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Abstract

In this article a stabilizing feedback control is computed for a semilinear parabolic
partial differential equation utilizing a nonlinear model predictive (NMPC)
method. In each level of the NMPC algorithm the finite time horizon open
loop problem is solved by a reduced-order strategy based on proper orthogonal
decomposition (POD). A stability analysis is derived for the combined POD-
NMPC algorithm so that the lengths of the finite time horizons are chosen in
order to ensure the asymptotic stability of the computed feedback controls. The
proposed method is successfully tested by numerical examples.
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1. Introduction

In many control problems it is desired to design a stabilizing feedback con-
trol, but often the closed-loop solution can not be found analytically, even the
unconstrained case since it involves the solution of the corresponding Hamilton-
Jacobi-Bellman equations. One approach to circumvent this problem is the
repeated solution of open-loop optimal control problems. The first part of the
resulting open-loop input signal is implemented and the whole process is re-
peated. Control approaches using this strategy are referred to as model pre-
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dictive control (MPC), moving horizon control or receding horizon control. In
general one distinguishes between linear and nonlinear MPC (NMPC). In linear
MPC, linear models are used to predict the system dynamics and considers linear
constraints on the states and inputs. Note that even if the system is linear, the
closed loop dynamics are nonlinear due to the presence of constraints. NMPC
refers to MPC schemes that are based on nonlinear models and/or consider a
nonquadratic cost functional and general nonlinear constraints. Although linear
MPC has become an increasingly popular control technique used in industry,
in many applications linear models are not sufficient to describe the process
dynamics adequately and nonlinear models must be applied. This inadequacy
of linear models is one of the motivations for the increasing interest in nonlinear
MPC; see. e.g., [2, 10, 13, 21]. The prediction horizon plays a crucial role in
MPC algorithms. For instance, the quasi infinite horizon NMPC allows an effi-
cient formulation of NMPC while guaranteeing stability and the performances
of the closed-loop as shown in [3, 11] under appropriate assumptions.

Since the computational complexity of NMPC schemes grows rapidly with
the length of the optimization horizon, estimates for minimal stabilizing hori-
zons are of particular interest to ensure stability while being computationally
fast. Stability and suboptimality analysis for NMPC schemes without stabiliz-
ing constraints are studied in [13, Chapter 6], where the authors give sufficient
conditions ensuring asymptotic stability with minimal finite prediction horizon.
Note that the stabilization of the problem and the computation of the mini-
mal horizon involve the (relaxed) dynamic programming principle (DPP); see
[14, 20]. This approach allows estimates of the finite prediction horizon based
on controllability properties of the dynamical system.

Since several optimization problems have to be solved in the NMPC method,
it is reasonable to apply reduced-order methods to accelerate the NMPC al-
gorithm. Here, we utilize proper orthogonal decomposition (POD) to derive
reduced-order models for the nonlinear dynamical systems; see, e.g., [16, 25]
and [15]. The application of POD is justified by an a priori error analysis for
the considered nonlinear dynamical system, where we combine techniques fro
[17, 18] and [24]. Let us refer to [12], where the authors also combine successfully
an NMPC scheme with a POD reduced-order approach. However, no analysis
is carried out ensuring the asymptotic stability of the proposed NMPC-POD
scheme. Our contribution focusses on the stability analysis of the POD-NMPC
algorithm without terminal constraints, where the dynamical system is a semi-
linear parabolic partial differential equation with an advection term. A minimal
finite horizon is determined to guarantee stabilization of the system. Our ap-
proach is motivated by the work [4]. The main difference here is that we have
added an advection term in the dynamical system and utilize a POD suboptimal
strategy to solve the open-loop problems. Since the minimal prediction horizon
can be large, the numerical solution of the open-loop problems is very expen-
sive within the NMPC algorithm. The application of the POD model reduction
reduces efficiently the computational cost by computing suboptimal solutions.
But we involve this suboptimality in our stability analysis in order to ensure
the asymptotic stability of our NMPC scheme.



The paper is organized in the following manner: In Section 2 we formulate
our infinite horizon optimal control problem governed by a semilinear parabolic
equation and bilateral control constraints. The NMPC algorithm is introduced
in Section 3. For the readers convenience, we recall the known results of the
stability analysis. Further, the stability theory is applied to our underlying
nonlinear semilinear equations and bilateral control constraints. In Section 4
we investigate the finite horizon open loop problem which has to be solved at
each level of the NMPC algorithm. Moreover, we introduce the POD reduced-
order approach and prove an a-priori error estimate for the semilinear parabolic
equation. Finally, numerical examples are presented in Section 5.

2. Formulation of the control system

Let Q = (0,1) C R be the spatial domain. For the initial time t, € R} =
{s € R|s > 0} we define the space-time cylinder @ = Q x (t,,00). By H =
L?(Q) we denote the Lebesgue space of (equivalence classes of) functions which
are (Lebesgue) measurable and square integrable. We endow H by the standard
inner product — denoted by (-, )z — and the associated induced norm ||¢||g =

(¢, @)}1{2. Furthermore, V = H{(2) C H stands for the Sobolev space

V:{cpeH’/Q|cp’(x)’2dx<ooand @(0):@(1):0}.

Recall that both H and V are Hilbert spaces. In V' we use the inner product
.o = [ f@)d @ forpoeV

and set [|¢|lv = (o, gp)%//z for ¢ € V. For more details on Lebesgue and Sobolev
spaces we refer the reader to [9], for instance. When the time t is fixed for
a given function ¢ : @ — R, the expression ¢(t) stands for a function ¢(-,t)
considered as a function in Q only. Recall that the Hilbert space L?(Q) can be
identified with the Bochner space L?(t,,00; H).

We consider the following control system governed by the following semi-
linear parabolic partial differential equation: y = y(z,t) solves the semilinear
initial boundary value problem

Yt — gymx + Yz + p(y3 - y) =Uu il’l Qv (218“)
y(0,)=y(1,)=0 in (t,, 00), (2.1b)
y(to) = Yo in Q. (21C)

In (2.1a) it is assumed that the control u = u(x,t) belongs to the set of admis-
sible control inputs

Uaa(to) = {u € Uto) | u(z,t) € Uaq for almost all (f.a.a.) (z,t) € Q}, (2.2)



where U(t,) = L3(to,00; H) and Uyg = {u € R|u, < u < wp} with given
Uy < 0 < wup . The parameters 6 and p satisfy

(H,p)EDad:{(é,ﬁ)ERZM(ZSéandpaﬁﬁ}

with positive 6, and p,. Further, in (2.1¢) the initial condition y, = yo(x) is
supposed to belong to H.

A solution to (2.1) is interpreted in the weak sense as follows: for given
(to,yo) € Ry x H and u € Uuq(t,) we call y a weak solution to (2.1) for fixed
(0,p) € Dyg if y(t) € V, y(t) € V' hold fa.a. t > ¢, and y satisfies y(ts) = yo
in H as well as

%(y(t)7¢>H+/Q9yx(t)<p’+(yx(t)+p(y3(t)—y(t)))sodw=/QU(t)sodw (2.3)

for all ¢ € V and f.a.a. ¢t > t,. The following result is proved in [6], for instance.

Proposition 2.1. For given (to,y.) € Ry x H and u € Uuq(to) there exists a
unique weak solution y = Yy 1. 4. to (2.1) for every (0, p) € Daa.

