SIMUGRID

Seville, July 2019






Preface

Simpugrid is a Matlab/Simulink™ library, which includes mathematical models
of the main elements of a microgrids: batteries, fuel cell, electrolyzers, renewable
generation, etc. Most of them are simple, configurable and non-linear models, whose
main objective is to help in the design of microgrids [3] energy management systems,
allowing the tests of controllers in simulation.

Simpugrid is a companion toolbox of the book ”Model Predictive Control of Micro-
grids” of the authors C. Bordons, F. Garcia Torres and Miguel A. Ridao, published
by Springer Nature Switzerland (ISBN 978-3-030-24569-6 and 978-3-030-24570-2
(eBook)).

This work has been partially funded by the European Commission in the frame-
work of INTERREG-POCTEP project AGERAR and by the Spanish Ministry of
Economy, Industry and Competitiveness through CONFIGURA Project.

Simpugrid is freely provided under the following conditions:

1. all rights of the software remain with the authors.

2. the authors decline any liability related to the use of Simpugrid software.
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Chapter 1

Introduction

gfdrg hfht

1.1 Installation

Simpugrid is a library of Simulink blocks and does not require an specific installation,
beyond the actions required to be used by Matlab/Simulink, as follows:

1. Uncompress the file Simugrid in your computer. It includes the library file
”SimugridLib.slx” and several folders with data, images and examples.

2. Add the folder including the above files and all its subfolders to the Matlab
path.

3. Open a new Simulink to create a new microgrid or open one of the provided
examples.
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Chapter 2

Elements of Simugrid Library

2.1 Timeseries Arrays

The generation and demand input data and the time evolution of the simulation
variables use time series objects in Matlab. Thos section sumarizes the creation of
timeseries matlab files, to be used in Simpugrid generation and demand blocks.

In order to create a .mat input file, if raw data are in vector format, a time series
data object must be created.

Example:

Let consider a vector with power data (dimension 1x2412) corresponding to a 30
seconds time interval, named ”"Powerdata”. First, a time vector with same dimension
must be created:

>> time = 0: 30 : 72359

Create the time serie with the desired variable name (i.e. ts_power) :

>> ts_power = timeseries(Powerdata, time,” Name' Power');

Save the created timeserie object ts_power in a .mat file with the desired name:
>> save('MyPower File.mat',' ts_power’);

A simple visualization of the timeserie object can be obtained with the plot
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command:

>> plot(ts_power)

2.2 Solar Generation

Solar generation is read from a .mat file which must contain enough data for the
whole time simulation windows. Data are given in time series format. Two alterna-
tives are available: a file with the generated power or a file with the irradiance.

2.2.1 Solar Generation - power data

Solar - Power

Figure 2.1: Solar Power Generation Block

This is a input data block, and consequently there are not inputs. The block has
the power as an unique output, as can be seen in the following table:

Outputs Units
1 \ Power watts

Data are read from a .mat file with the power generated in the photovoltaic plant
in watts. This power can be scaled with a multiplicative factor. These elements can
be introduced in the block parameter windows (See Fig. 2.2).

2.2.2 Solar Generation - irradiance data

This block provides the power output of a photovoltaic plant, as in the previous
one, but computing it from irradiance data. Now, the main parameters of the

4
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& Source Block Parameters: Solar - Power bt
Photovoltaic Cell Model

Power File
'Psunmy.mat’

Scale Factor
0.0 3.0

& 0.990°

(O] comr || viop |

Figure 2.2: User Interface of the Solar Power Generation Block

Solar - Irradiance

Figure 2.3: Solar Irradiance Generation Block

Outputs Units
1 Power watts
Plant Current amps

phototovoltaic plant are needed. The block also provides the plant current as a
secondary output:

The model of a photovoltaic plant consists of the following equations:

Thermal voltage (U;) is defined as:

== 1)

where k is the Boltzman’s constant 7}, is the temperature of the cell and ¢ is the
electron charge.
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The characteristic equation of a cell is obtained as a function of the parame-
ters shortcut current (I,.) and open circuit voltage (U,.), normally supplied by the
manufacturer :

Vv - ‘/oc ISCRS
Iy = Tscpy - (1 — exp ( P + )) (2.2)
’ Vi
Iscn : G
I, =—"——— 2.
1000 (2:3)

In this model, a panel can be composed of several cells and a number of panels
can be connected in parallel or series. The required parameters are shown in Fig.
2.4.

