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1 | INTRODUCTION

Tamas Péni'

| Roland T6th!?

Abstract

The paper addresses the problem of accelerating predictive control of non-linear sys-
tem models augmented with Gaussian processes (GP-MPC). Due to the non-linear and
stochastic prediction model, predictive control of GP-based models requires to solve
a stochastic optimization problem. Different model simplification methods have to be
applied to reformulate this problem to a deterministic, non-linear optimization task that
can be handled by a numerical solver. As these problems are still complex, especially with
exact moment calculations, real-time implementation of GP-MPC is extremely challeng-
ing. The existing solutions accelerate the computations at the solver level by linearizing
the non-linear optimization problem and applying sequential convexification. In contrast,
this paper proposes a novel GP-MPC solution approach that without linearization formu-
lates a series of surrogate quadratic programs (QP-s) to iteratively obtain the solution of the
original non-linear optimization problem. The first step is embedding the non-linear mean-
variance dynamics of the GP-MPC prediction model in a linear parameter-varying (LPV)
structure and rewriting the constraints in parameter-varying form. By fixing the schedul-
ing trajectory at a known vatiation (based on previously computed or initial state-input
trajectories), optimization of the input sequence for the remaining varying linear model
reduces to a linearly constrained quadratic program. After solving the QP, the non-linear
prediction model is simulated for the new control input sequence and new scheduling tra-
jectories are updated. The procedure is iterated until the convergence of the scheduling,
that is, the solution of the QP converges to the solution of the original non-linear opti-
mization problem. By designing a reference tracking controller for a 4DOF robot arm,
we illustrate that the convergence is remarkably fast and the approach is computationally
advantageous compared to current solutions. The proposed method enables the applica-
tion of GP-MPC algorithms even with exact moment matching on fast dynamical systems
and requires only a QP solver.

a GP can indicate the quality of the prediction through its
computed variance, which can be used to characterize the uncer-

In the past two decades, model learning approaches gained an
increased interest in a variety of control applications [1], as they
provide efficient adaptation to variation or unknown aspects of
the dynamical behaviour through measurements.

Among the various approaches of machine learning, prob-
abilistic Gaussian process (GP) models have the advantage of
being able to describe efficiently difficult function relationships
and adapt quickly to continuously changing relations. Moreover,

tainty of the model. A GP is fully described by a mean function
and a covariance function [2], the latter also qualifies as a kernel
function in the associated reproducing kernel Hilbert space RIKKHS),
allowing to characterize optimally of the GP as a function
estimator [3].

In learning-based control design, GPs often appear as an
additive augmentation term beside the nominal dynamical
model of the system and their role is to learn/capture the
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unknown patt of the dynamics from measurement data [4, 5].
Although this structure is favourable for adaptive modelling
and the uncertainty of the GP-based model can be used to
characterize stability guarantees for the true underlying system
despite modelling errors [6—8], the control design is challenging,
because the GP adds a non-linear stochastic component to the
nominal system. This is especially true for GP-based model pre-
dictive control (GP-MPC), where a future prediction of the state
has to be constructed by recursive application of the augmented
model. The distribution of the predicted future state becomes
more and more complex as the time index goes forward,
therefore the control design results in a non-linear stochastic
optimization problem. Series of approximation steps have to
be carried out to transform the original stochastic optimization
problem to a deterministic one.

The majority of the GP-MPC implementations rely on
the assumption that at every prediction time step, the state
distribution can be well approximated by a normal distribu-
tion [9-13]. A few kernel functions even make it possible to
compute the first two moments of the predicted output dis-
tribution analytically if the GP input is normally distributed
[11-14]. This technique is often referred to as exact moment
(EM) matching. Alternatively, the state distribution can be
approximated by using the first-order part of the Taylor expan-
sion of the predictive mean function and the mean equivalent
approximation of the variance function [15]. Although these
techniques result in deferministic mean-variance prediction mod-
els, which enable implementation of GP-MPC in practice, they
still require the solution of a difficult non-linear optimization
problem.

Finding an optimal solution to the resulting non-linear MPC
(NMPC) is still cumbersome, and it is often approximated iter-
atively by solving a sequence of convex quadratic problems
[16—18]. These approaches are based on a linearization of the
optimization problem around a reference solution, and require
the differentiation of the dynamic prediction model. Similar
methods are available for non-linear systems with stochastic
error processes [19, 20] or GP-based stochastic autoregres-
sive models based on predictive control [21, 22]. Howevert,
the method of gradients may become computationally too
intensive, when the moments of the GP-based state-prediction
are computed with EM matching. Hence, often only the
Taylor approximation is used at the expanse of increased
approximation error [12, 22].

Inspired by the lnear-parameter varying (LPV) scheme for deter-
ministic NMPC introduced in [23, 24], our main contribution
includes the following:

C1 Novel iterative method for rapid solution of GP-MPC
problems. Our developed approach is applicable for
discrete-time non-linear state-space models additively aug-
mented by GPs. To establish it, the following sub-
contributions of this paper are important.

C2 LPV embedding of the GP-MPC problem both under Tay-
lor and exact moment-based approximations of the stage
propagation.

C3 Recasting the embedded GP-MPC problem as a computa-
tionally cheap LPV problem (quadratic program with linear
constraints).

C4 Developing an iterative scheme where previous LPV solu-
tions are used to converge to the optimal solution of the
GP-MPC problem.

C5 Thorough testing of the developed scheme in simulation
studies.

In terms of C2, the mean-variance prediction dynamics
associated with the GP-MPC problem are embedded in an
LPV form that makes available linear prediction of the state-
dynamics along a fixed, time-varying scheduling sequence
and conversion of the state and input constraints to linear
scheduling-dependent form. This is directly needed to realize
C3. For C4, the computed sequence of optimal inputs from the
LPV-MPC problem is used to simulate the non-linear mean-
variance prediction model. Then the scheduling trajectory is
updated by the computed inputs and by the simulated state
distribution to iteratively re-solve the LPV-MPC problem until
convergence of the obtained solution occurs. Note that the
approach is proposed with both EM matching and Taylot-based
mean-variance prediction models and provides fast conver-
gence to an optimum of the GP-MPC problem with lower
computational cost than the available state-of-the-art solutions.
The significance of our contributions C1-C4 using this iterated
LPV-MPC form is in providing a simple yet efficient tech-
nique for solving large-scale GP-MPC problems even under
EM-based prediction models with simple QPs and without
compromising accuracy.

The paper is organized as follows: the problem setting and
important notions, such as GP-based model augmentation, are
discussed first in Section 2. Then, we present an overview of
the existing GP-MPC formulation and approximation results in
Section 3. As our main contribution (C1), the proposed LPV
acceleration approach for GP-MPC is presented in Section 4
detailing the required ingredients in terms of C2—-C4. We illus-
trate the effectiveness of our approach in simulation studies in
Section 5 corresponding to C5. Finally, the main conclusions on
the presented approach are drawn in Section 6.

Notation 1. Let Z, N and R denote the set of integers, non-
negative integers and real numbers, respectively, while N, =
N\ 0 and R, is the set of non-negative reals. We denote by
S’} the set of symmetric positive definite matrices in R, Let
,X,) = [x;r -+ x,] |7 denote the column-wise com-
, ;) corresponds
to block diagonal matrix composition. Consider a time series
k= x(k) € R”, where £ € N is the discrete time. Let x(|4)
denote the value of x(&+:7) predicted at time £ When it is con-
venient, we suppress the time argument of x(£&) representing
the whole series as x. Notation x™ refers to the forward shifted
sequence of x;, that is, x (k) = x(k+1) or xT (7| &) = x(i+1|4).
For two random variables x and y, taking values in R”, the

vec(xy, ...
position of vectors x; € R”, while diag(xy, ...

expected value and variance mattix of x are denoted by E(x)
and Var(x), while the covariance matrix of x and y is Cov(x, ).
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When x is normally distributed with expected value p and vari-
ance %, we write x ~ N (U, Z,). We say that X is a credibility
set for x with probability level p, if Pr(x € &X) > p,. We denote
the Kronecker delta function as & (x, X) with §(x,x) = 1 and
8 (x, X) = 0 otherwise. We also denote a set of indices as I].LT.? =
{s € Z | Ty £ s £ 17,}. Note that in our notation, non-italic let-
ters in the subscript, such as in [, are labels that express that the
coefficient or variable relates to an other variable, for example,
U is the expectation of vector x, while italic letters express that
the variable depends on an other variable, like k; expresses the
ith element of x. The textual superscripts in notation like gt ™
are abbreviations, which denote different definitions or versions
of the same variable.

