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Abstract: The energies systems are the principle challenge for the future of rural or urban society where the
engineering search the solutions that make a green system for supplied the actual demand. For that the
implementation of renewable energy is growing, due to lack in nature reserve, the pollution excess and the
continuous demand in the use of energy to supply the necessities in the common life. It means that we need
to change the way to use the environmental resources to get it using green energy sources. This research
shows the results obtained by perform a generalized predictive control as one of predictive control
theories in a micro grids systems because it needs few parameters and adopts strategies of multi-step
prediction, receding-horizon optimization and feedback correction which has good tracking characteristic and
reduces on-line calculations of control algorithm. Based on the discrete Controlled Autoregressive Integrated
Moving Average (CARIMA) Model, the control algorithm was combined with merits of adaptive control which
made control system possess of excellent robust and intelligent capability.
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INTRODUCTION

Actually, the current methods for energy production
are not sustainable, due to environmental problematic and
the lack of nature resources. Tlis and the concerns about
global warming, prevention of environmental pollution
and deficiency of energy sources have been becoming
umportant development themes 1n different industries. The
current methods for energy production are not
sustainable, mainly due to environmental reasons
(McGowan et al., 2010).

Therefore, the demand for renewable energy,
smart electrification and rational use of electricity are
important factors that will provide answers to the global
energy challenge. All this demand growmg is also
increasing the interest of how the meteorclogical
condition play significant role in the performance of
systems these systems
produce optimum output under certain desired weather

renewable energy whereas
conditions which are essentially location.

Thus, we need apply smart grids that allows
the integration of large amounts of green energy,
reliability, quality of supply and
ensuring safety m a non-interconnected
(Shah et ai., 2012).

improving
Zones

Therefore and due to the great adventages and
developments on renewable energy it is necessary to
analyse how energy should be used in a micro-grid with
renewable energy source, considering that usually the
power 1s supplied without regard if it comes from the
network or renewable supply (Alvarez-Beletal, 2013)
(Chuanchuan e# al, 2013). The current tendency is to
project this type of systems to provide 80-90% of the
energy needs i remote or non-electrified areas, the use of
a different medium scale sources and small distance
distribution such as wind and solar energy close to load,
reduces local storage requirements and energy losses
(Strunz et al. 2014).

In a smart grid system is required apply control
strategies that allows get the optimum output taking to
and applications
requirements. So, it 18 very indispensable to find the
appropriate control law which does not need high-precise

account the extermnal conditions

model. In recent years, there are successful examples for
predictive control being applied in the complicated
industrial process (Ordys, 2001). Generalized Predictive
Control (GPC) is one of the most important predictive
control algorithm which adopted the discrete Controlled
Autoregressive Integrated Moving Average
(CARIMA) Model to reduce the calculation and the
recursive least square algorithm with forgetting factor
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Fig. 1: Simplified model panel
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to estimate the parameter model online which improve
the dynamic characteristic of micro grids systems
(Rodriguez and Dumur, 2005).

Therefore, this research models and simulates a
DC micro gnd that can get power from different centralized
and renewable sources, optimizing generation and
consumption. Since, forecasts never are perfect, a
Control (GPC) strategy 1s
consequences of forecast
acceptable levels. This
complemented with the micro grid implementation in
Simulink-MATLAB i order to get the results of an

appropriate simulation.

Generalized Predictive
used for keeping the

uncertamties at work 1s

MATERIALS AND METHODS

Micro-grid modelling: The first models to develop in
order to get the final representation in a micro-grid system
is power generators as photovoltaic panels and wind
turbine, followed by a storage device as batteries. Then in
order to ensure consistent power to the batteries it was
designed a rectifier with a buck converter which is
described below.

Photovoltaic model: A Photo Voltaic (PV) module use to
be represented as a two nodes electrical circuit with the
sunlight generated current source (photocurrent), a diode
connected in anti-parallel and both series and parallel
resistances which 13 shown in Fig. 1 (Bellia ef al., 2014;
Ishaque et al., 2011).

