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Abstract— A recursive procedure to obtain explicit expres-
sions to a set of observer backstepping kernel equations for
an interconnection (cascade) of N+ 1 systems of 2 x 2 linear
hyperbolic PDEs, N > 0 an integer, for use in leak detection in
pipe flow networks containing loops is developed. The kernel
equations, consisting of two sets each of N+ 1 pairs of Goursat
PDEs defined over a triangular domain, and W pairs of
Goursat PDEs defined over a square domain, interconnected to
each other in an overarching triangular structure, is separated
into 2(N + 1) systems consisting of k+ 1 pairs of PDEs over
a triangular domain interconnected with (N — %)(k+1) pairs
of PDEs over a square domain, k € {0,1,...,N}. Under the
assumption that the mean friction factor of the network may
be used in place of individual friction factors for each pipe,
it is shown that the solution to each of the simplified kernel
equation systems is expressed explicitly in terms of modified
Bessel functions of the first kind, and may be constructed
recursively. A numerical example is provided to illustrate the
results.

I. INTRODUCTION
A. Background

Leakage from networks of pipes transporting fluids is
a common problem both in industrial [1] and municipal
infrastructure [2] settings. A range of methods have been
developed over the years to address this critical problem,
ranging from hardware-based methods relying on accurate
but expensive infrastructure, fibre-optic cables [3] being a
notable example, to be installed along the pipes, to software-
based methods relying on processing limited data, obtained
from cheap, non-invasive sensors, via sophisticated signal
processing techniques.

One class of software-based techniques for automatically
detecting and locating leaks is that of observer-based leak
detection, where the leak detection algorithm is based on a
state observer designed for a mathematical model of the pipe
network one is performing leak detection for. Some early
contributions that considered leak detection within such a
setting include [4], [5], [6]. A common characteristic of much
of the early work in this area is the use of a so-called early
lumping approach, where the mathematical model describing
the transient behaviour of the fluid in the pipelines, being
distributed in nature, is discretized (lumped) before algorithm
design is performed.

More recently, late-lumping approaches for designing
observer-based leak detection systems have been considered.
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A notable example is [7], where an adaptive observer-based
leak detection method for a single pipe is designed via the
infinite-dimensional backstepping approach, initially devel-
oped for application to 2 x 2 systems of linear hyperbolic
PDEs in [8]. This leak detection method was extended to
the case of leak detection in pipes interconnected via a single
branching point in [9], and to pipes connected to each other
via a loop-shaped network in [10]. To implement the leak
detection systems designed in [7], [9], [10], observer gains
need to be calculated by solving a system of hyperbolic
PDEs known as the kernel equations. In general the kernel
equations obtained from backstepping designs need to be
approximated numerically, but in certain cases closed-form
solutions may be found. The observer gains used in the
leak detection system from [7] are expressed explicitly
by applying results from [11], while in [12] closed-form
solutions to the kernel equations from [9] are found.

The aim of this paper is to complement these results
by proposing a recursive procedure to construct explicit
solutions for kernel equations for use in calculating observer
gains for the leak detection system from [10]. We define next
the precise problem statement.

B. Problem statement

We consider here the leak detection problem from [10],
namely that of automatically detecting, estimating the size of,
and locating leaks in a pipe flow network of N+ 1 pipes inter-
connected in a ring topology. The dynamics of the pressure
p; and volumetric flow g; within each pipe i € {0,1,...,N} of
length /; and cross-sectional area A; is assumed, for z; € (0,1;)
and ¢ > 0, to be governed by (dropping the index i in z; for
brevity)

. By o N__ B .\
o pi(z,t) + Ai&q,(z,t) = Aid,(z)x, (la)
A; F; .
9qi(z,t) + ;@pi(z,t) = *;%’(ZJ) —A;gsin(¢i(z))
Ni , '
- Xdz (2)xi (1b)

where B is the fluid bulk modlilus, A; is the pipe cross-
sectional area of pipe i, p is the fluid density, F; is the
friction factor of pipe i, ¢; is the inclination angle of pipe i
at position z;, and g is the acceleration of gravity. Possible
leaks are modelled by the total amount y; leaking from
each pipe i together with the normalized leak distribution
d; along the pipeline. The factor 7; is proportional to the
mean volumetric flow rate g; o in pipe i, with the constant of
proportionality determined by the shape, size and direction
of the leak (see [13]). To model the interconnections between
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Fig. 1: Loop-shaped water distribution network for N = 2.
(From [10])

the N 41 pipes, the boundary conditions

Pi(list) = Py (0:1) = Py (1) (2a)
qi(li,t) = gy (i)(0,1) +Clzm(l) () (2b)

for i € {0,1,...,n}, where
un(i):=i+1( modN+1), 3)

are imposed. The signals p?™, g7 represent respectively the

pressure and net outflow from the junction situated by the
outlet of pipe i. Assume p¢",g?" together with the auxiliary
flow sensor signal

