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challenges towards a successful helicopter

Understanding basic aerodynamics of vertical flight

High power-to-weight ratio engine
Low welight (structure + engine)
Counteract rotor torque reaction
Stability and control

Vibrations

Engine fault tolerance
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| Motivation and state of the art (1)

Future rotorcraft is expected to

 meet more and more stringent performance requirements
(agility, manoeuvrability)

e reduce pilot workload (adverse weather conditions, DVE)
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I
| Motivation and state of the art (2)

Current helicopters AFCS:
« stability augmentation system (SAS)
« attitude feedback control law: fuselage motion measurements

High gain (i.e., high bandwidth) feedback control can be
determining in achieving requirements in terms of handling
qualities (see ADS-33 spec).

Need for

e accurate dynamic model of rotorcraft

» robustness with respect to model uncertainty
« simple AFCS architecture
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I
| Objectives

Set-up of a rotorcraft attitude control design methodology
 Robustness wrt model uncertainty
 Requirements:
o Standard (ADS-33)
 Non-standard (from literature)
e Architecture consistent with industrial practice
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|
| Outline

 Problem formulation within the H_, framework
 Rotor state feedback
 Robustness to model uncertainty

Applications
 Robust helicopter attitude control design
« Multivariable tilt-rotor attitude control
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H ., framework

u control inputs w 2
y measurable outputs P(s)

w performance inputs (reference
signals, disturbances, noise)

U Y
z performance outputs (tracking errors,
control inputs,...) to be minimized K(s)
Optimal H., problem .
min y
K
subject to
1Tz w(s)le < (Set of stabilizing
K € K- controllers)

Control requirements — weights over the performance signals
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I
| Mixed-sensitivity H,, formulation
|

G [p x m]

21 <3

wy [p x 1]

J\wl
B 5 21 [m x 1]
4\, Ws(s) -

- K (s) G(s)
Z9, 23 [p x 1]

 Square, diagonal weight matrices on 21 Wk (s) R(s)
the performance outputs 29 | =| —Ws(s)S(s) |wn
23 Wr (s)T (s)

 w; can be interpreted both as a
disturbance on the plant output or as
the reference signal ¢ S(s)=(I+G(s)K ()"

| " ¢ R(s) =K (s)(I +G () K (s))"

Frequency weights on the sensitivity

functions! G(s)K(s)(I+G(s)K (s))”"

o T (s)
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N Classical vs structured H,

Classical H:
Wi (s) " v' Suitable to MIMO systems

v' Optimal regulator which satisfies
the control requirements encoded

T— K(s) G(s) l Wi(s) — as frequency weights

21

v Convex optimization problem
(global optimum)

Structured H,: X Regulator is dynamic and high
v" Define control system architecture order (plant+weights)
w/tunable parameters— adapt to X Full [m x p] transfer matrix
existing FCS structure (e.g. —
retrofitting) To——F—o—2k

thetatef

Helicopter
response

v Introduce optimization constraints [} Lo ozl F=
which would not be available by o fm ]

means of classical H,, techniques ...

v Multiple system configurations — ‘

X Optimization problem is non-convex CONTROLLER = -
(local minima) =

X Sub-optimal wrt classical H,
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| Software tools
|

Matlab Robust Control Toolbox
e Classical H,, synthesis: hinfsyn()
e Structured H, synthesis: systune()

Read the documentation!

Simone Panza - I POLITECNICO DI MILANO



| Choice of the frequency weights

From: d ¢ Roll Angle To: meas ¢ Roll Angle

Transfer function W (s)
e Stable

 Minimum phase

* Proper

(dB)

Magnitude

-25 — -
102 10! 10° 10’
Frequency (rad/s)

General guideline to choose (SISO) weights

[W () F(5)]l o <1 W () F ()| < 1V

Vw Shaping function

[F'(jw)| <

W (gw)|
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Approach

Bode Diagram
From: d ¢ Roll Angle To: meas ¢ Roll Angle

An optimization-based control law
synthesis methodology is taken into
account:

e Structured control law synthesis:
capability to impose the structure of
control law architecture a priori and
tune the control law parameters

Magnitude (dB)
=

« Mixed sensitivity H-infinity: cost Sl
function to be optimized is dependent | | |
i 10-2 10! 10" 10’ 102
on (c.l(_)s.ed Ioop) frequency weighted roauency (radls
sensitivity functions
 Control law requirements are Folrriter
encoded into frequency dependent Lo - ¥ .“ —
weights [—ro—B—9 I e = ===
« Robustness: uncertainty description is [[—ro—{8) o=} o o
introduced in the control law synthesis s o
phase SO as to guarantee robustness —3 %L
properties =

Simone Panza - I POLITECNICO DI MILANO



. . I
Formulation of the attitude control problem
in_the H ., framework

Requirements are encoded as frequency weights and
Imposed on proper closed-loop transfer functions (mixed-
sensitivity):

o Stabilization (default)

