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Abstract—1In this paper we propose an optimization-based
control scheme, which can be used for trajectory generation
or receding horizon control for system with nonlinear, but
convex dynamics, and both explicit and implicit discrete time
models. The scheme uses both the nonlinear model and its
linearization to construct a tube containing all possible future
system trajectories, and uses this tube to predict performance
and ensure constraint satisfaction. The controls sequence and
tube cross-sections are optimized online in a sequence of convex
programs without the need of pre-computed error bounds.
We prove feasibility, stability and non-conservativeness of the
approach, with the series of convex programs converging to
a point which is a local optimum for the original nonlinear
optimal control problem. We further present how a structure-
preserving model can be implemented within the approach and
used to reduce the number of constraints and guarantee a
structure-preserving discrete trajectory solution.

I. INTRODUCTION

Optimization-based control techniques allow for a task to
be completed optimally with respect to a given performance
index while respecting both system and environment con-
straints [1], [2]. As such it has often been implemented
for online trajectory design or receding horizon control
of systems subject to stringent and/or safety critical con-
straints such as for example autonomous vehicles [3], [4],
spacecraft systems [5], [6], and robotics [7]. In its most
simple form optimization-based control entails the single
solution of a optimal control problem (OCP) resulting in
an optimal trajectory and an open-loop control sequence for
the entire time period of interest. To allow for feedback a
receding horizon strategy can be implemented (also known
as model predictive control or MPC) [1]. At each discrete
time step, an OCP is solved, the first control of the resulting
control sequence is applied and the new state of the system
is measured. Based on this measurement a new OCP is
solved and the procedure is repeated. Thus for open-loop
autonomous trajectory generation of real-time systems or
receding horizon implementation, it is critical that the OCP
can be solved successfully and reliably within the available
time. The nonlinear nature of most system however implies
that the resulting OCP is a nonlinear program (NLP) and
thus has high computation complexity with no guarantees
for a successful solution.

To address this problem many approaches have focused on
approximating the problem as a convex program, which can
be solved efficiently and reliably [8]. One approach of this
kind in the space domain, known as lossless convexification,
is capable of obtaining a convex relaxation of the problem,
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whose solution is guaranteed to coincide with global optima
of the original NLP problem but is applicable to a very
limited set of problems [2]. Other approaches rely on the
solution of a sequence of convex programs at each discrete
time step aiming to converge to a solution close to a local op-
timum of the original NLP. For example successive sequen-
tial programming approaches use a sequence of quadratic
programs [8], [2], while the tube-based approaches rely on
the linearization of the system dynamics and the construction
of feasible tubes, which contain all possible trajectories based
on the error of the linear approximation [9], [10]. Such
approaches and other convexification techniques have been
demonstrated to be advantageous for real-time applications
([3], [4], [5], [6] among many others). However, without
appropriate step size selection or line search algorithms, there
can be a discrepancy between their computed solution and
the optimum of the original problem leading to suboptimality
or even infeasibility.

Very recently, a tube-based approach was developed by
[11] for systems with convex dynamics which is able to
guarantees that the sequence of convex programs proposed
to approximate the NLP converges to one of the NLP
local optima and thus removes the degree of suboptimality
other such approaches introduce. It also guarantees that the
iteration can be terminated early without loss of feasibility
or stability. However, the paper assumes the existence of an
explicit discrete time system model with certain convexity
properties. When provided with explicit continuous model,
this prevents the use of many higher-order standard and
structure-preserving model discretization techniques limiting
the choice to lower accuracy discrete time model approxima-
tion. Such restriction might not be problematic for a receding
horizon implementation which relies on feedback to deal
with model inaccuracies, but can be detrimental when used
for trajectory generation. The assumption also prevents the
approach to being applied to a wide range of systems with
implicit continuous models such as many multibody systems
and other constrained systems.

For this purpose in this paper we provide a reformulation
of the nominal receding horizon approach by [11] for
implicit convex system models. We present the approach
for a receding horizon implementation which can trivially
be simplified for single trajectory design use. We prove
recursive feasibility and stability of the proposed approach
and provide a proof that it also converges to a point which is
a local optimum of the original NLP. As such the approach of
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[11] can be seen as a specific case of the one proposed here,
which uses the existence of an explicit model to simplify the
formulation.

In the second part of the paper (Section IV) we focus
on a specific use of the proposed approach for structure-
preserving discrete models [12] and more specifically vari-
ational models [13]. By preserving certain mathematical
structures and conservation laws from the continuous into
the discrete domain, such discretization schemes allow for
better qualitative representation of the system and accurate
energy and momentum simulation for exponentially long
times even for larger discrete time steps [12]. For this reason,
they have often been used to reduce the computational cost
of simulations and optimal control strategies and could be
of great benefit for fuel and energy optimization problems
([14], [15], [16], [17]). In Section IV we present how such
models can readily be used in the proposed optimization-
based scheme and show that their characteristics can be
employed to simultaneously reduce the number of constraints
and guarantee structure-preserving properties of the resulting
solution. The advantages of the proposed approach are then
demonstrated for two example systems, showing convergence
of the sequence of convex programs and the effect of the
structure-preservation model on the resulting solution.

II. PROBLEM FORMULATION

Consider a nonlinear system with state z(t) € R"=, control
input u(t) € R™ and continuous model of the form

f(@,2z,u)=0 (D

where f is differentiable for all (&, x,u) in the operating
region R x X x U and componentwise convex with respect
to z, x and w.

