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Abstract— We present a PDE boundary controller that sta-
bilizes the velocity, pressure, and electromagnetic fields in a
magnetohydrodynamic (MHD) channel flow, also known as
Hartmann flow, a benchmark model for applications such as
cooling systems, hypersonic flight and propulsion. This flow
is characterized by an electrically conducting fluid moving
between parallel plates in the presence of an externally imposed
transverse magnetic field. The system is described by the in-
ductionless MHD equations, a combination of the Navier-Stokes
equations and a Poisson equation for the electric potential under
the so-called MHD approximation in a low magnetic Reynolds
number regime, and is unstable for large Reynolds numbers.
Our control design needs actuation of velocity and the electric
potential at only one of the walls. The backstepping method for
stabilization of parabolic PDEs is applied to the velocity field
system written in some appropriate coordinates; this system
is very similar to the Orr-Sommerfeld-Squire system of PDE’s
and presents the same difficulties. Thus we use actuation not
only to guarantee stability but also to decouple the system
in order to prevent transients. Control gains are computed
solving linear hyperbolic PDEs—a much simpler task than,
for instance, solving nonlinear Riccati equations. Stabilization
of non-discretized 3-D MHD channel flow has so far been an
open problem.

I. INTRODUCTION

In this paper we consider an incompressible MHD channel
flow, also known as the Hartmann flow, a benchmark model
for applications such as cooling systems (computer systems,
fusion reactors), hypersonic flight and propulsion. In this
flow, an electrically conducting fluid moves between parallel
plates and is affected by an imposed transverse magnetic
field. When a conducting fluid moves in the presence of a
magnetic field, it produces an electric field and subsequently
an electric current. The interaction between this created elec-
tric current and the imposed magnetic field originates a body
force, called the Lorentz force, which acts on the fluid itself.
The velocity and electromagnetic fields are mathematically
described by the MHD equations [16], which are the Navier-
Stokes equation coupled with the Maxwell equations.

For non-conducting fluids, channel flow is a benchmark for
flow control, frequently cited as a paradigm for transition to
turbulence [19]. There are many results in channel flow sta-
bilization, for instance, using optimal control [12], backstep-
ping [10], [26], spectral decomposition/pole placement [7],
[24], Lyapunov design/passivity [1], [3], or nonlinear model
reduction/in-domain actuation [2].
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The area of conducting fluids moving in magnetic fields,
even though rich in applications, has only been recently
considered and is under development. There are some recent
results in stabilization of magnetohydrodynamic flows, for
instance using nonlinear model reduction [4], open-loop
control [8] and optimal control [11]. Applications include
drag reduction [17], mixing enhancement for cooling sys-
tems [18], or estimation of velocity, pressure and electromag-
netic fields [27]. Some experimental results are available as
well, showing that control of such flows is technologically
feasible; actuators consist of magnets and electrodes [9],
[17], [23]. Mathematical studies of controllability of magne-
tohydrodynamic flows have been done, though they do not
provide explicit controllers [6], [22].

This paper is based on our previous work for stabilization
of the velocity field in a 3-D channel flow [10]. Our controller
is designed for the continuum MHD model. Since the system
is spatially invariant [5], control synthesis is done in the
wave number space after application of a Fourier transform.
Large wave numbers are found to be stable and left un-
controlled whereas for small wave numbers control is used.
For these wave numbers, control is used to put the system
in a strict-feedback form; this is necessary for application
of the backstepping method for stabilization of parabolic
PDE’s [21]. Writing the velocity field in some appropriate
coordinates, the resulting system is very similar to the Orr-
Sommerfeld-Squire system of PDE’s for non-conducting flu-
ids and presents the same difficulties (non-normality leading
to a large transient growth mechanism [13], [19]). Thus,
applying the same ideas as in [10], we use backstepping not
only to guarantee stability but also to decouple the system in
order to prevent transients. The control gains are computed
solving linear hyperbolic PDEs—a much simpler task than,
for instance, solving nonlinear Riccati equations. Actuation
of velocity and electric potential is done at only one of
the channel walls. Full state knowledge is assumed, but the
controller can be combined with a dual observer for MHD
channel flow [27] to obtain an output feedback controller.