Let (to,yo) € RJ x H be given. Due to Proposition 2.1 we define the
quadratic cost functional:

1 > 2 A e 2
Htors) =5 [ Mroa @ —vallyde+5 [ lulfa (24

for all u € U(t,) D Uaa(to), where ypy, 1, 4] denotes the unique weak solution to
(2.1). We suppose that yq = ya(z) is a given desired stationary state in H (e.g.,
the equilibrium y4 = 0) and that A > 0 denotes a fixed weighting parameter.
Then we consider the nonlinear infinite horizon optimal control problem

min J(u;to,yo) subject to (s.t.) u € Ugg(to). (2.5)
Suppose that the trajectory y is measured at discrete time instances
t, =to +nAt, néeN,

where the time step At > 0 stands for the time step between two measurements.
Thus, we want to select a control u € U,4(t) such that the associated trajectory
Ylu,to,y,] follows a given desired state y4 as good as possible. This problem is
called a tracking problem, and, if y4 = 0 holds, a stabilization problem.

Since our goal is to be able to react to the current deviation of the state y at
time ¢t = t,, from the given reference value 14, we would like to have the control
in feedback form, i.e., we want to determine a mapping p : H — Ugyq(t,) with

u(t) = p(y(t)) for t € [tn, tnia].

3. Nonlinear model predictive control

We present an NMPC approach to compute a mapping p which allows a
representation of the control in feedback form. For more details we refer the
reader to the monographs [13, 21], for instance.



3.1. The NMPC method

To introduce the NMPC algorithm we write the weak form of our control
system (2.1) as a parametrized nonlinear dynamical system. Let us introduce
the #-dependent linear operator A which maps the space V into its dual space
V' as follows:

Ap = 0040 + 0, €V’ for o €V and 0 > 0,.
Moreover, let f be a mapping from V into V' given by

f@)=plg® —p) eV’ forpeVandp> p,.

Setting F(p,v) = Ap + f(p) —v for ¢ € V, v € H and (0, p) € Dyq we can
express (2.3) as the nonlinear dynamical system

y'(t) = Fly(t),u(t)) € V' for all t > to, y(to) =y, in H (3.1)

for given (to,yo) € ]Rg x H. The cost functional has been already introduced in
(2.4). Summarizing, we want to solve the following infinite horizon minimization
problem

min J (u; to, yo) = / oy (Dvu(®) dt st we Ualte),  (P(t))
to
where we have defined the running quadratic cost as

1
Uew) =5 (o —vally + Mol5;)  for o0 € H. (3.2)

If we have determined a state feedback p for (P(t,)), the control u(t) = u(y(t))
allows a closed loop representation for ¢ € [t,,00). Then, for a given initial
condition yo € H we set to = 0, yo = yo in (3.1) and insert p to obtain the
closed-loop form

y'(t) = Fy(t), n(y(t)) in V' for t € (t,,00),

y(to) = Yo in H. (3.3)

Although an infinite horizon problem may be very hard to solve due to the
dimensionality of the problem, it guarantees the stabilization of the problem.
This is a very important issue for optimal control problems. In an NMPC
algorithm a state feedback law is computed for (P(¢,)) by solving a sequence
of finite time horizon problems. Let us mention that another important tool to
compute a feedback law is given by the solution of the Hamilton-Jacobi-Bellman
equation; see, e.g., [5, 9] and [19].

To formulate the NMPC algorithm we introduce the finite horizon quadratic
cost functional as follows: for (t,,y.) € R x H and u € UY,(t,) we set

tN

TN (s 1o, o) = / (ot (1), u()) dt,
to



where N is a natural number, tév = t, + NAt is the final time and NA¢ denotes
the length of the time horizon for the chosen time step At > 0. Further, we
introduce the Hilbert space UM (t,) = L?(to,tY; H) and the set of admissible
controls

UM (to) = {u € UN(t,) |u(z,t) € Unq faa. (z,t) € QV}

with QY = Q x (to,tY) C Q; compare (2.2). In Algorithm 1 the method is
presented. In each iteration over n we store the optimal control on the first

Algorithm 1 (NMPC algorithm)

Require: time step At > 0, finite horizon N € N, weighting parameter A > 0.
1: forn=0,1,2,... do
2:  Measure the state y(t,,) € V of the system at ¢, = nAt.
3: Set to = t, = nAt, yo = y(t,,) and compute a global solution to

min JV (usto,yo) st we UN(to). (PN(t,))

We denote the obtained optimal control by @".

4. Define the NMPC feedback value u™ (y(t)) = aV(t), t € (to,to + Al
and use this control to compute the associated state y = yp,~(.y,4,,4.] bY
solving (3.1) on [to, to + At].

5. end for

time interval [t,,t,+1] and the associated optimal trajectory of the sampling
time. Then, we initialize a new finite horizon optimal control problem whose
initial condition is given by the optimal trajectory y(t) = Y~ (.)¢,..](t) at
t = t, + At using the optimal control u? (y(t)) = u(t) for t € (to,to + At] . We
iterate this process. Of course, the larger horizon the better approximation one
can have, but we would like to have the minimal horizon which can guarantee
stability [3]. Notice that (P™(t,)) is an open loop problem on a finite time
horizon [to,to + NAt] which will be studied in Section 4.

3.2. Dynamic programming principle (DPP) and asymptotic stability
For the readers convenience we now recall the essential theoretical results
from DPP and stability analysis. Let us first introduce the so called wvalue
function v defined as follows for an infinite horizon optimal control problem:
v(to,yo) := inf j(u, to,yo) for (to,yo) € RY x H.
u€Uqa(to)

Let N € N be chosen. Due to the DPP the value function v satisfies for any
ke {l,...,N} with t* = ¢, + kAt:

v(to, Yo)
ts
= inf {/ C(Ypuste,po) (), u(t)) At + v (to + kAL Yo, yo) (to + kAt))}
uEU’;d(to) to



which holds under very general conditions on the data; see, e.g., [5] for more
details. The value function for the finite horizon problem (P (t,)) is of the
following form:

N (to,y0) = inf  JN(usto,yo) for (te,y.) € RY x H.
ueUN, (to)

The value function vV satisfies the DPP for the finite horizon problem for t, +
kAt, 0 < k < N:

'UN(tO» Yo)
to+kAt
= inf / C(Ypustoyo) () u @) dt + 0N (Yuso yo) (to + KAL) 7.
uelU¥  (to) to

Nonlinear stability properties can be expressed by comparison functions which
we recall here for the readers convenience [13, Definition 2.13].

Definition 3.1. We define the following classes of comparison functions:
K= {B : R(T — Rg ’ B is continuous, strictly increasing and B(0) = O},
Koo ={B:R = R{ | B €K, B is unbounded},
L= {6 ‘RE — RY |ﬁ is continuous, strictly decreasing, tlim B(t) = 0} ,
—00

KL= {B 'Ry x R — Ry |B is continuous, B(-,t) € K, B(r,-) € /3}.

Utilizing a comparison function 8 € KL we introduce the concept of asymp-
totic stability; see, e.g. [13, Definition 2.14].

Definition 3.2. Let y[,(.).+,,y.] be the solution to (3.3) and y. € H an equilib-
rium for (3.3), i.e., we have F(y., u(ys«)) = 0. Then, y. is said to be locally
asymptotically stable if there exist a constant n > 0 and a function p € KL
such that the estimate

191010001 () = well i < B(llyo = well 1)
holds for all yo € H satisfying ||yo — y«||g < n and all t > t,.
Let us recall the main result about asymptotic stability via DPP; see [14].