Assumption 1: We assume a discrete time model can be
created of the form

9(@iy1,zi,u) =0 (2)

such that ¢ is differentiable for all (z;41,;,u;) in the
operating region X X X x U and convexity is preserved, i.e.
the elements of g(-) are convex with respect to all z;; € X,
z; € X and u; € U. We further assume the discrete time
step is chosen to guarantee g(-) is locally Lipshitz.

We pose the problem of optimally controlling this system’s
trajectory x : {xo,21,...}, u : {ug,u1,...} to track a given
state and input reference trajectory x* : {zf,27,...}, u® :

{ug,uy, ...} where g(zj,, 2], u;j) = 0 for all i > 0 subject
to a quadratic objective
oo
2 2
S~ (lles = @313 + s = w1 )
i=0

(where ||xHé = 27 Q) and additional initial and polytopic
constraints of the form zg = Z;nit, 2; € X C R™, u; €
U C IR™. To solve this problem a MPC optimization
strategy can be employed with a receding horizon optimal
control problem (RHOCP) of the form

nMPC RHOCP:
u; = arg x,ieXNIEHluieUN Jompe (X, u;) (5a)
subject to: Toli = T (5b)
T € X, up €U for k=0,..,N—1 (5¢)
9(Zpg1)is Tjirupi) =0 for k=0,..,N -1 (5d)
TN € AN CX (Se)

where zy);, uy|; denote respectively the state and input at
time k + ¢ predicted at time 7 and

Jampe (X3, 1;) = (6)
N—1
>~ (o = @kl + g — wiyol% ) + llowgs — 2l
k=0
Assumption 2: We assume the state x; can be measured at
each discrete time step ¢, the reference trajectory (z,u])
satisfies (5c¢-5¢) for all ¢+ and @) and R are positive definite.
We further assume the prediction horizon N, the terminal
weight matrix )y and the terminal set Xy are chosen such
that there exists a feedback gain K for which the set Xy is
positively invariant for the system (2) under the control law
u; = K(z; —af) +ul €U, and for all zy € Xy

o0

12 12 r 12

D lzi = 2713 + llui = ufllR) < oy —2illn, O

i=N
At each discrete time step ¢ the nonlinear MPC (nMPC)
RHOCP could be solved online to obtain an optimal control
sequence u; : {ug|;, Ui;,- -, Un—1);} and the first element
of the sequence could be used to define a receding control
law u; = wgj;. At the next step a new RHOCP can be
formulated based on the measurement (or estimate) of x;41
and the process can be repeated. To guarantee stability of the
control strategy it is essential that a feasible solution can be
obtained within each discrete time step. In its form in (5a-
5e), however, the nMPC RHOCP is a nonlinear program and
thus no guarantee can be given on whether it can provide a
feasible solution and how long that would require. To address
these problems we propose a successive linearization ap-
proach to reformulate the problem as a convex program. This
approach is a reformulation of [11] allowing its application
to a wider variety of systems. The approach [11] can in fact
be seen as a special case of the approach proposed here.

III. PROPOSED APPROACH

Given a prior pair of state and control trajectories x)

0 .0 0 0.(,0 .0 0 :
{$0|z’7x1\i{' ey :UN‘?.} and u; {ug) Wps - ;U )i} using
Taylor series the discrete time dynamics of the system can
be linearized as follows

_ 0 0 0
9($k+1\uﬂ?k\ivuk|z‘) = g(xk—&-l\i?xkﬁvukli)"'

ChliSk+1)i+Drjisk)it+ErjiVijite(Tati]i Thjis Usli) (8)
where  sp;; = x| — 20 Vpli = Ul — Ul 9
kli = Lkl Klis k|i = Wk|i El|i
C = Al 0 0 0 D ] = ﬂ| 0 0 0
kli = axk-{-l\i (R )Ty upy) R T axkh‘ (TR 10Tk )
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dg

Oug; (10

Ekli: |(w2+1\i’w2\i’u2\i)
Assumption 3: The initial seed trajectory (x",u’) is a fea-
sible (but potentially suboptimal) for constraints (5b-5e).

Remark 1: Due to the convexity of ¢ it is known that
e(Tr41)i» Th|is Ug|s) is also componentwise convex in 21,
Tyi» ug); and e(Tpy1);, T, ur) > 0. Therefore Assumption
3 (g(af ., 2}, ul) = 0) and Equation (8) imply

Cr8pt1)i+DrfiSkli+Er|ivili > 0 = g(Tpq1)is Tl ki) > 0
Based on this linearization we can define perturbation sets
based on their vertices Sy, = Co{sﬁi,m = 1,.Ny s
Sy = Co{sl;"im,m =1,...,n,} S]j‘i = Co{s;’im,m =
1,...,n,} and formulate a convex program:

¢cMPC RHOCP :

* * —+,% —,k\ .
(ci,Si,S;7,8;") =arg  min_

c;, St, s7.s;

i i

subject to:
Sopi = {0} (11a)
S @ {ag} C X, fork=1,..N -1 (11b)
S,j‘i C Sklis Sy € Supis fork=1,... N (11d)
Swii ® {a;} € Xn (11e)

