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|. Adaptive Impact Absorption (AlA)

Basic motivation: development of novel, efficient and robust
systems for dissipation of impact energy
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|. Adaptive Impact Absorption (AlA)

N
Design of adaptive MR dampers: -
Adaptive absorbers based on MR-fluids, m =
S _

G.Mikutowski, 2007
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Design of adaptive hydro-pneumatic dampers:
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Design of adaptive pneumatic dampers:

1. Mathematical models, optimization, C.Graczykowski, 2012

2. Piezoelelectric valve design and characterisation, R.Wiszowaty, .__
G.Mikutowski, 2013

3. Damper design and experimental testing, R.Wiszowaty, 2016
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Il. Controllable dampers for AlA

A. Operating principle and characteristics

MR damper
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Il. Controllable dampers for AlA

B. Mathematical model of controllable damper

—>
Damper model: F(u(t), Ay (b))
/ \
piston valve

displacement opening area

1. Model of valve flow: PDEs governing steady-state flow —» Vv¢(p,T,x,y)
Space integration of v¢(p,T,x,y) —» Qv(p,T,Ay) or Qun(p T, Ay)

2. Model of thermodynamic processes in both chambers

Main assumptions: - homogeneity of fluid parameters (p, T, p) in each chamber
- fluid compressibility: p = p(p, T)

Conservation laws: Constitutive and geometric laws:

« Balance of fluid volume or mass (2 ODEs) « Equations of state (2 AEs)
« Therm. balance of fluid energy (2 ODESs) « Volumes definitions (2 AESs)

3. Definition of generated reaction force: | F = pyA; — p144




Il. Controllable dampers for AlA

B. Mathematical model of controllable damper

: o V. V. 9V .
 Balance of fluid volume: V=V(p,T,m) —» [V = 3P + T+ -—m
1 /0V 1 /9V . . .
= —=\— ) = —| — _> —_ =
B v (ap)T,m a=g (aT)p,m V+BVp—aVT+Qy =0

- Thermodynamic energy balance: | §Q + dmH = d(mU) + §W

— 1 — v 1
6Q = YA(Texc — T), H=cT, + (1 — aTV);pv, du = (Cp —ap ;) dT + (Bp — aT);dp, SW = pé&V

« System of governing equations:

I V; + B1Vipr — Vi Ty + QY =0 : : m; = —Qp

V, 4 BaVops, — apVo T, + Q% = 0

Q+ mc, Ty, + Qypy (1 — aTy) = mc, T — apTQy + Qyp(Bp — aT) + mcpT — apVT + Vp(Bp — aT) + pV
- inflow chamber

m; = Qn

] Q+ Qyp = Qup(Bp — aT) + mc, T — apVT + Vp(Bp — aT) + pV - outflow chamber

Final model: 4 ODEs in terms of variables chosen from: pq, p,, Ty, T,, m;, m,



Il. Controllable dampers for AlA

C. Specification for MR damper

* Valve flow model: 2D viscous incompressible flow Ap = Ap®rit: viscous flow + plug flow

Bingham Plastic Mode! 1_3 Ap < Apcrit: blocking of the flow

Qy(Ap) for Ap = Ap°'it
Qy =0 for Ap < Ap°it

v

+ Constitutive model: ' :
itutiv MR fluid decomposed to: 2 ODEs - balance of fluid volume

- classical viscous fluid —> .
- compressible fluid 2 ODEs - balance of fluid energy

Shear plug flow

stress region
T

> il v
Shear rateD

Force [kNL

Force [kN] Force [kN]
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Graczykowski C., Pawtowski P., Exact physical model of magnetorheological damper, Applied Mathematical Modelling,
DOI: 10.1016/j.apm.2017.02.035, Vol.47, pp.400-424, 2017



Il. Controllable dampers for AlA

D. Specification for pneumatic damper

+ Valve flow model: 1D compressible inviscid flow

Plow/Phigh = Kerit:  Saint-Venant flow model:  Qm(Phigh: Thighs Plows Av)

Plow/Phigh < Kerit: choked flow model:  Qm(Phighs Thigh, Av)

» Constitutive model: Compressibility: B=1/p :
—> —p» | 2 ODEs - balance of fluid mass

pV —mRT =0 Thermal expansion: o = 1/T 2 ODEs - balance of fluid energy
« Complete model of the impact problem: Mii + (p,A, — p1A1) + F(u,v) = Foyy
u m; = Qu(P1, P2, T2)

Vo —>

—_ S V-om T rhz = _Qm(p17p2'T2)
Fexe () M H p,, Vs Ql + rthpTz = myc, 1y + myc, T; + p1V;
JT - 2 Y T '
ms, 1y Q2 + mchTz = mZCVTZ + mZCVTZ + p2V2

gas  Qun g

p1Vi = myRTy, poV, = myRT,
V; =A;(hY +u), V, = Ay(h) —u)
IC:u(0) = ug,u(0) = vy,
p1(0) = p?, p2(0) =p3, T1(0) =T, T,(0) =T,



