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Abstract: In this paper, we investigate system theoretic properties of transient average
constrained economic model predictive control (MPC) without terminal constraints. We show
that the optimal open-loop solution passes by the optimal steady-state for consecutive time
instants. Using this turnpike property and suitable controllability conditions, we provide closed-
loop performance bounds. Furthermore, stability is proved by combining the rotated value
function with an input-to-state (ISS) Lyapunov function of an extended state related to the
transient average constraints. The results are illustrated with a numerical example.

1. INTRODUCTION

Motivation: Model predictive control (MPC) (Rawlings
et al., 2017) is a popular control method that computes
the control input by repeatedly solving an optimal con-
trol problem. The prime advantages of MPC are that it
can deal with complex nonlinear dynamics, general ob-
jective functions, multiple-input-multiple-output (MIMO)
systems, as well as arbitrary input and state constraints.

The main objective of MPC does not necessarily need
to be stability but can rather be optimal performance
with respect to an economic criterion, which results in a
cost function that does not have to be positive definite
with respect to any setpoint. This variant of MPC is
called economic MPC (EMPC) (Angeli et al., 2012),
(Faulwasser et al., 2018). Usually, an optimal steady-state
is determined and then, is used as a terminal condition
for the finite horizon problem. These terminal conditions
are often omitted in practical applications since they can
be complicated to design (additional offline computation)
and they can limit the operating region of the controller.
Moreover, the absence of additional constraints makes the
finite horizon optimal control problem in each step easier
to solve.

Additionally to point-wise in time constraints, it stands
to reason to consider constraints on average values. Con-
straints on states and inputs averaged over some finite
time period can be of interest in several applications. For
example, overheating of electric motors can be avoided by
limiting values over a period of time. Another example
are chemical processes where the amount of inflow must
not exceed a certain value over a finite time period or,
limiting the frequency deviation in power grids. Hence,
the question arises whether we can consider such transient
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average constraints without imposing terminal constraints
in order to benefit from the advantages of both properties.
We derive theoretical guarantees in terms of performance
guarantees as well as stability for the transient average
constrained EMPC scheme without terminal constraints.

Related work: Economic MPC has been investigated with
a terminal equality constraint (Diehl et al., 2011), as well
as for a terminal cost and a terminal region (Amrit et al.,
2011). Performance estimates can be found in (Angeli
et al., 2012) and (Griine and Panin, 2015). EMPC without
terminal constraints is introduced by Griine (2013) where
the results are further developed by Griine and Stieler
(2014) in order to show practical asymptotic stability.
In Miiller et al. (2013, 2014b), convergence of averagely
constrained EMPC with terminal ingredients is consid-
ered. Kohler et al. (2017) present a transient, nonaveraged
performance estimate for the corresponding closed loop
with asymptotic average constraints. The stricter form of
transient average constraints is introduced by Miiller et al.
(2014a). There, closed-loop average performance bounds
and convergence results are proved for EMPC with tran-
sient average constraints by imposing a terminal region
and a terminal cost.

Contribution: So far, results for transient average con-
straints in EMPC have been shown by imposing terminal
conditions (Miiller et al., 2014a). However, transient aver-
age constrained EMPC without terminal constraints has
not been investigated. We bridge this gap by the following
contributions.

We describe the EMPC scheme with transient average
constraints using an extended state containing past aux-
iliary outputs. As a first contribution, we extend existing
turnpike arguments to conclude a turnpike property over
multiple consecutive time steps, which implies a turn-
pike for this extended state. Then we provide transient
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performance guarantees and show value convergence of
the closed-loop cost functional, similar to the derivation
of Griine (2013) and Griine and Stieler (2014). For the
stability analysis, we show that contrary to most EMCP
schemes, in the considered formulation the rotated value
function is not a suitable Lyapunov function. Instead, we
use a Lyapunov function consisting of the rotated value
function and an input-to-state (ISS) Lyapunov function
that describes the finite-memory property of added state
variables. With this novel Lyapunov function, we prove
practical asymptotic stability of the closed loop. We illus-
trate the results with the academic example from (Miiller
et al., 2013; Kohler et al., 2017).

Outline: Section 2 formulates the control problem. Sec-
tion 3 provides turnpike properties and Section 4 shows
local continuity of the value function. Section 5 con-
tains performance guarantees. Section 6 derives practical
asymptotic stability of the closed loop. Section 7 illustrates
the results with a numerical example. Section 8 concludes
the paper. We note that the results in this paper are based
on the thesis (Rosenfelder, 2019), which is available online
and contains more detailed proofs.

Notation: The set of integers in [a,b] C R is denoted
by I, 5, and the set of integers greater or equal to a is
denoted by I>,. We denote a ball with radius r around a
point y by B.(y) = {z € R"|||lz —y|| < r}. For ¢ € R,
[c] is defined as the smallest integer greater or equal to c.
With K we denote the set of continuous, strictly increasing
functions « : [0,a) — [0, 00), which satisfy «(0) = 0. For
a =00 and a(r) = oo as r — oo we denote the class K.
The set of all decreasing functions § : Ny — [0,00) with
limg_, o 0(k) = 0 is denoted by Ly. Class KL is the set
of all continuous functions § : [0,a) x [0,00) — [0, 00) for
which it holds 8(-,s) € K and B(r,:) € Ly. Furthermore,
we denote by KLS the class of functions 5 € KL for
which Y72 B(r, k) is finite for all » > 0 and for which

78() 1= 22 Bl k) € K.
2. PRELIMINARIES AND PROBLEM SETUP

Problem Setup: We consider discrete-time nonlinear sys-

tems

w(k+1) = f(z(k),u(k)), (1)
with a continuous map f : R™ x R™ — R", state x € R"
and control values u € R™. The system is subject to state
and input constraints, which can possibly be coupled, i. e.,
(x(k),u(k)) € Z with a compact set Z C X x U where
X C R™ and U C R™. Additionally, the system is subject
to average constraints expressed in terms of an auxiliary
output y = h(z,u) € RP. Considering transient average
constraints, we require that for some given time period
T € 1>, for all k£ > 0 it holds

k+T-1 . .
Zk h(x(J;U(J)) cy. @)

In the following, we consider w.l.o.g. Y := RZ . In case
T =1, we recover the special case of standard point-wise
in time constraints.