 Performance - sensitivity function

e Control action moderation = control sensitivity function

 Robustness = complementary sensitivity function

S(s) = (I4+G(s)K ()" Sensitivity
R(s) = K()I+G(s)K(s)) " Control sensitivity
T() = G(s)K(s)(I+G(s)K (s))_1 Complementary sensitivity
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I
| Optimization problem set-up

e Structured control law K(0)

e Tunable parameters 6O CR™

(e.g. upper and lower bounds) 0, <0p <0 k=1.ng
Closed-loop

weight transfer function

e Scalar requirements Ji(ﬂ)zoo i=1.n

e Scalarized cost function J(0) = max J;(6)

Simone Panza - I POLITECNICO DI MILANO



. . . . I
Unconstrained H,, multi-objective
oetimization roblem

mgin J(O) = m@in max Ji(0)
subject to
Qk S Qk S Q_k k = 1..?’),9
Ji(0) = ||[Wi(s)Si(s,0)] . 1 =1..n
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|
onstrained H,, multi-objective optimization

roblem

Define additional constraints (i.e., higher priority requirements):

H;(0) = HW'( )Si(s,0)l,  J=1l.c
H(0) = Jnax HJ(Q
min J — ml <<SOf'F>>
0 requirements
subject to
max H;(0) «hard»
=1.. requirements
0, <60, < 0, k=1.ng

(IIW(S S5, 0 i =
HO) = IWi()Si(5.0)l > 5=
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Role of rotor dynamics in control-oriented
at_titude models

* Rotor and fuselage are dynamically coupled in the attitude control
frequency range (pitch/roll moments depend on longitudinal/lateral flap
angle)

* Rotor dynamics introduce phase lag in the loop

« High gain control (with classical attitude control laws) results in poor
stability margin - bandwidth of the attitude loop is limited

Low order equivalent system are used in attitude control design

Modeling complexity depends on bandwidth of the attitude loop:

» Low-bandwidth: rotor can be interpreted as an actuator and its (fast)
dynamics can be simplified

« High-bandwidth: rotor dynamics should be accounted for in the model
used in attitude control design

1st order models 2nd order models
(quasi-steady rotor) (coupled fuselage-rotor)
p _ K _—7s K(s+2z) =TS

0  S+L

€

P
0,  S24aistas
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Bandwidth vs damping trade-off:

h_elicoEter roll attitude control Iaw!

0o = — (Kyp(p — ") + Kpp)

0.3 ! ! ! !

g : : ; —o— K¢ =40
DB ........... 1 .............. .............. ...... - BD H 0 _
07 § ; § g —+— 110 K [ /0

_ oo R e e 140 | D

—& —170

0E e~ T .............. S i
~ : r : —+ —200

0.5 s ............. S AR S 230 | B 0.02
1 ' | 1 — &~ 260 '

Vil V. DY U e 0.04

darmping ratio

03 a - T % __”:_ ............ .............. ............. i

0.2 -.af . T %\ .............. ............. - O 1

01k .............. g Ty ............. i

3] S U g g %I 1
L e B
07 1 | 1 i 1

bandwidth[rad/s]

Bandwidth is computed on
sensitivity function of ¢ (—3[dB]) . i
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|
| Rotor state feedback

In addition to fuselage measurements (attitude angles and
rates), flap angle measurement is introduced into control
law (RSF)

Example: helicopter roll attitude control law

fuselage
measurements

RSF
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Rotor state feedback: performance

2 hbaseline

 Feedback from rotor
states introduces
phase lead in the loop

 RSF allows to increase
bandwidth while
maintaining adequate
stability margin

e QOvercome the trade-off
between

bandwidth/damping S. Panza and M. Lovera (2015) Rotor state

ratio feedback in the design of rotorcraft attitude
control laws, in 3rd CEAS Specialist
Conference on Guidance, Navigation and
Control, Toulouse, France.

Ks.=[0 30 60 90 120 150 180 210 240 |

darmping ratio

bandwidth[rad/s]
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Rotor state feedback: safety (1)

Rotor flapping is related
cyclic (1/rev) yoke chord
bending loads, both in
helicopter and airplane
modes [Manimala et al.,
2004; King et al, 1993]

Enforce safety constraints: i

to

12000 ~

Left Rotor, blade 1: Inplane moment (ft-Ibf)

reduce amount of flapping
* reduce fatigue on structural

components

~2000 :
0 1

— predicted - linear
— nonlinear

200kt EAS. 3000m. Scas O

2 3 4 5 6 7
Time (s)

Figure 13. In-plane bending moment in a 2-5g pull-up manoeuvre

e avoid contact between blade

and wing

(200kt, 3,000m): FXV-15.