Il. Controllable dampers for AlA

D. Specification for pneumatic damper

« State-space models:

Variables: u,v,p4,p; Ty, T

du _
d ac Y
\'
dt - M_l[Fext(t) - Fp(pppz) — F(u, V)]
d .
% = Vil |—p1V1(v) + QmRTy]
d .
% = Viz |—p2V2(V) — QmRT,]
dT RT _
dtl = Cvp1§71 [Qm(CpTZ - CVT]_) - p1V1 (V)]
dT; _ _ _RT,

T — [QmRTz + p,V; (V)]
» Selected results:

Dependence of force
on initial pressure pg

Displacement [m]

Variables: u,v,m;,m,, T;, T,

du _ \Y4
dt
dv -1
@ =ML
dm
dtl = Qm(mq, Ty, T2)
dm
dtz = _Qm(mlr Ty, Tz)
dTy _ _RTy m, RT;
dt cvp1Vi [Qm(CpTZ N CVTl) N V4 Vl (V)]
dT, _ RT, [ (m—my)RT, ¢ ]
dt — cypaVs QmRT + P V2(v)
30004 Dependence of force

1000+

| onvalve opening area A

© 010 © 015
Displacement [m]
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Ill. Classical vs. state-dependent formulation

A. Classical variational formulation of AlA problem

« Considered adaptive system:

u Assumptions:
Vo _
F oy (D) py, Vi, my, Ty - impact excitation is known or identified
ﬂ M pz,ng - no system disturbances (forces or leakages)
my, 13 _ : - :
gas  Qmegy— no constraints on maximal valve opening

- Straightforward formulation: | Minimize: max (Faps — Fext)

, . e T opt 2
« Classical formulation:  Minimize: (FabS(Av(t)) —F o (t)) dt
0
™\ optimal change of
With respectto: A,(t) =0 absorber’s force

u(T) u(T)
Subject to: j Fapsdu = Ejy, ) + Efx = 2Mv§ + j Foyrdu
Ug Ug

2
» Specification to impact of rigid object (Fexe= 0): u(T) =d, Fobe = %

Minimize: j (FabS(A (t))—%> dt
0



lll. Classical vs. state-dependent formulation

B. Two-step solution of the classical AlA problem

1. The problem of finding feasible path 2. The problem of path-tracking
e u(m f opty 2 O ! feas)?
Minimize: j (F32¥(uw) — F,L.) du Minimize: , (Fabs(Ay) — Fpe°) dt
0
With respect to:  FI¢35 (u) > 0 « Solution using inverse dynamics

feas

um |deal path-tracking: Faps(Ay) =F
Subject to: j Ffeas(y)du = Elmp P 9: Fabs(Ay) = Faps
Uo + system model:
- Three-stage solution —» A, (1) - open-loop control

A, (u) - semi-passive system

_ . feas
1.A, = 0 - max.increase of F ;3 (u),

feas _ feas
2.F ps (u) = const.,, Faps (W) — 0 A Valve area
Stage 1 . Stage 2
” ola nl
A Force A T o
1
Stage 1 Stage 2 '

____________ valve

/E closed

Gradual change

FOPt of valve opening
abs :
| >
pfeas ! Displacement
abs I
I

> » Solution based on feedback control

Displacement



Ill. Classical vs. state-dependent formulation

C. Standard control systems for AlA and their drawbacks

« Scheme of closed-loop control system:

Step of path-finding Step of path-tracking
A A
. [ | [ \

.Indel.)e.nde.nt impact Desired system Valve Obtained system
identification system response System response

l N g dynamics g
Parameters: M and v,

Sensors

internal pressure, |

piston kinematics
» Results of control system operation:
4000 T T T 4000 T T
—mass identified properly —system not dis.turbed
3500 - —mass 0.5 kg underestimated 451 —unknown elastl? force
5 mass 0.5 kg overestimated unknown damping force
3000 \ . 3000 | N m
il !
2500 - é A 2500
z =
§ 2000 g 2000}
e e
1500 1500 |
1000 |- J 1000}
r e 500
g pressure feedback
0 1 1 1 L Il 1 1 1 0 i i 1
0 0.02 0.04 0.06 0.08 0.1 0.12 0.14 0.16 0.18 0.2 0 0.05 0.1 0.15 0.2

displacement [m] displacement [m]



Ill. Classical vs. state-dependent formulation

D. State-dependent formulation of AIA problem

« Considered self-adaptive system:

v, u, Requirements:
Foye (1) py,Vy,my, Ty - automatic adaptation to unknown excitation
t [l
= M pz,ng - robustness to process disturbances
m,, . . .
R 22 - accounting for constraints of valve opening

« Basic concept: actual optimal value of absorber’s force determined during impact

