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Abstract—This article proposes a discrete time model for the
energy management of a residential microgrid. It consists on
array of solar panels, a storage system (made up of a lithium-
ion battery bank) and a load profile in line to the one of a
typical residence. It is considered that it can operate connected
to the main electrical network. The way to determine the loads is
indicated, as well as the way to obtain the power profile generated
through simulation models and the modeling of batteries that
make up the storage system. The goal of the work is to obtain
a suitable model to implement Model Predictive Control (MPC)
strategies in the management of microgrid energy resource.

Index Terms—Microgrid, Renewable Energy, Energy Manage-
ment, Distributed Generation

I. INTRODUCTION

Electric power generation is mainly based on the consump-
tion of fossil fuels. The continuous increase in demand, the
inevitable depletion of these fuels and the need for sustainable
and environmentally friendly sources of generation led in
recent years to the development and application of renewable
generation sources.

Including, efficiently and safely, renewable energies, with
their intermittent and random characteristics at their generation
level, in a hierarchical, unidirectional and centralized structure,
such as the current and traditional electrical system, is a chal-
lenge for the scientific community. Thinking of an electrical
network, made up of smaller managements and control units,
where energy storage systems are incorporated, emerges as a
structural solution to handle this type of problem. In such a
context, the concept of microgrid is born, proposed by [1]. A
microgrid can be defined as a set of loads, energy generation
and storage systems, which is seen as a single controllable
system for the main electrical network, being able to operate
in isolation or connected and interacting with the network. This
idea is in line with the concept of distributed generation, which
considers, in its simplest formulation, sources of generation
on a small scale and close to the points of consumption,
thus reducing energy losses produced in transmission and
distribution.

A microgrid can have different scales, such as supplying
energy to hospitals, university campuses, industrial parks or
a domestic residences. These microgrids are the previous
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step for the conception of more complex systems, such as
smart grids, where conventional and renewable generation,
consumers and energy storage of different nature and size
are integrated in an efficient, sustainable and safe way. This
idea of the electrical network in a radial, bidirectional and
decentralized way, where consumers lose their status of passive
agents, and can act as one more active agent in the electricity
market, is the evolution of the current energy system.

This article proposes a linear state space model of a residen-
tial microgrid for its energy management, which is composed
by a renewable generation source (photovoltaic panels), a
storage system (consisting of a lithium-ion battery bank), and
an energy demand according to a domestic residence needs.

The note is organized as follows: in Section II the general
microgrid formulation, its architecture and the different el-
ements that compose it are described. Then, in section III,
proposes the linear state space model of the microgrid is
proposed. Finally, in Section IV, some conclusions are drawn.

II. MODELING

The architecture of the proposed microgrid model is shown
in Figure 1, where the different elements and the energy
exchange flows between them can be observed. In both, the
electrical network and the battery bank, this flow is bidirec-
tional, consisting of purchase or sale of energy, for the first,
and charge or discharge for the battery, for the second. In
the proposed model, these flows represent the manipulated
variables.

To obtain a specific model, the different components are
sized, starting by defining an energy consumption for a typical
residence, by obtaining a daily load profile, and then, based
on this, selecting the arrangement of photo-voltaic panels
and the generated power. These variables, by virtue of their
typical characteristics of intermittence and randomness, due
to consumers behavior and climatic conditions, are considered
as non-manipulated variables or disturbance. Also from this
established consumption, the battery bank is characterized to
later obtain a dynamical model of it.

It is worth noting that the hybrid inverter, in addition to
making the necessary conversions for the correct operation of
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Figure 1. Residential microgrid

the system, is the node or DC bus of the microgrid. Thus,
Kirchhoff’s current law must be fulfilled.

