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‘BOLIDEN
— Mining and smelting company
— 3 500 MEUR turnover
— 4 500 employees
— 3 Swedish and 1 Irish mine P

Garpenberg mine
— Mining since 9™ century
— 1000K ton ore/yr
e 58K Zn, 21K Pb, 0.56K Cu, 0.1K Ag, 0.2 Au
— 1100 m deep
— 280 employees
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<« Communication-based automation
<« Safety system: motion detectors

+ clock-based operation

Ventilation control =
worst case ventilation
design

l.e. choice of the
tunnels diameter / fans
power depending on
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Operation at max
power when extracting
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No continuous air
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(scheduled)
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Garpenberg mine
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Potential wireless control architecture for mining

ventilation

Wireless networks:
©% Pressure sensors
#% Communication nodes / CO sensors
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Network Modeling: Platform of Services

Applications

Middleware of 0 A o\
Serv_ices on the oé\(\o(\\“ Oa‘é\oﬁ p(o© gho®
mobile gateways © 2% paaP

Heterogeneous
Networks
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Control architecture and objectives

 Primary system | Secondary system
| Turbine- Ventilation | :: Fan Tubes-
Controller [— - > Lt L. »

heater shaft x network rooms

Pressure | | Controller - Mobile

WSN ¥ Network WSN
U [
Objectives:

— Control air quality (O,, NOx and CO) in extraction rooms at suitable level
» Regulate turbine and heater to provide suitable airflow pressure at ventilation fans
* Regulate ventilation fans to ensure air quality in extraction rooms

— Safety through wireless networking for personal communication and localization
Design constraints:

— Physical interconnections, actuators limitations and networking capabilities

— Sensing capabilites: O,, NOx, CO and pressure and temperature
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Plant models and control systems

* Primary system:
— Flow model: compressible viscous flow (Navier-Stokes)
— Regulated output: pressure at the fans locations
— Actuation: turbine and heater
— Sensing: pressure and temperature along vertical shaft
— External inputs: fan boundary conditions, atmospheric conditions

e Secondary system:
— Flow model: Incompressible, inviscid, adiabatic flow + empirical data
— Regulated output: air quality
— Actuation: fans
— Sensing: air quality through WSN
— External inputs: pressure in primary system, number of vehicles in the room

| Primary system \! Secondary system
| Turbine- Ventilation Fan Tubes-
i |Controllerf— - > SR >
- heater shaft i network rooms
i T 1 :
Pressure| i |Controller Mobile
WSN | Network WSN




Il. Primary System

e Turbine and heater (2nd and 1st
order dynamics, respect.)

s  Compressible viscous flow

o Estimation / observation based on
pressure and/or temperature
sensors

 Fans exhausts and regulated
pressure

« Delayed measurements,
bandwidth limitation
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Physical model for the vertical shatft

Turbine

o  &heater « 2-D model:
| I ___ I ___ v_  conservation of mass, momentum and energy
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L4 N numerical instabilities)
X0 p 7



JOSEPH FOURIER

SCIENCES. TECHNOLOGIE. SANTE.

0D, bond graph model
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e Energy approach: equivalent to finite volume method —
physically consistent averaging of the dynamics.

::::::::::::

__F_‘l-u_i_-_-_l:i_:;_;'_f—l"Fani ® Hyp(jtheses:

NP E AR R RS SR TR T IPTddiiA

Xeani T

S e S _ _ _ _
1 S 1. only static pressure considered in energy conservation;
! 3,;“1"{;‘];? 2. impulsive term negligible compared to pressure in momentum
i conservation:
S 3. momentum dynamics simplified using Saint-Venant equations
R — algebraic relationship.
3 R = Algebro-differential model with numerically robust ODE
xanai] 31 description.
x"!l" i
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Paollutant
injection

Resulting simulator

Simulator properties:

— ventilation shafts =~ 28 control volumes (CV);

— 3 extraction levels;

— regulation of the turbine and fans;

— flows, pressures and temperatures measured in each CV.

Case study:

— turbine rotational speed increased from 260 to 280 rpm at ¢t =
1000 s;

— 1% level fan not operated, 2" level fan goes from 0 to 150 rpm
at t = 2000 s and 3 level fan operated at 200 rpm;

— CO pollution injected at # = 500 s during 80 s in 37 level:

— measurement of flow speed, pressure, temperature and
pollution at the surface and extraction levels.