0,0(t) :=qo(0,1) “4)
are measured (see Figure 1). It is then shown in Lemma 3.2
of [10] that the ring-shaped pipe network system (1)—(2)
is via an invertible change of coordinates mapped into an
interconnection (cascade) of 2 x 2 linear hyperbolic PDE
systems in (u;,v;) coordinates, defined over x € (0,1) and
t > 0. Given the boundary output signal

y(t) :=v0(0,1), (5)
which is constructed from a linear combination of g0 and
pg'” , an adaptive observer for the plant in (u;,v;) coordinates
is designed in [10] to produce estimates #;,V;, K of the un-
known states u;,v; and unknown parameter K characterising
leaks in the network. The observer reads

Ol (x,1) = — Ayl (x,1) + iy (x) Di(x, 1)

+ B (x)(y(t) = 00(0,1)) (6a)
9,9i(x,1) = Aide¥i(x, 1) + cin ()i (x, 1)
+ P (x)(y(r) = 90(0,1)) (6b)
0(0,1) = guy(2) + (1) (60)
Vim1(1,1) = Qi qdi—1(1,¢) + 7,;—19;(0,2) + 07,1 (t)  (6d)
ﬁi(o,l‘) = (pﬂ%((),t) —|—Tl;]7,‘lfli,|(1,t) +Gi,|,i(t) (6e)
On(1,7) = Oniin(1,2) + on (1) + K(2) (60)
k(1) = L(y(r) = 70(0,1)) (62)

where (6a)—(6b) are valid for i € {0,1,...,N}, while (6d)-
(6e) are valid for i € {1,...,N}. The other system parameters
used in (6) are defined as

cip(x) i= —Aye?M, cia(x) = —A;ye 20"

1 /B LK

li = y =
i\ p 7 2\/Bp

(7a)

(7b)

A1 —A4A;

= 1, P — Tc
» @ Ai+Ai (7e)
oy A=A 3
O 1 e 2u AT AL S e o2 d
i ¢ Ai+A;i ’ " ¢ (7d)
_ A , A;

T =20 V110 g =2 1l L

bl ¢ Ai+Ai ’ e ¢ Ai+Ai 1
(7e)
while the boundary input signals ©;;_1,0,—1 ;,0n are known

signals of time computed from the junction pressure and
flow measurements (see [10] for their respective definitions).
In (6), P",P” :[0,1]— R, L € R are output injection gains, or
observer galns, that need to be carefully selected to provide
convergent estimates.

To find suitable expressions for these gains, the problem
is reformulated as finding Pi*,Plf such that the dynamics of
the estimation errors @; := u; — ii;, V; ;= v;i—V;, K :=K—K
converge to the origin in some sense. In [10] this is done
via the backstepping methodology, where a suitable target
system in (&, p;, &) is designed and which by Lemma 4.4
from [10] has a globally exponentially stable origin. The
expressions for P, P are then uniquely found to be those

for which the diffeomorphism

K(t) = k(1)
i(r) = ()~ [ (K%“(x@)@(&r)

))dE - z/ (Kpex&)a &0

+K,‘ff(x7§)l3j(§,r))d§
nilnn) = Bilen) = | (KB (. &)a(En)

3

KPP )R8 aE - Z/ (K020 (E.0)
+ K (x,&)B;(&.1) )a (80)

exists between the dynamics of (i, 7;, &) and (&, B, €), and
are given by

P (x) = —Angff(x,O)—Lg?< 1+ / Ko (x >

(8a)

+ K (x, )i

(8b)

S

,é)dé—ng? [ kg e

(9a)

(9b)
where L is chosen so that gg L >0 (see Lemma 4.4 from [10]
for the definition of gg ).

K‘xﬁ Kﬁa Kﬁﬁ

Furthermore, the integral kernels K77, K, Kj ', K},



fori €{0,1,...,N}, j€{0,1,...,i}, defining the backstep-
ping transformation (8) are found to satisfy

0K (x,8) = M0 KL (x,8) +cia (OKPP (x,€)
(10a)
~ M0 KLP (x,8) = 1, KEP (x,8) + cin(0)K7P (x,€) (10b)
K ) =~ (100)
KPP (1,8) = 0k{P (1,€) + 11 kLE0,6)  (10d)
and
MO KA (x,8) = — MoK (x,) + cin ()KL (x,€) (11a)
},i&éKfia(x, é) = 2vtaxK‘ﬁ‘Ot (x, ‘5) + Ciyz(x)Ki(i'a (xv ‘5) (11b)
Ba Cz2( )
Kb () = O (1)
®it1
K2*(1,€) = 1
i (18) Qi 10 — T 1 Tit1,i ”( :¢)
T g8 (0.6)  (11d)

