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Moving horizon estimation (MHE) is an efficient optimization-based strategy for state estimation.
Despite the attractiveness of this method, its application in industrial settings has been rather limited.
This has been mainly due to the difficulty to solve, in real-time, the associated dynamic optimization
problems. In this work, a fast MHE algorithm able to overcome this bottleneck is proposed. The strategy
exploits recent advances in nonlinear programming algorithms and sensitivity concepts. A detailed anal-
ysis of the optimality conditions of MHE problems is presented. As a result, strategies for fast covariance

information extraction from general nonlinear programming algorithms are derived. It is shown that
highly accurate state estimates can be obtained in large-scale MHE applications with negligible on-line

computational costs.
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1. Introduction

Moving horizon estimation has been identified as an efficient
method for state estimation for constrained, linear and nonlinear
systems. From a theoretical point of view, a deeper understanding
of the estimator filtering and stability properties has led to efficient
formulations with guaranteed stability properties [1-4]. In addi-
tion to this, increased interest in MHE has resulted from its proven
superiority over traditional estimation approaches such as the ex-
tended Kalman filter (EKF) [5]. The main practical advantages of
MHE is that it allows to handle complex nonlinear dynamic models
directly and to incorporate constraints. The main limitation of MHE
is that it requires on-line solutions of dynamic optimization prob-
lems. This limitation becomes particularly relevant in large-scale
industrial applications where the solution of the MHE problem
takes a non-negligible amount of time, giving rise to computational
delays.

The deterioration of performance and stability of model-based
control strategies such as NMPC due to computational delays has
been studied in [6,7]. As industry demands the implementation
of increasingly larger applications, the development of strategies
able to overcome these limitations becomes essential. In the con-
text of NMPC, recently established connections between the para-
metric properties of NMPC, Newton-based convergence properties
and the conceptual separation of background-feedback computa-

* Corresponding author. Tel.: +1 412 268 2238.
E-mail address: vzavala@andrew.cmu.edu (V.M. Zavala).
! Present address: Artie McFerrin Department of Chemical Engineering, Texas A&M
University, 3122 TAMU, College Station, TX 77843, USA.

0959-1524/$ - see front matter © 2008 Elsevier Ltd. All rights reserved.
doi:10.1016/j.jprocont.2008.06.003

tions have dramatically changed the perspective on how to solve
on-line NMPC problems efficiently [8-10]. Many different variants
of fast or real-time NMPC strategies have been proposed recently.
Alternatives include Newton step controllers, neighboring extre-
mals and NLP sensitivity-based NMPC controllers. Here, the main
idea is to provide instantaneous approximate feedback to the plant
based on a frequently updated reference problem solved in back-
ground. A related Newton step MHE estimator has been recently
proposed in [11]. Here, the estimator performs a single iteration
(full Newton step) in the solution of the nonlinear MHE problem
at each time step. This allows a fast estimation mechanism that
has shown good practical performance. They show that if the series
of Newton steps is initialized around a sufficiently good reference
solution, then the full Newton steps can converge to the solution of
the MHE problems. This result follows from the local convergence
properties of Newton’s method and the parametric properties of
the MHE problem.

Newton step strategies are built on the assumption that real-
time iterations stay sufficiently close to the reference solution
where local convergence can be guaranteed [12]. This assumption
is, in general, unnecessarily restrictive and might not hold true in
highly nonlinear or ill-posed problems, where nonconvexity effects
need to be handled adequately. Motivated by these observations, a
fast MHE estimator based on background optimizations and NLP
sensitivity concepts to obtain fast on-line approximations has been
proposed in [13]. In this work, we extend these results with a dee-
per and more concise analysis of computational and theoretical is-
sues associated to this strategy. The fast MHE estimator can be
seen as the counterpart of the recently proposed advanced-step
NMPC controller [10]. The next section presents the MHE problem
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under consideration. Here, we analyze the optimality conditions
and general properties of MHE problems. In Section 3 we derive
computationally efficient strategies for NLP sensitivity and extrac-
tion of covariance information from general NLP solvers. In Section
4, we make use of these results to propose a NLP sensitivity-based
shifting strategy for fast MHE. The algorithmic framework is then
applied to two simulated case studies and the results are presented
in Section 5 while the last section concludes the paper.

