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Abstract—In distributed model predictive control (DMPC),
where a centralized optimization problem is solved in distributed
fashion using dual decomposition, it is important to keep the
number of iterations in the solution algorithm, i.e. the amount
of communication between subsystems, as small as possible.
At the same time, the number of iterations must be enough
to give a feasible solution to the optimization problem and to
guarantee stability of the closed loop system. In this paper,
a stopping condition to the distributed optimization algorithm
that guarantees these properties, is presented. The stopping
condition is based on two theoretical contributions. First, since
the optimization problem is solved using dual decomposition,
standard techniques to prove stability in model predictive control
(MPC), i.e. with a terminal cost and a terminal constraint set
that involve all state variables, do not apply. For the case without
a terminal cost or a terminal constraint set, we present a new
method to quantify the control horizon needed to ensure stability
and a prespecified performance. Second, the stopping condition
is based on a novel adaptive constraint tightening approach.
Using this adaptive constraint tightening approach, we guarantee
that a primal feasible solution to the optimization problem is
found and that closed loop stability and performance is obtained.
Numerical examples show that the number of iterations needed
to guarantee feasibility of the optimization problem, stability
and a prespecified performance of the closed-loop system can
be reduced significantly using the proposed stopping condition.

Index Terms—Distributed model predictive control, perfor-
mance guarantee, stability, feasibility

I. INTRODUCTION

Distributed model predictive control (DMPC) can be divided
into two main categories. In the first category, local opti-
mization problems that are solved sequentially and that take
neighboring interaction and solutions into account, are solved
in each subsystem. This is done in [1] for linear systems and in
[2] for nonlinear systems. In [3] a DMPC scheme is presented
in which stability is proven by adding a constraint to the
optimization problem that requires a reduction of an explicit
control Lyapunov function. In [4], [5] stability is guaranteed
for systems satisfying a certain matching condition and if the
coupling interaction is small enough. In the second category,
to which the current paper belong, a centralized optimization
problem with a sparse structure is solved using a distributed
optimization algorithm. This approach is taken in [6] where
stability is guaranteed in every algorithm iteration. A drawback
to this method is that full model knowledge is assumed in
each node. Other approaches in the DMPC literature rely on
dual decomposition to solve the centralized MPC problem in

distributed fashion. This approach is taken in, e.g. [7], [8],
[9], where a (sub)gradient algorithm is used to solve the dual
problem and in [10] where the algorithm is based on the
smoothing technique presented in [11]. Among these, the only
stability proof is given in [12], [9], where a terminal point
constraint is set to the origin, which is very restrictive.

One reason for the lack of stability results in DMPC based
on dual decomposition, is that the standard techniques to prove
stability in MPC do not apply. In MPC, terminal costs and
terminal constraint sets that involve all state variables are used
to show stability of the closed loop system, see [13], [14].
This is not compatible with dual decomposition. However,
results for stability in MPC without a terminal constraint
set or a terminal set, which fits also the DMPC framework
used here, are available [15], [16]. In [16], a method to
quantify the minimal control horizon that guarantees stability
and a prespecified performance is presented. This is based on
relaxed dynamic programming [17], [18] and a controllability
assumption on the stage costs. In the current paper, we take
a similar approach to quantify the control horizon needed
to guarantee stability and a prespecified performance. The
advantages of our approach over the one in [16] are twofold;
we can, by solving a mixed integer linear program (MILP),
verify our controllability assumption, further we get an explicit
expression that relates the parameter in the controllability
assumption with the obtained closed loop performance.

Besides the stability result, the main contribution of this
paper is a stopping condition for DMPC controllers that use
a distributed optimization algorithm based on dual decompo-
sition. We use the distributed algorithm presented in [19], but
any duality-based distributed algorithm, such as the standard
dual ascent or ADMM [20], can be used. These duality
based algorithms suffer from that primal feasibility is only
guaranteed in the limit of iterations. Constraint tightening,
which was originally proposed for robust MPC in [21], can
also be used to generate feasible solutions within finite number
of iterations, see [22]. However, the introduction of constraint
tightening complicates stability analysis since the optimal
value function without constraint tightening is used to show
stability, while the optimization is performed with tightened
constraints. This problem is addressed in [22] by assuming
that the difference between the optimal value functions with
and without constraint tightening is bounded by a constant.
However, to actually compute such a constant is very difficult.
The stopping condition in this paper is based on a novel adap-



tive constraint tightening approach that ensures feasibility w.r.t.
the original constraint set with a finite number of algorithm
iterations. In addition, the amount of constraint tightening
is adapted until the difference between the optimal value
functions with and without constraint tightening is bounded
by a certain amount. This adaptation makes it possible to
guarantee, besides feasibility of the optimization problem, also
stability of the closed-loop system, without stating additional,
unquantifiable assumptions.

The paper is organized as follows. In Section II we introduce
the problem and present the distributed optimization algorithm
in [19]. In Section III the stopping condition is presented and
feasibility, stability, and performance is analyzed. Section IV
is devoted to computation of a controllability parameter in the
controllability assumption. A numerical example that shows
the efficiency of the proposed stopping condition, is presented
in Section V. Finally, in Section VI we conclude the paper.