G- Tiit1 Tigli
for j =i (where for i = N we have Ty y = 0) and coupled

over the triangular domain 7 := {(x,£) |0 <& <x < 1}.
For 0 < j <i they are given by

20K (x,8) = ~ 1K (x,8) + ci1 (KPP (x,6)
(12a)
~ 0 KPP (x,) = LidKPP (x,€) + cin(0)K P (x,) (12b)
A
B i+1 B
K;'}fz ()C 1) 1 ';j+1j(Kja+1l( ) (pj+1 ]Jrl l(x O))
(12¢)
7L‘
KPP (e, 1) = 220 (KD (3,0) = @K TS (1.0))
jlj+1,j
(124d)
KP(0,8) = okPP(0,8) + 11K (1,E)  (120)
KPP (1,6) = 0K (1,8) + 11,K00 1 (0,6)  (12)
and
A0 KO (x,€) = — MK % (x,&) + i1 (x) KD (6, &) (13a)
N0 K2 (x,8) = AdeKD (0, &) + cin (K% (%, &) (13b)
K1) = 1 2 (0K (10)
] YL,
+ (T, 171, — 05011 K7 i(x,0))
(13c¢)
KD (x,1) = M(ﬁ KPP (3,0)

JTi+L.
+ (11T 1 — B Qj1) 53+1 i(x,0))

(13d)
KPe(0,8) = — ! “(0,€)
g @01 — Ti-1,iTii-1 K.
Ti— 1,0
% (1,E) (13e)
(Pz i—1 — 1117111 j 1( é)

K(_xq 1’ _ (Pl+1 1
(18 Qip 1V — T i1 Tit1i ”( 1

Titl,i

_(pl+119 T i1 it 1,0 JHI(O 5) (13f)

coupled over the square domain .& := {( ,E)10<x,E<1}.

The contribution of this paper is to make progress towards
providing explicit expressions for the observer gains in (6),
which were only implicitly defined in [10] by the kernel
equations. We show that after fixing

F,=F (14)
in (7b) for all i, explicit solutions for (10)—(13) may be
obtained, which also, of course, implies well-posedness
of (10)—(13) under this assumption.

Remark 1.1: Assumption (14) holds when the cross-
sectional area of the pipes and the mean flow through the
pipes are equal, which admittedly is quite restrictive in a
practical setting. For cases when the cross-sectional areas of
the pipes are different, we propose using the mean friction
factor £ for the network as the constant friction factor F in
the explicit kernel expressions developed here.

Next in Section II the kernel equations (10)—(13) are
decomposed into 2(N + 1) independent systems of equations,
before they are solved explicitly in Section III under the
assumption (14). The results are subsequently demonstrated
on a numerical example in Section IV, before concluding
remarks are offered in Section V.

II. SIMPLIFICATION OF KERNEL EQUATIONS

A. Separating kernels into independent systems

To solve (10)—(13) we propose a structure for the kernels
as a linear combination of multiple “sub-kernels” satisfying
structurally simpler PDE systems. Consider that the expres-
sions for K ; are recursively constructed from

KB (x.8) = BB ()t | Ber-e))

i i Ais
! 2 K7 e S E - 1)
(15a)
Ba ‘+1 T
Bp Y BB | Km,( —(1-8))
K'i (xa'é) - **K“i »(x,§)+7r- kj
Js Py J Kjﬁfll( JT?@_I))_
(15b)
" _
Yi 0 Kjaflz( 7T(5_1))
ina('xaé): KO!I(Z( é)—i_n— },]
’ S [ S 1)
i (15¢)
Ba Ajr1 i
Bo % ﬁ(x 0 Kj+1l( A (éil)
KPP (x,6) = — i (x,8) +7; .0
g 254 KPR A1 -8))

(15d)
starting from Ky +1 y =0, in terms of closed-form expres-
sions K ik and 7t 7t1 constant row vectors, all to be found.

For j =i, 0<i<k<N, consider that Kfﬁ, Kﬁi satisfy

(=0 + IR (x,8) = %P RPE (x,&) (16a)
(=0 — dIRPE (x,8) = e 2R (x,&) (16b)
I tﬁ};c (x x) 6'3k62% (16C)



R (1.8) = -0k (1,8)