2. MHE problem
2.1. Conceptual formulation

Consider the scenario in which a given system is located at sam-
pling time t, and a past measurement sequence {y(k — N),...,
y(k — 1), y(k)} is available. In this work, we consider that the
MHE estimator uses the perfect nonlinear model,

Ziak = f(Zg W), 1=0,...,N—-1,
Yk = h(zik) (1)

to find the disturbance sequence {wpgjy, ..
Zojx that minimizes the cost function,

.,Wn_11} and initial state

N-1

d(n(k)) = I'(zok) + Ln(zni) + ZLI(ZI\M Wik), (2)

1=0

with,

T'(zox) = (2o — 20(k)) T (k) (zox — Zo(K)),
Li(zye, wie) = (¥(k = N+ 1) = h(zyy)) 'R, ' (y(k = N + 1) — h(z))
+wiQ 'wy, 1=0,...,N-1
Lv(zni) = (k) — h(zwk) Ry (v(k) — h(zni))
3)

over a past horizon containing N time steps. Here, the computed
disturbances wy, € ®™ and states z, € R™ are enforced to satisfy
the constraints wy, € W and zj € Z, respectively, VI,k. The cost
function ¢ : RV N-D _ 9t comprises a set of stage costs
Ly : W™ — 9 and an initial penalty term I : R™ — R summarizing
prior information before t,_y. Here Z, (k) is the a priori state estimate
with associated covariance I1y(k). The matrices ITy(k), Q, and R, are
assumed to be symmetric positive definite. In addition, we define
the problem data,

n(k) = (zo(k), Iy (k),y(k = N),...,y(k = 1), y(k)) (4)
that fully defines the current MHE problem. In compact form, this
leads to a nonlinear programming problem of the form,

N-1

d(n(k)) = I'(zok) + Ln(zni) + ZLI(Z”k-,Wuk)

1=0
1=0,....N—1,

M k min

w(nk) - min
s.t. Ziaik = f(Zige Wi,

Z”k ez, W”k e W.

()

From the solution of this problem, we obtain the optimal disturbance
sequence {Wp ... Wy_, } and state sequence {z;, .. .z, } from which
we extract the current state estimate of the plant x(k) = zy,.

At the next sampling time t;.;, we get the new measurement
y(k + 1) and define the new problem data #(k + 1). For this, the mea-
surements are shifted forward by one sampling time in order to
drop the oldest measurement and include the current one, giving
rise to the measurement sequence {y(k — N+ 1),...,y(k),y(k+1)}.
In addition, the a priori state estimate is updated by defining
Zo(k + 1) = z;,. Finally, the associated covariance matrix is updated.
As a standard practice, an EKF update is used [3],

To(k + 1) = GoQoGy + Aoy (k)Ay — AoTTo(k)Co(Ro + ColTo(k)Cg) ™!
x CoIlo(k)Ag, (6)

where Ao = Vaf (254, Wo), Go = Viuf (2, Wop), and Co = Vzh(zg). It
is important to note that ITo(k + 1) is only an approximate represen-
tation of the true covariance information obtained from solving the
full MHE problem .#y(n(k)).

Having the updated problem data #(k + 1), a new MHE problem
An(n(k+ 1)) is solved to estimate the new state of the plant
X(k+1). In the following, if we assume that the MHE problems
can be solved instantaneously at each sampling time, we refer to
the resulting MHE algorithm as ideal MHE.

3. Solution of MHE problem

The representation of the NLP problem .#y(-) is only conceptual
since, in large-scale applications, the model f(-,-) is developed
implicitly from a set of continuous-time differential and algebraic
equations (DAEs). Three main approaches are commonly used to
solve MHE problems: single-shooting, multiple shooting and sim-
lutaneous collocation. The main characteristics of MHE problems
are the large number of degrees of freedom (n,+ (n, x N)) and
common ill-posed formulations that lead to strong nonconvexities.
Newton-based nonlinear programming algorithms using exact first
and second order derivative information can handle these type of
problems efficiently [14]. Exact derivative information can be ob-
tained from modeling platforms or automatic differentiation
routines.

3.1. Newton-based NLP algorithms

The MHE problem .#(-) is parametric in the data #7(-) so we de-
fine the parameter p = #(-). In addition, we simplify the notation by
dropping index k and adopt z; = z, wy, = w, etc. The following re-
sults are based on the post-optimal analysis of solutions of para-
metric MHE problems. Consequently, we will simplify the
presentation by handling the inequality constraints on the do-
mains Z and W implicitly (e.g., through the addition of penalty
terms).

