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Bond-Graph Modeling and System Identification of Flight Actuation Systems

Presentation Outline

• Objective and Motivations; 

• Overview of Flight Actuation Systems: EHS, EHA, EMA;

• Bond-Graph Methodology for Modeling and Parametric

System Identification;

• Case studies: BG Simulation and Validation

• Conclusions.
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Objective and  Motivations
Objective : 

Energy based multiport modeling and parametric system
identification for fly-by-wire and power-by-wire flight actuators
and experimental model validation with flight-test and/or
laboratory data (aircraft iron bird).

Motivations :

- Quick analysis of dynamic behavior of a FBW/PBW control
system using Bond-Graph modeling and system identification
techniques;

- Contribution to ITA/Embraer PEE graduation work of FBW
PBW hardware electrohydromechanical technologies.
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Overview – FBW Control Systems

Flight Control Systems

Missions : - Primary : control Roll, Yaw, Pitch axis
- Secondary : help to contol lift (flap/slat) 

drag (speedbrake) and landing (gnd spoilers) 

“This work focus on Primary Flight Controls (Rudder, Elevator, Aileron/spoilers)”
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Overview of Flight Actuation Systems
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Neiva EMB200 “Ipanema”

-Aileron Control System

-Elevator Control System

-Rudder Control System

Embraer ALX314 “Super Tucano”

- Aileron Control System

-Elevator Control System

-Rudder Control System

Embraer EMB120 “Brasilia” 

-Aileron Control System

-Elevator Control System

Mechanical Control Systems

Types of Flight Control Systems : 1 – Cable : 
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Types of Flight Control Systems :  – Hydromechanic 

Boeing 737-700

-Aileron Control System

-Elevator Control System

-Rudder Control System

-Spoiler Control System

Embraer ERJ-145

-Aileron Control System

-Rudder Control System

-Spoiler Control System

Embraer AMX-T

-Aileron Control System

-Elevator Control System

Hydromechanical Control Systems
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Types of Flight Control Systems :  EHS-FBW 

Airbus A340
Lockheed F-117 BAC Concorde

FBW Control Systems
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Bond-Graph Conjugate Variables
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Bond-Graph Elements
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Table of BG Basic BG Elements
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Constitutive Relations for BG Elements
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BG Causality Effects
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BG Parametric Identification
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PEM Method for System Identification

• Erro de Predição:

• Minimização da Função Custo:
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Estudo do Sistema de Atuação

16Instituto Tecnológico de Aeronáutica

Apresentador
Notas de apresentação
Sitema de comando de voo flybywireDetalhe dos componentes do sistema com a servoválvula eletrohidráulica e o atuador hidráulico. São mostrados tambem componentes como o ACE e o sensor de posição que são alvos de modelagem na sequencia.
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BG Model Spool Valve and Piston

