Mathematical Modeling and
Performance Evaluation of
Electro-Hydraulic Servo

Actuators

the wings_
Tanveer Ahmad Rubani , Scientist — Flight Control Systems, ADE DRDO Bangalore

Kira n Kumar M- Scientist — Integrated Flight Control Systems, ADA Bangalore
Dr. Vijay V Patel, Group Director (Flight Control Law) , ADA Bangalore

7 /
;.!a‘/




Edifice

By
eI o
90012000 B\

OUTLINE

Introduction — Flight Control Actuators & Modelling Requirements
Objective & Learnings

Challenges & Solutions With MATLAB/Simulink

Physical and Equation Based Models

Modelling Nonlinearities

Translating Complex Systems into Mathematical Models
Performance Parameters — Experimental vs Simulation Results

Model Linearization & Order Reduction for HILS Implementation

L ® N g -

Loading Rig and Robust Force control Design
10.Design Optimization for Software Thresholds

11.Conclusions

A'////
N Indigenous Actuators




+» Unstable Aircraft

< State of art high
performance Actuators
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Fly By Wire Control Systems

+» Actuators Connected to Flight Control Computer which houses the Servo Electronics
or the Drive Circuitry for various units namely LVDTSs, motor, solenoid valves etc.

% The flight control computer contain Software Algorithms for Health Monitoring (Built
in Tests, Inhibition etc.) and implementation of Autopilot and Control Law
functionalities.

+» Power to overcome Aerodynamic LLoad provided by Hydraulic Power Source
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Key Requirements

**Need for reliable modelling and simulation tools for state of art Direct Drive Valve
(DDV) and Electro Hydro Servo Valve (EHSV) based Hydraulic Actuators

*Robust Controller Design and Stability Analysis

**Modelling Non Linearities like Friction, Hysteresis, Backlash and Dead Band which
are very important in characterizing low amplitude behavior

% Real time and Hardware/Software Implementation (HIL and SIL simulations)
Why MATLAB/SIMULINK is every Flight Control System Designer’s Choice

» Ease of modelling with functional blocks and detailed components

» Vast set of libraries make it very easy to model and simulate inter disciplinary
system like Fly By Wire Flight Control systems

» Physical system models and equation/signal based model can be easily coupled
» Easy interface with Aircraft model, other software and large data handling

» Quick Simulation of different test conditions and actual enviroment
7 4
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Objective & Key Learnings

Objective

1. Non Linear Mathematical Model of a Electro—Hydraulic Servo Actuator
2. Controller Design to meet Dynamic Requirement

3. Actuator Test Rig for Loaded Performance of the Actuator

4. Robust Force Control Design for the Rig

Key Learnings
Fly by wire Flight Control Systems and Actuators
Equation and Physical Component Based Model
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Modelling Hydraulic Components
Servo Valve Dynamics "EHSV
Model Reduction Techniques & Linearization
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Modelling Non —Linearities
Controller Design Optimization & DOE
Loading Rig Simulation & Force Controller Design
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Software logic verification using model
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Physical Component Based Model of an EHSV Based Actuator

«» Control Electronics is modelled with Transfer Functions

+» Torque motor is model with equations

iy in Permanent
= = Magnets

Ihder Fiction!
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Equation based Model for Flapper—-Nozzle Dynamics

T Easy to Implement Certain Features
¢ Can be easily Coupled with Physical Component Based Model

Nozzle Flapper Equations

dx V, X, dp, N dx Vy,+AX, dp,
Q-QrAS _ Y ﬁﬁg)dt Q-Q-A = (=2 5 )dt Q+Q,—Qs = ﬂdt

2
F-F,=(P-P)*An+ ”Cff [P.(Xfo— Xf)? - P,(Xfo+ Xf)?]

Simulink Implementation
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Modelling Non Linearities

