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- A public health problem: diabetes (3 slides)

- One technological solution: Automated Insulin Delivery (AID)
system (6 slides)

- Towards a Generic Health-Aware Supervisory Control Framework
(8 slides)

- Basic academic example (8 slides)

25 slides for 45 min,
J. Cieslak, et al., Hybrid health-aware supervisory control framework with a prognostic decision-making, Advances in Diagnostics of Processes and Systems: Selected Papers
my Cha I Ienge from the 14th International Conference on Diagnostics of Processes and Systems (DPS), September 21-23, 2020, Zielona Gdra (Poland)
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Preliminary: The best self-control is Mother Nature : o _ ,
Open question 1: is it possible to find

the concept of health-aware control

Basic example: in a nature-inspired way?

| ’ Body temperature increases

Healthy 7 |\
subject ‘ |
Sick A . L « Virus » has been killed
Patient (| f
o B a ) \ Temperature falls to regulate
| A | | A again at 37°.

Temperature regulation at 37° C
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What is the diabetes? Blood glucose has to remain within the normoglycaemia range (70 mg/dL - 180 mg/dL)

Setting the scene AR | @ i ,
Y Pancreas
300 %o
¢ llotsdu
., pancréas
3’3200 z
o)
£
O 100 s v B Glucose &, o\
N o7y Insyin
| ““““““““ B Heatthy cmMe oG
60 '\:; “f‘ i o
o L— g | ) [l subject A

Type 1 diabetes:

An autoimmune disease
linked to the destruction of 3-
cells, which regulate blood
glucose level in the body

Inability of the body to
produce insulin

Danger for the health
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Some numbers about Type 1 diabetes (T1D)

@,)‘ Accounts for 5-10% of the 415 million cases of diabetes estimated worldwide in 2016, which

@V)\ In France, the number of T1D patients covered by the health insurance
! The ENTRED survey reported that 38% of T1D patients had inadequate blood glucose regulation, meaning
that

‘% The DIALOG study found that between 40,000 and 100,000 T1D patients had experienced severe
hypoglycaemia, irrespective of the type of insulin therapy,

Need (€, human, ...) to use health technology to innovative care
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State of the art: We have come a long way, but...

Clinical feasibility of
insulin pumps established
Blood glucose monitors g g
f Il
introduced into clinical _oev?'°°"‘°"‘ b
invasive glucose monitoring

practice

" | Hospital trials demonstrated the cG™m fifSt becafne
feasibility of closed-loop systems commercially available
to improve glucose control

Home-based studies
completed

Approval of the first

hybrid closed-loop device
by the US FDA

First insulin pump designed - YA —
. . ransitional studies provided evidence for the use of the
by Kad|Sh N 1960 [1] ( artificial pancreaioutside of the hospital settings

C. Big Blue Brick (1978), one of the first

marketed insulin pump [1].
D. Minimed Paradigm 522/722 (2006)

E. Nowadays.

e

Breakdown in the therapeutic
treatement

[1] Alsaleh, et al. “Insulin pumps : from inception to the present and toward the future : Insulin pumps : Past, present, and future”. J. of Clinical Ph. and Th., 35(2), 2010
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What is this breakdown care?

Glucose
ﬁ: level

Sensing Delivery
(glucose sensor) (insulin pump)
' Modulation ’
- (control L
algorithm)

SISO problem with a lot of delays in the loop

Improving patient comfort (reducing ‘

the mental burden, etc.) by giving Continuous Glucose  Algorithms which
more and more autonomy to medical Monitoring (CGM)  drive the amount of,

Ve sensor insulin delivered by
evices the pump

Insulin Pump
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1¢r¢ Generation 2"d Generation

Fully automated
multi-hormone

Integration of an
algorithm to reduce
hypoglycaemia

Hybrid closed loop
(patient must

Switch off the Integration of announce meals, Fully automated closed loop (no
pump when glucose algorithms to estimate insulin therapy (no more patient
level is very low minimise hypo- and carbohydrate meal intervention)
hyperglycaemia quantity, etc.) announcement,
etc.)

[2] Trevitt et al. Artificial pancreas device systems for closed-loop control ..., JDST 10(3): 714-723 (2016)
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AID system is driven by several algorithms, e.g.