T
- State-dependent formulation: Minimize: j (Fabs(Av(t),t)—FOpt(u,V,t))zdt
0

abs

With respectto: 0 < A,(t) < AP®X

u(T) u(T)
Subject to: j Fapsdu = Ej}, ) + Efx = 2Mv§ + j Foyrdu
Ug u

0

) ) 2
Absorber’s force: Fabs = Fp (Av (t)) + Fdist(t) Optimal force: F;)g: = 2(1\(/1111(1:)@)) + Fext(t)

» Force-based state-dependent path-tracking:

T
Minimize: —[0 (Fp(Av(t))—z(

Mu(t)?
d— u(t))

2
— [Fext(t) — Fdist(t)]> dt



Ill. Classical vs. state-dependent formulation

E. Discretisation of state-dependent formulation

Application of Model Predictive Control (MPC)
T Mu(t;)? ’
F (A, () — — [Foxe(t) — Fgise (t)] ] dt
( (A (D) 2(d - u(®)) [Fext(ti) — Faist ( )])

Series of problems: Minimize: j
t
With respectto: 0 < A,(t) < AP, te (t;,T)
u(T)
Fapsdu = IMu(t;)? + j F..du
u(ti)

u(T)
Subject to: j

u(tp)

Shortening of prediction interval:

tj+At Mu(t)z 2
Minimize: F, (A, (t))— : — |Faxt (i) — Fgist (L dt
j <p( )= 5y~ et ~ Fain 1>]>
‘\ refers to single ‘\ refers to entire

control step absorption process

Application of equation of motion: Mii(t) + Fj,(t) = Feye () — Fyisc (©

Kinematics-based state-dependent path-tracking:

T TOLERY N ety ()
Minimize: j <ii(t)+ a0 >dt —»  Minimize: j (u(t)+z(du— u(ty))
0 1



lll. Classical vs. state-dependent formulation

F. Control systems for self-adaptive AlA and their advantages

« Scheme of closed-loop control system:

The presence of state-dependent term in the objective function
implies presence of additional closed loop in control system

Desired External
esire e e i
) excitation Obtained

system

y Valve Bysten

response response
Path control N System P
algorithm dynamics

A
Piston Sensors
kinematics internal pressure, |
piston kinematics

« Advantages: - lack of impact identification system, - robustness to various disturbances

Graczykowski C., Faraj R., Development of control systems for fluid-based adaptive impact absorbers, Mechanical
Systems and Signal Processing, DOI: 10.1016/j.ymssp.2018.12.006, Vol.122, pp.622-641, 2019

Faraj R., Graczykowski C., Hybrid Prediction Control for self-adaptive fluid-based shock-absorbers, Journal of Sound and
Vibration, DOI: 10.1016/j.jsv.2019.02.022, V0l.449, pp.427-446, 2019
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V. Investigation of state-dependent formulation

A. Considered model and formulation

» Considered system and its basic model

u
Vo —>
0 o  Single-chamber damper
M Ideal gas * Isothermal process
Q< p,V,m « Simple model of the gas flow
du
o E —
Mu + (p - pext)A =0 dv mRT PextA
m = —Ay,(P — Pext) de — M(d-u) M
_ . _ —> d RT
pV = mRT,V = A(d — u) d—T = —A, (h - pext)
IC:u(0) = ug,u(0) = vy, m(0) = m, IC:u(0) = ug, u(0) = vy, m(0) = m,

« State-dependent path-tracking problem

T -2 2 T 2 2
Minimize: j u+ 4 dt —> j mRT — Pext/A __V dt
0 2(d —u) o \M(d —u) M 2(d —u)

With respect to: m(t) € (m™", m™a¥)
Av(t) € <Avmin’AvmaX)

Subject to: fqu(T) F psdu = %MV(Z)



V. Investigation of state-dependent formulation

B. Recapitulation of Pontryagin’s maximum principle

Problem considered:
tr

Maximize: J(x,0) = | g(x,u,t)dt
With respectto: u o

Subjectto: x = f(x,u,t)
Hamiltonian: H(x, A, 0, t) = g(x, 0, t) + AT(t) f(x, U, t)

Optimality conditions for the case of free time t;:

1. Hx™(t),A"(t),u*(t),t) = HE"(t),A"(t),u(t),t)

Z%E@%OJTDjWﬂJ)=—F

0 % % —x -
3. (O, (0, T (1), 1) = %

4. Transversality conditions:
A*(te) = 0 if x(tp) free or x*(tf) = x(t¢) if x(t¢) specified

5. H(x"(te), A" (tp), U™ (tp), tg) = 0



V. Investigation of state-dependent formulation

C. Application to simple AlIA problem - formulation

Mass of gas as a control variable:

X = [u, u]T = [XerZ]Tr Xo = [VOIO]Tr u= m(t)

Problem considered:

%[/ GRT PoxtAA x2 1
Minimize: J(x, 1) =J [( — = )— ] dt
] A\Ma=5) "M ) T 2a=-x)

