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Abstract

This thesis gives a contribution to the fulfilment of a numerical tool named Shared
Simulation Environment (SSE) developed at the University of Pisa within the Clean
Sky GRA AEA European project. This tool aims at the dynamic simulation of the
electrical energy absorption of the various on-board systems during the manoeuvres of
the new all-electric Green Regional Aircraft (GRA).

In the GRA an appropriate management of the electrical power available aboard is
required to avoid generator overloads or temporary lack of energy for powering safety-
critical systems. The SSE is developed in order to permit the design and the validation
of the electrical Energy Management Logics under development within the project.

The thesis describes the methodologies used to develop a prototype of the SSE by
integrating models coming from different simulation environments (Simulink,
AMESIim, Dymola). It also depicts the architecture of the prototype itself and describes
the effects on the computation time of different integration methods, together with some

preliminary simulation results.
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Introduction

This work is performed within the Clean Sky European project — Green Regional
Aircraft (GRA) platform — All Electric Aircraft (AEA) domain. The goal of Clean Sky
is to achieve significant improvements in the environmental impact of aviation. In this
direction, the recent trend aims at the electrification of all aircraft systems, even if
challenging issues about the management of the on-board power arise in this approach.
The AEA concept is based on the removal of the sources of pneumatic power (from the
engine) and hydraulic power, and replace them with the electrical one. This objective
can be only achieved by properly monitoring and managing the power requests (e.g. by
temporarily reducing the power supplied to some systems during those flight phases in
which the total request of electrical power could overcome the maximum available).

In this work, a first contribution to the fulfillment of a numerical tool, able to support
the design of the electrical power generation and distribution system, will be illustrated.
This particular tool is a simulation software, named Shared Simulation Environment
(SSE) that can support the design and the validation of the electrical energy
management strategies to be implemented aboard an all-electric GRA. The SSE
integrates simulation models realized according to the All-Electric concept and able to
reproduce the functions and the main performances of on-board systems, with particular
attention to the power absorption issues. These models are developed by dividing the
work among the Clean Sky partners (Alenia Aermacchi, EADS CASA, Liebherr-
Aerospace Toulouse SAS, Thales A.E.S. — France, Airgreen cluster), according to three

levels of increasing complexity: Architectural, Functional and Behavioural:

e Level 1: Architectural level - Simple, non-dynamic models for the preliminary

energy consumption assessment

e Level 2: Functional level - Combination of steady-state and simple dynamic

models for the preliminary analysis of energy management strategies, in the
different operative modes

e Level 3: Behavioural level - Detailed models for the study of the electrical

power quality, energy consumption and electrical network stability.

However, the activities carried out so far highlighted how the architectural level models
can be useful for a preliminary assessment of the electrical energy absorbed by the

systems and for a rough estimation of systems operating parameters, but these models
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are in general not suitable to be integrated in the SSE context. This is because, by
disregarding the dynamic dependencies between inputs and outputs, the architectural
level models lead to algebraic loops in the whole system. The solution of these algebraic
loops can be difficult and can lead to models of a poor physical meaning. For this
reason, architectural level models are not integrated into the SSE, except for some
systems that, from the point of view of energy absorption, are to be modeled in a very
simple way, as pure resistive loads.

As for the behavioural level models, the first experience about SSE integration showed
that the computation time is the most important issue for the SSE and the use of
behavioural level models, which are the most time-consuming ones, should be limited
to the cases of real need. So, not all models will be integrated at level 3. In addition, the
level 3 models will be always accompanied by the corresponding level 2 ones, to give
the SSE user the possibility of choosing between models of level 2 (for simulations of
longer A/C manoeuvres) and level 3 (for shorter simulations, carried out to investigate
some phenomena in more detail). This will improve the efficacy of SSE.

These models are developed using three different software:

- AMESIim (ver11.2.0 / Revll SL2)
- Dymola (ver2013)
- MATLAB/Simulink (verR011b/7.8)

The first two are Object Oriented Software, differently by the last one, i.e. they give the
user the possibility to access to a set of libraries (mechanical, electrical, pneumatic,
hydraulic, etc...) and to find a set of already built components (but even to create new
ones), where one can modify all the parameters useful for a simulation. The great
benefit is to create a system just assembling the elements it is composed by, and, on the
other side, to simulate the dynamic behaviour among various systems, which belong to
different physic domain. In Simulink, instead, the user has to develop all the equations
of each system, which often are not linear differential equations.

MATLAB/Simulink was chosen as main simulation environment because the major part
of the models was developed using this software, the synthesis of the control laws is
easier, it has not given particular problem during the simulation tests.

The thesis studies the methodologies that can be used to connect and run models
coming from different simulation environments (Simulink, AMESim, Dymola), thus

building a common integrated environment.
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In the first part of this document all the models involved in the construction of the SSE
are analysed (chapter 1-6), in details: the input data for the simulation, the Electrical
Power Generation System (EPGS), the Environmental Control System (ECS), the Cabin
Thermal (CT) model, with particular attention to the AMESiIim environment and its
interface with Simulink, the closed loop between the CT and the ECS (chapter 7). At
this point the first tests, the methodologies of simulation, the choice of the Simulink
solver and integration step are described. In chapter 8 then, we can find the Energy
Management System (EMS), the last block for the SSE and the implemented strategy to
optimize the electric power distribution. Moreover the attention is put on the interface
between Dymola and Simulink. Finally, in chapter 9, there are presented two different
simulation tests with their results, and the procedure to “trim” the entire model because
the SSE is designed to simulate a flight mission starting from steady flying conditions.

This goal was been achieved via dynamic simulation.

12



1 Shared Simulation Environment

The SSE is, de facto, a scheme that includes the models of the most important on board
aircraft systems. It is developed in Simulink and contains the interfaces with AMESIim

and Dymola to exchange data throughout a simulation run.
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It is composed by several blocks:

- Mission Profile

- Engine

- Electrical Power Generation System
- Energy Management System

- Flight Control System

- Landing Gear System

- Ice Protection System

- Environmental Control System

- Other Systems

- Global Thermal A/C Architecture
- Temperature Controller

- Pressure Controller

- Simulation time

- Output Storage

The first block provides the input simulation data and will be detailed described in the
next chapter. The second one contains information about the aircraft engine where the
only information is the engine RPM.

The third one contains the electric generator dynamic model and it is directly connect to
the EMS.

The FCS block describes the dynamic behavior and the deflection of all control surfaces
(ailerons, rudder, elevators, inboard and outboard flaps, inboard and outboard spoilers).
It is developed in a previous thesis of University of Pisa, ref[1].

The LGS block describes the extraction and retraction of landing gear system and it is
developed in a previous thesis of University of Pisa, ref[2].

The next two blocks are not accurately modeled at the moment, so in order to evaluate
the electrical power absorption of Ice Protection System and Other Systems like
Avionics they are represented as simple constant resistive elements.

The ECS blocks will be described in chapter 4.

The tenth block contains the thermal model of the cabin and all the other aircraft
environments. It will be illustrated in the chapter 5, with the other two related blocks,
which describe the closed loop dynamic of temperature and pressure. Moreover it
contains the interface with AMESIim.

14



The last two blocks are only useful for the simulation run, the first one to see the time
and to decide when enable a single system, the second one to organize each variable to
plot.

15



2 Mission Profile

As said in the previous chapter, this “subsystem”, so called in the MATLAB/Simulink
ambient, provides the data input for a generic simulation run.

From the Simulink library, in particular in the Sources section, one can select the block
From Workspace which gives the user the possibility to load data in a matrix form and
then split them into different signals with a Demux block.

It is very important that the first column of the matrix data is dedicated to the time, so
the software can evaluate each variable at each moment. Between two generic

integration steps, a linear interpolation is performed.

-
W Source Block Parameters: From Workspace ﬁ
From Workspace

Read data values specfied in matrix or structure format from
MATLAB'S workspace,

Matrix format can be used only for one-dimensional signals. Each
row of the matrix has a time stamp in the first column and a
vector containing the corresponding data sample in the subsequent
column(s).

Structure format can be used for either one-dimensional or
multidimensional signals:
var.time=[TimeValues]

load(Input_time_history.txt') = var.signals.values=[DataValues)

var.signals.dimensions=[DimValues)

From
Workspace

Farameters

Data:

Sample time:

0

4! Interpolate data

7| Enable zero-crossing detection

Form output after final data value by: | Extrapolation v

[ ok || cancel Help Apply

Figure 2.1 From Workspace block

As shown in the previous figure the block refers to a .txt file; indeed even a file of this
type, with data written as a matrix, can be read, loaded and used for the simulation. A
simple MATLAB script (.m file called Input Generation) is used to create and save
these data as .txt; the user can define simplified constant data just to test each model, or
load the entire mission data, that come from a flight simulator developed in another
thesis of the Aerospace Engineering Department of University of Pisa, ref[3].

