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Presentation Outline =i

* Objective and Motivations,

* Overview of Flight Actuation Systems: EHS, EHA, EMA,;
* Bond-Graph Methodology for Modeling and Parametric
System ldentification;

* Case studies: BG Simulation and Validation

e 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)
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“This work focus on Primary Flight Controls (Rudder, Elevator, Aileron/spoilers)”
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Overview of Flight Actuation Systems %
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Mechanical Control Systems @

Types of Flight Control Systems : 1 — Cable :

COMTROL COLLRMPM _ﬂ

=m—— Pilot Force (Fpl

- COMTROL SURFACE

CONTROL CABLES CIRCUIT

Neiva EMB200 “Ipanema” Embraer ALX314 “Super Tucano” Embraer EMB120 “Brasilia”
-Aileron Control System - Aileron Control System -Aileron Control System
-Elevator Control System -Elevator Control System -Elevator Control System
-Rudder Control System -Rudder Control System
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Hydromechanical Control Systems @

Types of Flight Control Systems : — Hydromechanic

COMTROL COLUMM -ﬂ

=a—— Pilat Farce (Fp)
HYDRAULIC ACTUATOR

COMTROL SURFACE

COMNTROL CABLES CIRCUIT

SYSTEM

Boeing 737-700

-Aileron Control System Embraer ERJ-145 Embraer AMX-T
-Elevator Control System -Aileron Control System -Aileron Control System
-Rudder Control System -Rudder Control System -Elevator Control System
-Spoiler Control System -Spoiler Control System
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FBW Control Systems @

Types of Flight Control Systems :

COMTROL COLURMM
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HYDRAULIC ACTUATOR

Lockheed F-117

COMTROL SURFACE

BAC Concorde
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Bond-Graph Conjugate Variables %

Dominio Esforgo, e Fluxo, f Momenta p Deslocamenta g
Mecanico de translacdo Forca [N] Velocidade [mis] Impulso[N.g] Posicdo [m]
Mecanico de rotacdo Momento[N.ml | Vel Angular [rad/s] m”ﬁ”ﬁi{ gular Angulo[rad]
Elétnco Tenséo[V] Corrente [A] Fluxoenlacado[V 5] Carga [C]
e " Vazdo volumetrica Momentode -
Hidraulico Pressao [Fa] [ma /s] pressio[Pa s] Volume ']
Termodinamico Temperatura[K] Fluxoﬁi?ﬁatmpia - Entropia [J/K]
Magnético —— Taxade fluxo[Wh/s] - Fluxo[Wb]
magnetomotriz[A]
Difusio Potencial Quimico | o, mvlar [mole/s] _ Quantidade[mole]
[Wmole]
Reagdoquimica | Afinidade [J/imole] | VE10C- da reacdo - Progressodareagdo
[mole/s] [mole]
Pseudografos- i :
St EITE:IiJS ?grrr?mnﬂsui dos Temperatura[K] |Fluxode energia [W] — Energia [J]
Pressao [Fa] Vazao massica [kg/s] - Massa[kg]
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Bond-Graph Elements

Fonte de Fonte de
Fluxo Esfor¢o
SF SE
Armazenador Armazenador Dissipador
de Fluxo de Esforco R
C I
Transformador Girador

TF GY
Jungdo 0 Juncio 1
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Table of BG Basic BG Elements

Tabeln Resumo dos Elementos Basieos e Representocdes
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Constitutive Relations for BG Elements

=

Armazenadores de Fluxo (Tipo-C) | Armazenadores de Esforco (Tipo-I) |Dissipadores (Tipo-R)
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BG Causality Effects

X = f{‘t‘ 7) explicita
causalidade integral
implicita
X = X, X1 causalidade denvativa na
f( ' ) designacio da causalidade
X = f(*l[‘ 1‘_}‘) laco algébnico
o cansalidade arbitraria na
V= E(T._ V. r) designacio da causalidade
X = ¥.x. 1.1) |mmplicita com lago algébnico
f( . ) ) causalidade denvativa e
v =g(x.%.1.7) | causalidade arbitréria na
designacio da causalidade