Proposition 3.3. Let N € N be chosen and the feedback mapping u~N be com-
puted by Algorithm 1. Assume that there exists an oY € (0,1] such that for all
(to,yo) € Rar x H the relaxed DPP

UN(tO7 yo) Z UN (tO + At7 y[’ll‘N(‘)7t07yg] (to + At)) + aNg(yOa :U‘N (yo))) (34)

holds. Furthermore, we have for all (to,yo) € Rg x H:

aNU(to,yo) < ozNJ(,uN(y[MN(.)’to,yo]);to, Yo) < UN(to,yo) <v(to,¥), (3.5)



where Y~ (¢, ,4.] S0lves the closed-loop dynamics (3.3) with p = uN. If, in
addition, there exists an equilibrium y, € H and aq,as € Koo satisfying

lelyo) = min £yo,u) = o1 (llyo — ysllg), (3.6a)
a2(”y0 - y*”H) > UN(toayo) (36b)

hold for all (to,y.) € ]Rar x H, then y. is a globally asymptotically stable equi-

librium for (3.3) with the feedback map p = p™ and value function v'.

Remark 3.4. 1) Our running cost ¢ defined in (3.2) satisfies condition (3.6a)
for the choice y4 = y.. Further, (3.6b) follows from the finite horizon
quadratic cost functional JN . the definition of the value function vV and
our a-priori analysis presented in Lemma 3.6 below. Therefore, we only
have to check the relaxed DPP (3.4).

2) It is proved in [14] that A}gnoo a¥ = 1. Hence, we would like to find a®¥

close to one to have the best approximation of v in terms of v"V. On the
other hand, a large N implies that the numerical solution of (PN (t,)) is
much more involved.

In order to estimate o in the relaxed DPP we require the exponential
controllability property for the system.

Definition 3.5. System (3.1) is called exponentially controllable with respect
to the running cost £ if for each (to,yo) € RS‘ X H there exist two real constants
C >0, 0€0,1) and an admissible control u € Uyq(to) such that:

C(Yusto,yo) (1), u(t)) < Co' %l (yo) faa t>t,. (3.7

We have the next a-priori estimate for the uncontrolled solution to (3.1),
i.e., the solution for v = 0.

Lemma 3.6. Let (to,y,) € Rf x H and u = 0 € Uuq(t,). Then, the solution
Y = Y[0,to,y0] 0 (3.1) satisfies the a-priori estimate

Lyl < e ol foaa t >t (3.8)

with v =~(0,p) = 0/Cy — p.

Proof. Recall that V is continuously (even compactly) embedded into H. Due
to the Poincaré inequality [9] there exists a constant Cy > 0 such that

el < Cv llglly for all g € V. (3.9)

Using (3.9), choosing u(t) = 0 and ¢ = y(¢) in (2.3) we obtain

d 26
= Ol + - ly@ll < 20yl taa t >t
dt Cy



which implies

d 2 0 2
— < - — faa.a. t > t..
SOl <2(o- 50 ) IOl taa 2

Thus, by Gronwall’s inequality we derive (3.8) with v = 60/Cy — p. O

Remark 3.7. For 6 > pCy we have v > 0. Then, (3.8) implies that ||y(¢)||x <
llyollmr for any t > t,. Moreover, it is easy to check that the origin y, = 0 is
unstable for v < 0. O

Let us choose y; = 0. Suppose that we have a particular class of state
feedback controls of the form u(x,t) = —Ky(z,t) with a positive constant K;
see [4]. This assumption helps us to derive the exponential controllability in
terms of the running cost £ and to compute a minimal finite time prediction
horizon N At ensuring asymptotic stability. In this case, (3.8) has to be modified
because we do not set u = 0, but v = —Ky. Utilizing similar arguments as in
the proof of Lemma 3.6 we find for a given K > 0 that the state y = yj_ry.1,,40]
satisfies

ly®lly < eIy, Eaa ¢ >t (3.10)

with y(K) = 6/Cy + K — p. Thus, if K > p — 8/Cy holds, ||y(t)||x tends to
zero for t — oo. Combining (3.10) with the desired exponential controllability
(3.7) and using y4 = 0 we obtain for all ¢t > t, (see [4]):

y(t), u(t)) =

<

(1 +AK2) [yl

N | =

(ly@lF + Mu®)ly) =

C(K)e 1) |lyo |7 = C(K)o (K)' ' £u(yo)

(3.11)

N =N =

fa.a. t > t, and for every (to,y,) € R x H, where

C(K)=(14)K?), oK)= (K)=0/Cy+K—p. (3.12)
In the following theorem we provide an explicit formula for the scalar o in
(3.4). A complete discussion is given in [14].

Theorem 3.8. Assume that the system (3.1) and ¢ statisfy the controllability
condition (3.7). Let the finite prediction horizon NAt be given with N € N and
At > 0. Then the parameter oY depends on K and is given by:

(v (K) = 1) TIZ, (m(K) = 1)
[Ty ni(K) =TT, (ni(K) — 1)

where n;(K) = C(1 —¢%)/(1 — o) and the constants C = C(K), 0 = o(K) are
given by Definition 3.5.

AN(K)=1- (3.13)




K | Yoa < 0 Yoq > 0

Yob <0 | K < up/|yos| no constraints
Yob > 0 ‘ K < min {Ua/yobaub/|yoa|} K < ‘ua|/y0b

Table 3.1: Constraints for the feedback factor K in u(z,t) = —Ky(z,t) considering the
bilateral control constraints (3.14) and the initial condition (3.15).

Remark 3.9. Theorem 3.8 suggests how we can compute the minimal horizon
N ensuring asympotic stability. Due to (3.12) we maximize

(x () = D Tz (m(K) — 1)
IT:Ze () = 1S (i (K) = 1)
with respect to K > max(0,p — 8/Cy) and N € N in order to get a® > 0.

Further, we suppose that u € UV (t,) holds. Hence, we have to guarantee the
bilateral control constraints

1— 672i(0/Cv+K7p)

1= 1 c—20/CviR—p)

ug < —Ky(x,t) <up faa. (z,t) € QY (3.14)

with 4, < 0 < up. Under these assumptions, the computation of K and NV has
to take into account the influence of the control constraints. Since we determine
K in such a way that y(K) = 0/Cy + K — p > 0 is satisfied, we derive from
(3.10) that

Iyl < llyolly  faa. t>to.

Let us suppose that we have yo # 0 and [[y(¢)|c@) < [vollom) faa. t = to.
Then, we define

Yoo = MiNYo(T), Yop = MaAX Yo (7). (3.15)
z€eQ zEN

Then, K has to satisfy K > max(0,p — 6/Cy) and the restrictions shown in
Table 3.1. Summarizing, K has always an upper bound due to the constraints
Ug, up and a lower bound due to the stabilization related to (K) > 0. O

4. The finite horizon problem (P¥ (t,))

In this section we discuss (P™V(t,)), which has to be solved at each level of
Algorithm 1.