The MATLAB script generates two different .txt file, the first one contains the numeric
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values (Input_time_history.txt) and the second one the explanation and the measurement
unit of each variable (Input_time_history_explain.txt).

Once the data are loaded and split, they are organized into three different sections:

- Environmental Conditions
- AJC Flight Data

- Pilot Commands
The first section contains:

- Altitude, “2” [m]

- Air Density, “rho” [kg/m3]
- Air Temperature, “T” [°K]
- Air Pressure, “P” [Pa]

- Mach number, [—]

All the atmospheric conditions are calculated using an ISA Model implemented into a

Simulink block, which is located in the Aerospace Blockset section.
The second section contains the flight data related to the aircraft:

- Speed, “Speed” [m/s]

- Angle of attack, “alpha’[rad]
- Angle of sideslip, “beta” [rad]
- Load factor x, “nx” [—]

- Load factory, “ny” [—]

- Load factor z, “nz” [—]

- Rollratep, “p” [rad/s]

- Pitchrate q, “g” [rad/s]

- Yawrater, “r” [rad/s]

- Roll acceleration, p [rad/s?]
- Pitch acceleration, ¢ [rad/s?]
- Yaw acceleration, 7 [rad/s?]
- Roll angle, “phi” [rad]

- Pitch angle, “theta” [rad]

- Yawangle, “psi” [rad]

17



Finally the last section includes the various commands:

- Ailerons command, “da” [deg]

- Rudder command, “dr” [deg]

- Elevators command, “de” [deg]

- Flaps command, “df” [deg]

- Spoilers command, “dsp” [deg]

- Landing gear command, “dlg” [—]
- Throttle command, “thrust” [%]

- ECS activation, [—]

- Cabin Reference Temperature, [°C]
- ECS Power Increase, [—]

- ECS Power Management order deny, [—]
- Thrust, [N]

18



3 Electrical Power Generation System

The purpose of this machine, developed in Simulink by Thales, is to supply the
electrical network of the aircraft; it composed by a generator driven by the engine, a
CGU (Generator Control Unit) that regulates the voltage delivered by the generator
itself and a rectifier diode, according to the following figure:

DRIVE

A o1
Oil cooled
machine

R
TRN

mone[}

W

LY

70V DC Aarcraft gnd

Figure 3.1 CGU - Generator interface

Generator’s performances are summarized in the following table:

Normal speed range 12000 - 20000 rpm
Output three-phase AC current 250 AAC rms
Output three-phase AC voltage | 120 VAC rms phase to neutral
Efficiency 0.87
Output rectified DC voltage 270 VDC
Permanent output power 70 kW

Table 3.1 Generator performances

Moreover the alternator weight does not exceed 25 kg with its internal oil and the V-

band; excluding the V-band itself the weight of dry and empty alternator is 23.8 kg.
The generator is a three stage brushless synchronous machine composed of:
e main alternator

19



e excitation stage

e permanent magnet generator (PMG)

The three elementary alternators are connected in cascade. The output of the PMG,
supplies the excitation to the excitatory element, via the generator control unit (GCU).
The output of the excitatory element is connected to the input of a rotating rectifier

bridge. The DC current delivered by the rectifier bridge energizes the rotor of the main

generator.
PMG Excitation Main stator
ABC S ABC N
000 00 O 00
e ill> i
AMA || 1|“: || I|‘
=
|
i _ ‘
‘ st I Driving shaft
(A || I|| }I Il‘
a’ 'pd D)
Cli > C i
PMG Excitation Rotating Main altemator
stage rectifier bridge
ABC

Figure 3.2 Three-stage brushless synchronous machine description

In generation mode, the three-stage structure ensures the generation channel’s
independence from any external power. Indeed, the GCU, which is supplied by the
PMG, delivers a DC voltage to the excitation stage inductor in order to control the main

alternator output AC voltages.
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3.1 Machine description

3.1.1 Main alternator

The main alternator delivers the power to the electrical network via the feeders and the

converter. Rotor (inductor)

e Four salient poles
e Dampers composed of copper bars soldered to a copper ring at each side of the

rotor

Stator (armature)

e Star-connected three-phase winding
e Low loss Iron Silicon alloy laminations

e Electrical insulation in 240°C class material

3.1.2 Excitation stage

The excitation stage has the following characteristics: the exciter inductor is supplied
with a DC voltage in generating mode. Induced AC voltages are rectified by a rotating
diode bridge.

Rotor (armature)

e Star-connected three phase winding

e 240°C class varnish impregnation

Stator (inductor)

e Height salient poles
e Laminations to reduce core losses in starting mode
3.1.3 Rotating diodes

The rotating six-diode three-phase bridge rectifies the AC voltages provided by the

excitation stage.

Diodes

21



e 1200V, 60A
e Temperature working range: -55°C to 175°C

3.14 PMG

The PMG delivers power to the generator control unit (GCU), which controls generator
output voltages, monitors and protects the generation channel. It is not modeled at this

level.

3.1.5 Cooling

The generator is cooled by an oil spray (minimum oil flow: 10 I/min)

3.2 Simulink Model

It composed by three blocks:

1 Generator block model
2 GCU block model
3 Load block model

3.2.1 Generator

The first one is composed of the main alternator with saturation, a RC filter and a
rectifier. The RC filter is placed at the output of the diode rectifier in order to smooth
the DC output voltage. The values used for the simulation are 100 pF for the capacitor

in series with a resistor of 0.5 Q and 270 Q for the resistor in parallel.

In the following table the parameters used for the model are visible

22



Parameters Symbol Values
Number of pair poles P 2
Stator d axis synchronous inductance Ly 970 pH
Stator g axis synchronous inductance L, 870 pH
Transient d-axis synchronous inductance Ly 36.75 uH
Subtransient d-axis synchronous inductance Lppa 35.84 pH
Subtransient g-axis synchronous inductance Lppq 62.14 pH
Stator winding leakage inductance Ly 20 pH
Mutual inductance between stator windings and field winding Lysa 3,7 mH
Resistance of stator windings Ry 222 mQ
Resistance of field winding seen from rotor R, 0.34 0
Motor inertia J 0.017kg.m?

Table 3.2 Generator parameters

The following tables gives instead, the name and the type for the various ports that are

used by the generator block.

Input
Port name Type Ouipu ¢ Description
\%§ Electrical [nput Excitation voltage
W_mec rpm Input Generator speed
I_load Electrical [nput Load current
Vde Electrical Output DC Bus Voltage
[dc Electrical Output DC line current
If Electrical Output Excitation current
Vrms Electrical Output RMS Voltage
Irms Electrical Output RMS Current
Power Electrical Output Electrical power
Torque Electrical Output Electromagnetic torque

Table 3.3 Generator Inputs/Outputs

322 GCU

It is composed of:
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e Control loop of the output voltage

e Protections

The following tables gives the name and the type for the various ports that are used by
the GCU block.

Port name Type Input/Output Description
I load Electrical Input Load current
Vde Electrical Input 270V DC supply
From EPC Logic Input L for closed or 0 for open
vf Electrical Output Exciter voltage
0_C Logic Output Over Current
oV Logic Output Over-Voltage
u_v Logic Output Under-Voltage
G C Logic Output Generator contactor

Table 3.4 GCU Inputs/Outputs
The GCU protections included in the model are:

e Qver-current

e Permanent load current: 259A at 12000rpm
e 5min load current: 280A at 12000rpm
e 30s load current: 315A at 12000rpm
e 5sload current: 370A at 12000rpm

e Under-voltage and Over-voltage

The Under and over-voltage are with respect to the MIL-STD-704F standard:
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Figure 3.3 Limits for DC over-voltage and under-voltage for 270 VDC system
3.2.3 Load

The following tables gives the name and the type for the various ports that are used by
the load block.