For a given control sequence uy € UYN we denote the
solution of (1) by ., (k,z) where € X is the initial

value. Furthermore, system (1) has a continuous stage cost
¢ : 7Z — R which is assumed to be bounded from below.
The standing assumptions are summarized as follows:
Assumption 1. The constraint set Z is compact and
the maps f : Z — X and ¢ : Z — R are continu-
ous, i.e., there exist ay, oy € K such that it holds
|f@rou) — flazus)| < ar(|(er - 22w — ug)|) and
[0(x1,u1) — l(x2,u2)] < aq(|[(x1 — 22, u; — usz)||) for all
(z1,u1), (x2,uz) € Z. Furthermore, the map h : Z — RP
is Lipschitz continuous with constant L; > 0.

The control goal is to minimize the stage cost ¢(x,u)
over the prediction horizon N for system (1) subject
to point-wise in time constraints and transient average
constraints (2). Given an initial state z, the open-loop
costs of a control sequence u(-) € UV are defined as

N—-1

In(z,u) =Y Uwu(k,z),u(k)). (3)

k=0
Since feasibility of input sequences for transient average
constrained EMPC also depends on past auxiliary output
values, we introduce the additional state H (k) := [h(x(k—
T+1),u(k—T+1)), ..., h(z(k—1),u(k—1))] € RP*T—1)
and write H; for the j-th column of H. Analogous to
the point-wise feasible set Z, we write H := {H €
RXT=D|'h < H; < h, j € Ipp_y} with by :=
SUP(3,uyez Mi(T, 1), by = inf(z uyez hi(z, 2) for the set of
all feasible H. Now, given a state (z, H) € X x H, the set
of all admissible control sequences is denoted by U™ (z, H),
which is given by the following constraints:

(xu(kvx)au(k)) €Z, ke ]I[O,N—l]
T-1 j—1
S OHi+ > h(za(k,x),u(k) <0, el
i=j k=0
i+T—1
1€ H[O,NfT]-

> hl@u(k,z),u(k)) <0,
k=i

This yields the following MPC optimization problem

Jn(z, H) := uemlf\rfl(fx,H) In(z,u), (4)
where JX (z, H) denotes the value function. We assume
that the infimum is attained by an unique minimizer
Uy, pr- I closed-loop operation, the optimization prob-
lem (4) is solved in each time step k and the first ele-
ment of the optimal input is applied creating an implicit
feedback law p : X x H — U satisfying pun(x,H) :=
uy . ;(0). The corresponding closed-loop system is given
by z(k + 1) = f(z(k),un(z(k),H(k))) and H(k + 1) =
[HQ(k)7 LRRE HT—l(k)v h(l‘(k), /-LN(I(k)v H(k)))} We ab-
breviate for the closed loop z,(k,z,H), H(k,z,H),
pn(k,z,H) and h, (k,z, H). The cost of the closed loop
over some time K is given by

K-1
JIC(I(‘T7H) = g(xﬂN(kax7H)qu(kaxaH))' (5)
k=0
Definitions: The satisfaction of the transient average
constraints implies that it holds with kr n 1= {%1 T—-N
N-1 kT, N
h(mu(k,x),u(k:)) < - Z Hrp_;, (6)
k=0 i=1
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for any u € UN(x, H). Since we know that the transient
average constraints need to be satisfied for multiples of
T, we can bound arbitrary time intervals by the T — 1
previous values which are stored in H. In order to compare
different storages of the transient average constraints,
we need a norm-like measure, because usual norms are
not reasonable since they do not take the signs of the
entries into account. For the case of H it is vital to
consider the sign of the entries; just entries H;; > 0
should contribute to our measurement. To this end, we
denote Hy = P max{H;,0} and define the norm-
replacement | H [:= maxkeﬂ[lpl]{f[(k)}. This has the
property that 1H [> 0 holds and | H [= 0 implies that
all previous T' — 1 time steps satisfy h(z,u) < 0.

We consider the case where the system is optimally op-
erated at the optimal steady-state given by f(zs,us) :=
min{l(z,u) | (z,u) € Z, h(z,u) <0, z = f(x,u)}.
Definition 1. System (1) is optimally operated at steady-
state (xs,us), if for each initial condition (z, H) € X x H
and any input u € U (x, H) it holds
1 T—1
hgr_l)gf - kzoﬁ(:cu(k‘,x), u(k)) > l(xs, us).

A sufficient condition for optimal operation at steady-
state is dissipativity (Miiller et al., 2013; Angeli et al.,
2012). The following dissipativity assumption is taken
from Miiller et al. (2014a).

Assumption 2. System (1) is strictly dissipative on Z
with supply rate s(z,u) 1= €(x,u) — £(zs, us) —I—XTh(x, u),
i.e., there exists a a bounded storage function A : X — R,
a multiplier A € RY ) and a function p € Ko s.t. for all
(x,u) € Z it holds A(f(x,u)) — A(z) < s(z,u) — p(||(z —
Zs,u—ug)||). Moreover, A is continuous, i. e. there exists a
function ay € Koo with |A(z1) — A(z2)| < ax(]|lz1 — 22]])
and w.l.o.g. A(zs) =0.

We denote l; = l(xs,us), hs = h(zs,us) and H® :=
[hs, ..., hs] € Hif the past values of the auxiliary outputs
were at the steady-state.

