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Abstract

In this article, a new model predictive control approach to nonlinear stochastic
systems will be presented. The new approach is based on particle filters, which
are usually used for estimating states or parameters. Here, two particle filters
will be combined, the first one giving an estimate for the actual state based on
the actual output of the system; the second one gives an estimate of a control
input for the system. This is basically done by adopting the basic model
predictive control strategies for the second particle filter. Later in this paper, this
new approach is applied to a CSTR (continuous stirred-tank reactor) example
and to the inverted pendulum.



Introduction

1 Introduction

Model Predictive Control (MPC) is an established technique used for the control
of mainly linear or linearized deterministic technical systems. Since nonlinear
systems with intrinsic non-Gaussian disturbances are abundant especially in
chemical and biological applications, there is an increasing need for the
development of control strategies for nonlinear stochastic systems. With usual
MPC, the control problem is formulated as an optimization problem. We show
that, in a stochastic setting, the control problem can be reformulated as an
estimation problem, in fact solutions are estimators based on smoothing
densities of the stochastic system. It is generally impossible to compute
analytical solutions to this problem in the case of nonlinear non-Gaussian
systems. During the last 15 years, Sequential Monte Carlo methods (particle
filters) have proved to be a powerful tool for the computation of approximate
solutions. In this article, we want to show that by using two nested particle
filters, one for state estimation (filtering), and one for horizon prediction, the
MPC idea can be directly transferred to stochastic nonlinear systems. We will
also show that complex control strategies can be easily incorporated into the
procedure.

The article is structured as follows: After this introduction, we first describe the
standard MPC approach for deterministic systems. Section 3 is devoted to
stochastic state space models and Sequential Monte Carlo (SMC) methods. Our
approach of applying two particle filters to the realization of MPC in this
stochastic setting will be presented in section 4. We relate our approach to
previous work in section 5, followed by the application of our method to two
different stochastic systems in section 6. Conclusions and future work in section
7 are followed by an appendix where we present the proof of the theorem
stating that our approach is indeed correspondent to classical MPC in the
special case of deterministic systems.

2 Model Predictive Control

Model Predictive Control (MPC) is a class of predictive controllers which started
developing in the late seventies. In contrast to the traditional control schemes,
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such as PID-control, the input signal determined by an MPC-controller is not
derived by only taking the actual system state into account. Instead, the MPC
approach makes use of a process model which describes the system dynamics to
predict the future behavior of the considered real system for a certain prediction
horizon T,,. Based on this prediction the control inputs are determined in such a
way that a given objective function will be minimized. Then the first input of the
obtained control input sequence is applied to the system. At the next sample
point, prediction and minimization are repeated for the same horizon, but are
shifted one time step. An introduction to MPC can be found in [6].

2.1 Deterministic formulation of MPC

In this section, we recall the classical deterministic MPC approach. For discrete
times k =0,1,2,..., the control system is given in state space representation by
the difference equations

Tyl = f($/g,uk;), )
Yk = g(wp),

with given initial state 2o and subject to constraints given by

r, € X CR"
up €U C R™.

Here, x, is the state, u, the input and y;, the output of the system at time step
k. Further f: R™ x R™ — R", g : R — R% and k£ € N. Usually X and U/ are
given by box constraints:

X = {33 e R" ‘xmzn <z < xmax}
U= {U e R™ |Um'm <u< Umaac}

where Zoin, Tmaz, Ymin aNd Umaee are constant vectors.

The MPC strategy is to solve an open-loop optimal control problem at every time
step k for a certain prediction horizon T,,. For a fixed time £, this optimal control
problem can be formulated as an optimization problem with respect to a certain
functional J(w, tk: (k41> Tp), Where we define .11,y := {Uk, - - -, UktT, }-
The bar over the variables indicates that the control inputs u;,
j=kk+1,...,k+T, are meant to be predicted at the given fixed time point
k. It has to be distinguished from the real controls u,, for variable time k.

The optimal control problem is generally stated as

_ min J(fEk, ﬂk:(k+Tp) ) Tp) (2)
Uk:(k+Tp)
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subject to

T = [(Z), ;) (3)
yi = 9(@;) (4)

forje{k,...,k+Tp} withz; € X CR", u; € U C R™. The bar over the state
variables z; indicates again, that the respective states are meant to be
predictions of the states at the fixed time &, to be distinguished from the actual
states z;, when k varies. Usually, further constraints on the controls @; are
required, e.g. that the difference between successive controls Au; = @ — w1
is small. In the ideal case, the initial value zy is the actual state of the system at
time k, T = . Usually, either only disturbed measurements of the states are
available, or, if the state is not fully accessible, it has to be estimated via an
observer based on the actual system output .

The functional J = J(z, ty.(k+1,), Tp) usually has the form

k+T, k+T,
T=> laj—a;alg+ > lsj — %
=k j=k+1

where the norms denote weighted Euclidean norms with weights given by
matrices (@ and R respectively. The first term realizes the mentioned contraints
on Au; and penalizes too large values for these differences. The second term
penalizes deviances of the system states from given setpoints s;. These
setpoints denote the trajectory of the system states which shall be preferrably
attained through the control of the system.

Let uy, ;. 1, ) denote the optimal solution of the open-loop optimal control
problem obtained at time k, i.e.

* _ . —
Uki(k+Ty) = BT80N J (@, Wpe gty Tp)-

Generally, only the first value uj, of this sequence will be used as control input
for the time step &, and the rest of the sequence will be discarded. At the next
time step k + 1, when a new system output yy, is available, the optimization
procedure will be repeated. In this way, one hopes to circumvent problems
arising from differences between the real system and the model used for
prediction, for instance due to linearization or time-discretization effects, or due
to unmodelled disturbances or imperfect state estimates.
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3 Particle Filter

We will now proceed from deterministic systems to stochastic systems. Since all
real systems show stochasticity in some way, be it measurement noise or
intrinsic disturbances, and since there is always some uncertainty left in
modeling, it is natural to include this stochasticity into the models used for the
purpose of control. While Gaussian noise is often straight away to be included
especially into linear systems to which classical MPC can be applied,
non-Gaussian disturbances and nonlinearity are often significant in chemical
and biological applications. In these cases, classical MPC may fail due to the fact
that it usually only works on linearized or approximated models. In this section,
we therefore describe general stochastic state space models and the particle
filter algorithm which can be used to compute approximate solutions to
estimation problems occurring in these models. In the following section, we will
then use the particle filters for the realization of an MPC approach with
nonlinear, non-Gaussian stochastic state space models.

In general, the deterministic system given by eq. (1) can be augmented by
stochastic components (variables) vy and 7, denoting state and observation
noise, respectively. With difference equations, the stochastic system can be
written as

Tp1 = fag, uk, vg),
Uk = (T, M)

Since for all k, the values v, and n;, are realizations of stochastic variables, as xy,
and y,, are, too, we could alternatively define our system using the
corresponding conditional probability densities

Thg1 ~ a( - |[Tr, ug),
yr ~ br( . |zr),

with an additional initial probability density z¢ ~ ao(.) (the symbol ~ means
“sampled from”). In the following, we will use both descriptions
interchangeably. The latter representation of the system is called stochastic
general state space model. In the following paragraphs, we will give further
details. To simplify further notation, we will omit the control u; when writing
the conditional densities ay,.

