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Abstract. We consider the subcritical gas flow through star-shaped
pipe networks. The gas flow is modeled by the isothermal Euler equations
with friction. We stabilize the isothermal Euler equations locally around
a given stationary state on a finite time interval. For the stabilization we
apply boundary feedback controls with time-varying delays. The delays
are given by C*-functions with bounded derivatives. In order to analyze
the system evolution, we introduce an L?-Lyapunov function with delay
terms. The boundary controls guarantee the exponential decay of the
Lyapunov function with time.
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1 Introduction

Recently, there has been intense research on the system dynamics in gas net-
works (see e.g. [1,2,5,7,8,10,13]). Due to the pipe wall friction, there is a loss
of pressure along the pipe. A common model for the gas flow in pipes is the
isothermal Euler equations with friction, a 2 x 2 PDE system of balance laws
(see (1)). We study the isothermal Euler equations on a star-shaped network
of N (N > 2) pipes that meet at a central node w. The flow at the node w is
governed by the continuity of the density and conservation of mass (see (5)).

Our main result, stated in Theorem 1, is a method to stabilize the gas flow
locally around a given stationary subcritical state on a finite time interval. To
do so, we use boundary feedback controls with varying delays at the pipe ends
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which are not at the node w (see (16)). In order to measure the system evolu-
tion, we introduce a network Lyapunov function (see (22)) which is the sum of
a weighted and squared L?-norm (see (20)) and a delay term (see (21)) for each
pipe. The feedback controls guarantee the exponential decay of the Lyapunov
function with time (see (36)) and, hence, the exponential stability of the system.
In contrast to a previous work which studies only the case of constant delays
(see [7]), the novelty of this paper is that we consider nonconstant, i.e. time-
dependent, delays. This is very important for the daily operation of real gas
networks. E.g., in the control of such networks via electrical and mechanical sys-
tems, nonconstant time delays often appear (see [3]).

This paper is structured as follows: In Sect. 2 we give the network notation, con-
sider the isothermal Euler equations in terms of the physical and characteristic
variables and present the coupling conditions at the node w. In Sect. 3 stationary
and nonstationary states are studied. The stabilization method, i.e. the feedback
controls, the Lyapunov function and the exponential stability result (Theorem
1), are stated in Sect. 4. In Sect. 5 we prove Theorem 1.

The weighted and squared L?-norm from (20) for the Euler equations has first
been presented in [8]. It is an extension of the Lyapunov function introduced in
[4]. Delay terms of the form (21) have been presented in [12] for the time-delayed
stabilization of the wave equation. Related questions of the stabilization of the
wave equation are e.g. studied in [6, 9, 14].

2 Gas Flow in a Star-Shaped Pipe Network

In this section we consider the gas flow in a star-shaped pipe network. First,
we give the network notation. Then, we present the isothermal Euler equations
in terms of the physical variables (see (1)) and in terms of the characteristic
variables (see (3)). The coupling conditions at the central node of the network
are stated in (5).

2.1 Network Notation

We consider a star-shaped network of N (N > 2) cylindrical pipes with the
same diameter § > 0 that meet at a central node w. We define the index set
I ={1,...,N} and number the pipes from pipe 1 to pipe N. Variables referring
to pipe i (i € I) are denoted with a superscript (). We model the pipes by a
one-dimensional space model and parameterize the length L®) > 0 of pipe i by
the space interval [0, L(¥)] such that the end # = 0 is at the node w. We consider
the system on a finite time interval [0, T'] with T" > 0.

2.2 Isothermal Euler Equations in Physical Variables

A common model for the system dynamics in gas pipes is the isothermal Euler
equations with friction, a hyperbolic 2 x 2 system of balance laws (see [1,2, 10,
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13]): For pipe i (i € I) they have the following form on [0, 7] x [0, L(®]:
O pW(t,2) + 0 gV (t,2) =0,

i @) (¢,1))? i @ (t,2) |¢'D (t,z
8, a(t,2) + 0, (LalAl 162501, )) = ~ 412l (t

(1)

where p(¥)(t,x) > 0 is the density of the gas and ¢(V(¢,2) # 0 the mass flux.
The sign of ¢(* depends on the direction of the gas flow. It is positive if the gas
in pipe 7 flows away from the node w. The constant a > 0 is the sonic speed in
the gas and the constant § = v/J is the quotient of the friction factor v > 0
and the pipe diameter § > 0. The first equation in (1) states the conservation of
mass and the second equation is the momentum equation. In this paper we study
subsonic or subcritical Cl-states, i.e. C'-states with |¢()|/p() < a for all i € I.
The equations (1) have the same form for each pipe. However, our calculations
would also be true if we had different pressure laws on different pipes.