3. TURNPIKE PROPERTIES

In this section, we extend the turnpike properties from
(Griine, 2013) to EMPC subject to transient average con-
straints. Since not only the initial state x but moreover, the
past T'—1 time steps are of interest, we provide a turnpike
property for consecutive time instants in Theorem 1. In
order to prove our assertions, we define the rotated stage
cost

Uz, u) =0z, u) — L+ M) — A(f(z,u) + AT h(z,u) (7)
and obtain the corresponding rotated cost functional
In(z,u) = Jn(z,u) — Nl + Mx) — Mau(N,z) +

N ATh(xu (K, @), u(k)). Note that Ass. 1 and 2 imply
that there exist functions ay,, a, € Ko such that it holds
for all (z,u) € Z:

ATh(z, )| < an (o — ] + lu—ul) ., (8a)
0<l(z,u) <ay(|z -] +lu—-us),  (8b)
which follows from continuity and AThy, = 0, com-

pare (Rosenfelder, 2019, Lem. 1).

Before introducing the turnpike property in Lem. 1, we
define bounds on the auxiliary output in combination with
the multiplier A which read ¥, := inf(, ,)ez AT h(zx,u)
and V), = SUP(4,u)ez ATh(z,u). Furthermore, we denote
the set of time instants for which the trajectory =z,
resulting from the control sequence v € UM (z, H) is in
a neighborhood B, (x5, us) of the steady-state by

Pe(uax) = {k € ]I[O,N—l]‘ (xu(k,x),u(k)) € Be(xwus)}a

and the number of time instants by Q¢(u, z) := #P¢(u, z).
The subsequent lemma shows the so called turnpike prop-
erty, which follows from strict dissipativity.

Lemma 1. Let Ass. 1 and 2 hold. For each (z,H) €
X x H, each €,6 > 0 and each u € UM (x, H) satisfying

In (@, H) < NUg+ 6, it holds Q“(u,x) > N — 25 with
C" =64+ C — kp NV, C:=2sup,cx |A(z)].

Proof. Tt follows from (6)—(7) and the presumed conditions
that jN(az,u) < 54+C =T ZfiiN Hr_; < C'. Now,
assume Q°(u,x) < N — C'/p(e), i.e., there exists a set
N C I N1 of #N = N — Q°(u,z) time instants s.t.
(zy(k,z),u(k)) ¢ Be(zs,us) holds for all & € N. Strict
dissipativity implies Jy (z,u) > (N — Q(u,z))p(e) > C"
which is a contradiction and hence, yields the assertion.

O

In case T' = 1 we recover the results in (Griine, 2013, Thm.
5.3). Furthermore, in case h;(zs, us) < 0 for all i € I}; ) we
get A = 0 and the following proofs are analogous to Griine
(2013). However, we want to consider the general case
where the transient average constraints are active at the
steady-state.

Another condition we need is an asymptotic controllability
assumption w.r.t. the stage costs ¢, ¢ similar to (Griine,
2013, Ass. 5.5).

Assumption 3. There exist (81, f2 € KLS such that
for each (x,H) € X x H and each N € N there exists
u € UN(z, H) such that it holds for all k € Ijg y_1;:

Uwu(k,2), ulk)) — b <Pi(llz — o]l k) + B2(1H — HI, k)

Uy (k) u(k)) <Bi(lz — 2|l k) + B2(1H — H7[, k).

Note that Ass. 3 yields that for optimal input sequences
the condition Jy(z,H) < N{; + § always holds with
6= maXeex 8, (||lz — xs]|) + maxgen vp, (1H — H*[) and
we write C' := 0 + C — (T — 1)8,,. Now, considering
g € N (different) trajectories at once, we introduce a
set which contains all common time instants for which
the trajectories are in a neighborhood B(xs,us). Given
q trajectories u; € UNi(x;, H?), we write for the inter-
section Ppe ¢ 1 (w1, 21),. .., (ug, 24)) == N P(uz, 2:) N

{ki,... ky}, where 0 < k; < k, < max; N; =: N are
given bounds to focus on a specific interval. Using this
and repeatedly considering optimal trajectories, we are
able to show in the following theorem that there exists a
sufficiently large prediction horizon such that the optimal
trajectory has T' consecutive time instants in an arbitrarily
small neighborhood B (s, us).

Theorem 1. Let Assumption 1-8 hold. For any trajecto-
ries u; € UNi(z;, HY) with i € I g, (z;, HY) € X x H
and N; € N satisfying Jn,(zi,u;) < Nils + 0, as well
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as for any kj, k, € N s.t. 0 < k < k, < N —1 and
any m € N satisfying k, — ki — m — qAxy > 0 with
AN = max; jer, ,,(Ni — Nj), the neighborhood

_ -1 ¢’
€=f (k:u—k;l—m—qAN> )

yields #’P[lgl ko) (1, 21), .., (ug, 2g)) = m. Furthermore,
there exists op € Ly, such that for any (z,H) € X x H
and any kj, k;, € N satisfying k; € T _p2_y), ki, €
H[k;+T2+17N_1], there exists k, € ]I[kHT—l,kL] such that the

optimal trajectory uy , iy € UN (z, H) satisfies

<e, (10a)

| @ s 2) = s i () = )
(k

(@, , (k) () = D

for all k € Iy, _piq 1.1 where € := op(k!, — k —T?).
[ka +1,kz] u l

< Lpe,  (10b)