II. PROBLEM SETUP AND PRELIMINARIES

We consider linear dynamical systems of the form

Tiy1 = Azy + Bug, Top =12 (1)

where x; € R" and u; € R™ denote the state and control
vectors at time ¢ and the pair (A, B) is assumed controllable.
We introduce the following state and control variable partitions

xe = [(x))", @), @) ()
up = [(u)”, (W), ()] 3)

where the local variables z{ € R™ and u} € R™i. The A and
B matrices are partitioned accordingly
A11 AlM Bll BlM
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These matrices are assumed to have a sparse structure, i.e.,
some A;; =0 and B;; = 0 and the neighboring interaction is

defined by the following sets
N; = {]E {1,,M} | lfA” #OOI'BZ']' 750}

for: =1,..., M. This gives the following local dynamics
Tiyy = Z (Az'jw{ + Bij“g) ; Th = T
JEN;
for i = 1,..., M. The local control and state variables are

constrained, i.e., u* € U; and z* € X;. The constraint sets, X,
U; are assumed to be bounded polytopes containing zero in
their respective interiors and can hence be represented as

X, ={2" eR™ | Cla' < di},
U = {u' e R™ | Clu’ < di}

Ne
2t

wgfrg Ci e R"™w: ™™ CL e R™w ™™ @t e Ry and d', €
R 4. We also denote the total number of linear inequalities
describing all constraint sets by n. := Zi\il (ncxi + ncui).
The global constraint sets are defined from the local ones
through

X:Xlx...xXM, Uzulx...xL{M.

We use a separable quadratic stage cost

M R . , .
Uz, u) = Zéi(gcl, u') = 3 (Z(xl)TQi:Ez + (ul)TRiuz>
i=1 i=1

where Q; € S, and R; € S for ¢ = 1,...,M and
S? . denotes the set of symmetric positive definite matrices
in R™*™, The optimal infinite horizon cost from initial state
T € X is defined by

Voo(Z) := min Zﬁ(:ct, ug) @
—
st. e X , weU
Ti41 = A.I't + But
o = .

Such infinite horizon optimization problems are in general
intractable to solve exactly. A common approach is to solve
the problem approximately in receding horizon fashion. To this
end, we introduce the predicted state and control sequences
{232 and {v,}Y-! and the corresponding stacked vectors

T T T

Z=1[2), ---s2N_1 L Nk

, v=[vy,. ., VN5_1

where 2z, and v, are predicted states and controls 7 time steps
ahead. The predicted state and control variables z., v, are
partitioned into local variables as in (2) and (3) respectively.
We also introduce the following stacked local vectors

Zi = [(Z(Z))Tv IR (Zj\/fl)T]Tv Vi = [(vé)T’ [ (’Uji\lfl)T]T'

Further, we introduce the tightened state and control constraint
sets

(1-0)X ={z" e R™ |Clz’ < (1-6)d.},
(1 -0 = {u' € R™ | Clu’ < (1 —6)d.,}

where 6 € (0,1) decides the amount of relative constraint
tightening. The following optimization problem, which has
neither a terminal cost nor a terminal constraint set, is solved
in the DMPC controller for the current state £ € R™

N-1

Zf(zr,vr)

7=0

st. zze(l-0)X, 7=0,...,N—1
e(l-0U,7=0,...,.N—1

Zr41=Az; + Bu,, 7=0,...,N — 2

V3(Z) == min

Zt,Vt

20 = T.
(5
By stacking all decision variables into one vector
Y =120, 21V un) T € RN (6)

the optimization problem (5) can more compactly be written
as

Vi(#) = min  5y"Hy @)
st. Ay =Dbz
Cy<(1-4)d

where H e SN A e RN-Dx(tmN g
RrN=Dxn ¢ g RreNx(mtmIN and d € RGP are built
accordingly. Such sparse optimization problems can be solved



in distributed fashion using, e.g., the classical dual ascent, the
alternating direction of multipliers method (ADMM) [20], or
the recently developed algorithm in [19]. The algorithm in
[19] is a dual accelerated gradient algorithm and is used in
the current paper for simplicity. Distribution of these methods
are enabled by solving the dual problem to (5).

The dual problem to (7) is created by introducing dual
variables A € R™M=1) for the equality constraints and dual
variables p € Révgc for the inequality constraints. As shown
in [19], the dual problem can explicitly be written as

1
max ——(ATA+ CTp) " H Y (ATA + CTp)—
Au>0 2
—ATbz — pfd(1-6) (8)
and we define the minimand in (8) as the dual function for
initial condition T € R", i.e.,
1
D (Z, A\, p) = —§(AT>\+ CTuw)y™ M Y ATA+CTp)—
—A'bz — pTd(1-96). 9
The distributed algorithm presented in [19] that solves (7), is

a dual accelerated gradient method described by the following
global iterations

vy = —HYATN + CTph) (10)

v =y"+ z—;Q(y’“ y" ) (11)
ARHL Ak Z—I_;O‘k _)\k71) + %(A)—,k — bi) (12)
uk+1 — max <O’Hk + Z_—T_;(uk _ kal)_i_

+3(C5F —da-a) ) a3)

where Lk is the iteration number and L =
I[AT,CT]TH~'[AT, CT]||, which is the Lipschitz constant
to the gradient of the dual function (9). The reader is referred
to [19] for details on how to distribute the algorithm (10)-(13).

A. Notation

We define N> the set of natural numbers ¢ > T". The norm
|| - || refers to the Euclidean norm or the induced Euclidean
norm unless otherwise is specified and (-, -) refers to the inner
product in Euclidean space. The norm ||z||yy = VaTMa.
The optimal state and control sequences to (5) for initial
value = and constraint tightening & are denoted {2 (z, §) }2
and {v*(z,8)}Y ' respectively and the optimal solution
to the equivalent problem (7) by y*(x,d). The state and
control sequences for iteration k£ in (10)-(13) are denoted
{2F(x,6)}N" and {vF(x,0)}Y-) respectively. The initial
state and constraint tightening arguments (z,d) are dropped
when no ambiguities can arise.

B. Definitions and assumptions

We adopt the convention that V) (Z) = oo for states 7 € R"
that result in (7) being infeasible. We define by X, the set

for which (4) is feasible and we define the minimum of the
stage-cost ¢ for fixed x as

* L . . 1 T
0 (x) = gg}é(:r,u) =5 Q.
Further, ~ is the smallest scalar such that kQ — ATQA > 0.