Ul Source Block Parameters: Solar - Imadiance X
Photovoltaic Cell Model

Parameters
Number of Cells in module 36

Number of modules in parallel
1

Number of modules in serie
1

Voltage in the Maximun Power Point (V) |17.4
Short Circuit Current (A) |6.54

Open circuit Voltage (V) |21.6

Temperature (°C) 300

Irradiance File

"Irrasunny.mat’
Scale Facvtor
0.0 3.0

[ok ] cancel Help Apply

Figure 2.4: User Interface of the Solar Irradiance Generation Block

Note: Other parameters, as the resistor R, are not available in the mask, but
can be change editing the mask, in the Initialization section.
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2.3 Wind Generation

There are also two blocks dedicated to provide wind data. The first one, power data
are obtained directly from a .mat file, while the second one computes the power
from a file with wind velocity data. Again, timeseries objects are used.

2.3.1 Solar Generation - power data

Wind - Power

Figure 2.5: Wind Block

This block has only one output:

Outputs Units
1 \ Power watts

The .mat file with wind generation power can be selected in the mask of the
block. As in previous blocks, the values can be scaled (Fig. 2.6).

"5 Source Block Parameters: Wind - Power 4
Wind Turbine Model
Wind Power Flle
"WindPowermat'
Scale Factor
0.0 3.0

8 1,320

Cancel Help Apply

Figure 2.6: Mask of the wind power generation block
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Wind Velootty

Figure 2.7: Wind velocity Block

2.3.2 Solar Generation - wind velocity data

This block provides the power output of a wind turbine, as in the previous one,
but computing it from wind velocity data. Now, the main parameters of the wind
turbine are needed.

The output is identical to block defined in the previous subsection:

Outputs Units
1 ‘ Power watts

The following equation computes the output power of the wind turbine:

3.0, (2.4)

w

Pwind:O'5'7T'p'Rzlade.v

where p is the density of air, Ry.q4. represents the turbine radius, i.e., the blade
length, v,, is the wind speed and C), is the power coefficient. This coefficient can be
obtained as a function of the pitch angle of the rotor € and the tip speed ratio A. In
order to simplify the model, it will be assumed that C), has a constant value. These
data are introduced with the block mask (Fig. 2.8)

2.4 Gas Turbine

As opposed to wind or solar generation, gas turbine generation is controllable, and
consequently the microgrid controller has to provide a power set-point generation,
which is the input of the block. The block has two output, the fuel flow and the
power that the gas turbine is able to produce. Notice, that the model in this tool
are very simple, and the power output is the power limit but saturated with the

maximum power of the turbine. The Table 2.1 summarizes the inputs and outputs
of the block.
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"l Source Block Parameters: Wind Velocity b4
Wind Turbine Model
Parameters

Alr Density (kg/m#3) 1.2
Power Coefficient 10
Turbine Radius (m) |0.03873

Wind Vielocity File (.mat)
"WindVelocity. mat’

Scale Factor
0.0 3.0

[ ] 0.700

[0k ] concel Help Apply

Figure 2.8: Mask of the wind velocity generation block

Gas Torber

Figure 2.9: Gas Turbine Block

The mathematical model of the gas turbine is defined as follows. The generated

mechanical power P, that produces the complete cycle is given by the following
expressions:

Pyt = 1y - [Con(T3 — Th) — Cpe(T2 — T1))] (2.5)

where 111, is the air flow, and Cp;, and C),. are the specific heat of air at constant pres-

sure when air is at hot (73) and cold (7)) temperatures respectively. The pressure
ratio of the cycle is defined as:
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Inputs Units
1 \ Power Set-point | watts
Outputs Units
1 Power Output watts
2 Fuel flow Kg/s

Table 2.1: Inputs and outputs of the Gas Turbine Block

_P2_ps
Y4 y2

PR (2.6)

If v, and 7. denote the ratio of specific heats at hot and cold temperatures,
the relation between pressures and temperatures in the isentropic processes can be
expressed as follows:

T28 dJe—
= PR Ye = c 2 7
T . 27)
T -1
P PR =u, (2.8)
T4s

Then, temperatures can be obtained as follows:

.1
T, =T, <‘” v 1) (2.9)
Ye
my H
Ty = Ty + Doyt —— 2.10
3 2 T 1] bma Com ( )

Ty =T [1 - (1 - xih) m] (2.11)

where 7. and 7, are the compressor and turbine efficiencies, 7c,mp is the combustor
efficiency, my is the fuel flow and H is the lower heating value of fuel.