4.1. The open loop problem

Recall that we have introduced the final time ¢)Y = t, + N At and the control
space UM (t,) = L%(t.,tY; H). The space YV (t,) = W (to,tY) is given by

W(thtéV) = {50 € L2(to,tév;V) ‘ (‘S LQ(tmtéV? Vl)}a

10



which is a Hilbert space endowed with the common inner product [8, pp. 472-
479]. We define the Hilbert space X (¢,) = YN (t,) x UV (t,) endowed with the
standard product topology. Moreover, we introduce the Hilbert space ZN (t,) =
ZY (to) x H with ZY (t,) = L?(t.,tY; V) and the nonlinear operator e = (ey, €3) :
XN (to) = ZN(t,)" by

tg'

(1(®), P oy o ey = / (), 90}y v dt

o

+ /t ° /Q Oy (t)p(x) + (ym(t) + oyt —y(t) - u(t))cp(t) dzdt,
(ea(@), 8y = (ylto) — Yo, &)y

for = (y,u) € XN(t,), (¢, ) € ZN(t,), where we identify the dual ZV (t,)" of
ZN (to) with L2(to,tY; V') x H and (-, VZN ()2 (t,) denotes the dual pairing
between ZY (t,)’ and ZY (t,). Then, for given u € UM (¢,) the weak formulation
for (2.3) can be expressed as the operator equation e(z) = 0 in ZM(¢,)’. Fur-
ther, we can write (P™V(,)) as a constrained infinite dimensional minimization

problem
ty

min J(z) = / (y(t),u(t))dt st. zcFN(t,) (4.1)
to
with the feasible set
Fli(te) = {z = (y,u) € XN (L) | e(x) = 0 in ZN (t,)" and u € Uly(ts)}.

For given fixed control u € UY,(t,) we consider the state equation e(y,u) =0 €
ZN (to)', i.e., y satisfies

d

G009+ [ 0l + (0alt) + () (1) o

:/“(t)@dfﬂ ffa. t € (to,t)], (4.2)
Q

Wto), )i = (Yo P i
for all ¢ € V. The following result is proved in [26, Theorem 5.5].

Proposition 4.1. For given (to,y.) € Ry x H and u € UY,(t,) there ezists a
unique weak solution y € YN (t,) to (4.2) for every (0, p) € Daq. If, in addition,
Yo is essentially bounded in Q, i.e., yo € L>(Q)) holds, we have y € L=(QV)
satisfying

1Yllyw oy + 19l Lo @y < Clllullyn zoy + 190l Lo @) (4.3)
for a C >0, which is independent of u and y,.

Utilizing (4.3) it can be shown that (4.1) possesses at least one (local) optimal
solution which we denote by zV = (g, u"V) € FY,(t,); see [26, Chapter 5]. For

11



the numerical computation of zV we turn to first-order necessary optimality
conditions for (4.1). To ensure the existence of a unique Lagrange multiplier
we investigate the surjectivity of the linearization e/(zV) : XV (t,) — ZN (t,)
of the operator e at a given point ¥V = (g, u") € XN (t,). Notice that the
Fréchet derivative e/ (zV) = (e} (zV), e4(2"V)) of e at ¥V is given by

ty

)0 Py apn = [ (0Ot

o

+ /t OO /Q 0y (t) () + (yx(t) + (35N (1)? = 1)y(t) —u(t))<p(t) dadt,

(e5(@M)a, d) i = (y(to), O) g

for z = (y,u) € XN (t,), (p, ¢) € ZN (t,). Now, the operator e/(z") is surjective
if and only if for an arbitrary F = (Fy, Fy) € ZN(t,)" there exists a pair z =
(y,u) € XN(t,) satisfying ¢/(zV) = F in Z"(t,)’ which is equivalent with the
fact that there exists an u € UM(¢,) and an y € Y¥(¢,) solving the linear
parabolic problem

Y — OYuz + Yo + p(37% — Dy = F1 in ZY (t,), y(to) = Foin H.  (4.4)

Utilizing standard arguments [8] it follows that there exists for any u € UN (t,)
a unique y € YN (¢,) solving (4.4). Thus, ¢/(z%) is a surjective operator and
the local solution #V to (4.1) can be characterized by first-order optimality
conditions. We introduce the Lagrangian by

L(x,p,po) = J(z) + (e(z), (p’p0)>ZN(to)/,ZN(to)

for z € XN(t,) and (p,p,) € ZN(t,). Then, there exists a unique associated
Lagrange multiplier pair (p",p,) to (4.1) satisfying the optimality system

Vv, L@N, N, pY )y =0 Yy € YN (t,) (adjoint equation)
Vo L@, 5™, pY ) (u—a™) >0 Vue UN(t,) (variational inequality),
(), (9o ooy ey = 0 V(o) € ZY (1) (state equation).

It follows from variational arguments that the strong formulation for the adjoint
equation is of the form

—py —0py, — by —p(1=3@")*)p" =ya—3y" Q"
pN(0,)=p"(1,-) =0 in (to,t)), (4.5)
NNy =0 in Q.

Moreover, we have pY = p™ (t,). The variational inequality base the form

ty
/ /()\ﬂN Y- aN)dadt > 0 forallu € UN(t).  (4.6)
to JQ
Using the techniques as in [27, Proposition 2.12] one can proof that second-

order sufficient optimality conditions can be ensured provided the residuum
15N — yall 2 (1o 4. is sufficiently small.
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4.2. POD reduced order model for open-loop problem

To solve (4.1) we apply a reduced-order discretization based on proper or-
thogonal decomposition (POD); see [15]. In this subsection we briefly introduce
the POD method, present an a-priori error estimate for the POD solution to the
state equation e(z) = 0 € Z" (¢,)" and formulate the POD Galerkin approach
for (4.1).

4.2.1. The POD method for dynamical systems

By X we denote either the function space H or V. Then, for p € N let the
so-called snapshots or trajectories y*(t) € X are given f.a.a. t € [to,t)] and for
1 < k < p. At least one of the trajectories y* is assumed to be nonzero. Then
we introduce the linear subspace

V = span {yk(t) |t € [to,t)] ace. and 1 < k < p} cX (4.7

with dimension d > 1. We call the set V snapshot subspace. The method of
POD consists in choosing a complete orthonormal basis in X such that for every
[ < d the mean square error between y*(t) and their corresponding I-th partial
Fourier sum is minimized on average:

! 2
o5 (6) = D7 6F 0, v |

k=1"%to i=1
s.t. {wl}izl C X and <’L[Ji,1/)j>x = 5ij7 1 S Z,j § [,

where the symbol d;; denotes the Kronecker symbol satisfying §;; = 1 and d;; = 0
for i # j. An optimal solution {¢;}!_; to (P') is called a POD basis of rank [.
The solution to (P') is given by the next theorem. For its proof we refer the
reader to [15, Theorem 2.13].

o

dt

(PY)

Theorem 4.2. Let X be a separable real Hilbert space and y¥, ... ,y* € X are
given snapshots for 1 < k < p. Define the linear operator R : X — X as
follows:

Rp=3" / W) x B At for g e X, (48)
k=171t

Then, R 1is a compact, nonnegative and symmetric operator. Suppose that
{Ai}ien and {t;}ien denote the monnegative eigenvalues and associated or-
thonormal eigenfunctions of R satisfying

Riz:;\ﬂzu 5\12-~-25\d>5\d+1:--~:07 ;\1—>OGS’L—)OO (49)

Then, for every | < d the first £ eigenfunctions {@Z_)i}g:l_solve (PY). Moreover,
the value of the cost evaluated at the optimal solution {1;}!_, satisfies