)'( ﬁRT peXtA
With respect to: u € (0, mg), Subject to: [Xll =1 M(d—x,) * M
2
X1

2

. . — .~ _ (_ _URT PextA URT  pextA) X
Hamiltonian: H(X,)\,u,t)—( M(d—x2)+ v )7\1+X17\2+[(M(d_xz) v ) )

Optimality conditions:
la. Hx*(6), A" (D), u"(b), t) < HE"(1), A" (1), u(b), t)

. oH X ﬁEsa)RT PextA (x1)?
. P — = - = —_ —
1b. Singular arc: —==0 Al (sa) ZlM(d—x’g) M 2(d-x3)
—x M(x3)? | pextA(d—x3) . Af(sayM(d—x3)
—_ =
Usa) 2RT T RT + 2RT



V. Investigation of state-dependent formulation

C. Application to simple AlA problem - governing equations

1. Control: U* = ™™ for A} < 2 [ T™PRT  pextA  (xD? |

| M(d-x3) M 2(d—x3)
—max * [UMART  pextA (X2 |
u for A] > 2 M) v D
s . % o~ . gmingT GMaxgT
u(Sa)(XerZIAI) for A1 € [2 (M(d—XZ) _ ); 2 (M(d—XE) — e )]
\ * u RT pextA (XDZ ok
2. M = 2[M(d =) 2(d—x3) | d- xz A2
A = _2[ U'RT  pextA  (x1)? ( U'RT  (x})? ) U*RT 3
2 M(d-x3) M 2(d—x3) | \M(d-x3)2  2(d-x3)2/)  M(d-x3)2 1
.« _ __URT PextA
3. X M(d—x3) M
X5= X1

4. Transversality conditions: xj(tf) =0, A5(tf) =0

2
_ u*(te)RT PextA u*(tp)RT _ PextA _ X;(tf)z —
S. ( M(d—x5(tf) ) T M )Al (tf) T (M(d—Xz (te) ) M 2(d—x5 (tf))> =0

+ condition of energy disspation — A (tf) = 0

Problem solved: Find {A](0),A5(0)} such that all above conditons are satisfied.



V. Investigation of state-dependent formulation

C. Application to simple AlA problem - proposed solution method

Remarks:
1. Differentiation of the Hamiltonian with respect to time:
dH _ oH9u
dt  9u at
H(t) = const.: i) at singular arc, ii) when U* = uy;, or 0" = Uy k-

2. Condition H(t¢) = 0, continuity of state, co—state and control:
- H(t) = 0 fort € (0,t;) — additional equation for costates,
- reduction of the problem to finding A7 (0).

e The standard approach:
Find A7 (0) using the transversality conds.: A](tf) = 0, A5(tp) =0

* The proposed approach:
- assumption: the last stage follows optimal state-dependent path

M(XDZ + PextA(d—x3)
2RT RT
- find A7 (0) using the conditions of reaching singular arc.

— control U* = at singular arc with A7 (t) = A5(t) = 0,



V. Investigation of state-dependent formulation

C. Application to simple AIA problem - numerical results

*x
M THE FIRST COSTATE A% THE SECOND COSTATE
40- 0 I | | |
0.01 0.02 0.03
f
30- -100-
-2001
204
-300-
104
TIME ~4001
0 | . | . | | TIME
0 0.01 0.02 0.03 -5001
H* HAMILTONIAN

nunvw N —

-0.0005

-0.0010+
-0.0015

-0.0020 -

-0.0025 TIME



V. Investigation of state-dependent formulation

C. Application to simple AIA problem - numerical results

a* DETERMINED CONTROL —X OBJECT DECELERATION
0.0014- 1701
0.0012+ 1601
0.0010- :'Iig_f
0.0008 - 130
0.0006 - 120-
0.0004 - 110-
0.0002 - 1007
ol — o TIME
0 0.01 0.02 0.03 0 0.01 | 0.02 0.03
¢ OBJECT VELOCITY X7 OBJECT DISPLACEMENT
5- 0.08
0.07-
4 0.06-
3 0.05-
' 0.04-
2] 0.03-
N 0.02-
TIME 0011 TIME
0 0.01 | 0.02 0.03 0 - -

0 | 0.01 0.02 0.03



V. Investigation of state-dependent formulation

D. More complex AlA problem - formulation

Valve area as a control variable:

x = [0,u,m]T = [xq,%,,%3]7, Xo = [Vo, 0, mO]T, u=A,(t)

Db dered:  Minimize: 1(x,0 th< xRT  pexeA X} )2 N
roblem considered: inimize: J(x,0) = — —
0 M(d—Xz) M Z(d—Xz)
. _ x3RT PextA
Xl M(d—Xz) M
With respect to: i € (0, A7'?* ), Subjectto: |X,| = X1
! A(d—x; ) ext /|

x3RT pextA) _ _( x3RT )
M(d—XZ ) + M A1 + XIAZ u A(d—XZ ) pext A3

+[( x3RT _pextA)_ x5 717
M(d—XZ ) M z(d_XZ)