Ks)i + Crji + upp; € U Vsg)i € Sppink = 0,..., N — 1
(11f)

gy + Sht1)is 2R + Skjis Kswji + i +upy;) <0

Criisiyay; + (Diji + Byi)sk)i + Egjicyyi > 0

for Vsy); € SMMVSLM € S;;r+1|¢vv‘91;+1|¢ € Skjrlli

and k=0,..N —1 (11g)

L8t L

where @ is the Minkowski sum, S = {S} Mii

1]ir

S; = {Sii’ ey S;”Z}’ S, = {SOV’ RN SN|1} S SN+1,

N-1

Jempc(ci; Si, x,uf) = E ( max ||$2\i+5k\i—x2|i||gg
=0 Sk|i€Sk|i
. 2 0 g 2
+ max Hukli_u;c\iHR)"‘st?EagNH e i+s i~ Nyl on

and a dual mode prediction strategy of the form
Ul = ugh‘ + g = ug‘i + Kspi+cg; fork=0,.N-1

has been used shifting the optimization from the sequence
u; to the sequence c; : {cgj;,....,cxy—1J; }. In Equation (10)
s, and v can be viewed as perturbations from the original
trajectory x° and control sequence u® respectively. Thus the
sets sequence S; & x; = {Sy|; ® {:L'gu}, oo SN D {w?\,ll}}
can be viewed as a tube containing all possible system
trajectories corresponding to the sequence c;.

Remark 2: In comparison to the explicit model formulation
in [11], the use of implicit models dictates that additional
sets S,ji, S,, have to be defined because implementing both
constraints in (11g) for a single set Si; would only be
satisfied for a single-trajectory tube (Sy; = {0} for all

0.0
Jempe(ci, Si, X5, uy)

k). In Section III-A we guarantee that the tube obtained
with the proposed formulation (Sy|; 2 Co{s,;"lf'”, 5:‘;’”7
1,...,n,}) contains the feasible solutions of the original NLP

(5a-5¢).

m =

Using the convex RHOCP formulation (cMPC RHOCP) a
receding horizon strategty can be formulated as described in
Algorithm 1, which optimizes both the tube cross sections
and control sequences online. As we will prove in the next
section, the iterations performed at each discrete time step ¢
converge to a local minimum of the original nMPC RHOCP,
eliminating the conservativeness and suboptimality presented
by other tube-based approaches. We also show that the
iteration can be terminated early without loss of recursive
feasibility and stability.

Algorithm 1: cMPC

Offline: Determine K, (Qn, X'n, and an initial seed
trajectory (x3,ul) satisfying (5b)-(5e) with
To = Tinit
Online: At each discrete time step ¢ = 0, 1,...:
1 Obtain z; and set the iteration counter n < 1;
2 while n < magziters and ||c}| > tol do
3 Compute Cy;, Dyji, Eyj; for k=0,...,N -1
using (10) and (x?,u?);
4 Solve nominal RHOCP to obtain
(ij S?? S;n*’ Si_7*);
5 for k=0,...,N —1do
6 Compute uj;, = ugli + cpp + Ky, — :cgli)
and g(x7 ;> Tp )0 upy;) = 0 with @5, = x5

7 | Update the seed: (x?,u?) + (x},u});
8 | nen+ 1;

9 Implement u; + USI Iy
x x o r
10 Set uy, = K(2}y;, — ¥y4;) + uy,,; and solve

* * * — * .
g(l"NH\i»xN\iquu) =0forazy 43

0 * * *
11 Set ui+1 — {ul"ﬁ s 7’U’N—1|i’ uN‘Z}
0 * * * .
X1 € {Il‘i, e a‘TN‘i?xN-&-Hi}’

Remark 3: The initial seed trajectory can be obtained by
reformulating the cMPC RHOCP in a strategy analogous to
the one outlined in [11]. The constraints and cost can be
expressed as a maximization over the vertices of S;, S}, S,
allowing the cost to be reformulated to a linear objective with
an additional second-order cone constraint on the vertices of
S;. The resulting problem is convex and can thus be solved
efficiently using a variety of solvers (see for example [8]).

Remark 4: The representation of S;, S, S, causes expo-
nential growth in the number of variables and constraints in
c¢cMPC RHOCP with the state dimension n,. Alternatively,
using homothetic sets as described in [11] allows the num-
bers of variables and constraints depend linearly on n, and
the chosen number of vertices of S;, respectively. In either
case a reduction in n, allows for computational savings and
a method for achieving this is proposed in Section IV.
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A. Feasibility and stability guarantees

In this section we demonstrate the recursive feasibility and
stability of the proposed approach. Additionally we prove
that the iteration at each horizon time step ¢ converges to a
locally optimal solution of the original nMPC RHOCP.

First we prove that for non-zero perturbations, the tube con-
tains the original nonlinear system trajectory and converges
to it when the iterations are not terminated early. Let

Xyji = Co{agl;m=1,...,n,} = {xg‘i} @ Sk
X = Co{xz'l’lfm,m =1,.,m0} = {23} © S

k|i
Lemma 1: If Sy 4; satisfies (11d) anfi s,;’:ﬁi, szﬁli satisfy
(11g) for m = 1, ...,n, then there exists a Ty 1); € Xgq1)s

satisfying g(2j41(i, Tpji, u)i) = 0 for Vay,, € Xj); with
ug); = K (g — x%li) + crpi + cg‘i.