13
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tirne [g]

(a) Pressure losses in the inflow shaft

Simulation results

firne [1]

(b) Extraction rooms ventilation rate

e Physical

Computation

and chemical

- f: H____J‘———';F_ airflow properties:
Wy
T e i i 4 pressure  losses =
G iy \ s S - energy losses;
1F ................... xlg‘:._\ R i rooms Vent”atlon
"\Z!:\_._H‘ .
o R LN rate = physical

interconnections and
importance of a global
control strategy;

R T e al r' ________________ temperature:
R o - e .| "kk'cifllmﬁm, ---------------- geothermal effect
rr VIR T £ 1 MK .
SN il } '|.'=H:.;Jr~;'“¢;; and fans compression;
Y e A l.' N pollutant transport:
s s e : NN time-delay effect;
,2{.— T ‘Roam 1 -l ,|'; ' *:\\
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time 34x

(c) Extraction rooms temperature (d) CO pollutant concentrations in the

axhaust shaft faster than real-time.
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First results on feedback control

* (P)I control based on surface measurements (blue) vs.
surface + bottom (red)

e Down pressure tracking (1.1*10° Pa)

500

Down Pressure
Turbine Control
H
[}

A\

1 1 1 1 1 1 QDD | | | | Il 1 1
a 500 1000 1500 2000 2400 3000 3500 4000 0 400 1000 1500 2000 2500 3000 3500 4000

time (s) time (s)

 Promising improvements with down pressure measurements

 Sensitivity to initial conditions and destabilizing effect of P
control motivate more advanced control methodologies
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Model reduction: on-line parameter
estimation & TdS

e (General formulation:

— estimate c(7), d(¢), »(¢) and s(¢) in single variable 1-D model

-'h.-

Ip
T c(r)— + 1P + s(OxCIAP fan (D1 7en (1)

from distributed pressure and perturbation measurements;
— cost function

1 2y -
J@.0 =5 f 1Dmeas (0, 1) — 5, 6, D db.
0

— minimized using stochastic gradient and Gauss-Newton method, with
online sensitivity computation (ODE)

dlop| o op op |0p
E[ﬁ_ﬁ] = %[C(ﬂﬁ +.~’*( )p] 819 [8 Qx(x)Apfan(r)??fan(r) .
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= The proposed simplified model is promising for control purpose but the
estimation algorithm needs to be robustified
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Time-delay formulation

« The PDE model (homogeneous convective-resistive)

o 0 J - % c(t,0) = ult)

—clt,.r) + vt —clt. > rit,rlelt, x)

S-c(t, ) + v(t) 5 —clt, x)
c(0,L)

Is equivalent to the delay differential equation

|
.|:_'.‘::'__

=~
i

) = wlt) [ult) —ult —0p)e"™?] + ré(t)

= Reduced model equivalent to a time-varying delay system:

significant and exact model reduction for control!

18
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lll. Secondary system

w

Fans with
Embedded control

Phone and other
communications

19



A. system and model

System to be controlled
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 Model of the system .
. . . _ o (1) = _
> Physical delay in the tarpauline tube: tarp (1) Y e e

_ aj(t)
L+exp(=4j(t) {z~-y; (1)

» Chemical concentration of pollutant j: cj(x1)

» Shape parameters dynamics: aj () .
Bi()|=E"[Mjin(t) = BjUan (t = 7tarp) = D k]
7 (t)
> Chemical reactions in mass conservation: mj (t) = M in () = Mj oyt (£) = My chem (1)
h(t)
> Experimental WSN multi-hop delay Twen (1) = h(O)F + > (a + B;)
[Witrant & al., CCA'07]: i=1

22
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Using linear controllers ?

e Test of a linear controller: Pl tuned to reaulate CO at 0.028

14

12

10

Pl regulator — Reference = 0.028

—— Control input ufan
- = = Pollutant profile

500 1000 1500 200
Time (s)

0.035

Pl regulator — Reference = 0.028

0.03 -

0.025 -

0.02 -

____________________

0.015
0.01 — C(CO)
- ==C(NO)
0.005{f- e o
0 1 1 1
0 500 1000 1500
Time (s)

Very satisfactory !!
But....

2000



But, changing the reference to 0.035...

Pl regulator — Reference = 0.028

0.025 100
90+
0.02+ 80}
——C(CO)
701
- - - C(NO)
0.015F 60
50
0.01 40 F
301
) S -
~
0005 T e 20}
10
0 1 1 1 0
0 500 1000 1500 2000
Time (s)

Pl regulator — Reference = 0.028

— Control input ufan
- = = Pollutant profile

1000 1500
Time (s)

Non linearities of the system
have to be carefully taken into account
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o Control objectives:
> Regulate the level of pollutants Yi(t) = Yides

Constraints to be satisfied Uj, maxy;(t) <Yy,

Open loop: - fk—nN
COntrOI {ui,i=1,.;N_,} 7=KT

with Utan (7) = U, rD{ | —,kT+i—{

Computed from
prediction model

= Y des (7)) ° ¥ /w%an (7))dr

= Control tuning parameters:

» N: prediction horizon, long enough for transient behavior
» Nu: number of degrees of freedom: precision vs. complexity
» A: weight control effort vs. tracking performances

25
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* Problem: robustness against pollutant emissions predictions
- Need of a closed loop structure

Recede the
hoiizon
ke—k+1

}

C

Scheduling algorithm on time interval
[kT.kKT+N]

" Predicted values s, 0y

Pradiction model of (he
—

K venltilation sysiem /
—

F
Apply the first control move of the optimal
SeqUENnce fiy, -y, f» 10 the real system on the

time interval [KT.(k+1)T]
Real values s, ;

BE e (E0 4 1y

Real system
—> s

F
Update the state of the prediction model

according to the real outputs y;

Scheduling algorithm based
on prediction model
(maximum value of the delay)

!