The Lagrange function associated to problem .#(p) is given
by

N-1

% =T(z0(p)) +Lu(zn(p)) + Y _ Li(zi(p), wi(p))
=0

N-1
+ 3" () @ (p) - f(@(p), wip))), (7)
1=0

where i(p) € R™ are vectors of Lagrange multipliers. Note that all
the primal variables and multipliers become implicit functions of
p. To simplify the analysis, we suppress this dependence from the
notation when the meaning is otherwise clear.

Any solution of a given MHE problem .#(p) should satisfy the
first-order Karush-Kuhn-Tucker (KKT) conditions,

Vol =Vl + VoL -V, fliy =0, (8a)
Vol = Voli+ 4= Voffii =0, 1=1,... N-1, (8b)
Vi Z =V li—= Vi fli =0, [=0,... ,N—1, (8¢)
Vi & =211 —fi=0, 1=0,...,N—1, (8d)
Voo ? = Voln +in =0 (8e)

where f; := flz,w)), h; := h(z)), L, := L(z,,w,). For later reference, we de-
fine A = V,fi,G = Vyfi,C = V, h.. Newton-Based NLP algorithms
compute the search step towards the optimal solution by lineariz-
ing the nonlinear KKT conditions (8a)-(8e) around the current
trajectory. This gives rise to the linear KKT system,
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PoAzZy + FoAwg — AgAjy = —T, (9a)
PiAZ; + FiAW, + AJy — Al Ady = —15, 1=1,...,N—1, (9b)
PyAzy + Ady = —Ty, (9¢)
WiAW, + F{Azy — G Adyyy = =1, 1=0,...,N—1, (9d)
Az — AAZ — GAwW, = —Ti [=0,....N-1. (9e)

If we make an explicit distinction between primal variables and
multipliers the KKT system can be represented as,

and
Py =T, + GoWy ' Ty — (GoW ' Fg — Ao)Tlo (12, — FoWy ' Ty ),

™™, =Ty, + GIW;1 Tw, — (GlW{i]F.lr _AI)Hl(rll +M;1 'm, — FIW;] rW1)7

(14)
The computational complexity of this strategy scales as
O(N(n, + ny)*). A second strategy to solve the KKT system is to per-
form a direct factorization of the full KKT system (11). This strategy

where 1, =V, &, 1w, =V &, 1, =V, %, Pi=V,, %, W=V,
&, and F, =V, %, evaluated around an arbitrary point. In con-
densed form, the KKT system becomes

H ‘ )’ AX Iy
= (11)
J ‘ Ak I

where H is the Hessian matrix and J is the Jacobian matrix.

The formation and solution of the KKT system is the most
expensive step in NLP algorithms. There exist different strategies
to solve the KKT system (10) or, equivalently, (11). A popular strat-
egy consists of a forward Riccati decomposition which exploits the
natural forward structure of the dynamic model. This leads to the
explicit recursion

Azy = —TIy(ry +My' ), (12a)
Ay =M, (Az; +m,), (12b)
Aziy = TN (FA WG — Al A

I (FaW T, =12, — M), (12¢)
Awpy = -W L FL Az + WG AL =W T, (12d)
I=N,... 1 (12e)
where
My = (P — FoW,'F3) ',
M, = (GW,'F] — A)IL(FW,'G] — A)) + GW['G],
iy = Py + My = FaWESFL) (13)
Iy = (Py + M,T,l)717
1=0,....N—-1

Po - Fo [ Az ] [ Ta ]
Fy  Wo ~Go Awo T
P, F —Al Azy r,
Fw, -G Aw, Tw,
P, F I, —A} Az, T2
F, W, -Gy Aw, Tw,
Py_y Fnq 0y, fA,fH Azy g | =—| g, (10)
Fyoa o Wi -Gy, Awp; Twy 4
Py I, Azy Loy
—Ay -Gy Iy, A/:LI oA
A1 -Gy Iy, Ay T,
—Ay -Gy 1,
AN Tin s
L —An-1 =Gy Dy, 1= A ] L Ty

allows the use of efficient linear algebra solvers such as MA27,
MA57, Pardiso, among others. The complexity of this strategy scales
as O((N(n, +ny,))*), p=[1,3]. For a fully sparse KKT matrix (as in
simultaneous collocation-based approaches) the complexity of a di-
rect factorization scales linearly and, at most, quadratically with the
number of states and degrees of freedom (8 =1,2). When dense
blocks appear in the KKT matrix (as in multiple shooting) then
B =3 and a forward decomposition strategy becomes more efficient.