This is a non-linear equation that includes several
parameters that can be classified in three groups: those
provided by the manufacturer, the -electrochemical
constants that can be assumed according to weather and
electromechanical conditions and the ones that can be
calculated.

According to the simplified model panel shown mn
Fig. 1, the equation that defines the PV Model

dynamics in terms of an output cuwrent can
obtained via. Kirchhoff’s current law as shown in Eq. 1
(Parisio et al., 2014).

I=1,-1,-1 (1)

P

where, [;., I, and I, are defined in the Eq 2-4,
respectively.

G
Iph = G— (Iph, ref +'J'scAT) (2)
ref
V+IR
I, =1, {exp[ 5}-1} 3
d
1, - @
v

Where:

G = The irradiance

G = The irradiance at standard test conditions

T. = Thecells temperature, thus, T = Te-T_ (T, = 298 k)

K = The coefficient temperature of short circuit current
(given by the manufacturer)

Wind turbine model: This study describes the
modelling of a wind turbine and the simplified model of
the blades. In order to model a wind turbine it must be
considered a load to which the blades can react in various
ways and then have more than twenty degrees of freedom
in their reaction.

This section starts defining the static and mechanical
characteristics. The Tip-Speed Ratio (TSR), denoted by 4
15 the radio between the linear speed of the tip of the
blade to the wind speed as is shown in Eq. 5. This can be
calculated by means of the rotor radius and angular speed
(Weimer ef ai., 2006):

AL (5)

The TSR and the user-defined blade pitch angle are
used to calculate the rotor power coefficient, denoted by
C, (Tang et al., 2011). This coefficient is a measure
of the rotor efficiency and is defined as is shown in
Eq. &

c, -k ()
PW
Where:
P, = Defined as the power of wind
P, = The power of rotor

Finally, the state equation is presented in the Eq. 7
and 8.
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Battery model: The battery block inplements a generic
dynamic model parameterized to represent most popular
types of rechargeable batteries. The model can be
expressed by the Open Circuit Voltage (OCV) or Electro
Motive Force (EMF) E,, the voltage in the termials of the
battery V, the internal resistance R, the discharge
current T and the State of Charge (SOC) Q as shown
m Eq. 9and 10 (Parisio et al., 2014):

- Q 7BJ‘1dt

E=FE-K—=+A 9

o Q-jidt+ . @
V. =ER (19

t 1

Where:

Q = The maximum battery capacity

A = The exponential zone amplitude

K = The polarization voltage constant and

B = The exponential zone time constant inverse capacity

The battery voltage obtamned 1s given by Eq. 11:

Ehm—ED—K&_-Ri—KQ_i*+A'EB“ (1)
Qt QA
Where:
it = Means the current battery voltage
T* = The filtered current.

Buck converter model: The typology of buck converter
is shown in Fig. 2 in which the power switch S inductor T,
and Capacitor C constitute the conventional buck
converter. The Resistance R represents the load on the
battery circuit and it 18 sumulated as a time-variant varying
signal (Parisio ef af., 2014). The dynamic process of the
circuit can be described by the ordinary differential
(Eq. 12 and 13).

L
s

u-0

n
T E v__¢cC R

Fig. 2: Buck converter diagram

LE =-v+Eu (12)
dt
e _iRry (13)
dt

Micro-grid system: The prototype micro-grnid was
proposed to be modelled as 1s shown in Fig. 3. The first
developed models were a photovoltaic panel, wind turbine
and battery bank. Also in order to ensure consistent
power to the battery bank it was designed a rectifier with
a buck converter.

The structure of the photovoltaic block model is define
by a two nodes electrical circuit with the sunlight
generated current source and the wind turbine structure
must be considered a load with blades that can react in a
lot of ways with more than 20° of freedom in their reaction.
The battery model can be expressed by the Open Circuit
Voltage (OCV) or Electro Motive Force (EMF) mn order to
get a dynamic model to represent most popular types of
rechargeable batteries. Finally, the typology of buck
converter 1s represented by a power switch mductor and
capacitor, like a conventional buck converter (Pati ef al.,
2016).