Manimala et al. (2004) Load alleviation in tilt rotor
aircraft through active control; modelling and
control concepts. The Aeronautical Journal, 108,

169-184.
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Rotor state feedback: safety (2)

Load limiting control laws were developed to
alleviate V-22 structural issues

% DESIGN LIMIT
2
o
1

50

i

TRIM

FLAPPING

MANEUVER

FLAPPING

YOKE CHORD

BENDING

MAST /ICDS

DOWNSTOP
566 AIRPLAN E A e S R

CONV. ACT./

Fig. 21 V-22 Critical component loads for worst-case maneuvers

D.W. King, C. Dabundo, R.L Kisor and A.
Agnihotri. V-22 load limiting control law
development, 49th AHS annual forum, 1993

YOKE CHORD
BENDING
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Uncertainty description in the frequency domain
| .

|dea: to represent model uncertainty by

« A nominal LTI model (with no uncertainty) G(s)

» A set of perturbed models TI

« The generic perturbed model in the set G, (s) € 11

A particular model in the set of e
perturbed models can be obtained i
by the combination of

A nominal branch

hagnitude (dB)

3 360 S
« An uncertain branch '
. 180
R
=
[ui}
i T
B 180 perturbed
— — —haminal
-BED—""""""""'"""""""i""""""'i'“ TR S AT P P I RS T P |
10? 107 i 10' 10°

Frequency (rad/s)
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I
| Uncertainty description in the frequency domain

The uncertain branch is made up of
e An uncertain, stable transfer function bounded in magnitude A(s)
« A stable transfer function
W(s)
which can be interpreted as a weight which determines the

amount of uncertainty as a function of frequency (namely, the
uncertainty description)

i
-
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Choice of the uncertainty description: SISO case

Bode Diagram

In the multiplicative uncertainty 0
case, the uncertainty description
can be computed as follows:

* For each of the perturbed
models, compute

Magnitude (dB)

GP(S)_G(S)
G(S) Do i S Lot
e« Getthe magnitude upper @ . m . m . m
envelope Fredueney (acls)
G -G
l(w) — max P(]W) (]W)
Gpell G(jw)

 Find a rational transfer
function which approximates \W(]cu)\ > l(jw), \v/%,

the upper envelope



Robust stability (RS)

The closed loop system is stable for any perturbed
system in the set

—1 __ L(s)
L(s) = G(s)K(s) T(s) = L(s) (I + L(s)) T'(s) = 17L(s)
Loop transfer function Complementary sensitivity Complementary sensitivity
function function (S1SO)

HT(S)W(S)HOO <l 1,Vw Maximum singular value

5 (T()W () = [T ()W ()| (S150) 7

_T— K : - . :

Figure 7.10: Feedback system with multiplicative uncertainty
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Sy 0000000000
Application case #1
Robust helicopter attitude control

AW138 {Courtesy of AgustaWestland)

L

S Ll
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I
| Helicopter model
|

e FLIGHTLAB (http://www.flightlab.com)

o 58 states, linearized in hover (parameters: forward speed,
mass, altitude, CG position, ...)

* Fully-coupled

Fuselage dynamics:
e translational (u, v,w) (low frequency)
e attitude (¢, 8,y) and rates (p, q,r) (medium frequency)

Main rotor dynamics: (medium-high frequency)

« MBC flap+lag (+ derivatives) — LTI model
e Inflow+wake

Tall rotor dynamics (collective flap+inflow)
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e

MBC transformation

Obijective: to represent the rotor blades motion as a whole
Rotor DOFs transformation: coordinate change

 From the frame rotating with the hub...

e ... 1o the frame fixed in the fuselage

bo = wp L fi -/%j L
e =3y D freos(n) - T TN |
.Djns — i z_-_g ,—"j-;' S11 (ﬂ'lg,‘i) L _ \ -
N s fg —coning view from front
J’Nﬁ Ng Zi—l 3 (_ l) 5 ,31C—Iong|tud|nal flapping v

,615— lateral flapping

New DOFs (expressed in body axes frame):
e B, coning angle _
B4, cone axis tilt angle in forward direction Tlp path

« By lateral tilt plane (TPP)

e ...other reactionless DOFs
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|
| Actuators & sensors
|

 Two actuators (lateral/longitudinal cyclic), both of them
can be modeled as a 3rd order system
— bandwidth w ~ 50 rad/s

 Two sensors (roll/pitch rate), both of them can be
modeled as a 2nd order system
— bandwidth w ~ 50 rad/s
— damping ratio ¢ ~ 0.7

 Pure time delay (10[ms] due to ZOH + 10[ms] due to
signal processing)

Overall augmented system: +10 states, 20[ms] time delay
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Actuators & sensors (eigenvalues)

[

/0

a8 states augmented model poles

&l

+
O
O

plant
actuatars
SENSOrs

Mk L

i) T .............. .............. .............. .............. _
Ak .............. .............. ............. .............. _
Ak .............. .............. ............. _

M .............. i .............. ............. UL
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Actuators & sensors (ideal vs augmented)

Bode Diagram

From: Lateral cyclic To: Body roll rate [radfzec]
0 T T T ] T T T ] T

Magnitude (dB)

100 L Qi A R T L i
A

360

180

Fhaze (deq)

ok...... ........ 5 ........ L K,_

180 b f0 states ‘M”

— — — &0 states augmented Do S
_HED_ ............ T 1.1 AT T [ TP I Y A - TP PN 1o a i

10" 10 10/ 10
Frequency (rad/s)
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I
| Model reduction (25 states)

* |n order to focus on the pitch/roll attitude
dynamics, we consider a reduced-order model

e 25 states (+10 due to actuator&sensor)

 Obtained by truncation: we neglect
translational velocities (u, v, w), and the
yaw/heave dynamics

e Focus on lateral attitude
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Reduced model (25 vs 58 states)