Notice that, depending on the approach used to solve the MHE
problem, the cost of computing the Newton step will be distributed
differently between the formation of the KKT matrix and the solution
of the KKT system. For single and multiple shooting the complexity is
oriented towards evaluating derivative information, while
with simultaneous collocation it is oriented towards the factoriza-
tion of the KKT matrix. For a detailed discussion, please refer to [9].

When exact second order information is used to form the KKT
system, the computed search step might not be a descent direction
due to the presence of nonconvexities. In this case, it is necessary
to regularize the Hessian matrix in order to ensure a proper direc-
tion and thus avoid convergence to saddle points or maximums. If
no regularization is required at the solution of the problem, then
the sufficient second order condition (SSOC) holds, and the solu-
tion is a strong minimum [15]. In the context of parameter and
state estimation, this implies that the degrees of freedom can be
determined uniquely based on the provided data [16]. This direct
check for SSOC, through inertial properties of the KKT matrix, is
an important advantage of using a direct factorization for the solu-
tion of large-scale and highly nonlinear problems.

3.2. NLP sensitivity

As stated before, the MHE problem is parametric in the data
contained in the parameter p. Consequently, the KKT or optimality
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conditions (8a)-(8e) are implicit functions of p and can be repre-
sented as

@(s(p,N),p) =0, (15)
where the solution vector is defined as s(p,N) =
(25, wi, 23,28 wl, ... % zh] and has optimal values s'(p,N).

In the following, we want to study the effect of perturbations
D — po| on a neighborhood around a given nominal solution
s'(po,N). To derive the desired results we assume that:

Assumption 1 (NLP sensitivity assumptions [17,18]).

e f(-),L(-) and I'(-) are twice continuously differentiable in all their
arguments. Also, these functions and their derivatives are
bounded.

e A nominal solution s'(po,N) of .#x(p,) satisfies the linear inde-
pendence constraint qualifications (LICQ), sufficient second
order conditions (SSOC) and strict complementary slackness.

SSOC requires that the Hessian of the Lagrange function (7)
evaluated at s'(po,N) is positive definite in any feasible direction
[19]. A direct consequence of these assumptions is that the solu-
tion vector s'(p,N) becomes a continuously differentiable function
in a neighborhood of a nominal solution s'(pg,N) and 5 lp, 1S
bounded and unique [17,18]. This allows the application of the im-
plicit function theorem to (15) at s'(po,N) to yield

K (g, NE| = _9¢G(P:-N).p) "

9p Po 9p s*(Po:N).po ,

where K'(pog,N) denotes the KKT matrix of .#y(p,) evaluated at
s'(po,N) with structure,

[Po(py) Fo(po) —Ag
Fo(po) Wo Gy
—Ao —Go Iy,
Iy,
I(* (p01 N) = U
S,
I Prno1(Po)  Fr-1(po)
Fripo) Wi
—An-1 —Gn-1

The most important and practical consequence of these results is
that, if the nominal solution satisfies Assumption 1, then the KKT
matrix is non-singular [19] and can be used to compute the sensi-
tivity matrix from (16). In addition, these post-optimal calculations
can be performed without having to form and refactorize the KKT ma-
trix, which is the most dominant computational step in the NLP
algorithm.
The solution of neighboring problems can be written as

(P — Do) +O(Ip — pol®) (17)

Po

. 0s
Sx(p7N) :S*(p07N) +$

and fast first-order estimates of these solutions can be obtained
from the explicit form,

- 0s
S(pN) = S*(p()vN) +@

(P — Do), (18)

Po

where $(p, N) is an approximate solution of s'(p,N). From Assump-
tion 1 and (17), $(p, N) satisfies,

5(p.N) = °(p,N)| < Lslp — pol*, (19)
with positive constant L and where |- | is the Euclidean norm
[17,20].

Remark 1. The step As(p,N) = $(p,N) — s*(po, N) in (18) can also be
found by linearization of the KKT conditions (8a)-(8e) around
s'(po,N) to give

K (po, N)As(p,N) = —@(s"(po, N), p), (20)

where the right-hand side corresponds to the KKT conditions (8a)-
(8e) evaluated at the solution of the nominal problem. Here,
As(p,N) =5(p,N) — s*(py, N) is a perturbed Newton step taken from
s'(po,N) towards the solution of a neighboring problem .#y(p) so
that s(p, N) satisfies (18), (19). Furthermore, computing this step re-
quires a single fast backsolve since the KKT matrix is already factor-
ized at the optimal solution. The computational complexity of a
backsolve is O(N(n, + n,,)) which is orders of magnitude smaller than
the complexity of forming and solving the KKT system.