The paper is organized as follows. Section II introduces the
governing equations of our system. The equilibrium profile
is presented in Section III and the linearized plant in wave
number space introduced in Section IV. Section V presents
the design of the control laws to guarantee stability of the
closed-loop system and finishes stating our main result.

II. MODEL

Consider an incompressible conducting fluid enclosed
between two plates, separated by a distance L, under the
influence of a pressure gradient VP and a magnetic field
By normal to the walls, as shown in Figure 1. Under the
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Fig. 1. Hartmann Flow.

assumption of a very small magnetic Reynolds number
Repr =vpoUpL < 1, (1)

where v is the viscosity of the fluid, p the density of the
fluid, o the conductivity of the fluid, and Uy the reference
velocity (maximum velocity of the equilibrium profile), the
dynamics of the magnetic field can be neglected and the
dimensionless velocity and electric potential field is governed
by the inductionless MHD equations [15].

We set nondimensional coordinates (z,y, z), where z is
the streamwise direction (parallel to the pressure gradient),
y the wall normal direction (parallel to the magnetic field)
and z the spanwise direction, so that (z,y, z) € (—00, 00) X
[0,1] x (—00,00)!. The governing equations are

A

U, = Rig—UU,;—VUy—WUZ—P$+N¢Z
“NU, @)
A

Vi = - UVe- VY, WV P, )
A

W, = RVZ*UVVm*VVVy*VVVVZ*sz]\f(;ﬁ,qc
SN @

Ao = U.—W,. )

where U, V and W denote, respectively, the streamwise,
wall-normal and spanwise velocities, P the pressure, ¢ the
electric potential, Re = % is the Reynolds number and

2
N = UPLU]i 0 the Stuart number. Since the fluid is incompress-

ible, the continuity equation is verified
Uy +Vy+W,=0. (6)

The boundary conditions for the velocity field are

U(t,z,0,2) = 0,U(t,z,1,2)=U.(t,x,2), (1)
V(t7 x7 07 Z) = 07 V(t7 x7 132) = ‘/C(t’ z, Z)’ (8)
W(t7w707 Z) = 07 W(t’x’ 1,2) = WC(t7 x? Z)7 (9)

where U.(t,z,z), V.(t,z,z) and W,(¢t,z,z) denote, re-
spectively, the actuators for streamwise, wall-normal and
spanwise velocity in the upper wall. Assuming perfectly
conducting walls, the electric potential must verify

¢(t’ 'r7 07 Z) = 0) ¢(t7 x? 1’ Z) = q)c(t’ 'r’ Z)’ (10)

'Our approach can be extended to finite, periodic channels with only
some changes; see e.g. [25] for techniques involved.

where ®.(t,xz,z) is the imposed potential (electromagnetic
actuation) in the upper wall. The nondimensional electric
current, j(t,z,y, z), a vector field that is computed from the
electric potential and velocity fields as follows,

jy(t7x7y52) = _¢ya (12)
jz(tvxvyaz) = 7¢z +U7 (13)

where j7, 7Y, and j* denote the components of j.

We assume that all actuators can be independently actuated
for every (z,2) € R%. Note that no actuation is done inside
the channel or at the bottom wall.

III. EQUILIBRIUM PROFILE

The equilibrium profile for system (2)—(5) with no control
can be calculated following the same steps that yield the
Poiseuille solution for Navier-Stokes channel flow. Thus, we
assume a steady solution with only one nonzero nondimen-
sional velocity component, U¢(y), that depends only on the
y coordinate. Substituting U¢(y) in equation (2), one finds
that it verifies the following equation,

_ Uy W)
Re

whose nondimensional solution is, setting P¢ such that the
maximum velocity (centerline velocity) is unity,

sinh(H (1 — y)) — sinh H + sinh(Hy)

0 (14)

— Py = NU“(y),

Ue = 15
() 2sinh H/2 — sinh H » (19)
Ve — We=¢°=0, (16)

N sinh H
P = 17
2sinh H/2 —sinh H a7
= =057 = Uy). (8)

where H = v ReN = ByL

In Fig. IlI(left) we show U°(y) for different values of H.
Since the equilibrium profile is nondimensional the centerline
velocity is always 1. For H = 0 the classic parabolic
Poiseuille profile is recovered. In Fig. II(right) we show
U;(y), proportional to shear stress, whose maximum is
reached at the boundaries and grows with H.