Full order vs reduced arder model, lateral dynamics

From: Lateral cyclic To: Body rall rate [radizec]
. RNIAAN St AL NS T

LI B I | r r I D e L |

Magnitude (dB)

s T

B0 froeie b B S L LT S N

— 58 states | 0 SRR SR M
2 — — 25 states A R
_HED_ ............ . 4. -1 T 4. |..|| ........ |||.||||||..|.|||||.||_

10" 10° 10' 10°

Fregquency (rad/s)

Fhase (deg)
iw]
-
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I
| Modal decomposition
|

e Starting from the 25 states model, we obtain a
reduced order model (2 states) which
approximates the lateral attitude dynamics

« Modal decomposition of the 25 states model

e Retain only the most significant modal
components
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Modal decomposition: lateral attitude

(magnitude

Rotor-fuselage
coupling

Magnitude (dB)

So ——

PR e G e o . 1

_"IdD T— T T TTITTI T— T T T TTITT T— T T TTITTI ||I||||| | | ||I|||i I ||.:|I||

Modal decomposition
Fram: Lateral cyclic To: Body roll rate [radizec]

-200

B0 = R

complete system (all modes)

&0
=
1

| ——=—37
— — 56

SRR = Eey]
34 £ 27

G— 16 + 58

10 10" 10° 10] 10 10 10

Freguency (rad/s)
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2 states model: lateral attitude

Lateral attitude
dynamics can be
approximated by the
only two regressive
flap components
(frequency response
magnitude)

In order to keep into
account the phase
delay due to
actuators&sensors, an
equivalent pure time
delay has been
estimated to be 71[ms]
@ 10[rad/s]

Magnitude (dB)

Phase (deg)

Bode Diagram
From: lat_yclic To: p

100 L i S R A
D " Lo T L T T

— - —-2nd order

— 50 states augmented | - 0 oo
_35':' 1 1 M T | 1 i L5l

agko . dh ........ :
...... |

a0k , ........ L PR R

220 — — —2nd arder + time dEla}" -.. ........ _. .-._._

10" 10" 10"

Freguency (rad/s)
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2 states model: lateral flap

Bode Diagram
® AlSO, the lateral ﬂap Fram: lat_yclic Ta: beta, s

(B1s) frequency
response is well
approximated by
the regressive flap
mode (fitting
routine) +

Fagnitude (dB)

equivalent time | ———— ————
delay 23[ms] . e

« Non-minimum 5ol T
hase zero 2 SRINEE O e
p = 180 — — - 2nd order
e Ideal flap " a0l ———2nd order + time delay :
measurement (no P E—— L R R A R W S
sensor dynamics) 10" 10" 10 10’

Frequency (rad/s)
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Control requirements

Objectives:

e Set-point tracking (attitude)
e External disturbances rejection (wind gusts) ADS.33
* Inter-axes decoupling "~ spec

« Alleviate pilot workload

 Dynamics of the response to pilot inputs (model reference)

In addition:
 Robustness w/ respect to uncertainty
 Robustness w/ respect to sensor fault (fault tolerance)

Finally:
e FCS architecture is fixed
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Flight control system architecture [Takahashi 1994]

Roll
shaping

&

pael
s ﬂ‘h; |31sﬂ11: i/
h)

Inner

piteh=-rall

loops
i
Pitch - "ﬂ - O’
shaping o e—— r "?
= S
_Ka,.s,, K88,
Yaw o EI‘
shaping - |
nner
yaw-heave
loops 5
Heave o =
shaping o

*Decoupling: pitch-roll and
yaw-heave; focus on pitch-
roll axes

Inner loop: high
bandwidth, rejection of
high frequency
disturbances — static
output gain

*Quter loop: lower
bandwidth, damp the low
frequency fuselage
modes, regulate the
tracking error to zero — Pl

*Fuselage-related
measurements: IMU
(attitude, rates,
accelerations)
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Rotor state feedback

Low bandwidth: models are
needed, which describe
only fuselage dynamics,
guasi-steady rotor

To achieve high bandwidth
implies incurring into a
frequency range in which
fuselage and rotor are
dynamically coupled

Using rotor state
measurements in the
feedback control law (RSF)
gives access to rotor
dynamics

MBC measurements of flap

(lgls: ﬁlc)

Modal decomposition

-20 =

From: Lateral cyclic To: Body roll rate [radfzec]

&
=

bdagnitude (dB)
=

-100 H

G . N
20 H e oRA T £ A4
G—16 + A8i

-140

10! 10° 10° 10°

Fregquency (rad/s)

POLITECNICO DI MILANO



| Control law structure: inner loop
|

o Attitude (inner) loop is a static gain matrix
 No decoupling between axes

Baseline (only fuselage RSF

measurements) « (same measurements as

o Attitude (¢, 9) baseline)

« Attitude rate (p, q) « MBC flap (Bis, B1c)

ba = — (Kp (0= ¢°) + Kpp)  (lateral) ba = = (Ko (¢ = ¢") + Kpp o K. us
6 = — (Ko (0 — 0°) + Kyq) (longitudinal) 6o = — (Ko (0 — 0°) + Kyq +\K3,.51¢)
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H , choice of weights: sensitivity (1)

|
Sensitivity function is associated to

closed-loop performance:

e Disturbance rejection bandwidth
(DRB)