2"d Génération

> Prediction algorithms: the goal is to prevent hypoglycemia by
forecasting such critical (solution for step 2)

A) Threshold alert cannot avoid hypoglycemia B) Predictive alert can reduce/prevent hypoglycemia

\
! 1 At 7h 55min the 20-min ahead
160 160 prediction reveals future
g - O hypoglycemia
%h " Hypo alert E o -. Predictive
§ - . & % - :’mu 7 hypo alert
c Hypo-threshold . g Hypo-threshold !
Np————————— Sy —— — — T — — — — 71 S U, ¥ —
\ 20 mins
. Carb intake Carb intake
Hybrid closed loop “ bt s B ?
(patient must 4 6 - 12 g 4 6 's 10 TR
& LSmin 7h 55min
announce meals, Fully automated Time (hours) Time (hours)
estimate insulin therapy (no
carbohydrate meal
. M. Vettoretti et al., “Advanced Diabetes Management Using Artificial Intelligence and Continuous Glucose Monitoring
quantlty, etc.) announcement, Sensors”, sensors, 2020
etc.)
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AID system is driven by several algorithms, e.g.

2"d Génération

> Prediction algorithms are used in control policy, it seems to be
compliant with the concept of HAC

A. Zhong et al., “Effectiveness of Automated Insulin Management Features of the MiniMedc 640G Sensor-Augmented
Insulin Pump » Diabetes technology & therapeutics, 18(10), 2016

“... Automated insulin management features of the MiniMed 640G sensor-augmented pump
system include suspension in response to predicted low sensor glucose (SG) values (“suspend
before low”), suspension in response to existing low SG values (“suspend on low”), and
automatic restarting of basal insulin delivery upon SG recovery. “

. (13 2 )
Hybrid closed loop Nothing PHM « d (stress,
. (open loop)

(patient must lsport, o)

announce meals, . Fully automated Controller \ ‘ ‘G
estimate insulin therapy (no — (closed loop) |~ » Human >
carbohydrate meal
quantity, etc.) announcement,
etc.)
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There are needs: Open question 2: High variability and
the propagation of uncertainties: is
there a rule for defining the degree of
abstraction?

- To develop new original prognosis algorithm (finger crossed, it is the
topic of MIMICbio project which has been submitted to AAPG 2024 call)

L PRC, CE51 - Sciences de l'ingénierie et des procédés, AAPG2024 ANR

° \ q B LABORATOIRE
4 DES SCIENCES

'ms (Cblllﬂ I 2“ DU NUMERIQUE

Bordeaux ‘*:L“”/ AAAM DE NANTES

- To propose a unified framework which can provide some stability guarantees:
- In a deterministic context

Open question 3: Is it of interest to developp verification tools for HAC solution,
i.e. a control policy able to integrate prognosis information?
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Go back to the expertise
of audience: we switch
now on FTC problem
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See you later health!

Generic Health-Aware
Supervisory Control
Framework
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What type of assumptions? What theoretical tool?

In literature, HAC solution can be formulated by using for instance Model Predictive Control (MPC), LPV control,
learning solution or Switching Control.

Fault Tolerant control

Assumptions: .
— K, —~

- LTI plant which bounded exogenous uncertainties |

- We have a bank of LTI controllers designed for each operating S e o [ prome -
mode Ty T

- A bank of Luenberger observers has been used to identify
operating mode |, e P ] Ovmeve1 1

- Distinguishability (capacity of discerning all operating modes Supervisor |/, ;
between them) property is true e ‘A%t:

[5] Efimov D., et al.: Supervisory fault-tolerant control with mutual performance
optimization. Int J. of Adapt. Cont. and Sig. Proc., 27, 251-279 (2013).
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Focus on dynamical models and the core control architecture

N controllers: Plant for one operating mode: x = Ax+B;u+G;d, y=Cx
i=1.. N, N>1

X'Li = Ki~i + gi(yref -y), :éiii ++I5i(yref -Y), A-
H =
i=1..N | { -

Fault Tolerant control

ld'
K, —=
" & —e s
Ve 4~ 2 F " Plant L,

*—> ) g r
- Qs

L uy "/n A | N Luenberger estimators:
Ky — P - - .
Supervisor : Zj = Aizi +BiU+Li(y—CZi)

Y. Observer N

v

iISiC Bi(’:‘-i
c A

o

Reconfiguration
mechanism

FDI units
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Introduction of dwell-time concept . . .
For any plant index 1€ ,thereexists ¢,>0,C,>0,C,>0and »>0

such that: -
& (t)] < Cy|e; (0)e™ + Cy|d| + Csf|n|

Estimator-based Supervisory
Fault Tolerant Control

Switching logic uses the “error signal definition”