3.1 Definition of Stochastic General State Space model

Let (2, F, P) be a probability space, and let (X, Ay) and (), Ay) be
measurable spaces, i.e. Ay and Ay are o-algebras on the sets X and ),
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respectively. Furthermore, let a o-finite reference measure py and py be
defined on each of these measurable spaces. Let X, : @ — X denote a
random variable on €2 for each k € N, and Y; : & — Y denote a random
variable on Q for each j € N*.

The general state space model consists of an unobservable state process
(Xk)ken and an observation process (Yi)ren+. The state process is a Markov
chain, i.e. a stochastic process with Markov property. This means that X},
conditioned on the past values is dependent only on the previous value, i.e.

P(Xk S dl’k|Xk_1 =Tp_1,...,X0 = 1’0)
= P (X}, € dog|Xp—1 = 21-1) -

Due to this property, the Markov process is completely described by the initial
distribution P(Xy € dx() and the state evolution for X} _; — X} (transition
distribution)

P(Xk € d(L‘k‘Xk,1 = xk,l) . (5)

The observation (or measurement) Y}, at time & is conditionally independent of
all other variables given X}. The dependency between Y} and Xj is given
through the observation distribution

P (Y, € dyp| Xy, = xp) . (6)

In the following, it is assumed that the initial distribution for X, and the
transition distribution for Xj| Xy _; are py-continuous, and that the observation
distribution for Y| X is uy-continuous. Then due to the Radon-Nikodym
theorem the distributions in egs. (5) and (6) can be expressed by densities ay,
and by, respectively:

P(Xk S dﬂ?k‘Xk_l = $k—1) = ak(ka|xk_1)ux(d:zk)

and
P (Y, € dyp| Xi = wx) =: be(yr|zr) ny (dyr)-

The general state space model is then completely given by providing the initial
state density ag(z¢), the state transition density ay(zx|xx—1), and the
observation density bx(yx|zr). Graphically the general state space model can be
depicted as in Figure 1. Sometimes this model is referred to as Hidden Markov
Model (HMM), but usually systems are only called HMM if the state space X is
discrete and finite. We do not require these or other properties like linearity or
Gaussianity.

Since the state process Xj.,. is not observed directly (i.e. realizations of this
process are not known) but solely through the observation process Y;.x, the
main task in a general state space model is to do inferences on the states Xg.
given only realizations (observations, measurements) y;.; of the observation
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Figure 1

ar(Tk|TK—1)

————— > Lp—1 —> T —> T4l ----->
\ \ \
Yk—1 Yk Yk+1
br (yx|7x)

Diagram of the General State Space Model

process Y7.; (called state estimation or filtering). The basis for this is the
computation of the joint smoothing distributions

P(Xox € dr1.g|Y16 = y1:1)
or, for practical reasons, the filtering distributions
P(X}y € deg|Yik = y1:k)

for each k. Once these distributions are known, the computation of point or
interval estimates is possible. Nevertheless, the computation of joint smoothing
and filtering distributions (or their densities) in general state space models is a
major problem.

As in the majority of particle filter literature, given an arbitrary random variable
X, we will now write p(dx) for distributions P(X € dx), and if they have
densities with respect to a reference measure p, they will be denoted by p(z).
Except for the densities a; and by, all other densities will just be denoted by p.
Which density is meant will then be clear by its argument or by its context. For
instance, the joint smoothing distribution P(Xo.x € dxo.k|Y1.x = y1.x) Will just
be written as

p(dzo.p|y1:k)-

Furthermore, z will now denote the random variable X and its realization at the
same time. From now on it will be assumed that X = R™ and ) = RY, the
o-algebras Ay and Ay are the corresponding Borel -algebras, and also that
the reference measures px and py are the Lebesgue measures.

3.2  The Particle Filter algorithm

The particle filter is a sequential Monte Carlo method which allows the
approximate computation of joint smoothing and filtering densities in general
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state space models. Introductions to particle filters can also be found in [7], [2]
and [11]. The basic idea is to approximate the targeted smoothing distribution
p(dzo.k|y1.x) by a cloud of independent and identically distributed (i.i.d.)

random samples {:c((]’l,z‘ =1,..., Ny} with associated weights

{wl(f),i =1,..., N}, which satisfy >, w,(f) = 1, so that the target distribution at
time k can be approximated by

p(dxo.klyrk) = Zwk J 20 (dzo.1)

where § 24 y (dzo.x) is the delta-Dirac mass in x(’)

1 Ifx e € dxog

0 w (dzog) = ’

IS;L( To:k) {0 else.
()

The tuples (z.,, w (”)) are also referred to as particles. Due to degeneration
problems one usually restricts the attention to the filter distribution p(dx|y1.x),

k=1,...,N, approximated by the particle cloud (x,Q,w,S))Z , in step k& which
can be interpreted as a representation of an empirical measure

dmk Zwk (1 dzk

For instance, it can be used to compute estimates of the mean, median,
confidence intervals and quantiles of the filter distribution.

One particle filter algorithm is the SISR algorithm, which will be described in the
following paragraph.

3.3 SISR algorithm

The SISR (Sequential Importance Sampling with Resampling) algorithm can be
implemented with any choice of importance densities

QO(‘TO) and q](x]|yj7x]—1)7 j: 17"‘7k7
provided that their support is larger than the support of
ao(ﬂ?o) and bj(yj]a:j)aj(xj\asj_l), j= 1,...,k,

respectlvely The SISR algorithm works on a set of N; state samples x " and
weights w; ), i=1,...,Ns, jointly called particles, where the sample size N;
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should be large. The state samples will be propagated according to the
importance density ¢; iteratively for j =1,...,k, and the weights will be
updated using the system model and the measurements. To avoid a
degeneration of the particle set, a resampling step is necessary. The
degeneration can be measured in terms of the effective sample size (ESS) which

can be estimated via
. N,

NHZW.

e
If this estimate is below a threshold N < N, a resampling step will be done.
Resampling (randomly) selects particles from the given particle set with
probability given by the weights. This selection can be done in several ways. We

use systematic resampling to compute the resampled particles 2 and weights

(2).

Wy’
e Divide the unit interval into N, disjoint intervals

i—1 i
)

e Sample @ uniformly from ¢£[0, 1] and set

l—1+a
Hm_>--"%
U N,

o Setzl” = 20 with i such that u® € I; and set w”) = 1/N, fori =1, ..., N,.
The complete SISR algorithm is then given by:
 Initialization:
— Sample a:gl) from go(zo) independently fori =1,..., N;.
- Compute the weights o
)

y  ao(xl
wy) = =0
qo(zq”)

e |[terationoverj=1,...,k:
If Negf < Nr, resample.

Sample x}i) from qj(xj]yj,xg.ill) independently fori =1,..., N;.
Compute the unnormalized weights

@ @) bj(yj|$§i))aj($j|$§i21)

w: = w: - -
gi(@ly; )

J Jj—1

fori=1,..., N;.
Compute the normalized weights
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— Compute some statistical estimates (mean, median, confidence intervals

etc.) based on the weighted particles (azy), w](.z)), 1=1,...,N,.

