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Abstract— This paper presents the modeling strategies of a micro-grid to control the power supply of a battery bank by adopting a
Model Predictive Controller (MPC). The grid was sized to light two tennis courts at a university sports complex, which is not
connected to the national power grid and thus must be a stand-alone setup. The paper starts with an introduction that defines the
statement of purpose and the state of the art. Then continue with the power generators and storage modeling: photovoltaic (PV)
modules, wind turbine, buck converter (takes power from therectified national grid) and the battery bank. The M PC was designed to
effectively manage the energy supplied to the batteries, depending on the state of charge, hence the controller output isthe signal used
to regulate the charging current. The data used for prediction is the meteorological measures taken during three years using an in-
situ weather station that collected irradiance, wind speed and direction, temperature, and pressure. Finally, as the entire control
system was simulated step by step using MATLAB/Simulink, the components and systems behavior graphs are shown to lead to
analysisand conclusion remarks.
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creating such projects. It has a Financial Office (FANZI)
I. INTRODUCTION which have allocated more than USD 85 million since 2003.
The current methods for energy production are not It is also a victim pf a weak legal framework that has been
sustainable, mainly due to environmental reasons and the(eformed several .t|r_‘nes {:md have directed a lot of efforts and
lack of responsible use of resources [1]. Therefore, thefesources to administrative and legal processes [2].

demand for renewable energy, smart electrification, and, In contrast, rencwable energy genera_tion does not pollute,
rational use of electricity are important factors that will is decentralized, and has innovated with concepts such as

provide answers to the global energy challenge. Also, the smart grid." Smart grids constitute the framework of future

scheme currently used for the generation of energy is madé&ustainable energy systems, allowing the integration of large
from fossil fuels, hydroelectric, or nuclear reactors, which amounts of renewable energy, improving reliability, quality

are centralized, and the distribution includes losses of up to°f SUPPIY, and ensuring safety. Therefore, and due to the

69% significant advantages and developments on renewable
In Colombia, 66% of the territory is not connected to the ENErgY. it is necessary to analyze how energy should be used

National Grid. The areas are called Off-Grid Zones (0GZ), in a miCTO'gr“?' with RES, cqn;idering that usually the power
and their energy requirements are obtained from traditional's supplied without regard if it comes from the network or

fuels such as diesel or biomass, or few Renewable Energyrenev""’lble supply [3]. In this context, it is vital to perform
Sources projects (RES), mainly small hydro projects. research and development projects related to emerging

However, social and economic constraints still cause thetelchpplolgles n Sl]ff‘_:h a mangelr that they_ achlﬁ've gret?]'ger
lack of available energy or its low-quality services for these electrical energy €lficiency and lower émissions. Hence, this

regions. On the other hand, the energy sector in Colombia igNork model and simulates a DC grid that can get power

based on free-market policies since 1994, which have causegOm diﬁ_‘erent centralized a_nd renewable sources, optimizing
that current RES initiatives are without potential size and 9eneration, and consumption. Therefore, this paper focuses

scope because of the lack of economic incentives and thé" tg.e value 9fh energy storage ?e\gces when %ﬁ)eratmg In
absence of private stakeholders. Furthermore, the Institute of ©MPInation with intermittent supply from renewable energy

Planning and Promotion of Energy Solutions for Off-Grid Sources. Since forecasts never are perfect, a Model
Zones (IPSE, by the Spanish acronym) is in charge 0fPredlctlve Control (MPC) strategy is used for keeping the

1091



consequences of forecast uncertainties at acceptable level$o the work developed in [13]. This makes it suitable to be

as well as for determining the timing of the operation [4].
Instead of compensating forecast uncertainties with fast-
acting backup generators or balancing energy [5]-[10].

used in an integrated energy system, even when it does not
take the loss of power into account.
Ohm’s law can define the parallel resistance current, and

Besides, the a priori remaining energy can be resupplied tol,,, as a relative value considering the effect of temperature

the primary grid to benefit consumer’'s common needs.