The mask of the block is shown in Fig. 2.10. All the constant of the above
equation are defined in the Initialization section of the mask (Option Edit Mask).

This block has to be complemented with the Fuel Tank block. This block is
just an integrator of the fuel flow. The output of this block (tank level) has to be
considered by the controller to decide on the use of the gas turbine. Fig. 2.11 shows
the connection of those blocks.

10
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& Function Block Parameters: Gas Turbine .4
Subsystem {mask)

Parameters

Pressure ratio

17 ]
Fuel-alr ratio

0.0108 |
Compresor inlet Temp. (K)

290 |
Max Power (W)

Figure 2.11: Mask of the wind velocity generation block

2.5 Demand

This input block read from .mat file the load consumption power in a time series
format. The use of the block is identical to the power generation blocks. Again,

11
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demand

Figure 2.12: Demnand Block

there is only one output in the block:

Outputs

Units
| Power

watts

Fif. 2.13 shows the mask of the Demand block. The name of the .mat file with
the load power time serie ands a scale factor are the required parameters. When

the number of points in the demand time serie is low, a stepped curve is obtained.
If the option Interpolate is selected, a smoother curve will be used.

"4 Source Block Parameters: demand

X
Parameters
Demand File
'Demand2018-05-23.mat’
[] Interpolate
Scale Factor
0.0 3.0
& 1.350
OK Cancel | Help Apply

Figure 2.13: Mask of Demand block

12
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Figure 2.14: Battery Block

Inputs Units
1 ‘ Power Set-point | watts
Outputs Units
1 Output Voltage | volts
2 Output Current | amps
3 Output Power watts
4 State of Charge | %

Table 2.2: Inputs and outputs of the Battery Block

2.6 Batteries

The block has one input and four output, as can be seen in Table 2.2. The input
is the power set-point send by the controller, and the State Of Charge (SOC), the
voltage and current of the battery and the charge/discharge power (in this simple
model is the power set-point saturated by the operational limits of the battery).
It is important to notice the sign criteria used in this software: discharge power is
positive and charge power is negative.

The mathematical model of the batteries is based on a simple model of a voltage
source and an internal resistor [5].

Ve = Viint — Rily

Charge and discharge are modeled in a different way. When the battery is
charging:

C120,b¢ C120,bt —Bp:Cou
Viot,int = Voo — Kbtmjbt — KbthOUta t+ Ayem Portoutt

On the other side, during discharging:

= Cr20.6t Ci20.bt =Byt Cout,t
%t’mt - ‘/bt,O Kbt C120,6t—Cout,t bt Kbt Cout,t+0.1C120 bt COUt’ t+ Abte

13
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and
Cout,t = [ Iydt

In these equations, Vi is the open circuit battery voltage (V), Couy is the
current capacity of the battery (Ah), Ay, is the amplitude of the exponential zone
(V), By is the inverse of the time constant in the exponential zone (Ah_y), Ky is
the polarization constant (V) and Cigop is the maximum capacity of the battery

(AL).

All this parameters must be supplied to the clock using the block mask (see
Fig.2.15 ). Default parameters correspond to the lead-acid battery installed in Hylab
microgrid in University of Seville ([1]).

{"& Function Block Parameters: Battery X

Stationary Battery model

Parameters

Open Circuit Battery Voltage, "Vbt,0" (V) ‘51.58

Maximum Capacity of the battery, "C120,bt" (A*h) |367

|
|
Polarization Constant, "Kbt" (V) |0.006215 |
|

Amplitude of the exponential zone, "Abt" (V) |11.053

Inverse of the time constant in the exponencial zona, "Bbt" (A-h-1)
12.452 |

Internal Resistance, "R" (ohms) 0.07 ‘

Charge/Discharge Max. Current
100 |

SOC Initial Batteries (%) [ |

Cancel Help Apply

Figure 2.15: User interface of Battery block

Additionally to the above battery parameters, the maximum current of charge/discharge
of the batteries and the initial State Of Charge must be introduced.