A. General model

The general model of a microgrid can be represented by the
following linear time-invariant discrete time system:

z(k +1) = Az(k) + Bu(k) + Cd(k) (1)
Euu(k) + Bad(k) — 0 @

where the state variables z(k) € R™ represent the load
states for the storage systems in the microgrid, u(k) € R™
are the manipulated variables, d(k) € R! are the disturbances
or non-manipulated variables, while A € R"*", B € R™*",
C e R>*" B, ¢ Rm*l y E; € R are matrices with the
corresponding dimensions.

Equation (1) describes in a general form the dynamics of the
system; while equation (2), corresponds to Kirchhoff’s current
law at the microgrid node. The latter can also be considered
as the energy balance in the DC Bus, when dealing with
manipulated and non-manipulated variables, with respect to
the powers of the constituent elements of the system.

B. Load profile

For the determination of daily load profile, the total load
of the domestic residence is first determined, as established
in [2], considering an average degree of electrification. Once
this is obtained, the different loads of equipment or household
appliances of a residence are assigned and an usage time is
estimated for each of them.

In the Table I, there is a list of the most common equipment
in a house, specifying its unit power and the estimated hours
of operation in a day.

For the elaboration of daily demand profile, the loads of
these equipment are distributed during the day, in the most
frequent hours of use. According to the indications shown
Table I, the profile of Figure 2 is obtained.

C. Power generated

The renewable generation source available in the microgrid
is solar energy. This is undoubtedly the most abundant and
easily accessible source, which, together with wind power, are

Table I
EQUIPMENT POWER AND UTILIZATION

Equips Quantity  Power (kW)  Use (h)
Lamp LED 9 W 6 0,009 6
TV LED 32-50” 2 0,11 2
Notebook 1 0,022 4
Refrigerator with freezer 1 0,1 24
Electric water heater 1 1,5 0,25
Air conditioning (2200 fg) 1 1,41 4
Washing machine 1 0.37 1
Microwave, kettle and iron 1 3,15 0,32
Various 1 0,65 0,16

Daily demand

2000 -

1500

Power (W)

1000 -

500

L e e e ]

o LT I i A T
012345678 91011121314151617181920212223
Time (h)

Figure 2. Load profile

among the most developed clean energy sources. Its choice
as renewable source in the model of a residential microgrid
is based on the relative simplicity of application, installation
and maintenance required to obtain electrical energy through
photovoltaic panels.

The characteristics of the chosen panels are detailed in Table
1L

Table 1T
POLY-CRYSTALLINE PANEL TSM-330PD 14 TECHNICAL SPECIFICATIONS

Dates Description
Nominal power, Prmaz 330 W
Voltage at maximum power point, Vippp 37,4V
Maximum current, Impp 8,83 A
Open circuit voltage, Voe 45,8 V
Short circuit current, Isc 9,28 A
Module efficiency, nm, 0,17

The number of panels that conform the arrangement is
obtained by taking the daily consumption of the house, what
is indicated in Table I, making a total of 12,98 kWh. By
considering the indicated power of the panel and assuming
four peak sun hours (HSP =4), the following number is
obtained:

o _ Quiary-1,2 12,98 (kWh)-1,2
panels HSP - P, 4 (h) 0,33 (kW)

~12 (3)
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These panels can be connected in different ways, in series,
parallel or mixed. In this work, the connection will be mixed,
2 groups of 6 panels in series and these, in turn, connected in
parallel, thus obtaining the electrical characteristics indicated
in Table III. This choice depends on the characteristics of the
used inverter.

Table IIT
HONEYCOMB ARRAY ELECTRICAL PARAMETERS

Dates Description
Nominal power, Pmaz 3960 W
Voltage at maximum power point, Vy,pp 224,2V
Maximum current, I pp 17,66 A

The power generated by this installation of a photovoltaic
source is obtained by using the mathematical model of a cell
and therefore of the panel, since this is a set of series-parallel
connected cells, attached on a metal plate encapsulated by a
thermal insulator. As dynamical model, the one proposed by
[3], which consists of obtaining the electrical output charac-
teristics, using an equivalent electrical circuit, depending on

the solar irradiance and cell temperature as it is shown Figure
3.