The state sequence resulting from applying {vf}ivz_ol to (1) is

denoted by {57}5;01, ie.,
§ry1 = A& + By, & =1T. (14)

We introduce & = [(&)7,...,(Ex—1)T]T and define the
primal cost

N-1
> U&ve) ifEe XN and v eUN
PN(.”Z', V) = 7=0
and (14) holds
0 else

5)

where XV and U" are the state and control constraints for the
full horizon. We also introduce the shifted control sequence
ve = [(v)T, ..., (vn—1)T,0T]T. We have Py(z,vF) >
Vn(Z) and Py (Az+ Bof,vF) > Vi (AZ+ Bok) for every al-
gorithm iteration k. We denote by {¢* iV:_Ol the state sequence
that satisfies (14) using controls {v*}"'. The definition of
the cost (15) implies

Py (,v") = Py (AT + Bug, v5) + £(z,v5) — £ (AEx )
(16)
if v elU, € X and ALK, _, € X.

III. STOPPING CONDITION

Rather than finding the optimal solution in each time step
in the MPC controller, the most important task is to find
a control action that gives desirable closed loop properties
such as stability, feasibility, and a desired performance. Such
properties can sometimes be ensured well before convergence
to the optimal solution. To benefit from this observation, a
stopping condition is developed that allows the iterations to
stop when the desired performance, stability, and feasibility
can be guaranteed. Before the stopping condition is introduced,
we briefly go through the main ideas below.

A. Main ideas

The distributed nature of the optimization algorithm makes
it unsuitable for centralized terminal costs and terminal con-
straints. Thus, stability and performance need to be ensured
without these constructions. We define the following infinite
horizon performance for feedback control law v

Voo (2) = > Uy, v(xy)) (17)
t=0
where z;41 = Axz; + Bv(x;) and xyp = Z. For a given

performance parameter € (0,1] and control law v, it is
known (cf. [17], [18], [16]) that the following decrease in the
optimal value function

Vi (x) > V3 (Axy + Br(x)) + bz, v(zy)) (18)



for every t € N>q gives stability and closed loop performance
according to

Voo 1 (Z) < Voo (T). (19)

Analysis of the control horizon N needed for an MPC con-
trol law without terminal cost and terminal constraints such
that (18) holds, is performed in [18], [16] and also in this
paper. Once a control horizon N is known such that (18) is
guaranteed, the performance result (19) relies on computation
of the optimal solution to the MPC optimization problem
in every time step. An exact optimal solution cannot be
computed and the idea behind this paper is to develop stopping
conditions that enable early termination of the optimization
algorithm with maintained feasibility, stability, and perfor-
mance guarantees. The idea behind our stopping condition
is to compute a lower bound to V3 (x) through the dual
function DY (x, )\k, p*) and an upper bound to the next step
value function V3 (Az + Bvf) through a feasible solution
Px(Az + Bok,vF). If at iteration k the following test is
satisfied

DO (2, NF, pu®) > Py (Az + Bok,vE) + al(z,0f) (20

the performance condition (18) holds since
Vi (@) > D (2, A", p*) > Py (AZ + Bug, vE) + al(z, vg)
> VY (AZ + Bof) + al(T, k).

This implies that stability and the performance result (19)
can be guaranteed with finite algorithm iterations k& by using
control action vf.

The test (20) includes computation of Py (AZ + Bufk,v¥)
which is a feasible solution to the optimization problem in the
following step. A feasible solution cannot be expected with
finite number of iterations k for duality-based methods since
primal feasibility is only guaranteed in the limit of iterations.
Therefore we introduce tightened state and control constraint
sets (1 — )X, (1 — )Y with 6 € (0,1) and use these in
the optimization problem. By generating a state trajectory
{€F}N-! from the control trajectory {v*} V! that satisfies the
equality constraints (14), we will see that {¢¥ iV;Ol satisfies the
original inequality constraints with finite number of iterations.
Thus, a primal feasible solution Py(AZ + Buvf,vF) can be
generated after a finite number of algorithm iterations k.
However, since the optimization now is performed over a
tightened constraint set, the dual function value D?V (Z, A\ p)
is not a lower bound to V() and cannot be used directly in
the test (20) to ensure stability and the performance specified
by (19). In the following lemma we show a relation between
the dual function value when using the tightened constraint
sets and the optimal value function when using the original
constraint sets.

Lemma I: For every T € R", A € R"V =1 and p € RY D
we have that B

Vi (#) > DX (2,2, 1) — op"d.

Proof. From the definition of the dual function (9) we get that
Dy (2, 1) = DY (2, A, p) + 6d" .

By weak duality we get
Vi (2) > DX (2, A, p) = DY (2, A, ) — 6d" pa.

This completes the proof. 0

The presented lemma enables computation of a lower bound
to VY (Z) at algorithm iteration k that depends on du”'d. By
adapting the amount of constraint tightening ¢ to satisfy

S(ph)Td < er*(z) 1)
for some € > 0 and use this together with the following test
D (2, N, u*) > Py (Az + Bof, vF) + al(z,0f)  (22)
we get from Lemma 1 and if (21) and (22) holds that
Vi (z) > DY (2, A", p*) — 6(u*)"d
> Pn(AZ + Bul,vF) + al(z,v5) — el*(7)
> VY (AZ + Bof) + (a — e)l(z,vf).

This is condition (18), which guarantees stability and perfor-
mance specified by (19) if a > e.

B. The stopping condition

Below we state the stopping condition, whereafter parameter
settings are discussed.