+ % K00 L (0,8) (16d)
and Kl"io,‘{, Kﬁ k satisfy
(—9 — ARG (x,€) = 1R (x,€) (17a)
(0% +A)RDG (x,&) = yie R (x,€) (17b)
RP2 (x,x) = 6, ke —2m (17¢)
Ki(1.8) =5 ((Pz+1K”k(1 €)
_Tz+1,zKi,i+1,k(0a§))a (17d)
over .7, where we have defined
g
Tjii= %Tj,i, (19)
Di:=det®;,  ©;:= |:Ti_(fi1 f;i]ii:|. (20)
Likewise, consider that for 0 < j<i< N, j<k <N, I?;fk,
Kﬁlﬁk satisfy
o4 ) KL = ne RS e
(-7 -a) Rt = ne A )
R (x,1) = (1- 8,0k, (x,0) (lo)
KPP (x,1) = (1-8;)KPP, . (x,0) (21d)
RIE(0,6) = —oiR?P(0,8)
+5LRY(1LE) Qle)
RIP(1,8) = — 0k (1,8)
+ TR0 (0,6)  @Lf)
and Kf‘lo‘k, Kﬁ i satisfy
(_;tl_‘;é - 8x) K (x,8) = ’yezylfozak( ,6) (22a)
(—2a;+ax) K5 (x,6) = e RIS (E)  (22b)
k(e 1) = (1= 6;x) ,+1,k(x 0) (220
P (6,1) = (1- 8;)KP% ,(x,0) (22d)
RIE(0.8) = 5 (01KEG(0.8)
—Tifl,ikj[i,q_lk(laé)) (22e)
RER(1.8) = 5 (oKD (1.8)
—T+1,iK 1 £(0,8)),  (226)

over .. We have the following result.
Lemma 2.1: Denote by 7r 7t the row vectors of the 2 x 2

matrix IT; = [(79) " (] )? 1" defined as
D )
m, .= [ pero 23
T ATy 9 ] @9

Then the system of kernel equations (10)—(13) is related

0 Ly Ly Lyn Lay "%

Fig. 2: Example of trapezoidal domain Iy for k=1, N =3.

to (16)—(22) via (15).
Proof: Noting that (12e)—(12f) and (13e)—(13f) can
respectively be ertten in matrix form as

ﬁ( é)] K‘”(Oé)]
k9 1.6)] =% |k e
Kﬁa(o’é)‘| Kéococ ‘|
K% (1,€) KPZ(1,6)]

and using the definition (23) of II;, the result is verified
by using (15) to substitute the dynamics and boundary
conditions of (16)—(22) into (10)—(13). |

B. Global scaled coordinates

We consider in the following (16), (21), only, due to
considerations of conciseness and space restrictions. The
solutions to (17), (22) may be found in an equivalent manner.

For every k € {0,1,...,N}, define the trapezoidal domain
Fe={(%8)]0<§ <x<LN+1k7§ <Lk+1k} where

zk —Ak’ykz

An example of such a domain 1s shown in Figure 2. Since
the coupled system of equations (16), (21) form an inde-
pendent system for each k € {0,1,...,N}, we would like to
rewrite (16), (21), for each k, as a single system over .

(24)

Introduce therefore I? . over fk, where for L; ; <X < L4,

Lix< < Liyyitis deﬁned in terms of Kj i over (x,8) €
 when j=iand (x,§) €.% when j </, as
ko At A ap
Lot B 1+ M0 ) R (v8) @50
Ai A J>
2 A A _
ROP (Lot 2B nyp+ e ) — kPP (c6). (25b)
A A
Furthermore, introducing IQ . as
_ Wi gy it
RO (x,€) 1= o 0k L0 AR 0 g 2y (26m)
ki oy YN e ) A
RPP (v, &) = enti " Thn Taa G RBB (2 (26b)
we find by combining (16), (21) with (25)—(26)
that I%,?B,I?,fm satisfy
(=0 + R (6.8) = pulx é)k“‘% )
+vi(x EREP (x,8) (27a)
(=0 = AR (x.8) = (e, £ (x,6)
+Vilx, E)REP (x,6) (27b)



L 0if0<x<L
ReP(xx) =4 Sk 27¢)
1if LkJ( <x< Lk+1.,k
k;ixﬁ (L1 p) =0if Ly o <x<Lypix  (27d)
I%]?B(x Ly, k) =0if Lk+1,k <X<LN+17/¢ (27e)
REP(LE. &) = —oRPP (L. &)
+et1 g R (L7, &) 276)
RPP(L,,8) =~ 9 RPP (L. 6)
et RPP(LE), Ty
over 9 and L and Llfk are given by
L :=Lig—¢, L =Lix+e (28)
for € > 0 an infinitesimally small real number!, while Vi, Wk

are piecewise constant functions defined for L;; <x < L1
as

MY
)Li’}/i ’

Ay — Ay
¢l 8) = S-S0

III. SOLVING THE KERNELS

Vi (x) = 29)