 Peak in magnitude — damping
ratio

Attitude hold: the attitude angle shall
return to its initial value as a response
to external disturbance

Performance requirements - weight
on the sensitivity function (inverse of
the weight can be interpreted as an
upper bound on the sensitivity
magnitude)

Magnitude [dB)

sensitivity (hard)

Sp(s) = % (SISO)

s+ z
S+ p

Ws(S) = kHF

max| S, (Jw)||Ws (jw)| <1
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Magnitude {dB)

H ,, choice of weights: sensitivity (2)

1072 107! 100 10 102
Frequency (rad/s) A0 F
)
<201
W parameters Soft Hard E
£ |
Desired bandwidth 1.5 2 g 30
[rad/s] ol
DC gain 500 500 . hard (inverse)
50T — soft (inverse)
High frequency 0.9 0.5 — — —-3dB
: 60
gain 104 103 102 107! 10° 10 102

Frequency (rad/s)
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H ,, choice of weights: control sensitivity

Control sensitivity weight is
necessary in order to limit

control action (actuator i
range is bounded) @

Limit control action outside A0}
actuator bandwidth

Control sensitivity can be
interpreted as the tf from i ; |
measurement noise to R = i o
control action: it is e e

important to bound control

Bode Diagram
-40 T T

120

Magnitude (dB)

-140

action as a response to High frequency  35E—3  12E — 3
high frequency noise gain

Small gain at low frequency Pole frequency 50 50
to avoid interferences with [rad/s]

sensitivity Ratio high/low SES S5ES

<1 frequency gains

max|R(jw)|[[Wr(w)| <
simone Panza [ |



H ,, choice of weights: complementary sensitivity

 Complementary sensitivity :
weight may be interpreted
as a multiplicative
uncertainty description :
Wo(s) ¢ :

* Robust stability condition
(w/respect to multiplicative
uncertainty)

[Wo(s)T'(s)]|ee <1 [A0]lee <1

e ... however, in this example
no weight was imposed on
complementary sensitivity
in control law synthesis
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| H , control requirements formulation
|

Hard Soft
performance performance

Hard control RSF soft
moderation
Soft control RSF hard Baseline
moderation
[%] [%] [%]
E:r'; 88 76 259
RSF soft 12 45 91
Baseline 0 65 119
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Armplitude

Comparison bw controllers: step responses

Drift — unstable low
frequency modes

Step response, ¢ /

From: phi, To: Euler angle phi [¢

Control action response to a 10° step reference on ¢

Time (seconds)

: : RSF hard
—— —REF soft ||
—-— -haseline
T I S O SO U SR S ]
—RsFhadll L N ]
———REF soft :
: : : : : —-—--haseline : :
12 i 1 I i ! T T i l
] 045 1 1.5 2 25 3 35 4 3 35 4

Tirme (seconds)
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I
| Parameters perturbations
|

* n models were
generated (n ~ 300) by

perturbing the
parameter (mass, --

altitude, CG offset) Mass
values about the [kg]
nominal value, In Altitude
different combinations [ft]
A multiplicative CG, [m]
uncertainty
description was then CGy [m]
obtained, based on the
nominal model S [l
* Robustness analysis
(a posteriori) V = {0, 50,90} [kts]
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Nominal vs perturbed models
(Ia_lt cyclic to roll rate, hover

5':' T LA R I B L | T T T T TTIrT T T T T T 1] T T T T T rI1T
: Do el : oL - Tl I

Magnitude (dB)

o A S T I S S B N
O 4 A A I s isant A IS S S IR SO AN K

180

T A T T P T T T 1

FPhase (deg)
=

-180 perturbed

— — — haminal Do SR Do e

o | e T T Y A P SR T S P SN AT T X § PP I U N SNTE

10 10" i0” 10’ 10
Freguency (rad/s)
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I
| SISO multiplicative uncertainty description

Bls

1 input, 3 outputs: U = 0,4 Y =

€T

SISO uncertainty description (one-channel at a time)

~

G; = (14+Wo.i(s)Ai(s))Gi(s) i =1..n,
1Ai(s)loe <1
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Magnitude (dB)

SISO uncertainty description, hover (1)

Eode Diagram

40

10 1d 1a 1d ;
Frequency (rad/s) m';
£
Low uncertainty (and good
agreement) in the attitude —

dynamics frequency range

High peak at low frequency,
due to lateral oscillation mode

L k| T rrTT
1| — 58 states
S — ——25 states ||

Multiplicative/ uncertainty, roll rate

35 R T

Frequency (rad/s)
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SISO uncertainty description, hover (2)

Multiplicative SISO uncertainty (25 states)

rall rate
ok lateral flap
5+
o o
=2
— 10|
]
3 —— ]
S 15 I
4}
=
20
25 F
30
102 107" 10" 10’ 102 103

Frequency (rad/s)
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I
| MIMO multiplicative uncertainty description (1)

SISO uncertainty description (one-channel at a time)
Gi =1+ Wo.i(s)Ai(s))Gi(s) i=1.p [Ai(s)]| =1