3

Figure 3. Equivalent circuit solar cell [3]

These electrical output characteristics show non-linear
current-voltage and power-voltage relationships.

This mathematical model is implemented in a block called
“PV Array” in Matlab-Simulink, where the user can load
the characteristics of preset panels or define one with specific
parameters. The nonlinear behavior of the panel presented
in Table II , with the solar irradiance and reference cell
temperature values, is shown in Figure 4.

Given the low efficiency of photovoltaic panels, it is neces-
sary to use control strategies to operate them at their maximum
power point (MPPT) all the time, independently of variations
in irradiance and temperature. Furthermore, given that volt-
age level generated in the panels is generally not sufficient,
therefore, it will be necessary to elevate it to appropriate
levels, efficiently as possible. This is achieved through the
implementation of a structure made up of a DC converter and
an MPPT control algorithm, which allows the monitoring of
the maximum power point [4]. This system is implemented
in the hybrid inverter indicated in Figure 1. The converter
selected is of the type Boost [5] and the MPPT algorithm is
of the kind disturb and observe P&O [6], which tracks the
maximum power point, modifying the converter’s duty cycle.

In order to obtain a profile of the power generated in one
day (similar to what was done for the consumption of a house,
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Figure 4. Characteristic curves of the poly-crystalline panel TSM-330PD14
para Grep = 1000 (W/m?2) y T, ey = 25°C.

since both are considered as not manipulated variables in our
model) the Matlab-Simulink scheme indicated in the Figure 5
is taken into account, where the considered panel arrangement
is modeled by using the block “PV Array” and the DC
converter and the MPPT algorithm are implemented, to obtain
the desired power profile.

Figure 5. Scheme for obtaining the generated power profile

As it can be seen, the scheme made for the simulation is able
to load various irradiance and temperature curves, in order to
obtain different power profiles generated in different months
of the year and different climatic conditions.

The irradiance and cell temperature data are obtained from
[7]. If the data is considered for a sunny January day, for the
city of Avellaneda, Santa Fe - Argentina, the power generated
by the panel arrangement is indicated in the Figure 6.

D. Battery bank

The energy storage system is made up of a lithium-ion
battery bank, the characteristics of which are specified in the
Table IV.

To determine the number of batteries that will make up
the bank, daily consumption of the residence is selected as
Qdiary = 12,98 kWh, while the inverter efficiency is given
by Nino = 0,955 and the admissible voltage for the bank
connection, imposed by the characteristics of the inverter, in
this case is Vj pqr = 48 V.
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Figure 6. Generated power profile

Table IV
BATTERY-MLI ULTRA 12/5500 TECHNICAL SPECIFICATIONS
Dates Description
Nominal voltage, Vpqt 12V
Nominal capacity, Cpqt 400 Ah
Useful life (cycles), N¢ 3500
Efficiency, npqt 0,90

As the microgrid will have access to the electrical network
and with the goal of reducing the number of batteries in the
bank, since these are the most expensive components, it is
considered a 50% of daily consumption, 2 days of autonomy
d, = 2 and bank discharge depth (DOD) Pfg.s = 0,8 to
guarantee the 3500 life cycles. Therefore, the bank’s capacity
is given by:

07 5 Qdiary . da
VE),bat * NMvat - Pfdesc * Ninwv

while the number of batteries is obtained from:

Vb,bat - Cb,bat
‘/bat : Cbat
As a result, 4 batteries are adopted which will be connected

in series. The characteristics of the batteries bank are detailed
in Table V.

Chpat = =393,27(Ah) &)

Nyar = =3,93 ®)

Table V
BATTERY BANK TECHNICAL SPECIFICATIONS

Dates Description
Number of batteries, Nyq¢ 4
Nominal capacity, C pat 400 Ah
Nominal voltage, Vj pat 48 V

Connection type serie

To determine the dynamic behavior of the battery and
therefore of the bank, a model based on an equivalent electrical
circuit proposed by [8] is considered, which can be seen in
Figure 7.