Restriches incompativeis
(ndo ha equacdes
pOSsIVELs)

conflito causal
(como fontes)
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BG Parametric Identification ==

u(t) y(t)

o FProcesso

e(t,d)

/

F
Preditor com i (tg)
pardmetros
ajustayeis 4

Algoritmo para
minimizar alguma  pe—
funcéo de e(t, 8)
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PEM Method for System ldentification ==

e Erro de Predicao:

e(t,8) = y(t) — ¥ (t6)
e Minimizacao da Funcao Custo:

6, = argmin V,(8,2Z")

N

~ 1
&y = arg min det [EZ e(t,8).e" (t,8))

r=1
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Estudo do Sistema de Atuacdo %

Sinais de Comando

Sinajde€orramd

Coluna de Controle

" ACE
T
wat— Ca p/ +
Referéncia de I~ i Fmmm—
Posicdo U -
Kp Limitador
de corrente

WL = ro-Hidraulica
torno Ps < Fcarga

e L

] dt

ﬁ 4’ Sinais de Realimentacao

Sensorlde Posicio __Realimentagdo de Posigcao Atuador Hidraulico

Superficie de Controle
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Apresentador
Notas de apresentação
Sitema de comando de voo flybywire
Detalhe 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.


BG Model Torque Motor F-N Valve W
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State Space Equation for the Servo Valve 1st Stage =i

L R J Bm
R I R
Sinal_Tensao— > MSe GY 1 TH /1\ o ’PF —> xf_posica flapper
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X, =Jw |
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ralo €, =X2=6 -6 =—X ——X,
- I X L J
3 2 .
J . raio
X3 =—X,
T R Kt ] )
— — 0 L
X1 L J X, 1
Kt b
X2 |=| — —— O0fXx,[+]0u
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X3 raio [ X | [O]
| — 0
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BG Model F-N Valve %

Posicag_Happer | |
X, = C,AP, f, =C,AR =X,

> X, = C,AR f, =C,AP, = X,
% .
% :Mcar XV e3:Mcar XV=X3

/ \ _[x

R—1 1—R -.- 3
R fixol R fixo2
QL Q

Xl :Ql_Q3_QL

X, :QZ_Q4+QL

1 ,
E& XS =€~ Catrito ~ Crola
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TF - X =X
i 4 = A3
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R C
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BG Model F-N Valve %

Q2= Cd.Ao.\/E(Ps - P2)
Jo,

Ql= Cd.Ao.\/g(Ps — P1)
Yo,

2 A3(x) = z.dn.(L + X)

2 Vv
Q4 = Cd.A4(x). [=(P2) c-2
P P

|

A 7 = |
'VBS&C&WG?J\ 1 xv Posicao Carretel
Xvp
R C
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BG Model F-N Valve @

Q2= Cd.Ao.\/E(Ps - P2)
Jo,

Ql= Cd.Ao.\/g(Ps — P1)
Yo,

2 A3(x) = z.dn.(L + X)

2 Vv
Q4 = Cd.A4(X).. [=(P2) c-2
P P
F = A(P1-P2)
f |/_—» -
1 xv Pasicap Carretel
Atnto
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BG Model F-N Valve ==

Q2= Cd.Ao.\/E(Ps - P2)
Jo,

Ql= Cd.Ao.\/g(Ps — P1)
Yo,

2 A3(x) = z.dn.(L + X)
Q3 =Cd.A3(x). ; (PD A4(X) = z.dn.(L - X)

2 V
Q4=Cd.A4x). |=(P2)| =¥
P P
F = A(PI-P2)
| =M
R =Bm
~~
MassaCairetel J _/[V_ > xv_Posicao_Carretel C = i
£ XNpN K
R C
Aliito Volas
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BG Model Spool Valve and Piston W

xv Posicao Carretel
Qifico_1 Qifido 2 7 L | B L B
MR MR

N N
\,Il
Se : Ii Vazanento_Intemo ..].-I Se

Ps R Pr : V

T . |
R Vazarentol /\ 1/\ R Vazarmento2 k

~ AN, m
Atuador Bulkl c PA i\/ PB c Atuador Bulke

=
Area_Pistao
- TF
R Bm i S

PRSP R
| Total R total M Atuador R Xp p

R R

Xc_/ Xp
1= 0 11 P
\)