Stack weights into a diagonal matrix

WO,l(S) 0 0 613
Wo(S) = 0 WO’Q(S) 0 Yy = P
0 0 Wo a(s) ©

e

&)
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I
| MIMO multiplicative uncertainty description (2)

Wo,1(s) 0 0
Wo(s) = |: 0 WO,Q(S) 0 :|
0 O WO’3(S)

Diagonal (structured) delta VS Full-block (unstructured) delta
Al(s) 0 0 AH(S) Alg(S) Alg(b‘) ]

AD(G) = 0 AQ(S) 0 A(b) - Agl(s) /_\22(8) Agg(s)
0 0 A3(S) A31(S) Agg(s) A33(S) |

1Ai(s)]l =1 [A(S) ]l <1

G = (I +HBp(5)Vo()G(9 G = (I +BWo(s)G(

Full-diagonal uncertainty—2>introduce conservatism
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. . . . I
A posteriori robustness analysis: frequency domain

(hover)

Robust stability condition
(w/respect to multiplicative
uncertainty) is checked a
posteriori on the system closed
In loop with the regulator

ohiaiied by means ofHinf 7 (Wo ()T (30))

117— Weighted complementary sensitivity, singular values
|| O(S)T(S)||OO<1 0 : N . RS : R

T(S) _ G(S)K(S) (I 4 G(S)K(S))_l n ...... ........ .....
MIMO Complementary SenSItIVIty 0 e ........ ..... ..... _
(based on non-robust control law
synthesis) was weighted with
uncertainty description

Largest singular value plot ————it
ShOWS that the peak remalnS ] 2 D, ........ .....
under 0dB (or low in any case) baseline |- 0

[
=

Singular Walues (dB)

[N}
[}
T

e
]

&0 i |||||||I ; |||||||| | i it
10" 10° 10" 10°

Frequency (rad/s)

Simone Panza - I POLITECNICO DI MILANO



Magnitude [dB]

Uncertainty description, hover+forward flight

Analysis was extended to the case of forward flight V = {0, 50,90} |kts]

Uncertainty is larger (being the set of perturbed
models larger)

No robustness issues were detected as for the
attitude control loop

Mominal vs perturbed 53 states models, Roll rate

D S AL T T ;
Conotion S : perturbed
Multiplicative uncertainty, roll rate. haver = OfF ittt TS I R L STPPERS : i
80— — ———— = Do SRR : nominal haver
N . uncenainty baund g 20 ...---|-.-.;§ ....... .._.-: ......... norminal S0kts |H
A0t D] memmnnld uncertainty hound (only haver) |7 = 1'1|:|: Dol T ; = = =nominal I0kts
: ) Y _ s e S E e : - i
T - o oD W
= 'EDT"‘:"E":"E';"E'E ......... e ......... e ....... .
golii i AR SR

400 ————r

oo

Phasze [dE]
=

20 f

_anq b ii;i;ii_ L ii;i;iin S S
10 10 10
Mormalized frequency

Mormalized frequency
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A posteriori robustness analysis: frequency domain
(h_over + forward flight

YWeighted cnmplemenwmes
1D::g:g::: T LI BRI . T T TN

Singular values [dB]

e SIS SR NS SN S S+ SN
__.-_1_D_ RSFhard ..... .-E ......... ..... ‘-l‘-ll‘
| ———RSFsoft | ¢ iiiii S -
| = —-baseline |
v e s L HE R i M T B
10" 10” 10
Mormalized frequency

o (Wo(yw)T'(yw))
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. . . . . I
A posteriori robustness analysis: time domain

(h_over + forward flight)

¢ response to a ¢y step input, nominal regulator, oftnominal models Step response’ ro” angle

Roll angle [deg]

(RSF hard, hover)

Variability in time response due
- to mass perturbations

By, response to a ¢ step input, nominal regulator, oft-nominal models
e Fee T G T , T T . . I . T
. : nominal
: : — — — perturbed (hover)
............... norminal At —-—--perturlm.ad[fDmardSpEEd,EDﬁDktS:I—
— — —perturbed (hover) ' : ' : :
: —— -perturbed {forward speed S0+30kts) : :
i 1 1 I I T I I I ; :
2 . U S e e
05 1 1.5 2 25 3 35 4 4.5 5 = ; :
Tirme [5] = :
o L : i —
Y S T T S SO SRS Se =St~ :
= E 5
T : .
5
_2 I |
_,-_1 e 1
Step response, lateral flap & A T S T S SR S S
1] 05 1 1.5 2 25 3 35 4 45 5

(RSF hard, hover) Time [s]
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Application case #2
Multivariable tilt-rotor attitude control
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Tilt-rotor control strategy (hover)

Control on the 4 axes: modulate

thrust on the 2 rotors

e CcOmmon
o (differential

Mixing matrix

Oo.1 11

bor || |1 -1

6s ||] | O O
0 O

le,R i
N

Rotor commands
(swashplate
commands of
L/R rotors)

No lateral cyclic

== o O

Pilot
commands

Heave velocity W Roll angle# 2
Common Differential
collective 0o.c collective 6o p

Pitch angle ¢ Yaw rate r

Common Differential

longitudinal cyclic longitudinal cyclic
015 C 915’D
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Modeling - bare airframe model