It consists of two separate circuits, which are related to each
other by a voltage controlled voltage source and a current

Vsoc

OO,

Vool Vaoc)

Il
|
Cear

Figure 7. Equivalent battery circuit [8]

controlled current source. The one on the left models the
storage capacity and the stored load during the loading or
unloading processes. The one on the right describes internal
resistance and transient behavior for different loads.

To determine the values of the components of circuit,
the method of extraction of parameters in the time domain
proposed by [9] is applied, which is based on analyzing the
characteristics of the voltage curve in the relaxation period of
the battery, after applying a discharge or charge pulse.

The test is carried out by mounting a simulation platform
in Matlab-Simulink, using as the battery to test, the block
Battery available in the software (see Figure 8).

<SOC (%)>

n <Current (A)>
m
» <Voltage (V)>

MLI Ultra 12/5500

Figure 8. Test to obtain parameters

The chosen methodology will be to apply a constant
discharge current pulse for a certain time, followed by a
relaxation period where the voltage in the battery is allowed
to autonomously stabilize, and then reapply the current pulse.
The adopted values for the current and times are: 4,5 = 173
A, thuise = 420 8y trelq. = 30 min.

The resistance and capacities of the equivalent circuit vary
according to the state of charge of battery. (SOC, and there-
fore it depends on the Vj,., open circuit voltage), therefore,
different values will be obtained for different load states for
which the test is performed.

Resistance R is first determined as:

Vi, = Vit

Rg = —— (6)
lpulse

where V3, is the open circuit voltage and V- is the voltage
1 second after the discharge current is applied. Figure 9
shows the time evolution of the voltage and current when the

discharge pulse is applied.
Then the relaxation period is divided into temporary win-
dows. It will have as many windows as RC branches has the
circuit. In this case they go from t1; = 471 s to t10 = 473 s
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Figure 9. Voltage in the battery when applying the discharge pulse

and to; = 1500 s to tgo = 1800 s. When taking into account
these times, it should be considered that t5; must be at least
3 times greater than ¢15, and f52 must be prior to the moment
when voltage at the battery terminals reaches the stable state.

See Figure 10.
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Figure 10. Battery voltage in the relaxation period

To get Rpr y Crr, the instantaneous voltage drops are first
calculated at to1 y tos:

‘/;21 = Voc - Vbat21 (7)

®)

Where Viaty,, ¥ Vibaty, are obtained from the test. Therefore,
the time constant 77, is given by:

‘/tgg - VOC - Vbatgg

too — to1
T = o (Ve &)
Vt22
t21

The initial voltage is determined in t21, Urp = V4, -e77L
and with this Rrr y Crr:

Urr,

. _ tpulse
lpulse * l—e "L

Ry, =

(10)

TTL
Rty

Now, is calculated Rpg y Crg. To do that, the instantaneous
voltage drops in ¢;; and ¢y, are obtained:

Crr (11)

‘/tll - Voc - ‘/batll - VTL(tll) (12)
%12 - VOC - ‘/batlg - VTL(t12) (13)
where VTL(t) = UTL . eiﬁ.
The time constant 77 will be:

tig—1t

TS = = (14)
In (V‘“)
t12

As in the previous case, the initial tension in ty; is Upg =
t11
Vi,, - €77s, so that:

U
RTS - = tpulse (15)
lpulse * (1 —e Ts )
Crs = 1> (16)

Different values of Rsg, Rrr, Crr, Rrs and Crg are
obtained according to the initial SOC. Then, to validate the
model, to analyze its behavior and to be able to choose the
values with which smallest maximum relative error occurs in
different scenarios, the equivalent circuit is built in Matlab-
Simulink.

