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Dynamic network model

Measured node signals w;
Transfer functions G j;
Process noise signals v;

External excitation signals 7;

[1] Materassi, D. et al., TAC, 2010
[2] Chiuso, A. et al., Automatica, 2012

[3] Van den Hof, P.M.J. et al., Automatica, 2013
[4] Goncalves, J. et al., TAC, 2008




Identifiability in dynamic networks

Given:

* Interconnection structure ,
* Measured nodes — ( ) — W
e

* Locations of signals

Identifiability: =7
» Are there multiple models that generate the same 7™?
* Independent of data & identification method

[ Focus: the role of excitation on identifiability ]




Excitation by switching modules

Closed-loop setup
* lIdentifyGand H
* White noise signal e

Excitation requirement
e Persistently exciting r signal
« Alternative: Switching controllers !

== Parametrized

- Fixed

Under which conditions do switching modules
provide excitation for network identifiability?

4 [1] S6derstrom, T. et al. TAC, 1976
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Standard dynamic network model

Network model: M = (G, H, R, A)
w, 0 G2 - Gt el -
ol fo o]
: . . Gr-iL e: .
w
L \Gm (if,L—l 0 P K
w G € T
« G € REXL(2), diagonal entries 0
. H € REXP(2)

R € REXE ()
AeRPP A >0
Well-posed: (I — G) ™!

[1] Materassi, D. et al., TAC, 2010
[2] Chiuso, A. et al., Automatica, 2012

[e)]

proper and stable

[3] Van den Hof, P.M.J. et al., Automatica, 2013
[4] Goncalves, J. et al., TAC, 2008




Switching dynamic network model
Network model per mode 7 € {1,...,m}: M, = (G;,,H, R, A)

Gi(0) =G (0) + G

* (¢invare mode-invariant modules

* (5, are switching modules

* For each (j, i) either G4 =0 or G3; , =0

Model set M := {M(6),0 € ©}

with model
M(0) := {M¢(0) }reqr,....m )
where

Mq(6) = (G™(0) + G}, H(6), R(6), A(6))




Module switching network identifiability

-
Transfer matrix (e) — W:

To(0) = (I — G¢(0))"'U(0) with U(0) := [R(6) H(6)]

-

Definition: Full generic network identifiability

\_

The network model set is generically identifiable from (7, w)if for almost all models
M(64), M(6p)it holds that

T,(01) = To(0) — M(0:) = M(6p)

~

)

wq wao (DF

Generic identifiability [ r

8

(339 not identifiable when Go; = 0

[1] Bazanella, A.S., et al., CDC, 2017
[2] Weerts, H.H.M. et al., Automatica, 2018
[3] Hendrickx, J.M., et al., TAC, 2019
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(I — G(9));+ PP ' T(0)Q; =

Rank conditions: derivation

Rewrite the transfer matrix:
Ty(0) = (I — Ge(0))~'U(0)

(I — Ge(0))Ty(0) = U(0)

(I — Ge(0))+1e(0) = U(0)

GO (1-6)?| P Tu0)Q; =

T;.0(0)

o) ve)P] |50 =i

10

Permutation of parametrized entries:

~

\\YVHPILG =
U(0)+Q;

U o] +uOV;

(1= Ge0);uP; = [~GO)S) (1- G0
U(0);:Q; = UL o] +U0)V;

[0 ]Bj}

/

Number of par. entries:

In G(6) .2 oy
* InU(0)).: B,

)

T0(8) = [Ia, O] P,

,._ 5 rc

o TU/e

TT(9)Q;



Transfer matrix interpretation

11
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Rank conditions: results

For each mode:
W @] [Tie®)] — .
e vOR] || = pie V, = [0 Iy

Juxtaposition of all the m network modes:

1 0] [Tj1(0) -+ Tjm(6)] _
G Ue)?] B A R AR
N
Theorem: Rank conditions for switching networks
A switching network model set M is generically network identifiable from (r, w) if for
h  th tri 3 3
each row 7 the matrix [Tj,l(g) o Tj,m(g)]
Vi ...V

\has full row rank for almost all 0 € ©. )

12




Non-switching networks

Rank condition for m =1 : )
s 7(1) 7 (2)
[Tg(f?)] _ [1} (0) T, (9)]
Vi 0 Ig,
\ /

]

v .’Z

full row rank [ 5%/(,9)] & full row rank Tj(l) (0)
J

—>
(re—]
—>

Condition in ' full row rank Tj(l)(G)

13 [1] Weerts, H.H.M. et al., Automatica, 2018




Switching controllers in closed-loop

ol = Loty W)+ [0 ato)] [

Form the matrix for the rank condition: iz w1
Tix o+ Tim| _ [S1L1 K1S1H -+ SpyLyy KpSpH
Vi oV 0 I - 0 I

with S = (I — GK;)~!

e e

rank [Tj’l Tj’m] — rank =1 [

I+ I 0--- 0]
V; oV

K- K, L L,

- o~

with =7 and =5 full rank [1]

14  [1] Soderstrom, T. et al. TAC, 1976
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Path-based conditions

Advantages:

- - - -» Switching

* Insightful conditions ﬁ ———» Parametrized

* Only requires structural information
* Efficiently verifiable

N
Definition: Extended graph!* with switching edges

V := {L nodes, K signals & p noise}
Einv = 1{(4,7) €V [ {G4", Ry, Hyi} # 0}

ji

€= {(j,i) € V| G310 # 0}

16  [1] Cheng, X. et al., TAC, 2021




Relation of paths with rank

The sets of excited nodes and in-neighbors are crucial

U:=={ieV|ie{l,...,.L+ K+ P}} —»o\
Wi ={i € V|(i,7) € Einv or Uj;—, is parametrized} 72»0/

Relation between rank and graph['l: bu—w, = rank Ty u/1 »O/'O\‘

Maximum vertex-disjoint paths: by —w; R = L0
I V
J

4 )
Theorem: path-based conditions for non-switching network!“!

A network model set M (with m = 1) is generically identifiable from (r, w) if in
its extended graph: by—w, = [W;|
\holds forall j € V.

[1] van der Woude, J.W., MCSS, 1991
17  [2] Cheng, X. etal., TAC, 2021
[3] Hendrickx, J.M., et al., TAC, 2019




Path-based conditions: switching networks

Stimulated nodes by switching: 7%\
S={jeV|(7) €& Nbysguwy #0} M
()
p

Assumption: independent switching

The matrix [T‘S}“ TS?;””] is full row rank. %O/Q\

N
Theorem: path-based conditions for switching networks

A switching network model set M is generically identifiable from (r, w)if in its
extended graph: b(uu5)—>wj = |Wj]
\holds forallj € V.

-

18




Example

wy | = | Ga1ye 0 0| + (0]r
W3 G31(9) G32(9) 0 0
G;EG) U
(" ey v 1 )
Rank condition for node 3: 75, = [ ]
Ga1 s
1 1

rank [fl%g’l ji'gjg] = rank [

Ga1,1 Goi2
.

v

p
Path-based condition: S = {ws}

buus)y—w, =2 V

.

~N

19




Conclusion

Switching modules can be used as alternative for excitation

Rank conditions that generalize:
* |dentifiability analysis in dynamics networks [']
* Switching controllers [”]

Path-based conditions

[1] Weerts, H.H.M. et al., Automatica, 2018

20 [2] Séderstrom, T. et al. TAC, 1976