After obtaining the individual renewable source
model representation, we integrated it into the micro
grid system to get the final mathematical model in this
case i3 required apply linearization techniques that
provides us with a lot of insight about its dynamics
because the complexity of the system does not reveal the
total integration dynamic with renewable sources using
difference equations.

MATLAB provide a linear analysis tool that helps us
with the linearization model using the simulink
representation as is shown i the Fig. 3. In this tool 1s
required define the operating point in this case we

use the model initial conditions as is shown in the
Table 1.
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Fig. 3: Micro grid representation
Table 1: Model initial conditions
Condition Values
Wind turbine 0.0001
Rattery model 498960
Buck converter 1
Photovoltaic panel 0

Then, the tool give us the space state, the zero pole
gain and the transfer function representation but we use
the transfer function in Eq. 14 in order to calculate a
generalized predictive control:

1.474%10° 7 -5.826%10° 7 -3.998%10° 7° +

G(2) = 62.052*10*5z2+3.573*10"3z+1.848*10’”2

72,0897 +1 462" -0.37322° +0.0002089z
1.641%07° 2+6.203%1071

(14)

Then, we make the linear analysis again in order to
obtain the transfer function of measurement disturbances
model as is shown in Eq. 15:

-0.00098° 2° +0.000889° z' +0.000473° 2’ +

6.094%* 107 22 +0.000344° 2-0.0001481
782,08 27 +1.462" -0.37322° +0.00020892° -

1.641%¥107° z+6.203*107"

G(z)=

(13)
CARIMA Model in a GPC: The most common SISO
transfer function model in GPC 1s the CARIMA Model
because it considered the wmcertamnty that could have
a non-zero steady state in its representation, so, in
Eq. 16 18 shown the mathematical expression of this model.
Where ¢, means a random variable and T(z) 1s treated as
a design parameter. For convenience the CARIMA Model
can be expressed as is shown in the Eq. 17 where [a(z)A]
is a combination between a (z) and delta (A) and Au, use
input increments with?A = 1-z".

(16)

a(z)y, = b(zu, +T<z>i—k

[a(z)Aly, = b(z)[Au, ]+T(z)g, a7

Another way to represented the CARTMA Model is
through the Eq. 18 where A(z) 13 equal to a(z)A . In SISO

Models the biz) and A(z) are given by the numerator and
denominator as 18 shown m Eq. 19 and 20, respectively:

Alz)y, = blz)[Auk]+T(z)g, (1%)
b{z)=bz '+, . +b z " (19)
Alz)=1+Az "'+, . +A 2" (20)

The one-step ahead predictions can be used
recursively to find a n-steps ahead predictions as is
shown in the Eq. 21. The recursively concept is
interpreted as follows: We have used the one step
ahead to find w., the substitute it into the next
equation to find w., then use v, and v, to
determine y,., and keep iterating until get the n-steps
predictions.

Vior Tt A VT = b AU, o+, D Au, @1
3@Yyats ot ALY =D

The previous equations can be represented in a
shorthand notation using matrix and vector format in
order to separate the past and future variables as 1s show
inEq. 22:
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CLYogtH,yk = Cb™ + Hblw (22)

Solving the output prediction using the shorthand
format, we obtain the y,,, value mn future input increments
and past data terms as is sown in Eq. 23 where H = C,'C,,
P=C,Hyand Q= C,'H,.

oo = P Gk @)

Note: The H, P and Q matrix dimension are determinates
by the prediction and control horizons.