5([)=;/to°

[ 2 d ~
pE0 = D Wb | at= 3 A (@10)

i=1 i=[41
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In real computations, we do not have the whole trajectories y*(¢) at hand
fa.a. t € [t,,t)] and for 1 < k < p. Therefore, we suppose that we are given a
time grid 0 = t; < ... < t, = tY for n € N. To ease the presentation we suppose
that the time grids for all snapshots are the same. This can be generalized in
a straightforward way. Let yf denote an approximation for y*(t;) € X for
1<j<mnand1<k<p Weassume that at least one of the y;’?’s is nonzero.
Let us introduce the linear space V"* = span {y;C | 1<j<nandl <k < p}
with dimension d” = dim V" € {1,...,np}. Analogous to (P') the discrete
variant of the POD method consists in choosing a complete orthonormal basis
in X such that for every [ < d"™ the mean square error between the yf ’s and
their corresponding [-th partial Fourier sum is minimized on average:

[

P Nk 2
minzza? yf_z<yf’¢l>x¢l x Ln

k=1 j=1 i=1 (Po)
s.t. {'(/Jl}i:l C X and <’L/)i,¢j>x = (Sij, 1<4,5 <1

where the o’s stand for the trapezoidal weights

to —t tirg —ti_
at =21 a”:Mforlgjgn, al' =

tn_tnfl
L= 0 2 n 2

The solution to (P"“") is given by the solution to the eigenvalue problem

P Nk
RUGE =3 > ol o) (uf = APy, 1<i<l,

k=1j=1

where R™ : X — V* C X is a linear, compact, selfadjoint and nonnegative
operator; see, e.g., [15, Theorem 2.7]. Thus, there exists an orthonormal set
{¢"};ien of eigenfunctions and corresponding nonnegative eigenvalues {7 };en
such that

R = NP2, AP > A > > A > Ny =...=0. (4.11)

We refer to [15, Section 2.3], where the relationship between (4.9) and (4.11)
is investigated. Further, in [15, Remark 2.1] the equivalence of (4.11) with the
singular value decomposition is discussed for X = R™, p =1 and o} = 1.

4.2.2. The Galerkin POD scheme for the state equation

Suppose that (t,y.) € R x H and t) = t, + NAt with prediction horizon
NAt > 0. For given fixed control u € UY,(¢,) we consider the state equation
e(y,u) =0 € ZN(t,)', i.e., y satisfies (4.2). Let us turn to a POD discretization
of (4.2). To keep the notation simple we apply only a spatial discretization with
POD basis functions, but no time integration by, e.g., the implicit Euler method.
Therefore, we utilize the continuous version of the POD method introduced in
Section 4.2.1. In this section we distinguish two choices for X: X = H and
X = V. We choose the snapshots y' = y and y? = y;, i.e., we set p = 2. By

14



Proposition 4.1 the snapshots 4%, k = 1, ..., p, belong to L?(0,T;V). According
to (4.9) let us introduce the following notations:

ot
Ry =3 [ k) o) de for y €V,
k=1"to
® Y
Riv =Y [ 0] v 0 for v € H.
k=1""to

To distinguish the two choices for the Hilbert space X we denote by the sequence
{(W,9Y ) bien € RY x V the eigenvalue value decomposition for X =V, i.e.,
we have

Ryvy) = \/+p) foralli € N.

Furthermore, let {(A7,H)};cn C RY x H in satisfy
Rupi = \TyH  for all i € N.
Then, d = dimRy (V) = dimRy(H) < oo; see [24]. The next result — also

taken from [24] — ensures that the POD basis {t7}!_, of rank [ build a subset
of the test space V.

Lemma 4.3. Suppose that the snapshots y* € L*(0,T;V), k=1,...,9. Then,
we have YH €V fori=1,...,d.

Let us define the two POD subspaces
V! :span{z/)}/,...,w?/} cv, H' :span{le,...,w[H} cV CH,

where H' C V follows from Lemma 4.3. Moreover, we introduce the orthogonal
projection operators Pk, : V — H' C V and P': V — V! C V as follows:

v' = Pl for any ¢ € V. iff v' solves min | —w'[|y,
w'eH!

L= pi [ 0 (4.12)
v =Pypforany p € V iff v solves min |j¢ —w ||V
wleV!

It follows from the first-order optimality conditions for (4.12) that v' = Pk
satisfies

Wiy = (e efl)y, 1<i<lt (4.13)
Writing v' € H' in the form v' = Z;’:l vigH we derive from (4.13) that the
vector vl = (vi,...,v])T € R' satisfies the linear system

[
(Wit iy, vi = (e, 0y, 1<i<L
=1

J
For the operator P‘[/ we have the explicit representation

[
Pro=> (o)), o) forpeV.

i=1
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Moreover, we introduce the orthogonal projection operator P': V — V¢ by

[
Pro=» (pi)v i for peV. (4.14)

i=1

Further, we conclude from (4.10) that

| T
Z/O Iy (t) = Pyt (1)l dt = ZAV (4.15)
k=1

1=[+1

Next we review an essential result from [24, Theorem 6.2], which is essential in
our a-priori error analysis for the choice X = H. Recall that H' C V holds.
Consequently, |[vH — PLwH|y is well-defined for 1 <i <.

Theorem 4.4. Suppose that y* € L*(0,T;V) for 1 <k < ¢. Then,

[ T d

2 2
3 / 15 () = Phy )l de = 3 A [l — Pl
k=1 1=I+1

Moreover, Phyk converges to y* in L?(0,T;V) as | tends to oo for each k €
{1,...,p}.

Let us define the linear space X' C V as

X[ = Span{¢l7"’7w[}7

where 1; = ¥} in case of X = V and v; = ¥ in case of X = H. Hence,
X'=V'and X' = H' for X = V and X = H, respectively. Now, a POD
Galerkin scheme for (4.2) is given as follows: find y'(t) € X' fa.a. t € [to,t)]
satisfying

d

dt (y'(t), / ny W'+ (yx( )+ p(y'(t)® — [(t)))d)dm
= / u(t)pder ffa. te (to,t], (4.16)
Q

<y[(t0)’ 1/]>H = <y07w>H

for all ¢p € X". It follows by similar arguments as in the proof of Proposition 4.1
that there exists a unique solution to (4.16). If y, € L>°(Q™) holds, y' satisfies
the a-priori estimate

||y[HYN(tO) + Hy[“Loo(QN) < C(HyoHLw(Q) + ||uHUN(tO))' (4.17)

where the constant C' > 0 is independent of [ and y,. Let P' denote P{, in
case of X = V and P} in case of X = H. To derive an error estimate for
lly — y[HYw(to) we make use of the decomposition

y(t) — y'(t) = y(t) — P'y(t) + P'y(t) — y'(t) = o'(t) + 9'(t) fa.a. t € [to, t])]
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with o'(t) = y(t) — P'y(t) € (X")* and 9'(t) = P'y(t) —y'(t) € X". From (4.15)
and Theorem 4.4 it follows that
tg

el = [ 190 = PY@OIT + a0 ~ Py,

to

d
z{: Y for X =V, (4.18)
i=l+1

d
S M — Pyl for X = H.
1=I+1

Since k() € V holds f.a.a. t € [to,t)], we have |[o}(t)|lv: = |lok(t)|v due to
the Riesz theorem [22, p. 43]. Next we estimate ¥'(t). We infer from (4.2) and
(4.16) that