3.4  Choice of importance distribution

The effectiveness of the algorithm is heavily dependent on the choice of the
importance densities g;. The optimal choice is

qo(x0) = ao(xo)

and
a;(z;lyj, xj—1) = p(x;ly;, xj-1)
_ bi(yjles)ay (sl 1) 7)
p(y;lej-1)
with unnormalized weights
@) = i p(yslai1)

where

p(yslzj-1) = /bj(yjlfﬂj)aj(iﬂj\ﬂfjl)dﬂﬂr
Unfortunately, this choice is usually not available for two reasons: sampling from
p(xjly;, xj—1) is impossible and/or p(y;|x;—1) is not analytically computable.
In contrast, the easiest but not always good choice is to use the initial and
transition densities of the model:

QO('TO) = ao(l‘o)

and
a;(x5ly;, wj—1) = aj(z;lzj-1). (@8)
In this case, the unnormalized weights are just
12}](1) :w§?1bj(yj|xj) fori = 1,..., N,

4 PF-MPC: Particle Filter - Model Predictive Control

The main idea behind our new approach is to use two distinct particle filters,
one serving as state estimator in the standard way, and the other as predictor
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for the control input of the model. This latter usage of the particle filter
distinguishes our approach from others which use the particle filter algorithm;
there, it is mostly used for state estimation only. In detail, our approach is the
following:

Given a stochastic control system of the form

= f(Th—1,Uk—1,Vk—1),
Y = g(xkank)a

with initial condition xg = Z¢ + v_1, where f and g can be nonlinear, and where
the noise v_1 and 7, need not be Gaussian, we may equivalently write this
with corresponding state transition and observation densities (see beginning of
section 3)

ap(Tk|Tp—1, ug—1),
b (Yk|7k),

with initial density ag(x¢). During the run of our proposed MPC controller,
when, at a fixed time k, the measurements y; become available und the next
control input uj has to be determined, the first particle filter is applied with
these densities as underlying model. This is done with the aim of estimating the
filter distribution

p(dwg|yis, ur—1)

by approximating it with a cloud of particles (see section 3). From this particle
cloud, a point estimate #, for the actual state could be computed which could
be used in the optimization procedure of the usual MPC approach, as it has
been previously proposed. In contrast, we forward the complete particle cloud
(together with their weights) to the second particle filter, which is initialized
with these particles. The second particle filter works on different states and
“observations”, as will be explained in the following. At the fixed time &, each
control sequence ..+, for the horizon j =k, k +1,...,k + T, can be seen as
a realization of a stochastic process (Markov chain) Uk:kJer which is completely
determined by its initial density a,, x(@) and the transition densities
ay,j(ujluj—1). These densities have to be provided by the user; as we will show
later, they can be derived from the chosen control strategy and from potential
constraints required for the controls. Given a realization .., of the process
Uk:kt1,, it is possible to successively sample realizations z; given z;_; and @
for j =k, ...,k + T, from the state transition density a; of our original system,
once an initial value zy is given. We note that the joint process

(Xk:k+1,5 Uk, ) is also Markovian, the initial distribution being given by

ax (T, Ug)dTdty = Oy, (dTy)ay g (Ux)diy,
and the transition density being given by

a;j(Zj, U551, Uj—1) = o j(Uj|05-1)a;(Tj|Tj-1,85-1).

10
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Considering now given setpoints s;, we need a function which compares state
realizations z; with these setpoints s;. In general, one could use any conditional
density function b;(s;|z;) or even b;(s;|Z;, @;) (depending also on the control
value) which is maximal if z; is optimal with respect to the setpoint s;.
Generally, in all cases where the term

k4T,

> llsi— iR

j=k+1

appears in the functional J, a natural choice is the multivariate Gaussian density
hola:lr. 7.) — 52
b](8]|x]7uj) - (27T)n/2|R’_1/2 exp(HS] w]”R)

forj=k+1,...,k+ T, (cf. Theorem 1). With this in mind, we have set up a
general state space model with combined state (z;, @;) and “observation” s;
given by the transition and observation densities

a;j(Zj, Uj|Tj-1, Uj-1), 9)
bj(sj|Z;, 1) (10)

If we initialize this with the states from the particle cloud of the first filter, and
additionally sample suitable first controls w;, (which we usually condition on the
last applied control u}_,), then this allows us to use the Particle Filter algorithm
to compute successively for each 5 an approximation to the “joint smoothing”
distribution

(AT, dtig:;|sk41:5)

which in turn leads to an approximation to the marginalisation
p(dtig:j|Sp11:5) = / (AT, dUig:j|Sk41:5)-
CEk:j

Since the former distribution is given via a particle approximation, the latter
marginalization is easily obtained by just discarding the values z; in the
particles. Finally, for j = k + T},, we get an approximation to the distribution

P(dUg:p47, | Skt 1:04T, )
and marginalizing out all @;’s except the first one, we get an approximation to
the distribution

p(dig|spr1:611,) = / AUk 11, [ Skt 1:64T3,) -

Uk+1:k+Tp

This last distribution can be interpreted in a Bayesian sense as the posterior
distribution for the control uy, given setpoints sy 1.,47,, and is in this sense

11
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Figure 2

optimal for given densities a; and b;. In this way, the second particle filter
estimates an approximation to the distribution of the next control u; under the
aspect of reaching predetermined setpoints si1.x+7,, as is the aim of common
MPC. Then a point estimate u}, of the approximating particle distribution

PN, (dug|ski1:147,) Can be computed, for instance the mode, mean, or median.
The obtained point estimate uj is then applied to the real system as control
input until the next time step, in which the procedure is repeated. Thus the
main MPC strategy is adopted. In figure 2 the control loop is sketched. Note

System Model Setpoints

e

[OERONE
T i=1,...,Ng
(" wi )l SRSEAL) Particle Filter

Plant —Z% | Particle Filter

uk Point (@D, 0M))i=1,... N}
Estimator

Sketch of the PF-MPC control loop at time &

that in the second particle filter, the setpoints s; play the role of measurements
in a standard particle filter.

4.1 Further implementation details

Figure 3

As mentioned above, the second particle filter, used for control prediction, has
an expanded state (z;, ;) and thus is applied to a different model than the first
one. The general state space model at time % has the form

@j(i’j,ﬂj’i‘j_l,ﬂj_l) (11)
bj(s;12;, ;) (12)

forje{k+1,...,k+T,}, see figure 3.

a;j(Zj, uj|2j-1,U5-1)
Tj—1 Tj Tjt+1
————— > E— _ — -F---
Uj—1 uj Ujt1
| | |
Sj—1 S5 SR

bi(s;];, )

General State Space Model for the second Particle Filter

12
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This can be seen as the general state space representation of a system

zj = f(Zj—1,Uj-1,0j-1) (13)
Uj = fu(fj—17uj—1,6]—1) (14)
sj = g(z;,u5,0;) (15)

forje{k+1,...,k+T,} with v;_1, ;-1 and 9; being random white noise
following certain distributions. The initial conditions for this system as well as
for the general state space representation are discussed later in this section. The
functions f, f, and g, have to be chosen in the following way:

e The function f in eq. (13) is the same model, describing the state transitions
of the real system, as it is used in the first particle filter. Also the noise v;_; is
sampled from the same distribution.