;LV is the Hartmann number.

IV. THE PLANT IN WAVE NUMBER SPACE

Define the fluctuation variables

U(tvl‘vy) - Ue(y)v
P(t’x’y) - Pe(y)

where U¢(y) and P°(y) are, respectively, the equilibrium ve-
locity and pressure given in (15) and (17). The linearization
of (2)—(4) around the Hartmann equilibrium profile, written
in the fluctuation variables (u, V, W, p, ¢), is

19)
(20)

u(t,z,y) =
p(t,z,y) =

Au

uy = ﬁer(y)umeye(y)vfpz‘i’Néz
“Nu, Q1)
AV

‘/t = E_U (y)Vz_pyv (22)
A

Wt = W_Ue(y)Wm_pz_N¢w_NW-(23)

Re
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Fig. 2. Streamwise equilibrium velocity U®(y) (left) and U;(y) (right), for different values of H. Solid, H = 0; dash-dotted, H = 10; dashed, H = 50.

The equation for the potential is

Ap=u, — Wy, (24)

and the fluctuation velocity field verifies the continuity
equation,

Ug +Vy + W, =0, (25)

and the following boundary conditions

u(t,x,0,2) = Wi(tz,0,z)=V(tz0,2z) =0, (26)
u(t,z,1,2) = U.(t,z,z2), 27)
Vit,z,1,2) = V.(t,z,z2), (28)

W(t,x,1,2) = W.(t,zx,z), (29)
o(t,x,0,2) = 0, ¢(t,z,1,2) = P.(t,x, 2). (30)

To guarantee stability, our design task is to design feed-
back laws U,., V., W, and ®., so that the origin of the
velocity fluctuation system is exponentially stable. Full state
knowledge is assumed.

Since the plant is linear and spatially invariant [S], we use
a Fourier transform in the x and z coordinates (the spatially
invariant directions). The transform pair (direct and inverse
transform) is defined as

/ / f(x,y,2)
f(z,y,2)= / / Fkayy, k)T Rt k=) qp_dl, . (32)

Note that we use the same symbol f for both the original
f(z,y, z) and the image f(k,,y,k.). In hydrodynamics k.
and k., are referred to as the “wave numbers.”

The plant equations in wave number space are

Tvy’ —27i(kyxtk. Z)dZdI (31)

—a’u+u .
U = T‘yy = By)u—Uy(y)V — 2rkyip
+27k,iN¢ — Nu, (33)
—a?V + Vy,
= == w - 34
Vi T BV — py, (34)
2
w, = T s)w — onk.ip
e
—27k,iN¢ — NW (35)

where o? = 472 (k2 + k2) and B(y) = 2mik, U°(y).
The continuity equation in wave number space is ex-
pressed as

2mikgu 4V, + 27k, W =0, (36)

and the equation for the potential is
—a?p + ¢y, = 2mi (kyu — k,W). (37)

The boundary conditions are

u(ta kl‘aoakz) = W(t,k‘w,o,ka):V(t,kw,O,kz):O,(:;S)
u(t, kmalakz) = Uc(ta kmakz)7 (39)
V(ta kmalakz) = V::(tvkxakz)a (40)
W(t, kmlakz) = Wc<t7km7kz)a 41
(b(t? kz’())kz) = 07 ¢(t7kw71akz) = (I)C(t7k$7kz)~ (42)

V. CONTROL DESIGN

We design the controller in wave number space. Note that
(33)-(42) are uncoupled for each wave number. Therefore, as
in [10], [26], the range k2 + k2 < M?, which we refer to as
the controlled wave number range, and the range k2 + k2 >
M2, the uncontrolled wave number range, can be studied
separately. If stability for all wave numbers is established,
stability in physical space follows (see [26]). The number
M, which will be computed in Section V-B, is a parameter
that ensures stability for uncontrolled wave numbers.