A. Initial part of solution

We solve in this section (27) under the assumption of (14).
Using the definitions of A;,% from (7b) we then have that

velx) = 1, (&) =0,
for all (x,&) € Z, and the set of equations (27) may be
written as
(=9 + 2K (x,€) = K”‘*( £) (302)
(—9 — )R’ (x,8) = K (x,€) (30b)
. f L
RO (x,x) = OT 0 <x <Ly (30¢)
Lif Lyg <x <Ligp1x
R (x,Lip1a) =0 if L1 <x<Lyjix  (30d)
kfﬁ(x Liv1x) =0if Liyip <x<Lyyix  (30e)
R (155,8) = —@Kﬁ’*ufk,&)
+e 17 Ky (L,-_,kvg) (301)
kfﬁ(LZkvi) =~ 19i—lkwﬁ(l{lw'ﬁ)
+ et fi,ifllekﬁﬁ (L;rk, &). (30g)

The equations (30) represent a scalar Goursat problem that
may be solved explicitly. Differently from the previous case
of a single scalar 2 x 2 linear hyperbolic Goursat problem
from [11], we have in the problem (30) discontinuous bound-
ary information along the diagonal boundary condition (30c),
as well as vertical interfaces of reflection and transmission
coefficients (30f)—(30g). Overcoming these challenges is the
main contribution of this section.

Firstly, due to the horizontal boundary conditions (30d)—
(30e), together with the direction of the characteristics due
to (30a)—(30b), we have that

RP(x,&)=kPP(x,&)=0

'The terms L L*k represent a number 1mmed1atcly smaller than

or larger than L,k respectively, so that K (le@) K1 4(1,6) and

Kk(l‘lk’é) 111((0 é)

for & > 2Ly 1k — X, Liyix <x<Lyyix. (3D
Hence, the boundary conditions (30d)—(30e) may be re-
placed by the boundary condition
kfﬁ(x,2Lk+1,k —x) =0 for Ly <x<Lyiix & >0.
(32
To solve for (30) over the remaining part of the domain,
we consider first the region immediately below the point
(-xa é) = (Lk+1,kaLk+l,k)' Letting
Dy :=min{Ljy — Li_1 ¢, Lit1 % — Lix}, (33)
we consider the sub-problem of solving (30) for (x,§) €
Tertge = L1k — Disi e < & < x < L} UL <
2Lk+1 k= é <x< Lk+1 r+ -@k+1,k}- Define the constants

A A
= A+A7lfl<N+1 Ty 2% A; (34)
lfori=N+1 Y Aj+A;
and the functions
For(x, &) == I/ QLicri—x—E)x— &) (35)
x—8&
F = >
1e(x,8) m
% A1 ( L1k —x—E)x— ) (35b)
2L g —x—§
Fo(ng) = \/T
% Sy QL —x—E)—E).  (350)

where .7, denotes the m'" order modified Bessel function of
the first kind. We have the following result.

Lemma 3.1: The solution to (30) over ;i may be
written explicitly as

Fo(x,8) + Ry kF1 i (x,8)
. if L, -9 <x<L ,
KI?B (x,é) _ I Lgy1k k41,6 < X k+1,k (362)
Tir1 3 Fo (%, 8)
if Ly p <x < Lig1k+ ZDivik,
Foy1(x,8) + R 1k Fo (%, §)
N if L -9 <x<L ,
Kfﬁ(x,é) _ I L1k k1, < X k+1,k (36b)
Tii1 i F-1x(x,6)
if Ly p <x < Ligix+ Dis 1k

Proof: Let k < N. The proof for the case of k =N is
almost identical and hence omitted. Mirroring I%,f‘ P J%f P for
Liv1x < x < Lgg1x + Dis1 4 across the line x = Ly 14 by

defining

K (x,8) = K¢ * L1k —x,8),

RP%(x,6) = RP* (L1 k= x.6),
the scalar Goursat problem (30) over 7 x may be rewrit-
ten as a 2 x 2 matrix Goursat problem for [Kaﬁ Kﬁ Fyr 17,
[Kﬁﬁ ﬁ] over (x,8) € {Liy 14— Zhy14 <& <x < Lk+1.,k}~

Performing similar steps to [12], the solution to [K}" b I%,f b 1"
is found to satisfy

kaﬁ(x,g) B oo (2Lk+1§ X é)nﬂ(Té)
l%lzgﬁ(x,ﬁ)] - <I,§6 nl(n+1)!
oo (2L k—x—E\px—E\n
1o Y (——)"(=>)
n=0

2

n'n!