2.3 Isothermal Euler Equations in Characteristic Variables

The equations (1) can be transformed to the Riemann invariants (characteristic
variables)

For the calculation of the Riemann invariants see [5,8]. In terms of Rg) the
system (1) has the form

Ry AD 0 R 0 @) py ) p) (1
at(m 70 a0 ) % g | = g B A EDIRS BT ) O

with the eigenvalues

)\(ii):z(i):ta:—7+; — +a. (4)

) )

In the subsonic case, )\S: is strictly positive and )\g strictly negative.

2.4 Coupling Conditions

At the node w, i.e. at the ends x = 0 of the pipes, we have the following coupling
conditions in terms of the physical variables (¢ € [0, T]) (see [1,11]):

pD(t,0) = p(t,0) (i€ \{1}) and Y ¢?(t,0) =0. (5)

The first equation in (5) says that the density is continuous at the node w. Due
to the parameterization of the pipes, the second equation in (5) means that
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the total ingoing mass flux is equal to the total outgoing mass flux at w. The

conditions (5) can equivalently be stated in terms of Rﬁ) as (t € [0, T)

with the orthogonal, symmetric (N x N)-matrix A, = (akl)/{c\{lzl with the entries

arg, = (N —2)/N (kel) and ay=-2/N (klel,k#£1l). (7

3 Stationary and Nonstationary States

3.1 Stationary States

The existence and behavior of stationary solutions of the isothermal Euler equa-
tions, i.e. solutions which do not explicitly depend on the time ¢, is studied in [5,
8]. We denote the stationary variables as p(x), g(z), R+(x) and At (z). In [5,8]
it is shown that g(z) is constant along a pipe and p(z) is strictly monotonically
decreasing in the direction of the gas flow. Furthermore, a stationary subsonic
C'-solution of the isothermal Euler equations exists on the whole pipe if the pipe
length is shorter than a critical length (see (8)). The critical length depends on
the inflow density, the mass flux, the friction factor and the pipe diameter. For
typical high-pressure gas pipes the critical length is around 180km (see [5]).
For the system (1) on a star-shaped network with the conditions (5), the ex-
istence and behavior of stationary subsonic C'-solutions is in detail discussed
in [7]. In the following we summarize the main results from [7]: The stationary
mass fluxes ¢() # 0 are constant and have to satisfy 3,_; ¢) = 0. At the node
w, we have a constant density p, with p(0) = p, and [§|/p, < a for all
i € I. Furthermore, the lengths of the pipes with positive mass flux, i.e. with
g > 0, have to satisfy

. 1 02 (1)
@ < (g2 Lo 149m (Y 8
b 0(“ @z e ) ®)

3.2 Nonstationary States

Assume that on the star-shaped network we have a given stationary subsonic
state (59 (z), @) with the corresponding Riemann invariants (Rg) (x), RrRY (x)) €
(C'([0, L™]))? and the eigenvalues \?) (x) (i € T) (see (2), (4)). We define the
numbers (see (4))

o = sign(g?) = —sign(R@ + R(j)) e{-1,1}. (9)

Now we consider a nonstationary state (Ri)(x) + rﬁ)(t,m), RY (x) + rt (t,x))
on [0, T] x [0, L] in a local neighborhood of (RS?,R(_”). That is we assume

the given stationary state Ri) (x) to be slightly perturbed by rgf) (t,x) where the
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Cl-norms Hrg)||Cl([0’T]><[O’L(i)]) are small. In particular, we suppose that the
mass flux directions of the nonstationary state are the same as of the stationary
state, i.e. (i € I) (see (9))

o = —sign(RSf) + Rg) + Tgf) + T(_i)) . (10)