We define x, a truncating function, as

1, K24k < M2,
X(ka, k) = { 0, otherwise.

Then, we reflect that we don’t use control for large wave
numbers by setting

(43)

U.(t,x, z Ue(t ks, k)
Ve(t, z, 2) Ve(t, ksy k)
W (t Z, Z / _/ (t, kwakz)
0] (t,x Z) (t kacykz)

XX (g, bz )e2™ Rattk22) gk d,.. (44)

Next we design stabilizing control laws for small wave
numbers and analyze uncontrolled wave numbers.



A. Controlled wave number analysis

Consider k2 + k2 < M?. Then x = 1, so there is control.
Using the continuity equation (36) and taking divergence of
(33)-(35), a Poisson equation for the pressure is derived,

—a’p + Pyy = —47Tk:ZiU;(y)V + NV, (45)
Evaluating equation (34) at y = 0 one finds that
V (k$7 03 kz)
py(kf'm 0: kz) = WT
= omiftw t Wi g

Re ’

where we use (36) for expressing V,,,, at the bottom in terms
of uyo = uy(kg,0,k,) and Wyo = Wy (ks, 0, k). Similarly,
evaluating equation (34) at y = 1 we get

ke, 1,k2) V.
1 _ yy (K, 1, N, g2l
py(km 7k2) Re (ch)t (&7 Re
_ 9 kruy1+szy1
Re
V.
(Ve)e — oﬂﬂ, (47)

where we use (36) for expressing V,, at the top wall in
terms of w1 = uy(ky, 1, k) and W1 = Wy (ks 1,k.) and
the controller V.

Equation (45) can be solved in terms of integrals of the
state and the boundary terms appearing in (46) and (47).

4rk,t

| " U () sinh (aly — m)) V (kesn, k)
0

Y ginh _
+N/ ny(kwanvkz)dn

0
_cosh (a1 —

on ) ksttyo + kWi

asinh a Re
4mkyi cosh (ay) /1
—= | U h (a1 —
R e [ U cosh (a(1— )
cosh (o) [*
~snha /0 cosh (a(1 — 7))

cosh (o) kguyr + kWi
— 27
xVy (ke k= )iy Y asinha Re

D) (Wr e ).

xV(kg,m, kz)dn — N

asinh « (48)
We proceed as in [26] and [10] and use the controller V,
which appears inside the pressure solution (48), to make
the pressure strict-feedback (spatially causal in y), which is
a necessary structure for the application of a backstepping
boundary controller [21]. Since the first three lines in (48)
are already spatially causal, we need to cancel the fourth,
fifth and sixth lines of (48). Set

—Uy1) + k. (Wyo —
Re

1
+47rkzi/0 U, (n) cosh (a(1 —n)) V(kz,n, k2)dn

C k’l‘ 1 1
(Ve)e = a2%§;<+-2wi (g0 W)

1
—N/ cosh (O[(l —U))Vy(kL7nakz)dna (49)
0

which can be written as

V) = a2 Ve g opikelio = ) + ke(Wyo = W)

Re Re
1
—NV, + / cosh (a(1 = 7)) V(ky,n, k)
0
X (N + 4rk,iUg (n)) dn.

(50)

Then, the pressure is written in terms of a strict-feedback
integral of the state V' and the boundary terms u,o, Wyo
(proportional to the skin friction at the bottom) as follows

drkgi (Y, .
o / Uy (n) sinh (a(y —m)) V (kz, n, k=) dn)
0

_cosh (ay) — cosh (a(1 — y))
Rea sinh av (hauyo + k= Wiyo)

smh
LN / sinh (@0 = 1)y k.