Algorithm 1: Stopping condition

Input:
Set: k=0,1=0, § = Oini¢
Initialize algorithm (10)-(13) with:
N=A'=0,pu=prt=0andy’ =y 1 =0.
Do
If DY (2, A", u*) > Py (2,vF) — 150%(2)
or 5d” p* > el*(z)
Set 6 « /2 // reduce constraint tightening
Setl <+ [+1
Set k=0
End
Run Ak iterations of (10)-(13)
Set k « k + Ak
Until D3,(z, A\*, u¥) > Px(AZ + Buf,vF) + al(z,vf) and
sdTpk < et*(z)
Output: v}

/I reset step size and iteration counter

In Algorithm 1, four parameters need to be set. The first is
the performance parameter « € (0, 1] which guarantees closed
loop performance as specified by (19). The larger «, the better
performance is guaranteed but a longer control horizon N
will be needed to guarantee the specified performance. The
second parameter is an initial constraint tightening parameter,
which we denote by dinit € (0, 1], from which the constraint
tightening parameter & will be adapted (reduced), to satisfy
(21). A generic value that always works is di,ix = 0.2, i.e.,
20% initial constraint tightening. The third parameter is the
relative optimality tolerance € > 0 where € < «. The € must
be chosen to satisfy (25). Finally, Ak, which is the number
of algorithm iterations between every stopping condition test,



should be set to a positive integer, typically in the range 5 to
20.

Except for the initial condition Z, Algorithm 1 is always
identically initialized and follows a deterministic scheme.
Thus, for fixed initial condition the same control action is
always computed. This implies that Algorithm 1 defines a
static feedback control law, which we denote by vy. We get
the following closed loop dynamics

241 = Axy + Brn(z), To = T.

The objective of this section is to present a theorem stating
that the feedback control law function v satisfies dom(vy) 2
int(X%,), where

Xq :={Z € R" | V(%) < oo and Azx_,(%,0) € int(X)}

(23)

which satisfies Xf\} - X‘;\? for 1 > 0s. First, however we state
the following definition.

Definition 1: The constant @ is the smallest constant such

that the optimal solution {z(7, 0)}_}, {v(z,0)} ! to (5)

for every 7 € X%, satisfies
(zn-1(7,0)) < On (7, v5(7,0))

for the chosen control horizon N.

The parameter @ is a measure that compares the first and
last stage costs in the horizon. In Section IV a method to
compute @ is presented.

Remark 1: In [15], [16] an exponential controllability on
the stage costs is assumed, i.e., that for C > 1 and o € (0,1)
the following holds for 7 =0,...,N —1

0*(25(z,0),v:(Z,0)) < Co™ (T, v3(Z, 0)).

This implies ®y < Co¥ 1.
We also need the following lemmas, that are proven in
Appendix-A, Appendix-B and Appendix-C respectively, to
prove the upcoming theorem.

Lemma 2: Suppose that € > 0 and 6 € (0,1]. For every
T e X‘];V we have for some finite k that

Dy (2, N, p*) > Py (z,vF) — et*(z). (24)
Lemma 3: Suppose that € > 0 and 6 € (0,1]. For every
T € X‘;\, and algorithm iteration k£ such that (24) holds we
have for 7 =0,..., N — 1 that
&(z,9)] _ [(2.0)
2 v*(z,6)|  |vi(z,0)
where H = blkdiag(Q, R).
Lemma 4: Suppose that € > 0 and § € (0,1]. For z € X%,
but z ¢ X9, we have that §(u*)Td > e/*(z) with finite k.
We are now ready to state the following theorem, which is

proven in Appendix-D.
Theorem 1: Assume that € > 0, dinis € (0, 1] and

a<1l—e—k(V2+/On)?(V2e+1)2 (25)

Then the feedback control law vy, defined by Algorithm 1,
satisfies dom(vy) 2 int(XY;). Further

Vo (Z) > VO(AZ + Bun(2)) + (a — €)4(Z,vn(Z))

<ef*( )+ o(u)Td

(26)

holds for every Z € dom(vy).
Corollary 1: Suppose that & < 1— xk®y and that v}, (Z) =
v5(Z,0). Then
Vy (Z) > V(AT + Bry (2)) + al(z, vy (2)).
holds for every z € X%.

Proof. For every T € X{; we have

N-—1
VN (T) = > (25 ul) + L(Azy_,0) — £(Azy_4,0)
=0
> VN (AZ + Buy(2)) + €(Z,v5) — ((Azxy_4,0)
> VN(AZ + Buy(2)) + £(Z,v5) — Kl(zx_1,0)
> VY (AZ + Bry(z)) + (1 — k@ n) (T, v])

where the first inequality holds since Azy_; € X by con-
struction of X(J)\,, the second due to the definition of x and the
third due to the definition of ® . ]

Remark 2: By setting € =
1 — k®x as in Corollary 1.

0 in Theorem 1 we get a <

C. Feasibility, stability and performance

The following proposition shows one-step feasibility when
using the feedback control law vy.

Proposition 1: Suppose that o satisfies (25). For every x; €
int(X%) we have that z;11 = Az, + Bun(z) € X.

Proof. From Theorem 1 we have that z; € dom(vy) and
from Algorithm 1 we have that Py (zy41, v’sc) < oo which, by
definition, implies that x4 € X. O

The proposition shows that x4 is feasible if x; € dom(vy).
We define the recursively feasible set as the maximal set such
that

X = {ac eX | Ax + BUN(.I') € er}

In the following theorem we show that X,¢ is the region of
attraction and that the control law v achieves a prespecified
performance as specified by (17).

Theorem 2: Suppose that o > € satisfies (25). Then for
every initial condition Z € X,y we have that ||a¢|| — 0 as
t — oo and that the closed loop performance satisfies

(a0 = €)Voo,un (T) < Vo (T).

Further, X, is the region of attraction.