The stabilization method presented in Sect. 4 guarantees that the absolute values

of rgf) are small enough (see (24), (35)), such that (10) holds and such that the
direction of the mass fluxes does not change during the stabilization process.
From (3) we obtain the following quasilinear system for r(iz)(t, x) (iel)

i <) r{4r® i i i i i i i
o + (A — =20, v = 70 4 ) (K 4 oD 40y
; <) rP4r® i i i i ; i i
Os r® 4 ()\@ — = ; =) Ox P = (rgL) +r(,))(—K(,) +a(l)g(ri) —H’(,)))
(11)
on [0, T] x [0, L] with the strictly positive C''-functions
(@) 0 =) = (9) da F (RS:)(I) + RV (x)
Ki (:L’) - 9 |R+ (I) +R— ( | (i) (1) >0 (12)
8 2a F (R () + R (z))

The linearity of the equation (6) implies that for rﬁi)(t 0) at the node w we have
the equation (¢ € [0, T7)

(1.0, 0) = (10,00, (0,0)) A, (13)

with the matrix A, as in (7).

4 Feedback Stabilization with Time-Varying Delay

In this section we present a method for the stabilization of the system (11) on
[0, T] x [0, L] with time-delayed feedbacks. The corresponding boundary con-
trols are given in (16). In order to measure the system evolution, we define the
Lyapunov function F(t) in (22) with the weighted and squared L?-norms £ (t)
in (20) and the delay terms D) (¢) in (21). Theorem 1 states the existence of
a unique Cl-solution of (11) with small Cl-norm (see (35)) for which F(¢) de-
cays exponentially with time (see (36)). Hence, Theorem 1 gives the exponential

stability of the system (11) around (r(j), r(f)) = (0,0).

4.1 Boundary Feedback Controls with Time-Varying Delay

Let a finite time 7" > 0 and a stationary subsonic state (Rﬁ) (x),R@ (x)) €

(C*([0, L]))? on the star-shaped network be given with the eigenvalues ;\g? (x)
as in (4) (i € I). Define the numbers (" € {—1,1} as in (9) and the functions
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K(z) € ([0, L)) as in (12). Let functions ) (t) € C*(0, T]) (i € I) be
given that satisfy (¢t € [0, T)):

. T d .
0<7V(¢) <= and |=7P@)] < 1. (14)
2 dt
Define the constants
A , , d .. 4
70 = max T(l)(t), # = max |—T(l)(t)| and  Tyep = Max {?(z)} .
te[0, T] telo, T dt icl

(15)

For a nonstationary state R@ (x) + rg) (t,x) on [0, T] x [0, L)] we consider the
system (11) with the condition (13) with the matrix A, as in (7). At the end
x = L of pipe i (i € I) we apply the controls

9(t) (te o, 7)),

O L) = § (1= <D) 000 + DR -0, 1) (e (70, 27
k@ O — 70 (1), LO) (t e (279, T))

(16)

with feedback constants E® e (—1,1) and functions 9 (t) € C'([0, 279]) and
s (t) e CY([FW, 279]) that have the following properties:

) ) d .. ) d .. ) . .
<O EF0Y = o O F®Y) = ad”(z?(z)) =0 and <D@EFD)=1. @17

4.2 Network Lyapunov Function with Delay Terms

In order to define the network Lyapunov function, we define the numbers (i € I)

L@ 1 1 -1
p = / o~ T = dx >0 (18)
o e A)
and the functions (i € I, = € [0, L()])
(@) = exp (—W‘) /x _(i)l d§> > 0. (19)
0 AL (§)

For constants Ai) > 0 we define the weighted and squared L2-norms (i € I,
te 0, T))

(@) AP (i) 2 AD 6 (i) 5
0 = [ @ 0P + W) (0O 0) do
0 )\i)(x) |)\(7)(95)|

(20)
and the delay terms (i € I, t € [7%), T7)

] (1) N ] ) ) )
DOty = / AD BDLOY exp(—uDs) (1D (¢ — s, LOVds . (21)
0
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The network Lyapunov function F(¢) is defined as (t € [Tmax, 1))

F(t) =Y €9t + DO(t). (22)

iel

Constants of the form () in (18) and functions of the form A\’ (z) and £ (t)
in (19) and (20) have been introduced in [8]. Delay terms of the form (21) have
been presented in [12].