Hamiltonian: H(x,A, U, t) = (_

Optimality conditions:

Uppin for A3 <0

. . . ' < . -
1. The inequality H* < H yields: u {ﬁmax for A% > 0
oH

2. Singular arc: Pl 0 - A5 = 0, finding control function — nontrivial



V. Investigation of state-dependent formulation

D. More complex AlA problem - proposed solution method

Remarks:
1. H(t) = const.: i) at singular arc, ii) when 0" = upyj, Or U* = Upax
H(t) # 0 for t € (0, tf) due to possible control discontinuities.
M(XDZ + PextA(d—x3)

2RT RT
— control U* = U (x4,X%,) at singular arc with A7 (t) = A5(t) = A5(t) = 0.

2. The last stage follows optimal state-dependent path: x; =

 The proposed approach:

Find {A](0),25(0),25(0)} using the condition of reaching singular arc

e Alternative solution:

a. Assumption of control strategy with three-stages:
i) min. valve opening, i) max. valve opening, iii) following state-dependent path

b. Optimization of control switching times.

c. Verification of Pontryagin’s optimality conditions.



V. Investigation of state-dependent formulation

. More complex AlA problem - numerical results
A THE FIRST COSTATE
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D. More complex AIA problem - numerical results
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V. Investigation of state-dependent formulation
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0.03



V. Investigation of state-dependent formulation

E. Application of direct discretization methods

The concept of direct methods:

1. Discretization of the control function in time domain.

2. Application of selected time integration method
- transformation into large nonlinear optimization problem

3. Application of algorithmic differentiation to construct

gradients and Hessians

4. Application of numerical optimization methods to find

discrete values of the control function

CasADi: a software framework for nonlinear

® ° 0 . .
/ V4 = optimization and optimal control
@
./ \ c a S A D I Joel A. E. Andersson & Joris Gillis, Greg Horn, James B. Rawlings & Moritz Diehl
..

Mathematical Programming Computation 11, 1-36(2019) ‘ Cite this article




V. Investigation of state-dependent formulation

F. Numerical example: single-chamber absorber

Control of valve opening - no constraints
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V. Investigation of state-dependent formulation

F. Numerical example: single-chamber absorber

Control of valve opening - active constraints
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V. Investigation of state-dependent formulation

G. Numerical example: double-chamber absorber

Control of valve opening - large number of steps
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V. Investigation of state-dependent formulation

G. Numerical example: double-chamber absorber

Control of valve opening - small number of steps
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Presentation outline:

V. Adaptive and predictive control algorithms
- construction of predictive model
- time-continuous approach
- control function and response parametrisation



V. Adaptive and predictive control methods
A. Control problem for system with disturbances

» Model of system with disturbances:

FdiSt Mu + Fp + FdiSt (t) — Fext(t)
Vo <

Fext (D) p1, Vi, my, Ty m; = Qm (pl' P2, Tlfp» CvAv) + Qreak (V)
ex p ’ V .
7 . mzz»Tzz m; = _Qm(pl' P2, Tlgp' CvAv) — Qreax(t)

925 Q&g —

: d :
LN Q1o @ Q + QmeTSp + Qleak(t)CpTl(lip = a(mlchl) +p1Va
leak
: d :
QZ - QmeTSp _ Qleak(t)CpTl(lip = a(mZCVTZ) + pZVZ
Features: dA
T,—+ A, =k,u,(t
. force disturbance vae T A = Kot (1)
» gas leakage disturbance o \
« unknown parameters Ay 2 0 - semi-active system
 control system equation A, < 0 - active system

» Two versions of state-dependent path-tracking problem:

A Mu(t)* i 2
Minimize: —[0 <Fp(uv(t)) - Z(d — u(t)) — [Fexc(D) — Fdist(t)]> + qA, (uy (1)~ dt
A u(t)? : 5 _ {O for A, =0
or Minimize: —[0 <u( uv(t)) - Z(d — u(t))) + gA, (u,(t))“ dt q gforA, <0

(D
(2)
(3)
(4)
(5)
(6)



V. Adaptive and predictive control methods

B. Construction of the predictive model

« Assumptions for model derivation:

- joint prediction of external and disturbance force: Fgy; gist (1),

- neglecting heat transfer from the chambers: Q; = Q, =0

« Applied mathematical transformations:

t

(Eq.2 + Eq.3)dt =0

to

B u
f (Eq.1)du=0
Ug

t
f (Eq.4 + Eq.5)dt = 0
to

—

t
(Eq.5)dt=0

M + l:"p - Fext_dist(t) =0
m; = Qp (pl: P2, Ty, CvAv) + Qleak(t)

> m; +mp, =m

1 u
= MEE—v)+ | Fecan®du = AU +40;
Uo

to

» Features of the predictive model:

differential
control ~ eduations system
signal > Kinematics

p2VE _ pa(V)©
mf  (m)* ]