Il. MATERIALS AND METHOD

The proposed micro-grid prototype is shown in Fig. 1,
which was designed to provide efficient electric supply to
the sports complex in Universidad Militar Nueva Granada
(UMNG) at Cajica Campus. This system has a set of twelve
PV Modules of 60W (Bosh c-Si-M60 - M260), a generic
wind turbine, a battery bank, and the corresponding
converters. The power regulation is performed by the MPC
controller designed by the Davinci Research Group.
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Fig. 1 The system used as a prototype for modeling

The first developed models were the power generators
and the storage device, i.e., photovoltaic panels, wind

variations in the cells (Eq. 2 and 3).

_ V + Rl (2)
p Rp
G
Iph = G_ (Iph,ref + s AT) (3)
ref

whereV is the voltage on the diod€,is irradiance, .,
is irradiance at Standard Test Conditions (STg),.r is
the photocurrent at STC, is the temperature of the cell,
thus AT = Tc —Terer (Terer =298 K), andp,, is the
temperature coefficient of short circuit current (from
manufacturer).

The currentl; is based on the Shockley ideal diode,
which setsl-V behavior in either forward or reverses setup

(Eq. 4).

V +IR,

Iy=1, [exp( ) - 1] a = ANVr 4)

A is the ideality factor for monocrystalline silicon cells,
N, is the number of PV cells connected in series lgnid
the thermal factor, defined in Eq. (5) in terms of the
Boltzmann constantk, electron chargeq, and cell
temperaturd’,. In Eq. (6) it is defined the reverse saturation

or leakage currerif,.

turbines, and batteries. Also, to ensure consistent power to

the batteries, it was designed a rectifier with a Buck
converter, which is described below.
A. Photovoltaic module model

A photovoltaic (PV) module can be represented as an
electrical circuit based on the sunlight-generated cufggnt

T,
Vr = k= S
oL ©)
B T, geGy (1 1
wmtonr () |G -w) @

The equation shown above depends on electrochemical

as the source (called photocurrent), with a diode connectedsonstants, including the material (silicon) bandgap energy

in anti-parallel and its curreti}, as well as a parallel resistor
R, with currentl, and a series resist& with the circuit
output current, as proposed by previous studies [11],[12].

eG, as well as the temperature and the reference leakage
currentl, ,..r, defined in Eqg. (7) in terms of the voltage at
open circuit { =0,V =1V,,.) and the short-circuit current

The equation that describes the PV model dynamics can bdV = 0,1 = I;.) at STC conditions.

obtained via Kirchhoff's current law, as shown in Eq. 1.

~1 1)

Izlph_ld P

- Vo cref

(7)

)

Ioyer = Iscexp<

These mathematical approaches have the nonlinearity of Finally, device-owned parameters (from manufacturer)
the diode and three sets of parameters provided by theVere taken from a silicon cell PV module as reference
manufacturer. Electrochemical constants can be assumedBosch c-Si M60-M260). In Table By, Iy, andV,, are

according to climatic and electromechanical conditions.

max power, current for max power, and voltage for max

Constants which can be calculated from measures andPOWer, respectively (tested by manufacturer).

equations are related to the intrinsic PV physical behavior.
Most of the authors use to simplify the mathematical model
to reduce the number of unknown parameters via
assumptions on the physical cell behavior [11], which are

The block diagram of all equations was implemented in
Matlab/Simulink and is shown in Fig. 2 (blocksl, yf, I,,
L,,, I andR,, calculate those parameters). Howevgy,and
R, need to be obtained. The first by using Eq. 8.

necessary to make the model more accessible and faster to

compute. However, parameters based on experimenta

measures were preserved to assure accuracy and suitability

when including real on-site conditions information, similar
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TABLE 1

PHOTOVOLTAIC MODULE PARAMETERS

oo ()

Once defined the most suitable valuekpfindr,, the
entire PV model was simulated with the given value,gf
Ly @andV,,,,. The results are shown in Fig. 4.