Proof. Part I: Set Intersection. We make use of the turn-
pike property from Lem. 1 and get Q¢(u;,z;) > N; — %
with Cf := 6+ C — kp n, ¥, < C’. Now, considering the
neighborhood (9) yields Q“(u;,x;) > N — £ (ky — ki —m)
for all i € Iy ;) which guarantees by combinatorially using
set intersections that the intersection contains at least m
elements.
Part II: Showing assertion (10). Given the optimal trajec-
tory u}y , g =: ug, we consider 7' — 1 shifted trajectories
uf € UNi(x;, HY) for i € Iproqp with N; = N — 4,
xTr; = Iué (Z,I’) and H' = [Hi+1, ey HT_17
h(2us (0,2),u5(0)), .oy A(wys (i — 1,2),ug(i — 1))] for i €
Ij; 71 where H; denotes the j-th column of H and
H° = H. Since end pieces of optimal trajectories are again
optimal, the trajectories u; are the optimal trajectories for
initial condition (x;, H*) and horizon Nj, i.e., we obtain
Ty (ky2i) = 2y (k+i,2),  uf(k) =uy(k+i) (1)
for all & € Tjon,—1), @ € Ij1,7—1). Now, Ass. 3 ensures
that Jy (2, H) < Nlg + ¢ holds for any i. Hence, by
considering the trajectories x,» (-, x;) we can use the first
part of the theorem with ¢ =7, Ay =T — 1, m = 1 and
note k; = k] as well as k, = kI, — (T' — 1). Choosing the
neighborhood (9) with our previous choices ensures that
the intersection P[/ljz’k;ﬁ(Tfl)]((u(*;, x0)s .-, (Wh_y,27_1))
contains at least one element which we denote by k,—T+1.
Now, (11) implies (10a) with ¢ = p~! (%_Tki?/_p) =:

or(kl, — k] — T?). Furthermore, (10b) immediately follows
from (10a) using Lipschitz continuity of h(z,u) (Ass. 1).
O

Note that we can choose k!, large enough (for a sufficiently
large N) such that the assertion holds for any € > 0 since
or € Ly. Furthermore, this T-step consecutive turnpike
in (10b) also implies a bound on the extended state H (k).
In particular, we can upper bound the norm-like measure
by using (10b). By definition we obtain

HI< H - H°I< |H — H*||; < /pLne

and hence, satisfaction of |H — H*|< F for any F > 0 can

be guaranteed by ensuring that (10) holds with ¢ < —Z—.

vPLn

4. LOCAL CONTINUITY VALUE FUNCTION

In this section, similar to (Griine, 2013), we use a local
controllability property to provide local continuity bounds
on the value function in Thm. 2.

Assumption 4. There exist 6., E, > 0, d € I>7 and
Yoy Yu € Koo such that for each trajectory x,, (k,z.) with
u, € U (z,, H®) satisfying 1HC|< Ej, and z,,_(k,z.) €
Bs, () for all k € Ijg 4477, the following holds:

For any trajectory u; € UMN(zy,H') with N; €
]IZd+T7 (‘TlaHl) € X x H7 xr3 = Ty (dvxl) and
H? = H(xy, (d,21),ui(d d + T — 2)) satisfying
1H3 — H¢(d+T —1) < Ej, and 23 € Bs, (r,), and for
any s € By, (7) and any H? satisfying. 1H? — H°|< Ey,
there exists an input ug € U4 (xy, H?) with 2., (d, v2) = x3
such that wg with ug(k) = ua(k) for k € I q—q) and
U3(k') = ul(k’) for k € ]I[d,lel] satisfies ug € UM (.132, H2)
and moreover, it holds for all k € Ijg g

2w, (K, 22) — u, (K, )| < 72(0),
[ug (k) — ue(k)]| < 7u(C),
¢ :=max { ||z3 — x| + 1H?> — H],
|3 — @, (d, ze) || + 1H? — H(d+ T —1)] }.
Note that the Assumptions 1, 2 and 4 ensure the existence

of ve, 7n € Koo such that it holds for all k € I}y 4 and for
Te, T, Ue(+), uz(+) and ¢ from Ass. 4

(@, (K, 22), u2(k)) — U, (K, 2c), uc(k))| < 7e(),
[ (k. 22, wa () = £ (k). k)| < 7(C),
AT (s (k. w2), ua (k) = B, (k. 7). ue(k)]| < 0 (C),

(12)
which follows from continuity (Rosenfelder, 2019, Prop. 4).
Similar to (Griine, 2013, Ass. 6.2), Assumption 4 ensures
that given two states (z2, H?), (23, H®) close to the opti-
mal steady-state (x4, H®), there exists an input trajectory
u1, such that we can drive the system from x5 to z3 and
then apply any feasible input uz € UN3(x3, H?), while
respecting the transient average constraints (2).

Now, analogous to Griine (2013) we can formulate a
(turnpike) result for initial conditions in a steady-state
neighborhood which implies that some consecutive points
of the optimal trajectory stay close to the steady-state.

Lemma 2. Suppose that Ass. 1-4 hold. There exist N, €
N, a function n : N x R>g — Rxo with n(N,r) — 0
if N = oo and v — 0 such that for any © € Bs, (zs),
any H € I with 1H — H° < Ej and horizon N > Ny,
the optimal trajectory uy , y € UN(z, H) satisfies for all

kelpy

@,y By 2) = s 0y () = )

<n(N, ||z — 2o + 1H — H*[).

Proof. The proof is similar to (Griine, 2013, Lem. 6.3).
By using local controllability, we construct a candidate
sequence which steers the system to the steady-state
(s, H®) and after k, — d steps, with k, € ]I[%nyT], from
the steady-state back to the optimal trajectory. Feasibility
of this candidate can be ensured by a sufficient large
prediction horizon and thus e small (cf. Thm. 1). Finally,
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the assertion follows from dissipativity and a proof of
contradiction. Details can be found in (Rosenfelder, 2019,
Lem. 2).

Using Lemma 2, we can show that J3; is locally continuous
for sufficiently large prediction horizons N.