4.3 Main Result: Exponential Stability

Theorem 1 states the existence of a unique C'-solution of the system (11) on
[0, T] x [0, L®] (i € I) with the boundary conditions (13) and (16) and initial
data of the form (i € I, = € [0, L()])

r00.2).190,2)) = (o0 (x). 0 () )

with functions <p$) € C*([0, L]). For this solution, the function F(t) decays
exponentially on [27,,42, T (see (36)). The decay rate is n = min;e;y a® B (@)
with numbers a® € (0, 1) and % € (0, 1). The C'-norm of the solution
rg)(t, x) is bounded by a constant 1 > 0 (see (35)) which has to satisfy (i € I)

< i AW . 26 < i RW RW 24
€1 zefgfﬁn]l + ()] €1 zefgfﬁw]l V(%) + RY ()] (24)

and

o 1 AD 3O @@y AD XD (o)) N
e1 |-+ =] |3+max<exp(l)—= —- s — < (1=,
1 (4 2> < { WD RO @ a0 3o f) ST
(25)

The C'-norms of the initial data @i) and the functions ¥() in the controls (16)
have to be sufficiently small. More precisely, there exists a number g5 € (0, £1]
such that the following inequalities have to hold:

H‘pgé)HCl([O,L(i)]) < & (26)

and

i i i €2
|9t )Hc“([o,?(w]) <&, [I(1—cM)wt )||01([?<i>,2?<i>]) S5 (27)

Note that the second inequality in (27) holds for any ¢ if the C*-norm of ¥ on
[7®, 27(9] is small enough. For Theorem 1 we define the positive real numbers
(1el)

4 3Oy | ge®
U9 = max _?g)(x) (ﬁ)(z) >0 (28)
vel0, 201 |39 (z) | K (2)
and (0 (0
, 30 (| KU 1 — o)
v = min ,?;)(x) E)(x) 1 3) WY S0 20
e€[0, LOTIAL (z) | K1 (2) K (z)
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Theorem 1. Consider a star-shaped network of pipes as described in Sect. 2.1.
Let a finite time T' > 0 and functions 7@ (t) € ¢ ([0, T)) with (14) be given
(i € I). Define the constants 79, () and Tpes as in (15). Let real numbers
ad € (0,1), B9 € (0, 1) and a stationary subsonic state (RE:)(:C),R(_Z)(IL')) €
(C1([0, LD]))? with the eigenvalues ;\(il)(x) as in (4) be given (i € I) that satis-
fies the coupling conditions (6). Define the numbers ¢ € {—1,1} and p® > 0
as in (9) and (18) and the functions Kg) >0 and hg? >0 asin (12) and (19).
Define the numbers Uj(;) >0 and Vf) >0 as in (28) and (29) and assume that
we have

exp(l)Uj_i) < V_‘(_i) or exp(l) v < v (30)
Choose constants Ag) > 0 that satisfy
AP <1 < A% (31)
and assume that we have
AD /A ¢ lexpMUD, VO o AD/AD € U exp(-1) V). (32)

Choose a real number €1 > 0 that satisfies (24) and (25) for all i € I. Then
there exists g5 € (0, £1] such that the following statements hold:

Choose functions 9 (t) € C1([0, 27D]), < (t) € CH(FD, 27D]) and wg) (x) €
CY([0, LW]) (i € I) that satisfy (17), (26) and (27) and such that the C*-
compatibility conditions are satisfied at the points (t,z) = (0,0) and (t,z) =
(0, L)) (see Remark 1). Choose constants k) € (—1,1) (i € I) that satisfy

exp(1) (k)2 AW < AW exp(—uD7®) (1 — 7) (33)
and 4 '
KD < ea/Berlls® || e g, a7))) - (34)