._4\4/'\ A \— ~f\/\/‘\ A /Av A \
1,
®s ws wt
; i @)t
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Figure 11. Equivalent circuit in Matlab-Simulink

In order to simulate the voltage controlled voltage source,
it will be necessary to find a function Voo = f(SOC) that
relates the state of charge with the open circuit voltage. For
this, different tests are performed to find the curve, and then
using the MATLAB-Curve Fitting Tool, the curve is adjusted
using the following function for the analyzed battery:

Voo = —9,126 - SOC~%%76 13,11 (17)

The values identified for a SOC = 80% are the ones
that produce the least relative error in dynamic behavior
under different conditions, so these will be the ones used in
the model. The analyzed range goes from 20 % to 80 %,
which is the band where batteries must work according to the
manufacturer’s recommendations, for the depth of discharge
adopted.
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To obtain the continuous-time state space model, it is
considered that the SOC' can be described by the Coulomb
Count Method:

SOC = SOC, £ C’L Tbardt (18)

cap
By Kirchhoff’s Laws in the circuit of Figure 7, in the meshes
of RC branches and considering as state variables i; = 229€

1% oV . ot -
To = 6{5 .and 33? = S5, as input u = ipe; and as output
Y = Upqt it is obtained:

0 0 0 o
bat
. 1 1
0 0 S — L
Rr.Crr Crr
y = [1 1 —1] o {RS} u (20)

Then, by replacing the values obtained from the test for
battery bank, we have:

0 0 0 9.08¢7

i= 10 —6.28¢3 0 |z 378 u @1
0 0 _92.87¢5 7.03¢~8

y = [1 1 —1} o+ [0.0002] u (22)

If the previous model is discretized by the method of Tustin
with a sampling period T = 3600 s, which is the time interval
which the charge and generation profiles are elaborated with,
we obtain the following discrete-time model of the battery
bank:

1 0 0 3.26e 3
x(k+1)= |0 —0.85 0 | z(k)+ |1.11le 3| u(k) (23)
0 0 0.9 2.41e™4

y(k) = [1 —0.08 —0.95} m(k)—i—[l.lﬁe_?’} u(k) (24)

III. DYNAMICAL MODEL OF THE MICROGRID

The microgrid model will have a single state corresponding
to the only storage system, the battery bank. The manipu-
lated variables will be the bank’s discharge/charge powers
(Pbg/Pb.) and those corresponding to the purchase/sale with
the electrical network (Pn,/Pn,). The power generated by
the solar panels and the determined load profile are the non-
manipulated variables (Pyey/Pioad)-

By explicitly considering as manipulated variables the dis-
charge and charge powers of the battery bank (Pbg/Pb,), the
obtained model of the bank, taking everything that enters the
microgrid node with positive sign, everything that leaves the
node with negative sign, and taking into accoubt the general
formulation presented in Section II-A, one gets:

x(k+1):x(k:)+[k1 ke 0 0lu(k) (25

[1 11 —1}u(k)+[1 —1}d(k):o (26)

where (k) = SOC, k; y ko are constants that depend on the
T
model of the bank, u(k) = [Pbd Pb. Pn, Pns} is the

T
array of manipulated variables and d(k) = {Pgen Pl(,ad} is
the array of the non-manipulated variables.

To determine the values of k; y ko, it should be considered
that when modeling the battery bank, the manipulated variable
was the current 7p4¢, Which could be loading or unloading,
while now it is considered the power Pby,.. Moreover, by
taking the inverter efficiency as 7;,, = 0,955 and its effect is
the direction of discharge/charge of the bank, and by setting
Vief = Vopat = 48 V, which is the nominal voltage of the
inverter for connection of th storage system, then:

100 - 3.26¢3
fy = —200-326 7 o 27)
eref * Ninv
100 - 3.26¢73 - e
ko = € Thinv _ g 483 (28)
Vref

IV. CONCLUSIONS

A discrete-time linear state space model of a microgrid was
presented. A way of considering and modeling the different
factors involved is shown, resulting in a starting point to model
more complex systems, such as microgrids with other sources
of generation or storage. This model will be used to evaluate
advanced control techniques for energy management in the
microgrid.
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