Similarly, solving for qS in terms of the control ®. and the
right hand side of its Poisson equation (37),

’ sinh (a(y — n)) (kyu(ky,n, k=)

sinh «
27 sinh (o 1 )
7Wh(ay) /0 sinh (a(l - 77)) (kzu(kacv m, k'z)

p= -

—2mi

61y

211

@ Jo

¢ =

QC(kw ky)

As in the pressure, an actuator (P, in this case) appears
inside the solution for the potential. The last two lines of (52)
are non-strict-feedback integrals and need to be cancelled to
apply the backstepping method. For this we use ®. by setting

-
Do(ky, ky) = %/0 sinh (a(1 — 1)) (k,u(ks,n, k)
—koW(ky,n, k) dn. (53)

Then the potential can be expressed as a strict-feedback
integral of the states u and W as follows
sinh (a(y —

| ) (kzu(kz,n, k)

Introducing the expressions (51) and (54) in (33) and (35),
we get

o2mi Y

¢ =

—a?u+u e 2

" cosh (ay) — cosh (a(1 — y))

Rea sinh o

srk Y
T [ Ug ) sinh 0ty — ) V(b k)

Y sinh —
—27TZ]€IN/ wv’y(kwanvk;z)dn
0
47r2k:zN

Uy =

(kmuyo + szVyO)

/ " sinh (a(y — )
(UG be) — KTV (o)) i

—o*W + W,
O‘Ri—i—yy — B(y)W — NW — 4n’k,
e

(35)
Wt =



" cosh (ay) — cosh (a(1 — y))
Reasinh «
_ 8mkyk.

e [T sint aly = ) V (ks )

inh (
—27m'kzN/ S @
0

(kzuyo + Kk Wyo)

#Vy(lﬁn 7, kz)dn

Ar?k,N (Y
+ / sinh (a(y — 7))
0
2 (sz(ka], kz) - krW(kaI, kz)) d77- (56)

We have omitted the equation for V since, from (36) and
using the fact that V' (k;,0,k,) =0, V is computed as

V:—2m’/(k Uk, 1, ks) + koW (ks ko)) di. (57)
0

Now we use the following change of variables and its
inverse,

Y = 27mi(kyu+ kW), w=2mi(ku—k, W), (58)

211 211
— (kY + kw), W = (k Y — k,w) .(59)

u =

Defining € = - and the following functions

f:4k{2( /UE Smh( ))d}
+Nasinh (a(y — o)), (60)

B cosh (ay) — cosh (a(1 — y))
g = Resinh « ’ D)
h = 2mik.Ug, (62)
he = —Nasinh(a(y — 7)), (63)

equations (55)—(56) expressed in terms of Y and w are

YV, = e(=a’Y +Yy,)—B@yY —NY +gYy
/f o Y 1, k)Y (keym, k2 )dn, (64)
w = e(—*wtwyy) —B(y)w — Nw
+ha(y) / Y (ko k)
0
Yy
+/ ho(y, mw(kz,n, k2)dn, (65)
0

where we have used the inverse change of variables (59) to
express uyo and Wy in terms of Y,y = Y, (k;,0,k.) as
follows

Yyo = 2m (kﬁzuyo + k‘zWyo) R (66)
with boundary conditions
Y(tvkmvoakz) = w(t, kxaoakz) =0, (67)
w(takw717kz) = wc(t7k$7kz)7 (69)
where
Y. = 2mi(k,U.+ kW), (70)
we = 2mi(k Uz —k,WV,). 71)

Equations (64)—(65) are a coupled, strict-feedback plant,
with integral and reaction terms. As in [10], a variant of

the design presented in [21] can be used to stabilize the
system using a double backstepping transformation. The
transformation maps, for each &, and k,, the variables (Y, w)
into the variables (U, (2), that verify the following family of
heat equations (parameterized in k,, k)

Uy o= (U 0y,) - By)Y - Ny, (72)
Q = e(-a’Q+Q,) - By)—NQ, (73)
with boundary conditions
U (k,,0,k,) U(ky, 1,k,) =0, (74)
Q(ks,0, k) Qks,1,k,) = 0. (75)

The transformation is defined as follows,

Y - /Oy K(ka,y,m,k2)Y (ka,n, k2 )dn, (76)
o= [ Pt k)Y (kb
- /Oy Lo (ka,ysn, ke )w(ka, n, ke )dn. (77)