Then the initial-boundary value problem (11), (13), (16), (23) has a unique
solution (TS:)J@) € (CY([0, T] x [0, LD]))? that satisfies

||T$)||Cl([O,T]><[O,L(i>]) <eér. (35)

For this solution define the functions £ (t), DU (t) and F(t) as in (20), (21)
and (22). Then the Lyapunov function F(t) satisfies the following inequality with
1 = minge; a®FOu0;

Ft) < F(2Tmaz) exp (—n(t — 2Tmaz))  for t € [2Tmas, T . (36)
Remark 1. The C'-compatibility conditions guarantee that the initial data (23)
and the boundary conditions (13) and (16) and their first derivatives fit together
at the points (¢, ) = (0,0) and (¢,x) = (0, L)) (i € I). They can be calculated
from gagz), 192), A, and the equations (11) (see [7]).
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Remark 2. The inequalities (31) and the second assumption in (32) hold if, e.g.,
ARET sufficiently large such that

max{l,UEi)} < exp(—1) v (37)

More precisely, if (37) is satisfied, we can first choose the quotient AW /AS:) such
that ' _ _ _
AD/AY € max{1, U}, exp(=1) V] .

Then, without changing the quotient AW /Ag), we choose Ag? > 0 such that
(31) holds. The conditions (32) and (37) are satisfied if the number p(* > 0
from (18) is sufficiently large which is the case if the length L(*) is not too long.

5 Proof of the Main Result Stated in Theorem 1

In this section we prove Theorem 1. The existence of a unique solution of (11)
follows from Theorem 2.1 in [15] where initial-boundary value problems for first
order quasilinear hyperbolic systems are studied (see also [5, 8]). For the proof of
(36) we use the estimates (38), (40) and (41) for L@ (¢), £DO(t) and L F(t).
The estimate (38) is the same as in [7] where oY) = () = 1/2 (i € I). The
calculation of (40) is more complicated than in [7] where only constant delays

are considered. Using integration by parts, Young’s Inequality and the conditions
(25) and (32), we obtain the following estimate for ££@(¢) (¢ € [0, T)):

L)

d

ZEOW) < —a®BOueN (1) + [AVRD @)(rD (1, 2)) — ALY (@) (1, 2))°]

x=0
(38)
For a detailed calculation of (38) see [7]. For the derivative D) (t) we get
(t e [, 7))

LpO () = 2 [77O 4D BO (LD exp(—p@s)r(t — 5, LO) 0 (£ — 5, LD) ds
+ AP R (LD exp(—uD @ () (rP (¢ = O (8), L)) 7D (2) . (39)
39
Using the equation asrs_i)(t —5,L0) = fatrﬁ) (t — s, L) and integration by
parts, from (39) we obtain (¢t € [7(*), T))
HDO() = —pODO (1) + ADRY (L) (1, L0))?
= APRP (L) exp(—pOrO @) (L (¢ = 70 (1), L)1 = O (1))
Hence, the inequalities (14) and the definition of 7¥ and 7(? in (15) imply
(te[r®, 1])
HDO() < —p@DO () + APRY (@) (P (1, L0))?

= ADRY (L) exp(—uO7O) (D (¢ - 70 1), LO)2(1 = 710)
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From (38) and (40) we obtain the following estimate for £F(t) with n =
minge; a@BO LD (t € [Thaw, T)):

%}'(t) < —nF(t) + Bo(t) + Br(t) (41)

with the boundary terms

Bo(t) = = AP (1,02 — 406,007,
1€
Br(t) =) AY ROL®) (rD (¢, L0))2
el
— AD RY (L) exp(—p®7D) (1= 70) (P = 70 (), LO))?] .

The equation (13), the orthogonality of the matrix A, from (7) and the in-
equalities (31) yield that we have By(t) < 0 for all ¢ € [Tymas, T]. Furthermore,
the boundary controls (16) and the inequality (33) guarantee By (¢) < 0 for all
t € [2Tmaz, T]. Thus, from (41) we obtain (¢ € [27ynas, 1))

9FW0) < —nFW)

which implies the inequality (36).
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