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Pneumatic Systems
Systems actuated by the air
Characteristic
* Low acquisition cost
* High power
 Lower weight
BUT ... Rarely used for servo drive
« Difficult controllability due to the nonlinearities
Compressibility of the air
Flow characteristic of the servo valve

Friction by the cylinder
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Work about pneumatic systems
» Modeling and identification

« Control of pneumatic actuators
Optimization methods for the control

Some optimization methods are conducted

Test dynamic programming for pneumatic systems

Used for nonlinear systems

Ableto consider constraints
Objective

Apply dynamic programming a gorithm to pneumatic actuators n
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* Introduction

» System Description

» Dynamic Programming Algorithm
« Simulations

e Conclusion
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System Parameters

The model of the pneumatic actuator
M : Mass of the piston and the rod
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x=0 T
M2 /A’ PR A
—

A, : Areaof each of the piston

A : Cross-sectiona area
of the piston rod

V..., : Volume of each of the piston

Air : polytropic process (Ideal gas)
PV™ = const
n : Polytropic coefficient X : Position of the piston
P., : Pressureof thechamber F : Friction force

m,,, : Massflow rate of each side of the cylinder

System Dynamics
Tokyo Ingtitute of Technology
M I A p A
\ H y b T

P : Pressure of the atmosphere

am

R : Gasconstant

T, : Fluid temperature

Motion dynamics of the piston

Mi:+Fr:PnAa+I,bAb*Pathr (1)

Change of the pressure inside the chambers

State vector

=z & P, B, ©® 5




System Inputs
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Inputs: Valvesignas  u e {01}

i - Number of the valves
Valve configuration

my =M1 — M3

my = 1he — g @
Consider 4 valve configuration

P T
P : Pressure of the supply u(t) = [ U1 U2 U3 U, ]
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Introduction

e System Description

e Dynamic Programming Algorithm

P, : Pressure of the atmosphere e Simulations
Cost function: Consumption of the air State equation
H{x{t), uft),t) =m1 +ms x=F(x,u)
Control objective e Conclusion
[ * Reach the states to desired values  » Save the air consumption h p
Control Problem Procedure of Dynamic Programming
Discretized model xprr = Fxg,mp}t, +xp  t : Steptime Basicidea: Principle of optimality a e
x = Fi{xi.. u E=0.1.---.N—-1 If ab-eisthe optimal path fromatoe,
kel ke, i) o then the path b-eisthe optimal frombto e,
with congtraints Xg € X Wi € U x_.. Procedure State grid
Control poli Xfmin 1
poey xq /\} Xfmoz 1. Discretize the states XN
7= {po,-+- ,pn-1} Xemén -
— 2. Evaluate the optimal cost functionJk why Ll N1
Wy = pe(X) t : &
Discretized overall cost usingz with theinitial stateXp  t, : Final time for each stagek - (Backward calculation)
N-1

Jr{xo) = gn{xn) + Z {hplxg, prlxg)) + drlxg))
Final cost =P Cost of air consumption Penalty function
Optimal policy 7° J,..{xg} = min J(xg) IT: Set of admissible
well policies

Control objective: Find Optimal policy 7* n
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e Final cost: JnfxXx) = gv(Xx) nl = i)
« Subproblem involving two stages

Trlxp) = %h{kk(xk.u*) + de{xa} + Trr (Frlxg, ur )}

Output: Optimal control policy 7' ™ = {pg, -+ - s #thv_1}
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Procedure of Dynamic Programming
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Procedure
3. Forward calculation u’ X2
Apply optimal control policyz’ ‘15
and generate optimal trgjectories  Xg| *1
starting fromXg

ui = )
Characteristic

« Provide valuable insights about the structure of the optimal solution

O

Benchmark to all other controllers which can be compared

« Time consuming

Depend on the number of
» Excessive computational state grids and time steps
burden for complex problems
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Simulation