(L), ¥y v + (00'(1), )
= (p(y(®) =y (1), V) g + (p(®)® — ¥ (), V) + (Prye(t) = ye(t), V)

for all » € X' and fa.a. t € [t,,tY]. For s € [0,1] we define the function
€'(s) = y' + s(y — y"). Then it follows from (4.3) and (4.17) that

1€ () ey < 8 9l 1 () + (1= 8) 5| vy < €1 for all s € [0, 1]

with a constant C; > 0 dependent on ¥, 1, and u, but independent of y, 3'
and [. By the mean value theorem we obtain

1 1
WP =900 = (5 [ €000 - (0) as, )
H
< Colly®) = y' Ol gllVlly  forall v € H
with Cy = C}/4. We choose ¢ = 9'(t) € X" and set C3 = p(1 + C2). Then, we
derive from Poincaré’s inequality (3.9) and Young’s inequality
d 2 2 2
2 1Ol + 0a [9' Oy < 2C5 (Cv [l Ol 19 Ol + 19 @)1 )
1
+ o= 1Pt — @Il (4.19)

< Cy (l8" @)l + (k@) 1y + 19' @)1 5),

where we have put Cy = max(C5C%,2C3,1/6,). By Gronwall’s inequality we
have

d
19t + S A for X =V,

i=[41

[9'(6)][3; < Cs - (4.20)

d
2 2
19"t + D Al = Pryflly for X =H
i=I4+1
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with C5 = e%4(t'~t0) max(1, Cy). Furthermore, (4.19) implies that

2 1 2 Cy 2
Hﬁ[HL?(to,th;V) B 0* ||19[(t0)||H + 0 (HQ[HW(to,té\’) + Hﬁ[HL?(to,th;H))
a a

d
19"t 3 + DAY for X =V,

4.21
i=1+1 ( )

<Cg-

d
2 2
19" (to) i + Y Al = Pyl for X =H
i=I+1

with Cs = max(1,Cy, C4C5(tY —t5))/04. From estimates (4.20), (4.21), from
Y = y'(t) = (') +9'®) (W) + y(y' () +4'(1)°)  faa t € [to, 7]

and from the embedding inequalities [9]

||50||Loo(§z) < O llelly for all p €'V,
ol oo (g0 i1y < Cw 1@l 2, ) for all p € W (to,tL)

for two constants Co., Cyy > 0 we infer that
td
[y = s [ 0000
‘|¢‘|L2(t0,t§;v):1 to
el
< s [0 - g ) 0]+ () ) () e
HLPHLz(tO,téV;V)Zl to
tl
- sup / (Ply:(t) — (), o (1) s — (09'(2), (1)), dt
HLP”LQ(tO,téV;V)=1 to

< pCV(”Q[HL?(tO,téV;H) + ||19[||L2(to,tév;H)) +0 ||79[||L2(to,tgy;v)
+ C (||Q[||Loo(to,tg';H) + H19[||Loo(to,ty;H)) + ||Q£HL2(to,th;v’)

where C7 > 0 satisfies Coo ||y + yy' + (yI)ZHLQ(tO,téV;H) < (7. Hence, there is a
constant Cg > 0 depending on 6, p, Cy, C5, Cg, C7 such that

[ 2
1970 2 (20t 5v0)

d
19t + S A for X =V,
i (4.22)
<Cg- J
2 2
19" o)1+ S0 A0 — Phel|ly,  for X = H.
1=[+1

Form (4.20), (4.21) and (4.22) we infer the next result, which motivates the use
of a POD approximation for our state equation (4.2).
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Theorem 4.5. Suppose that (to,y,) € Ry x L=(Q), tY =to + NA with pre-
diction horizon NAt > 0. Further, let u € UN,(t,) be a fized control input. By
y and y' we denote the unique solution to (4.2) and (4.16), respectively, where
the POD basis of rank | is computed by choosing p = 2, y* = y and y* = y;.
Then,

19" (o)1 + Z A for X =V,

2 i=[+1
ly — Z/[HYN(tO) <C-

2
19" (o) |3 + ZAHW —Puvily, for X =H

for a C > 0 which is independent of I. In particular, lim_, » ||y —y[||YN(tO) =0.

4.2.3. The Galerkin POD scheme for the optimality system

Suppose that we have computed a POD basis {t;}!_; of rank [ by choosing
X = H or X = V. Suppose that for u € UY,(t,) the function y' is the POD
Galerkin solution to (4.16). Then the POD Galerkin scheme for the adjoint
equation (4.5) is given as follows: find p' € X' = span {t1,...,9} fa.a. t €
[to, )] satisfying

oclit / Opy (DY = (P4 (1) + p(1 = 3y'(H)"))p' (v dz

:/ (va — y[(t))¢dx =0 ffa. tet,,tY), (4.23)
Q

(p'(t3), V)

for all ¢ € X'. A-priori error estimates for the POD solution p' to (4.23) can
be derived by variational arguments; compare [23] and [15, Theorem 4.15]. If p'

is computed, we can derive a POD approximation for the variational inequality
(4.6):

tO
/ / (Au —p") (@ — u)dedt >0 for all @ € U, (t,). (4.24)
to

Summarizing, a POD suboptimal solution z™!' = (V' @) € XN (t,) to
(PN (t,)) satisfies together with the associated Lagrange multiplier p* ¥ € YN (ts)
the coupled system (4.16), (4.23) and (4.24). The POD approximation of the
finite horizon quadratic cost functional (4.1) reads
tN
P uitere) = [ U0, (0 u(0)

to

where y[u to] is the solution to (4.16). In Algorithm 2 we set up the POD dis-
cretization for Algorithm 1. Due to our POD reduced-order approach an optimal
solution to (P™!(£,)) can be computed much faster than the one to (P (t,)).
In the next subsection we address the question, how the suboptimality of the
control influences the asymptotic stability.
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Algorithm 2 (POD-NMPC algorithm)
Require: time step At > 0, finite control horizon N € N, weighting parameter
A >0, POD tolerance 7,04 > 0.
1: Compute a POD basis {¢;}!_; satisfying (4.10) with £(I) < 74
2: forn=20,1,2,... do
3:  Measure the state y(t,) € V of the system at t,, = nAt.
4:  Set to =t, = nAt, yo = y(t,,) and compute a global solution to

min SV (ulsto,yl) st u' e UN(t,). (PN(t,))

We denote the obtained optimal control by @¥:".

5. Define the NMPC feedback value u™!(y(t)) = a™''(t) and use this control
to compute the associated state y = yp,n~.i ] by solving (3.1) on
[to, to + At].

6: end for

)itorYo

4.8. Asymptotic stability for the POD-MPC algorithm

In this subsection we present the main results of this paper. We give sufficient
conditions that Algorithm 2 gives a stabilizing feedback control.

As in Section 3.2 we choose y4 = y. = 0. Let yn.iy, ,.1(t) denote the

solution to (3.1) with the control law u = @™"'; compare step 5 of Algorithm 2.