Input/Qutput
Port name Type or Description
Scope
Vde Electrical Input DC voltage supply
G C Logical Input Generator contactor
I_load Electrical Output Load current

Table 3.5 Load Inputs/Outputs

It is important to underline, about the simulation run, that the user can modify only the
following parameters:

e Speed rpm: Value set by default at 12000rpm (the speed range is between 12000
and 20000rpm)

e Resistive load: which is integrated into the LOAD block and which can be
modified by another type of load
e Protections: there are 6 parameters:
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Thresholdl, 2 and 3, which specify the limits of the current

Duration 1, 2 and 3, which specify the duration limits of each current limitation.
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4 Environmental Control System

In this chapter we will give few details about the ECS model, which is encrypted and

was developed in Simulink by Liebherr-Aerospace. It simulates the dynamic behavior

in closed loop conditions together with the control laws and the cabin model. It includes

the transient modeling of ECS components through estimated transfer functions to

describe the main dynamic effects (actuators behavior, component inertia, sensor time

responses). Moreover the model include a simplified modeling of ECS static

performances. The table below provides the main characteristics of the model:

System modelling

Air modelling

Moist air

Component performance

- Performance maps (efficiency and inertia) for Heat
Exchanger

- Constant performance parameters and identified transfer
functions for other components

System regulation

Complete regulation strategy for ECS system.
Will not include thermal management functionality which
shall be defined at A/C level

Vapour cycle modelling

Look-up table with inertia modelling

System simulation accuracy

Power, Mass Flow + 15%
Temperature + 5°C
Pressure +10%

Computational properties

Computational time

Average computational time : ~5 times slower than real

time

Table 4.1 ECS model characteristics

4.1 Model inputs

The ECS model receives from the SSE the following set of information and data:
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e Ambient conditions:
- Mach number
- Altitude [ft]
- OAT[°(]
e AJ/C conditions (flight phases)
e Ram-Air interface conditions:
- RAM Inlet Recovery Pressure [Pa]
- RAM Inlet Recovery Temperature [°C]
- RAM Outlet Recovery Pressure [Pa]
- RAM Outlet Recovery Temperature [°C]
e Electrical Power Available [W]
e Cabin environment data:
- current cabin temperature [°C]
- current cabin pressure [Pa]
e ECS system targets (for A/C System Controls Coupling)
- Set-point for ECS Mass Flow provided to Cabin Control System
[kg/s]
- Set-point for ECS Temperature provided to Cabin Control System

[°C]

4.2 Model outputs

The ECS model provides the SSE with the following set of information and data:

e ECS cooling performances (for A/C System Environment Coupling)
- Actual Mass Flow provided to Cabin Control System [kg/s]
- Actual Temperature provided to Cabin Control System [°C]

e ECS electrical power consumption [W]

4.3 System parameters

The ECS model will have the following system parameters:

e Flow schedule as a function of A/C altitude and/or A/C flight phases
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4.4 Data list

This section is dedicated to the definition of available data for an ECS simulation.

4.4.1 Standard quantities

The standard quantities are depicted on Figure 4-1. For each component, inlet and outlet

quantities are available (pressure, temperature, enthalpy).

Mass Flow

Component

. . .

Pressure Component I{:ressuret
Temperature parameters emperature
Enthalpy Enthalpy

Figure 4.1 Standard quantities

The mass flow passing through the component and component parameters are also
available. Moreover it is included for each dynamic component a set of relationships to
reproduce the transient phenomena (inertia, transfer functions, settling times) and
another set of control laws in order to regulate the ECS System actuators as required
through ECS system targets within the limit of available Electrical Power.

4.4.2 Component parameters

For the ECS system, the main performance components are turbomachines, heat
exchangers, valves, sensors: they have a set of parameters (numerical values are

encrypted), described as follows:

Turbomachine

The turbomachines represents components likes compressor, turbine or fan. The

following table describes the main performance parameters of these components. The
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inertia (J) will limit the rotating speed accelerations and decelerations as identified
through real tests performed similar components.

Symbol | Description

T Pressure ratio
7 Efficiency

N Rotating speed
W Power

J Inertia

Table 4.2 Turbomachines parameters

Heat Exchanger

The heat exchangers are mainly defined by their efficiency and their response time:

Symbol | Description
& Efficiency
r Time response

HX

Table 4.3 Heat Exchanger parameters

Valves

The valves are defined by their efficient area when fully open and their maximum
angular speed during the transient phase:

Symbol | Description
Efficient Area

max

o Angular Speed

max

Table 4.4 Valves parameters

Sensors

The time responses of temperature sensors will be simulated in order to reproduce the

dynamic behavior of the system. On contrary, the time responses of pressure sensors are
not still included.

Symbol | Description
Time response

SenRsor

Table 4.5 Sensors parameters
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5 Global Thermal A/C Architecture

5.1 AMESIim model

5.1.1 Model description

The model is developed using the Gas Mixture, Signals and Controls, Mechanical,
Thermal, Moist Air libraries; its architecture is composed by the following sub-models,

each one of them identifying a particular zone of the aircraft:

e Flight deck

e Avionics bay

e Passenger cabin

e Cargo compartment
e Under-floor

o Galley

e Lavatory

Each zone is modeled considering two aspects: the air volume enclosed and the walls
effects. The first one is responsible for the computation of the hygroscopic-thermal
balance, the second one for the computation of heat transport through the A/C
compartment walls (both opaque and transparent walls). Finally, the model needs
information about the external ambient conditions to work properly; so there is included
another sub-model, which provides the necessary parameters (temperature, pressure,
humidity, solar radiation) depending on A/C flight phase (velocity, altitude) and
weather data (ISA day). As shown in the following figure each zone model is linked

with:

other zone models

ambient model
ECS model

other A/C system models
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Heat flux between A/C compartments
Compartment

Heat flux from ECS external surface

Heat flux with ambient

internal surface
Heat flux from other systems

Compartment I

A/C Systems (H) | I ECS (Q, T, P, humidity)

Cargo Compartment
(T, P, humidity)

Passenger Cabin

(T, P, humidity)

Avionics Bay

(T, P, humidity)

Underfloor
(T, P, humidity)

Flight Deck
(T, P, humidity)

Lavatory * 8 Galley
(T, P, humidity) (T, P, humidity)
Ambient (T, P, humidity)

Figure 5.1 Thermal Architecture Model

Ambient model

The ambient model has the following inputs:

1. ISA day
2. Aircraft altitude
3. Aircraft speed

The ambient model produces as output ambient temperature, ambient pressure, aircraft
Mach and solar heat flux (dependent on aircraft altitude). In particular a look-up table is

defined for the computation of solar heat flux:
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Figure 5.2 Solar radiation intensity vs. aircraft altitude (MIL-E-38453A)

External opague walls model

The external walls model represents the aircraft skin and thermo-acoustic panel defining
the boundary between each compartment and the ambient. It is characterized by a
thermal conductibility measured in [W /K] and an exchange surface measured in [m?].

Skin’s temperature is performed as follows:
If Mach number is greater than zero

TSkiTl = (1 + 018M2) " Tamb

where both temperature are expressed in kelvin.

Otherwise (A/C on ground), if the ambient temperature is above 0°C, the external skin

temperature is evaluated as:

Tewin = 273.15 + (Tymp — 273.15) - 1.238

where the numeric value “1.238” considers in a simplified way the solar radiation
effects on A/C skin temperature. If the user wants a more precise evaluation of this
aspect it is necessary to solve iteratively the equation of thermal balance of a plate with

absorptivity a subject to solar radiation:

a-: (bsolar Cos @ +e- O-Boltzman(T;mb - Ts4kin) +h- (Tamb - Tskin) =0
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Finally, in case of A/C on ground and ambient temperature below 0°C, T, 1S assumed

equal to Typpp-

Internal opaque walls model

This model represents the aircraft internal partition panels defining the boundary
between different A/C internal compartments and the external ambient. It is
characterized by a thermal conductibility measured in [W /K] and an exchange surface

measured in [m?].

Transparent walls model

The model represents the aircraft windows defining the boundary between
compartments and the external ambient. It is characterized by a thermal conductibility

measured in [W /K] and an area (window projected area) measured in [m?].

5.1.2 Parameters and interfaces

The user can define internal parameters such as A/C compartments geometrical
definition (volume, internal and external surface), A/C compartments walls (both
opaque and transparent), passenger cabin occupants number, flight deck occupants
number. De facto all these data are inputs to the model.

Concerning the interfaces, the table below highlights a preliminary estimation of the

required external data:
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Sub-model External interfaces External model

Ambient model ISA day SSE Input
External hygrometric data
A/C velocity
A/C altitude
Zone model Air conditioned mass flow ECS model

Air conditioned temperature
Air conditioned hygrometric data
Air conditioned pressure

Heat load | Utilities model
Heat load | Avionics
Heat load | EPGDS model

Table 5.1 Thermal Architecture Model external interfaces

5.2 AMESIm - Simulink Interface

This particular feature of the software gives the user the possibility to construct a model
in AMESim, convert it to a Simulink S-Function and then use it as usual, with the block
“S-Function ”, in the Simulink library, section User-Defined Functions, according to the
figure 5.4.