2 | MODEL AUGMENTATION

2.1 | System model

As the plant to be controlled, we consider a discrete-time non-
linear system in the following form:

xT = S e, n) + ga(o, #) + v, (1a)
y=Ck, (1b)

where x(£) € R™, n(k) € R™, y(k) € R", and v(k) € R" are
the state, control input, measured output and external distur-
bance signals, respectively, while f : R%*% — R’ and g4 :
R%*" — R" are bounded deterministic vector functions. The
function f constitutes the physically well-interpretable and a
prioti known dynamics of the system, that is, its #ominal model,
whereas, gy represents the unknown, that is, unmodelled dynam-
ics of the system. To simplify the notation, we introduce w =
vec(x, #) to denote the arguments of these functions. In terms
of the measured output y, we assume that (I1b) is linear with
a constant C € R, The external disturbance » is assumed
to be an independent and identically distributed (1i.d.) white noise

2

process with variance 2, = diag(oil, w5 0y, ). We moteover

assume that the full state vector is available for measurement.

Our objective is twofold, (i) next to efficiently estimate the
unknown part of the dynamics gg from data together with
reliable uncertainty bounds, (if) we aim to design a reference
tracking model predictive controller for the resulting estimated
model of (1) which can provide computationally efficient con-
trol of (1) with stability and performance guarantees. Step
(@) is required to provide a prediction model for (ii) that is
able to generate a prediction x(1|£), ..., x(NN,|£) of the future
state trajectory as the response of the system for the initial
state x(0]£) = x(k) and the future control sequence #(k), #(k+
1),y u(/é+Np —1). Here Np > (0 1is the prediction horizon, and
4 > 0 is any time instant.

2.2 | Augmentation by a Gaussian process

The major challenge in establishing the predictor for (i) is
that the system model (1) is only partially known, therefore,

the unknown dynamic component ¢ = xt — f(w) = gy(w) + »
has to be estimated by using a collection of measurement
data Dy = {(w(k), {(k))}gle generated by (1). To identify an
unknown mapping » € R™ — z € R", where 7, = n, effi-
ciently with a characterization of the remaining uncertainty of
the estimate, we use GP regression [2, 13]. To distinguish » from
the control input #, and g from the system output y, we call »
and g as the GP-input and GP-output, respectively.

In terms of definition, a vectorial Guussian Process GP .
R — R” assigns to every point » € R”™ a random vari-
able GP(w) taking values in R” such that, for any finite
set {w(D}L, CR™, the joint probability distribution of
GP(w(1)), ..., GP (w(IV)) is multidimensional Gaussian. GPs are
fully determined by their mean » and covariance functions %,
hence if g ~ GP (m, %),

m(w) = E{gw)}
x(w, i) = E{(g(w) — m(w)) (@(@) — m(@))},

Both » and x, where the latter is also called a £erne/ function,
are often parameterized in terms of hyperparameters © € R In
fact, taking ¢ ~ GP (m, %) as the prior distribution in the estima-
tion process defines the prior knowledge about gy in terms of
the mean function 7. On the other hand, the choice of k¥ detet-
mines the function space in which an estimate of the function gy
is searched for together with the prior model of the noise pro-
cess. Parametetization of » and « in terms of hyperparameters ©
allows to adjust the prior, that is, these choices to the estimation
problem of g4 using D;.

Furthermore, GP regression is often implemented for each
element of the GP-output vatiable separately, i.e, in terms of
scalar-valued g ~ GP (m;,x;) with 7/ € l]'fz constituting to g =
vec(gy, .. » g, ). While this approach greatly simplifies the esti-
mation problem, it inherently results in the choice of x =
diag(xy, ..., X, ).

Various types of kernels are used in applications, for example,
the Matérn class, the exponential family, the dot product family,
periodic kernels, and so on, or their combinations [2, Sec. 4.2].
Due to its simplicity and advantageous properties regarding the
moment matching concept we will exploit later on, we consider the
scalar squared exponential (SE) kernel for the modelling of g4:

- 1
NCIOE g exp (—z(w — i) AT (- g/)), @

where 0, € Ry and A € R**" is positive definite. By tak-
ing into account the assumed iid. properties of » and that
), the kernel x; for each

its variance is X, = diag(O’\Z,’l, ey J\Zr,;ix

g ~ GP(m;,x;) is formulated as
K (0, i) = 15 (w, ) + S(w, )T . 3)
g1t »

With the choice of (3) and with a zero prior mean (w; =
0), commonly used in the literature [2, Sec. 2.7], 6 =
vec({o,;, A, 0y, 1}7;1) are the tunable hyperparameters of the GP
model and often optimized by the maximization of the marginal
likelihood of g under 8 and the observed D [2, Sec. 5.4.1].
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Based on the given D, and the prior g; ~ GP(0, x;),
p(Z/I W’ e) = N(O9 K;z/,u/,i)’ (4)

where [K,, Jcz = %;(w(r), w(®)) with 7,7 € 1Y , describes
the probability density function of the outputs Z; =
[z(1) -+ (V) 17 seen as random variables conditioned on the
observed inputs W = [ w(1) .-+ w(N) 1" and hyper-parameter
values 6.

To predict the value of g; at a test point m,, the following joint
distribution

|:sz| ~ _/\/ |:0:| ’ ]—?/,u/,i Kz/,z' (IJ/*)
Rosd 0 Kw,,‘(”/*) X (5 W)
with [K, ;(w,)]r = %;(w(T), w,) holds based on the previous
considerations. Hence, the predictive distribution for g, ;, based

on the observed samples {2}'(‘[)};\;1 in Dy, is the postetiori
PRes| D) = N (MS) (%), O’ZC”I.P (wy, w,)) characterized by

Bi
——
5P T -
WP ) = KT )KL, Z, (59)

TG s i) = ki (0 i) =K (0 )K] K, (). (5b)

W

Computation of (5) requires only elementary matrix opera-
tions, therefore it is computationally efficient. In terms of the

.. . . . 3P .
complete predictive distribution of z, the mean uo" (w,) with
ust = vec(ﬂi’f yuees ,uﬁ’,Z) gives an approximation of gq(w,)

while the variance Z&T (w,, ) with Z5F = diag(of;lp sy O'ZC,',E

gives a measure of the uncertainty of this approximation
together with the added uncertainty of ».

By using the resulting predictive distribution to define GP,, =
CP (U™, 25T that approximates the unknown term g(w) + »in
(1), the prediction model can be written as follows:

= f(n) +GP,(m). ©)

——

Recursive application of this model requires the evaluation of
/ and the GP, at uncertain » as the state transition predicted
in a previous step results in a Gaussian distribution of possi-
ble values. If w is a random variable and f is non-linear, then
the distribution of f(w) and the posterior distribution of the
GP are both non-Gaussian, which makes the computation often
intractable. To overcome this problem, various approximations
have been introduced in the literature, which are overviewed in
the next subsection.

2.3 | Model approximation

To simplify the model (6) and express the predicted states in
an efficiently computable closed form, which is a function of
the control input, the general practice is to approximate every

predicted future state x(i|£), i € ﬂ;\/p by a Gaussian random
variable, where )N, € N, is the prediction horizon. 1f the con-
trol input is also deterministic or Gaussian (e.g;, linear function
of the state), then » in (6) is Gaussian as well. Hence, based
on the Gaussian assumption of », we need to construct a
Gaussian approximation for x* in (6) to provide an efficient
recursively computable approximation of the distribution of
x(i|#). This section gives an overview of the most commonly
used approaches for this purpose.

First, note that the nominal and the disturbance models
in (6) are different in their nature. The nominal model f(w)
is often a general non-linear term without probabilistic com-
ponents, whetreas the Gaussian process GP,(w) represents a
stochastic term with a fixed non-linear structure. Therefore, the
two terms are often handled separately in the approximation
schemes.

The distribution of f(w) can be approximated by computing
the Taylor series of f around p, and keeping only the affine
terms:

Sy o) + gy = ) 0

Cleatly, if w is Gaussian, that is, w ~ N (iy,, =), the right-hand
side of (7) defines a Gaussian random variable.