By y' we denote the solution to (4.16) with the admissible control u = —K¢y'.
Then,

2 - 2
Iy Ol < o(K) " [lyolly faa. t >t (4.25)

with the same constants C'(K) and o(K) as in (3.12). Since u = —Ky' € U, (t,)
is an admissible control for (P™:!(¢,)) and zV:' = (™', a™¥"!) is a global solution
to (P™!'(t,)), we derive from (4.25)

O(K)

(g™ @), a™ @) < y'(t), —Ky'() = —— 1) - (4.26)

Utilizing the Cauchy-Schwarz inequality we get
é(y[ﬂNﬂ[,to,yo] (t)a ﬂNyl(t))
1 _ 2 _ _
< 5 Iyan e w0 = 7 @ + (5 @), 7™ (1)) (4.27)
1yt oo (8) = T Ol 17 O -

Further, it follows from £(g™-!(¢), u™"'(¢)) < ¢(y', —Ky'(t)), A > 0and C(K) > 1
that

_ 2 _ 2 _ 2 2 2
15 Ol < 7™ Ol + Ma™ g < CE) Iy Ol < ly' Ol -

Therefore, we have ||g™'(t)||u/||y'(t)||z < 1. Hence, we conclude from (4.26),
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(4.27) and (4.25) that the exponential controllability condition (3.7) holds:

_ 1 2
£, (0, 5(0) < 5 () + 26m(t0) 4+ B0 ) IO
1 _ _
< 5 CHE) o (K)' " lyol3y = C'(1) oK)~ €. (y0)
with the error term
a1 t) — gt
ety = 800 = 7O
7™V g
and the constant
1
CY(K) = C(K) +Err(t; 1) + 5 Err(t; 2> C(K). (4.28)

Notice that Err(¢;[) can be evaluated easily, since V' and YlaN 1 i, ,y,] ar€ known
from Algorithm 2, steps 4 and 5, respectively. Thus, the constant C'(K) takes
into account the approximation made by the POD reduced-order model. In
the following theorem we provide an explicit formula for the scalar o' which
appears in the relaxed DPP. The notation o' intends to stress that we are
working with POD surrogate model. We summarize our result in the following
theorem.

Theorem 4.6. Let the constant C' be given by (4.28) and NAt denote the
finite prediction horizon with N € N and At > 0. Then the parameter o™ is
given by the explicit formula:

() = 1 - LU = DI, () — 1)
T, ni(K) — [T, (ni(K) — 1)

with n}(K) = CY(K)(1 — ¢*(K))/(1 — o(K)) and o(K) as in (3.12).

(4.29)

Theorem 4.6 informs we can compute the constant a™>! ~ oV basicly in the
same way of the full-model, replacing the constants C, n with C', n', respectively,
taking into account the POD reduced-order modelling. To obtain the minimal
horizon which ensures the asymptotic stability of the POD-NMPC scheme we
maximize (4.29) according to the constraints o' > 0, K > max(0,p — 6/Cy’)
and to the constraints in Table 3.1.

5. Numerical tests

This section presents numerical tests in order to show the performance of
our proposed algorithm. All the numerical simulations reported in this paper
have been made on a MacBook Pro with 1 CPU Intel Core i5 2.3 Ghz and 8GB
RAM.
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5.1. The finite difference approximation for the state equation

For N € N we introduce an equidistant spatial grid in Q by z; = ih,
i=0,...,N, with the step size Az = 1/(N +1). At zg =0 and zpry1 = 1 the
solution y is known due to the boundary conditions (2.1). Thus, we only com-
pute approximations y (t) for y(¢, ;) with 1 <i < N and ¢ € [to,ts]. We define
the vector y"(t) = (y}(t),...,y%(t)) " € RV of the unknowns. Analogously, we
define u = (uf, ... ,uj(/)—r e RV, where ul* approximates u(x;,-) for 1 <i < N.
Utilizing a classical second-order finite difference (FD) schemes and an implicit
Euler method for the time integration we derive a discrete approximation of the
parabolic problem. In Figure 5.1 the discrete solutions are plotted for N' = 99,
for t € [0,2] and two different initial conditions.

WITHOUT CONTROL WITHOUT CONTROL.

Figure 5.1: FD state y for yo = 0.1sgn(z — 0.3) (left plot) and yo = 0.2sinwz (right plot)
with w = 0, (0, p) = (0.1,11) and N = 99.

As we see from Figure 5.1, the uncontrolled solutions do not tend to zero for
t — 00, indeed it stabilizes at one.

5.2. POD-NMPC experiments

In our numerical examples we choose y; = 0, i.e., we force the state to be
close to zero, and A = 0.01 in (2.4). A finite horizon open loop strategy does not
give the desired trajectory stabilized in the zero-equilibrium (see Figure 5.2), it
does not hold our stability request. In our tests, the snapshots are computed
taking the uncontrolled system, e.g. w = 0, in (2.1) and the correspondent
adjoint equation (4.5). Several hints for the computation of the snapshots in
the context of MPC are given in [12]. The nonlinear term is reduced following
the Discrete Empirical Interpolation Method (DEIM) which is a method that
avoid the evaluation of the full model of the nonlinear part building new basis
functions upon the nonlinear term; compare [7] for more details.

Run 5.1 (Unconstrained case with smooth initial data). The parameters are
presented in Table 5.1. According to the computation of oV in (3.13) related
to the relaxed DPP, the minimal horizon that guarantes asymptotic stability is
N = 10. Even in the POD-NMPC scheme the asymptotic stability is achieved
for N = 10, provided that Err(¢;[) < 1073 for all ¢t > t,. In Figure 5.3 we show
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OPEN-LOOP SOLUTION, T=2 OPEN-LOOP SOLUTION, T=2

Figure 5.2: Open-loop Solution y for yo = 0.1sgn(z — 0.3), (6, p) = (0.1,11), N =99, t; = 2
(left plot) and yo = 0.2sinwz, (0, p) = (0.1,11), N" =99, t; = 2 (right plot).

T At Az 0 p yo(z) u, uw, N K
0.5 0.01 001 1 11 0.2sin(rz) —oo oo 10 246

Table 5.1: Run 5.1: Setting for the optimal control problem, minimal stabilizing horizon N
and feedback constant K.

the controlled state trajectory computed by Algorithm 1 taking N = 3 and
N =10. As we can see, we do not get a stabilizing feedback for N = 3, whereas

MPC N=3 MPC N=10 SUBOPTIMAL SOL. K=2.4569

Figure 5.3: Run 5.1: NMPC state with N = 3 (left plot), with N = 10 (middle plot) and with
u = — Ky (right plot)

N =10 leads to a state trajectory which tends to zero for t — oo. Note that we
plot the solution only on the time interval [0,0.5] in order to have a zoom of the
solution. Further, in Figure 5.3 the solution related to u = —Ky is presented.
As we can see, the NMPC control stabilized to the origin very soon while the
control law u = — Ky requires a larger time horizon. This is due to the fact we
are controlling the equation with a very restrictive class of controls but, on the
other hand, it is still guaranteed the stabilization by the theory the asymptotic
stability. In Table 5.2 we present the error in L?(t,, T; H)-norm considering the
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solution coming from the Algorithm 1 as the truth solution (yf? in the Table).
The examples are computed with Err(¢,[) < 1073, The CPU time for the full-

J time K ||y"P —yll2¢. imn
Solution with u = — Ky 0.0025 2.46 0.0145
Alg. 1 0.0015  49s
Alg. 2 (I=13,[PEIM = 15)  0.0016 8s 0.0047
Alg. 2 (I = 3, [PEIM — 2) 0.0016 6s 0.0058

Table 5.2: Run 5.1: Evaluation of the cost functional, CPU time, suboptimal solution.