Remark 2. The satisfaction of SSOC is a fundamental prerequisite
for the computation of NLP sensitivity information. Checking for
SSOC is not usually performed directly by most NLP algorithms
but can be inferred from the inertia of the KKT matrix [15,16].

Remark 3. In the presence of bound constraints, continuity of
s'(p,N) implies that (19) is only valid on a neighborhood of
s'(po,N) where the current active set (set of variables at the bound-
ary of Z or W) is preserved. Assumption 1 ensures that a nonzero
neighborhood exists with these properties [17]. If a change in the
active set occurs due to a given perturbation |p — pg|, the structure
of the KKT matrix will change due to addition/dropping of active

T
Ay
T
Gy
Un,

[]”z PN(pO)_

constraints. In this case, the factorization of the KKT matrix can
be re-used through Schur complement techniques to correct the
active set and obtain a fast approximate solution of the neighbor-
ing problem. This is equivalent to solve a quadratic programming
problem.

Remark 4. If we assume f{-) is linear and I'(-) and L(-) are quadratic
functions (linear MHE) then $(p, N) = s*(p, N).

3.3. Extraction of exact covariance information

Extracting covariance information from the solution of the MHE
problem is important since it can be used as a measure of uncer-
tainty in robust NMPC formulations [21], and to update the arrival
cost [3]. In particular, note that setting ITo(k + 1) = M; with M; ex-
tracted from (13) provides a stronger update than the traditional
EKF update in (4) since it incorporates exact second order informa-
tion. To see this, we extract M; from (13),
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My = (P — FoW,'F3) ',

(21)
M; = (GoW,'Fl — Ag)g(FoWy ' Gh — AY) + GoW, ' Gy

If we neglect all the second order contributions of the model and
the cross interaction term F, then from (2) and (3),
Po = To(k)™" + CIR5"' Co and W5 = Q. If we apply the matrix inver-
sion lemma to P, we obtain,

Ty = TTo(k) — TTo(k)Cy(Ro + ColTo(k)Cp) " CoTp (k)

(22)
M, = AOHOA.S + GOQOGE

which is the simplified EKF update formula (6). In classical estima-
tion literature, the simplified matrices M, [=1,...,N are known as
the prior covariance matrices [22]. Using similar simplifications,
we can show that matrices IT, [=1,...,N in (13) become,

m' =M +CR'C, I=1,...,N. (23)

These are normally known as the posterior covariance matrices
where Ily is the covariance matrix of the current state estimate.
The exact representation of this matrix can be obtained from recur-
sion (13).

If a Riccati decomposition is used to solve the KKT system in the
NLP algorithm, the exact covariance matrices ITy and M; are ob-
tained as a natural outcome. However, if a direct factorization is
used, these matrices are never formed. Instead, note from (12a)
that if we set r,, = —1I,,(:,j) in (10) at the solution (all right-hand
sides vanish and ry, = 0) where [,,(:,j) is the jth column of the
identity matrix then, Azy=TIN(:j). This implies that the exact
covariance matrix can be computed efficiently by performing n,
backsolves with the already factored KKT matrix from (10) or,
equivalently, (11). Extracting M; from the KKT matrix is not as
straightforward. However, from (10) and (12b) it is possible to
prove that, setting all the right-hand sides in (10) to zero and forc-
ing Az, = —I,,(;,j) recursively, leads to A = M;'(:,j). In other
words, it is possible to extract the covariance matrices at different
time steps from the KKT matrix through backsolves with the fac-
torized KKT matrix.

4. Fast MHE algorithm

The parametric properties of the MHE problem can be exploited
to design fast MHE strategies able to remove the on-line computa-
tional delay. Assume that at time t; we have x(k), Zo(k), To(k)",
and the measurements {y(k — N)...,y(k)}. We would like to use
this information to obtain a fast approximation of the state esti-
mate x(k + 1) at ty+; but we do not yet have the future measure-
ment y(k+1). In order to overcome this, we propose the
following sensitivity-based shifting strategy (see Figure 1):

Past Measurements

In background, between ¢, and ty.:

1. Compute a disturbance-free (w = 0) extrapolation of the current
state  X(k+1)=f(x(k),0) and corresponding output
y(k+ 1) = h(x(k + 1)) through forward simulation.

2. Define the extended data 7j(k+1) = (Zo(k), I (k),
y(k — N),...,y(k),y(k+ 1)) and solve the extended problem
Mn+1(Py) With pg = #(k+ 1) and N+ 1 time steps.