Next, to characterize the stochastic properties of xT, the dis-
tribution of f(w) + % with ¥ = GP,(w) has to be determined.
This can be done by computing the joint distribution of the
summed random vatiables. Since f () is approximated by the
linear mapping (7), only the joint distribution of » and % is
needed to be determined to answer this question. To get a not-
mal distribution for x%, the joint distribution is approximated
by a Gaussian one:

w , Ty Zo,(Uos Sy
H R (P e B
z #Z (#\V’ ZW) * ZZ (MW’ z:\V)

Despite the conceptual simplicity of (8), the moments of (8)
are still challenging to determine. Vatrious approaches have
been introduced to compute or at least approximate the val-
ues of u,, %,, and X

techniques.

2 wz- Next, we present two of these

Taylor approximation: One may assume that the mean and the
variance of the GP are separable, namely, GP,(») &~ uSr (w) +
N (0, ZSP (). Then, the first-order Taylor approximation of
the mean function u$’*, and the mean equivalent approximation
of the variance function ZSF gives

(i Z4) & 15T (1) (9a)
ou” !
(%)

. ouS” o
ZEII (M\\') + < al[/ (ﬂ“)) Z\V ( a (#\V))

w

sz (/’L\V ’ ZW)

Zz (luw ’ ZW)

~

N E

(©Ob)
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MM (s Z40) = B (s 2o (10a)
= (s Z0) = B Qs bt ) B = (1 )Sw>)2 + 07, = Tr(K,,) Ot ), (10b)
Ty e B0) = B sy (s Z) By = 1) (o Zo) ) W Z), i (100)
SN (0 B0) = s, B g1 (o E0) Z B + AN 0(0) = 1), (10d)
where g, (i, 5,) = 02 det (S, A7 + 1) e (=50@ = 1) (Eo + A7 00) — 1)) (10¢)

[0 (e e = det(®,  (E)) 0400 10 (M Tz (106)

1 1 1
[0 (s Zllee = €50 (5T (IR ) T BerBhe) = 58T IAT et = 5T AT o)) (10

R (B =Z AT+ AT+ L, Coliy) = (@) — i S () = A7 e (i) + AT S (1), (10h)

foreach s, j € |];7Z and 7,T € []‘iv.

Exact moment matching. According to [11, 13], the squared
exponential kernel (3) makes it possible to determine the first
two moments (10) of the joint distribution (8) analytically:
w,=wM x =M 5 = 3EM Compared to the Taylor
approximation, the exact moment (EM) matching gives a more
precise Gaussian approximation of the actual distribution of
the Gaussian process GP, (w) at a non-deterministic query point
w. However, analytic moment calculations require heavy matrix
operations and involve complicated non-linear expressions (10)
of the mean and the variance of w.

2.4 | Approximative non-linear prediction
model

The introduced approximation approaches provide a rolling
computation of the predicted states:

x(ilk) & N (u (il £), (11 4)), (1)

where the mean and the variance are computed as

i+ 116) = A (1, (11)) pr (18) + ¢ (1 (018), 24, (018))
(12a)

TG+ 11k) = [ (4 (14)) 1]

[EeCR) E (o (1£), By, (14))

N
A (u (01 12b
x 2, (e (| B), 2y (7] ) A (1o (@lR) 11 (12b)

where coefficient functions A4 and ¢ depend on the actual
approximation technique (Taylor or EM) applied for (8). In par-
ticular, the Zaylor approximation of the predictive mean function

ust gives

3 3uSP
A =L )+ ) (13)
! 9 Aus”
(Gt B) = F )T )= et — 2
(13b)
the EM approach results in
0
A = 2L ) (14

0 .
[(ﬂ\v’ ZW) = f(ﬂ\v) - é(ﬂw) M\V + #ENI(#W’ z:\V>' (14b)

3 | THE PREDICTIVE CONTROL
PROBLEM

In this section, we formulate a model predictive control design
problem for system (6). By applying the introduced approx-
imation schemes and (12), this problem can be rewritten to
a deterministic non-linear optimization task. This section is
intended to introduce this non-linear optimization problem,
which we reformulate in Section 4 to be solved efficiently
in terms of QP iterations both under the Taylor and EM
approximation schemes.
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We consider a reference tracking control problem, where
a time-varying reference signal r(&) € R™ is required to be
tracked by the system output y. Following the MPC concept,
the controller seeks at each time instant £, a sequence of control

Ny,—1
inputs {#(|#)}, [, by ‘minimizing’ the cost

Ny Ny—1

Je= 2||r</e+z>—6x<z|/e>||g+ anl@nz (15)

=1 =0

Here |||l and ||-||z denote the weighted 2-norm with respect
to symmetric positive definite matrices @ € R and R €
R"*" and N, € N is the prediction hotizon. As the state and
input can be both random variables, the cost function (15) is
inherently probabilistic. Therefore, an often-used strategy is to
minimize the ‘most likely,” that is, expected value of the cost (15):
E{/x)-

In physical systems, the states and inputs are often restricted
to an operating region, which can be expressed in terms of sets
X CR”™, U C R™. Hence, next to the minimization of the
expectation of (15), we can formulate the satisfaction of state
and input constraints in a probabilistic sense

Pr(x(i+1|k) € X) > py, Pr(u(i|k) € U') = py, (16)

where p, and p, are given probability levels of the credibil-
ity sets.
We assume that the full state vector is available for
measurement without any noise at every control cycle
x(01&) ~ N (1(8), 2 ) » (17)
where {, (&) = x(£) and the covariance Z, ; = 0.
The stochastic non-linear model (6) provides distributed

predictions for the future states x(i|£), i/ € I]\p Due to the
recursive construction, the uncertainty of the predlcted states
accumulates as the time index goes forward in time. This may
result in large state distributions towatds the end of the horizon,
which makes it challenging to find a feasible control strategy. To
avoid this effect, ref. [9] proposes to use an ancillary control pol-
icy that feeds back the uncertainty of the predicted state through
a suitably chosen gain matrix K. Formally, this means that the
control input is parameterized in the following form:

u(ilk) = o (i14)

— K (1, (01#)) (x(ilk) — po(ilR)) . (18)

where u, (7|£) is the predicted mean of x(7|£) and u,(i|#) €
R” is a deterministic input, corresponding to the optimization
variables i, ; = vec(i, (0]£), ..., uy (N, — 1]#)) in the mini-
mization of E(/,). As (18) indicates, K can be chosen to depend
on [, (i|£); however, for the sake of simplicity,! we will use a
constant K in the sequel. More details about the properties and
the selection of the gain matrix can be found in [9]. A particular
case is discussed in Section 5.

Mncluding a pu (i|4) dependence in K would result in a modified version of (20) and
(21) which are rather straightforward to derive, but would increase the complexity of the
resulting optimization problem significantly.

Based on these considerations, the resulting optimal stochas-
tic predictive control problem at time £ can be formulated as
follows:

min E(J,) subject to (6), (12), (16), (17), (18). (19)

Note that problem (19) is a highly complex problem, due to
the non-linear propagation of the distribution of » = vec(x, #)
via (6). Using the approximative prediction model derived in
Section 2.4, the optimization problem (19) can be significantly
simplified. Based on (11) and (12), E(/,) can be approximated
as

Ny—1

CuIRIIY, +Z lla G1&)NI7, +
=0

or Z llr(k+4) —

N, N,—1
ZTrQQCZ (@& CTy +ZTr(RICZ Gle K.  (20)
i=1 =0

The derivation of (20) is given in Appendix A.1. Furthermore,
assume that X and U are polytopes, described by intersections
of ny and 7y number of half-spaces:

15°¢ ny
— T — T
X = ﬂ {lex,/‘x < 5&/}’ U= ﬂ {”UU/” = "r“’f}'
J=1 /=1
Then, the following deterministic constraints

X (14)

X

B E ({1 T w2, =
J=1

r(EaR) ) e

ny

ke {msu/,s; Tu"/(zx(ﬂzé))} (21b)
i=1

Vi (Zx(il4)

w1thr\/()—7r(l x5 )T u/()—n(l e TS,

-), and
l

(g, 5,2)=d7'(1 —q)(ﬂzs)z imply the state and input

constraints in (10), where @ denotes the distribution function

of the Gaussian distribution (see [25] for details). Finally, the

deterministic non-linear model predictive control (NMPC) problem

approximating (19) at time £ can be formulated as follows:

rl_ilin J." subject to (11), (12), (17), (18), (21). (22)

The optimization problem (22) is also often called a GP-MPC
problem, which is still difficult to solve, because (12) is highly
non-linear in the decision vatiables ft,. The complexity is espe-
cially high, when the exact moments (7) approximation is used.
In the next section, we propose an iterative procedure that can
efficiently solve this problem.
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4 | EFFICIENT SOLUTION BY LPV
ITERATIONS

To efficiently solve the optimization problem (22), we follow
the concept of linear parameter-varying LPV) predictive control of
non-linear systems [23, 24]. First, the dynamic equations of the
prediction model are rewritten in an LPV form by selecting cet-
tain state- and input-dependent terms as scheduling variables.
By considering a given scheduling trajectory, the approximative
prediction model and the GP-MPC problem (22) reduces to a
simple linear time-varying predictive control problem that can
be rapidly solved by guadratic programming (QP). After solving
the QP, the resulting input sequence is then applied to simulate
the approximative non-linear predictive model and based on the
resulting state response, the scheduling is updated and the pre-
vious steps are repeated. The iteration continues as long as the
scheduling updates converge.