model turns out to be 49 seconds, in the POD-suboptimal approximation with
only three POD and two DEIM basis functions requires 6 seconds. We can
easily observe an impressive speed up factor eight. Moreover the evaluation of
the cost functional in the full model and the POD model provides very close
values. The CPU time of the suboptimal solution is not comparable since in
other simulations we have not taken into account the time needed to compute
the minimal horizon N. The evaluation of the cost functional emphasizes we can
take the suboptimal model as an upper bound. O

Run 5.2 (Constrained case with smooth initial data). In contrast to Run 5.1
we choose u, = —0.3 and up = 0. As expected, the minimal horizon N increases
compared to Run 5.1; see Table 5.3. As one can see from Figure 5.4 the NMPC

T At Az 6 p yo(x) u, uy, N K
05 001 001 1 11 02sin(rz) -0.3 0 14 150

Table 5.3: Run 5.2: Setting for the optimal control problem, minimal stabilizing horizon N
and feedback constant K.

state with N = 14 tends faster to zero than the state with u = —Ky. The
solution coming from the POD model is in the middle of Figure 5.4. Note that
E(1=3)=0.01,E(1=13) =0, and Err(t;) < 1073 for any [ and ¢ > t,. Indeed,
Table 5.4 presents the evaluation of the cost functionals for the proposed algo-
rithms and the CPU time which shows that the speed up by the reduced order
approach is about 16. Note that K in Run 5.2 is smaller compared to Run 5.1
due to the constraint of the control space. Further, the error is presented in
Table 5.4. To study the influence of Err(¢; ) we present in Figure 5.5, on the left,
how the optimal prediction horizon N changes according to different tolerance.
The blue line corresponds to the optimal prediction horizon in Run 5.1, and
the red one to Run 5.2. It turns out that, until Err(¢;[) < 1073, we can work
exactly with the same horizon N we had in the full model. In the middle plot
of Figure 5.5 there is a zoom of the function a with different values of Err(t;1).
The right plot of Figure 5.5 shows the relative error Err(¢;[) for 0 < ¢ < 0.5
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MPC N=14, u=[-0.3 01 POD OPTIMAL SOLUTION =13, DEN=15 SUBOPTIMAL SOLUTION, K=1.5, u=I-0.3 01

Figure 5.4: Run 5.2: NMPC state with N = 14 (left plot), POD-NMPC state with N = 14
(middle plot) and state with u = —Ky (right plot)

j tlme K IlyFD — yHLQ(tO,T;H)
Solution with v = — Ky 0.0035 1.50 0.0089
Alg. 1 0.0027 65
Alg. 2 (1 =13, [PEIM = 15)  0.0032  5s 0.0054
Alg. 2 (I =3, [PEIM — 9) 0.0033  4s 0.0055

Table 5.4: Run 5.2: Evaluation of the cost functional, CPU times, suboptimal solution.

OPTIMAL HORIZON OPTIMAL ALPHA RELATIVE ERROR, 3 POD BASIS FUNCTIONS
107, — T
90] 09| ' ‘ k
J [ N ——Enft)=10"
——ue [-0.3, 0] N ——Enlt))=107
o —+—En(t =102

10"

* 10° 10 10 10 0 2 4 6 8 10 12 # 6 18 2
Perturbation

10 10

0 005 01 015 02 025 03 0% 04 045 05
TIME

Figure 5.5: Run 5.2: Optimal horizon N and o' according to different Err(t;[) = 1073,
Influence of the relative error ¢ +— Err(t;[) = 1073 for [ = 3.

25



with [ = 3. One of the big advantages of feedback control is the stabilization
under perturbation of the system. The perturbation of the initial condition is a
typical example which comes from many applications in fact, often the measure-
ments may not be correct. For a given noise distribution 6 = é(x) we consider
a perturbation the following form:

yo(z) = (1 + 6(1;))3/0(96) for z € Q.

The study of the asympotic stability does not change: we can compute the
minimal prediction horizon as before. As we can see in Figure 5.6 the POD-
NMPC algorithm is able to stabilize with a noise of |0(x)| < 30%. O

POD OPTIMAL SOLUTION, N=14, NOISE=30% MPC N=3ONOISE=0 POD OPTIMAL CONTROL, N=30

Figure 5.6: Run 5.2: POD-NMPC state with 30% noise (left plot); Run 5.3: NMPC state
with N = 30 (middle plot) and POD-NMPC state with N = 30, [ = [PEIM —= 16 (right plot).

Run 5.3 (Constrained case with smooth initial data). Now we decrease the
diffusion term and, as a consequence, the prediction horizon N increases; see
Table 5.5 and middle plot of Figure 5.6. Even if the horizon is very large,

T At Az 0 p yo(x) u, Uy N K
0.5 0.01 0.01 1/\@ 10 0.28111(71’13) -1 0 30 5

Table 5.5: Run 5.3: Setting for the optimal control problem.

the proposed Algorithm 2 accelerates the approximation of the problem. The
decrease of # may give some troubles with the POD-model since the domination
of the convection term has an high-variability in the solution, then a few basis
functions will not suffice to obtain good surrogate models (see [1]). Note that,
in our example, the diffusion term is still relevant such that we can work with
only 2 POD basis functions. The CPU time in the full model is 84 seconds,
whereas with a low-rank model, such as [ = 2 we obtained the solution in five
seconds and an impressive speed up factor of 16. Even with a more accurate
POD model we have a very good speed up factor of nine. The evaluation of the
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J time K |y"P —yllr2g. 1)

Suboptimal solution (u = —Ky) 0.0021 5 0.0208
Algorithm 1 0.0016  84s

Algorithm 2 (I = 16, IPPIM = 16)  0.0017  9s 0.0092
Algorithm 2 (I = 2, [PEIM = 3) 0.0018 5s 0.0093

Table 5.6: Run 5.3: Evaluation of the cost functional and CPU time.

cost functional is given in Table 5.6. In the right of Figure 5.6 the POD-NMPC
state is plotted for [ = 16 POD basis and [PP/M = 16 DEIM ansatz functions.
The error between the NMPC state and the POD-MPC state is less than 0.01

%

Run 5.4 (Constrained case with no-smooth initial data). In the last test we
focus on a different initial condition and different control constraints. The pa-
rameters are presented in Table 5.7. The minimal horizon N which ensures

T At Az 6 p yo(z) ug, uwy, N K
0.5 0.01 001 1/2 5 sgn(zx—03) -1 1 43 9.99

Table 5.7: Run 5.4: Setting for the optimal control problem.

asymptotic stability is N = 43. Table 5.8 emphazises again the performance of
the POD-NMPC method with an acceleration 12 times faster of the full model.

J o time K [y"P —yllee, 1o
Solution with u = —Ky 4.7e-4 9.99 0.0060
Alg. 1 4.1e-4  50s
Alg. 2 (I=17, IPPIM = 19)  44e-4 125 0.0034
Alg. 2 (I =3, [PEIM = 4) 4.4e-4 4s 0.0035

Table 5.8: Run 5.4: Cost functional, CPU time and suboptimal solution.

The evaluation of the cost functional gives the same order in all the simu-
lation we provide. In Figure 5.7 we present the NMPC state for N = 43 (left
plot), the POD-NMPC state with N = 43, [ = 3, [PEIM — 4 (middle plot) and
the increase of the optimal horizon N according to the perturbation Err(¢;[).
The error between the NMPC state and the POD-MPC state is 0.0035 when
E(I'=3) =0.01, whereas for £([ = 17) = 0 the error is 0.0034. O
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