e The function f, in eq. (14) defines the transition of the future control inputs.
For example, if we choose

fulZj1, -1, 0j-1) = @j—1 + Dj_1,

then @; lies in a neighborhood around its predecessor @;_;. If we choose the
0j-1's as samples from a normal distribution A(0, ), the control input is
constrained in a sense that the effort Aa; is kept small depending on X. The
effect on the control input u; is similar to the effect of the term ||Aal|g of a
usual MPC objective function J. This link is further discussed in section 4.3.
If one is not interested in keeping the control effort small one can set

ful@j1,0j-1,05-1) = Dj1

and let the o's for instance be normally or uniformly distributed. The control
u; is then independent from its predecessor u;_1. This makes constraining
the input quite easy, which will be further discussed in section 4.2.

e The function g in eq. (15) defines the setpoint equation as part of the control
strategy. The idea (and the actual meaning of this equation) is to define the
constant s;, the function g and the stochastic noise variable V; in each step j
in such a way that the constant s; can be seen as a realization of the
stochastic variable )

Sj = 9(X;,Uj, Vj)-
In the simplest case, s; is a fixed value which denotes the desired state the
system should attain, and g is defined as

9(X;,U0;, V) =X; +V;
with normally distributed V] with mean 0 (and some given variance o?2).

Since in this case V; = S; — X, this actually means that we expect the

stochastic variable S; — X to be normally distributed with mean 0, and each
realization s; — x; to be sampled from this distribution. Since s; is fixed, this
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means nothing else than that we expect the state z; to be normally
distributed with mean s; (and variance o2). This is at least what we would
like to attain in the controlled system. Nevertheless, the freedom in the
choice of s;, g and Vj; allows much more complex control strategies which
are moreover allowed to depend on the internal states x; (via the function
g). An example of a complex control strategy can be found later in the
pendulum example (section 6.2.1).

The initial states E:S) and weights u?,(:) are determined through the first particle
filter in figure 2.

T = T
IT);(;) _ w](;)
foralli=1,..., N,. Initial controls ﬁ,(f) are obtained by using uj_, and some

distribution ’
0} ~ g (dguf )

or, equivalently, by a function

ﬂg) = fuyk(uzfla 6](;21)7

for example

) =t + ol

where 17,(:) is some appropriate white noise (which may be identically

distributed for all k).

Naturally, the particle filter is formulated for complete paths, like ﬁg)ﬂl for
le{1,...,T,}. Usually one discards the paths and keeps only the last value
ﬂ,(;)l. The reason for this is resampling, which is a necessary step in the particle
filter algorithm to avoid weight degeneration. Nevertheless, due to this
resampling step, the particle paths degenerate, and hence the paths are usually
discarded and only the last value is kept. Here, the paths cannot be discarded
completely, since the a,(j)’s are needed for determining the control input. So, the
values a,@rl:kﬂ_l are discarded and only (ag),ag}rl) is kept, which then also
undergoes resampling. Practically this can be done by introducing the following
constant transition to (13)-(15):

ﬂj = ﬂj_l with U = Ug. (16)

The unavoidable degeneration of paths in the SISR algorithm also implies that
the prediction horizon T}, should not be chosen too high.

So altogether the setup for the second particle filter is the following: First initial
controls ag) are created, then they are forwarded together with initial states

14
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(wg), w,(f)) to the second particle filter with underlying equations (13)-(15) and
(16):
zj = f(Zj-1,Uj-1,0j-1)

;= fu(Tj—1,1j-1,05-1)

defining the following densities:
a;j(Tj, U, Uj|Tj—1, Uj—1, Uj—1)
bj(sj|7;, ;)
forje{k+1,...,k+1T,}. The result after T, prediction steps is then
=) (@) ~(0) () L
{(xk;-Tp’ uk;z_g-Tp’ ukZ+Tp7 /wkz-‘er)h’ = ]_, ey NS}

These particles are then forwarded to a point estimator, where the control input
uy is obtained from

(@), @) )i =1,....N;}.

The mean, for instance, is obtained by

) ()
Z akZ+Tp wkz-l-Tp :

=1

In figure 4, the PF-MPC control loop is presented in the particular case in which
the transition density of the system is chosen as importance density (see the end
of section 3). The grey numbers in figure 4 give the order of actions.

Overall, the control loop works as follows:
e Initialization:

- Sample a;((f) from go(zo) independently fori =1,..., Ns.
— Compute the weights

e lterationoverk=1,...,N:
- If Nogf < Nr, resample.
- Sample mg) from qk(xk]yk,mgll) independently for: =1,..., N;.
— Compute the unnormalized weights

@ beele)an(zela )
Wy, = W2y

T (fﬁg) Yk, fB,(fll)

fori=1,...,N,.
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Figure 4

Plant Yk Particle Filter (a)

* o) ~ap(aple) (@ w)li=1,. N
Storage wﬁj) o b (y \TEZ))
{('775311-,“1[(;_)1)} ]

*
Uk—1

Particle Filter (b)

uk+T VU}IH»T

Point {(@ = (i) (4) Ni=1,...,N,} (’T(x)ﬂgz) ”@) ~ a;(Zj, 4, U; \i‘gi) ﬂgi)l u( )1)
Estimator ( ) i)

iy
o<w§)1),( 7\1 77()”)

jE{k+1,...,k+Tp}

PF-MPC Control Loop

— Compute the normalized weights

(@)
(4) W :
w’=—%* _  fori=1,...,N,.
Conhaey

— Control Umt— Initialization:
x Sample u( from ay i (Ug|uy_,) independently fori =1,..., N.
x Set $(Z) :):k ) and w,i) —wk)forz—l , N,.
- Control Unit — lterationover j =k +1,..., k + T
% |If Neggf < NT, resamplg. |
« Sample gj(?) = (fg.l),ag.’),a(z)) from

J
(g @
qJ(§J|5J=§j—1)

independently for: =1,..., N;.
» Compute the unnormalized weights

~(0) _ () (Sj‘x aa§ )a/_](§]|£] 1)
wj - £
g (€5 1s5,€5,)
fori=1,..., N,.
x» Compute the normalized weights
= (4)
. w:
w(l):ﬁ fori—l NS
ZL:SI 7
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- Control Unit — Compute some statistical point estimate (mean, median,
mode etc.) based on the weighted particles (ﬂ,@er, w,(ng) to obtain

4.2  Constraints
4.2.1 Control input constraints

Apart from the possibility to require constraints for Aw; as described above, it is
easy to require constraints for the controls @; directly. Without loss of generality,
the control input is here assumed to be one-dimensional. One can distinguish
between hard and soft constraints. Soft constraints mean that the input should
lie in some specific region most of the time, but is allowed to leave the region
sometimes. In our case, the constraints have to be formulated with the help of
prior probabilities for @;. One example of a soft constraint is setting the input
transition equation (14) equal to:

uj = ’lN)j_l with ’l~)j_1 ~ N(O, 02).

In this case the input lies around the origin and the variance ¢? indicates the
region where most of the inputs lie.