J« ty = 0,t, 4 = arginf {ea(tk)(t)\ > ‘ej (t)‘, j=1..,N,j= a(tk)}
T 4 G LN t>t, +7p
o(t) =argmin 1< j<n ‘ej (tk)‘, k>0
hTT e : ty, k=0 7p >0
Supervisor e ' |
R—ﬂmmgw.mo" / Detection filter \4_
| o) (DI>] (1) | o) (D> er(t)]
Switching mechanism is
frozen
I I ] > ¢
Ty ty+1=ttTp t+1+Tp lic+2
o(tg1) =1 o(tgs2) =T
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From linear algebra manipulation... Supervisory control setup can be characterized by the following

equations for j=1..N,j=k
s Toierans Conirol [ %=Ax+B(CX +D,y, - Dy)+Gd
=(A-LC)x+ Biékik +(L -8B, ISk)CZk +(L - Bilsk)cek +B, ISkyref +Gd + (L - BiISk)n
J | X =AX +By, -By=AX —BCz —BCe +B,y, —Bn

S : - ¢ ™ 22, =Az +B(CX +D.Y, —Dy)+L (y-Cz)

IE ,"/ = Bkékik +(A - B, ISkC)Zk + (L, — By ISk)Cek +B, ISk Yrer + (L — By ISk)n

L, K, Ly | e De'emon. fer 1 2, =Az; + Bj(ékik +D,Y,s —D,y)+ L;(y—Cz))

Supervisor =B,C, X +(L; -B;D,)Cz, + (A, —L,C)z; +(L; - B,D,)Ce, +B;D,y, +(L; —B;D,)n

€y — —

_— . Detection filter V
Reconfiguration / —

mechanism . .
Estimator units

The tip
From the measurement: y=Cx+n

‘ y=Ce +Cz, +n

From the definition of error signal: & =x-z
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Introducing ¥=I[z," %' x" z,'---z,'T" suchthat z --z,' does not

... to derive theorem/corrolary contained 2" e have:

¥, =W, P, +V,Ce, +C~5id +G, Y, +Gin

Eﬂ?ﬁﬁjﬁﬁféﬂiﬁﬂ Where Vk,i = [(Lk - B, ISk)T - ng (Li -B ISk)T (L1 - BlISk)T (LN - By ISk)T ]T
G=[00G" 00 G =[-BDB) -B  (L-BB) (L-BD) (L, ~B5)T
|« [To G =[®5)" B (BD)" (BD) - (B,D)'T
Yo g ® | G o and W, ; is left block triangular and the blocks are:
L | H,., (A -LC),(A -LC),---,(A, —L,C)
KV\. L‘/ € , Detection filter 1 - - - - -
| Under previous assumption, all blocks on the main diagonal are Hurwitz
Supervisor e |
W / Deml:tinn filter \‘
— To prove that input / output stability is guaranteed (even if the bank of observers fails,

during a short period, to identify the correct operating mode) if:
- C1: the time interval between 2 control switches is higher or equal to the dwell-time

Supervisory fgmll—lolerunt control with mutual see Theorem 4

s - C2: the time interval hetween 2 consecutive faults (or changes of the plant) is higher
than the dual dwell-time TD , see Corollary 4,

10.1002/2¢5.2296

b
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New mechanism to forecast the

Towards HAC para dim fault accommodation

/

— D Switching Fault-Tolerant Control Virtual Eault
Estimator-based Supervisory ] Mechanism
Fault Tolerant Control $ C
J , P ‘ Sfault
—> D }-‘ ~
., ¢, \ §
Yref +, = . b4 u y
l i) by : C R P Plant ‘——P
) . y . < . = 4
Yrer £ G — C s(O—> | _"_"CN—‘

; = 14

—> o~
: By ]_‘ A |4
' L o .
. N A New switching rule

K uy o €1 , Detection filter 1 | \\/ ’ H d
L kb 5 , P to introduce
Supervisor ‘ — prognostlc
—p ex Detection filter V J NIOdlﬁed < S Observer 1 f informations
Reconfiguration — ] o supervisor |
mechanism Estimator units —
LN Observer N ¢
Switching fault < <
accommodation | e
mechanism | / <« K

Prognostic
Decision Making

Stability guarantees are still true /\/

J. Cieslak, et al., Hybrid health-aware supervisory control framework
with a prognostic decision-making, Advances in Diagnostics of Small changes to perform a

Processes and Systems: synchronized switch with the VFM
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The only change with original algorithm has

. . been highlighted in green to perform a
Focus on cha nges Modified supervisor: synchronized switch with the VFM