(Lis1 o Lic1.0)

(Lick, L k)
(L2, 2Lks 1k — Liy2.1)

(Lick + Licy2.k — Liv 165
Lik+Liyak — Lir2k)

Fig. 3: Diagonally oriented rectangle for which (36) holds,
highlighted by shaded region. Shown for case of Liyox —

Liy1 x> Lir1x — Licg

5 o (2Lk+1§—x 5) ( 25)n+m+1
+ Z ®Z’+ﬂ

n(n+m+1)!
w 2Lpiyk—
_ Z G)m Z ( kHS = é) ( 25 )n+m+l 0 (37)
kH” " nl(n+m+1)! 1’
where we have defined /
A O e* T kvt
R Tpix  —ehy G8)

and [ denotes the 2 x 2 identity matrix. Applying the

definitions of the reflection and transmission coefficients

from (7c)—(7e) for k < N in (38), we see that Oy is

involutary, so the last two double sums in (37) cancel. Using
= (n+m) 'n'

then the identity ([14])
o ntmpn \/7j Z\F
we may write
K o)l _ [ [2Lena=x=¢
1%5%5)] - <\/T
Xf](\/(ZLk+l,k_x_§)(x_€))
+@k+lﬂo(\/(2Lk+1k x—=&)(x— é))) {] (39)

Writing (39) out component-wise and mirroring I?,ix P back
across the line x = Ly |z, we obtain (36a) for Ly <x <
Liy1x+ Dir14 and (36b) for Ly, k= D1 x <X < Liy1k-
Performing similar steps for [Kﬁ b gobyT 71T yields (36a) for
Liv1x— -@kJrl,k <x < Lggix and (36b) for Liji1p <x<
Liv1 i+ Dig1k- u

B. Recursive construction of complete solution

To propagate the solutions to (30) beyond that given
within J41 4 by (36), firstly by continuity the solutions stay
as (36) within the diagonally oriented rectangle with cor-
ners in (x,8) = (Li, Lik), (L1 Ly 1.4)s (Lik + L2k —
L1 Lick + Licy 1k — Licy2.1)s (L2 2Lici 1k — Licia.k) (see
Figure 3). Below the point (Ljx,Lix), we have the ver-
tical boundary conditions (30f)—(30g) for i = k, and for
x < Lix we have that I%,f‘ P (x,x) = 0. Likewise, below the
point (Lii 2k, 2L 1k — Lit2,%) We have the vertical boundary
conditions (30f)—(30g) for i = k+2.

To deal with these discontinuities, consider that the solu-
tions (36) consist of two components for Lyt — Ziy1 4 <
x < L4k, namely one originating from the boundary data
R (x,x) = 1, and the other originating from a reflection

along the vertical interface due to (30f)—(30g). On the other
hand, for Ly 1 x <x < Ligy1x + Zi+1 x the solutions are seen
to consist of a single component, namely a transmission of
the term that originated in the boundary data KP (x,x) =1
through (30)—(30g).

We suggest therefore that the solution to (30) for (x,&) €
T2k = L2k — Divap < & = 2(Lgp1x — Liyap) < x <
Liioi} U{Lgyox <2Legok — & <x < Liyo g+ Disak} to be
given by

Tir1k (FO,k (x,€)
s R 2 k41 F1 k(X = 2(Lir 2.k — L1 k) ‘5))
K" (x,6) = if Lipo g — Dirak <x < Ligo
Tt 1 kT2 k1 Fo i (x,€)
if Lyjop <x<Ligok+ Divoik,
(40a)
Tir1k (F—l,k(X, €)
55 R 2 k1 F0.k (X = 2(Lit 2.k — Lit1k) ‘5))
Ky (x, &)= if Lok — Dhvop <x < Ligog
Tir1 kD201 F-14(x,8)
if Lo g <x<Ligop+ Drsok

(40b)
It is straightforward to verify by substitution that (40)
satisfy the kernel equations (30) within J;45,. Similar
expressions may be developed for (x,§) € Fgy := {Lix —
Dier <& <x < L b U{Lgx <2Lgp— & < x < Lk + Zii}-
The structure of the solutions (36), (40) suggests that the
solution to (30) over the entire trapezoidal domain fk may
be constructed recursively via reflections and transmissions
of the initial, unreflected solution component from (36), for
x < Lg41x, throughout the solution domain. To do this, we
suggest the routine given by Algorithm 1.

Algorithm 1 Recursive construction of I?,f‘ P ,I?f B

> Initialize solution domain
for (x,&) € 9 do
if L <x<Lgyix & 2L —x < & < x then
REP(x,8)  For(x,&), RPP(x,6)  F_14(x,€)
else
R (x,&) 0, RPP(x,&) 0
end if
end for

> Solve for K,:Zﬁ
Ie + (max(0, L1 4 —2Zks14)s Lirik)
if k <N then
TRANSMITRIGHT(R®®, Foy, k+1, I, 0)
end if
REFLECTLEFT(RZ®, Foy, k+1, I¢, 0)

> Solve for I%fﬁ
if kK <N then
TRANSMITRIGHT(RP?, F_y 4, k+1, I¢,0)
end if
REFLECTLEFT(RPP, F_y 4, k+1, I, 0)

The procedures TRANSMITRIGHT, REFLECTLEFT (along
with TRANSMITLEFT, REFLECTRIGHT that are called recur-
sively) used by Algorithm 1 are documented in the Appendix.
We have the following result.