3. At the solution s'(po,N+ 1), hold KKT matrix K'(po,N+1) or
compute sensitivity matrix g—; lpo

On-line, at t.q:

1. Obtain the true measurement y(k + 1) and define the true prob-
lem data #(k + 1). Compute an instantaneous approximate solu-
tion $(p,N + 1) from sensitivity (18) or as a perturbed Newton
step (20) and extract x(k + 1) = zy,1 and Zo(k + 1) = z;. Extract
To(k + 1) = M, from the fixed KKT matrix K'(po,N + 1).

2. Update data, set k:=k + 1 and return to the background process.

If the above strategy is used, the NLP sensitivity perturbation is
Ip—pol = y(k+1) —y(k+ 1)| so that the approximation error is
[%(k +1) — x(k+1)| = O(jy(k + 1) —y(k + 1)|*). In addition, since
the perturbation is small, the approximation error of the perturbed
Newton step is expected to be of the same order.

Note that the covariance matrix ITo(k + 1) is extracted from
K'(po,N + 1) which is evaluated at s'(po,N + 1). The optimal covari-
ance matrix should be extracted from K'(p,N+ 1) evaluated at
s(p,N + 1). From Lipschitz continuity of the KKT matrix (Assump-
tion 1) it can be shown that |K'(p,N + 1)-K'(po,N + 1)| < Ls|p — po
for a given positive constant L;. That is, the error bound between
the approximated and optimal covariance matrices can be shown
to be O(ly(k+ 1) —y(k + 1)|).

From the optimality conditions (8a)-(8e) of the extended prob-
lem .#n.1(n(k + 1)) we can show that 2y, = 0 since, by construc-
tion, y(k + 1) = hny1(zn+1)- In addition, this implies that wy = 0. If
we compute the perturbed Newton step (20) through a Riccati
recursion, the last element of the recursion becomes,

Azyi = —TIypTy,,
M Cha Ry K+ 1) = B G G 1) (24)

Once the new measurement y(k + 1) is obtained, we perturb the
right-hand side so that,

Az =Zna (Y(k+1)) =2y (P(k + 1))
= Myt o Ryl (k1) = e (23,4 (7K + 1))
=Ky vk +1) = hyia (zy,, 0k +1)))). (25)

y(k—N)J)

rd

Yo—Ng1)

Future

Y
e (k+1) Measurement

)

Predicted
Measurement

//g(k+1)

tk—N tka+1 t}f—N+‘2

t

Current
Time

t

b o by k+1

Fig. 1. Schematic representation of estimation horizon for extended problem .#y.1(n(k)).
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This expression can be seen as an analog of the Kalman Filter update
formula where Ky.; is the so-called Kalman matrix [22]. Here,
Zy.1(¥(k + 1)) can be interpreted as the before-measurement state
estimate while x(k + 1) = zy,1(y(k + 1)) can be interpreted as the
after-measurement estimate. The above expression is also useful
to analyze the impact of the characteristics of the dynamic system
and of the design of the MHE problem on the approximation error.
For instance, it is clear that as N —» o (i.e., we add more informa-
tion) then ITy.; — 0. Therefore, the impact of the update becomes
negligible and the approximation error |[x(k+1)—x(k+1)] — 0.
Similarly, if the system is strongly observable then the eigenvalues
of T+, will be positive and small and the approximation error will
also tend to be small.

Remark 1. The proposed fast MHE algorithms assume that the
background problem .#y,; can be solved within one sampling
time. Fast MHE strategies able to accommodate larger background
MHE problems, extending over multiple sampling times have been
presented in [13].

Remark 2. The proposed fast MHE strategy is applicable to differ-
ent MHE formulations such as robust MHE. The only requirement
of a given formulation is continuous differentiability of the opti-
mality conditions in order to guarantee the existence of bounded
approximation errors.

5. Case studies

We illustrate the developments using two simulated case
studies. In the first small-scale case we emphasize on the perfor-
mance of the fast MHE algorithm while in the second large-scale
case we emphasize on the computational performance of the
algorithm. In both cases, the continuous-time MHE problems
are discretized using orthogonal collocation on finite elements.
The elements are placed in order to match the sampling times.
The resulting NLPs are solved with the full-space NLP solver
IPOPT [23]. The solver has been equipped with covariance infor-
mation extraction and NLP sensitivity capabilities. This allows
the implementation of fast MHE strategies for large-scale
applications.