Inputs: op, e;, i e M={1, ---, N}
1: k < current sampling time
2: 1y, « last control switching (t < k)
3. [ + last selected index o(ty) = Without synchronization
4: 7p « dwell-time value, see (12) [ With synchronization (by assuming
5: h < design parameter that the last switch was before the dwell-time)
6: for each e;, i € (M — {o(tx)}) do
T if |Ceogy(t)| > h|Cei(t)| then Virtual fault
= 8: if k > t, + 7p then occurrence
9: tr = k;
10: ls = argmin |Ce; (k)|;
11: end if
12 end if Virtual situation
13- end for that is insensitive
R —— to the predicted
15 if Edge {op(k)} then No fault fault occurrence
16: if k> t, + 7p then
17: tr = k;
18: ls = op(k); Time interval where FDI | Time interval to recover
19: end if must detect the virtual | the virtual faulty
20: end if fault I situation
21: end for
22: a(k) = ls;

W in | IMS Bordeaux ) ) ) ]
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Prognostic Decision-Making:

Inputs: T, j € N* ={2, ---, Np}
k < current sampling time

tf « last switching time (t0 < k)

[ < last selected index op (tf)

Tp « dual dwell-time, see (14) @
1 + design parameter

for each T,.;,. i € (N> — {Jp(tf)})
do

70 if [T, (k)| < nIp then

: if k >t5 +7TpH then

9: th =k

K Only critical actuator can be monitored \ 10: lS_: arg min | T, (K)):
. . 11: end if
@ by prognosis scheme, i.e N,<N 19: end if
13: end for
- Already identified situations covered by 14: op(k) = Is;
prognosis schemes are removed

from the set of possible situations

Focus on changes

S TR

- The product 77TDmust be seen like a
constant tuning parameter to know
@ when we are close to the end of

actuator life and reduce de facto the
actuator workload.
Seminar on Health Aware and Safe Control Design for Dynamic Systems - November 22nd, 2023, Ensam, Le Cnam - Paris
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Example The overall strategy is illustrated using the open-

loop unstable HIMAT vehicle (Hou et al, 2010,
AIAA JGCD).

0, = elevons
0. = canards flaps
0, = elevators

Angle of attack =y,
Pitch angle =y,

Monitored by a prognosis scheme
Considered switched systems:
() =Ax®) +Bult) i=123  u=(56.5)

_|—1.0772 0.96528 _[—0.17211 -0.12245 -0.01431
| 9.068 —15077| ' | —7.9948 —4.955 5.0369

0 0 0 O
Af|_=A2=A3’ BzzBlo 1 0, B3=Blo 05 0
0 01 0 0 1
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DESign e Controller design Three control laws possessing integral action are designed using a

linear quadratic approach.

°® Detection fi |terS Luenberger-type observers are considered with poles arbitrarily fixed to [-16,-15], [-56,-55] and [-6,-5]
respectively.

e Computational issues

Tpand Tas been computed according to [5]. It follows that:

7p =1.5793 Tp =21.3207

A threshold for VFM has be fixed by taking into account T, and the tuning parameter: n=15

e Simulation results —

!%d

s

Elevator outage
05 s 1
" 02 03 o4 ¢ ” :

02
yim N xm)

W in | IMS Bordeaux ) ) ) )
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The elevator outage will appear at 48 s and the
intermittent failure case has been considered
during [75, 100] s and [107, 120] s.

600
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Reference
Only availabte for ——— Supervisory FTC scheme published in [5]
Supervisory FTC fitted with PDM
one actuator wesssssnns HHASC schemewith synchronization
Predictive information

= T T T 5 T P |
‘g‘.‘ [ Time instant where the forecasted switch can be triggered B
v 40 S /
D P 2‘ —
— 20 AN : ; i
The structural load on first actuator is reduced leading
o i i i { | to thlslbehawor (l:hange oanRUL i i
10 20 30 40 50 60 70 80 90 100 110 120
=
= 3 8}- ' ! ! ! ! ! ! Reference
ccn @ & 3 ¥ Supervisory FTC scheme publishedin [5]
— » 2 Supervisory FTC fitted with PDM
2 §_ i AT N ey | HHASC schemewith synchronization
£ g S, L ‘'Last switching of - | " y " — 3" &v
= ump transients due to forcasted switc 4
8 < contrgllers (3) yan ai | 1 1 1 1 1 1 1
o 10 20 30 40 50 60 70 80 90 100 110 120
=D
8 _ @ sF T T T T T T T =1 T T T =]
Q. O A L i i
= =2 0 E 1
5 55 § H
o 35 S5 ; 1 i fault d d by FDI sch A
o = th bumpsLdue to detlection delgy < : : nter:nlttent auI etecte ; Y S‘f €me o,
10 20 30 40 50 60 70 80 90 100 110 120
oo 4 T T T T T T T T T T T
:g 9 Delay before the forecasted switch to preserve
o dual dwell-time condition _)!(_ Detection dela ! ’
- & b 2 g Y =
'S O |<_)': - -
; (8] < o with supervisory FTC of [5]
U] 1 \ ! | | | | 1 | o with the proposed HHASC scheme
0
10 20| 30 40 50 60 70 80 90 100 110 120
1
3 T ltU+TU T T T T T T T T T
-
o
©
1 -
0 | 1 1 1 1 1 1 1 1 1 1
10 20 30 40 50 60 70 80 90 100 110 120
Forecasted operating mode Time [s]
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[ Ti
40 T
. L
= =]
o
= 20
0
10
= — _
59 8
c e
D
oo ©
S A4
O - r
= 5 |- ‘Last switching c
o zZ contrgllers (3)
0