Hard constraints on the input mean, that the input has to lie in the interval

[a, b], with a,b € R. For this and the multi-dimensional case, the hard
constraints are just box-constraints. These box-constraints can be realized in our
case by setting equation (14) equal to:

Uj = V51 with Vi1~ U(a,b).

4.2.2 State/output constraints

Hard constraints have to be formulated in the system model or transition
density, respectively. If this is not the case, constraints can be violated due to
disturbances or the Euler-Maruyama discretization (see section 6). For that
reason, only soft constraints are formulated here. These soft constraints are
formulated as densities inside the observation density (15). There is no general
way to do so, they have to be individually formulated for each case. Later, an
example of how to handle constraints on the states will be given, when we
discuss the control of the inverted pendulum, see section 6.2.2.

4.3 Link between classic MPC and PF-MPC

In this paragraph, we want to establish a link between classic MPC and the new
developed particle filter approach in a particular case. We assume that our
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system is deterministic, or that the expected value of the disturbance is taken as
the nominal value of the system. This is the setup as in classical MPC. Since we
still want to work in the proposed framework, our model is stochastic; this leads
to delta distributions in the state transitions. In Theorem 1, it will be shown that
PE-MPC, with this special setup, is doing approximately the same as classic MPC.
But note that this is a theoretical result; the PF-MPC is applicable to a much
broader class of systems than classical MPC, and in this particular case, the
algorithm may be ineffective due to the delta distributions of the state
transitions.

Theorem 1 For a fixed time k, let the following system be given

Tj = f(Zj_1,u5-1), (17)
Uj = Uj—1 + 01, (18)
S :.i‘j—i-f}j, (19)

withj e {k+1,....k+T,}, T, >k f:R"xR™ - R", §;_1 ~ N(0,Q~1) and
0; ~ N(0, R7Y), where Q € R™*™ and R € R™ "™ are symmetric positive
definite matrices. Let initial T, = %), and uy_1 be given and iy, = ty_1 + Up_1
with o1 ~ N'(0,Q~1). Then the mode of the distribution

(Ut T, Skt 104 T, ) AUk 1T,

(i.e. the value where the maximum of the corresponding density is attained) is
reached at the same point as the minimum of a usual MPC functional

k4T, k4T,
J = Z ;= aally+ D s — &%
i=k+1
Thus
arg max p(Up:k+T,|Sk+1:k4T,)
Ul fo+T, 13
k4T, k4T,
—argu;rin Z Iy — il + > llsi — &l

i=k+1

where &; = f(&;—1,u;—1) Is recursively defined, starting with Zy.

The proof will be presented in section 8.

The theorem shows that the PF-MPC approach does approximately the same as
classic MPC, in the special case where the system from Theorem 1 is chosen and
the mode is taken as point estimator — keeping in mind that the second
particle filter computes just an approximation of the distribution

P(Uk:kr 1, | Skt 1:k4 T, ) AUy T, -
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Relation to existing methods

In the majority of articles which use the particle filter algorithm for Model
Predictive Control, the particle filter is exclusively used as state estimator by
computing a point estimate from the particle cloud. This point estimate is then
used in the usual MPC optimization procedure. Our first particle filter serves the
same purpose of state estimation, but in contrast we use the complete particle
cloud for the subsequent steps of determining the control input. In the
overview article [1] the authors present methods where the optimal control
input is either found by enumeration (in the case of only finitely many possible
controls) or by gradient methods (in the continuous case). A more recent article
is [5], but also here, SMC methods are used only for state estimation. Another
approach with particle methods was taken by [4], the idea there is to
approximate the original stochastic control problem by a deterministic one, thus
avoiding the use of particle filters at all. The optimization problem is instead
solved with Mixed-Integer Linear Programming techniques. The approach which
possibly comes closest to our method is described in the recent article [15]
(which came to our knowledge only after the submission of this article). Similar
to our method, they, too, use a particle-based approach in the control
prediction/optimization step. In our notation, at a given time k&, they sample a
complete control path .., for each particle, and given this path, a state
path xy.k41,. This path is then used to compute incremental weights via a cost
function. In contrast to our approach, the path .17, is changed completely(!)
and the procedure repeated iteratively. The Monte Carlo method used there is a
variant of Simulated Annealing and, since the paths are always sampled
completely in each iteration, principally not sequential. In contrast, our
approach is fully sequential because incremental weights are computed for each
j after sampling of @; and z;, and resampling is applied if necessary. Also, in
contrast to Simulated Annealing as a direct optimization method, our approach
computes some kind of posterior distribution, and optimization is done more
indirectly. We expect a truly sequential method, as ours is, to be superior to a
method where complete paths have to be resampled. Nevertheless, this remains
to be shown in future experiments.

19



Examples

6

6.1

Figure 5

Examples

In this section, the PF-MPC control approach is applied to two nonlinear
disturbed systems, namely to a continuous stirred-tank reactor (CSTR) and to the
inverted pendulum. The PF-MPC controller is implemented in R, a language and
environment for statistical computing and graphics [18]. All computations were
made on a Thinkpad T60 with a 2GHz Core2Duo processor and 2GB of RAM.

Generally, the differential equations used for describing the CSTR and the
inverted pendulum are deterministic. In order to be able to introduce
disturbances we want to transform them into stochastic differential equations
(SDE). For discretizing these SDEs, the Euler-Maruyama method, which is similar
to the well known Euler method for ordinary differential equations, will be used.

Application to the CSTR

C  Current concentration

C; Feed concentration

T  Current temperature

To Feed temperature

¢  Coolant stream temperature

Sketch of the CSTR

A continuous stirred-tank reactor (CSTR) as it is sketched in figure 5 is a
chemical reactor. The reactor is fed with some chemical A with concentration
Cy and temperature Ty. Inside the reactor, a first-order exothermic and
irreversible chemical reaction A — B takes place. It is assumed that the interior
of the reactor is perfectly mixed. This means that the temperature 7' and the
concentration C' is the same at each point in the reactor. The reactor is cooled
by a coolant stream ¢. which flows around the reactor. The aim is to keep the
concentration C' of the product at a certain level. This is achieved by
manipulating the coolant stream, which is thus the control input of the system.
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Table 1

Only the temperature T' of the system will be measured (disturbed by some
measurement noise), the concentration C itself, which has to be controlled, is
not accessible directly. The CSTR can be modeled by the following differential
equations:

¢ = %(cf — O) - koCeFT (20)
= fl(C,T)
. q k‘oAH =
T=L(1-1)—
v To—=T) oo, Cerr
PcCpclc _—hA_
1 — eaerecne | (T, — T 21
+pCpV( eqpp>(co ) @0
= fQ(C,T)

where the parameters are set as shown in table 1. This specific example was

Parameter Description Unit Value
Cr Feed concentration mol/l 1
To Feed temperature K 350
14 Reactor volume | 100
q Process flow rate 1/min 100
Tc, Inlet coolant temperature K 350
hA Heat transfer term K cal/min 7 x 10°
ko Reaction rate constant 1/min 7.2 x 1010
E/R Activation energy term K 10*
AH Heat of reaction cal/mol -2 x 10°
0, Pe Liquid densities g/l 1000
Cpr Cpe Specific heats K cal/g 1

Parameters of the CSTR

taken from [5], which in turn had been taken from [3]. The CSTR will be
simulated and controlled using the PF-MPC approach. For that reason, we
transform the ordinary differential equations (20) and (21) to the following SDE
by adding stochastic terms:

dX(t) = f(X(1))dt + F(X(£))dW (t)

with
X(1) = (C(0), 7).
FOX) = (1O, T(0), £(00), T)),
rexn = (5 )
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6.1.1

where dW = (dW¢(t), dWr(t)) is a 2-dimensional Wiener process. The entries
nc and i are both positive real numbers and their particular choices for the
different simulation runs will be described later in the corresponding
paragraphs.