But the user has another choose, i.e. he can use another type of interface, called Co-
Simulation, which gives the possibility to run the Co-Simulation itself between
Simulink and AMESim.

The two interfaces are designed so that the user can change parameters directly in
AMESim before running a simulation or use many of the software’s facilities while the

simulation itself is running.
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Construct the
AMESim model as
an S-Function

Modify the
AMESim
submodel

parameters

Complete the
Simulink system

Runthe
simulation

Examine the Examine the

AMESIim Simulink control
submodel results system results in
in AMESim Simulink

Figure 5.3 AMESim — Simulink Interface

5.2.1 Preliminaries

First of all a C compiler has to be necessarily installed, to create the S-Function; the
only one supported by Simulink is Microsoft Visual C++ (2010 version is compatible
with the other software versions used). The first time the user uses the interface, each
time a new compiler or a new version of Matlab is used, he must type on the Matlab
command window “mex —setup” and follow the instructions, to configure the compiler.
Even in AMESim environment the compiler’s setup has to be done (from the menu
Tools->Options-> AMESim Preferences->Compilation).

Moreover it is necessary to set up the environment variables, because sometimes,
depending on the Window version used, it is not automatically done. For more
information see the help software.

5.2.2 Interface block

Once the user has defined inputs and outputs of the model it is possible to use the

interface block, selecting (the user must work in the Sketch mode) from the AMESIim
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menu “Modeling -> Interface block -> Create interface icon”. The dialog box is shown

in figure 5.5:
4 Interface Icon Creation I. ? &I
Common
Mumber of inputs: Type of interface: Mumber of outputs:
1 = [Simulink |1 =
> 1 15
o) [cmea ]

Figure 5.4 Interface Icon Creation dialog box

The number of inputs and outputs can be increased or decreased by selecting the arrow
buttons in the top corner, considering a reasonable upper limit, e.g. 10. Otherwise it is
better to use more than one interface block. Blank spaces are useful to give (from left to
right) a label to the input variables, a description of the model and a label to the output
variables. It is worth mentioning that input and output to and from Simulink cannot be
vectors and if there are more than one interface blocks in the AMESIim model, they
must all be of the same type: indeed selecting the sub-menu “Type of interface ” the user
has many available choices. In particular the “Simulink” option gives the possibility to
create a stand-alone model, while the “SimuCosim” allows to use the Co-simulation
mode between the two software involved, as said before. At this point, once the sketch
of the model is complete, the user can select the Submodel mode and then the
Parameter mode, to complete the process. An example of interface block, used to test

the models is illustrated below:
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Figure 5.5 AMESim Interface Block

Now, selecting the Simulation mode (the first button under Parameter mode) the user
has the possibility to lunch Simulink directly and the path is automatically set where the
.ame file is located (very important for Simulink, to find the S-Function). At this point
the user can import the AMESIm model: selecting the block S-Function and double

clicking on it, a dialog box will appear:

E@ﬂj E Function Block Parameters: 5-Function 28
S-Function
[100  [Nomal | User-definable block. Blocks can be wiritten in C, MATLAB (Level-1),

and Fortran and must conform to S-function standards. The
variables t, x, u, and flag are automatically passed to the S-function
by Simulink. You can specify additional parameters in the 'S-function
parameters' field. If the S-function block requires additional source
files for building generated code, specify the filenames in the 'S-
function modules' field. Enter the filenames only; do not use
extensions or full pathnames, e.g., enter 'src srcl', not 'src.c srel.c'.

Parameters

system
S-function name:

S-Function

S-function parameters:

S-function modules:

[ oK ” Cancel ” Help H Apply

Figure 5.6 S-Function dialog box

The name of the S-Fuction is given by the name of the system with an ¢ > added, while

in the field “S-Function parameters” the user can write the string “1 0.01” to save data

to plot, with a print interval of 0.01 seconds. More information can be found on the
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software help manual. A more fast and accurate way to import the model can be used
when is defined a  Co-Simulation interface  block, just  typing
amecreatecosimsfunmask(‘systemName’, ‘amename’) in the Matlab command window.

(note that it works only if Matlab is opened from AMESim). Indeed in this case there

are more than two parameter to be set, e.g interval communication between the two
software, print interval in AMESIm, relative tolerance of the solver, global parameters
in the AMESIim model, integration step for a fixed step solver and so on. More
information can be found in the software’s help manual. The main differences between
the “Simulink” and “SimuCosim” interface block (and all the differences about
simulation) are treated later. At this point the user can complete his Simulink model and
then run a simulation. Finally it is important to underline that the inputs of the Interface
block become the outputs of the Simulink block and the outputs of the Interface block
become the inputs (the enumeration of these one is even reversed) as shown in the

following figure:

——»| T_ambiente_Kelvin

——{ Mach

T_CT_Kelvin BTG

—P{ zero

AMESim:

P one Cabin_Thermal_model_COSIM2312_pressure_

——|m_dot ECS_g_su_s

P_CT_bar Feanoar
——®{ T ECS_Kelin cab(bar)

P_OVB_bar
Cabin_Thermal_model_COSIM2312_pressure_sfun

Figure 5.7 Simulink S-Function block associated to the AMESim model

5.3 Encryption of an AMESiIim model

The encryption of a model has two main purposes:

e Protect a customized object from unintentional modification by someone
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opening it accidentally in AMECustom (an environment that gives the
possibility to modify and customize a model). This is the role of the password,
necessary to open any encrypted customized object.

e Protect the Intellectual Property (IP) stored in the customized object from any
reverse engineering operations. This is especially true when the customized

objects are sent to third-party users.

Referring to the previous section of this chapter, it is worth mentioning that an interface
block cannot encrypted. So, for this reason, the entire Global Thermal A/C Architecture
is enclosed into an AMESim Supercomponent, that is an icon that includes the model,
with inputs and outputs, as displayed in the following figure:

4 AMESim - [C/ENCRYPTED,_SSE12prolotype_LG5_FCS_EPGS_ECS_CT_EMSE4Var/CABIN THERMAL_MODEL_ENCRame °] [E=AfC)
Fle Edt e Modeing  Settngs  Seulabon  Anshss  Tosls  ModeiMget  Windows  Help
D8 & | ¢ & @ AR Gaa ¢4iN-Od aEad ¢ > »
'E = CABIN_THERMAL_MODEL_FNCR.ame = a Library Tree
! Search W K] M
% r ] |
i e
Al
& I Bectrochemistry Compantnits
: ¥ Fueicel

Automotive Blectrics
Cams and Folowers
*Hpy CFIND pas dynamics
T Beclucal Bagics
w wirtdll lab motion_interface
R preva

mdot_g_5

TECS K

TET Kb SN zed
INTERFACE  ore

A

= P_CT_bar Qo5 Mach

T_amb K
@ Liary Tree || Propeties | Padal
Library [tems - Gas Mixhure/al
3] . .
Libraries
M=l Supercomponent T O
phs i

Figure 5.8 Supercomponent in AMESIim

Now the user has to open the Supercomponent. Referring to the following dialog box,
he has to click on the button circled in red. In this way the tab Category Saving will
appear. At this point it is possible to create a new category that will appear in the library
tree or select an existing one (section circled in blue). The other section (circled in
green) instead it is used to save the Supercomponent that will at this point appear in the
Available Supercomponent section (Modeling-> Available Supercomponent from the
AMESIm menu).
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The next step is to run AMECustom, open the model just saved (it is a .spe file) and

save it selecting the option Save encrypted:

24 AMECustom - [C+/users/diaimpianti/desktop/cabin_thermal_model_criptato/submodels/CT_MODEL_ENCRG4.spe]

File Edit View Modeling Settings Documentaton Tools Windows  Help
> ’ =N
=] Q A&DE~ % - % E
X CT_MODEL_ENCRG4 [%]
External ite
\ CT_MODEL_ENCR64 [ p—
Component Icon -
Submode! Image Real
MName -~
3
4 2 o
5 External va
=
24 Enter Name and Password 1 h
s Submodel name: BCT
CT_MODEL_ENCR&4 TEC:
Brief description: mdo
Save encrypted Tamt
CT_MODEL_CR
Password
Full description Enter password:
Supercomponent
|
Submodel Type | Confirm password:
- CT_MODEL_ENCR&4 supercomponent

Figure 5.10 Encryption of a Supercomponent

A password has to be set by the user as it is visible in picture 5-11 to encrypt the model

and to modify it. It is important that compiler’s options are identically set in AMESIim
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and AMECustom otherwise some errors can occur at the compilation instant. Moreover
the correct value (compiler’s installation directory) of the environment variable
“include ” has to be checked.

While the software is compiling the model, it can ask to include some .data or .txt file

used to create the model; the user has only to indicate the correct path.