Control law: The first step in the develop of a GPC law
algorithm 18 define the unbiased cost (I) as 1s shown in
Eq 24 where e, = 1.,|ve, and y is a constant value
between 0 and 1 that determines the controller robustness
(Zhou and Qu, 2016):

V=el, e, hAul Au, (24)

Consequently, we can perform a minimization to find
the optimum J value. So, taking into account the Eq. 23 is
necessary replace it on the last equation to obtain
the Eq. 25 mn order to get a representation with the past
and future values as is shown in the Eq. 26 where the first
two rows represents the past Au values and the last two
rows represents the future Au values:

T Ty
I= |:r%k+1 - Hiik - Pi‘-‘k‘l + QTYek:| +

Adul Au_, [r:m Prw4+QTy, }

—

(25)

[r—kﬂ-P:“H +Qy-k} +

G N E ) N

[r_ kel Pl JrQY'k} +hAul Au

e

Considering the previous equation we can
eliminate the past terms because they not affect

the wvalues that should be

optimization rule.

mimmized m the

In the optimization of the unbiased cost I exist
an only minimum determinates by a gradient ecual
zero. For the previous reason the optimum equation is
given by Eq. 27:

2 System

=+
v

O
B

Fig. 4: Block diagram general predictive control

(H™H+ M) H Au, = [ PorQyk] @27

The control law equation is determinate by a k
constant defines by the first row of matrix (h"H+AT) H™
multiply by Au, as is shown in the Eq. 28 (Hou ef af.,
2014):

K(HTH+D)'HT Au, = |1, P2 +Qyk | (28)

To make a block diagram simulation is required
unpack each term of the u, equation in vectors as 1s
shown in the Eq. 29. Where the number of terms in
the vector P, are define by the prediction horizon, the
number in the vector D, are define by the number of terms
in model numerator and finally the number of terms
in the vector N, are define by the model denominator.
Then the GPC control law is summarised as is shown in
Eq. 30

P =k{H'H+MI) H

D, =P P (29)
Nk=PQ
Au, =Pr, +DAu Ny, (30)

Grouping common terms we obtamn the Eq. 27. A more
conventional equation form could be written as is shown
in the Eq. 32. Then, we can use this equation to get the
block diagram to be implemented in the Simulink model as
is show in the Fig. 4:

(1-D,)Au, =P 1,,-N,y, (31
u, = [1-DPA] ' B 1, Ny ) (32)

Finally, we implemented the control structure
in the prototype micro-grid representation m order
to get the final block diagram as is shown in
the Fig. 5.
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Fig. 5: Prototype Micro-Grid and GPC control

CARIMA Model in a GPC with measurement
disturbances model: Using CARIMA Model, the new
representation considering measurement disturbances
model is shown in Eq. 33:

a(2)y, = b2, @y, + T (33)

where, d(z)v, is the representation of disturbances
transfer function. For convemence, the CARIMA Model
can be expressed as is shown in Eq. 34 where [a(z)A] is a
combination between a(z) and delta (A), Auuse 1nput
increments and Av, use disturbances increments

with" A = 1-z":
[a(2)A]y, = b(@)[Au, ] +d(D)[Av, |+ T(z)g, B

Another way to represent the CARIMA Model 1s
through the Eq. 35. ITn SISO Models the b (z) and A(7) are
given by the numerator and denommator as 18 shown in
Eq. 36 and 37, respectively. While d (z) are given by the
numerator of disturbance model as 1s shown m Eq. 38
(Chen et al., 2008):

A(2)y, = b(2)[Au, |+d(2)[Av, |+ T(2)g, (35)

b(z)=bz"+, .., +b " (36)
A(z) = 1+A,z1+, . +AZ™" (37)
d(z) = d,+dz7+,.., d 277 (38)

In this step we use the same recursively concept
integrated the d (7). To have an appropriate notation we
considering the system in terms of matrix and vectors as
is shown in Eq. 3%:

Y = HA—>uk +Piuk—1 +EA_>V1< +Gika1'nyk (39)

Where:

H = C.'C,

P = C.J'H,=CJ'C,

G = C.JH, yQ= C,'H,

Note: The H, P, E, G and Q, matrix dimension are
determinates by the prediction and control horizons.