Discretization of this SDE with the Euler-Maruyama scheme at a sampling rate of
0 = 0.05min and time instances ¢, = ké for k =0, 1,2, ... leads to the transition
densities denoted by ay, in section 4. We will use these for simulation runs of
the CSTR, and for the simultaneous application of our PF-MPC controller to the
simulated reactor. During the simulation, measurements of the temperature T’
at each sampling point will also be generated. These simulated measurements
will be additionally disturbed by an artificial measurement error w ~ N (0,72,
(realizing the observation density by). From these measurements, the filter
distribution of the concentration C' and temperature T" will be estimated with
the first particle filter. Then a control input candidate will be determined by the
PF-MPC controller, realized by the second particle filter, so that the
concentration C follows the setpoint s¢, = 0.1 for t € [0,150 - §). At ¢t = 150 - 6,
we will change the setpoint to s¢, = 0.12 for ¢ € [150 - 6, 300 - 6]. We realize the
setpoint distribution Bj of the second particle filter by the following equation:

sc () = C(j) + 0c())

with dc () ~ N (0, 720q)-

The distribution of the control ¢. (denoted by a,, ; in section 4) is chosen as

QC(j) = QC(J - 1) + 6(] - 1)
with
0(j = 1) ~ N0, 75 o),

thus obtaining a small control effort. In the following, results of simulations
with different setups will be presented.

Results of the CSTR simulations

In the first simulation run, very small disturbances (given by the parameters n¢
and ny) for the states C and T, respectively, as well as a small measurement
noise (given by 77) will be used to figure out if the PF-MPC control loop is able
to handle the CSTR. With this model, it is possible to use the optimal importance
distribution eq. (7) in the SISR algorithm. The following parameters will be used:
T, = 20 N, = 1000
nc = 0.000001  n7 = 0.000001

ir = 0.5 fored = 04 iset = 0.005
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Figure 6

Figure 7
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An example of a simulated trajectory of the controlled state C' can be seen in
figure 6. Note that this trajectory is not accessible in the real system, and that it
has not been used in the controller. In this example, the PF-MPC control loop
works very well and is able to handle the slightly disturbed CSTR. In figure 7, the
control input computed by our algorithm in this run is shown. In the figures
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Control g. over k

8-10, we plot the prediction horizons for the state C' and the control candidate
qc at certain fixed time steps k, illustrating the results of the second particle filter
(the z-axis represents values j = k, ...,k + Tp). In these figures, a solid line
depicts the mean estimate. Additionally, vertical stripes sketch the particle
distribution at each j, where darker tones mean higher density, and lighter
tones mean lower density. We will adhere to this indication for the following
figures concerning the prediction horizons. In figure 8, one can already see that
at time k = 0, the PF-MPC controller predicts that the concentration C will reach
its predetermined setpoint s¢, = 0.1. At k& = 100, where the concentration C'
already follows s¢,, the prediction horizon for C is to be seen in figure 9. It can
be observed from this figure that the predicted concentration will stay stable at
the setpoint s¢, for the whole prediction horizon j =k, ...,k +T,. At k = 150
where the setpoint change s¢, — s¢, takes place, one can see in figure 10 that
C will reach s¢,. The average computing time the control loop needs for one
step with the parameters chosen above is approximately 0.12 seconds. Since the
model of the CSTR is sampled with § = 0.05min which equals 3sec, the
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Figure 11

6.2

computation for one step is around 25 times faster than the real-time process.
Thus, for the first parameter constellation, the PF-MPC controller worked very
well in the simulations and would be applicable to the real system. In the next
simulation run, the controller will be tested on a simulated system with
increased state and measurement noise, i.e. increased values for n¢, nr, and 77.
The following parameters will be used:

T, = 20 Ny = 1000

ne =0.001 np=0.1

i =25 ipeg =04 et = 0.005
With these parameters, the simulated trajectory of the state C over time k
obtained during a simulation run with applied PF-MPC controller can be found
in figure 11. Here, too, one observes that the PF-MPC control loop works very

State C over k

well and that it can handle the CSTR with larger transition and observation
errors. As expected, due to the higher disturbances, the concentration C shows
higher variation around its setpoint than in the previous case. The predictions
are not plotted and discussed here, because they are very similar to the ones
already discussed in the case where the disturbances were small.

Application to the inverted pendulum

The following parameters are assumed to hold for the inverted pendulum,
which is sketched in figure 12:

[=0.5m m = 0.3kg

me = 3kg g= 9.815m2
The behavior of the inverted pendulum can be modeled by the following two
coupled differential equations:

. gsing¢ + cos gb%fmsmqﬁ

(s -men)
P f+ml(<§2$in¢— écosqﬁ)

Me +M
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Figure 12

B

Sketch of the pendulum

Position of the cart
Deflection of the pendulum
Length of the pendulum
Mass of the pendulum

. Mass of the cart
Gravitational acceleration
Force/control input

By adding process noise, a stochastic differential equation can be formulated:

dX (t) = h(X(t)) + H(X (t))dW (1)

with

$2(t)

2 .
g sin ¢1(t)+cos ¢1(t) —f(t)=mid3 sin 61 (t)

me+m

l(é_m0052¢1(t)>

3 me+m

pa2(t)
S (&) +mi(¢a(t)? sin ¢ (t)—a(t) cos ¢1(t))

L Me+m

0

H(X () = |

0 7p,

0
0
0

(22)

where W (t) is a two-dimensional Wiener process. The entries 74, and n,, are
constant positive real numbers. The SDE (22) is again discretized with the

Euler-Maruyama method and a sampling rate of § = 0.05 seconds. The initial

value of the SDE (22) is

Xo=1[r 0 0 0],

which means that the cart is standing at the origin with pendulum down.
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6.2.1 Controlling deflection and velocity of the inverted pendulum

We will now discuss how to control the inverted pendulum and how additional
constraints can be applied. The goal of controlling the pendulum is to stabilize
the pendulum in the upright position while the cart should stay in a predefined
area. We will first discuss the setpoint conditions and afterwards how to
implement the necessary constraints for the cart. Possibly, the easiest way is to
use a setpoint for the deflection of the pendulum only, and set it to 0, which
corresponds to the upright position the pendulum should be stabilized in (note
that one has to cope with the fact that ¢ = ¢, is cyclic modulo 27, thus 0 = 27k
for all k € Z). Using this idea works fine and delivers good results, but we want
to show that the PF-MPC controller allows the application of more complex
control strategies. In the following, we want to show how those can be easily
implemented using more complex setpoint equations.