10

300

|
Devised-owned Congtantsat STC ek 7*7"7*?7 —— ! \
parameters ! i it | RV IZ:\’K: | i
Par ameter Value Par ameter Value £° L \E {
N, 60 k 1.381x105° = l.]5 !
Pup 260 q 1.602x106° 3 ! |
Vi 30.71 Grer 1000 j i i
Ly 8.47 Terer 298 i '
Isc 9.02 Variables to be obtained °ovesem © 0 P Vewem
Voo 38.1 R Ry Fig. 4. PV module simulation. Charts of current-voltage and Power-voltage.
Bse 3.1 fon L B. Wind Turbine Model
A 1.2 Inputs ) ) ] ) ) )
G 112 G [ T, This section describes the modeling of a wind turbine and
the simplified model of the blades. To model a wind turbine,
@—| it must be considered a load to which the blades can react in
-6 , various ways and then have more than twenty degrees of
= L h; 1 freedom in their reaction. Therefore, it is necessary to obtain
!“‘“ - ! its behavior using techniques of modal analysis [14]. These
- K —— models used to be too complicated for design purposes, so a
= [ B model simplification must be made to obtain a good
n [ representation of the device dynamics, using the main
i——“_;' = dynamical features and parameters, as shown in Table 2 [15].
e - TABLE Il
[ — WIND TURBINE MODEL PARAMETERS
[ee}— Parameter Description Value
;: " V, Wind Speed (m/s) 5
'!""' [ . Generator Parameters
E' p The specific density of air (Kg/ 1.23
Pracex m3)
Fig. 2. Simulation of the PV module in Matlab/Simulink T The radius of rotor (m) 1
N Gearbox ratio 4
Several values dt; were proposed to compute the most Iy Generator inertia (NMp 2 5x10°
appropriate value ok, for reaching the maximum power 7, Rotor moment of inertia (Ng X102
established by the manufacturer. Fig. 3 shows the current vs. Root Rotor electric resistance (Ohm) 9.91%10
voltage behavior of the presented model at different values B, Rotor damping (Nms) 2.4x10°
of Ry, beingR, = 0.25Q the value to reach max current and B, Generator damping (Nms) 5.5x10
voltage, named by the manufacturer,gs andl;,,, in Table K, Rotor Hardness (Nm) 1.5x10°
1. K, Generator Hardness (Nm) 1.5¥%10
L; Rotor electric inductance (H) 1.526x10
I Ly Armature electric inductance (H) 8.21x10
5 ! A, Rotor area (1) 3.14
______ . o\ | Jre Reflected inertia 1.9x10°
ol e | By, Equivalent damping 7x10
— Reds ! Ko Equivalent Hardness 1.59¥10
= R0 | Dynamic coefficients of the blades
£ : C Coefficient 5.176x10
> ol : C, Coefficient 116
: Cs Coefficient 0.4
. : C, Coefficient 5
| Cs Coefficient 21
. _ | | ‘ . H Cs Coefficient 6.8x10
5 10 15 20 25 30 35 B Blade pitch angle -5
Voltage [V]

Fig. 3. Photovoltaic module simulation with different values Rgf.
Horizontal and vertical dashed lines corresponggamd Vy,, respectively
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The tip-speed ratio (TSR), denoted Asis the ratio
between the linear speed of the blade tip and the wind speed
[1] and sets the fraction of available power extracted from



the wind by the turbine rotor. In a fixed-speed wind turbine, I

the blade tip speed is relatively constant since the rotor is 9

connected to the induction generator via a gearbox, and the

generator is the one directly connected to the grid. This can The dynamic characteristics were not taken into account

be calculated via the rotor radius and angular speed Eq. 9. for the simulation. The system model is represented in
=% @) matrix form in Eq. 26 and simulated in Matlab/Simulink (Fig.

Vo ] ) 5 shows the block diagram and Fig. 6 shows the time
The TSR and the user-defined blade pitch afglare response).