Theorem 3.2: Algorithm 1 halts after a finite number of
steps and produces the explicit solutions to (30) over .
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Fig. 4: Observer gains computed for a range of mean friction factors.

Proof: We prove first that the algorithm halts after a
finite number of steps. It can be seen that the upper and lower
bounds of the open intervals I (Lit1x), Ie(Li—1x) passed
in the recursive calls are decreasing with each call while
remaining greater than or equal to zero. Hence, after a finite
number of steps we have that I (L1 x), g (Li—1x) = 0, where
0 denotes the empty set, and the recursion returns.

Next we prove that the explicit solutions to (30) are
returned after Algorithm 1 halts. Using the definitions (35) of
respectively Fo,F_1, it is verified that the initial solution
produced by Algorithm 1 for Ly <x < Liy1k, 2Lgp —x <
& < x satisfies (30a)—(30b). Seeing that REFLECTLEFT is
inevitably the first reflection function to be called for both
KB RPB the solution to K*P consists of Fy k. Fi x functions,
only, while RPB only consists of F_j ,Fpy functions. Since
the recursive calls are made in the same order for both
KoP ,I?Bﬁ, the equations (30a)—(30b) are satisfied throughout
all of ;.

For the boundary conditions, because Fj(x,x) = 1, (30c)
is satisfied for Ly < x < Lgy1x. Due to REFLECTLEFT
we see that K“ﬁ(x,x) o Fip(x,x) =0 for x < Ly and
hence the remainder of (30c) is satisfied. Along the line
(x, L1 x) for x > Lyyy i, K KPP are both initialized to
0, and since this region is not altered by the recursive
calls, the boundary conditions (30d)—-(30e) are satisfied.
Lastly, considering that the variable A that is passed through
successive recursive calls made by the subroutines of Algo-
rithm 1 (see the Appendix) tracks the relative distance in the
x-direction from Ly 1k, using (35) it is seen that the terms
produced by the recursive calls to the transmit and reflect
functions together with the term produced by the previous
function calling these, for both KB and KPP , satisfy the
boundary conditions (30f)—(30g) at x = L;; 1 for the case
of TRANSMITRIGHT, REFLECTRIGHT, and x = L;_y for
TRANSMITLEFT, REFLECTLEFT.

|
Having produced explicit solutions to (30) with Algorithm 1,
the explicit solutions K:‘f k,IZf f , to (16)—(21) may be ob-
tained by reversing the variable changes done via (25),
(26). Repeating equivalent steps as done in Sections II-
B, III for (17)—(22), explicit solutions I%,f“",[%kﬁ * from which
explicit solutions I?f‘f‘k,kf ﬁk may be found. Substituting
these then into (15) yields explicit solutions for the kernel
equations (10)—(13), from which observer gains (9) may be

computed.

IV. NUMERICAL EXAMPLE

We consider here a numerical example of observer
gains (9) computed from the closed-form kernel solutions
developed in Sections II-III. We use the same system pa-
rameters as used in Section VI of [10], apart from the
friction factors, for which a mean value throughout the
network is used for each operating point. In [10] a ring-
shaped water distribution network such as the one shown
in Figure 1 with N =2 pipes is considered. Hence, a total
of 6 observer gains, namely PO+ Py ,P1+ P ,P; ,P; need to
be computed from (9) for each operating point. The average
water consumption level considered in [10] results in a mean
friction factor of F ~ 20 [kg/m>s] throughout the network.

To emphasize the use of the observer gains in a gain-
scheduling setting, we consider the observer gains com-
puted for a range of mean friction factors, representing
variations in the mean water consumption in the network,
a quantity that in practice slowly varies throughout the
day and year [15] based on cyclical variations in water
demand patterns. Specifically, we compute here the observer
gains (9), with i € {0,1,2}, for the mean friction factors
given by F = {5,10, 15,20,25,30} [kg/m’s]. Using the mean
friction factors throughout the network for each operating
point, the resultant observer Eains calculated from the explicit
solutions for K ‘-)fi‘",Kf e ,Kgi ,Kﬁ lﬁ are plotted in Figure 4.