Mola Atuador Aviao
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BG Model Spool Valve and Piston W

xv Posicao Carretel
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BG Model Spool Valve and Piston =il

xv Posicao Carretel
Qifido_1 ifido_2 L | B L B
M MR

4,:‘
<
\ 7
Seﬁli Vazanento_Intemo Is—Se ﬁ'ﬂ
Ps R Pr - 7Z2Z) P2 {
T h ‘ L—:
R Vazarentol /\1/\ R Vazarmento2 4 . k ‘J ]:'I_

R 2 0R et N
Atuador Bulki < PA \/ PB "\ Atador BU
C j—. C 1 "
Ip

Area_Pistao
- TF
R Bm i S
PRSP R
| Total R total M Atuador R Xp p
R R
XCJ/ Xp
1= 0 11 P
\)

Mola Atuador Aviao

s wurs FIL)

mposium -]
@ FPNL:héEi:ypofm C{i’ W|EFP = Bond-Graph Modeling and System Identification of Flight Actuation Systems 25

OCTOBER 25-26 - FLORIANOPOLIS - SC - BRAZIL JN|




BG Model Spool Valve and Piston <=
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BG Model Spool Valve and Piston W
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BG Model Piston and Load Coupling W
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EHS BG Simulation @

Flapper Nozzel Valve Response Spool dynamics
Be-005 mode! maodel
0.002
4e-005
0.001
L, 20005 /\
3 D |
%‘ é_ \\._//
1 0 — 5
o
\/ 1 -0.001
-2e-005
-0.002
-4e-005
0 0.2 0.4 0.6
tirme {s} -0.003
0 0.2 04 0B
time {s}
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BG Simulation EHS Flight Actuator %

Control Surface

Actuator Displacement
0008 model model
0.008 2
0.004
- 1
£l =
S =
10002 2
|
0.5
0
0.002 0
0 0.2 04 06
time {s}
0 0.2 0.4 0.6
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Output-Error Method Sys Identification W

IDENTIFICACAO PARAMETRICA

Uma abordagem:

i ¥ Sistema |\ F j—lp
= e e ————— -
| / '
I |
I Modelo ) - :
P |
: B ) "'w'::i, I “Erro de
[ F(z™ : saida”
|
I / !
I |
1 Identificador ‘|
- B(:7) L.
Modelo do Sistema: -~ ¥ p(_-) e ™ Vi
N-1 B (=1
. - 1'121-‘—«' "
Metodo do “erro de saida™ ]gll} =" F(-Y g
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Elevator Pos [deg]

Control Column [deg]

| & |
I o S e T I e
I I I

I I I I I
15 ! ! ! ! ! !
0

Development — Iron bird tests
Collecting of working data

Input = control column position (deg)
Output = elevator surface position (deg)

Actuator max oper. Freq=20Hz (Fag=200Hz)

Input and output signals
15 T T
| | | |

0/ RV REERES SRR AR R R R |
| o~ | ﬁr""l\ | | )W i
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Elevator Pos [deg]

Control Column [deg]

Development — Iron bird tests
Collecting of validation data

Input and output signals
T

=
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Preliminary Results — System
ldentification

Model Structures ldentified — Best fits

15

Measured and simulated model output
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Preliminary Results — System

ldentification

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

A=

x1
X2
X3

x1
X2
X3

yl

yl

x1
0.99835
-0.010468
0.019338

ul
-0.00011992
-0.011715
-0.047686

x1
183.96

X2

-0.01529 -0.0042415

X3

0.89974

0.1637

X2
1.6012

X3

-0.07363
0.84

0.3627

25

Step Response

0.05 0.1 0.15 0.2
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Preliminary Results — Non-

linear Analysis
Step respose for 1 deg command - almost linear

<) Scope
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EHA-FDHP Flight Actuator %