Control law: We have to consider the same unbiased cost
showed in Hg. 24. Consequently, we can perform a
minimization to find the optimum T value. So, taking into
account the Hq. 39 is necessary replace it in order to get
a representation with the past and future values as 1s
shown in Eq. 40:

T
I= (r(—)k+1j) -P(a@ D LI
ET(A@ %)kaGT(A@F)V(k71)+

QTY((—k)@ [r(kn)* P(A@ > )v.-G(aA@ « ):|
(40)

Considering the previous equation we can
eliminate the past terms because they not affect the
values that should be minimized in the optimization
rule.

In the optimization of the unbiased cost T exist an
only minimum determinates by a gradient equal zero. For
the previous reason the optimum equation i1s given by
Eq. 41:

T T
(H'H+A1) H 1)
Au k= [r%k +1-P%u, ,—E%v, - Givk_ﬁ-dek}

The control law equation 1s determinate by a
k constant defines by the first row of matrix
(HTH+ AT)'H™ multiply by Au,as is shown in Eq. 42
(Hou et al., 2014):

k.(H'H+. 1)'1 HT )

Au_k = [rﬁk +1-Piu, ~ ELv, - Gikal+dekj|

To make a block diagram simulation is required
unpack each term of the u, equation in vectors as is
shown in Eq. 43. Then the GPC control law 1s summarized
as 18 shown in Eq. 44:

P =k(H'H+A1) H'

D, =PP
N, = P.Q (43)
R, =PE
S, =P.G

Au, =P r>k+1-DyAu, ~REv,., -5 lv, Ny,
(44)
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The final representation u, is shown in Eq. 45:

u, = [(17 D, )AJ’l (P,Lkﬂ “REv,,, -8 v, Ny, )
(45)

T-filter in a GPC: Thus filter makes a reduction in a lugh
frequencies with some loses mn low frequencies without
change the poles system behaviour (Rossiter, 2014).
To integrate the filter in a GPC diagram we begms
from Eq. 46

Voo = HA U +P2 uiey + B2 vie + G2 vi —QF (46)

Then, we use the matrices Toeplitz/Hanlkel to make
the relationship between system without and with filter as
is shown in Eq. 47 (Rossiter, 201 4):

0
CTk+1y+HTLk = Yinr “47)

Using the previous equation, we solve the predictions in
Eq. 48 in order to obtain the filters values of A in
Eq. 49 and A% in Eq. 50

Virr = C}l |:Yk+1 - HTSﬁ} (48)
S =07 Au-H L (49)
i‘h}kn: C?[i“m"kn_HT%} (50)

Finally, we obtain the predictions in term of filtered and
unfiltered data as 1s shown in Eq. 51:

yk+l = Hiuk + [_CTpi HHT ]i 1_7’11"1 + Eivlﬁl + (51)
[C.G ~ EH, [ v - [C,Q-H]"

Considering an appropriate nomenclature, we
use, P, = [C:P-HH;], G, = [C;G-EH;] y Q = [GQ+H]
and B,.5.y¥,, defmed m Eq 52 Taking into
account that Ai=4u/T and ¥=y/T we obtain the
new signal control representation as 1s shown in
Eq 53:

f)k:PrPt
N, =-PQ, (52)
S =PG

rt

o T o 5

— 5
D i - - N
u, = ZEA P—51 5 R, Vil S o=
T T T«
(33)
RESULTS AND DISCUSSION

Below it we simulate the GPC behaviour we use
the diagram in the Fig. 6. Considering the previous
diagram, we make the block
Simulink/MATLAB as 1s shown m Fig. 7. We
proposed a control block with matrices P, D, and N,
follwed by a sitch block that allows the battery charge
when it need it and network feed when the batteries are
totally charged. We can found the rectifier block that
allows give the current necessary to charge the batteries.

simulation 1n

Finally it is the battery system with measurement
disturbances.

To make the control system we use a control
horizon of 50 and prediction horizon of 100 with
a lambda of 0.5 and a filter of (1-0.01). We
obtained as result a charge battery behaviour
showed m Fig. 8 without disturbances
signal given in Fig. & and

with a
control rectifier
response given in Fig. 10.