The idea for a possible control strategy can be derived from the following
deliberations: Consider the pendulum when it slightly deviates from its
swung-up position (¢1 > 0) with zero velocity (g2 = 0). Clearly, the pendulum
then drops down and begins swinging. Simulation results are shown in figure
13, where the resulting velocity and the angle of the pendulum are plotted
against each other. As this figure shows, the velocity of the pendulum is nearly
0 every time it reaches the upright position (¢; = 0 mod 27). We conclude that,

Figure 13 Swinging Pendulum

for each deflection angle, the corresponding velocity obtained in this way can
be seen as nearly optimal for reaching the upright position with velocity 0 at this
point. Since the behaviour of the system is similar when time is reversed, the
same is true if we reverse time by multiplying the velocity by —1. The idea is
now to first approximate the function giving the optimal velocity for each
deviation angle on the interval [0, 27], and to use it to build a
setpoint-determinator function for the velocity of the pendulum dependent on
its deflection. So the aim of this function is, given a deflection ¢, to return the
needed velocity the pendulum should have in ¢, to reach the upright position
smoothly. Once the pendulum has swung up, we must avoid any slight positive
deviation from the upright position (0 < ¢; < 3 for some small angle /3) causing
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Figure 14

the controller to swing the pendulum again around in direction ¢; = 27. Rather,
the setpoint for the velocity should be set to the opposite direction. Note also
that we have to reverse angles and velocities when the actual velocity of the
pendulum is negative (¢2 < 0).

We thus obtain the right setpoint equation within three steps: We first apply
quadratic approximation, using as interpolation points the angles ¢; = 0 and
¢1 = 2w (upright position) with velocity equal to zero, and the simulated value
of the velocity at the opposite angle ¢; = 7 in order to obtain an approximated
function f1. In our case, the result was

f1(¢1) = —0.806314¢% + 5.06622¢; .
Using f1, we construct

_ *fl(gbl)a if le € [Ovﬂ]
falon = {f1(¢1)7 if o1 € (8, 2m)

and finally the setpoint determination function

f2(o1), if g > 0,
—fg(—(ﬁl), if (bg < 0.

The constant (3 gives the angle until which the controller should try to stabilize
the already swung up pendulum. One should keep in mind that ¢ is 27 cyclic.
The function f3 gives approximately the right velocity for all angles for the
pendulum to reach the upright position with zero velocity there. Due to the
construction of f3 the pendulum will also be balanced in the fixed point, as long
as it does not drop beyond the angles 3 or —3. The function f3 with 3 =0.4is
plotted in figure 14. The setpoint equation used in the PF-MPC controller (15)

f3(¢1,¢2) = {

@®>0
0 --- <0

Setpoint determination function f3

then equals for all times 5

S¢, (1) = f3(01(5), 92(4)) — P2(4) + D, (4), (23)

with o4, (j) ~ N (0, 77;2) and s4,(4) set to 0. The corresponding density b is then

proportional to
*(f3(¢11<1252)*¢2)2
e 2n¢>2
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6.2.2 Controlling the inverted pendulum with constraints on the cart position

Until now only the angle or the velocity of the pendulum were considered under
the aspect of stabilizing the pendulum. But it is necessary as well to control
(constrain) the movement of the cart on which the pendulum is fixed, because
being uncontrolled, the cart would possibly move in one direction and never
stop. As already mentioned in section 4.2, the constraints have to be
formulated in densities. The easiest way of constraining the cart is to introduce
an additional setpoint equation for the cart position, determining the region
which the cart should remain in:

spi(7) = P1(4) + p, (4)- (24)

So, if the cart should stay around the origin, s,, should be chosen to be zero.
The variance 7, of the added Gaussian noise @, ~ N'(0, 7, ) together with 77,
determine the width of the region the cart should not leave. Alternatively or
additionally, one could constrain the cart velocity in a certain way with another
setpoint equality:

Spy (7) = p2(J) + Bp, () (25)

with sp, (j) = 0 for all 7 and
Ups () ~ N (0, 0, (1)

The variance 032 (7) is not constant but dependent on the actual velocity of the
cart. It is chosen such that it is large if the cart is inside a given interval
[P1 min, P1max) @and small if it is outside and the velocity has the wrong direction.
That means, if the position of the cart is left of p; min and the velocity is positive,
the variance is large because the cart is on the way back, but the variance is
small if the velocity is negative because otherwise the cart would veer away
further from [p1 min, P1 max). Small variance ominp, Means that the cart slows
down and large variance omaxp, Mmeans that the cart is allowed to move. The
values of these variances have to be tuned by the user, and are dependent on
the model and particle filter parameters. One way of formulating the variance
o2, (j) mathematically is:

{if p1(j) > Prmin and pa(j) < 0

Omax po

2 (]) Orpl(j) < Plmax andp?(j) >0
p2 ' ifpl(j)gplmin andp?(j)<0
minp2 or p1(j) > P1 max and pg(]) >0

(see figure 15).
6.2.3 Results of the inverted pendulum simulations

For our simulation run, we will use the setpoint equation (23) and the additional
setpoint equation (25). The model and PF-MPC controller will be initialized with
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Figure 15

Figure 16

A
—_p2 <0
P1 Enin D1 xluux >
Variance of pa
the following parameters
N, = 0.1 T, = 26 N = 500
Mpy, = 0.1 Nmeas = 0.01 7y, = 0.5

P1min = —0.4 Plmax = 0.4

Tminps = 0.001  Ouaxpy = 5
In this case, it is not possible to use the optimal importance distribution for the
particle filters. Instead, we used the state transitions, see eq. (8). We again
simulate the pendulum and apply the PF-MPC controller to the simulation. The
simulated trajectory of the cart together with the pendulum is plotted in figure
16. The color changes from black to brighter tones as time increases. The
trajectories are also plotted separately and can be found in figures 17 and 18.
The figures show clearly that the controller stabilizes the pendulum while
satisfying the constraints. Figure 18 shows that the cart remains in the desired

T
-0.5 0.0 0.5
Position of the Cart p1

Moving pendulum over time

interval [—0.4, 0.4]. If one looks at the fixed time step k& = 25, one observes in
the corresponding figure 19 that even the controller predictions for the cart
position remain in the desired interval [—0.4,0.4]. In figure 20, we see the
trajectory of the pendulum velocity depicted. The light-colored curve in this
figure shows the corresponding setpoints for the velocities, which are
determined by the setpoint determinator function f3. Summarizing, we can say
that PF-MPC works very well even if the setpoint equation is more complex and
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Figure 17 Deflection ¢1 of the pendulum
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Figure 19 Prediction of p; at k = 25
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Figure 20 Pendulum velocity ¢2 and corresponding setpoint



Summary and conclusion

if we have additional constraints on states or controls. One drawback with the
parameter setting we applied in our simulation run is that the pendulum is not
controllable in real time, since it is approximately 0.01 seconds to slow in each
step. By reducing samples and prediction horizon and by increasing sampling
time, however, the controller is also able to handle the pendulum in real time.

7 Summary and conclusion

In this article, a new model predictive control technique has been presented. It
appeared that this new approach, which is based on the particle filter algorithm,
performs very well. It is capable of handling nonlinear disturbed systems in real
time, as it was seen by the CSTR and by the inverted pendulum simulations.