Proof Constraints (11d) imply Sy|; 2 Co{s,:"im, s:"im, m =
1,...,n,}. Furthermore let z* = \z™ + (1 — \)z¥ for \ €
[0,1], m,v € {1,...,ny}. Then from Remark 1

g(m;+nf‘l,$ZTZ,uz'fz) < 0} N g(x;_;_’\lli,xili,ugu) <0
g(xlz-;-vlwm;é\i?u;;ﬁ) <0 for any A € [0,1]
CinSZJ}T\PLDinSgﬁEin(“ﬁfug\i) = O}
Cklis;jrvl\i*Dk'liSZ\ﬁEkli(“Z|f“2\i) >0

g(xzrlli,xgli,uzli) >0 for any A € [0, 1]

where ujlt, = K (21, — 2,) + cxji + €}, ug); are defined
similarly and lei = 52\1 + 932”. Based on this and from
setting Sy 1|; as the convex hull of its vertices it follows that
: A A oo
there exists 82+1|z’ € Co{sy 081} © Skeyapi satisfying
g(a:ngl‘i,x?‘i,ugli) =0 for all A € [0, 1]. O

To make notation more precise, at the ith time step and nth
iteration of lines 3-8 of Algorithm 1 we denote the seed
trajectory as x?’”, the seed control sequence as u?’" and the
tube as S7'. Similarly, we denote the solution of the cMPC
RHOCP in line 4 as (c”",S;"",8;7*"™,87*™), and the op-
timal objective as J{pc; = Jempc(c; ™, 87", 0w,

Theorem 1: (Recursive feasibility): If the initial seed tra-
jectory (x?,u?) is feasible w.r.t constraints (5b-5¢) and the
assumptions 1, 2, 3 hold, then the nominal RHOCP in step
4) of Algorithm 1 is feasible at each iteration and for ¢ > 0.

Proof Let c;; =0, k=0,...,N —1and Sy; = {0} for
k = 0,..., N reducing the constraints in nominal RHOCP
to {xgﬁ} C X,ug‘i e U, {x(z)vu} C Xy. In this case the
trajectory takes the form (x;,u;) = (x?,uy) and based
on Assumption 3 is a feasible (but possibly suboptimal)
solution of nominal RHOCP at ¢ = 0. Feasibility of the
trajectory (xY,,,ul,,) at any subsequent horizon steps is
then guaranteed by constraints (115)-(11e) and the conditions
placed on the choice of set Xy in Assumption 2. ]

Theorem 2: For all ¢ > 0 and for all n > 1

0,n+1 0,n+1 n 0,n 0,n
JnMPC(XZ‘ , U, ) < Jempc(ci, S y X Uy )
1 1
0,m4 u?7n+

' )

12)

for (x ) obtained by steps 4-7 of Algorithm 1.

Proof It follows from the nominal RHOCP formulation that
x?""** belongs to the tube S @ {x}"}. The statement then
follows from Eq (9), steps 5-7 in Alg. 1 and the maximization
formulation of the cMPC cost returning the maximum cost
over the tube S7'. In more detail

On+1 _ r 0 k
||!Ek\? - xlrclz”%) < | max ”xk\zl T Skli m;c\zH%Q
Sk|: €Sk
i ™ — il < max il + Ko+ engs — |
skuesw
0,41 %
I =l < e 1o+ o~ ol

T sN[iESN|

and Equation (12) follows from summing the terms before
and after the inequality sign for all £k = 0,...,N — 1

to obtain the expressions for JnMpC(X?’"H, u?’"“) and
n 0n _0On
JcMPC(Cia Si y X L,y ) O
Theorem 3: For all ¢ > 0 and for all n > 1, we have
*,n—+1 *, 1
JcMPC S JcMPC (13)

Proof From Theorem 1 and Theorem 2 it follows that a
suboptimal solution exists ¢; = 0 and S; = {{0},...,{0}},

JCMPC({O}? {0}7 X?,”H‘l, u?,n—&-l) == JHMPC (x07n+1a u?7n+1)

%

and (14)
Tovtee (37" ) < Jovee (€], 87 %G w)
(15)
From Theorem 1, optimality and (14) it follows that
JchC(c:’”,S:’”,x?’”,u?’”) < JnMpc(x?’”,u?’") (16)

(13) follows from the combination of (14), (15), (16). U

Theorem 4: For all ¢ > 0, the iteration on lines 2-8 of
Algorithm 1 converges to a seed trajectory (x?’”, u?’”) such
that ¢, = 0 and S;"" = {{0},...,{0}} is an optimal

solution of the cMPC RHOCP in the limit as n — oco.

Proof Assumption 2 implies Jyp; > 0 and from Theorem
3 it follows that ‘]:I\ﬁ’c,i - J:I\}I?E’C,li — 0.Thus from (13)
and (16) it follows that Jjyc ; — Jampe (7", u)™)—= 0 as
n—oo implying that (c;",S") = (0, {{0},...,{0}}) is the
optimal solution of the cMPC RHOCTP in the limit as n — co.

Theorem 5: The iteration defined in steps 2-9 of Algorithm
1 converges to a local minimum of nMPC RHOCP (5a-5¢).

Proof The proof can be found in the Appendix.