The files created with the entire process and useful to send a model to a third part are:

e C

e lib

e .spe (Included in .../submodels directory)

e .sub (Included in .../submodels directory)

e .des.tmp (Included in .../submodels directory)
e .spe.bak (Included in .../submodels directory)
e .sub.bak (Included in .../submodels directory)
e _lib (Included in .../win64 directory)

e .0bj (Included in .../win64 directory)

The name of the last subfolder depends on the compiler’s settings (in this case a 64bit

compiler).

5.4 Linear Analysis of the model

The Simulink tool called Linear Analysis gives the possibility to linearize a complex
model around an equilibrium point (Operating point). The goal is to found the behavior,
and so the transfer function, between the cabin temperature and the temperature target to
send to the ECS, in order to develop the correct control law, as described in chapter 7.

The exchanged heat flow between the two systems can be written as follows:
Q = mairflowcp(TECS - TCAB) + QO (5 1)

where the Q, term indicates the heat flow coming from other CT utilities (e.g. avionics,
galley and other sources visible on the AMESim model). The cabin temperature is
directly proportional to this quantity, integrated in a certain temporal interval. So, if we
work in the Laplace domain and ignore the Q, term to simplify the problem, we obtain a

first order system, i.e.:
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trinal

Teap(t) = k- Q(t)dt (5.2)

to

k - Myirfiow " Cp
S

Tcap(s) = [Tges(s) — Teap(s)] (5.3)

Tcap(s) _ k*
Tges(s) s+ k*

(5.4)

We now want to arrive at the same result using the Linear Analysis tool. So, the first
thing to do is setting all the environment temperature (293.15K) and pressure
(1.013 bar) of the model at the same value, ignore the Q, term, i.e. set to zero the
electrical cabin loads, the number of passengers, the heat exchange between the cabin
and the external environment, the two fans action and the solar radiation. If we now
send an air flow of 1000 g/s from the ECS (at the same temperature and pressure), we
can see how the system finds an equilibrium position, after an initial short transient,
around its initial conditions, in about 2000 seconds. So, this is the Operating point
found via dynamic simulation, which is called Snapshot in the Linear Analysis tool.
Linearizing the model around this point we found what we expected, as it is clearly
visible in figure 5.12 and 5.13:
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Figure 5.12 Bode diagram (T¢cap/TEecs)

Analyzing the transfer function structure, it has 43 poles and 40 zeros, but the most
import dynamic, which is a first order type, is given by a real pole of about 0.004;
indeed the constant time (blue point in figure 5-12) is at 953 seconds. These open loop
results will be useful for the closed loop analysis.
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6 Simulation Analysis

6.1 Simulink Environment

Once the Global Thermal Model is imported into the Simulink SSE scheme, the next
step can be done, i.e. connect it with the other models and prepare the simulation. At

this point there are two different available ways:

“Stand alone” mode

- Co-Simulation mode

6.1.1 *“Stand alone” mode

These words indicate the use of the Simulink block interface and it gives the user the
possibility of running a simulation without opening AMESim: indeed, when the .ame
file is lunched, various temporary files are created (they are canceled as soon as
AMESIm is closed). The user has only to copy these ones into the Simulink work

directory to obtain a “stand alone” model:

- .gp
- .gp2
- .data

- .mexw64 (or .mexw32 depending on the compiler’s settings)

various .txt files containing data used in the model

At this point a simulation run can be done, with the constraint to choose only one
Simulink solver; it is important, indeed, to underline that a lot of AMESim systems are
numerically stiff that can require even more than one variable step solver. AMESIm is
able to do this operation because it can change the solver while a simulation is running.
Instead in Simulink this procedure is not allowed.

When we talk about stiffness for a generic system we refer to its eigenvalue
“magnitude” with respect to the simulation time. Normally, for a large and complex
engineering system, it is worthwhile reducing any partial differential equation to
ordinary differential equation (ODEs). So, the starting point becomes the so called

initial value problem, which can be expressed in the classic form:
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dy
== f(t,y) for 0 <y < trina

y(0)=A4
where y is the variable state vector. Solving or integrating the equations means
determining how this vector changes as the time t progresses from 0 t0 tf;y4.
One way of analyzing the characteristics of the equations at a generic point is to
evaluate the Jacobian matrix J and determine its eigenvalues A;, which are, in general,
complex with real parts normally negative. Of interest to the engineer are the
corresponding time constants, defined as follows:

_ 1

T T Re)

Problems where t; < (tfinq;/1000) are called stiff and require very stable methods for

efficient solution.
In Simulink there are two type of solvers:

- fixed step
- variable step

Preliminary tests were done on each system present in the SSE scheme to evaluate the

best solution using both type of solvers; the results are summarized in table 6.1:
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Fixed step

Variable step

Solver GommuEt Solver . o
_ omputation time
n time per 3
. - . Min. per 3 seconds of
Integratio | seconds of Relative . .
Method . . Method step simulation
n step simulation tolerance .
size
Runge - . ’s odel5s - .
9 10 ! ~1h 30 . 10 3 10 3 few seconds
Kutta (4) (stiffNDF)
b d ode23s
ormand- - - :
ECS Prince(s) 10 ! ~1h 30” (stifffMod. 10 3 10 3 few seconds
rince
Rosenbrock)
Dormand- R R R
. 10 ! ~2h’ ode23tb 10 3 10 3 few seconds
Prince(8)
Runge — - -
FCS 9 10 3 few seconds none
Kutta (4)
odell3 R ;
10 3 10 ! few seconds
(Adams)
ode23s
Runge - 5 (stiff/Mod. 103 10”7 few seconds
LGS Kutta (4) 10 few seconds Rosenbrock)
utta
ode23t few seconds
(mod. 10_3 10_7
stiff/Trapezoidal
)
Runge - _ , odel5s N _
9 10 ! ~1h 30” 10 3 10 3 few seconds
Kutta (4) (stiffNDF)
b d ode23s
ormand- - , - .
CT Prince(s) 10 ! ~1h 30” (stiff/Mod. 10 3 10 3 few seconds
rince
Rosenbrock)
Dormand- . - .
. 10 ! 2h ode23tb 10 3 10 3 few seconds
Prince(8)

Table 6.1 Preliminary tests - Computational times

ECS and CT are both included in the simulation environment using a Simulink interface

block, but the ECS is a “dummy” model. No data about FCS are transcribed because

computational time are too much higher using a generic variable step solver. Moreover,

concerning the fixed step solvers for the ECS and the CT, the value of 10 for a generic

integration step is the maximum value available to have a correct simulation. So,

examining the displayed results, there is no one solver that optimizes performances for

all systems: for this reason, the Co-Simulation mode is the optimum solution.
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6.1.2 Co-Simulation mode

The main differences with the previous described simulation mode are two: the first is
the usage of two (or more) solvers: this means that each platform uses its own during
the simulation run. The second is that the AMESim block is not seen by Simulink as a
continuous, but as a discrete system: so the user can set a Sample Time, useful to

exchange data between the two software.

AMESim
subsystem

State derivatives

Simulink
subystem +
solver

AMESim
subsystem
+ solver

Qutput variables

Simulink
subsystem
+ solver

v

Output variables

Input variables

<
+ +

Input variables

State variables

Iy

Normal interface Co-simulation interface

Figure 6.1 AMESim — Simulink interfaces

As it is visible in this figure with the Normal interface the AMESIim part of the system
gets state variables and input variables from Simulink and calculates state derivatives
and output variables. The entire process is controlled by the Simulink solver, so one
could say that the equations are imported into Simulink. Instead, with the Co-simulation
interface only inputs and outputs are exchanged so the entire model is not completely
controlled by one software. It is important to notice that this exchange of data could
generate a loss of information if the Sample time is not appropriately set. Obviously the
smaller value is used, the closer to the continuous model is obtained. Finally during a
simulation run of this type, both software (AMESim and Simulink) have to be lunched).

When the user wants to create a Co-Simulation interface from the AMESim menu, the

dialog box is the following:
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4 Interface lcon Creation M

Common
Mumber of inpuﬁf \nE% Mumber of outputs:

2 23| SimuCosim / | 2 =
~— ——

>1 23
2 1

Clear all text Load setup...