Ty

" + A, = k,u,(t)

algebraic
system equations — contro
kinematics ’ signal

algebraic
equations



V. Adaptive and predictive control methods

C. System identification

* ldentification of system parameters and disturbances

Equation of motion: Mii + F,(p1, p2) = Fext(D-Faist (D

Approach 1: assumption of specific form of force, e.g.: Fgist = kuP + cu’ + dii®

* Direct identification: no. of unknowns = no. time instants

Case: Fgis¢ = ku + cu

. . F1 . ) -1 Fl
U Uu; u|[M p 0 M u; u; Uy P
ﬁz 1'12 U, c|+ FI;Z) = IO‘ —> cl|l=— ﬁz 1.12 U, FI:Z)
iy 03 us]lkl g3 0 k Uz Uz uz| |F3

Solution depends on measurements times and conditioning of the main matrix
n

Minimize: Z(Mﬁi + cu; + ku; + Flij)2
i=1

» Optimization approach:
(larger no. time instants)

) ()
. | F O\
« Inertial force ident.: Foy = X —» (M—ﬁ%‘f)u(l)"'l:b =0 > | M,

ext — u(l) q—

{

Y
Meq



V. Adaptive and predictive control methods

C. System identification

* ldentification of system parameters and disturbances

Equation of motion: Mii + F,(p1, p2) = Fext(D-Faist (D

Approach 2: direct identification at given time instants

« System of equations:

Mi® +F’ + F{) =0, M) +FS"Y 4 F{tY =0
L2 > A (i+1) , ry(i+1D) M, @
EM(V(i) - V(i+1)) + Faise(u)du = (U1 + U, ) - (U1 + U, )

g U

- requires assuming disturbance change, - effective for short control steps

- extrapolation to entire process: Faist (ti, 1) = fi (Fqist (t1), Faist (t2), ... , Faise (1), 1)

Equation of mass balance: 1y = Qu(p1, P2, Tép, CrAp) + Qrear ()

Approach 1 } require considering
Approach 2 actual valve opening

Parameters and disturbance identification —» update of predictive model each control step




V. Adaptive and predictive control methods

D. Final formulation for problem with disturbances

* Problem solved at each step:

! a(t;)?
Z(d - U(ti))

With respect to:  u, (t)€[Upin, Umax), t € (t;, T)

Minimize: j

t

2
(ﬁ(uv(t)) + > + gA, (u,, (t))*dt

Subject to: MU + Fp — Feye gisc(t,) =0
m; = Qm(CvAv) + Qleak(ti»t)

T, d(iv + A, = kyu, (1)
T . T) =
uu(ii)) deu = %Mu(ti)z + fuu(ii)) 1:ext_dist (ti: t)du
» Shortened prediction time:
tj+At u(t)z 2
Minimize: j ti(u, (b)) + : + qA, (u, ())?dt
tj Z(d - u(tl))

With respect to:  u, (t)€[Umin, Umax), t € (i, t; + At)

Subject to: actual predictive model

« Solution methods: i) optimal control with time-continuous approach

ii) control function parametrisation, iii) response parametrisation



V. Adaptive and predictive control methods

E. Optimal control (time-continuous approach)

« Standard problem: absorption of single-impact by semi-active system

Faist
%

—

u

p1, Vi, my, Ty
M

P2,V
my, T,

935 Qm<gg—

—>

tj+At
» Mathematical formulation: Find A?,pt(t) = argminj <

 Desired system operation
near the optimal path:

A. —ii(t) <

B. —ii(t;) >

u(t;)?

Z(d—u(ti))

u(t;)?
Z(d—u(ti))

—a A

Objective: minim. of deceleration by valve area control
Case 1: unknown disturbance force

Case 2: unknown mass and disturbance force

t

_aopt

—a(ti) — i

| Time of step
: >
t t; + At
—d
—a(t;)
_aopt
| |
: Time of step | -
~
t t; + At

2
Z(d — u(ti))> at

Ay A
|
I
min 1
Ay ' Time of step |
>
ti ti + At
Ay A . \
Amax . :
v 1
_If :
T Tl :
| i
| Time of step ! S
ti ti + At



V. Adaptive and predictive control methods

E. Optimal control (time-continuous approach)

» Three-step control algorithm:
1. System identification based on measurements and governing equations

2. Prediction step: simulation of response with A, (t) = A" or A, (t) = A3
to check if optimal deceleration a°Pt is reached

3. Control determination step: calculation of valve opening A, (t) giving ii(t) = a°Pt
using inverse dynamics prediction

« Scheme of the control system:

External
excitation

Valve actual piston
N System kinematics
> . »| Sensors
dynamics
internal
calculated v pressures
1 i . . .
valve opening Correction Identification
Block Block
measurements identified
from previous step parameters
| Y
|~ open/closed valve . Prediction | open/closed Kinematic