Theorem 6: Given Assumptions 1 and 2, the control law

of Algorithm 1 ensures that 2! = 0 = u! = 0 with

20 = x; — 27 and u¢ = u; — u] is an asymptotically stable
equilibrium of the system (2) (i.e. g(xfﬂ, z9,ul) = 0), with
region of attraction consisting of the initial conditions xg
of (2) for which there exists a control sequence such that

u; EU and z; € X for k=0,...,N — 1, and zy € Xn.

Proof The proof is analogous to that of Theorem 8 in [11].
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IV. PROPOSED VARIATIONAL REFORMULATION

In this section we present how a structure-preserving model
can be accommodated by the proposed approach. We further
discuss how such a model can be used to reduce the number
of variables and constraints in the respective RHOCP. These
developments are demonstrated for a system with explicit
continuous model, but the extension to implicit models (such
as for systems with constraints) is trivial.

A. Model formulation and terminal set calculation

We consider a general mechanical system with configuration
q(t) € R™ and Lagrangian of the form

) 1. .
L(q,q) = §qTMq - V(q)

Using the Continuous Forced Euler-Lagrange equations the
continuous model of the system motion under the influence
of control forces u(t) € IR™ can be derived as

a7)

G=—-M"1V,V(q)+u (18)

Assumption 4: We assume a regular £, symmetric invertible
M, polytopic configuration constraints ¢ € Q and assume
the expression M~V ,V (q) is concave.

To discretize the equations of motion we formulate a discrete
approximation of the Lagrangian and derive a discrete time
system model using a variational integrator [13]:

9(Qit1, @ Gim1,Uis Ui—1) = —Qiv1 +2G;i — Gi—1—

2 _ _ 2ar—1
%(M 1V7MV(7],')+M 1VT1171V(77i—1)+h ]\2{ (ui—1+ui))
(19)

for 7; = 2.9 To implement initial and terminal condi-

tions on the configuration and velocity (or momentum) an
equivalent variational model formulation can be used :

r(qi+1,$mui)} _ (20)

(i1, qir uq)

2 2
—q;‘+1+Qi_2%M_1VmV(ni) + hM—lpi_%QM—lui —0
Giy1—Gi— "5 M1V, V() —hM " 'piq + M1y,

Here h denotes the discrete time step and z; = [q],p!]
where p; € IR™ is the discrete conjugate momentum [13].

y(‘ri-‘rlv L, ul) = |:

Remark 5: Notably, the model (19) has reduced dimension-
ality (g € IR™) compared to its equivalent reformulation
20) (y € IR?"7) and to other standard Euler or Runge-
Kutta models used to discretize (18) in which both the
configuration and the velocity are simulated in time.

Remark 6: Based on Assumption 4 the continuous model
(18) can be rewritten as a convex implicit function. Using
both (19) and (20) the discrete model remains a convex
function, something that is not guaranteed with higher stage
Runge-Kutta methods or other higher order standard meth-
ods. Thus the variational model provides a convex, second
order approximation of the system dynamics which can
simulate energy and momenta accurately for exponentially
long times (in the presence of forcing, any momentum

conservation laws from the continuous case are accurately
preserved in the discrete simulation as guaranteed by the
Discrete Noether Theorem with Forcing [18]). As we will
discuss in Section IV-B, it also allow for a reduction in the
number of optimization variables and constraints of an OCP.

B. Variational RHOCP formulation

A c¢cMPC RHOCP formulation can be created using only
the implicit model (20) for £ = 0,..., N — 1 as presented
in (1la-11g) with a state vector comprising of both the
configuration and the momentum instances x|; = [qlei, pf‘l]
Alternatively in the cases where no cost weights are placed
on the velocity/momentum a second formulation can be made
which reduces the number of constraints and variables based
on the configuration-only model in (19) as follows:

VcMPC RHOCP :

* * +,* —,% * * +,* —,k\
(c;, 87,878, Oli’ZNIi’ZN|i’ZN|1')_

0.0 .0
Jempc (Viy Si, Zn)is Qi T, 1)

arg min
Fam
ci, 87, 8,8

20112 2N 23 Z N

subject to:
Zoji = {0} 21a)
Sk @ {ap} € Q, fork=1,..N -1 (21b)
Si © Skiis Sgpy © Sps fork=1,..,N -1 (2le)
Zh ek} € v, Zy @ {ady} S Ay 2ld)
Vi +ug; €U fork=0,..,N -1 Q21f)
r(q(l)u + 510 mg‘i + 2oji» Yo)i + ugu) <0
Fo\isﬁi + Gojizo)i + Yoo = 0
for Vzq); € Zo|i,‘v’sﬁi € Sf‘li,Vsl_li € 51_\1‘ 21g)

0 - 0
g(‘]k+1\i + Skr1li0 9kli + Qk)is
0 - 0 0
Qh—1ji + Sp_1ji> Vhli T Uji> Ve—1)i T Ug_13)<0

+
CrliSkp1)i+DrliSkli+ HiliSk—1)i+ Er|iVi|i+PrjiVk—1]i> 0

for vsk—l\i S Sk_lu,vsk” S Sk‘,»,Vs:H‘i S Sl_c:l\i’

Vs,:H‘i S Sl:+1|i and k=1,..N —1 (21h)