The advantage of the PF-MPC loop is that the current state estimations are
given in distributions and not, as in usual control theory, as single point
estimates. This provides much more information for the control unit. Another
advantage is that complicated input constraints can be handled very easily, soft
as well as hard constraints. For state and output constraints so far only soft
constraints have been considered, which the controller also handled well. In
addition to this, the controller is not restricted to Gaussian noise. It should be
noted that this approach is supported by the well-developed Monte Carlo
theory, and it is therefore less heuristic than many other approaches.

Clearly there are also some drawbacks. The most serious drawback is that it is
hard to state anything about the stability of the PF-MPC loop, as is the case for
most nonlinear control schemes. One also cannot say anything about the
amount of particles needed for estimating the states and controlling the system.
In some cases, one has to use so many particles to obtain good results that the
computational effort is too high to handle the system in real time. In the
pendulum example, the controller was capable of real time handling (results not
shown), but the results with more samples looked much better. Another
drawback is that in general the choice of the system transition densities as
importance densities is not always a good choice. In this case, the particle filter
may possibly show a bad performance or even fail. This drawback can be
compensated by using better importance densities. Their development and
further investigation can be seen as a future goal.

Also, future work should investigate possibilities for the application of this newly
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Proof of Theorem 1

developed PF-MPC controller on a real system, for the implementation of better
discretization schemes (replacing the Euler-Maruyama scheme), and for the
usage of better point estimates for the control inputs (replacing the mean
value). It is worth taking a look at hard output constraints, too. An idea for this
could be to reject drawn samples which are in contradiction to constraints.

Overall, the proposed controller has great potential, in particular when applied
to nonlinear disturbed systems.

8 Proof of Theorem 1

W.l.o.g. let k = 0. First the following proportionality will be shown:

Tp Tp
p(Uo.1,|s1.1,) X Hp(ﬂﬂﬂjfl) Hp(8¢|§3i)-
=0 i—1

Therefore, we first consider the posterior density
p(Zo1,, Uo.1, |51:1;,)
of the joint states (Zo.z,, to.7, ). For this posterior density it holds that
p(Zo.1,, o.1, |51:7;,)

x p(st,|Z1,, ut,)p(ZT),, UT, | TT, ~1, UT, 1) (27)

- p(Zo:1, -1, Uo:1,~1181:1,-1)-
Since st,, is conditionally independent from @r, given Zr,, it holds that
p(st,|TT,, uT,) = p(5T,|7T;,)- (28)

Further, 7, is conditionally independent from ar, given zr,_1, and ag, is
conditionally independent from Zz,, 1 given %z, 1. Thus the following holds for
the transition density of the joint state:

p(T1,, Ur, | T, -1, UT, 1)
= p(Zt, |ut,, 1,1, UT,,—1)P(UT, |TT, 1, UT, 1)

= p(Zr, |1, 1, Ut —1)p(UT, |UT, 1) (29)
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Plugging (28) and (29) into (27), one obtains

p(Zo.1,, 0.1, |51:1,)
o p(s1,|71, )P(ZT,, | TT, 1, Uy, — 1) P(UT;, | U, 1)

- (%01, -1, U0:T,—1]51:T,,—1)-
From this, one recursively gets the following decomposition

p(To.1,, Uo.T,|51:7;,)
Tp

o p(Zo)p(tio| 1) | [ p(silZ)p(@lZi—1, W 1)p(Wlti).
i1

Then, the marginalized density p(to.z, |s1.7,) is given by
p(to.T,|51:1;,)
= /P(CUO;TP,uo;Tp!SLTp)dxo:Tp
x [ plao)paola-1)

Ty

: Hp(silﬂ_?i)p(fi!i’i—l, ;—1)p(Ui|u;—1)dZo.,
i=1

T, T
= Hp(ﬂjo1)/29(5?0)1_[17(51!@)}?(@!@1,ail)dfosz-
j=0 i=1

Now, we collect all components containing zy and split the integral in the
following way:

Tp
p(to.1,|51:1,) X Hp(ﬁj\ﬁj—l) //P(Ufo)p(fﬂfo,ﬁo)dfo
=0

Ty

-p(s11Z1) [ [ p(sil2)p(@i|Zi -1, 1) dTr.,
i—2

Since the transition of z; is deterministic and zg is known, the following holds
for the integral over z:

/p(fo)p(fﬂ@ovﬁo)dfo = /p(fﬂfo,ﬂo)%o(dfo)
= p(i‘1|£’07a0)7
and therefore (30) is equal to

p(to.1,|51.1,)
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Ty
x Hp(uj|uj—1)/p($1!i07U0)P(31|371)
=0

I p(silz)p(@|2i1, 5io1)d2.m,.

The components containing z; are now collected and the integral is split again

p(ﬂoTp |s1.1,)

och Ujltj—1 // (s1|Z1)p(Z1|Z0, wo)p(Z2|Z1, u1)dTy
j=0

(32‘-752 HP Sz‘xz) (m‘z‘xz—lauz—l>dm2:Tp-
=3

The integral over z;
/ p(s1|20)p(@1 |0, To)p(EalE1, T )dT:

is equal to

/p(51|f1)p(ﬂ?”2!i“hﬂ1)5f(5507ao)(dfl)

—

71";1
= p(s1]21)p(T2|Z1, 1)

and thus (30) equals

p(to.1,|51:7,)
Tp
X Hp(uj\uj—l)/P(81|i1)p(952\§71,Ul)p(82|$2)
=0
I p(silz)p(@:|2i1, 1) dZour, .

The former steps are repeated recursively for z3 up to Z,. This finally results in

Tp Tp
p(to.1,|81.1,) X Hp(ﬂﬂﬂjfl) Hp(8i|i“i)-
=0 =1

Since ©;_; and ©;_; are Gaussian, the following holds:

p(to.1,|51.1,)
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Tp TP
o [ [ p@@sla;—) I [ p(sild:)
=0 i=1

x Jl_[oexp <_;(Uj — ;1) Q(u; — uj_1)>

Ty 1 Ty 1
- jli[oexp (_2||Uj — Uj_1||2Q> zlljlexp <—2Hsz~ — iﬂ%)

1 1
_ _ 2 A 112
—exp (<23~ w | e [~ D s -l

T, T;

p P
5 — a1l + > llsi — @il %
§=0 i=1

N | —

=exp | —

Thus the following holds:

arg max p(to.7, |s1.1;,) =

uO:Tp
TP Tp
1 2 a2
argmaxexp (5 (S35~ wald + D s~ il
0T =0 i=1

The maximum of a strictly monotone function is reached at the same point as
the maximum of its argument, hence

uU:Tp

1 Tp Ty
argmaxexp | —o ZH% —%4”%*"2”31‘—@”%
=0 i=1
1 Tp Ty
= argmax — ZHﬁj—ﬂj_1Hg)+ZH8i—3§z‘H%{
0:Tp ]:0 i=1

Ty Tp
= arg min ZHTL] —ﬂj_ﬂ%—l-ZHSi_i”iH%z
uO:Tp ]:O i=1
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