Block valve Block




V. Adaptive and predictive control methods

E. Optimal control (time-continuous approach)

» The case of disturbance by elastic force

Unknown disturbance force
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V. Adaptive and predictive control methods

E. Optimal control (time-continuous approach)

» The case of disturbance by viscous force

Unknown disturbance force
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Graczykowski C., Faraj R., Identification-based predictive control of semi-active shock-absorbers for adaptive dynamic
excitation mitigation, MECCANICA, Vol.55, No.12, pp.2571-2597, 2020



V. Adaptive and predictive control methods

F. Control function parameterisation

« Standard problem: absorption of single-impact by semi-active system

l:"dist
Vo <
— P, Ve, my, Ty Obijective: minim. of deceleration by valve area control
M 11;2"1% Features: unknown mass and disturbance force
2 12
gas Qn€¢——
_uy -

tj+At

a2\
<U(Av(ﬁ» 0) + 2(d - u(ti))> dt

« Mathematical formulation: Find B°P' = arg minj
t

 Simplest parametrization: A,(B,t) = ASenst
1. Application of gradient-based methods
Auxiliary function: A pt(t) - valve opening providing li(t) = ii(t;), determined using IDP

Starting point: A, (t;) = J[AP () + AP (t; + Ab)]

2. Application of linearized predictive model

Solution using forward Euler method with one integration step
ﬁ(Agonst, t) = f(p(ti), m(ti), T(ti), u(ti): V(ti); a(ti), A%Onst, t)

Analytical calculation of the objective function I(AS°™Y)  —» | A°P" = arg min I(AS°"sY)




V. Adaptive and predictive control methods

F. Control function parameterisation

« Standard problem: absorption of single-impact by semi-active system

Faist
P, Ve, my, Ty Obijective: minim. of deceleration by valve area control
M I;rqua Features: unknown mass and disturbance force
2 12
gas Qn€¢——
_uy -

tj+At

a)?  \
<U(Av(ﬁ; D) + 2(d - u(ti))> dt

« Mathematical formulation: Find B°P' = arg minj
t

« Scheme of the control system:

External
excitation
Valve actual piston

N System kinematics
. Sensors
dynamics

A

internal
pressures

Identification
Block

measurements identified

from previous step parameters
v

calculated Valve Opening optimal Kinematic
valve opening Computation Block | deceleration Block




V. Adaptive and predictive control methods

F. Control function parameterisation

Operation during entire process
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V. Adaptive and predictive control methods

F. Control function parameterisation

» Advanced problem: absorption of single-impact in system with leakage (semi-active / active control)

F is
py, Vi, my, Ty Objective: minim. of deceleration and operation cost
M PzJVTz by applied voltage control
ms,, .
gas Quegm— Features: unknown mass, force disturbance and leakage
Qlear®
ti+At l:l(t)z 2
« Mathem. formulation: Find B°P' = arg minj ti(u,(B,t)) + : + qA, (u, (B, t))%dt
t Z(d - U(tl))
 Simplest parametrization: u,(B,t) = usenst
* Influence of voltage on valve opening area:
Tv% + A, =k,u, u, — constant ky, = % or ﬁgz
_(t_ti) _(t_ti) Amax
A,() =A,(t)e ™ + Ar,?aX%Q —e T ) foru, 2 0 and k, = {max

—» parametrisation of applied voltage corresponds to parametrisation of valve opening

—» piecewise-constant voltage results in continuous but non-smooth valve opening



V. Adaptive and predictive control methods

F. Control function parameterisation

* Influence of time constant T,, on effectiveness of impact absorption process
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F. Control function parameterisation

V. Adaptive and predictive control methods

« Comparison of semi-active and active control in case of leakage disturbance

Control signal [V]

|_ Semi-active + identification
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Semi-active + identification

Active + identification |
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V. Adaptive and predictive control methods

F. Control function parameterisation

* Influence of control cost on operation of active control
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C.Graczykowski, R.Faraj, Extended Identification-based Predictive Control for Optimal Impact Mitigation, submitted to
IEEE 61st Conference on Decision and Control (CDC), Cancun, Mexico, December 6-9, 2022



V. Adaptive and predictive control methods

G. System response parameterisation

« Standard problem: absorption of single-impact by semi-active system

Faist
VO 1] 1] 1] 1] 1]
— P, Ve my, Ty Objective: minim. of deceleration by valve area control
M Ir’ﬁz\’q% Features: unknown mass and disturbance force
2y 12
gas Qn€¢——
u m "

tj+At

. a2\’
(u(B, t) + Z(d — u(ti))> dt

« Mathematical formulation: Find B°P* = arg minj
t

 Other interpretation: P — vector parametrising control function A, (B, t)
for which predictive model has analytical solution

« Comparison to control parametrisation: A,(B,t),i(B,t) — analytical functions
set of functions A, (B,t) — very limited

« Determination of function A, (B,t) using (B, t):

t t t ,t
Mechanical response: v(B,t) = v(t;) + f (B, t)dt u(B,t) = u(t;) + f v(t)dt + f j (B, t)dt?
t ] 4 Yt