4.1 | LPV reformulation

To formulate the LPV-MPC problem, we need to rewrite (12)
in an LPV form. We propose the following LPV reformulation
of (12):

My (il &)

+ i), 23
mﬂ@] c(pile), (23

u&+ﬂ@=A@w@)[

where the scheduling vector is defined as

PG| k) = vec(u (71 £), 1y (714), 2 (7] 4)).- @4

Note that (24) expresses the scheduling map, that is, how p relates
to the original variables of (12), while, from the LPV point of
view, it is considered as an independent, external variable. This
particular choice turns (12) into a simple affine form where

(P1) the non-linear dependency over u, (i|£), u, (7€), Z (/| &)
is covered by the parameter-varying terms .4 and ¢;

(P2) the variance transition (12b) vanishes as it is fully
expressed by the trajectory p.

In terms of Property P.2, the variance dynamics (12b) are not
included in the LPV prediction model (23), hence

(P.3) the cost terms in (20) can also be dropped as they become
a sequence fixed to a chosen trajectory of p:

N, Ny—1
Y = ki) = C (RN + X I, 1
=1 =

=0

(25)

To complete our LPV reformulation, we can turn the non-
linear state and input chance constraints (21) to

(P4) a scheduling-dependent constraint set:

WG16) € X (18, p(ilR) € Vip(il®).  (26)

Note that this reformulation results in an LPV form with
the least level of complexity, but considerable conservative-
ness as, in the minimization of (25), the resulting state variance
2, (i/|£) does not play any role. Alternatively, it is possible to
factotize ¢ in (122) in the form of 7(p(7|£))vec(Z,, (7|£)) and
the right-hand side of (12b) in terms of A, (p(7|£))uy, (7| £) +
As (p(i| £))vec(Z, (7| £)) based on the approach given in [20] or
in [27, Sec. 7]. This introduces an LPV state propagation for
2, (i|#), dropping Property P.2 and preserving the vatiance-
dependent costs in (20), removing Property P.3. While this
decreases conservatives, it increases complexity of the LPV
form and the associated optimization problem.

4.2 | The iterative LPV-MPC algorithm

Based on the LPV reformulation discussed in Section 4.1, the
NMPC problem (22) can be rewritten to an LPV-MPC problem
as follows:

min ;‘PV subject to (17), (23), and (26), 27)
Mu, e .

where p(i|£) € vec(R™H" X §™) with i € UEJ\P_l is a given
(arbitrary) scheduling sequence. Note that (27) is a simple QP
that can be solved efficiently.

At time moment A€ Z, let {ul(i|k) z\zp()_1 be the
optimal solution of the GP-MPC problem (22) and let
W2 (11), 1A, EEGLA) be  the
state trajectory. Then, under the scheduling trajectory
PEGR) = vec( (i) k), pii (1] £), Z% (1] £)), the optimal solu-
tion of the GP-MPC problem (22) is a feasible solution of
problem (27). For any other scheduling trajectory, (27) qualifies
as an approximation of (22): if the solution of (27) corresponds

corresponding  optimal

to the given scheduling trajectory, then it is a solution of the
GP-MPC problem (22) as well. Hence, to obtain the optimal
solution of (22), the LPV-MPC problem (27) is solved iteratively
with {p(i |,€)}/:=P; ! initialized by the trajectory from step £ — 1
or at £ = 0 is determined by a specific initialization scheme. In
every iteration, (27) recast as a simple QP and solved by any
standard software, then, based on the resulting input sequence,
the scheduling is re-computed according to the non-linear state
recursion (12). The resulting iterative MPC scheme is outlined
in Algorithm 1. The specific steps are detailed in the sequel.

Initialization: When the predictive controller is started at &£ =
A’\/ _1
0 the scheduling sequence {p(i|0)}), is required to be

determined to start solving the first QP (27). The following
initialization scheme is proposed (Line 1):

. . N,—1
p(ZlO) = VCC(I"{X<O)’ 01><ﬂu92x,())! Vi e l]() ' ’ (28)

where U, (0) = x(0) is the first measured state with a point
distribution (Z ( = 0).
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ALGORITHM 1 Iterated LPV-MPC solution of GP-MPC.

1:  initialization: set £ < 0, measure x(0) and set u, (0) = x(0) and
N—1 .
Z, o = 0,and set p(i|0) withi € I,"  via (28)

2:  loop

3: repeat

4: solve (27) to obtain (7| 4)

5: simulate (12) with u, (7| £) to obtain u (i+1|£), Z,(7+1]4)

6: update p(7| k) using w, (7| k), py (| £), Zy (7] £) according to (31)
7: until p(i|£) has converged of 7, iterations reached

8: apply #(k) = U, (014)

9: k< k+1

10: measure the actual state x (&) according to (1)
11:  update p(i|£) by (24) and set u, (&) = x(k)
12: end loop

Solving the LPV-MPC' problen. The LPV-MPC problem (27)
along the fixed scheduling trajectory p(i|£) provides a fixed
sequence of variation of the coefficient matrices A(p(7|£))
and ¢(p(7|£)) of (23) and the scheduling-dependent polytopes
X (p(P|#)) and U (p(i|#)) in (26). Along this variation, the
problem is recast and solved as a standard QP problem. (Line 4)
Simulation of the NL prediction model: The non-linear approximative
model (12) driven by the control policy (18) is used to compute
the resulting state vatiation in terms of u, (7|4) and X (/| #) for
the found optimal inputs u,(7|£) in the previous step of the
LPV-MPC scheme. (Line 5)

Updating the scheduling sequence: p(i| k) is updated with the com-
puted inputs u, (7|£) and the simulated states u, (7€), Z (7| &)
according to (24) in Line 6.

Measure of convergence: The iterative optimization of the LPV-
MPC problem (27) is continued until the computed scheduling
trajectory (24) converges. The convergence can be expressed in
any norm of the corresponding vectors. Here, we propose to
use an €, norm-based convergence condition:

max | (18 = vee(bt, (14), 1, 018) Z 1) lloo <60 (29)

el

where &, > 0 is a small threshold value. If convergence does
not happen in 7., € Z4 number of iterations, then the exe-
cution is stopped to limit the computational budget of the
LPV-MPC scheme.

Applying the input: After the LPV-MPC computations are ter-
minated, the first value of the computed mean input sequence
U, (0, £) is applied to the system according to the receding hori-
zon principle. Note that K does effect this input as, due to the
used measurement model (17), x(0|&) ~ N (x(£), 0). In fact, K
plays a role in shaping the GP-MPC control performance as
it influences the actual future planning of the input sequence
in view of the uncertainty of the state predictions, that is, it
realizes a default feedback action on the entire state distribu-
tion. Hence, an aggressive K results in an MPC law that tries
to suppress deviations from the predicted mean at the expanse

of more input power while a low gain K allows state uncertainty
where mainly the mean is governed by the input actions. (Line 8)
Measuring the new state response: When the response of the sys-
tem to the implemented control action is measured, it is
assumed that the measutement is exact, allowing to set x(0] &) ~
N (x(#), 0) for the next control cycle.