+» Hysteresis
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Translating Complex Systems into Models

s Self Centering Actuator with

Complex Dynamics
¢ Failure Logic Simulation

‘ e

% Dual Tandem Actuator with
Force Addition

s Hydraulic Failure Simulation
during external Force
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Figure 30. CSAS Simulink Model. (Including Bypass Valve)
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Frequency Response for Nonlinear Model vs Experimental Data

Important Performance Requirements for Servo Actuators

+» Stall Load, No Load Rate, Frequency Response, Dynamic Stiffness
«» Failure Transients
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Effect of Non Linearities on Frequency Response

Why Modelling Nonlinearities is important ?
Frequency Response for Hydro Mechanical Servo

Rttt without friction and backlash
with friction only

— with backlash only
with friction and backlash
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Linearized Model Behavior

Nichols Plot Showing Linear Behavior of the Servo Actuator
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Reduced Order Model for HILS
X, =%p Actuator Flow

Displacement Model

Servo Valve Model
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Actuator Performance under Load

Loading Rig Working

Loading cylinder

Moving arm-1

Moving arm - 2

Shaft

Load cell

Connector -2

Connector -1
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Loading Rig Configuration

Key Features Design Challenges

¢ Flight Control Actuator in Position Loop * g/lodehng dynkallmlc Charaﬁterlstlcs
: : % Set point is changing with time
% Loading Actuator in Force Control Loop . P . Sie
. % Cater for various strokes, loads and

% Force correction due to angle change frequencies
% Force control within = 10 % (_)f < Disturbance in the force caused by

commanded load for all conditions movement of flight control actuator

1
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Loading Rig Control Design

+»» Optimum sizing of the servo valve— rated flow, pressure gain, dead band, response
« Optimum size of loading cylinder, pump and other components

*

J/
000

Accumulative pressure drop and power consumption at all operating conditions

5+1 1 >
0.015+1 0.0106s+1 =l
nsfer

Current
Transfer Transie >
Function 1 Function 2 Limitort

N—— Feed Forward Loop

A

Nonlinear Noload- Detailed Actuator Chamber Dynamics-Merrit

Signal  Input commnad
Generator  Limit (L1)

Control Electronics Serve Valve

LOAD CELL

P3-53

—T15%PS[*  ideal Force Sefisor
. i‘j! — s —A— Mech
] : ‘ Backlash? Pamper2 Ref2
= o ZED 3 m £
Mach Link Stiffness l
Pi
L’Lﬁf;s s

] o Loading Actuator I

Backup
1 Body spring1
s

ass2
| Link Stiffness1
==

Damper1

D >~ Force Loading Actuator
o et - Transmission

) HPS S
Hytraulic Motion Sensor2 =
o Ve LESAMB e res
Backup Body
P T Mass ] Pton
= Mass
L =