This controller show a desired response when we
want charge the battery at 80% with an mtial peak
eliminated after 1, 4-10" sec. The rectifiers system show
a current with values of 450A in the initial control signal
to reach the reference quickly, then it 1s stabilize in 200A
in order to maintain the battery in the desired level. When
the disturbances are considered, we obtain the system,
control and rectifier behaviour showed in Fig. 11-13,
respectively.

When the disturbances are applied, the controller
mitigate the disturbances but it has some peaks

due to 1t do not mmplemented a disturbances
model.
Ref
_“> Pr dTA u' System —}Y

N

Fig. 6: GPC controller simulation diagram
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Fig. 7: Micro-grid control diagram
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Fig. 8 Behaviour of battery charge
-4000 T T T T T T T 1

450

400 [

Current (A)
N N
S ¢
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Fig. 9: Control signal without disturbances

Obtained the behaviour of GPC without
disturbances model, we continues with GPC with
disturbances model, so, we used the diagram in
the Fig. 14.

When the disturbances are applied, the
controller mitigate the disturbances but it has some
peaks dueto it do not implemented a disturbances
model.

Obtained the behaviour of GPC without disturbances
model, we continues with GPC with disturbances model,
so, we used the diagram in the Fig. 15.

0 2 4 6 8 lIO 2 14 16 18
Time (sec) %10

Fig. 10: Rectifier signal without disturbances

180
100
160 .
80 N
4o - 23 45 |
120 | |
_100 [ I
S
o 80 — TN
5
560
T
3 40
-
20 | —— Reference
| Disturbances
0 Level battery,
0 2 4 6 8 10 12 14 16 18
Time (sec) x10*

Fig. 11: Behaviour of battery charge

To make the control system we use a control
horizon of 10 and prediction horizon of 110 with
a lambda of 1.10° and a filter of {1, -0.001). We
obtained as result a chargebattery behaviour
showed in Fig. 16 without disturbances with a
signal control given in Fig. 17 and rectifier response
given in Fig. 18.
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Fig. 12: Control signal with disturbances

The previous controller show an efficient response

5001

Control signal

Controller behaviour

o

§ 10
Time (sec)

T
12

14 16 18

Fig. 13: Rectifier signal with disturbances

because it do not has peaks to stabilize the system ¢— RA
mto the reference, besides it reach the reference m a g:;iﬁﬂ:?
minimum time when is compared with the controller <—| %
without disturbances model.
When the disturbances are considered, we obtain y
the system, control and rectifier behaviour showed in Ret} Pr *@—y DLA P System »
. . k'
Fig. 19-21, respectively.
The final response shows a controller able to mitigate | N
) ) ) : Nl
the disturbances easier due to it has the disturbances T [
model contemplate into the general control structure,
showing an excellent controller to be apply in this kind of  Fig. 14: Disturbance model in a GPC diagram
applications.
Disturbances
Diturbance
: <- A -
7| Soc
¢—Measurement disturbances | o
\4 Control
Rectifier !
; ]
Output * .
> Soc Output Control rectifien ol Current signal Ly
rectifier| signal ~
| ;;rn)era(l)l’ Control Output Soc [—
P Ref I(‘)el:tput Load
Controller Switch system Battery

Fig. 15: Disturbance model in a micro-grid system
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Fig. 19: Behaviour of battery charge
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CONCLUSION

The aim of tlis research was obtain a GPC
controller able to get the desired behaviour m the battery
level charge to a micro-grid system. As a main factor we
contemplate a development of a code that provide us
the ability to embedded it in a board in order to
obtain a physical system to be integrated in a real
micro-grid.

Thus, we design a controller based on generalize
predictive technicues that give us as result a good
controller to be applied in order to charge a battery
in a desired reference, considering the disturbances
like the energy given by a photovoltaic panel and wind
turbines.
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