Theorem 2. Let Ass. 1-4 hold. There exist No € N and
Yo € Koo such that for all § € (0,6.], all E € (0, Ep], all
N > Ny, all x € Bs(zs) and all |H — H?||; < E it holds

|JX,($,H)—J;,(.’L‘S7HS)|S’yv((5+E). (13)

Proof. Using Lemma 2, we choose Ny > N, such that
n(N,r) < min{§c,%} holds for all N > N, and
r € [0,6. + E] and we abbreviate u* := u} , y. With
this choice of N, Lemma 2 ensures z,~ € Bs,(z5) for k €
ljo,a+1) as well as 1H(d+T — 1) — H*|< By, 1H® — H[<
E},. Hence, we can apply Ass. 4. First, we connect the
steady-state trajectory with wz,«(d,z) which is possible
due to Ass. 4, i.e., there exists uy € U%(x,, H®) such
that z,,(d,zs) = zy+(d,z) and ua(k) = u*(k), k €
ljg,n—1y- It follows from (12) that £(wy,(k,zs),us(k)) <
U xy (kyx),u* (k) + Ye(|lz — zs]| + 1H® — H [) holds for
all k € ljg4—1). This yields Jy (v, H®) < Jn(ws,u2) <
T (e, H) + dyellle — 2| + | H — HO|,).

The upper bound on J3(x, H) can be constructed simi-
larly using a trajectory connecting (x, H) with the opti-
mal trajectory starting at the steady-state (x5, H®), which
proves (13) with 7, := d7..

5. PERFORMANCE GUARANTEES

In this section, we derive performance guarantees in terms
of value convergence of the closed-loop cost J§ from (5)

and its rotated analogue J&. Similar to the set 7DE we de-
fine the set 75 (u, ) = {ky € Ijqp) + (wo(kz— ) u(ky—
i)) € Be(xs,us), Vi € Ipp_1} and the intersection set
T (w1, 21), -, (U, g)) o= Oy TGy (i, ). We in-
troduce the following assumption which holds, e.g., for
exponentially stabilizable systems with ¢ quadratic.
Assumption 5. There exists 1 € K such that for any
ky € Isp_q,any N € N, all (z, H) € X x H it holds:
g . .

AT h(a:a}«vvxﬂ(k,x),ﬁuN@,H(k)) < ¥(z, H), where
we abbreviate ¢(z, H) := ¢(||lz — x|, + ||H — H®|;)

We remark that this assumption is similar to the asymp-
totic controllability property (Ass. 3), but this time for the
auxiliary output h and for the optimal trajectory @*. The
following lemma bounds the difference in the open-loop
cost of the original problem and the rotated problem over
the first k, steps.

Lemma 3. Let Ass. 1-5 hold. There exist N5 € N,
Ry, Ry € Koo and &1 € Ly such that for all (z,H) € X x
H, any N > N5 with e = 67(N—Ny—T(2T—1)) there exist
k, € 7_[175_17N_N2]((u}"v7w7H,:c), (1]7V7$7H, x)). Furthermore,

it holds for Ji, == Jy, (T, Uy , 1), jkm = jkm (T, U} ) +

kol(xg,us) — Ax):
|In (@, H) = i, — In_p, (x5, H*)| < Ri(e),  (14a)
Ty = Tk, < Y(x, H) + Rale), (14b)
Ty — Ik, < (T = 1) | A|| Lne + Ra(e). (14c)

Proof. The proof is an extension of (Griine, 2013, Sec. 7).
The existence of k, follows using turnpike properties for
consecutive time instants for a horizon N > Ny := Ny +

2C 4+ 7T — 1) with € := min{d., By/(/pLa)} and
o = p ! <N7N227T$('2T71)). The bound (14a) then fol-

lows using local continuity of the value function (Thm. 2),
for details see (Rosenfelder, 2019, Ch. 5). In order to
show (14b), (14c) we need to bound the auxiliary output

A h. By using Ass. 5, we obtain a lower bound on the
auxiliary output of the optimal trajectory of the rotated
problem which shows (14b). Furthermore, using (6) in
combination with k, € ’7?75_17 N—Ns] implies an upper
bound which yields (14c). O

In order to construct a local candidate sequence, we show
that for the steady-state neighborhood from Thm. 2, there
exists a single control step implying Ks.-bounds w.r. t. the
initial condition (z, H).

Proposition 1. Let Ass. 1 and 4 hold. There exist vy,
Vi, Yy € Koo such that for all § € (0,0.], all x € Bs(zs),
all E € (0,Ep] and all 1H — H* < E there exists u, €
U(x, H) such that f(z,uy) € X and it holds:

1f (2, ue) = asl| < 77 (8 + E), (15a)
1A (2, uz) = hs|l < 7y (6 + E), (15b)
Uz, uy) —Ls < v(0+ E). (15¢)

Proof. The assertion follows from Ass. 4 for (u.,x., H¢)

(u87xS)HS), Uy = u2(0) and Vf = Yy Yy = Lh(’)/w + ’Yu)a
Y := (Ve + Yu), using continuity from Ass. 1. O

The following theorem uses Prop. 1 and Thm. 2 to con-
struct a feasible candidate solution and provide an upper
bound on the closed-loop cost and closed-loop rotated cost.
Considering the closed loop, we write for the extended
state x = (z, H) and xuy (k, X) := (25 (k, x), H (K, X))
Theorem 3. Let Ass. 1-5 hold. There exist Ng € N and
03,06 € Ly such that for all (x,H) € X x H, all K € N
and all N > Ng+1 it holds with Ng 1 := No +T?+1 and
N6,2 = NQ + (4T + 1)(T - 1)

Ji(x )<JN( ) = Ix (Xun (K X)) (16a)
K (¢ +U3(N Ns,1))s
TR (X) <JN( ) = I (Xuw (K, X)) (16b)
+06(N — N 2) + Koz(N — Ne 1)
K-—1
(@, H) + Y A hyy (B, X).
k=0