XV-15 linearized 32 states model
In hover

 Generated by MASST
 Fully coupled (6 axes)

dynamics
e Attitude angles & rates

e Linear speeds and
displacements

Rotor dynamics
* (gimbal) MBC flap angles
« MBC blade pitch angles

Inputs: 6(=3x2) rotor commands->
4 pilot commands

+ actuator/sensor dynamics
+ time delay (signal processing)

Mode

Blade pitch progressive (x2)

Eigenvalue [rad/s]

—15.70 + 251.97)

Blade pitch collective (x2)

—15.59 + 205.06)

Blade pitch regressive (x2)

—15.70 + 126.10;

Flap progressive (x2)

—17.87 + 120.20;

Flap regressive (x2)

~17.62 + 5.72;

Roll subsidence (RS)

—1.05

Longitudinal phugoid (LP)

+0.18 + 0.434

Pitch subsidence (PS) —0.609
Vertical displacement (VD) —0.470
Lateral displacement (LD) —0.0635

Dutch roll (DR)

+0.0187 + 0.153;
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Modeling - model order reduction

Frequency range of interest:
[0.1, 10][rad/s]

Multi-stage model order
reduction

1. Residualization of fast rotor
states (blade pitch
dynamics)

2. Model reduction driven by
modal decomposition

*an alternative version of the
model contains the regressive
flap mode, in addition to those
listed in table

QO,D — @ " v 0,063
Modal decomposition s 0018 4+ DASI

—-#-—.047

a0 b —&—0.19 + 0.43i

061

60 b — & —-1.1

—-—-18 £ 5T

—#— 18+ 5T

o AT 4 1.2e+02

AL CE R I, P
SRR R R A e T ap gyl ._H::“" S !
s M 4.0 TN —=18 + 1.2e+02i
20 Fse5sggs .
e e,
el A

100

40
R A,

i i
Hibten """E'.'.'-‘.'--;.,
ok Wi e ]
el ke FC
A S
gt R

Magnitude [dB]

20T

40T

-60

2

-100 *
10" 10° 10° 102
Frequency [rad/s]

Four-axes fully coupled model = 2
two-axes models*

Roll-Yaw Pitch-Heave
RS (—1.05) PS (—0.609)
LD (—0.0635) VD (—0.470)
DR (+0.0187 £0.1537) | LP (+0.18 4+ 0.434y)
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Modeling - actuator and sensor dynamics

Actuator and sensor dynamics

were cascaded to the model

 Actuators: first order models,

one for each input

e Sensors (sampling frequency

100H2z):
e Angle: first order

« Angular rate: second order

Bode Diagram

bo.p — ¢

Magnitude (dB)
L=

-100

270

180

0 F
a0

Fhase (deg)

bare airframe

with sensor/actuator

Time delay (signal processing)

10° 10’ 10°
Frequency (rad/s)

Name Order | Bandwidth [Hz| | Delay [ms]
Actuator 1 1 0
Sensor (angle) 1 8 5
Sensor (rate, velocity) 2 8 5
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Attitude control loop design -
re_quirements & measurements

AFCS must accomplish requirements Measurements available:

of: « [IMU

e Stabilization e Angular rates p,q,T

« Performance (disturbance « Attitude angles 0,0,
rejection)  Linear speeds U, v, W

e Control action moderation (SCAS
authority is limited)

« Rotor (L/R
o Safety (L/R)

« Longitudinal flap Bic,L, B1c,R

Subject to (related to pitch/yaw dynamics)
e Constraints on the control law
architecture

No standard document for tilt-rotor
handling qualities specification...

Inspiration was taken from ADS-33
Fundamental trade-off between performance and safety
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Attitude control loop design -
law architecture (lateral-directional

contro
|

2 classes of control law architectures:
Baseline: only fuselage

measurements Kz =0

RSF: fuselage + rotor

measurements K # 0 [ Ors,1 ] _ [ Kg 0 ] [ Bie,L }

le?R rotor 0 Kﬁ BlCaR

QO,L ] ch Kp 0 0 0 | 290
0o, ~-K, -K, 0 0 0 J
918,L 0 0 —an Kﬁ 0 IBT
O s Kr 0 K —Mle,L

- ?1 | —Pier

(IO’p7T
ZJO e U
_Q Kfuselage | — G(S) /61(:

Krotor ‘
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Formulation of the control problem in the
H_oo framework: choice of weights

Weights are first order ¥ d 890(8) - %
 DC gain p | =5(5)| dp -
« HF gain T | dy | ST(S) — 4.
« Bandwidth/crossover
Foquency x| i (5) [ Wi ()] <1
i ={e,r}
Inverse of weight = upper Bode Diagram

From: d ¢ Roll Angle To: meas ¢ Roll Angle

bound on magnitude

Weights on (SISO)
components of

Magnitude (dB)

e Sensitivity
« Control sensitivity e _
« TFfrom 6° 0 to Bic,r,Bie,Rr | | == s

10-2 107" 10° 10’ 10°
Frequency (rad/s)
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Formulation of the control problem in the
H_oo framework: performance weights

Sensitivity function is associated to %, d(p
closed-loop performance: _ S(s) d

« Bandwidth — disturbance rejection P p
 Peak in magnitude — damping ratio A _ dy _

Disturbance rejection bandwidth (DRB): Scp(S) — £ Sr(s) = -
-3[dB] bandwidth of the (SISO) dy
sensitivity function

Bode Diagram

mgx‘ S’L (jw) ‘ ‘WS,@ (]LU) ‘ S 1 . From: d 6 Roll Angle To: meas ¢ Roll Angle

Inverse of the (order 1) weight can be

Interpreted as an upper bound on the
sensitivity magnitude

Magnitude (dB)

« DC gain
« HF gain i
e bandwidth O .