Following [10], [21], [26], the functions K (k.,y,n,k.),
Ty (ks,y,m, k), and Ta(k,,y,n, k.) are found as the solu-
tion of the following partial integro-differential equations,

eKyy = eKyy+ (B(y) —BM) K- f
Y
+ [ F0 9K )i 9)
7
Y
Ty = i+ (0) = @) T1— h+ [ Tal.6)
n
Y
<h(©d+ [ ST @ Ods  (19)
7
€F2yy — EF27777 + (ﬁ(y> - 5(77)) FQ - h2
y
+ [ ha(enTa(y. (80)
7
Equations (78)—(80) are hyperbolic partial integro-
differential equation in the region 7 = {(y,n) : 0 <
y < 1,0 <7 < y}. Their boundary conditions are
n)d
K(y,0) = L I =) g
Ii(y,y) = 0, (83)
y
I\ (s.0) = Jo Fl(y,en)g(n)dn’ &)
Ta(y,y) = 0,T2(y,0)=0. (85)

Remark 1: Equations (78)—(85) are well-posed and can be
solved symbolically, by means of a successive approximation
series, or numerically [10], [21]. Note that (78) and (80) are
autonomous. Hence, one must solve first for K (k;,y,n, k)
and Ta(ks,y,n, k.). Then the solution for I's is plugged in
Equation 79 which then can be solved for I'y (k,, y, 7, k= ).



Control laws Y, and W, are found evaluating (76)—(77) at
y = 1 and using (68)—(69) and (74)—(75), which yields

1
Yo(t koo ks) = / K(ky, 1, k)Y (K, k), (86)
0
1

welt, ke kz) = /Fl(kz,Lmkz)Y(kxﬂ%kz)d??

0
1
+ / To(ka, 1,1, koo (ko ko). (87)
0

Using (58)—(59) to write (86)—(87) in (u, W), we get

1
U, = / KU (ks 1,y e (s, e )l
0

1
+/ KUW(k$>17n’ kz)W(k:r7777kz)d"77 (88)
0
1
/ EW%ky, 1,n, k) u(ke,n, k. )dn
0

1
+/ KW (ky,1,m, k)W kg, n, k2 )dn,(89)
0

where
KUu
KUW

KWu
KWW

K(ky,y,m, k)
Fl (kw7 Y,1, kz)
O )
To(kesy,m, k)
and where the matrix A is defined as
k2 kypk. kyk.
kypk, k2 —k2
kok., ——k2 k2 —kyk,
k2 —kyk, —kok. k2
Stability in the controlled wave number range follows from
stability of (72)—(73) and the invertibility of the transforma-
tion (76)—(77). We get the following result, whose proof we
sketch (see [10] for more details).
Proposition 5.1: For k2 + k? < M?, the equilibrium u =
V =W = 0 of system (33)-(42) with control laws (50),
(53), (88)—(89) is exponentially stable in the L? norm, i.e.,

= A (90)

k2

47 —ki k.

A=-T

- GV

1
| QP WV W) by
0

1
< Cre / (Jul? + [V + [W]2) (0, ke, g, k2 )dy, (92)
0
where C7 > 0.

Proof: From equations (72)—(73) we get, using a
standard Lyapunov argument,

1
| P+ 19) (ke )y
0

1
< e—Qet/ (|\1;‘2 + \Q|2) (0, ks, y, kz)dy, (93)
0

and then from the transformation (76)—(77) and its inverse
(which is guaranteed to exist [21]), we get that

1
/ (Y + w]?) (t, ko, y, k2 )dy
0

1
< Cpe / (1Y 2+ |w]?) (0, kg, y, k2 )dy, — (94)
0

where Cy > 0 is a constant depending on the kernels K, I';
and 'y and their inverses. Then writing (u, W) in terms of
(Y,w) and bounding the norm of V by the norm of Y (using
Y = —V,, and Poincare’s inequality), the result follows. M