14
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Inputs Units
1 \ Power Set-point | watts
Outputs Units
1 Output Voltage | volts
2 Output Current | amps
3 Output Power watts
4 State of Charge | %

Table 2.3: Inputs and outputs of the Ultracapacitor Block

2.7 Ultracapacitors

Ultracapacitor

Figure 2.16: Battery Block

Tha block has identical inputs and outputs as in the battery model, as can be seen
in Table 2.3. The input is the power set-point send by the controller, and the State
Of Charge (SOC), the voltage and current of the battery and the charge/discharge
power. Notice the sign criteria used in this software: discharge power is positive and
charge power is negative.

Classical equations of a capacitor has been used to model ultracapacitors. They
are based on the ultracacitor models in [2], where a simple equivalent circuit with a
capacitor and a resistor in series is used.

A bank of capacitors with several identical elements connected in series or parallel
can be implemented in this software. As can be seen in Fig. 7?7, capacity and the
internal resistor are the parameters of the capacitor elements. The number of these
elements connected in series or parallel also must be provided. Two operational
constraint limits (voltage and current) are also included, and finally the user must
introduce the initial State of Charge.

The equivalent internal resistor and capacity are computed in the mask (Initial-
ization section).

15
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\"& Function Block Parameters: Ultracapacitor X

Subsystem (mask)

Capacitor Parameters
Capacity (F)
12000 |

Internal Resistor (ohm)
122.05e-3 |

Capacitor Bank Parameters
Number of capacitors in series
126 |

Number of capacitors in parallel

2 |
Max Voltage (V)

27 |

Max Current (A)
430 |

Initial SOC (%)

[50 |
Cancel Help Apply

Figure 2.17: Mask of the ultracapacitor block

2.8 Fuel Cell

Fuel Cell

Figure 2.18: Fuel cell Block

Fuel cells are electrochemical devices whose function is to produce electricity
from flows of hydrogen and oxygen. The simulation block has one input, as in
previous block, the power set-point computed in the controller, and four output:

16
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Inputs Units
1 \ Power Set-point watts
Outputs Units
1 Stack Voltage volts
2 Stack Current amps
3 Power watts
4 Hydrogen consumption keg/s

Table 2.4: Inputs and outputs of the fuel cell Block

voltage and current of the stack, the power that the fuel cell can apply (set-point
limited by constraints), and the flow of hydrogen, as can be seen in Table 2.4.

The mathematical model is based on a simplified model of the works in [1] and
[4].

A fuel cell stack is composed of several cells N5 connected in series. The stack
voltage Uy.(t) can be expressed as:

Uypc(t) = Net - U (t) (2.12)
The voltage of a single cell can be modeled as:

UF(E) = UgE(t) = Upihes(®) = Ugt (0 = Uptie) - (2.13)

fe,ohm c,conc

where U}?ilé is the reversible potential or "Nernst” voltage, U]?iffwt(t) is the acti-

vation overpotencial, Ufilf)hm(t) is the ohmic overvoltage and U are the losses

due to concentration mass. Hence, the voltage drop is a sum of four terms that can
be expressed by the following expressions:

UL (t) = Uy + Ky (Tye(t) — T2.) (2.14)

with Uy the reversible cell potential, K, is a constant, T%. is the stack tempera-
ture and 77, is the nominal temperature.

The activation losses in the fuel cell can be modeled as a function of two constant
coefficients K 4r and K 4 and the current density of the stack iy,

Ul (8) = —Kige - (1 — eise/ K2 aet) (2.15)

17
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The ohmic losses can be modeled as a function of the equivalent ohmic resistor of
the cell Ry and the stack current Iy,

U;i,lf)hm(t) = Rohm - IfC(t) (2-16>
The concentration losses can be modeled as a function of two constant coefficients
K1 concs K2 cone and the current density of the stack.

Ucell (t) — Kl,conc . eKz,conc~ifc(t) (217)

c,conc

All these parameters can be introduced in the mask of the block (see Fig. 2.19).