27)

Proof. From the definition of X;; we know that z = 2o € X,
implies z; € X;¢ for all ¢ € N>q. Since, by construction,
Xt C int(X%) € dom(vx) we have from Theorem 1 that
(26) holds for all x¢, t € N3>¢. In [18, Proposition 2.2] it
was shown, using telescope summation, that (26) implies (27).
Further, since the stage cost ¢ satisfies [16, Assumption 5.1]
we get from [16, Theorem 5.2] that ||x¢|| — 0 as ¢ — oo.
What is left to show is that X, is the region of attraction.
Denote by X, the region of attraction using vx. We have
above shown that X, C X,,,. We next show that X,,, C X,¢
by a contradiction argument to conclude that X, = X;ca-
Assume that there exist T € X, such that T ¢ X If
Z € Xyoa the closed loop state sequence {z;}52, is feasible
in every step (and converges to the origin) and consequently



{Axs + Bun(x¢)}32, is feasible in every step. This is exactly
the requirement to have £ € X¢, which is a contradiction.
Thus X;¢ C X,0a € X;¢ which implies that X, = X 0,.

This completes the proof. (]

To guarantee a priori that the control law vy achieves
the performance (27) specified by «, we need to find a
control horizon NN such that the corresponding controllability
parameter @ satisfies (25). This requires the computation of
controllability parameter ® which is the topic of the next
section.

IV. OFFLINE CONTROLLABILITY VERIFICATION

The stability and performance results in Theorem 2 rely
on Definition 1. For the results to be practically meaningful
it must be possible to compute ¢ in Definition 1. In this
section we will show that this can be done by solving a
mixed integer linear program (MILP). For desired performance
specified by «, we get a requirement on the controllability
parameter through (25) for Theorem 1 and Theorem 2 to hold.
We denote by &, the largest controllability parameter such
that Theorem 1 and Theorem 2 holds for the specified «. This
parameter is the one that gives equality in (25), i.e., satisfies

a=1—¢—r(V2+V/®a)? (V2 +1)2 (28)

for the desired performance o and optimality tolerance €. The
parameters « and € must be chosen such that ®, > 0. The
objective is to find a control horizon N such that the cor-
responding controllability parameter ® satisfies Py < P,.
First we show that for long enough control horizon N there
exist a &y < P,

Lemma 5: Assume that «v and e are chosen such that &, >
0 where ®, is implicitly defined in (28). Then there exists
control horizon IV and corresponding controllability parameter
oy < O,.
Proof. Since X, is the region of attraction we have X, C
Xoo- This in turn implies that (7) is feasible for every control
horizon N € N1 due to the absence of terminal constraints.
We have

Zf z7,07) + (2N 1, VN-1)

> VN—l( )+ L(zN_1,VN_1)

Since the pair (A, B) is assumed controllable and since (7)
has neither terminal constraints nor terminal cost we have for
some finite M that M > V. (Z) > VN (&) > Vy_1(Z). Thus
the sequence {Vn (Z)}37_, is a bounded monotonic increasing
sequence which is well known to be convergent. Thus, for
N > N where N is large enough the difference Vy(Z) —
Vn—1(Z) is arbitrarily small. Especially ¢(zx_q,vn_1) =
C(2h_1) S VN (@) — Vv_1(Z) < o l(Z, vg) since @y > 0.
That is, for long enough control horizon N > N, oy < @,
This completes the proof. ]

The preceding Lemma shows that there exists a control
horizon N such that &5 < &, if &, > 0 for the chosen
performance « and tolerance e. The choice of performance
parameter « gives requirements on how e can be chosen to

give ®, > 0. Larger € requires smaller ¢, to satisfy (28)
which in turn requires longer control horizons N since ®
must satisfy &y < &,. In the following section we address
the problem of how to compute the control horizon N and
corresponding ® v such that the desired performance specified
by a can be guaranteed.

A. Exact verification of controllability parameter

In the following proposition we introduce an optimization
problem that tests if the controllability parameter ® cor-
responding to control horizon N satisfies &y < &, for
the desired performance specified by a. Before we state the
proposition, the following matrices are introduced

T = blkdiag(0, ...,
S = blkdiag(0,

Oa_Qaq)OchOa"'v
.,0,1,0,...,0)

07 _R)

where () and R are the cost matrices for states and inputs and
®,, is the required controllability parameter for the chosen a.
Recalling the partitioning (6) of y implies that

yTTy = q)angvo — zji\;_leN,l — vjj\}_leN,l
Sy =2nv-1
Proposition 2: Assume that &, > 0 satisfies (28) for the

chosen performance parameter o and optimality tolerance e.
Further assume that the control horizon N is such that

1
0 = min B (®az’Qz +y' Ty) (29)

stz e XY
y = argmin V(%)
then & < ®,,.

Proof. First we note that Z = 0 gives y = 0 and ®,z7 Q7 +
yTTy = 0, i.e., we have that 0 is always a feasible solution.
Further, (29) implies for every z € X, that

0<®,27Qz +y Ty = ®,4(z,v])
=@ l(Z,v5) — (2N _1)

- g(z}k\fflvv}k\/fl)

since vj3_; = 0. This is exactly the condition in Definition 1.
Since ®p is the smallest such constant, we have &5 < ®,,
for the chosen control horizon N and desired performance «
and optimality tolerance e. 0

The optimization problem (29) is a bilevel optimization
problem with indefinite quadratic cost (see [23] for a survey
on bilevel optimization). Such problems are in general NP-
hard to solve. The problem can, however, be rewritten as an
equivalent MILP as shown in the following proposition which
is a straightforward application of [24, Theorem 2].

Proposition 3: Assume that @, satisfies (28) for the chosen
performance parameter « and optimality tolerance €. If the



control horizon NV is such that the following holds

1
0=min — (dX Pt +dEp? +dT v (30)

st 87 €{0,1}, BT €{0,1}, B €{0,1}
Upper level

Primal and dual feasibility
Cot—dy —s*=0
5% S 0 , MUI 2 0
C,ASy —d, —s* =0
5% S 0 ) MUZ 2 0
S_tationarity
‘I)QQZE + (OI)T,LLUl _ bT)\ULQ =0
Ty—i— HT)\ULl + AT/\ULQ + CT/LULl
+(C,AS) T2 = 0

ANVEL =0
CAULL _ UL2 —
C_omplementarity

BE = 1= pUB2 =0, BF = 0= pH =0

Bl =1=5=0, pVl=0=pult =0
| B2 =1=s7=0, 72 =0=pul?=0

Lower level

Primal and dual feasibility
Ay —bz =0
Cy—-d—-s=0
s<0, uL >0
Stationarity
| Hy + ATAL +CTpt =0
Complementarity
i LBZ-L=1=>SZ'=0, BZ-L:0:>,uiL=0

where all 8, 4, A, s and Z,y are decision variables, then &, >
Dy.