Proof. Part I: Showing (16a). We set k] = 0 and k], =
N — N, > T? +1 and get from Thm. 1 that there are
T consecutive time instants in the interval Ijp x_pn,) in
a nbhd. of the steady-state. Furthermore, we propose a
candidate sequence iy, = @ € UVNT!(x) which reads as
follows: (k) = ujy , (k) for k € Ljg , 1], @(kz) = uj, with
uy, as given in Prop. 1 and (k) = uy_y n(k — ks — 1)
for all & € Iy, 41,7, Where we abbreviate z’ := @y (kz, ),
z" = f(a',ul,) and H' as well as H" analogously, which
yields x' = (2/,H'), x” := (¢”,H"”). This candidate
sequence is feasible for prediction horizons N > N, +
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T 2 _. : — '
oy T T? =: N3 with ¢ = 2\/75%

v = min{fyjil(dc),'yy_l(%)} and it holds 2/, =" € Bs_(xs)
as well as 1H' — H®[, \H" — H* |[< E},. Furthermore, we

N
define Jy(z, @) == > L(zxq(k,z),a(k)). Now, we apply
s
Thm. 2 for the time instants k; and k; + 1 such that it
N ~ * *
holds 34y 1y l(za(k, ), (k) = J, (X") < Ji, (X') +
01(Ng) with 6; € Ly where Ky := N — k, > Ny and
Ng:= N — Ny — T?. In particular, we have
81 = (v (L + /pLi)or) + o) + v ((1 + /PLi)or),
with o := max{\/pLror, \/pyy((1 +/PLr)or)}. We get
f(x’,u;,) <tly + (52(Nd),
where the second inequality follows from Prop. 1 with
02 := v((1 + /pLp)or). Considering the closed loop, we

get from the dynamic programming principle (Bertsekas,
1995)

TR0 =Ix (x) = T3 1 (Xun (K, X))
K—1
+ > TR (B, %)) = Ty -1 (e (R, X)).
k=1
By combining this with (17) and the definition of J) (z, @)
we obtain

min{e, 17/, } where

(17)

2

T (6 30) = T2 O (53 X0) < €+ 85N = Noa),
i=1

which yields the assertions with o3 := 61 + d2.

Part II: Showing (16b). In order to apply (14a) to the orig-

inal and rotated problem at initial values x and x,, (¥, x)

we need at least one time instant

ko € Tir oy - ny) (U o @), (U, (i) T (B X)),
(a}k\/,x7 $)7 (QE,XMN (K,x)’ Lun (K> X)))
in a neighborhood ¢ < €. We choose Ng := max{Ns 2 +

45(3/, N3+1}, which implies € = pfl(N‘l_TJg;Q) =:061(N—

Ng2) with 061 € Ln. Now, we can apply Lemma 3 and
use the results of Part I of this proof which yields

TR0 = T (X (B, X)) < T3 () = T (Xpuw (K X))
—)\(.’L‘) +)‘(‘rﬂN(K’X)) +R(6) ‘H/J(Q%H) (18)

with R(€) = 87, ((1+ /PLp)€) + 2 (€) + (T — 1)Ly, || A]| €,
R € ICOO With € = 0'6,1(N - N672), we obtain 0'6(N —
NG’Q) = R(UGJ(N — NG’Q)) with og € Lx. Now, using the
definition of the rotated cost, (16a) and (18) yields (16b).
Additional details can be found in (Rosenfelder, 2019,
Thm. 5 & 6). O

Remark 1. Using the value convergence results from
Theorem 3 for the rotated cost (16b), one can directly
establish practical convergence of the closed loop using ¢
positive definite, compare (Rosenfelder, 2019, Thm. 7 &
8).

6. STABILITY RESULTS

In this section we conclude practical asymptotic stabil-
ity (p.a.s.) of the proposed EMPC scheme. Additional

to the optimal rotated value function, which is suffi-
cient to show p.a.s. for EMPC without transient aver-
age constraints (Griine, 2013), we use input-to-state sta-
bility (ISS) of the state H which results in a practical
non-monotonic Lyapunov function. Finally, the approach
from Ahmadi and Parrilo (2008) is used in order to obtain
a practical Lyapunov function.

Input-to-State-Stability of the Storage
From one time step to another, the storage H is shifting
its columns one to the left and the updated last column
is equal to the auxiliary output h(x,u) at the last time
instant. Therefore, we obtain a discrete-time system of the
form H(k+ 1) = fy(H(k),z(k),u(k)).
Lemma 4. For any x € (0,00), the function V,,(H) :=
STVl Hi — h||f satisfies
|H — H?||} <Vi(H) < (T = 1)*|H - H*||{,
Vi(fu(H,z,u)) = V,(H)
<= H = 2]} + (T = 1) |2, u) = hs]ly -
Furthermore, H is ISS w. r. t. h(x,u) — hs.

Proof. Tt holds
|H — H*||Y = max {|Hj— hs||}} < Vi(H),
JEl, 1)

as well as

T-1
Ve(H) < (T—=1) Y | Hi = ho|l] < (T = 1) | H - H*|If.
i=1

Furthermore, we can bound
VH(fH<H7$7U)) - VH(H)

T—1
== Y |[H; = hal|} + (T = 1) |z, u) — hy|l}
j=1

<—|H - H|l} + (T = 1) [|A(z,u) — hl7

and ISS follows from (Jiang and Wang, 2001, Lem. 3.5).
O

Remark 2. Since the transient average constraints also
need to be satisfied in the overlapping periods, i.e., also
w.r.t. the past values of h(x,u), we can upper bound
T—1j-1
AT by (ke H) < (T = 12 ||A| - | H = H?||, -

j=1 k=0

Practical Asymptotic Stability

We consider p. a.s. of the extended state (x, H) as defined
in Griine and Stieler (2014).

Definition 2. The steady-state (x5, H®) is called prac-
tically asymptotically stable w.r.t. ¢ > 0 on a set S C
X x H with (x5, H®) € S if there exitsts § € KL
such that ||z, (k,z, H) — | + |[H"(k,z, H) — H| <
max{f(||z — zs||+||H — H?||, k), €} holds for all (z, H) €
S and all k£ € Ng.