Fuell Cell Model

Equation Parameters

U0 (0.93

K1t (0.00293

Klact |0.066098

Rohm [0.29179

K1conc |0.028396

|
1
|
K2act 0.012705 |
|
|
|

K2conc ‘8.0011

Fuel Cell Parameters

Stack Temperature (K) [296

Effective Area of the Membrane (cm”/2) ‘61

1
Nominal Stack Temperature (K) |296 ‘
|
|

Number of Cell in the Fuel Cell ‘60

Max Corrent (A)
100 |

Cancel Help Apply

Figure 2.19: Mask of the fuel cell block

Additionally, the effective area of the membrane is needed to obtain the current
density and also operational constraint on the stack current.

18
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Inputs Units
1 ‘ Power Set-point watts
Outputs Units
1 Stack Voltage volts
2 Stack Current amps
3 Power watts
4 Hydrogen generation keg/s

Table 2.5: Inputs and outputs of the Electrolyzer Block

2.9 Electrolyzers

PEM Electrolyser
Figure 2.20: Electrolyzer Block

Electrolyzers are electrochemical devices which are able to separate hydrogen
and oxygen from water molecules when a direct current is applied.

Inputs and outputs of the block are similar to the fuell cell block, one input, the
power set-point computed in the controller, and four output: voltage and current of
the electrolyzer, the power that electrolyzer can really apply (set-point limited by
constraints), and the generated flow of hydrogen (See Table 2.5).

Mathematical model is a simplification of the equations presented in [1, 5].

The stack voltage of the electrolyzer U, (t) (V) can be expressed as the product

of the number of electrolysis cells N/ and the voltage of a single cell U,

Uelz(t) — Ncell . ce”(t) (218)

elz elz

The voltage of a single cell can be expressed by the following equation:

Uce”(t) _ peell (t) 4 Ucell (t) + Ucell (t) (2.19)

elz elz,o0 elz,act elz,ohm

19
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where US is the reversible potential or "Nernst” voltage, U () is the activation

elz,0 elz,act

overpotencial and U, eclefact(t) is the ohmic overvoltage. Hence, the voltage drop is the

sum of he following terms:

Ut (t> = Eeolz + Kin (TeIZ(t) - Teolz)

elz,0
2.3-R-Tu.(t) (2.20)
= (i () - po, (1))
R-Tu.(t) . _ L= (t)
cell _ elz 1 elz
UEZZ@Ct(t) B F |:Slnh (2 : Aelz : iao elz
’ (2.21)
t+sinn! (—Jee®)
2- Aelz . ico,elz
U m () = Ropm - Ttz (1) (2.22)

where T, is the temperature of the electrolyzer, R and F' are the known ideal
gas and Faraday’s constants, po,, is the oxygen partial pressure, py, is the hydrogen
partial pressure, I, is the electrolyzer current, 74, and 7., are the anode and
cathode current densities.

Taking into account the reaction produced in the electrolysis stack the hydrogen
mass flow can be modeled with the next expression:

70 Ce IEZ t
Wi (r) = N =) (2:23)

The parameters must be introduced in the mask (see Fig. 2.21). Defoult data
correspond th the Hylab electrolyzer [1].

2.10 Hydrogen Storage

This block has two inputs: H2_IN, that will be typically connected to the electrolyzer
block, and H2_OUT, that must connected to the fuel cell block. The units of both
of them are kg/s. The block has only one output, the Level Of hydrogen (LOH) in
%.

Two parameters are needed to configure the block: The capacity (in kg) and the
initial LOH (%).

20
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" Function Block Parameters: PEM Electrolyser X
PEM Electrolyser Model

(Add text here)
PEM Electrolyser Parameters

EO (V) |

Kin -0.94-3 |

Hydrogen Partial Pressure (bar) (6.9 [

Oxygen Partial Pressure (bar)
13 I

Stack Area (cmA2) [212.35 |

Rohm |1.7008e-04

Anode Current Density (A/cm”2) |1.0631e-6

|
|
Cathode Current Density (A/cm”2) |1e—3 [
|

Number of Cells in the Stack I6

Electrolizer Temperature (K) |298 |

Max Input Power (W)
2000 |

' Cancel Help | Apply

Figure 2.21: Mask of the fuel cell block

Hydrogen Storage

Figure 2.22: Hydrogen Storage Block

21
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