B. Uncontrolled wave number analysis
When k2 +k2 > M, plant verifies the following equations

wo o= 2 ) Us)V - 2mkip
21k, iN¢p — Nu, 95)
o= 2 gy, 96)
W, = M — oW — 21k,ip — 2wk, iN ¢
WL ©7)
the Poisson equation for the potential
—a®¢ + ¢y = 2mi (kou — kW) (98)
the continuity equation
2mikgu 4+ Vy, + 27k, W =0, 99)

and Dirichlet boundary conditions

u(t, kz,0,ky) = V(t, k3,0, ky) = W(t, kg, 0,ky) = 0,(100)

w(t, kg, 1,ky) = V(t, ky, 1, ky) = W(t, ky, 1, ky) = 0,(101)

o(t, ks, 0,ky) = @(t, ks, 1,ky) = 0. (102)
Using (58), one gets the following equations for Y and w.

Y, = e(-a’Y +Y,,) - By)Y — 2rk,iUS (y)V
+a’p — NY, (103)

wy = € (—a2w + wyy) - B(y)w — 2mk.iU, (y)V
—a’N¢ — Nw. (104)

The Poisson equation for the potential is, in terms of w,
—a?P + dyy = w. (105)

Consider the Lyapunov function
A= /1 Jul” + |V2|2 IWE,, (106)
0

where we write fol f= fol f(ky,y,k.)dy. The function A
is the L? norm (kinematic energy) of the velocity field.

Denote by f* the complex conjugate of f. Substituting Y’
and w from (59) into (106), we get

1 21v12 1 1.2],,|2 * x
A = /47T2 [km|Y| + E2|w|* + ok (Yo + Yw*)
0

204
E2Y |2 + k2 |w|? — kpk. (Y*w + Yw*
RV 4 R~ kb Ny
2«
1 2
V]
—d
+/0 5 W
1y 2 2 27712
Y
[ PP ot VE 107
0 2a
Define then a new Lyapunov function,
1 y2 2 27712
Y Vv
A1:a2A:/ A +|“’|2+O‘| Cay. (0s)
0



The time derivative of A; can be estimated as follows,

1
A, = —26a2A1—6/0 (1Y, 2 + |wy|* + a?V, )
1 1 % *
,N/ (V]2 + [w]?) a2N/ %
0 0

1
+/ iU, (y)V* (2kY + k.w)
0

1
—/0 miUy (y)V (2k Y™ + kw™)

Y PV —P,V*

, /1 P*Y + PY* — (109)

0 2

For bounding (109), we use the following two lemmas.

Lemma 5.1:
1 % * 1
_az/ 9w+ gw* s/ w2, (110)
0 2 0
Proof: The term we want to estimate is
1 % *
_a2/ M (111)
O 2
Substituting a2¢ from (105), (111) can be written as
w + w*
/ Ou %y / |w|?. (112)
Therefore, we need to prove that
1
/ (qﬁzyw + ¢yyw*) > 0. (113)
0
Substituting w from equation (105) into (113), we get
1
/0 (‘Z)zij + ¢yyW*)
1 1
= [ towl =a? [ (61,0 +000)
1 1
= / |¢yy|2+0‘2/ ‘¢y|2a (114)
0 0
which is nonnegative. [ ]
Lemma 5.2:
Us(y)| <4+ H. (115)
Proof: Computing Uy (y) from (15),
sh(Hy) — cosh(H (1 —
e y) = O —coh(HO —y)

2sinh H/2 — sinh H
Calling ¢1(y) = cosh(Hy) — cosh(H (1 —1y)), since ¢} (y) =
H (sinh(Hy) + sinh(H (1 — y))) is always positive for y €
(0,1), the maximum must be in the boundaries. Therefore

coshH — 1

e < H) = . 117
Uyl < el =H o — e D
One can rewrite go as
sinh H/2
=H—. 118
92 coshH/2 -1 (118)
Since g2(0) = 4, it suffices to verify that g5 (H) < 1.
inh H/2 — H?/2
gy(i) = 93 — Sl / (119)

gs  coshH/2—1

This is equivalent to verify that g3 < g4. Since g3(0) =
94(0) = 0, it is enough that g4 < gjj, which follows from