In order to construct a practical Lyapunov function, we
require a polynomial lower bound on p € K. (from
Ass. 2). Furthermore, we assume that the function ¢ € K
(from Ass. 5) satisfies a suitable upper bound.
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Assumption 6. There exist constants a,w > 0 such that
p(r) > a-r¥ holds for all r € [0, ryax] With rpax =
max( ez || (€ — 25, u — us)||. Furthermore, we have

|H — H°|]7
Lp(T -1)
for T'> 2 and all (z,H) € X x H with (z, H) # (x4, H®).

1 & w
(o) < gatntm) % (Ja =+

We point out that the previous assumption is only needed
in order to show practical asymptotic stability; perfor-
mance and convergence guarantees (Sec. 5) have been
shown without this assumption. Finally, the following the-
orem provides a practical Lyapunov function.

Theorem 4. Let Ass. 1-6 hold and T > 2. There exist
c >0, functions a1, as, a3 € Ko and 61,02 € Ly s. t.

T—-1
Wz, H) =) Wy (j.o, H), H (j,z, H)),
j=0
~ T-—1
W(w, H) :=Jy(x, H) + ¢ i |Hi = hl}
=1

satisfies with & := ||x — || + |H — H*||,
a1(8) < W(z,H) < as(§) + 01 (N — Ng),
Wz, (1,2, H), H* (1,2, H))
<W(z,H) — az(§) + d2(IN — Ng),
for all (x,H) € X x H and all N > Ng + 1. Moreover,

the steady-state (x5, H®) is p.a.s. for all (x,H) € X x H
w.r.t. e >0 as N = oo.

(19)
(20)

Proof. We split this proof in three different parts. In the
first part we investigate the rotated value function. Then,
we combine J3 (x, H) with the ISS property of H in order
to obtain a non-monotonic practical Lyapunov function

Wz, H). In the third, part we construct W(x, H) by using
W (x, H) and show that it satisfies the bounds (19)-(20),
which implies p. a.s.

Part I: Optimal Rotated Value Function. Strict dissipa-
tivity implies J(x, H) > p(|[(x — zs,u — us)||). Using
a case distinction of (x, H), we can construct a can-
didate sequence in order to get an upper bound. We
use either asymptotic controllability (Ass. 3) or local
controllability (Ass. 4) to obtain a feasible candidate
u1 that drives the system to the optimal steady-state,
which by optimality implies Jy(z, H) < Jy(z,u1) <
max{ma dav, (72(§) +’7u(£))} =: az(§) with a7 €
K. Combining the two bounds, we obtain

pll(@ =z, u—ug)l) < Ty (2, H) < az(é). (21)
By using dissipativity and Thm. 3 with K = 1, we obtain
that it holds with N > Ng + 1 and for all (z, H) € X x H

j;/(XP«N(l,X)) < j]tf(X) + 67(N - N6) + ¢($7H)
—p(l(z — 25, pun (2, H) — us)]]) + /_\Th(zqu(l?,H))(’m)

with &7 := og + 03. For more details we refer to (Rosen-
felder, 2019, Lem. 7).

Part II: Combination of Ji (z, H) and ISS. We set
W (z, H) := J(x, H) + ¢V, (H),
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—0.5w
with ¢ := % > 0. By using comparison function

properties (Kellett, 2014), we obtain that there exist
a1(8) < p(llz — @) + || H — H°||7 and G2(§) > ar(§) +
o(T —1)?||H — H?||{, which yields from (21) and Lem. 4

a1(8) < Wi(x, H) < ao(9). (23)

Now, it follows from (22), ISS, Lipschitz continuity of
h(z,u) and the definition of W (z, H) that it holds

W(xun (1,X)) = W(X) + p(l(x = 25, v (2, H) — us)])
<07(N = Ng) + A" hyuyy (0,0, H) — ¢ || H — H*|[}
+o(T = 1)Ly |[(z — @, pnv (2, H) = us) |7 +9(x, H)
By using Ass. 6, we obtain with our choice of ¢ that there
exists &3 € Ko such that it holds for all N > Ng + 1

W (xun (1, X)) = W ()

< — &y(€) + 67(N — Ng) + ATh(z, pn(z, H)).
Note that the last term summed over T steps is always
negative, which implies that W (x, H) is a practical Lya-
punov function over T' steps (non-monotonical).
Part III: Practical Lyapunov Function W (z, H). We con-
struct a monotonically decreasing function based on (Ah-
madi and Parrilo, 2008). In particular, we use W(y) :=

Z]r:—01 W (Xux (4, X)) which is equal to W (x, H) given in
the assertion. Using W(z, H) > 0 from (23) yields the
lower bound of (19) with ay := &;. From (24) and Rem. 2,

we obtain

W (x, H) <Tés(€) + (T = 1) [|A[| - || — H*l,
(T -1
LT
which shows (19) with as(€) := Tas(£) + (T — 1)? ||| ¢
and &; := L(T — 1)67. Furthermore, using the defini-

2
tion of the transient average constraints and (24) yields

W (xun (1, X)) = W(x) < —as(€) + Té7(N — Ng) which
shows (20) with a3 := &3 and ds := Td7. Practical
asymptotic stability follows from (Faulwasser et al., 2018,
Prop. 4.3) with respect to e(N — Ng), € := aj ' (aa(agz 02+
d2) + 01 + 02) € Ly and hence, € — 0 as N — 0. O

(24)

+

As previously mentioned, (22) shows that the rotated value
function is not a valid Lyapunov function for the EMPC
setting subject to transient average constraints (2). How-
ever, the function W(z, H) is a valid Lyapunov function
for the extended state (x, H). We conjecture that stability
of transient average constrained EMPC with terminal con-
ditions (Miiller et al., 2014a) can be shown using similar
arguments.