23

p1
Xp_p

R
R_Xp_p

I
M_Atuador

1 1

C
Atuador_Bulk2

C
Atuador_Bulk1

1

MR
Orificio_1

TF
Area_Pistao

1
Xp_pMENOSXc_p

R
R_Vazamento1

R
R_Vazamento2

R
R_Bm

MR
Orificio_2

Se
Ps

Se
Pr

01
Xc_p

R
R_total

I
I_Total

C
Mola_Atuador_Aviao

xv_Posicao_Carretel

0
PA

0
PB

1

R
Vazamento_Interno



Bond-Graph Modeling and System Identification of Flight Actuation Systems 24

p1
Xp_p

R
R_Xp_p

I
M_Atuador

1 1

C
Atuador_Bulk2

C
Atuador_Bulk1

1

MR
Orificio_1

TF
Area_Pistao

1
Xp_pMENOSXc_p

R
R_Vazamento1

R
R_Vazamento2

R
R_Bm

MR
Orificio_2

Se
Ps

Se
Pr

01
Xc_p

R
R_total

I
I_Total

C
Mola_Atuador_Aviao

xv_Posicao_Carretel

0
PA

0
PB

1

R
Vazamento_Interno

BG Model Spool Valve and Piston



Bond-Graph Modeling and System Identification of Flight Actuation Systems 25

p1
Xp_p

R
R_Xp_p

I
M_Atuador

1 1

C
Atuador_Bulk2

C
Atuador_Bulk1

1

MR
Orificio_1

TF
Area_Pistao

1
Xp_pMENOSXc_p

R
R_Vazamento1

R
R_Vazamento2

R
R_Bm

MR
Orificio_2

Se
Ps

Se
Pr

01
Xc_p

R
R_total

I
I_Total

C
Mola_Atuador_Aviao

xv_Posicao_Carretel

0
PA

0
PB

1

R
Vazamento_Interno

BG Model Spool Valve and Piston



Bond-Graph Modeling and System Identification of Flight Actuation Systems 26

BG Model Spool Valve and Piston
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EHS BG Simulation

Flapper Nozzel Valve Response Spool dynamics
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BG Simulation EHS Flight Actuator

Actuator
Control Surface 
Displacement
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Output-Error Method Sys Identification

31



Development – Iron bird tests    
Collecting of working data

Input = control column position (deg)

Output = elevator surface position (deg)

Actuator max oper. Freq = 20 Hz      (Faq=200Hz)
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Development – Iron bird tests    
Collecting of validation data
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Preliminary Results – System 
Identification
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Model  Structures Identified – Best fits



Preliminary Results – System 
Identification

Best fit : State-space model:  x(t+Ts) = A x(t) + B u(t) + K e(t)
y(t) = C x(t) + D u(t) + e(t)

A = 
x1           x2           x3

x1      0.99835     -0.01529   -0.0042415
x2    -0.010468      0.89974     -0.07363
x3     0.019338       0.1637         0.84

B = 
u1

x1  -0.00011992
x2    -0.011715
x3    -0.047686

C = 
x1           x2           x3

y1       183.96       1.6012       0.3627

D = 
u1

y1            0

-0.05 0 0.05 0.1 0.15 0.2
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2
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Preliminary Results – Non-
linear Analysis

Step respose for 1 deg  command  almost linear
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EHA-FDHP Flight Actuator

37
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EHA-FDHP Model
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EHA-FDHP Bond-Graph Model
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EMA BG Model
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BG Model for EMA-Pump Coupling
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Variável de Estado: Pressão Linha
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BG Model for Actuator Body Force Balance
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Actuator Force Balance
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Hinge moment load balance equation
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Matrizes do Espaço de Estados
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EHA Closed Loop Control

• PI Control: KI = 2613; KP = 718.7
• Tuning method: minimization ITAE criterium
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Resultados da Simulação
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BG-SysID Method for a  Servopump

• The variable displacement hydraulic pump is na importante
component of flight actuation systems;

• The servopumpmaintains the outlet pressure constant
independente of variations of load flow in the actuator manifold;

• The objective of this case study is to develop a BG model of
the servopump with pressute comensation and adjust the pump
paramters to mathch the simulated and the experimental data.
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VDHP-Variable Displacement Hydraulic Pump

Servo pump with pressure compesation.
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VDHP Representation

Figura 3 - Representação esquemática de uma bomba de deslocamento 
variável com compensação de pressão. Adaptado de: (MERRIT, 1967)
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Bond-Graph Model VDHP
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Mathematical Model of the VDHP

• State-space Equations:
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Modelo do Sistema
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Figura 5 - Comparação entre os resultados simulados utilizando o modelo 
Bond Graph (20-sim) e o modelo no espaço de estados (Matlab).



Bond-Graph Modeling and System Identification of Flight Actuation Systems

Identificação Paramétrica

• Aquisição de dados experimentais: pressão de saída e demanda 
de vazão

• Pré tratamento dos dados

• Aplicação do método de identificação de sistemas: Método do 
Erro de Predição (PEM)
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Experimental Setup for VDHP Testing
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Identificação Paramétrica
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Identificação Paramétrica
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Simulation and Validation
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Simulação e Validação
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Conclusions

• Bond-Graph (BG) models have good representativeness of experimental
data of flight actuation systems;

• The application of multi-physics BG models in conjuction with parametric
identification methods is an effective methodology for experimental data
validation for more accurate flight actuator models;

• Bond-graph model is a compact graphical representation of the system
dynamics and helps to understand the type of mathematical involved in the
systems representation;

• The application of BG-SysId allows the determination of physical
parameters which are difficult to obtain by other methods.
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