Proof. The set X% can equivalently be written as

XY ={z € R" | Ay*(z,0) = bz, Cy*(z,0) < d,

C,ASy"(2,0) < d,,Crx <d;}. (3l

We express the set XS{, in (29) using (31). The equivalence
between the optimization problems (30) and (29) is established
in [24, Theorem 2]. The remaining parts of the proposition
follow by applying Proposition 2. (]

The transformation from (29) to (30) is done by expressing
the lower level optimization problem in (29) by its sufficient
and necessary KKT conditions to get a single level indefi-
nite quadratic program with complementarity constraints. The
resulting indefinite quadratic program with complementarity
constraints can in turn be cast as a MILP to get (30).

Remark 3: Although MILP problems are NP-hard, there are
efficient solvers available such as CPLEX and GUROBI. There
are also solvers available for solving the bilevel optimiza-
tion problem (29) directly, e.g., the function solvebilevel in
YALMIP, [25].

If the chosen control horizon N is not long enough for
oy < d,,, different heuristics can be used to choose a new
longer horizon to be verified. One heuristic is to assume
exponential controllability as in Remark 1, i.e., that there exist

constants C' > 1 and o € (0, 1) such that

Co™0(z,v8) > (25, 0F) (32)

forall 7 =0,...,N — 1. The C and o-parameters should be
determined using the optimal solution y to (7) for the x that
minimized (30) in the previous test. Under the assumption
that (32) holds as N increases, a new guess on the control
horizon N can be computed by finding the smallest N such
that CoV -1 < @,,.

B. Controllability parameter estimation

The test in Proposition 3 verifies if the control horizon
N 1is long enough for the controllability assumption to hold
for the required controllability parameter ®,,. Thus, an initial
guess on the control horizon is needed. A guaranteed lower
bound can easily be computed by solving (7) for a variety
of initial conditions  and compute the worst controllability
parameter, denoted by dy, for these sample points. If the
estimated controllability parameter ) N > ®,, we know that
the control horizon need to be increased for (30) to hold. If
instead ® N < &, the control horizon N might serve as a
good initial guess to be verified by (30).

Remark 4: For large systems, (30) may be too complex to
verify the desired performance. In such cases, the heuristic
method mentioned above can be used in conjunction with
an adaptive horizon scheme. The adaptive scheme keeps the
horizon fixed for all time-steps until the controllability as-
sumption does not hold. Then, the control horizon is increased
to satisfy the assumption and kept at the new level until the
controllability assumption does not hold again. Eventually the
control horizon will be large enough for &5 < &, and the
horizon need not be increased again.

V. NUMERICAL EXAMPLE

We evaluate the efficiency of the proposed distributed feed-
back control law v by applying it to a randomly generated
dynamical system with sparsity structure that is specified in
[26, Supplement A.1]. The random dynamics matrix is scaled
such that the magnitude of the largest eigenvalue is 1.1. The
system has 3 subsystems with 5 states and 1 input each.
All state variables are upper and lower bounded by random
numbers in the intervals [0.5,1.5] and [—0.15, —0.05] respec-
tively and all input variables are upper and lower bounded by
random numbers in the intervals [0.5,1.5] and [—0.5,—1.5]
respectively. The stage cost is chosen to be

T T
Ci(zi,u;) = x; ©; +u; u;

for ¢ = 1,2,3. The suboptimality parameter is chosen
a = 0.01. According to Theorem 1, to quantify the control
horizon N(«), the optimality tolerance ¢ must be chosen
and x computed, where « is the smallest constant such that
kQ = ATQA. We get k = 1.22 and choose ¢ = 0.005. Using
(25), we get ®n(g.01) < 0.51. Verification by solving the
MILP in (30) gives that the smallest control horizon N(0.01)
that satisfies ® .01y < 0.51 is N(0.01) = 6.

Table I presents the results. The first column specifies
the stopping condition used, “stop. cond.” for the stopping



TABLE I
EXPERIMENTAL RESULTS FOR DIFFERENT PERFORMANCE REQUIREMENTS
« AND DIFFERENT INITIAL CONSTRAINT TIGHTENINGS Gipit -

Algorithm comparison, « = 0.01, N =6

condition € Oinit avg. # iters | max # iters | avg. 0
stop. cond. | 0.005 | 0.001 288.3 506 0.001
stop. cond. | 0.005 0.01 151.5 260 0.01

stop. cond. | 0.005 | 0.05 73.7 237 0.049
stop. cond. | 0.005 0.1 70.7 236 0.057
stop. cond. | 0.005 0.2 72.8 236 0.060
stop. cond. | 0.005 0.5 69.2 234 0.076
opt. cond. | 0.005 | 0.001 324.5 506 0.001
opt. cond. 0.005 0.01 171.5 260 0.01

condition presented in Algorithm 1 and “opt. cond.” for a
optimality conditions. The second column specifies the duality
gap tolerance e and the third column specifies the initial
constraint tightening d;,;¢ for the stopping condition and the
relative accuracy requirement for the constraints when using
optimality conditions.

Columns four, five and six contain the simulation results.
The results are obtained by simulating the system with 1000
randomly chosen initial conditions that are drawn from a
uniform distribution on X. Column four and five contain the
mean and max numbers of iterations needed and column six
presents the average constraint tightening § used at termination
of Algorithm 1.