Output signal:
Pitch rate [deg/s)
o

10

~

B H‘Eh bumps

10

Delay befc
dual dwell-

lg

.
10 :

—

10

Reference

Supervisory FTC fitted with PDM
---------- HHASC schemewith synchronization

To guarantee the closed loop stability, it is now possible to
have a (virtual or real) change in the plant only when the
minimal admissible time interval T, is expired.

There is no
commutation thanks
to the rectangle in
green introduced in
Algorithm 2 to
maintain the stability
conditions

Prognostic Decision-Making:

10:
11:
12:
13:
14:

Inputs: Thui,, j € N ={2, ---, Np}

k < current sampling time

. tF « last switching time (t7 < k)

I + last selected index op(tF)
Tp «+ dual dwell-time, see (14)

: 1 < design parameter
: for each T,.,, j € (N* — {ap(tf)})

do
if |1, (k)| < nTp then
if k> +Tp then
ty = k;
ls = arg min ‘Trulj (k) ‘
end if
end if
end for
aop (k) - ls;

Supervisory FTC scheme publishedin [5]
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Reference
Supervisory FTC scheme publishedin [5]
Supervisory FTC fitted with PDM
---------- HHASC schemewith synchronization
T =) z T
-, ; 40— /T'me Eelaen e Modified supervisor:
S = - —— I - . N
. \ nputs: op, e;, i € M ={1, ---, N}
1: k + current sampling time
0 1 L L 2: ti + last control switching (tx < k)
N - 3 3: I + last selected index o(tx)
— B = 8}_ T T T 4: 7p + dwell-time value, see (12)
5 iRl . .
\\/// g,g 5 ] 5: h < design parameter Switches of VFM and
52 4)!\ \ g for_‘feai‘gl €i, Z(§)|(Mi |é”(l(t:))|}zhd° switching control have
5 S ol Last switching of : 1 €o(t)) (T >h e; en
© % [ contrglers3) Bump 8 if k> ty + 75 then been performgd at the
10 20 / 30 9: ty = ki same time: it is the
- . . 10: ls = argmin [Ce;(k)|; synchronized  solution
58 /rz\ L1 end if that avoid undesirable
23 0 A 12: end if .
ég 13: end for transients.
o 5_2 & High biymps due t¢ detectic 14: for op do
10 0 30 15: if Edge{op(k)} then
A 16: if £ >t +7p then
! ' ' 17: tr = k;
Delay before the forecast : by = %
§ o dual dwell—tirﬂglggnr.j_i_t_ig_rl_ 18: s = O'P(k);
2 :< > 19 end if i T Gt Ty
| 20: end if W) o s
1 1y | . b’ 5 =1
0 o a0 21: end for = «C\' : § .
3 T |':J+Tu T 22 U(k) — lﬁ; ” )_,C : [ o —"\"
L \\/ (D | |
i -4,
o) 4 swmn.g L_lal t:
0 | ] I ‘
10 20 30 T i

Prognustic
< o, | Decision Making Tou
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Reference
Supervisory FTC scheme publishedin [5]
Supervisory FTC fitted with PDM

--------- HHASC schemewith synchronization
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Reference

Supervisory FTC scheme publishedin [5]
Supervisory FTC fitted with PDM

--------- HHASC schemewith synchronization

Predictive information
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Predictive information

Reference

Supervisory FTC scheme publishedin [5]
Supervisory FTC fitted with PDM
HHASC schemewith synchronization
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One preliminary work. Researchers which can work in HAC field
Open question 1: is it possible to find

David Henry . vie predictions J€rome Cieslak the concept of health-aware control
in a nature-inspired way?

David Gucik-Derigny Christophe Combastel
Open question 2: High variability and
the propagation of uncertainties: is
Open question 3: Is it of interest to developp verification tools there a rule for defining the degree of
for HAC solution, i.e. a control policy able to integrate prognosis abstraction?

information?

Open question 4: Is it of interest to alleviate the assumption of exogeneous
RUL?
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