Figure 6.2 Interface Icon Creation dialog box

The only difference, noticeable comparing this figure with the 5.5, is the Type of
interface. At this point the user can import the model into Simulink using the S-function
block or the command amecreatecosimsfunmask as said before. Using the last, an

example of dialog box is the following:

'S N
E Function Block Parameters: Cabin_Thermal_model_COSIM2312_pressure_with_valve_sfun ﬂ

AMESIim S-function: Cabin_Thermal_model_COSIM2312_pressure_with_valve_ (mask) o
The creator of this mask did not provide a description.
Farameters
Sample Time [s]:
0.1
AMESim print interval [s]:
1.000000e+000
Tolerance:
0.01
Max Time step [s]:
1.000000e+030
| Time range [s]:

100

[

[”] show run stats
[T] Extra disc. printouts
I ["] Output details
[7] use cautious
|| Fixed step order:
1
Fixed step size [s]:
1.000000e-003
[7] use fixed step solver
ECSMF
1000

ECStemp
280

ECShum

[ 0K H Cancel H Help Apply

Figure 6.3 Co-Simulation mode Parameters
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The meaning of each parameter is explained in table 6.2:

Parameter

Description

Default value

Sample time

Time between exchange of
values between AMESim
and Simulink

Required, no default value

AMESim communication
interval

As in AMESim

Required, no default value

the same as in the

Tolerance AMESim run parameters 1.0e-5
popup
the same as in the

Max time step AMESim run parameters 1.0e20 s

popup

Time range

Helps DASSL to decide
how to initialize the time
step

100 s (do not change)

Show run statistics

0 or 1, 1 to display run
statistics

Oor1, 1 forextra

Extra discontinuity points ) L. . 0
discontinuity printouts
0 or 1, 1 for output of time

Output details on screen (not useful on 0
PC)

Use normal/cautious 0/1, 1 for cautious solver 0

Fixed step order

Runge-Kutta fixed-step
order

Mo default value

Fixed step size

Runge-Kutta fixed-step
size

Mo default value

Use AMESim fixed step

0/1,1 to use AMESim fixed-
step solver

No default value

Table 6.2 Co - simulation parameters - explanation

6.2 Simulation Parameters in Simulink

Once Co-Simulation is found to be the best way to operate with two (or more) software,
the choice of the right solver and the setting of the other parameters is essential to
obtain both good results and good computational time. We have to say that when it is
necessary to simulate a large engineering system, it is normal to reduce any partial
differential equations to ordinary differential equations. This leads to models with either
ordinary differential equations (ODEs) or differential algebraic equations (DAEs). A
generic solver is a tool that applies a numerical method to solve this set of ordinary

differential equations that represent the model; it also satisfies the accuracy required by
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the user.

Simulink gives the possibility to choice between two type of solvers:

- fixed-step solver
- variable-step solver

Both fixed-step and variable-step solvers compute the next simulation time as the sum
of the current simulation time and a quantity known as the step size. With a fixed-step
solver, the step size remains constant throughout the simulation (defined by the user). In
contrast, with a variable-step solver, it can vary from step to step, depending on the
model dynamics. In particular, a variable-step solver automatically increases or reduces
the step size to meet the error tolerances that the user specify: for this reason it can
drastically reduce computational times. Even if a variable step solver could appear the
best solution, the choice of the right solver depends on other aspects: for example
generate code from a model and then run it on a real-time machine requires a fixed-step
solver.

Some preliminary tests were done to choose the best solver, using both types and
comparing the obtained results. In particular the Simulink model used includes the
blocks Mission profile, Engine, FCS, LGS, ECS, CT (the EPG_Voltage is set as
constant value of 270V). Itis the following:
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Figure 6.4 SSE — preliminary tests

The chosen solver is the ode23t and the obtained computational times (using an HP
Z800 Workstation, dual-processor, 64 bit, six-core system), that will be kept even in the

complete SSE, are about five seconds for one second of mission.

It is a variable-step solver and it can be included in the category of one-step solvers: the
Simulink solver library indeed, provides both one-step and multistep type. The first one
estimate y(t,) using the solution at the immediately preceding time point, y(t,,_;), and
the values of the derivative at a number of points between t,, and t,_;. These points are
minor steps. The multistep solvers use instead the results at several preceding time steps
to compute the current solution.

Some considerations must now to be done about the accuracy for a solver of this kind,
so we have to introduce the concept of error and tolerance. About the first one, in
particular a local error, the variable-step solvers use standard control techniques to
monitor it at each time step. During each time step, the solvers compute the state values
at the end of the step and determine the local error; it is the estimated error of these state
values (x;). They then compare the local error to the acceptable error, which is a
function of both the relative tolerance (r;,;) and the absolute tolerance (a;,;). If the local

error is greater than the acceptable error for any one state, the solver reduces the step
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size and tries again. The relative tolerance measures the error relative to the size of each
state; it represents a percentage of the state value. The default value is set to 0.001. The
absolute tolerance is instead a threshold error value and it represents the acceptable
error as the value of the measured state approaches zero. It is applied to all states in a
model.

The solvers require the error for a generic state, e; to satisfy:

e; < max(reo X |x;l, aeor)

The following figure shows a plot of a state and the regions in which the relative

tolerance and the absolute tolerance determine the acceptable error.

o tal* x|
- Region inwhich rial dete rmi tabl
T N egian inwhich r rmines acee pfable errar

L]

State
‘_J'

Region in which atal dete rmines acceptable errar

N/ ately / J
_.-';'-._

o

Figure 6.5 Absolute and Relative tolerance

Simulink sets the absolute tolerance for each state to 1e~® as default value. As the
simulation progresses, the absolute tolerance for each state resets to the maximum value
that the state has assumed so far, measures the relative tolerance for that state. Thus, if a
state changes from 0 to 1 and 7, is le™3, then by the end of the simulation, a,;
becomes 1e~3 also. If a state goes from 0 to 1000, then a,,; changes to 1.

A too low value for absolute tolerance causes the solver to take too many steps in the
vicinity of near-zero state values, so the simulation is slower. On the other hand, a too
high can be inaccurate as one or more continuous states in your model approach zero.
So once the simulation is complete, the user can verify the accuracy of the results by
reducing the absolute tolerance and running the simulation again. If the results of these
two simulations are satisfactorily close, then he can feel confident about their accuracy.

6.3 Simulation Parameters in AMESIim

The figure 3-14 has shown the parameter useful for the simulation; they must to be set
identically in AMESIm to run a correct Co-Simulation by opening the section Set the

run parameters:
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IZ{ AMESim - [C:/Users/DIAImpianti/Desktop/SSE12prototype LGS_FCS_EPGS_ECS_CT_EMS6AVar/Cabin_Thermal

=

=} T T = -\.l'. = I . # —\.\
DR aahexe 9¢ A DEEEDAQAQAQ 1
& P:i Cabin_Thermal_model_CO5IM2312_pressure_with_valve.ame * @ { E
E T LB B B B R .
i~ IZ4 Run Parameters &I&J
Al -
EE
:
i
Wl Standard options Fixed step options
i Parameter Value  Unit Error type Solver type
E | B Tolerance 1e-05 @ Mixed @ Regular
Maximum time step 12430 seconds ™ Relative ™ Cautious
| E *
@ € (oo () Absolute || Disable optimized solver
% Miscellaneous )
{ﬁ [] Minimal discontinuity handling
Simulation mode Diynamic run options Stahilizing run options
@ Dynamic D Discontinuities printout Lock non-propagating states A
() Stabilizing [ Activity index calculations Diagnostics

() Stabilizing + Dynamic [ Hold inputs constant

Help ][ Default ] Ok ][ Cancel

Figure 6.6 AMESim simulation parameters

In the previous figure there are highlighted the Standard options related to the standard
AMESIm integrator, which is a variable-step one. The approach is very different from
Simulink because it is clear that the user cannot choose a specific solver and so a
specific numeric algorithm. This is reasonable if you understand the AMESIim
philosophy: even for an experienced numerical mathematician could be very difficult to
choice a valid algorithm because the characteristics of the equations may change during
the simulation’s process. So, for this reason AMESim is able to change the solver while
the simulation is running to optimize the solution (for the differential equations) and the
computational times. So the user can completely dedicate his attention to the model. If
the software detects the presence of implicit variables, the solver used is the DASSL.
Instead, if the system of equations is purely odes AMESIm uses Gear’s method for stiff
problems or LSODA for non-stiff problems.
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7 Cabin Thermal Model: Closed Loop Analysis

While the A/C is performing its mission it is important to guarantee optimal conditions
for the passengers in the cabin in terms of temperature and pressure. So, for this reason,

it is necessary to put the model in closed loop to obtain preset values of these two

magnitudes.