Propagation of the scheduling sequence: When a new control cycle
starts by advancing the time £, initialization of the scheduling
sequence p(7|£) is requited to be accomplished for starting the
LPV-MPC iterations. The previously converged input sequence
U, (0]£—1), from step £—1, is used to initialize the initial
scheduling sequence for starting the LPV-MPC iterations:

N,—
1) = uG+11k=1), Vil . (300

Note that i, (N, |£ — 1) has not been computed in the previous
step, hence to support recursive feasibility

U (N, = 118) = p, (N, = 2|#) (300)

is taken. Additionally, due to the current state measurement

x(#), mote accurate information on u, (0|£) is available than
the predicted sequence of state variation in step £— 1. Hence
using x (0] £) ~ N (x(£),0) and the propagated input sequence
(&), the non-linear approximative model (12) is used to
compute a new initial state variation in terms of u, (7|£) and
2, (i|#). Then, the inital p(i|£) is computed according to (24).

Remark 1. Convergence of the LPV-MPC scheme can be accel-
erated if in eatly iterations the scheduling sequence p(7|£) is
updated with the state mean sequence fI, (7| £) computed in the
solution of the LPV-MPC problem (27) in Line 4 rather than
the simulated state mean sequence p, (7|£) obtained in Line 5,
namely,

PUR) = vec(fi (i1 &), k(1| £), Z, (7] £)). (1)

While the simulated mean y, corresponds to the true predicted
state variation for the optimized input sequence, fI, provides
an LPV conversion of the next optimization problem along the
solution of the previous one, often providing better conver-
gence rate when p(7|£) is far from the optimal solution of the
GP-MPC problem. This update is suggested till the LPV-MPC
solution drastically changes between iterations, that is, {t, and
U, have significant differences. A proposed way to test this is in
terms of

I = g = max [l G16) = @RI < Ereer (32)
=

where |||, denotes the Euclidean norm and €, is a suffi-

ciently large threshold value, typically 107>, Note that as the

main computational load comes from iterating the LPV-MPC

solution, especially in terms of simulation of the non-linear pre-

diction model, faster convergence has a direct influence on the

achievable control cycle time with GP-MPC. The maximum

85U8017 SUOWILLOD BAEa.D 3|t (dde aup Aq peussnob are ssoiie VO ‘8Sn JO SNl 10} ARIqiT8UIIUO /8|1 UO (SUORIPUOD-PUR-SWIBIW0D A8 | 1M ATe1q1 U1 |UO//SdNL) SUOIPUOD pUe sWws | 84} 885 *[£202/50/2T] Uo ARiqiauluo A8|im eindwioD Joy eisul v LIN A 0EZT 2UI0/60T OT/I0P/W0 A8 | 1M AeIq Ul JUO"Yo1essa. i 1//Sdny Woiy papeojumod ‘8 ‘€202 ‘2598TSLT



976 |

POLCZ ET AL.

number of acceleration steps can be also maximized in terms

of n,.c € [5,10] with 7,cc < mg0p-

acc acc —

Remark 2. A further possible acceleration of the proposed
scheme is to skip the iterations in the LPV-MPC problem,
that is, to set #,,, = 1 for Line 7. In this way, the receding-
horizon principle is used to converge to the set point and to
the optimal scheduling sequence p*(7|£) simultaneously. While
there is little knowledge about the convergence conditions of
the overall scheme, a similar concept has been used successfully
in applications of deterministic LPV predictive control [23].

Remark 3. In this paper, our objective is to develop an efficient
solution of the GP-MPC problem (22). Ensuring recursive fea-
sibility and overall stability of the original GP-MPC scheme, for
example, by the choice of K in (18) and terminal ingredients,
are rather important for a safe operation of such controllers,
but from the authors’ knowledge these are open problems and
are out of the scope of the current work.

5 | EXAMPLES

5.1 | Robotic arm simulation example

As an illustrative example, we consider motion control of the
simulation model of the 4DOF QArm robotic arm by Quanser.
The actual robotic arm and its skeleton model is illustrated in
Figure 1.

5.1.1 | Dynamic motion model
Under ideal conditions, the equations of motion of the

arm can be expressed in the form of a continuous-time
Euler—Lagrangian model:

H(g g+ nq 9 =71, 33)

0.5
0.4

0.3

0.1

0
o<
o\ L
0
-0.2
Y -0.4_0'2 0 0.2

FIGURE 1
panel) and its skeleton model (right panel).

4DoF QArm robotic arm by Quanser: actual system (left

where ¢ : R — R"™ tepresents the four joint angles (ng = 4),
namely, base yaw, shoulder pitch, elbow pitch, and wrist yaw,
while 7(#) € R™ denotes the corresponding torques provided
by setvo motors at these joints at time moment # € R. In (33),
H (g) denotes the inertia matrix, whereas 4(g, g) comprises the
Coriolis, centrifugal, and gravitational terms.

With respect to the real robot arm, the model (33) only
expresses the ideal motion dynamics while the actual arm can
experience further dynamic effects such as friction, unbalanced
construction, further loads at the end effector, and so on.
Assume that the actual dynamics can be described in the form

of

Hy(9) g+ ho(q,9) = T, (34)

whete H, and 4, are considered to be unknown.

In practice, torque-controlled robotic arms are often regu-
lated by using the concept of computed torque control, that is, based
on the assumed model (33), 7 is chosen as

T =H(q) n+ h(g,9), (35)

where # : R = R" corresponds to virtual inputs. When (35)

is applied to the actual system (34), the dynamics of motion
become

G=u+Hy'(q) (H (@)= Hy(q)) u+h(g, )= ho(q. 7)), (36)

4a6en)

where x = vec(q, 7), which can be rewritten as

.o 7 0 -
X = [O O]x+ []] (ﬂ+gd(x,u)). (37)

N———— N—_——r
A B

If the assumed ideal model (33) matches the actual dynam-
ics (34), that is, gq(x,#) = 0, (37) reduces to four decoupled
second-order integrators that are easy to control. However, this
almost never happens in practice and the presence of gq(x, #)
deteriorates the control performance.

For the application of our methodology to estimate g4 and
compensate its effect by GP-MPC, (37) is written in discrete
time:

xt=@®x+T (ﬂ+gd(x,ﬂ)), (38)
. |® T A B .
with [ 0 ]] = exp <7§ [ 0 0 ) corresponding to complete

zero-order hold (ZOH) discretization with sampling petiod 7; =
0.1 (s) applied to the integrator model x = 4x + Bu.

In this simulation study, the actual dynamics (34) and the
assumed model (33) are considered to differ in the moments
of inertia, the mass of each link, the position of the centre of
gravity of each link, and the mass of the payload at the end effec-
tor. To quantify how much / and 4 differ from /, and 4,, the
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following relative distances are computed:

17 (g) = Ho (@)l

max =~ 0.2249, 39a
A V21N %

4(g> @) — 4o(g> Pl
4 47, )1l

~ 0.2584, (39b)

where ||:||; denotes the Frobenius norm. As seen above, the
worst-case difference between the functions is about 22—-25%.

As the inverse dynamics is not perfectly known, the term
g4(o, u) is trelevant and affects directly the velocity dynamics.
However, we assume that the additive model error cotre-
sponding to the wrist yaw dynamics (last coordinate of vector
24(x, #) € RY is negligible in this case study. Moreover, func-
tions /7 and 4 of the hypothetical model (33) are independent of
the base yaw (¢;) and the wrist yaw (¢4), therefore, the unknown
term gy (x, #) is modelled by three GPs:

&, ) ® GP(w) = vec(GP, (), 0), (40)

with GP, : R —» R’ where the essential arguments of the
GPs are w = vec(q, g3, ¢, #).

As proposed in [6], a GP-based MPC controller is applied to
(37), which employs the following prediction model:

AT =0x+T(4+GPw) =[® T|w+TCPw), (@)

where the unknown term gy(x,#) is replaced by a GP as
described in (40). Although the controller is designed and oper-
ated in discrete time, the computed input is applied to the
deterministic CT' model (36) with zero-order hold during the
sampling period of length 7.

5.1.2 | Data generation

To capture the unknown dynamics and the discretization error,
the measurement data is collected during a continuous-time
simulation of (34), such that the state is measured at sampling
rate 7; and the input is applied through a synchronized zero-
order hold. When the inverse dynamics is not precisely known,
the feedback linearization-based control does not work effi-
ciently. Therefore, to provide a rough trajectory tracking for the
partly known system model (34) in the joint space, we applied
the feed-forward non-linear control approach presented in [28,
Sec. III.A], which is based on (35) computed along the refer-
ence instead of ¢. Then, the inverse of the linearizing feedback
(35) allows us to compute the acceleration input #, which would
have produced the same torque via (35) as the applied control
scheme. Finally, the measured reduced GP outputs are prepared

as follows: 3(j) = F; (xt(j) = D x(j) — T u(j)), where j = ﬂl\
and I‘; is the left inverse of Fg =I. ]35 3 € R®3. Additional

noise is not considered in this study, as the main focus of the
paper is to solve GP-MPC problems efficiently rather than to
analyze the robustness of the GP-MPC scheme against noise.