We see that the adaptive constraint tightening approach
gives considerably less iterations for a larger initial tightening.
However, for more than 10% initial constraint tightening
(dinit = 0.1), the number of iterations is not significantly
affected. It is remarkable to note that 50% initial constraint
tightening (dinie = 0.5) is as efficient as, e.g., 5% (init =
0.05) considering that more reductions in the constraint tight-
ening need to be performed. This indicates early detection
of infeasibility. We also note that for a suitable choice of
initial constraint tightening, the average number of iterations
is reduced significantly.

VI. CONCLUSIONS

We have equipped the duality-based distributed optimization
algorithm in [19], when used in a DMPC context, with a
stopping condition that guarantees feasibility of the optimiza-
tion problem and stability and a prespecified performance of
the closed-loop system. A numerical example is provided that
shows that the stopping condition can reduce significantly the
number of iterations needed to achieve these properties.
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A. Proof for Lemma 2

We divide the proof into two parts, the first for z = 0 and
the second for T # 0. For £ = 0 we have at iteration k = 0
that y° = 0 which is the optimal solution. Hence (24) holds
for k = 0 since all terms are 0 and 0 = A{?\,_l cX.

Next, we show the result for z # 0. Whenever (7) is feasible
we have convergence in primal variables [19, Theorem 1]. This
together with the linear relation through which ¢ is defined
(14) gives &8 — z* for7 = 0,...,N —1 as k — oo. We
have z* € (1 — 0)X and since (1 — §)X C X for every
d € (0,1] this implies that there exists finite k§ such that
¢ € X for all k > kZ. Equivalent convergence reasoning
holds for v¥. Together this implies that there exists finite kZ’
such that Py (Z,vF) < oo and that Py (z,v*) — V3 (Z) for
all k > kt’. Together with convergence in dual function value
[19, Theorem 1] gives that

D (@, A", pu*) = Py (2,vF) — et*(z)
holds with finite k since £*(Z) > 0 and € > 0. This concludes
the proof. (|

B. Proof for Lemma 3

We introduce y* = [(¢"(z,8))T (v¥(z,6))T]|T, where
¢"(z,6) and v¥(z,0) satisfies the dynamic equations (14).
Whenever (24) holds we have that £¢(z,6) € X and
v¥(z,8) € U for 7 = 0,...,N — 1. We also introduce
y* = [(z*(z,0))T (v*(z,0))T]T. This implies

1 * *
g(y’“ -y HY" —y*) =

1 1 * * * *
= g(yk)THyk -5 VY Hy* — (Hy*,y* —y*)

< Py(z,vF) = VR(z) < DX (2, A", p*) + et (7) -
< o(p*)Td + el*(z)

V(@)

where the first inequality comes from the first order opti-
mality condition [27, Theorem 2.2.5] and by definition of
VY and Py. The second inequality is due to (24) and the
last inequality follows from Lemma 1. Further, since H =

blkdiag(@,...,Q, R, ..., R) we have for 7 =0,...,N — 1
that

LITeRz, 0] [@01° 1, n ererr s a
2 L’:(M) ~ @), Sz Y HE =YY

where H = blkdiag(Q, R), whenever (24) holds. This com-
pletes the proof. 0

C. Proof for Lemma 4

Since z € X% but x ¢ X% we have that V(Z) < oo and
Vjé,(:f) = oo. Further, from the strong theorem of alternatives
[28, Section 5.8.2] we know that since V(%) = oo for the
current constraint tightening ¢ the dual problem is unbounded.

Hence there exist Ay, ¥ such that
Sutd > DY (7, A 1) — V(T) > 2e0°(3)  (33)

where Lemma 1 is used in the first inequality. Further, the
convergence rate in [29, Theorem 4.4] for algorithm (10)-(13)

] -

By inspecting the proof to [29, Theorem 4.4] (and [29, Lemma
2.3, Lemma 4.1]) it is concluded that the optimal point
A", u* can be changed to any feasible point Ay, s and the

convergence result still holds, i.e.,
{A,} B [)\0]
(k+1)% || [Hy p’

That is, there exists a feasible pair (Ay, ) such that with
finite k we have

D?V(ijkauk) > D?V(jvxfauf) - Eﬂ*(‘f)

2L
D (2, X%, ") =Dy (2, A", pu¥) <

_ _ 2L
D?V(Ikawu’f)_D?\/('raAknu’k) <

(34)
This implies
0d”ut > D(z, A*, ) - Vi (2)
> DYy(@,Appuy) — V(@) — el (@) > " ()
where Lemma 1 is used in the first inequality, (34) in the sec-

ond inequality and (33) in the final inequality. This completes
the proof. 0

D. Proof for Theorem 1

To prove the assertion we need to show that the do loop will
exit for every Z € int(XY;). For every point Z € int(XY;) there
exists § € (0,1) such that %5 € int(X}). Since int(XY}) C

X%, we have that Vy(:Z5) < oo and the optimal solution

y(7%5,0) satisfies Ay*(:%5,0) = b;%s and Cy*(;%5,0) <

d. We create the following vector

- z
y(@) =10y (=50 (35)
which satisfies
T . 1-6

Ay(z) = Ay~ =,0)(1—-6) =Dbxz - =bz (36
7(0) = Ay (750001 -5 =bry—; =bz GO
Cy(z) = Cy* (. 0)(1 — 9) < d(1 - d). (37)

Hence, by definition (23) of X% we conclude that for every
z € int(XY%) there exist 6 € (0,1) such that z € X%. This
implies that for every Z € int(X};) we have that either 7 € X%
for the current constraint tightening § € (0, 1) or ¢ X% but
T € X?V. Thus, from Lemma 2 and Lemma 4 we conclude

2

2



that either the do loop is terminated or ¢ is reduced and !
is increased for every z € int(X%,) with finite number of
algorithm iterations k.