0 - 0 0
f($N|i + ZNjir AN-1)i + SN—1]i5 VNfl\i+UN_1|i) <0
LN—l‘iZ]J’\_I‘i + Pn_1jisn—1i T In—1jivn—1s = 0

for VSNfl\i c SN,”i,VZ;Cli S Z]j\L/'\z’VZ]:fh S ZJ?/'\I (21[)

where the variational convex RHOCP is denoted VcMPC
RHOCP, si; = qri — qg”, Tp)i = Tili — 332”, 50, =
2040 = ngl, Zki = Co{z; € R* 9 m = 0,...,2n,},
Ski = Cof{s);, € IR",m = 0,..,ny} and the
plus and minus ‘sets are defined similarly. Additionally
the matrices (Foji, Gojis Yoji), (Cklis Dijis Hyjis Exis Prji),
(Ln—1}i» Pn—1ji, T—1);) are defined similarly to (8) with
respect to the elements of (), g(-), and f(-) respectively
with the linearization performed around the seed config-
uration trajectory q° and the given initial state z{

g
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()", (b)) Here o < {ag);» 43> -+ ay—y;} and

Jvempe (Vi, Si, Znis ), 2%, u?):Z;c\;_ol(||u2\i+1/0|17u71;\i”§{

+skf?2§(k“”qg|i+5k|i*qai”%)*ZN‘I?EE%(NH 2% i+ 2 -2 1B
but constraints on the velocity can also be placed using
forward, backward or central difference approximation. In
this formulation we have used (19) to define the model con-
straints for £ = 1, ..., N—1 and the equations in (20) to define
the initial and terminal constraints. The terminal set and cost
can in this case are computed based on (20) guaranteeing
convergence of both the configuration and momentum to
an equilibrium point. Such formulation maintains feasibility
guarantees due to the equivalence of the model (19) and (20).
Steps 5-6 in Algorithm 1 must also be replaced with

* * % . .
(41} Tops> top;) = 0 with g, = x;
— . 0 g
Fork=1,..,N -1 b = uhy; + Vi

* * * * * _
9110 T Do—1i> Wejis Wo—1)i) =0

Despite the fact that constraints (21g) have to be encoded for
three sets rather than two sets in the standard formulation
in (11g), as we will demonstrate in Section V, due to
the smaller dimensionality of the elements of the sets in
the variational formulation, such formulation allows for the
reduction in both the number of optimization variables and
constraints. Furthermore due to Theorem 5 it is guaranteed
that the sequence of convex problem will converge to a local
optimum of the original nonlinear OCP with (5d) replaced
by the combination of (19) for steps 1,..,/N — 1 and (20)
for steps 0, V. Such variational NLP formulations have been
proved to demonstrate structure-preserving properties [18] in
their solutions and thus the sequence of convex programs is
guaranteed to converge to such solution.

V. NUMERICAL EXAMPLES

In this section the numerical results are obtained by applying
the proposed approach with a variational RHOCP formula-
tion using python and the cvxpy library [19]. The RHOCP
constraints are implemented by solving each constraint for
each of the vertices the perturbation sets. For all experiments
maziter = 3 and tol = 107,

Example 1 First we consider an example system with

1] —¢[1] — 0.2}

£(g,4) = 2(@)7g- 0.2¢7, f(g,u) = {U[ ul2]

where n, = 2, n, = 2 and f represents the generalized
forces acting on the system. The discrete model is obtained
using the forced variational integrator from [18] and discrete
time step h = 8 X 10~3. A VcMPC RHOCP with N = 14,
Q@ =1, R = diag{1, 1}, initial condition ¢[0](0) = ¢[1](0) =
2, ¢[1](0) = ¢[2](0) = 2, constraints |g[1](¢)] < 10,
lg[2](¢)] < 10, |u[1](¢)| < 150, |u[2](t)] < 150 and reference
solution ¢; = 0,u; = 0 for all 7.

qg] 0.5 — ql1] — ql2]
1 0.0
0 -0.5
0 200 400 600 800 1000
:: — ull] — ul2]

0 200 400 600 800 1000 875 260 400 600 800 1000
Discrete time step i Discrete time step i

o

Fig. 1. Closed-loop state trajectories. Left: Example 1. Right: Example 2
1 le-9
0.2{—33110] —§;;2[0] ~;;[0] ~s;;2[0]
01
0.0
g 0 2 4 6 8 10
= 0

0.0
-0.1
02| =L —EPI] g1 5?0

01 3 5 7 9 11 13 0 2 4 6 8 10
time step k|0 Discrete time step k for i=0

Fig. 2. Demonstration of the con- Fig. 3.  Convergence of the tube

servation properties of the variational shown through the size of the per-

c¢cMPC approach for Example 1 turbations between iterations 1 and 2
at ¢ = 0 for Example 2

Example 2 We also consider the famous Fermi-Pasta-Ulam
(FPU) problem with n, = 2, n,, = 2 and a change of
coordinates as follows:

L(q,q4) = 2(g)Tgq — TR _gn]3 g2, f(u) = u

with n = 50. The discrete model is again obtained using the
forced variational integrator and a discrete time step of h =
10~2. The VeMPC RHOCP is solved with N = 10, @ = 0.1,
R = diag{0.1,0.1}, reference solution ¢} = 0,u] = 0 for all
i, constraints |g[1](¢)| < 10, |¢[2](¢)| < 10, |u[1](t)] < 33,
|u[2](t)] < 33 and initial conditions