0.2
04 06 Qy

FIGURE 2  Reference motion trajectory in the world space followed by
the end-effector of the simulated arm during collection of the training data.
The black dots illustrate the place where a training point was recorded with
sampling time 7;.

For data generation, the reference trajectory has been
designed as a spline connecting 121 distinct points in the joint
space. The trajectory with a length 500 (s) has been optimized
such that the joint positions, velocities, and accelerations meet
the limitations prescribed by the manufacturer. The trajectory
followed by the simulated plant and the /V = 5000 recorded
training points are illustrated in the wotld space in Figure 2. Let
D) denote the set of all collected training points available for
GP estimation.

5.1.3 | GP estimation

Using Dy, the three GPs in GP, (labelled by / = 1, 2, 3) have
been estimated independently in two steps. First, the hyperpa-
rameters 6, have been optimized by maximizing the matginal
likelihood of %; under 6; and the observed Dy [2, Sec. 5.4.1].
Then, inspired by [7], a reduced, sparse data dictionary Dy, . C
Dy of N, ; samples are formulated, to decrease the dimension-
ality of the GP regression. The dictionary entries are selected
iteratively, from the original data set Dp; based on the max-
imum predictive variance of the samples conditioned on the
actual dictionary. The collection of entries to the dictionary is
terminated, when appending further training points would not
reduce the predictive variance significantly. In this way, the three
(independent) dictionaries are filled with I, ; = 200, I , = 30,
and 1V, 3 = 100 samples, respectively.

5.1.4 | Predictive control designs

To evaluate the performance of the proposed approach four
control schemes are compared:

85UB017 SUOWWOD BA[eR.D 8|edl|dde au3 Aq pauA0h 818 S3[oNe VO ‘88N JO S3|NJ Joj AXIqIT BUIIUO AB]IAN UO (SUORIPUOD-pUR-SWB}W00 A8 1M ATelq 1 jeul Uo//Sdny) SUORIPUOD Pue Swie | 83 88S *[£202/50/LT] uo A%eiqiauluo Ajim eindwoD Jojeimnsul V1IN A 0EPZT Zuio/6r0T OT/I0p/Loo™ A8 i Areiq 1 eul U0 Yo eesa.i81//:Sdny WO} papeojumoq ‘g ‘€202 ‘ZS98TSLT



978 |

POLCZ ET AL.

LTI-Oracle MPC: When the inverse dynamics of the actual
system (34) are perfectly known, the non-linear components
can be completely eliminated from the feedback linearized loop
behaviour. The remaining integrator dynamics x = .Ax + Bu in
discrete time can be controlled by a simple LTI-MPC as follows:

r(nol|2) i subject to x(0]|£) = x(k), (422)

x(i + 1|£) = @ x(i|£) + T u(i|k),  (42b)

u(i|k) € V. (42¢)

The resulting #(0|£) is then applied on (38) which is consid-
ered to be the simulation model describing the robot dynamics
in discrete time. We call the (42)-based predictive controller an
LTI-Oracle design as it is based on an LTT prediction model and
perfect computed torque control T = H,(g) # + h,(q, g) corre-
sponding to gg = 0 in (38). Note that the LTT-Oracle controller
is not a realistic approach as it presumes the perfect knowledge
of the partly unknown system model (34) and it represents the
best achievable performance by any predictive scheme under the
considered / cost function.

LTI-MPC: The same LTI-MPC (42) is applied to (38), when
the inverse dynamics are not perfectly known, that is, gg # 0.
NL-Taylor MPC: Based on the obtained GP model of g4, the
GP-MPC approach as proposed by [25] is applied to control
(38). In each sampling period, we solve the non-linear MPC
problem (22), where the moments of the GP in the predic-
tion model (12) are approximated using a first-order Taylor
approximation as presented in (13a). In the NMPC computa-
tions, the control input policy is determined in the feedback
form (18), where the constant feedback gain K is computed
for the ideal integrator model using a classical LQR design with
weight matrices:

Or.on = diag(1,10,100,0.1,1, 1,1, 1),

RLQR =1 43)

The weights in 0 g balance the predicted uncertainties of the
four joint positions and angular velocities.

LPV-EM MPC: Finally, we apply the proposed GP-MPC
approach to (38) using a prediction model (12) where the
moments of the GP are computed analytically according to
(142). In the feedback input policy (18), we considered the
same gain matrix K, obtained for the NL-Taylor approach.
The iterated control computations were processed as detailed
in Algorithm 1, such that the convergence threshold in (29) has

been set to €, = 1072, while the maximum number of QP itet-

P
ations has been 7., = 20. Algorithm 1 has been executed with
the acceleration approach described in Remark 1 with 7,.. = 10
and g,.. = 1072,

Cost function. In the four MPC approaches, three different cost
functions appear. The LTT approaches consider /, introduced in

(15) in the deterministic sense as there is no uncertain stochastic

0.8 0.8

0.6 0.6

FIGURE 3  Reference and output trajectories in the world space of the
QArm system controlled by the NL-Taylor NMPC (22) with Taylor
approximated moments (13a)) (left), and the LPV-EM (sequential LPV-MPC
design (Algorithm 1) with analytical moment calculations) (right) GP-MPC
methods. The dashed line illustrates the periodic reference trajectory of the end
effector, whereas, the solid line is the actual trajectory of the effector with the
initial position illustrated by a solid dot.

element in the prediction model. The NL-Taylor method con-
siders the expected cost ]EP in (20), while the LPV-EM works
with the simplified form jszv of this costs function in terms
of (25). In all MPC approaches, the same weight matrices have

been used:

0=101y, R=10"2ly,. (44)

Input constraints. The feasible domain for the input » € U
is fixed as V" = [—10,10]*. This domain ensures the com-
puted torque (35) to meet the manufacturer’s recommended
limitations at each admissible state. In the NL-Taylor and LPV-
EM approaches, the tightened input constraints in (21) and
(26), respectively, are enforced with a p, = 95.45% probability
level. In this illustrative example, state constraints are not pre-
scribed, as the reference tracking ensures a feasible solution in
itself.

Further common parameters. In each case, the controller execu-
tion was simulated for 17.5 seconds (& € {0, ...,174}) with a
periodic reference trajectory. The prediction horizon of the four
predictive controllers has been set to /N, = 50.

Simulation environment. The four control approaches ate
applied to the continuous-time system (36) with ZOH actuation
and synchronized sampling with 7;. The initial state in each run
is considered to be in a fixed rest position, displayed in Figure 3.

The computations have been petformed in MATLAB on a
desktop PC with Intel Core i5-4590 CPU at 3.3 GHz and 32 GB
of RAM. For algorithmic differentiation, we used CasADi [29].
To solve non-linear optimization problems, we used IPOPT
[30], an interior point line search algorithm, with the MUIti-
frontal Massively Parallel sparse direct Solver (MUMPS) [31,
32]. To solve quadratic problems, we used MOSEK [33].
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TABLE 1  Performance comparison of the proposed approach.
LPV-EM
LTI-Oracle LTI NL-Taylor LPV-EM (accelerated)
1. Tracking error| |y — 7| ¢oo 0.0033 0.3229 0.0931 0.0226 0.0226
2. Offline model construction (s) 3 3 245 3 3
3. Avg. solver time (s) - - 5.1 0.0142 0.0124
4. Avg. simulation time with EMM (s) - - - 0.7760 0.7028
5. Avg. number of iterations in a control cycle - - 1 11 6
6. Avg. control cycle time (s) 0.04 0.04 5.1 8.6777 4.29
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FIGURE 4

5.1.5 | Results and discussion

With the discussed MPC schemes, (36) has been simulated
in a closed loop wi.t. the joint equivalent of the reference
trajectory depicted in (3). The obtained responses have been
analyzed based on the indicators listed below and the results ate
summarized in Table 1.