Flight Control Actuator
Force Correction

CosB

LVDT Correction for angle Variation

Indigenous Actuators




|
5.0

. R
" I
S
: |_w
et
& i .
+~ o = ,
— ) * o !
u tu ¥ - TR T ~ I ~
g ) | | S | | | =
7| = { 2| | = o =
. T | | - | | | -
(D) - B T e b i = FCo-3---3---3F£-238° 5
S - o cC [ __T--Ji---1--_-7 =) [C__T---1---7---171 =
R oY) ’ = W‘\\\k 12232227 g [C--T1---1---3---1 5
o p—f T, L —— 1 11 __ e S | e
n E Ol___v__Ja___2___] 4 v __a___ -] uw
H i | | | | | | |
.$ ¥ o F-——+ e s F-m b —— 4 ——— - — — 4
- r. | | | | |
y d e N [ [T S I
S | | | | |
p— a RN - | | | | |
a O ; | | | o | | o
- 2 - [Coorzf-tz-zz2z2223 9 [Coorz-zxzzz-Azz-z3 9
n L = 3= I— I ————— g, | ——
mm iy r-——--T I i L L |
= = 8 Sy St S A
A W £ 58 - [~ =7]-~7-~~7-"71 [~ -7 - ~~7- -7\~
\Uhnr -} W % o r———7 B i B | r———T—-—-—-T— =~ -7
> o s 5 E [ A R S [ R R S
B B | | | | | |
~+ L .m s 3 ) | | | | | |
o g EE - - | A T I N T (7))
o —i y g F = i | | | | | o
|- £ g8 L | | | | |
b S B8 B & | | | o | | | o o
a e _ 1 = =} [=} o o o« o o o o o« +—
- - =] e} n =] ] S S o a
V 1 E 1 b « - b & =
D) 3 gp ui uren seaibap ul aseyd =
(@)
3 n
—a 5
-
) PR R ——— g o
C -——t-—FF—-A-=+ - - - n
c o
a B (@))
m ©
c
S > K B
(e O
— c
O o) . .
Ay = 5
o £
o0 ) ..m x | |
L 3 -3 | | | | . | .
n d W J e e E I | N - B E EE N
o — F << o | | | | z | | | | | S
d =] o | | | | > | | | | | >
£ = O | _a__r_ i _]wg Ll _1l____lw 8
a ® L E S cof-ozodzzkzzlzzg T @ e e s B ©
@) ] E o [-ZFZC [ S R I =] [ I B R I =]
(@) b, S [ B N 5 [ B E g
O |--1-- - — J_ L _ - _ e e e
L P|u oY L R R L
N | | | | | | | | |
o) g e e S R T B — -+ — b — A==+ = == —
| | | | | | | | |
(qv] R O N T R R
o | | | | | | | | |
| | | | | | | | |
u | | | | ° | | | | | °
I [Cof-cim-Zz-t-zZizz3 8 CC-r-C-C-d-ZZrzZzZizz3 $
[N I e e R i )
h - i e E m B | e E e H R B
o0 e e S e e S S
e i Bt i Rl ittty ST T T T T T
—5 - = [ e H et | e E e H R B
" " — RN R B A A e A
= I | | I | | | | I
ey | | | | | | | | |
mw D I e
£3 I I I I | | | | | \
G E- i I I I I I I I | |
% 25 | | | | o | | | | | o /.
o _ I o o o (=] o o o o o o o o o [« / .
8 ; ; § 9 3 ©v ©
2 .
£ s gp ui ures saalbap ul aseyd )

L/
xo?



Gain1  Saturation Integrator Gain Dead Zone

. . a4
Analog Electronics in @4 e | 155 |« @ /e 5o e ’
r / — = LMUX
<
<

Flight Control Compute

‘ ) Software Loop for Motor Current
= / Correction in presence of the rig bias

e

Sigral
Genemtor Manual Swih
+

o
B

{MeY Fos Fakctack:

She Wae

Gahl Smsabamegrar  Gah Dead Zone

I "/&;}' 46}- . [ R

oo e Actuator Model

L5
veiock I

eddy curent

T dynamies .
i Y . =

Detailed Force
Motor Model

Flow Forge FUNCTION

Four Channel LVDT

g Model
R,

Indigenous Actuators




Software Thresholds & parameters
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Conclusions

0 Modelling and Simulation as an effective Design Tool
O MATLAB/Simulink are part of design process

L Modelling aspects and simulation results are of paramount
importance for all design reviews related to actuators/test rigs

% Quick Verification of Preliminary Design with Model

< Estimation of System Parameters, which can’t be measured easily

% Controller design for non linear model to meet dynamic requirement

% Excellent match with experimental data for all performance parameters
% Reduced order model for HILS — C Code

For The Loading Rig

= Prediction of actuator performance under load

= Prediction of Hydro Mechanical Resonant Frequencies

= Additional feed forward force control loop with adaptive gains based on
dynamics of the disturbance caused by the movement of flight control
actuator is essential for robust force control design of loading actuator.

» The design criteria to keep the force variation within £10% of commanded
) force and keep the phase lag within +10 degrees in the force control loop
7 7 1S achieved.
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Thank You
Any Questions
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