1y = Liwre — Ryotlg (25)

used to calculate the rotor power coefficient, denoted,by B,
[16]. This coefficient is a measure of the rotor efficiency and Wre A 0 wre
is calculated via Eq. 10, 11, and 12. e 1 0 7(;r
L
A Loy “’f' 0 (26)
Cp = C (A_L_ C3B C4> e Al + CGA (10) 9 Wre

1 1 0,035 = 0,

= _ y—[O 0 1][_‘re]

A, A+0088 B3+1 (11) lg

P
Cp = é (12)

[~

To define the aerodynamic torque, it is necessary to 'z M,’_.

calculate the kinetic enerdyEqg. 13, the mass flowx Eq.
14, the power of the winf, through an ared Eq. 15 and '
power of rotorP, Eq. 16, which are given by [17]. Ve 2 > |

Gan Satration GetoS

1
E==ml,>2 (13) ™)
2 e ]
1 = pAV, (14) e ) = .,, L H
1 Tre f(u)
erz 5PAY,’ (15) T e

Wrel
W2  hegsa2  God "

P == pCyrry 2V, (16)
2 Fig. 5. Wind turbine model in Matlab/Simulink.
The aerodynamic torque can be obtained via Eq. 17 or 18. Current of the Wind Turbine
S T T T T T
P
T, =— (17)
Wy 4
1 - J
. 7PCpﬂ:rr2Vw3 (18)
T w
T 3 | g
The gear drive system of the wind turbine can be £
represented by a two-mass model connected by one shaft [1]€ ,! 4
5
The rotational system is described by Eqg. 19 and 20, but
Eq. 21-23 are used to simplify it. These equations give the i
equivalence of the low-speed shaft to the high-speed shaft.
0 B
.. . . T,
Jrebre = _Beq (g‘re - Hg) - Keq (g‘re - Hg) + ﬁ (19)
T4y = —Beq(0g — bre) — Keq(8; — 1) + T, (20) . 5 4 : & ¢ 3
Jro = % (21) Time (s x10°
wre = Nw, (22) Fig. 6. Time Response of the wind turbine model in Matlab/Simulink.
T
Tre =77 (23) C. Battery Model

The Battery block implements a generic dynamic model
Finally, the state variables are obtained from the dynamic parameterized to represent the most popular types of

model, as shown in Eq. 24. rechargeable batteries. The parameters of the equivalent
circuit can be modified to represent a particular battery type,
Ore = Wre, Ore = Ore, 6y = wy, by = dy (24) based on its discharge characteristics. The model can be
expressed by the open-circuit voltage (OCV) or
Besides, Eqg. 25 describes a turbine generator model. electromotive force (EMFE,, the voltage in the battery

terminalsV;, internal resistanck;, discharge current and
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state of charge (SO@). This model describes the battery peepeiorinal Current Discharge Charscteristic 21020 @88

electrochemical behavior and is described in Eq. 27, 28, and Discharge curve
. [—INominal area
29 (parameters in Table 3). . _JExponential area
E =Ey— K ——+Ae~Plidt (27) D R
Q - f idt 0 20 40 60 80 100 120 140 160 180 200
V. =E —R:i (28) Ampere-hour (Ah)
Q ¢ t E0=52.1213, R = 0.0036923, K= 0.0028562, A= 45171, B=0.11538
Epatt = Eg—K——i — Ri — K——i" + Ae ™5 (29) T '
¢t -
g :
TABLE Il \
BATTERY MODEL PARAMETERS s i . ——105A
20 40 60 80 100 120 140 160 180 200
Param. Description Value Ampere-hour (Ah)
Epuit Battery voltage (V) Fig. 7. Battery discharge curve.
E, Nominal battery voltage or open circuit (V) 48 D. Buck Converter Model:
K Po'ar'zlatfontyo'tag‘? CtO”StamrEﬂmor The typology of a conventional Buck converter is a
olarization resistance (ohms . . f . .
- polar® ( ) parallel RLC circuit, which a power switc¢h inductorL,
it Filtered current (A)

capacitorC and resistanc& representing the load on the

! Battery current (A) battery circuit, simulated as a time-varying sine-wave. The

ke Current battery charge (Ah) dynamic process of the circuit can be described by ordinary
Q Maximum battery capacity (Ah) 140 differential Eq. 33 and 34.
A Exponential zone amplitude (V) 0.45
B Exponential zone time constant inverse 1.11 Lﬂit = —v+ Eu (33)
capacity (Ahy* dt
R Internal resistance (ohms) 3.692%1( Cd_v =i+Rv (34)
Exp(t) Exponential zone dynamics (V) dt
u(t) Battery mode: O in discharge and 1 in charge