1. The tracking error is quantified in the € o, sense:

lr = Cxlle, max ll7e = Carll (45)

As the reference trajectory starts from a different position
than the initial pose of the arm, the tracking error in the first
few steps £ < A&y = 20 (in the first 2 seconds) is a few orders
of magnitude higher than the overall cumulative error after
the transient behaviour. To avoid that this part dominates
the quantification of the tracking error, the error measures
are only computed for £ > 4.

2. We recorded the time required for offline construction of
the optimization model. Note that this is only required to be
done once before the control cycles start.

3. The average solver time (Step 4 in Algorithm 1) in each
iteration over the 175 time steps of the entire simulation
is reported in Table 1. Note that in one control cycle,
the calculation of the-to-be applied input #, to the system
takes different number of iterations with the proposed LPV
schemes.

4. The average simulation and scheduling calculation time
(Steps 5 and 6 in Algorithm 1) in each iteration over the
entire simulation is also provided for the introduced LPV
schemes with EM-based propagation model.

5 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30

Scheduling difference during the LPV-MPC iterations with the acceleration option (Remark 1) and convergence threshold €, = 1073,

5. The average number of iterations is also provided for each
input calculation cycle (Steps 3—11 in Algorithm 1).

6. Finally, the average total time needed for each input
calculation cycle is also reported in Table 1.

In Figure 3, the resulting end effector trajectories in the world
space are depicted when the arm is controlled by the NL-Taylor
and the LPV-EM predictive controllers. The predicted state
and input trajectories computed at time £ = 0 are illustrated in
Figure 5 for both GP-based approaches.

In Figure 4, we present the time evolution of the log, , of the
scheduling difference (29) during the iterative control compu-
tations of the LPV-EM method. The vertical grid lines, which
bound the intervals [£, £+1], £ € I]g0 illustrate the end of each
sequence of iterations, after which the first input value is applied
to the system at time 4. The numbers at the top of the axes
constitute the number of LPV-MPC iterations required in the
corresponding sampling period. The red horizontal line high-
lights the scheduling convergence threshold €. The orange and
blue bars illustrate the difference in scheduling after a single
MPC computation. The orange bars highlight the case when the
previous simulated mean (U, was used to update the scheduling,
whereas, the blue bars correspond to the iterations, when the
previous solution fI, of the LPV-MPC was used (31).

Relevance of the GP

The tracking error of the LTI approach, when the inverse
dynamics is not perfectly known, is two orders of magni-
tude higher compared to the LTI-Oracle controller, where the
inverse dynamics is presumed available. This fact allows us to
conclude that the unknown dynamic component g4 (x, #) in (38)
is relevant and its impact to the overall dynamics is not negligi-
ble. Therefore, the augmentation of the prediction model (41)
with an additive Gaussian process model is reasonable.
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FIGURE 5 State and input predictions at time £ = 0 made by NL-Taylor in panel (A) and LPV-EM after the 7th iteration in panel (B). The dashed red line is

the reference output r to track, the dashed black lines visualize the input constraints, the blue lines illustrate the computed states fI, and inputs i, the orange lines

are the simulated state expectations i, the shaded orange areas illustrate the uncertainty of the simulated trajectories y, and the computed inputs . The shaded

areas constitute the 95.45% confidence intervals of the marginal distributions of the corresponding random variables.

Initialization

The complexity of the non-linear optimization model built for
NL-Taylor method is significantly higher compared to a QP
required for the LPV-EM controller. Therefore, the model
construction requites more time and hardware resources.

Precision

In this simulation example, the proposed LPV strategy with EM
achieved a lower tracking error compared to the state-of-the-art
approach (NL-Taylor). This can be explained by the fact that
the analytically calculated moments (14a) provide a more accu-
rate prediction with model (12) than the Taylor approximated
moments (132). Moreover, the time evolution of the scheduling
error (Figure 4) suggests that the iterated solutions show a good
convergence to an exact solution of the non-linear problem
(22) equipped with exact moments. It is worth remarking that
the iterated LPV-EM is potentially more conservative (overly
cautious) compared to the NMPC with EM, since the vatiance
cost terms of (20) are not considered during the QP iterations.
However, the obtained predictions in Figure 5 suggest that the
iterated LPV-EM approach is conservative to an acceptable
degree compared to the NL-Taylor method. Namely, the uncer-
tainty of the predictions is not significantly higher compared to
non-linear method.

Computational efficiency

The computational time indicators in Table 1 show that the
moment calculations in the LPV approach accounted for the
bulk of the processing time during the control execution. How-
ever, the overall processing time is lower than the cumulative
solver time of the NL-Taylor approach. Note that this is a sig-
nificant achievement in itself, as even if NL-EM MPC is less
conservative in its prediction model, it has been reported to
have much higher computational cost than the NL-Taylor vari-

ant. The fact that the LPV-based solution makes the EM option
faster than the NL-Taylor, brings higher accuracy reachable
with even lower computational time compared to the existing
state-of-the-art. This highlights the overall magnitude of the
contributions of this paper.

Due to computational limitations, the comparison of the
proposed approach with the NMPC (22) using analytically
computed moments (NL-EM MPC) was not possible for this
example. Therefore, in the following subsection, we consider an
academic example to perform a relevant comparison.

5.2 | Academic example
Consider the forced Van der Pol oscillator with an additive non-
linear term as follows:

D'Cl = Xz, (46?1)
Sy = (1= x7)xy = 51 + 2+ g4 (x2), (46b)

where xq is the position, x, is the velocity of the oscillator,
and # is an external force input. The output is the position
x1, which is meant to follow a reference trajectory. In (40),
function gy represents a non-linear friction phenomenon, which
depends only on the velocity of the system. The friction func-
tion is illustrated in Figure 6 (solid black line). In Figure 8, the
limit cycle of (46) is displayed with and without the friction
term.

In this simulation study, the non-linear friction g4 is con-
sidered to be unknown and hence approximated by a GP.

. } N
To construct a training set Dy, = {(X2 (s z(7) }‘/= > we have
generated a few, not identically distributed test points x5 (/).
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10 ' ‘ . : 7 =14 (s) (ie, £ € {0,...,699}). For simplicity, the input was
——— Unknown function i optimized with K = 0in (18), and no input and state constraints
Measurements have been considered in this example. The inputs computed for
51 GP mean R | the stochastic DT model (47) have been applied to the detet-

2 x std. deviation | &

_10 L L L L L
-15 -10 -5 0 5 10 15

FIGURE 6 Non-linear friction characteristics and its Gaussian Process
model for the forced Van der Pol oscillator.

Then, the corresponding training outputs x(7) = g4(x2 (/7)) +
»(j) have been polluted by an additive noise » with variance
02 = 0.36. The hyperparameters have been tuned by maximiz-
ing the marginal likelihood of 7 under the training samples D ;.
The data points are visible in Figure 6 by the black dots. The
mean and variance of the estimated GP,(x,) are displayed in
Figure 6 with a 95% confidence bound.

A discrete-time prediction model for (40) is determined using
the explicit Euler discretization method:

&= f) + TGP (w), (37)

with sampling petiod 7; = 0.02 (s) and w = vec(x, #). In (47),
the nominal model is

xqp + 150

S(w) = , (49

)+ L (L= 7)o — Ty + T

whereas the unknown term gy(x,) in (47) is simply replaced by
the estimated GP (w) = GP,(x»).

A deterministic approximation (12) for (47) is derived accord-
ing to Sections 2.3 and 2.4 using exact moment matching (14a).
We consider two control approaches.

NL-EM MPC: Corresponding to (46) controlled by the NL
GP-MPC approach (22) with analytic moment calculations.
LPV-EM MPC: When the proposed iterated LPV approach
described in Algorithm 1 is applied on (46). The convergence
threshold in (29) is set to €, = 1073, and the maximum number
of LPV-MPC iterations is ., = 10. Algorithm 1 is executed
with the acceleration approach described in Remark 1 with
=5and g, =107

7,

acc acc

In both MPCs, we considered the same weight matrices O =
10* Ly, R = 0.1 in the cost functions. The prediction horizon
in both cases was Z\fp = 50, whereas the simulation hotizon was

ministic CT model (46) under ZOH actuation and synchronized
output sampling.

The resulting position and velocity trajectories in comparison
with the reference and the applied inputs are shown in Figure 7
for both GP-MPC approaches. The state trajectory achieved by
the NL GP-MPC approach is illustrated in the phase plot in
Figure 8 by the yellow dotted line.