MPC with on-line solution
of successive optimization problems
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Simulation results

« Unconstrained case, tuning of the control law (1)

N,=2 4=107'

45

40

35

30

25¢

PSS

—— Control input ufan| |
— — Pollutant profile

— Control input ufan| |

— — Pollutant profile
A R E————
| I | |
Iy 1 I
I_ I_ _
0 160 260 360 460 500

0.03F

0.025-

0.02-

0.015-

0.01F

0.005

Increase in A =

edecrease in fan power

sincrease in pollutant
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« Unconstrained case, tuning of the control law (2)

Nu = 2 (continuous line), Nu = 5 (dotted line)

Increase in Nu:

* more reactive control

* Increased computational
effort (often untractable online)

0 100 200 300 400 500

28
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Robustness against pollutant prediction error
(50% underestimated):
if infeasibility then unconstrained and

« Constrained case (1) decrease A

> Y ges = 0.025, with a bound constraint y; < 0.028

n

Due to constraints, the successive solution of
optimization problems may lead to infeasibility

Development of a - Try _to solve the |
« reaching feasibility again » constrained scheduling >
strategy algorithm with A = 10-°
~___ (strategy M

Try to satify constraints

with low control efforts

“If unfeasible, solve the ™\
un constrained >

_ _ _ scheduling
If impossible, allow high control efforts

L . _ algorithm with A = 10/
to reach feasibility again as soon as possible \L
strateg 29
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e Constrained case (2)
” Yides = O 025, with a bound constraint yJ 0.028

Ny

Ny

=2 1=10""'

=2 ,=107°

— Control input ufan
— — Pollutant profile

25

20+

15+

10

— Control input ufan
— — Pollutant profile

0.025

0.02+

0.015

0.01-

0.005

I I I I
0 100 200 300 400 500

Il Il Il Il
0 100 200 300 400 500
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* Robustness of the control law
» Worst case experiment: pollutant emissions 50% underestimated

0.04

cco)} -

ST T e T Very satisfactory,
T thanks to the closed loop
H ] and the « reaching feasibility
: — again » strategy
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« Affine hybrid model

- = (%,<g,- &}
.'::1 = ax;+ b g, (2 gt el
:;;2:32}.;:+b: {J\'.'_,Eg‘f'f'a}v
v (x>0
= aﬂx;l" t‘; [K.} Q- J‘--']-"""
=1 (%< Qoo ® £ ™
i‘tuc QL:*- E}"‘
x>0) | xi=x,
) :r.z'.= X,
High speed, 1= %,
delay %= 0
¥
\ rs =
Low fan High fan X= ax+ by x,= ax+ bl
speed K= 33 bl %= 3+ b
%= a i+ bl = A+ b
x=1 x,=
X< 8 R
qd- 5 q_z |
4 - = -
i W= b
Ha = X
Ky = My 5
) & )
=0 x=ax)+ b (o HIE N,
%= 2+ by Xyt = X,
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Safety Control

o Automatically verify If for a given control
strategy the hybrid automaton satisfies Safety
and Comfort properties

— Unfortunately, model checking is in general
undecidable even for affine hybrid automata

= construct an abstraction of a hybrid automaton with
affine dynamics, which preserves temporal properties
expressed by CTL and TCTL formulae (temporal logics
constraints)

— The abstract model belongs to a subclass of timed automata,
called durational graph

33
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 Example

— Automatic verification procedure on the hybrid model using
the following set of thresholds
e gl1=0,2955, gl2 = 0,5 *10%3, gI3 = 0,0885 [Kg/m3]
e ghl =0,2975, gh2 =2,5*103, gh3 = 0,091 [Kg/m?3]
— the original hybrid system is safe and the maximum time of
uncomfortable air quality is bounded by 62 s
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e Test case

=

Number of trucks and gas concentration (g/m”)

(]

k3
£n

ka3

[

&
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—

k=
on

S04

1000
time (=)
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- MPC:

» direct trade-off
regulation efficiency
vs. Energy min.

- better ratio
» Threshold:
* easy tuning
- find the tighter band
for the guards
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e MPC: wrt. Model error

Robustnhess

— underestimated values for the prediction of the
pollutant sources (1 truck)
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— 20% underestimated gain
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e Thresholds: 80/90 % — 85/95 %
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Computational complexity

e Thresholds:
— O(1) complexity,
— comparisons betw. meas. and safety thresholds
— can be embedded on WSN

e MPC:

— time consuming (1500s in 10 minutes with Matlab
2007a on a Pentium 1V, 2.80GHz)

— hard optimization problems

40



| UNIVERSITE
JOSEPH FOURIER

Conclusions

 Complex test case with multiple dynamics:
— Transport / PDE for primary
— Nonlinear / hybrid for secondary
— Communication associated with WSN/PLC
» Challenge for RT models and interconnection

 Numerous associated control issues, with significant
possible improvements

* Results applicable to environmental applications
— Ventilation control: intelligent buildings, flow transport

— Transport in heterogenous media: plasma, firns, bread
— Distributed sensing and actuation
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