7. NUMERICAL EXAMPLE

In this section, we illustrate some of the provided the-
oretical results. We consider the example from Miiller
et al. (2014b); Kdéhler et al. (2017) which reads z(k +
1) = z(k)u(k) with state and input constraint set Z := X x
U := [-10,10]? and transient average constraints of the
form (2) with y = h(x,u) = 2z + u — 5. The stage
cost reads £(x,u) = (x — 3)? + u? which implies that the
optimal steady-state is given by (zs,us) = (2,1). Thus,
Ass. 1 holds with the Lipschitz constant Ly = 3. Strict

dissipativity holds with A = 1, the continuous storage
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Fig. 1. Lyapunov function W (——) and rotated value
function Jy (- - -) along the closed loop.

function \(z) = 1.5(x — 2) and p(r) = 0.25r? € Ko, which
immediately satisfies the conditions in Ass. 6 with a = 0.25
and w = 2. The asymptotic controllability condition is
difficult to show as stated, but we conjecture that the
results can be modified such that asymptotic controlla-
bility on a control invariant sublevel set is sufficient using
arguments from Boccia et al. (2014); Kohler et al. (2018).
For a consideration of the local controllability property

(Ass. 4) at the given example we refer to (Rosenfelder,
2019, Ch. 7).

Closed Loop Results

Now, we investigate the given EMPC scheme for N = 12,
T=6,z=2and H = [h(1,1), ..., h(1,1), h(1,2)] €
R'*5. As shown in Theorem 4, the closed loop converges
to a neighborhood of the optimal steady-state. Moreover,
the rotated value function is not decreasing over the MPC
iterations; but as proved in Thm. 4, the novel Lyapunov
function Wz, h) is (practically) monotonically decreasing.
This result is illustrated in Figure 1.

8. CONCLUSION

In this work, we investigated transient average constrained
EMPC without terminal constraints and showed perfor-
mance guarantees as well as practical asymptotic stability.
First, we introduced an additional state storing past values
of the auxiliary output in order to consider the transient
average constraints. We provided a turnpike phenomenon
for consecutive time instants and by using a local control-
lability property, local continuity of the value function as
well as convergence of the closed-loop cost (original cost
and rotated cost) was shown. As the main contribution,
we proved practical asymptotic stability by a combination
of the rotated value function, ISS of the auxiliary output
storage and using results on non-monotonic Lyapunov
functions from Ahmadi and Parrilo (2008).

REFERENCES

Ahmadi, A.A. and Parrilo, P.A. (2008). Non-monotonic
Lyapunov functions for stability of discrete time nonlin-
ear and switched systems. In Proc. 47th IEEE Confer-
ence on Decision and Control (CDC), 614-621.

Amrit, R., Rawlings, J.B., and Angeli, D. (2011). Eco-
nomic optimization using model predictive control with

a terminal cost. Annual Reviews in Control, 35(2), 178
— 186.

Angeli, D., Amrit, R., and Rawlings, J.B. (2012). On
average performance and stability of economic model
predictive control. IEEE Transactions on Automatic
Control, 57(7), 1615-1626.

Bertsekas, D.P. (1995). Dynamic Programming and Opti-
mal Control, Vol. 1 and 2. Athena Scientific.

Boccia, A., Griine, L., and Worthmann, K. (2014). Sta-
bility and feasibility of state constrained MPC without
stabilizing terminal constraints. Systems & control let-
ters, 72, 14-21.

Diehl, M., Amrit, R., and Rawlings, J.B. (2011). A Lya-
punov function for economic optimizing model predic-
tive control. IEEE Transactions on Automatic Control,
56(3), 703-707.

Faulwasser, T., Griine, L., and Miiller, M.A. (2018). Eco-
nomic nonlinear model predictive control. Foundations
and Trends in Systems and Control, 5(1), 1-98.

Griine, L. and Panin, A. (2015). On non-averaged perfor-
mance of economic MPC with terminal conditions. In
Proc. 5/th IEEE Conference on Decision and Control
(CDC), 4332-4337.

Griine, L. (2013).
without terminal constraints.
— 734.

Griine, L. and Stieler, M. (2014). Asymptotic stability and
transient optimality of economic MPC without terminal
conditions. Journal of Process Control, 24(8), 1187—
1196.

Jiang, Z.P. and Wang, Y. (2001). Input-to-state stability
for discrete-time nonlinear systems. Automatica, 37(6),
857 — 869.

Kellett, C.M. (2014). A compendium of comparison
function results. Mathematics of Control, Signals, and
Systems, 26(3), 339-374.

Kéhler, J., Miller, M.A., and Allgéwer, F. (2018). Non-
linear reference tracking: An economic model predictive
control perspective. IEEE Transactions on Automatic
Control, 64, 254-269.

Kohler, P.N., Miiller, M.A., and Allgower, F. (2017).
Transient performance of economic model predictive
control with average constraints. In Proc. 56th Annual
Conference on Decision and Control (CDC), 5557-5562.

Miiller, M.A., Angeli, D., and Allgéwer, F. (2013). On con-
vergence of averagely constrained economic MPC and
necessity of dissipativity for optimal steady-state oper-
ation. In Proc. American Control Conference (ACC),
3141-3146. IEEE.

Miiller, M.A., Angeli, D., and Allgéwer, F. (2014a). Tran-
sient average constraints in economic model predictive
control. Automatica, 50(11), 2943 — 2950.

Miiller, M.A., Angeli, D., Allgéwer, F., Amrit, R., and
Rawlings, J.B. (2014b). Convergence in economic model
predictive control with average constraints. Automatica,
50(12), 3100 — 3111.

Rawlings, J.B., Mayne, D.Q., and Diehl, M. (2017). Model
Predictive Control: Theory, Computation, and Design.
Nob Hill Pub.

Rosenfelder, M. (2019). Stability and performance in tran-
sient average constrained economic MPC without termi-
nal constraints. Student thesis, University of Stuttgart.

Economic receding horizon control
Automatica, 49(3), 725

7032