The maximal error (0.68) between the achieved position
output and the reference is practically the same for the two
controllers. Their relative difference is within 0.3%. In this
simulation example, the proposed approach shows a good con-
vergence to the non-linear problem and requires in average
4 + 1 iterations . The average processing time of a single input
calculation required by the LPV approach is 0.115 (s), whereas
an input calculation during the non-linear MPC required
an order of magnitude higher (1.12 (s)) average processing
time.

The implementations are available in the public repository
[34].

6 | CONCLUSION

In this paper, a novel LPV approach is proposed for a rapid
solution of GP-MPC problems for discrete-time non-linear
state-space models augmented with GPs. The core idea is that
by converting the mean and covatiance prediction model both
under Taylor and exact moment (EM) matching-based approx-
imation to an LPV form, the GP-MPC problem reduces to
a quadratic program. By refining the scheduling via succes-
sive solutions of the QP, rapid convergence to an optimum
of the GP-MPC problem can be observed, although there are
no analytic convergence guarantees. Compared to the majot-
ity of the sequential convexification techniques, the presented
approach has two main advantages. First, it does not require
to compute or approximate the gradient of the dynamic equa-
tion, but only simulate the non-linear dynamics over the control
hotizon. This makes it possible to perform MPC computa-
tions with a more difficult prediction models, in particular,
with exact GP moments. Secondly, the predicted state evolution
is provided using simulations of the non-linear mean-variance
prediction model.

Through illustrative examples, it has been demonstrated the
proposed LPV approach is capable to outperform sequential
convexification—based solution of the GP-MPC problem in
terms of realizing EM based GP-MPC, when the non-linear
solution is non-computable, and execute it with lower computa-
tional time than the much cheaper Taylor approximation based
non-linear MPC solution without any performance loss. Fur-
ther research is aimed at improving analytic computation of the
moments which currently contribute the largest to the overall
solution time of the proposed method.
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FIGURE 7  State and input trajectories (blue lines) achieved by LPV-EM (top) and NL-EM (bottom) GP-MPC methods compared to the reference trajectory
(dashed red line). The vertical dashed lines at time £ = 200 cortespond to the end of the applied input sequence, from which the predictions and their uncertainty

are illustrated by the orange lines and the shaded orange area.
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FIGURE 8 Phase diagram. The blue line illustrates the limit cycle of the
Van der Pol system, whereas, the red cycle is obtained when the system is
disturbed by the non-linear friction. The yellow curve illustrates the resulting
state trajectory when the system is controlled by the proposed GP-MPC
scheme.
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APPENDIX

A1 | Derivation of (20)

The derivation for (20) can be given in multiple steps, but it is
essentially based on a simple observation, which allows express-
ing the expectation of the squared weighted norm of a random
variable x as

E(llxl3) = lull?, + Tx(QX,). A1)
To prove (A.1), first, consider the following chain of identities:

OF, = QVar(x) = Cov(Qx,x) = E@xxT) — Op, ().

b//:Sdny) suonIpuoD pue suie | 8u1 eS *[£202/50/.T] uo Ariqiauliuo (1M ‘eIndwod Jojeimisul VLN AQ 0EPZT 2Uio/6v0T 0T/I0p/W00 A8 |1 Aelq1puljuo o eess e l//:sdny oy pepeoumod ‘g ‘€202 ‘ZG98TSLT

00 Aa|ImA

85U8017 SUOWIWOD dATea.D 3 geal|dde ay) Aq peuenob are sejonie O ‘esn Jo Sejn. Joy Akeiqi8uluQ /8|1 Uo (SUOnIpUOd-pue


https://doi.org/10.1109/TCST.2019.2949757
https://doi.org/10.1109/TCST.2019.2949757
https://doi.org/10.1109/ICRA.2015.7139033
https://doi.org/10.1109/ICRA.2015.7139033
https://doi.org/10.1145/1553374.1553403
https://doi.org/10.1145/1553374.1553403
http://openknowledge.nau.edu/id/eprint/5501
http://openknowledge.nau.edu/id/eprint/5501
https://doi.org/10.23919/ECC.2018.8550162
https://doi.org/10.1016/j.sysconle.2012.04.010
https://doi.org/10.1016/j.sysconle.2012.04.010
https://doi.org/10.1109/CDC.2016.7798816
https://doi.org/10.1109/CDC.2016.7798816
https://doi.org/10.1080/00207179.2017.1316017
https://doi.org/10.1080/00207179.2017.1316017
https://doi.org/10.1016/j.jprocont.2005.06.003
https://doi.org/10.1016/j.jprocont.2005.06.003
https://doi.org/10.1109/MCS.2016.2602087
https://doi.org/10.23919/ACC.2019.8814476
https://doi.org/10.23919/ACC.2019.8814476
https://doi.org/10.1109/ALLERTON.2019.8919857
https://doi.org/10.1109/ALLERTON.2019.8919857
https://doi.org/10.1002/rnc.4973
https://doi.org/10.1002/rnc.4973
https://doi.org/10.1109/CDC45484.2021.9683612
https://doi.org/10.1109/CDC45484.2021.9683612
http://arxiv.org/abs/1705.10702
http://arxiv.org/abs/1705.10702
https://doi.org/10.1007/978-3-642-13812-6
https://doi.org/10.1007/978-3-642-13812-6
https://doi.org/10.1109/ACC.2008.4586493
https://doi.org/10.1109/ACC.2008.4586493
https://doi.org/10.1007/s12532-018-0139-4
https://doi.org/10.1007/s12532-018-0139-4
https://doi.org/10.1007/s10107-004-0559-y
https://doi.org/10.1007/s10107-004-0559-y
http://docs.mosek.com
https://gitlab.com/ppolcz/Pr1_LPV_Impl_for_GP-MPC.git
https://gitlab.com/ppolcz/Pr1_LPV_Impl_for_GP-MPC.git
https://doi.org/10.1049/cth2.12430

984 |

POLCZ ET AL.

Then, we take the trace of the expression above to obtain:

Tr(QZ,) = E(x"0x) — (i) O ps (A2)

Equality (A.1) is a direct consequence of (A.2). Accordingly,
the squared weighted norm of the output error at time &+/
predicted at time £ can be expressed as follows:

ICx(il&) = rk+DI, = ICH (&) — rk+DII,

+Te(QCE (R CT). (A3

Secondly, the input cost is expressed as follows:

E(ll#G1&)N1%) = E(llp,(i1£) — K (x(14) — u (01#))11%)

= |, CIRNG + TeREZ (&) KT (A4)

The same expression for the expectation have been reported in
the literature, for example, in [25] although without the provided
explanation given above.

85U8017 SUOWILLOD BAEa.D 3|t (dde aup Aq peussnob are ssoiie VO ‘8Sn JO SNl 10} ARIqiT8UIIUO /8|1 UO (SUORIPUOD-PUR-SWIBIW0D A8 | 1M ATe1q1 U1 |UO//SdNL) SUOIPUOD pUe sWws | 84} 885 *[£202/50/2T] Uo ARiqiauluo A8|im eindwioD Joy eisul v LIN A 0EZT 2UI0/60T OT/I0P/W0 A8 | 1M AeIq Ul JUO"Yo1essa. i 1//Sdny Woiy papeojumod ‘8 ‘€202 ‘2598TSLT



	Efficient implementation of Gaussian process-based predictive control by quadratic programming
	Abstract
	1 | INTRODUCTION
	2 | MODEL AUGMENTATION
	2.1 | System model
	2.2 | Augmentation by a Gaussian process
	2.3 | Model approximation
	2.4 | Approximative non-linear prediction model

	3 | THE PREDICTIVE CONTROL PROBLEM
	4 | EFFICIENT SOLUTION BY LPV ITERATIONS
	4.1 | LPV reformulation
	4.2 | The iterative LPV-MPC algorithm

	5 | EXAMPLES
	5.1 | Robotic arm simulation example
	5.1.1 | Dynamic motion model
	5.1.2 | Data generation
	5.1.3 | GP estimation
	5.1.4 | Predictive control designs
	5.1.5 | Results and discussion

	5.2 | Academic example

	6 | CONCLUSION
	AUTHOR CONTRIBUTIONS
	ACKNOWLEDGEMENTS
	CONFLICT OF INTEREST STATEMENT
	DATA AVAILABILITY STATEMENT

	ORCID
	REFERENCES
	APPENDIX
	A.1 | Derivation of (20)