= H/2(cosh H/2 — 2H) < H/2(sinh H/2) = ¢/, (120)

because cosh x — 4x < sinh z. |
Integrating by parts and applying Lemma 5.1,

1
A< —2e0?A, —e / (Y2 + lwy 2 + 02|V, 2)
0
1
+ / iU )V (ke Y + ko)
0

1 1
—/O mUye(y)V(k;wY*—&—kzw*)—N/O [Y|2.(121)

Using Lemma 5.2 to bound U, in (121),

1
A < 726(1+a2)A1—N/ Y [*dy
0
1
+2w<4+H>/O (VIEY ]+ s lwl) dy
< (+H-2(140%)) N (122)

where we have applied Young’s and Poincare’s inequalities.
Hence, if o > %,

Ay < —2eA. (123)
Dividing (123) by a? and using (108), we get that
A < —2€A, (124)

and stability in the uncontrolled wave number range follows
when k2 + k2 > M? for M (conservatively) chosen as

(H —|—4)Re
M> —y )/ — 2
- 27‘(’ 2

We summarize the result in the following proposition.
Proposition 5.2: For k2 + k> > M? where M >

% %, the equilibrium v = V = W = 0 of the
uncontrolled system (95)—(102) is exponentially stable in the

L? sense, i.c.,

(125)

1
/ ([uf? + [V + W) (t, ks g, ko) dy
0

1
< o / ([uf® + [VI? + W) (0, ks y, k=) dy.(126)
0

C. Main result

Substituting (50), (53) and (88)—(89) in (44), and using
the Fourier convolution theorem, we get the control laws in
physical space, which can be expressed compactly as

Ue o 1 oo
. - [ [ ] =a-enz-0
x < I;‘/(é’;% >d§dndg, (127)
where
2(En¢) = / / (kzym, k
xx(kq, ke ket the C)dk‘zdkw, (128)



and

K (kg 1, kz) - KUY (kg 1, k)
= | E"(ks, L ks) K" (koy1nk:) | (129)
2mik, sinh(a(1—n)) _ 2miky sinh(a(1-7))

Control law V. is a dynamic feedback law computed as
the solution of the following forced parabolic equation

(Ve)az + (Ve)22

(Ve)e = Re

where ¢(t,x, z) is defined as

/ / /g"x_fnvz—C)V(f,n,C)dn

+gW T — 572 - C)( y(gaOaC) - Wy(ga ]-»C))
+gu(r — & 2 — () (uy(§,0,¢)—uy (&, 1,¢))|ddC, (131)

and

= / / 2mR—X(kx, k,)e?mi ket tk=0 g dk,,(132)
o0 J—o0 e

v :/ / cosh (a(1 —n)) (N + 4nk,iUy; (n))
XX (kg k) €2 Rt TR=0) gl ... (133)
gw = / / 27ri%x(kx, k. )e2m kel k=0 g dk, . (134)

As in [10], [26], considering all wave numbers and using
Proposition 5.1 and Proposition 5.2, the following result
holds regarding the convergence of the closed-loop system.

Theorem 1: Consider the system (21)—(42) with control
laws (127)—(134). Then the equilibrium profile v = V =
W = 0 is asymptotically stable in the L? norm, i.e.,

oo 1 [e%e}
/ / / (u2 +V%4 WQ) (t,z,y, z)dxdydz
—oo JO —00

S 026726t

o) 1 [e%e)
x/ / / (u2 + V24 WQ)(O, x,y, z)dxdydz.(135)
—o0 J0 —o00

where Cy = max{C4,1} > 0.

We have assumed in the above result that the closed loop
linearized system is well-posed and that the velocity and
electromagnetic field equations have at least L? solutions.
See [20] for some mathematical considerations on the well-
posedness of MHD problems.

Control laws (127)—(134) of Theorem 1 require full-state
knowledge. In [27] we presented an observer for estimation
of velocity and electromagnetic fields of the Hartmann flow,
based on boundary measurement of pressure, current and
skin friction. Such an observer can be used together with
the control laws (127)—(134) to obtain an output feedback
stabilizing boundary controller that only needs boundary
measurements.
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