5.1. Nonlinear continuous stirred tank reactor

We consider a simulated MHE scenario on the nonlinear contin-
uous stirred tank reactor (CSTR) presented by Hicks and Ray [24]:

dz¢ z5(t) -1
a0
dzt  Z'(t) — 7
d 0

+ ko - Z°(t) - exp {_Ea} (26a)

Z(t)

ko2 (0) exp | 2| () (20 - 2,) 260)

The system involves two states z = [z5,z'] corresponding to the con-
centration and temperature, and one control u corresponding to the
cooling water flowrate. The model parameters are z., =0.38,
7t = 0395, E, =5, o= 1.95 x 10%, and ko = 300.

The objective of this case study is to analyze the effect of NLP
sensitivity errors on the performance of the fast MHE estimator
and contrast this with the performance of the optimal or ideal
MHE estimator. We use batch data generated from a simulated
NMPC scenario.

As a first result, we compare the effect of the estimation horizon
length N on the covariance matrix Iy of the state estimates when
the temperature z' is used as measurement to infer the concentra-
tion z°. The resulting 95% confidence regions of the estimate states
7§,z are presented in Fig. 2. The shortest horizon used contains
five time steps (outer ellipsoid) while the longest contains 50 time

0.05
Lz
N
4
N
—0.05 -0.02 -0.01 0 0.01 0.02
c _c*
(ZN_ZN )

Fig. 2. Effect of estimation horizon length N on the state estimates covariance when
Z' is used as measurement.

steps (inner ellipsoid). It is clear that the eigenvalues of the covari-
ance matrix decrease as the horizon is increased. It has been found
that the temperature z‘ is the most informative measurement
around the nominal operating point.

Scenario 1. The simulated states are corrupted with Gaussian
noise (¢ = 0.01) and we use zy = [0.3,0.3] and I1;! = diag{0.1,0.1}
as initial guess. The weights for the output deviations are set to %
In Fig. 3 we compare the performance of both the ideal and fast
MHE algorithms. As can be seen from subplot (b), both algorithms
are able to reconstruct the true state z° of the system based on
temperature information. The fast MHE estimator is able to
remove the computational delay. Performance deterioration of
fast MHE due to NLP sensitivity errors is not immediately evident
from these profiles but can be appreciated by comparing the cost
functions of both MHE algorithms in subplot (c). It is interesting to
observe that the performance of the fast MHE algorithm degrades
at some time steps creating small deviations from the optimal cost
function of the ideal MHE. This is due to the fact that, at these
points, the difference between the predicted and actual measure-
ment is quite large, leading to large approximation errors. The
difference in performance tends to disappear as information is
accumulated and identical performance is observed for the rest of
the operating horizon even in the presence of large levels of noise.
These results are in agreement with Eq. (25) and the observations
of Section 4.

Scenario 2. We add two disturbances on the activation energy E,
to test the robustness of both MHE estimators. As can be seen from
subplots (a) and (b) in Fig. 4, the disturbance jumps at time step 75
and 100 disrupt the inferred state profile, but the estimators are
able to reject the disturbances. Interestingly, from the cost func-
tions of subplot (c) we see that the approximation errors do not
degrade the performance of the fast MHE estimator significantly.

5.2. Full-scale LDPE plant

We consider a simulated MHE scenario arising on a full-scale
low-density polyethylene (LDPE) process. A simplified flowsheet
of a typical LDPE plant is depicted in Fig. 5. For a more detailed
explanation of the process, please refer to [16] and the refer-
ences therein. In this process, ethylene is polymerized in a long
tubular reactor at high-pressures (2000-3000 atm) and tempera-
tures (150-300 °C) through a free-radical mechanism. The final
product is recovered by flash separation. The process presents
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Fig. 3. Scenario 1. Comparison of performance of fast and ideal MHE strategies in the presence of measurement noise.
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Fig. 4. Scenario 2. Comparison of performance of fast and ideal MHE strategies in the presence of noise and disturbances.

a difficult dynamic system with long time delays due to the re-
cycle loops and multiple compression stages. The only available
measurements are the reactor temperature profile and the gas
concentration leaving the hyper-compressor. The objective is to
estimate the remaining differential states corresponding to the
concentrations of ethylene, butane, methane and impurities
throughout the plant units. The dynamic evolution of these
states can be described by material balances around each plant
unit,