7.1 Temperature controller

To better understand we can consider the following “retroaction-scheme”:

+

Feas >CO>

T

CONTROLLER

TGT_PDT

7z

ECS

TPDT

CABIN THERMAL

TCAB

ref
where T, ;

actual cabin temperature (T,,;,) is processed by the controller. The magnitude comes out

Figure 7.1 Retroaction scheme

is the required temperature value in the cabin and its difference with the

from this block is the target temperature for the ECS system, obtained by the relation:

where Kk is the generic controller gain. Depending on the value of the ECS target, the

Ter ppor = Tcap +k° (

ref
TCAB

- TCAB)

(7.1)

system regulates the air temperature that must be sent into the cabin.

Analyzing more in detail the block called “CONTROLLER” we can find a proportional

integrative derivative controller (PID) as the best solution. In formal way we have:

d
TGT_PDT = Tcap + {kproportional "€+ kintegrative ) fg dt + Kaerivative EE} (7.3)

In the Laplace domain it becomes:

TGT_PDT = Tcap + {kproportional T €

(Toak = Tean) = €
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The various values of gains, zeros, and poles were founded observing different tests
done on the global model. About the proportional gain we can say that if € > 0 i.e. the
actual cabin temperature is minor than the target value, the ECS must provide a “hotter”
quantity of air to the cabin, S0 kpoportionar MUst be greater than zero. The same line of
reasoning can be used if ¢ < 0. Concerning the integrative part of the controller, it is
used to reduce the error when the system operates at full speed; on the other side the
derivative part was used to reduce the overshoot and to introduce more damping into the
system. We have to underline that in the controller implementation (Simulink) it was
not used the derivative block, that can be found in the Continuous section of the
Simulink library, because the temperature signal is discrete due to the co-simulation
process. So the derivate part is deduced from
i i—-1

TEAD D it (7.5)

where AT is the temporal interval used for the co-simulation between AMESIm,

Simulink and Dymola.
The gain values used for the controller are:
kproportional =20

kintegrative =0.1
kaerivative = 3.5

In a formal way, the transfer function controller can be written as:

kint . s _ kder ) (52 n kprop o4 kint) e (76)

k €t kgers-e+ =
prop der
S S kder kder

Using the SISO Matlab tool is possible to see the root locus when this controller is
applied to the transfer function T¢a5(s)/Tgcs(s), wWhich is a first order, as it was been

described in chapter 5. The entire transfer function G(s) is:

k* . kder . (SZ + kprop s+ kint)

G(s) :s+k*

7.7
kder kder ( )

where there is an electronic pole settled into the origin and two zeros, with value:
1/T, = 0.005
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The root locus is:

x10° Root Locus
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Figure 7.2 Temperature controller: Root Locus

The figure describes the closed loop position for the poles of the system (CT transfer
function, and PID controller): changing the closing gain the system can be a first or a
second order type. Using a stronger derivative action (allocating the zero 1/T, closer to
the origin), more damping can be introduced in the system. More tests can be done to

optimize this aspect, even because the ECS dynamic is not known (model encrypted).

7.2 Pressure controller

The pressure value of the cabin is very important because the quantity of oxygen in the
air changes with the altitude; a low value can be very dangerous for the human body,
causing breath problems. So, for this reason, the highest pressure allowed is that one
corresponding to 6000-8000ft. Another important aspect to evaluate is the rate of climb
and descent throughout the flight mission: indeed, a high value can cause mechanical

problems to the eardrum or still breath difficulties. The permitted values are:

- maximum rate of climb: dp/dt < 500 ft/min
- maximum rate of descent: dp/dt < 350 ft/min
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Pressure control is made using the so called outflow valves: they are put in the low part
of the fuselage and they act on the air flow rate coming in the cabin, indeed a too much
high pressure causes the opening of the valve and the exit of the exceed air, instead a
too much low value causes the closing and the increase of the cabin pressure. An

example can be seen in the following picture :

Figure 7.3 Boeing 737-800: outflow and relief valve

The original Cabin Thermal Model implemented in AMESim had the following target
pressure:

Prarger = 1.02 = 0.0000065 * h
where Pyq,ge¢ IS evaluated in bar, and h (A/C altitude) in feet.

Considering the controller implementation it creates a sort of virtual cabin altitude,
which is different by the A/C mission altitude and that establishes the cabin pressure.

The AMESim component used is a simple butterfly valve.
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7.2.1 Pressure controller with butterfly valve

Figure 7.4 Pressure controller with butterfly valve

In the previous pictures is visible the changes done in the AMESIm model: starting
from the upper right corner we can see the violet pressure source that sends the pressure
target (the one comes from the virtual cabin altitude) to the butterfly valve, enlightened
in the green region, which represents the low part of the fuselage. The AMESIm
component needs two input, i.e. the pressure target (red circle) and the command law
(sky blue one). The last one is implemented in Simulink with a simple proportional gain

and indicates the opening angle valve:

Scommand = [k ' (Pcabin - Ptarget)]

The error between the target and the actual value is multiplied by the gain (value of 45),
then is converted into degrees (limited to 90°) and sent to the valve. We can observe
that a positive value of the gain is correct because during the flight mission the error is

always greater than zero, i.e. the cabin pressure is always greater than the external one.

Watching the AMESim parameters of the component, only two values (geometrical

type) are modified, i.e.

- throttle shaft diameter 2100 mm

- valve diameter 700 mm

60



Evaluating the obtained results we can see how the maximum Ap of project (8-9 psi or
~0.055 MPa) for A/C of civil aviation with reaction propulsion), that is the maximum
difference between the external pressure and the cabin one, is not overtaken. If this
event occurs with a different A/C mission, the controller must be slightly modified, in
other words the presence of a relief valve must be introduced.

The obtained results in terms of temperature and pressure are shown in the last chapter.

61



8 Energy Management System

During the A/C mission, a generic extra electrical load can occur; so, it is completely
addressed to the overload capacity of the generator. This circumstance can be very
dangerous if this load is too high, so, the introduction of the EMS becomes
indispensable: it is a set of logics used for the optimal sharing of the total on-board
electrical power, indeed, in some mission sections, several loads may be totally shed or
temporary reduced, because they are not flight or safe-landing essential. Thus no
overload can be found because this set of specific control laws, acting on power
electronics and motor controllers, change the supplied power to each system with
respect to the requested one. The model is implemented in Dymola (encrypted) but not

in its final version; at the moment, indeed, all the control strategy is not implemented.

8.1 EMS Supervisory Control Strategy

We want to describe now the high-level control algorithm embedded within the EMS is

described, as shown in figure 8.1:

START

.
o

¢
Ig = Threshold

i

Alg
Evaluate —
At

!

Decrease or strongly decrease
(duty cycle S5PC)

\L NO

Duty cycle = minimum?

YES
i

ECS, CT Temperature,
Loads priority involved

Figure 8.1 EMS Supervisory Control strategy
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It is visible in the top of the picture that the generator total current derivative (AALf) is the

first important parameter: it can predict in some way the entity and the type of transient
overload condition, in order to obtain a more or less (strongly decrease or decrease)
strong power modulation via SSPCs (switching contactors high frequency modulated,
connected to the resistive loads), operating on their duty cycle (Toy/T).

The algorithm starts from the black block on the top, where we can find steady state
conditions, i.e. when SSPCs are completely “closed” (duty cycle=1) and the ECS
operates at nominal power for that specific flight phase. Moreover the generator current
(I4) is always monitored. As soon as a certain threshold is overtaken, a watchdog is
activated and the duty cycle reduction is activated. If the overload situation is persistent,
sequentially the SSPC reaches the minimum duty cycle, below which the connected
equipment functionality is declared unacceptable. If all the SSPCs reach this condition,
the only solution is to act on the ECS, with the attention put on the Cabin Temperature:
if its value is below a certain threshold, the successive action is the lowest priority load
shedding, which depends on a specific flight phase.

Because the ECS operates only if all the SSPCs have reached the minimum value, its
intervention is meant to be “asynchronous” with respect to the EMS strategy.

At the moment all this strategy is not implemented and the Dymola block simply pass
throughout the generator voltage (270 V).