_ Electrical
Accumulator Pump Electronics
¥ system

— | |1
\ % (power)
Mode qﬁ Motor

elector ™1 Manifold

device
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EHA-FDHP Model W

Electromics
Electiic Motor

=ource [

Pump
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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 W
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Variavel de Estado: Pressao Linha ==
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BG Model for Actuator Body Force Balancew

Ep
R
ATF X A1 Xot
I
A=
Bomba + Atuador + Pist
ZF:O = —Fc =MgX; —KgX. =0 F. = AP-B.X
xC:—iP+ B Xp &XC Rs Xc

FPNI Ph.D. Symposium . - . . .
4 0‘ on Fluid Power m WIEFP Bond-Graph Modeling and System Identification of Flight Actuation Systems
OCTOBER 25-26 - FLORIANOPOLIS - SC . BRAZIL

T e




Actuator Force Balance w

Y»F=0 = AP-B.x-M.% —K,(x.—-R,6,)=0
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Hinge moment load balance equation <=
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Matrizes do Espaco de Estados
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EHA Closed Loop Control ==

e P| Control: KI =2613; KP =718.7
* Tuning method: minimization ITAE criterium

e

erro Integrador Kl

- g B u v' = Ax+By | thetal
theta1L de ! y = Cx+Du
referéncia b Espaco de Estados
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Resultados da Simulacao g
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BG-SysID Method for a Servopump W

* 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 W
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Servo pump with pressure compesation.

I\ FPNI Ph.D. Symposium m WI E FP E
) on Fluid Power S
[ curimn i st i REHLS

Bond-Graph Modeling and System Identification of Flight Actuation Systems

OCTOBER 25-26 - FLORIANOPOLIS - SC - BRAZIL JN|



VDHP Representation W
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Figura 3 - Representacdo esquematica de uma bomba de deslocamento
variavel com compensacéo de pressdo. Adaptado de: (MERRIT, 1967)
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Bond-Graph Model VDHP %
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Mathematical Model of the VDHP

o State-space Equations:

x(t) =

21 ()]
x5 (L)
x3(t)
x4(t)
x5(t)

Lx (1)

{x[t] =A.x(t) + B.u(t)
y(t) =C.x(t) + D.u(t)

[ Fe(t)]
P (t)
Xp ()
xp(t)
Xp ()

%, ()]

uy (1)

u,(t)

[Lig (’-Lj

Fy(t)]
Wy (t)

1@, (1)
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Modelo do Sistema ==

% 10" Comparacgéo dos Resultados Simulados no Modelo Bond Graph e no Espago de Estados
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Dados simulados usando espago de estados (MATLAB)
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Figura 5 - Comparacao entre os resultados simulados utilizando o modelo

Bond-Graph Modeling and System Identification of Flight Actuation Systems

Bo 0-sim) e o0 modelo no espaco de estados (Matlab).
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Identificagdo Paramétrica ==

 Aquisicao de dados experimentais: pressio de saida e demanda
de vazao

e Pré tratamento dos dados

 Aplicacao do método de identificacdo de sistemas: Método do
Erro de Predicido (PEM)
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Experimental Setup for VDHP Testing %
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Identificacdo Paramétrica

Velocidade de Rotagéo da Bomba Hidraulica X 10’3 Vazao Consumida pela Carga Hidraulica
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Pump rotational spped and flow consumption variation
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Identificacdo Paramétrica ==

x 10" Pressé&o de Saida da Bomba Hidraulica
2.25 j j j j j j j j X 10" Pressé&o de Saida da Bomba Hidraulica (Filtro)
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Output pressure variation with and w/o smoothing filter
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Simulation and Validation W
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Simulacao e Validacao

Presséao de Saida da Bomba Hidraulica
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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-Sysld allows the determination of physical
parameters which are difficult to obtain by other methods.
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