O] _ 1 [am]_ [um] o [-1 1]
q2)(0)] 1] [4[2](0) L] veL o
Figure 1 demonstrates the closed-loop trajectories for both
examples obtained using Algorithm 1 with the variational
changes discussed in Section IV-B. In general the conjugate

momentum and its change are defined as p = %‘;’Cn,
. 0L(q,9)
p = EE

and thus for the system in Example 1 p[1]
is conserved. Based the Forced Noether Theorem this is

equivalent to the following discrete conservation law
k-1

Wi = Prji — Poji — hz SRR ) =0
k=0

Using the trajectory and control sequence result from the
last iteration at ¢ = 0, in Figure 2 it is demonstrated that
the discrete conservation law is indeed preserved by the
successive approach. In Table I it is also shown that the pro-
posed variational formulation (21g-21i) reduces the number
of model constraints and optimization variables compared to
an Euler formulation of (11g). The number of constraints
will be higher with a multi-stage Runge-Kutta scheme.

Next the performance of the receding horizon scheme itself is
demonstrated. In Figure 4 it is shown that for both examples
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< Number of model constraints Number of
§ optimization variables
H ¢cMPC RHOCP VcMPC RHOCP c¢MPC RHOCP VcMPC RHOCP

N+1 3ng+2

Nng24nat?2 g2 Nny+nq(12N+4) Nny+ng(6N+10)
1 28672 3840 372 216
2 20480 2816 268 160
TABLE I
6000 Zoomed in R 400 Zoomed in
g do00 6300E ‘20 385E
<5 “E 200 380
'S 2000 6200 = 100 375
o 5 6 71 8 o 5 6 71 8
0 250 500 750 0 250 500 750
500 ; g
200 0.5 Zoomed in 150 25 Zoomed in
S 200 0.0 e 0.0
o0 0 11 12 13 50 0 11 12 13
0 0
0 250 500 750 0 250 500 750
Discrete time step i Discrete time step i
Fig. 4. Convergence of the cMPC optimal cost and control perturbation

sequence norm ||c;|| for Left: Example 1, Right: Example 2.

at successive iterations and discrete time steps the optimal
predicted cost is non-increasing and ||c}|| — 0 as expected
from Theorems 3 and 4. In Figure 3 one can also see the
rapid convergence of the tube to a single trajectory within a
single iteration.

VI. CONCLUSION

In this paper we present a formulation of a tube-based
optimization-based approach for trajectory design and re-
ceding horizon control of system with nonlinear, but convex
dynamics. It is a reformulation of the approach presented
n [11] applicable to a wider range of systems with both
explicit and implicit discrete models. The approach relies on
both the nonlinear dynamics directly and their linearization
to formulate a sequence of convex programs solved at each
discrete time step, which define a tube of possible trajectories
and optimize their cross-sections online without the need of
pre-defined linearization bounds. In the paper we prove that
the approach guarantees stability and feasibility even when
the iteration of convex programs is terminated early. If the
iteration is not terminated early, we prove that it converges
to a point that is a local optimum for the original nonlinear
optimal control problem. We further describe how the ap-
proach can accommodate for a structure-preserving discrete
system model while reducing the number of constraints and
providing a structure-preserving trajectory generation and
control approach. The advantages of the proposed scheme
are then demonstrated for two example systems, showing
convergence of the successive convex problem and the effect
of the structure-preservation model on the resulting trajectory
and control solution.

APPENDIX

Here we present the proof for Theorem 5 for a system with
n, = 1 and omit the {-|¢} notation to conserve space. The
proof for higher-dimensional systems is analogous. We also
focus on simplified problems which incorporate only the
constraints which do not clearly lead to the same Karush-
Kuhn-Tucker (KKT) first-order necessary conditions [8]:

nMPC RHOCP simplified :

¢” = arg min J3 ) po(X, )

subject to:  @(zp41,xp,ck) =0 for k=0,...,N—1

c¢cMPC RHOCP simplified :
c*, 8%, ST* §7*) =ar
( ) g c, SesN+L

STe(sHN,s~e(s )N

JCMPC(C7 Sa XO, CO)

subject to:
Cr5f iy + ik + Eper > 0, Crsfyy + ®pSp + Ercy >0
CrSi1 + Prsy + Eger >0, Crsfy + ®psy, + Eper >0

¢($2+1 + 5kt ) + Sklis Ckli + up — Ka) <0
(a1 + 81y Tp+ Skjis Crpi +up — Ka) <0
P21 + Sppqy Th + Sppir Chpi +up — Ka) <0
¢(m2+1 + Sia1 x% + Skpis Ckli + ug Kafg) <0
for Vs, | € S,:H,Vs;;_l € S,';_l,Vsk € Sk, k=0,...,N—1
Here the nMPC problem has been reformulated
using  uy = Kuxp + cg, Pk = Dy + EiK,
Tnaipo(xw) = Joype(xe) = 3%, (llow - aflf +

[ Ky + ek — UZ-H;)’ 9(Trht1, Tk, uk) = Q(Thg1, Th, Ck)-
To simplify the cMPC RHOCP constraints (11d) have
been removed as the at the cMPC convergence point
Sy = Sy = S, = {0} and the sets have been
implemented using their bounds SZ‘Z, gaws;ﬁ’ §,;|z € R™ ag
optimization variables where Sk‘ ={s: s} pi S st < Skl },