To guarantee that the do loop will terminate for every €
int(X%), we need to show that the conditions in the do loop
will hold for small enough § and with finite k. That is, we
need to show that the following two conditions will hold.

1) For small enough 4, i.e., large enough [, we have that

S(ph)Td < et (z) (38)

where § = 27!6;,5; holds for every algorithm iteration
k.
2) For small enough 6, i.e., large enough [, the condition

D% (7, \*, u*) > Py (AZ+ Bof, vF)+al(z,vF) (39)
with « satisfying (25) holds with finite £ whenever

D (2, NF pk) > Py (z,v*) + oz, (40)

€
[+1
holds.

We start by showing argument 1. From the convergence rate
of the algorithm [19] it follows that there exists D > —oo
such that D% (z, \¥, u¥) > D for every algorithm iteration
k > 0. This is used below where we extend the result from
[30, Lemma 1] to handle the presence of equality constraints.
For algorithm iteration k > 0, Z € int(X%,) and 6 < §/2 we
have

D < D} (2, A", ")
= inf %yTHy + (AT (Ay — bz)+
+ (M (Cy - (1-46)d)
(y(z)"Hy(2) + (A\")T(Ay(2) — bz)+
+ (5T (Cy(z) — (1 -d)d)

IN
N =

< (1= 9PV () + (WM (Cy (@) - (1 - H)d)+

) +(p)Td(s - )
SVR(T) + (Wh7dE - )
S V() - S (e

where the equality is by definition, the second inequality holds
since any vector y(Z) is gives larger value than the infimum,
the third and fourth inequalities are due to (35), (36) and (37)
and since (1 —9) € (0,1) and the final inequality holds since
§ < 6/2. This implies that

which is finite. We denote by [, the smallest [ such that 5>
2§ . Since & = 2716, this implies that

2(Vy (%) — D) 2(Vy (%) — D)
T q < N11-6 = < o-ls. N\T5 Eoa
6(“’ ) d — 6 6 ) = 2 init 2ild5init
<2 VoL )~ D) =0 1)

1-96

10

as | — oo. Especially, with finite [ we have that (38) holds
for every algorithm iteration k. This proves argument 1.

Next we prove argument 2. We start by showing for large
enough but finite [ that PN (AZ + Buy(Z),vF) is finite
whenever (40) holds. From the definition of Py and V’SC we
have that PV (Az+ Buy (), v¥) is finite whenever Py (z, v¥)
is finite and if A¢K,_,(#,0) € X. For algorithm iteration k

such that (40) holds we have

IAER 1 (7,0) = 2 1 (2,0)|]* <

< AP ek (2.5)— 2,202
= )\min(H) N—-1 ’ N—-1 ) H
2] A T € i
< — -
< Amin(H)(é(” ) d+ @)
21 A2 (o 110, E € o
= Amin(H) 2 (VN(1—5) Q>+l+1€ (@) =0

as | — oo where H = blkdiag(Q, R) and the smallest
eigenvalue \pin(H) > 0 since H is positive definite. The
first inequality follows from Cauchy-Schwarz inequality and
Courant-Fischer-Weyl min-max principle, the second inequal-
ity comes from Lemma 3 and the third comes from (41).
By definition of X% we have Az} _,(z,0) € int(X) which
through (42) implies that A&y, (z,5) € X for some large
enough by finite [, i.e., small enough §, and for algorithm
iteration & such that (40) holds.

What is left to show is that (39) holds for every a < 1 —
2¢ — K(v/2€ + VBN)?(V/2€ + 1)? for large enough but finite
[ whenever (40) holds. From Lemma 3 and (41) we know for
large enough [ and any algorithm iteration k£ such that (40)
holds that

-1

2
< E\T € x-
H_é(u) d+—l+1€ (T)

-1 kT € /s ./
2 51n1t ([L ) d + —l T 1€ (117) = 2¢l (I)

|

forany 7 =0,..., N —1, where H = blkdiag(Q, R). Taking
the square-root and applying the reversed triangle inequality
gives

k
I

(43)

*
|:ZT:|

*

UT

< ‘

&l _[#=
il

|




This implies that

‘ |:€N 1}
UN 1

S ‘

A, e

= V205 v y) + 20/ (@)

< V2B [z, 05) + 2/ ()

< (V28 + 2ve) /U5, v5)

Al
oz an ([, )
< (Ve +vao+vaa (4]

where we have used (43), z5 = & = z, ||[T0T]7||g =

V2TQz+vTRv = /20(z,v) and Definition 1. Squaring

both sides gives through the definition of « that

L (Agh ) < £ (o) = ek o)
< (Voy + V202 (1 + V202 U(E, up). (44)
We get for large enough [/ and for k& such that (40) holds that
Dy (z, A", p¥) >

’ H

’ H

€

> Py(z,v") - H——lg*(j)

> Py (z,v") — el*(z)

= Pn(AZ + Bug, vE) + (1 — e)l(&5, vg) — (AR _y)
> Pn(AZ + Bk, v¥)+

(1—6—#&\/_—1—\/_ 1+\/_)) (CUUO)
> Pn(AZ + Bof,vF) + al(z,v8)

where the first inequality comes from (40), the second since

[ > 0, the equality is due to (16), the third inequality comes

from (44), and the final inequality comes from (25). This

concludes the proof for argument 2. Thus, the do loop will

terminate with finite [ and k. This implies that v is defined

for every 7 € int(XQ), i.e. that dom(vy) 2 int(X%).
Finally, to show (26) we have that

V(@) > DY (z, A", p*) — 6d” pk
> Pn(AZ + Bul,v¥) — et*(z) + al(z,0)
> V(AT + Bof) + (a — (@, vf)
where the first inequality comes from Lemma 1, the second
from (38) and (39) which obviously hold also for any = €
dom(vy), and the third holds since Py(Az + Bvf,vF) >

Vn(AZ + Bof) and by definition of ¢*. This concludes the
proof. ]
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