Tokyo Institute of Technology

0.4
State trajectories
Steptime: t.~0005 4™ O'é 0276
Number of steps: N=81 0 0.1 0.2 0.3 04
Boundary condition . 2 —
002 Xm/s] 0 000a
Xp = g-“ 501 02z 03 04
Patm 10 10
[.7:]
p=70x10[Pyy  RIPAl 5 500 107
P, =1.0x10°[Pa] % 5 0.1 02 03 04
0.97 5X 10
- 0.0 P[Pa
== 0s~11x10 |00 0_/~J~ 298X 10
0.9~ L1x 10° 0 01 02 03 04

Trajectories satisfy the final constraints ~ Time [<l a
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Simulation
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Input sonals u 1 ”m The cost is much larger
B 1: Openthevave 10
u_{0: Closethe valve 0 of 02 03 04
Cost of the air 1 —
consumption: 0.18[NI] u, 0 Fest switchi ng

Cost of other method: 0.06[NI] 0 0.1 0.2 0.3 04

o_siﬁ 0 01 02 03 04
O 0T oz o3 o4 Time [s]

Time [s]
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Conclusion

Summary
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* Create the dynamic programming algorithm

* Apply dynamic programming a gorithm to the pneumatic system

Get state trajectories which satisfy the final constraints
Itisn’t sure that the inputs are optimal

Future Works

* Analyze why the inputs are not optimal
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[Appendix] Pressure Dynamics
First law of thermodynamics
du =& -

Internal energy Heat Work by the air (Z2&ASL1=1t %)
Consider the pneumatic actuator in the dides

av
(a,b)
7(010 (ab) 0) C mab)T (ab) dt
[ -n c- nR C, : Specific heat at constant pressure
C, *"n—1  C, : Specific heat at constant pressure
Change of the pressure inside the chambers
niTy nF ) o
a D) T : Va 2
( O Via ) 1iY(q,5) Viat) (ab)
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[Appendix] System Dynamics
Friction force : Newton and Coulumb friction model l,
F, = fpsign{@) + fo& Dead spage

Volume of each of the piston: V|

K=Aa(z+l¢:) %=A5(L_I+Ib) x=0
| . :Length of the dead space u

(ab)

Mass flow rate : m

; P P
m = (P, P))Cy Py pou m

P, : Density of theair C, : Sonic conductance

P, : Pressure of the upper P, : Pressure of the lower

4 : Flow function b :ERFEANL

1 P, <% (chocked)

$(Pu Pi) = { /1= (BB
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[Appendix] System Parameters
Value of simulation parameters

M=5[kg] f =13.54[N]
A=200Imm’] f,=10.94[N - s/m]
A=173 mm?] p=1.189kg/m’]
A=28mm’] R=28gJkg- K]
1=0.32[m] : Length of the cylinder C,=0.3e—gm’/s- Pa]
|, =0.035m] T,=293K]
|.=0.109[m] b=0.5
n=1.25

[NI]&EEZEIRER(0°C, 1atm { KKE}) TOIKTR

[Appendix] Cost Function

Tokyo Institute of Technology

Final cost: gn {xar) myinf = 1000
Optionl: Step function Option2: Quadratic function
_1anN . TN
myinf myinf
Xfmin O Xfmax Xfmin0| Xfmasz
Penalty function: ehg{xy) &,
myinf

Kmin O Xmaz
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[Appendix] Interpolation

Use interpolation to calculate the cost
Ex.) Linear interpolation
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b Jea(B)
a  AXE Tira(B)
X2 Th+1(a) R WEY|
k K+1 Tiprla)| ‘E'
0 a Xgyb

[Appendix] Simulation Settings
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Number of the state grid
X:33 X:15 P21

Settings of discretization
Final time:t; =04  Steptime: t;=0.005
Number of steps: N=81

States constraints
Xin = [ 0.0 —2.0 9.0x10* 9.0x10* |”

Xmaz = [ 0.32 20 70x 10° 7.0x 105 "
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