Wi = ={s: Spp <87 < sk‘i}. The augumented Lagrangian
and the KKT conditions for the simplified NLP problem are

LnMpc(X C )\)
0= 0Jwpc (X5

ci) _
| (xcm c*m)

— S AP (g1, Ty Cr)
A 20(r.0)

nMPC ( )

o By @iy ep™)
fork=1,...,N—1
94, MP(‘(xz ci) * ’ﬂ8¢'(7’7%
0 Tkx* C**") - )\k |(mk+1 :Ek 762’71)
Rt n 8(15(7“ y, . . o
)\ ‘ QU nvlkfblvck’,/l)
andfork;:O,..., -1

_ 9Jpc(%i,0) *,n 0¢(r,y,c)
0 — 8(‘)@ |(X*’" C*’") - )\k dc | xk;i7x2, 7uk‘ )

0= gzyir, 2" ")

where ()" denotes the value at the local optimum point
for nMPC simplified and x;"" is obtained from c¢;" and
d(Tk41, Tk, ¢ ). The augumented Lagrangian and the KKT
conditions for the simplified cMPC RHOCP problem become

L(:MPC(c S X 11 aaﬂ gy 77/}7753 ) CMPC(c S X 110)+
305 (onh) + Bro(2R) + o (2R + (=)
— (V1 (Crdpy H k3K +Ercr) +1i(Crsyy  +PrSk+ Ercr)

+Ek(Chbpyq +Prsy+Ercr) + Tk(0k§;§+1+<1>k§k+Ekck)))

fork=1,...,N —1
0= ape, 2w e S G e (260)
0= B¢, 200 |, o pupe, 2000, (26b)

3268



¢ 09(ry,c 0(r,y,
0=— Z_cl ¢(éry ‘ 5.0, _f*c ¢(7yc)|zzfic (26¢)
— * 5¢>(7:) #,c 0¢(r,y,c)
0= —nk_cl T,Y,C | S = Ty cl (%y c |zific (264)
and for k =0,..., N—l
0= R Z*C+azc8¢(’r‘yc | 1*c+/8*68¢7‘y6 | 2,*,L
,C »Y,C *,c 0¢(r,y,
— 9y P _nkcw‘ = (26¢)
0= 8gLMPC|Z +7*c(’9¢7(7‘yc ‘ 3* c+u*ca¢(gyy’ ‘zé’*'c
,c99(ry, ,c99(ry,
752”5(57;| 7,*,077;CM| s (26f)
OZBchwlfcpc rc+a*03¢(gy('| +6*Ca¢(ry(')|
+,YZ,C5’¢({;;%C | 3.0 c+u* C(%(TyC)‘Z%,*,cflb*’ca(ﬁ(r’y’c)|Z5,*,c
_ *c8¢(ryc)| *08¢(ryc)| *cd(b(ryc)'
(26g)
=0 (2, ) =B " (=i )= b ) =py T b)) (26h)

0=ty " (Cr5, (7" +Pi5) "+ Brey " )=n " (Cusy 17" +Pusy "+ Ercy™)

=0T (O3, +@rsy " +Erey )=  (Crsy ;77 +@rsy "+ Eey”
where: z}=(c®*,5¢*,8T¢* §7* x% u)
Zk:(mk+1+'§]:+17 TQ+5k, ok), Zk:($k+1+§k_,+1, z)+5k, k)
Z22(12+1+§;+1’ Thtsy, Ok, Zﬁ:(12+1+§;+17 TR sy, ok)
zZ:(ac2+1+§k++1, acg+§k., oK), z%:(m2+1+§;r+l, x%+§k, oK)

7_(.0 - 0 8_( 0 0
Zk:(wk+1+52—+17 Tp+S,, ok), zk:(1k+1+§2—+1, Th+5y, Ok)

and 2p™¢ — 22%¢ are analogously defined with o), = ¢ +
K z9. Now at the convergence point (c;"",S;"") =
(O {{0},...,{0}}) summing (26a - 26d) for k = 0 and
(26a - 26f) for £ > 1 we obtain
dJeyipe e gme ey e e
BTMOPC zre (g 85+ g =g
wre_gre_xey 0P(ryy,c
=g ) 2 g g =0 @7)
T Lo o B b
¢ 3(15 Y e
) (gyy C)l(dr]chl 2)"’(0% VYRS B i S =Sy
we e O
SR S PR ¢(ry0)‘(T 29,9 y=0 for k=1 (28)

k—1" "k—1
with ¢ = u? — Kz because at the point of interest 2y, L —
2p"¢ = .. = 2™ and the cost derivative for a given k is
non-zero for either the bar or the underbar variable, but never
both at the same time due to the min-max cost formulation.
Similarly for £ > 0 Equation (26g) becomes
9Jy K,C | p¥,C | k,C | %,C w,c e
%:Clz:’c—"_(“k’ RS S e A T N/

o w0y 98(ry,c) _
=§.° %) de |(12+1,w2,62)—0 29)

Now using (27), (28), and (29) together and comparing to the
nMPC KKT for the simplified problem with x = x", ¢ = ¢
it is clear that the point (x), ¢?, {—a;“— By =7 —pp“+

O+ for k=0,..., N}) satisfies the sim-
plified KKT conditions for nMPC RHOCP simplified. This
point, to which the successive convex programs converge, is
also a local optimum for the original NLP problem.
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