Fp(Br t) = —Mii(B,t) - Faist (ti, )



V. Adaptive and predictive control methods

G. System response parameterisation

» Determination of function A, (B, t) using i(f,t)

Thermodynamic
response:

p2A; — P14 = Fp(Br t)

m; +m, = m
1u 2 pi(Bl t)
1 2 2
EM(v(ti) —v2) — Faist(ti, )du = AU; + AU, = m; (B, t)
H) T.(B,1)
p2VE _ pR(VY™ il
mjy (m9)H¥
Vi(uw) = myRTy, p,V,(u) = myRT,
Control function _ d m,
(valve opening): A, = [Cva(p1 P2, To)] ™1

=7, <p<t) O j Fp(tdt, j j F (t)dtz,M,Fdistm,t),p(ti),um),v(ti),t)

it
dt

K KU <U(t) ) V(t), U(t), M, l::diSt (ti; t), p(ti), t)

KU = KU(BJ M, Fdist: p(ti); U(ti), V(ti)l t)




V. Adaptive and predictive control methods

G. System response parameterisation

 Solution of unconstrained optimization problem

B=ii(t; +A) —» (B D) = ii(t) +°2 “(tl (t—t;)
t;+At . 2 2
[ B —i(t;) u(t;)
oPt = t; t—t;
B argmm‘[ti (( ) +— I ( 1)+2(d—u(ti)) dt
BOPE = {OPL(t; + AL) = — t(t;) 3 u(t;)? Distance from the optimal path decreases
! 2 4(d—u(ty)) twice during each control step

 Solution of constrained optimization problem

dAV(B t) < VmaX

Standard constraints: A" < A,(B,t) < AP, Voing - o

A. Constraints reached at the ends of control step:

AP < Ay (B t) S AT, AT S Ay (Bt + AD < AT
Constrained problem solved
B. Constraints reached in the middle of control step: using Lagrange multipliers

dA, (B, , ~ and KKT conditions
texe(B) = t(B) | LBV — 0, AmIn <K (Bt (B)) < AT



V. Adaptive and predictive control methods

G. System response parameterisation

Operation during entire process
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V. Adaptive and predictive control methods

G. System response parameterisation

Comparison of methods with control and response parameterisation — case of elastic disturbance
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V. Adaptive and predictive control methods

G. System response parameterisation

» Advanced problem: absorption of double-impact by semi-active system

A%
IIOE

My

uyp
—_—>

Mathematical formulation: Find B°P' = arg minj

Applied models:

System identification:

Objective: minim. of deceleration by valve area control

Features: unknown mass M; and My,

unknown disturbance force F gt

Faist
Vio <
p1, Vi, my, Ty v
M P2, V2
I mz,Tz
" gas Qmegg—
—>
Faist
Vi <—
—
P, Vi, my, Ty v
My | My };122 1%2

Uy
—

935 Qmepgg—

tj+At

U (t;)? >2 dt

<ﬁ‘(3’ N 2(d — uy(ty))

t

- system model: 2 DOF (mass M; and My;) + contact force

- predictive model: 1 DOF (unknown mass M;) + external force Foy:

(i~

\

Fext(t)_Fdist(t)) ﬁl (t) + Fp (t)=0 —>» Meq —

MIU(t) + Fp(t) + FdiSt (t) = FeXt(t)

_ Fp(ti)

ﬁl(t) l.'.ll(ti)

J

Y

Solution of the optimization problem: identical as in previous example



V. Adaptive and predictive control methods

G. System response parameterisation

Double-impact with inelastic collision, no disturbance: Scenario 1
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V. Adaptive and predictive control methods

G. System response parameterisation

Double-impact with partially inelastic collision, no disturbance:
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Valve area [mm2]
&

o

-_—
g2

]

0.01

0.02
Time [s]

0.03

Force [N]

1000+

»r O ©
o © o
$2 & 9

200-

0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08 0.09
Displacement [m]

C.Graczykowski, R.Faraj, Adaptive Model Predictive Control of semi-active shock-absorbers under impact excitation,

submitted to Structural Control and Health Monitoring, 2022



VI. Summary and conclusions

Summary:

1.

The problem of Adaptive Impact Absorption with the use of controllable dampers
was considered.

The state-dependent formulation of AlA problem was proposed.

. The formulation was investigated using Pontryagin’s principle and direct methods.

The adaptive control algorithms based on concept of MPC, system identification,
and various methods of control determination were proposed and tested.

Conclusions:

1.

State-dependent formulation and MPC approach are well adjusted to AIA problems
with unknown system parameters, excitations and disturbances.

Algorithms with arbitrary change of control in time provide optimal system response,
but require intensive control actions.

. Algorithms with control parametrisation enable significant decrease of the control cost.

Algorithms with response parametrisation additionally allow to reduce the numerical cost.
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