102 10! 10° 10’ 10°
Frequency (rad/s)
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Formulation of the control problem in the
H_oo framework: control moderation weights

Control action needs to be limited: 0o D 900
< lim Pl =R(s) | 7
e actuator range is limited 01 D r
e outside actuator bandwidth
e as aresponse to high 80 D 01. D
frequency noise (control RL,O(S) — (’0’0 R'F(S) — —,0
sensitivity is the TF from
measurement noise to control | Bode Diagram
aCtIOI‘l) . From: ref ¢ Roll Angle [c?. COL_L_:  Differential Coll

« Small weight at low frequency ol
to avoid interferences with
sensitivity function

« Large weight at high frequency
« HF cut @ actuator’s bandwidth

max| R; ()| [Wri(w)| <1 =

Magnitude (dB)

40 — A
10° 10’ 10°
Frequency (rad/s)
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. . I
Formulation of the control problem in the
H_oo framework: safety weights

Limit out-of-plane blade motion W@jg (8) =1

Longitudinal flap is associated to WB - (3) =\
motion about pitch and yaw axes ’

Weight on { BlC’L } — TB(S) { 93 }

/Blc,R
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| Trade-off between performance and safety

In the frequency range interested 01 comm 0. Bie
by yaw (pitch) attitude control, flap : O 1 Gg.oL(s)

dynamics can be regarded as at B
steady state

Ggor(s) ~—1 KB < 0

Bic Gsgor(s) = —1

— T~ — G S
Hls,comm 1+ KBGB,OL(S) 1 — KB B,RSF( )

1— Kz

-> reduced performance in the yaw (pitch) channel

Simone Panza - I POLITECNICO DI MILANO

results in reduced yaw (pitch) moment

Reduction of |




Control law synthesis - results

3 control laws Table 1: Tunable parameters (T=tunable, F=fixed).
« Baseline: only fuselage baseline | RSF |  RSFsg
measurements Kz =0 K, T T | T (step 1)
e« RSF Kzg#0 K, T T T (step 1)
« RSF - 2 step procedure: Ky T T | T (step 1)
Ky T T T (step 1)
1. Close_ the Iqop on K, T T T (step 1)
baseline gains i, T T T (step 1)
2. Tune Kjy Kg | F (=0) T | T (step 2)
e Sub-optimal

e Can be implemented Performance | Control Safety
on top of existing moderation

attitude control law

Baseline

RSF X X X
RSF 2 X X X
step
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. . I
Simulation results: step responses

(p_itch/zaw!

Reference signal | Step amplitude
Step responses 0
| . w —1|m/s]
« Small amplitude (linear model) 0 5ldeg]
 Reasonable control action 60 5|deg]
rY 10[deg/s|

Step response 8 Step response r

10

Degradation in

r [deg’s]

ﬂ1s.|: [deq]

settling time
25 3 35 4 25 3 3.5 4
15
— haseline — hageline
- = = RSF = - = = R5SF i
=emem BSF 2 step E. memem BSF 2 step
o
o
-
L L L L S
2 2.5 3 3.5 4 3 15 4
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Simulation results - flap response

|
baseline RSE RSFys
||TB(L:R)ai(S)‘|oo Pitch | 3.7603 | 1.259Y(—67%)\| 1.2959(—66%) \
Yaw | 0.5620 | 0.2598(—54%)/| 0.2699(—52%) )
’i: {90 TO} N N
? Reduction of the amount of flapping

Bode Diagram

Response of 3, _ toastepond From: ref ¢ Pitch Angle To: meas J, _  Right Long Flap

[deg]

15 T T

— haseline =— haseline
- = RSF | J | = = =RSF
==me= QSF 2 step RSF 2 step
o
N h=A
T e— - i
I o
3
] =
C
i ok
[ =
] I )
_I'
1
0 05 1 15 2 25 3 35 4

[s] Frequency (rad/s)
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Conclusions (1)

Optimization-based methodology for the tuning of rotorcraft attitude
control laws

e Multivariable
e Structured
 Based on H,, framework
« Multiple requirements = multi-objective optimization problem
* Performance (bandwidth)
e Control action moderation
o Safety
* Robustness to uncertainty

Choice of frequency weights can be time-consuming...
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Conclusions (2)
| .

RSF allows to address requirements of:
o Safety
 Performance

« Atrade-off shows up between performance vs safety

 Qvercome intrinsic trade-off of classical control laws (bandwidth
vs damping ratio)

Practical issues: a flap sensor is to be mounted on each of the
blades (to compute MBC transformation)

e Heavy
« EXpensive
e Space in the rotor head is limited...
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