— QYek

where, H= C;*C, ,P=C;'H,, = C;*C; , G =
C;*Hyy, Q= C;*H,. TheH, P, E,G and Q, matrix
dimension are determinates by the prediction and control
horizons.

3.1.Control Law  To develop a GPC law algorithm
the unbiased cost (J) as shown in Equation (23) is
defined. Where e, = 141- Yi+1, and A is a constant
value between 0 and 1, that determines the controller
robustness.

J = eliirersr + A0l du (23)

It must consider the same unbiased cost showed in
Equation (15). Consequently, we can perform a
minimization to find the optimum J value. So,
considering the Equation (23), is necessary replace it to
get a representation with the past and future values as
shown in Equation (24) [17].
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(24)

Considering the above equation, it can eliminate the past
terms because they do not affect the values that should be
minimized in the optimization rule.

In the optimization of the cost function J exists an
only minimum defined by a gradient equal zero, so the

optimum is given by Equation (25).

Au_ﬂ( =

(HTH + AI)_]'HT * (25)
A A 2
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The control law equation is determined by a k constant
defines by the first row of matrix (HTH + A1) ' HT
multiply by Au_,; as shown in Equation (26) [18].

Au—)k =
k(HTH + /11)_1HT ' (26)
A A A
[r—>k+1 —Peu 1 —E->v—Gevp + Q}’«—k]
To design a block diagram simulation is required unpack
each term of the u; equation in vectors as shown in

Equation (27). Then the GPC control law is summarized
as is shown in Equation (28).

P. = k(HTH + AD)~HT

Dy = PP
N = -BQ (27)
Ry = BE
Sk = PrG
2
Aug = Bropeyr — Diduy — Ry = Vgeyr — S (28)

A
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The final representation u,, is shown in Equation (29).

A
— _ -1 _ _
Ijk =[(1 = DAl (Prsgsr — R = Vg1 — Sk (29)

<V — Nyyer)

4.RESULTS AND DISCUSSION.

Then, the GPC behavior is simulated as structure shown
in the Error! Reference source not found..

Considering the above, Figure 2 shows the block
simulation in Simulink/MATLAB. Which proposes a
control block followed by a Switch System block that
allows charge the battery in specific cases, a Rectifier
block that give the current to charge the batteries and a
Measurement Disturbances block.

To develop the control system, a control horizon of
320, and prediction horizon of 720, with a lambda of 1.
Then, it is obtained as result a charge battery behavior in
Error! Reference source not found. with disturbances,
with a signal control in Error! Reference source not
found. and rectifier response in Error! Reference
source not found..

E . ’ in - -
—» Py = System
DA

Nk
T
Figure 4. GPC controller simulation diagram
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Figure 2. Micro Grid control diagram

Figure 6. Behavior of Battery Charge with GPC 80% SoC
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Figure 3. Rectifier Signal Response with Disturbances

In this case, in order to decrease the controller’s response
time with the intention of avoid big numerical data,
which would diminish the embedded controller on the
STM32 performance, it was added a couple of zeros and
delays on the equation. As result, it shows signals peaks
of 300 and less on the control signal, what generates that
the time in which the rectifier is saturated, it is not too
long, until this reaches the desired reference. The rectifier
is saturated at 200 A due its electrical characteristics,
which only allow 200A as maximal current of charge.
Once the controller was designed, it was tested under

different types of desired references. The response
simulating ideal SOC and the desired behavior of battery
charge is shown in Figure 9. It is attempted a cycle of
charge and discharge intended to emulate an entire micro
grid system duty cycle. Figure 10 shows the rectifier
behavior with disturbances and working under a micro
grid system duty cycle.

The micro grid system duty cycle was designed in
order to maximize the batteries cycle life, that in
accordance with their data sheet, it must not exceed 30%
of depth of discharge. This duty cycle variates from 70 to
95% the SOC and emulates 2 days of continue work at
the micro grid facilities located inside the Nueva Granada
Military University Campus.

It is worthy to note that the rectifier signal represents
how the diesel plant would act in an isolated power
system, as a hybrid power system.

After the corresponding tests to the designed GPC, it
was embedded inside a STM32F446 development board,
this kind of boards provide an affordable and flexible way
to fast prototyping.

Figure 9. Response simulating ideal %SOC according to the
desire behavior of Battery Charge

- -

Figure 10. Rectifier response according micro-grid system
duty cycle with disturbances
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This development board offers a perfect combination of
performance, power consumption and features that match
with the requirements to integrate the GPC designed and
adapt it to our micro-grid DC.

Once embed the controller on the STM32, it was
embedded the plant equivalent equation on an
ARDUINO MEGA. Taking advantage of the
characteristics of compatibility between this two
development boards. First, it was tested that the GPC was
able to be embedded on a relatively small microcontroller
despite of the robustness of this kind of controllers
regarding to process memory consumption. Once the
GPC was embedded on the Development Board, it was
measured the time taken for each process from the GPC
Table 2.

Figures 11 and 12 show the block diagram
corresponding to the micro-grid DC system embedded on
the Arduino Mega and the GPC embedded on the
STM32, respectively. The system in Figure 13 shows
how the connection between the two boards was done.

The system response was tested and monitored from
Matlab through Simulink’s external simulation mode and
the data were captured by RS232 serial communication.
Based on the time elapsed per cycle, Table 2; several
sample times were tried in pursuit of identify the best for
this application. As result was found that the best sample
time is up to 10 seconds and lower than 10 minutes;
smaller time would increase the memory consumption on
the board and would be useless because the behavior of
the micro-grid DC system. The response time of charge
and disturbance are not fast, they change in a slow and
proportional way under normal conditions.

TABLE 2. Process time for the GPC.

Process Time (s)
Calculating GPC model. 2.091487
Dk Filter 0.265625
Nk Filter 0.156250
Pr Filter 0.07812500
Total time elapsed 1 cycle 2.591597

out - s0C

charging current —T-bQ—h n1
ouz >{
offset battery behavior

data. Microgrid DC System Display
"Adquisition dats system T
SOC%
nnnnn (A

Mega

Rectifier Output

o

Referes

- Egure 12. GPC Embedded on STM32F446

Micro grid sy%iem GPC Embedded
Figure 13. HIL of GPC on a Micro-grid DC System

5. CONLUSIONS

This paper has shown that GPC implemented on a micro
grid system is possible and enhance the performance of
this kind of systems; taking advantage of the properties
of these predictive controllers, it prevents non-desire
inputs and outputs through defining constraints
previously, drives some output variables to the optimal
set points, while maintaining other outputs within
specified ranges, between others.

As it is shown in this article, predictive control
strategies would decrease the use of fossil fuels, because
this technique would allow to determine when the battery
power bank won’t have the enough amount of stored
energy to maintain the power service. Therefore, diesel
plant would start working in a low consumption mode
(increasing the diesel plant efficiency) before power
system runs out, providing in a long term the predicted
amount of energy necessary to satisfy the demand of the
load.

This controller has shown an optimal working under
disturbances presence and accomplished its aim
according the expectations. It was possible to embedded
this  controller in the micro grid using
Simulink/MATLAB and simulate its performance in the
micro grid model, it’s expecting to apply these methods
of prediction improving the efficiency of this micro grids
and minimizing the use of fossil fuels to generate energy.
Further works are leading to implement this controller on
multivariable systems, such as two micro-grid DC or
more, looking for optimize the existing system creating a
small smart grid.
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