8.2 Dymola - Simulink Interface

This interface consists of some .m files which are a set of Matlab utilities and a
Simulink block, called DymolaBlock which allows to import a Dymola model once the
user has defined inputs and outputs. In order to use all these features the first operation

to do is include the following directories in the Matlab path:

e Program Files\Dymola 2013 FDO1\Mfiles
e Program Files\Dymola 2013 FDO1\Mfiles\dymtools
e Program Files\Dymola 2013 FDO1\Mfiles\traj

The user has to pay attention when he uses the Matlab command restoredefaultpath
because it restores the original path and removes these previous added ones. Moreover
the only compiler who consents to generate the S-function is Microsoft Visual C++
(version 2010 is well-matched with the other software used). Finally note that Matlab
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R2010bSP1, R2011a, R2011b, and R2012a will give warnings that files in the Program
Files\Dymola 2013 FDO1\Mfiles folder are generated with an old p-code version. These
warnings are uncritical and can be turned off by adding the following line to the Matlab

startup script:
warning(‘off', 'MATLAB:oldPfileVersion")

The way to import a generic Dymola model into Simulink is much closer to what it was
explained about AMESim: the DymolaBlock is indeed a shield around an S-function
MEX block, i.e., the interface to the C-code generated by Dymola. By double-clicking
on the block a graphical user interface is opened to configure everything is necessary for
the compilation. As it is visible in the following picture it is important to set the Model
name and File name; a fast way is to open the desired model in Dymola, let the program
opened and then click on the button Select from Dymola. The button Edit model allows
to modify a Modelica model (Modelica is the language used by Dymola), Reset
Parameters restore parameters and start values to the default in Dymola, Compile model

generate the S-function and the other files useful to the Simulink block.

Parameters for Simulink block untitied/DymolaBlack = | B i

File Edit View Insert Tools Desktop Window Help k]

A DymolaBiock implements an S-function interface to Dymola Modelica models.
This allows acausai, physical models to be compiled and simulated in Simulink.

Dymola-on-Windows Mode

- Model Name
Select from Dymolaz
File Hame
I I :> Edit mode! | Compile model Reset Parameters

Advanced [C] Hierarchical Connector as Bus [T compiler fiag ibigobj [C] Auto-load
Allow multiple copies of block [T Runtime export

[] Generate resutt

Minmum Bt [

Parameters Start Values

& Parameters B Start Values

Close Window Switch to generic import mode ‘

Figure 8.2 Dymola Block
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9 Simulation Run and Results

9.1 Initial trim procedure

Once the SSE is complete in its prototype version, it is possible to obtain the first
numerical results. This tool is designed to simulate typical A/C manoeuvres starting
from assigned initial trim conditions, where the various systems can be characterized by
not null currents and by constant values of the internal variables and states. An off-line
evaluation (before starting the simulation) of the trim would have been complex, so it is
done via a dynamic simulation, made within and additional initial time: a time range of
150 seconds is added at the beginning of the time histories, as schematically described
in figure 8-1. In this time range, each input variable is kept constant and equal to its first
value in the time history. Moreover, to reduce the computational time during this phase,

the various involved models are progressively enabled with the following sequence:

- EPGS and EMS at the beginning
- FCS and LGS start at 10 seconds
- ECS at 20 seconds

- CT model and its controller at 30 seconds

This approach, based on the progressive enabling, drastically reduces also the
possibilities of incurring in the divergence of some systems during the trim-search

phase.

input input

original modified

[:::::i> 150sec

Time range added to let the
systems reach the “trim”

t

Figure 9.1 Time range added to evaluate the trim condition via dynamic simulation

At this point the user can choose two different type of flight histories, and therefore two

different type of input data.
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9.2 “Dummy” input data

The user has to choose between two different input data for the simulation: the first is
not a real flight history and it is used to evaluate the dynamic behavior of each system
being part of the SSE. Indeed the altitude and the Mach number are set to a constant
value (respectively 0 and 0.38), the angle of attack, the angle of sideslip, the Euler
Angles, the angular velocities and the angular accelerations are all set to zero. Instead
the deflection range of all control surfaces is arbitrary between the minimum and the
maximum and the engine is at full operative speed. The total “flight history” time is
450 s, where the first 150 s are used to trim the model, in particular the ECS and the
Cabin, as said before. There is a request of decreasing temperature at 200 s and the
activation of the landing gear system few seconds after the trim procedure. The most

important input are reported in figure 9.2 and 9.3:
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Figure 9.2 “Dummy” input data — ECS Commands
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Figure 9.3 “Dummy” input data — Control Surfaces Deflection

Simulation results (CPU time 43 min, 28.902 seconds) are summarized in the pictures

from 9.4 t0 9.12:
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Figure 9.5 “Dummy” results — Flap Deflection
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Figure 9.7 “Dummy” results — EPGS Voltage and Current
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Figure 9.8 “Dummy” results — ECS Outlet Temperature and Mass flow
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Figure 9.9 “Dummy” results — CT Temperature & Pressure
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In figure 9.10 there is a zoom, useful to see the behavior of CT with its temperature

control law. We have a second order type system.
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Figure 9.10 CT Temperature (zoom)
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Figure 9.11 “Dummy” results — Electrical Power and Currents Absorbed

The maximum value of power absorbed is about 64 kW, reached when there is the
temperature decrease at about 200 seconds. On this scale, the power absorbed by FCS

and LGS are not clearly visible. So in figure 9.11 we can see a zoom:
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Figure 9.12 “Dummy” results — Electrical Power and Currents Absorbed (zoom)

At the time 150 s there is the deflection of all control surfaces (up to 20°), instead at the
time 220 s there is another deflection for the elevators and the rudder. The maximum
value for the FCS is about 2,7 kW. The pink line is dedicated to the LGS, respectively
the retraction and the extension, with a maximum value of 0.4 kW.

9.3 “Flight history” input data

The second option available is to use a real flight history with data generated by a flight

simulator, developed in a previous work of thesis, ref.[3], as said in the first chapter:
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Figure 9.13 Flight history input data — Mach, Altitude

The A/C starts and concludes its mission at the altitude of 39 m because in the flight
simulator neither take-off nor landing are still analyzed. Mach number is still set to
0.38.
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Figure 9.14 Flight history input data — Aerodynamic Angles
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Figure 9.16 Flight history input data — Euler Angles
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Figure 9.15 Flight history input data — Linear Accelerations
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Figure 9.17 Flight history input data — Angular Velocities
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Figure 9.18 Flight history input data — Angular Accelerations
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Figure 9.20 Flight history input data — ECS commands
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The ECS system is active after 20 s while the decrease of temperature (a step of 2 °C) is

underlined in the second (top to bottom) line of the graphic, from 25 °C to 23 °C .
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Figure 9.21 Flight history input data — Control Surfaces Deflection

As it is visible in the last line of the graphic, the Aircraft starts its mission with already
retracted landing gear. The extraction is underlined at the end of the mission.

Simulation results (8 hours 10 min 17.22 seconds) are summarized in the following

pictures:
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Figure 9.23 Flight history results — Flap Deflection
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Figure 9.25 Flight history results — EPGS Voltage and Current
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Figure 9.26 Flight history results — ECS Outlet Temperature and Mass flow

In figure 9.27 the temperature and pressure behavior through the entire mission are
shown. About the pressure we have to say that a virtual altitude, different by the A/C

one, is create for the cabin to avoid structural problem, as shown in figure 9.28.
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Figure 9.27 Flight history results — CT Temperature & Pressure
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Figure 9.28 Flight history results - Pressure target

In figure 9.29 there is a zoom to show the system behavior when there is the decrease of

temperature: it is a second order type and it needs about two minutes to reach the target

value.

81



CT

255

— Actual
— Target

25 ~

" 24.5 \

. AN

Cabin Temperature (°C)
N
w
ol

23 \_.-/

2140 2160 2180 2200 2220 2240 2260 2280 2300
time [s]

Figure 9.29 Flight history results — CT Temperature (zoom)

In figure 9.30 there are shown the electrical power absorptions, with a maximum value
of almost 64 kW when there is the temperature decrease. Instead, in figure 9.31 there is

a zoom to enlighten the flaps and LG extraction.
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Figure 9.30 Flight history results — Electrical Power and Currents Absorbed
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Conclusions

This thesis gave a first contribute to the implementation of the SSE prototype, even if
the integration of some models is still missing and extensive tests are still to be done to
validate the models.

The integration platform chosen is Matlab/Simulink and the activities carried out
showed that it is possible to integrate models developed using Dymola and AMESIim
without particular problems. The integration can be done via co-simulation or by
importing Dymola and AMESim models into Simulink as S-functions. However, the
specific AMESIim model that simulates the Cabin Thermal balance runs much better
using the co-simulation approach because of the automatic optimization of the solver
made by AMESIm during the simulation. For this reason, the SSE prototype
implements all the models in Matlab/Simulink (Dymola models are imported as S-
functions) except for the Cabin Thermal model that runs in co-simulation. Under this
configuration, the best results were obtained using the ode23 variable step solver, which
lead to a value near to 5 for the ratio between the computational time and simulation
time. This result is also due to the particular method used to find the initial trim of the
systems. This method evaluates the trim conditions via a dynamic simulation made
within a dedicated initial time window and it is based on a progressive enabling of the
various models. This allows the faster systems to reach the trim condition before the

models of the slower systems are activated, so reducing the computation time.
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