It is seen from Figure 4 that the observer gains vary in
magnitude as the mean friction in the network changes. In
general it is seen that for lower mean friction factor F,
the constant offset terms Lgl‘?‘,Lgiﬁ for respectively Pf,Pl-_
dominate the gains, with the gains gradually shifting away
from these values as the mean friction factor increases.
Additionally, for Pli, PZjE there is a clear discontinuity within
the domain of each of the respective gains. For P, the
location of the discontinuity is, for the parameters used here,
calculated to be at x = % = 0.833, being the point where
the characteristic line originating from the point (Lj x,L; x)
intersects the %-axis between X = L, and X = Ly (X being in
the global coordinates from Section II-B). Likewise, for P2i
the location of the discontinuity is seen, for the particular
parameters used here, to be at x =2 — lg(i + %1) =0.533,
which corresponds to the point where the characteristic line
originating from (Lzyk,Lz_’k) intersects the t-axis between X =



L and £ = L3, after reflecting from the vertical boundary
located along (L37,8).

V. CONCLUSION

A method for finding the explicit solutions to the kernel
equations (10)—(13), under the assumption (14), for the
computation of observer gains (9) has been developed. The
explicit solution is found from the recursive procedure given
in Algorithm 1 together with coordinate changes (15)—(25),
(26), and is expressed in terms of modified Bessel functions
of the first kind. The main practical value of having explicit
expressions for the kernel equation solutions is in a gain-
scheduling setting, where the observer gains need to be
updated by recomputing the kernel equations as underlying
parameters change. Since Algorithm 1 only needs to be run
once for each value of k for a given network configuration to
obtain the explicit kernel solutions, the kernel equations can
in this case be updated as the mean network friction changes
by simply varying the mean network friction parameter in the
closed-form expressions for the solution, and sampling the
solution at the desired grid points.

One direction for future work building on the contribution
of this paper is to study how well using the mean friction fac-
tor of the entire network in computing the observer gains via
the explicit expressions found here compares to numerically
approximating the kernels with different friction factors for
each pipe in the network. Also, future work should address
whether explicit solutions to the kernel equations (10)—(13)
may be found without the restriction (14), and additionally
whether the kernel solution method developed here extends
itself to finding explicit kernel equation solutions associated
to more complex topologies than a single branching point as
considered in [12] or a loop-shaped network as considered
here.
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APPENDIX

The subroutines used in Algorithm 1 are documented
here. The symbol @ denotes the empty set.

procedure TRANSMITRIGHT(K, dK, i, (&, &,), A)
Lo < (Liks Livix)
Ig (x) < (max(0,& —x+Lig), max(0,&, —x+Lix))
for x € I, § € Iz (x) do
K(x,8) + K(x, &) +T;i-1dK(x,8)
end for
if I¢ (Liy14) # O then
A A—=2(Lis1x —Lix)

if i <N then
TRANSMITRIGHT(K, T;;1dK, i+ 1, It (Liy14), A)
end if
REFLECTLEFT(K, T;;—1dK, i+1, Ie(Liy14), A)
end if

end procedure

procedure TRANSMITLEFT(K, dK, i, (&, &), A)
I < (Li-1k, Lix)
Ig (x) < (max(0,& +x— Lig), max(0,&, +x—Lix))
for x € I, & € Iz (x) do
K(X,é) <~ K(Xvé) +7},].;dK(x,§)
end for
if I§ (Li—l.k) # 0 then
A A+2(Lix—Li-1x)
TRANSMITLEFT(K, T;_1idK, i—1, It (Li-14), A)
REFLECTRIGHT(K, T;—1;dK, i—1, I¢(Li_1x), A)
end if
end procedure

procedure REFLECTRIGHT(K, dK, i, (&, &), A)
Lo < (Lix, Livix)
Ig (x) = (max(0,& —x+Lig), max(0,&, —x+Lix))
for x € I, & € I (x) do
dM(x,§) < (=0 + A )dK(x+ A, )
K(Xﬁé) A K(Xvé) +Ri—lde(x*,§)
end for
if [§ (Li+l.k) # 0 then
A<+ A*Z(L,ur],]( 7L,"1<)

if i <N then
TRANSMITRIGHT(K, R;—1:dM, i+1, I¢(Liv14), A)
end if
REFLECTLEFT(K, Ri-1dM, i+ 1, I (Lis1x), A)
end if

end procedure

procedure REFLECTLEFT(K, dK, i, (§, &), A)
L < (Lic1gs Lig)
Ig (x) = (max(0,& +x — Lix), max(0,&, +x—Li))
for x € Iy, & € Iz (x) do
dM(x,&) « (—0z — d)dK(x+A§)
K(x, &)« K(x,&) +Riji1dM(x,&)
end for
if Iz (Li-14) # 0 then
A A+2(Lix—Li-1x)
TRANSMITLEFT(K, R;;1dM, i—1, I¢(Li-1 ), A)
REFLECTRIGHT(K, Ri;j1dM, i—1, It (Li-1x), A)
end if
end procedure