The state variables axg = i, x, = v and therefore the

state space equations are Eq. 35 and 36 [21], [22].
Where the exponential term of Eq. 29 is determined by

the type of battery, here Li-lon, which is simulated and o1 E (35)
selected in the block configuration in Simulink®. This term N

describes the non-linear phenomenon of charge and %, = —lxl +§x2 (36)
discharge modes, expressed by Eq. 30, whewét) is the c C

exponential zone voltageit) is battery current, and(t) is

the charging mode (charge/discharge) [14],[18]. To ensure the DC bus voltage of the batteries, a controller

is implemented in state-space representation. See Fig. 8 [23].
exp(t) = B |i(t)|(—exp(t) + Au(t)) (30)

Eq. 31 and 32 show the battery voltage at a charge ¢
(i* > 0) and the discharge mod#& < 0), respectively.

Q
—i; —Ri— K -
Q_Ltt Q—1i

QLiit —Ri — Km%l* + €Xp(t) (32) o Int b
T - . . xn2<—| , I

To solve the slow dynamic behavior in the response of Fig. 8 Block diagram of the system in state-space with a controller

voltage and current flow, the filtered curréhtis used in the

algebraic loop, generated in the Simulink simulations [19]. A This controller must be reactively robust, responding to

typical discharge curve is shown in Fig. 7 and exposes thedisturbances produced by the load resistance to reach a

nonlinear behavior of the battery voltage [18] - [20]. reference current. Hence, a digital servo-controller with state
feedback was designed. It was necessary to determine the
integral gain constarit; and feedback gain matrix &f to
obtain a response with dead oscillations, all shown in Fig. 9.

Epatt = Eg — K

i* + Exp(t) (32)

Controller

Epare = Eo — K
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Fig. 9. Block diagram of the digital control
Fig. 11. Renewable energy system with Model Predictive Controller
The discrete servo-system constants were calculated by

the Ackerman method using packed storage matrices and !N contrast, in high wind speed, it depends on the wind
two design parameters: damping rafie= 0.7, response turbine, and in the absence of power supply from renewable

time t = 10s. It is important to clarify that the system resources, the charging process depends on the rectified

representation was not done with the conventional state-local grid. Fig. 12 shows data of a daily solar irradiance and

space blocks included in Matlab because they do not allowWind speed during a random day.

to include the lag resistan&as a time-variable signal to

F 1200z
the state matrid. 5% yan
The output signal can be obtained from the resistance sinef e // R

wave, in terms of voltage and current (Fig. 10). The systemi% ;ﬁ/

responds according to charge variations, varying the supply s 0
current, and maintaining the voltage level required. T gL
z 3
e » i, /
i Buck Rccllficr o Buck Rectifier :é ; / \
o i \\l r,’ ‘l‘ [E== == H 0 4 | N
',’ 4 5oy d = :’"\ ---------------------------- 0 1 2 3 4 5 6 7 8
E 6 i ‘|‘ !'f ‘.‘ F - | Time (sec) x10*
%“ { ‘.‘ ‘,f ‘.‘ ’f = .'F Fig. 12. Weather data collected in UMNG Campus
= \ 7 Voo
B “.‘ ';* ‘ﬁ i E:u{ The main advantage of using MPC is the fact that it
= X Vo w-: allows the current time slot to be optimized while keeping
\ ,," v\ ! future ones into account [6], [8]-[10]. This is achieved by
'S o T o o o = optimizing a finite time-horizon, but only implementing the
] S RbaBer Tome ] current time slot. Only the first step of the control strategy is
N = S == implemented, then the plant state is sampled again, and the
i .’1 % TN / calculations are repeated starting from the new current state,
=i \ / % / yielding a new control and a new predicted state path.
%‘“mu I \\ / \ / Prediction horizon keeps being shifted forward, and thus it is
E g ./ Aot also called receding horizon control [5]. The optimization
Z ol cost function is given by Eqg. 37, considering design
boundaries (lower/upper).
a . o 500 . 1000 1200
lime [s] X AR £
Fig. 10. Buck converter response with the controller. [xz] = R [xZ] + 6 [u] 37)