25(0) = 24 @n

where N¢, number of gaseous components in the process; Ny, num-
ber of plant units; F, mass flow rate (kg/h); V, equipment volume
(m3); t, time (s); px, gas density (kg/m3); z;'(”_j, inlet weight compo-
nent of jth component to the kth unit; z j, outlet weight component
of jth component from the kth unit. The gas density at the extreme
conditions is calculated through nonlinear thermodynamic rela-
tions. Most of the complexity of the dynamic model is caused by
the presence of time delays which are modeled by material bal-
ances around pipes of fixed length

T a(:o, zij(4,0) = 2§, (28)

where 7t; represents the ith time delay in the process with
i=1,...,Nrand j=1,...,Nc. The PDEs are transformed to ordinary
differential equations by applying a spatial finite difference scheme
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Fig. 5. Simplified flowsheet of a typical high-pressure LDPE tubular reactor process.

with 10 intervals. The resulting DAE model contains 294 differential
and 64 algebraic state variables. The concentration of butane in the
recycle loop yc, is used as the only measured output. The output
measurements were obtained by simulation of the dynamic model
using fixed control profiles over a long horizon of 5.6 h divided into
60 sampling points. The predicted output profile is then corrupted
using Gaussian noise with ¢ = 0.05. Following this reasoning, the
least-squares objective function,

Table 1
Average computational times associated to the background MHE solution for the
LDPE case study (3.0 GHz Pentium IV processor, 1 Gb RAM)

Algorithmic step CPU time (s)
Full solution (6 iterations) 202.64
Single factorization of KKT matrix 33.77

Step computation (single backsolve) 0.9-1.0

Rest of steps 0.936

N
1
ming, (Zo — zo)' Iy (2o — 2o) +Z 2 Ve, (k) YC4(k—N+1))27
-0
(29)

and the model Egs. (27), (28) are used for the formulation of the
estimation problem. Here, yc, (k) is the measured concentration of
butane in the recycle loop at sampling time t;, vector z, € ®*** con-
tains the initial conditions for all the states with a given a priori
estimate Z, obtained from simulation Finally, TT;' € %% is a
diagonal matrix with entries set to g; and we impose lower and
upper bounds on all the states. We use a total of 15 finite elements
and 3 collocation points for time discretization of the dynamic mod-
el. The resulting NLP contains 27,121 constraints, 9330 lower
bounds, 9330 upper bounds and 294 degrees of freedom corre-
sponding to the initial conditions for the states. Since the dynamics
of the system are slow, a total horizon time of 1.4 h is used with
sampling times (t,.; — t;) = 5.6 min.

Computational results associated to the solution of the NLP
using IPOPT are presented in Table 1. It is clear that the vast major-
ity of the total CPU time is devoted for the factorization of the KKT
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O
>
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— Fast MHE
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Fig. 6. Measured, estimated and true profiles of the output variable for LDPE case study.
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matrix. A standard MHE algorithm solving the MHE problem on-
line would introduce an estimation delay of more than 3 min,
while the fast MHE algorithm only needs to perform a single back-
solve on-line, which takes less than 1 s.

It has been found that SSOC holds at the solution of the MHE
problems. Therefore, it is possible to conclude that the state of
the system is observable given the limited measurement data.
Fig. 6 presents the measured, estimated and true profiles of the
output variable along 60 sampling times. The fast MHE algorithm
is able to estimate accurately the true output variable. The noise
perturbations do not induce drastic changes between neighboring
problems. As a consequence, a fast backsolve is required to obtain
nearly instantaneous and accurate state estimates.

The approximate solutions obtained from NLP sensitivity are
used to warm-start the algorithm for the solution of the back-
ground nominal problems at each sampling time. By doing so,
the algorithm is able to converge the background problems using
only 3-5 iterations.

6. Conclusions

A fast moving horizon estimation algorithm is presented in this
work. The recursive strategy solves a nominal problem in between
sampling times using a predicted future measurement and corrects
on-line using fast nonlinear programming sensitivity calculations.
Rigorous performance bounds are derived based on classical NLP
sensitivity results. A detailed analysis of the optimality conditions
of the MHE problem is performed in order to derive strategies for
fast covariance information extraction for general NLP algorithms.
It is demonstrated through simulation studies that the proposed
algorithm is able to mimic the performance of ideal MHE. As part
of future work, we propose to incorporate the derived approxima-
tion bounds in a detailed stability analysis of fast MHE algorithms.
Finally, we propose to study the interaction between fast MHE
algorithms and recently proposed fast sensitivity-based NMPC
algorithms [9,10].
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