E. System Simulation with Model Predictive Controller

The purpose of this work is to ensure the proper batteries
and continuous energy supply to the lighting system. Thus, L : :
Model Predictive Controller — MPC was implemented. Thisasoc)’n =t _th as the reference_ variable (requwed V°'_tf’°‘99
; of the bus)u; = i — th as the manipulated variable (rectifier
control system defines the state of charge (SOC) as thecurrent) as the weighting coefficient reflecting the
controlled variable, while the reference is the DC bus » Dxi ghting 9

voltage, and the manipulated variable is the rectifier (see Figrelat'\{e. |mportgnce .Ofi' Wyi @S the weighting coefficient
11). penalizing relative big changesuip.

With x; =i —th as the controlled variable (batteries

An MPC is capable of determining which renewable
energy source charges the batteries according to the value of
supply, i.e., during periods of high solar irradiance, the Fig. 13 shows how the MPC responds to load variations
batteries charging depends on the PV modules' power. caused by energy demands by ensuring the DC bus voltage.

I1l. RESULTSAND DISCUSSION
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Fig. 13 The voltage of the DC bus

These variations in energy produce changes in the battery
SOC (Fig. 14). A quick charging process can be seen at the

beginning of the chart, followed by several compensations to
maintain the reference of 80% of SOC.

SOC batteries state

L —L_
5000 10000 15000
Time (s)

Fig. 14. Batteries State of Charge

el
5000

.
10000
Time (s)

Fig. 16. Rectifier current

Dty cycle (0-1)

—l -
5000 10000
Time (5)

Fig. 17. PWM signal of the DC converter

V. CONCLUSION

A nonlinear equation of current approximates the
abstraction of the photovoltaic module in terms of two
weather variables (irradiance and temperature) and the
desired output voltage. The non-linearity is mainly given by
the exponential dynamics of the antiparallel diode. Therefore,
thel —V chart shows a decreasing curve that begins when
short-circuit(V = 0,1 = I,.) and at open circuy =0,V =
V,.). Also, although the PV module works with a nominal

Despite these changes, the control signal compensates fo&oltage ofv = 24V, the maximum power point occurs when

the impedance maintaining a level @ 4Fig. 15).

25 T T

L
5000

-
10000
Tima (5)

Fig. 15 The control signal generated by the MPC

This compensation is made from the control signal and
employing a current rectifier (Fig. 16). In the graph, the

V =V, =30.71V, which implies! = I,,, = 9.02 A and
thusP = P, = 260 W just as tested by the manufacturer.

The environmental resources at the installation site of
power microgrid were measured by a weather station and
used as input parameters of the simulation, which concluded
that there is not a significant contribution from wind power
(low average wind speed). Thus the wind turbine model was
sized as a small DC power generator. Therefore, the only
feasible and fully available power resource will be generated
by photovoltaic panels, making it the primary source.
Nevertheless, the energy produced by the wind turbine is not
underestimated, in fact, it is included as a disturbance to the
energy generated on the grid, so still contributing to the total
generation. This means that this DC microgrid also includes
several low production energy sources to charge the batteries,
adding them as disturbances to the control system for energy
production and thus increase the energy supplied to the load.

current reaches a max value of 500 A (saturated), to emulate Besides, as the main result of this work, it was realized
the protection system and behavior of the Powerex® R620that the implemented Model Predictive Controller could
General Purpose Rectifier (500 A). This also causes thesignificantly reduce the energy consumption in conventional
dynamic response of the system to present delays. Fig. 1and non-renewable energy sources, such as those based on

shows the PWM signal of the DC converter.
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Diesel fuel, which is a major power source in stand-alone
grids in non-interconnected zones. This considering that
diesel turbines still are needed to be used as the rectified
power sources for the Buck converter of the proposed grid.
Still, it can be enhanced by harnessing the weather
forecasting and the predictive controller itself to pre-heat the



turbine and thus increasing efficiency, i.e., turning the [10]
reactive controller of a regular diesel turbine into a
predictive controlled one.
[11]
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