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Abstract

The main task of this project has been to validate the Kalman filter method in different
shots of the TCV tokamak, in order to estimate in real-time the position and speed of
the plasma. The plasma position and velocity can be retreived from the estimated state
of the system. The Kalman filter is a powerful tool for estimation and control goals, since
it deals with linear systems which are computationally fast to solve. This permits to esti-
mate plasma quantities in real-time during a plasma shot and fastly recover a control law
for plasma stabilization and shape. Indeed, since the Kalman filter is the optimal linear
predictor, it can be coupled with a LQR for LQG control. Moreover, it can properly filter
noises of the system, once the covariance matrices are properly tuned. The state-space
system we deal with derives from a linearization around a plasma-equilibrium point of
a non-linear Forward Evolutive Grad-Shafranov solver called FGE. In order to properly
estimate the desired quantities, particular attention has been put in covariance matrices
tuning, to best recover the mismatches due to linearization and the unexpected additional
perturbations in the model, which have been modelled as additional noises in the state
equation. The Kalman filter design has been firstly performed on an artificial tokamak
called Anamak and at the end, once the filter behaviour has been validated, it has been
used for estimation purposes on TCV shots.

In the first Chapter, which gives an introduction of the physics of the problem and of the
equilibrium codes used for TCV, the Grad-Shafranov equation has been derived. It has
been introduced the plasma current discretization by means of polynomial basis functions,
the Green functions mapping for active and vessel currents and their filamentary discretiza-
tion. An eigenmodes formulation for the vessel currents has been presented too. Then,
a description of the linear link between measured quantities (Bp,, ¥y, I,) and external
currents has been described. After having written down the circuit equation, the main
equilibrium codes have been presented. The FGS algorithm and its evolutive extention FGE
have been discussed. Finally, defining the external currents as the state, the linearization
of FGE around an equilibrium point in the state-space has been performed. Coupling this
process equation with the measurement linearization (both in relative or physical frame)
the state-space representation has been reached. The Chapter has finished with a qualita-
tive comment around observability and controllability properties of the system.

In the second Chapter the Kalman filter algorithm has been presented. Futhermore, a
state-augmented filter has been developed. Finally, a complete description of the covari-
ance matrices design used during the simulations has been provided.

In the third Chapter three statistical tests to be performed onto the innovation residuals
have been presented. These rejection tests give a formal instrument in order to check faults
in the Kalman filter stochastical behaviour in terms of covariance matrices or in terms of
the stochastical hypothesis onto the process or observer noises.
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In the fourth Chapter the open-loop results on Anamak have been presented. Firstly,
using the statistical tests after the imposition of known noises, the performances in the
cases of correct, underestimated and oversitimated process covariance matrices, with data
retrieved from a linearized FGE run, have been compared. Thus, a comparison in terms of
estimated quantities has been set between the case in which measurement data are taken
from a run of FGE or from a linearized FGE run. Therefore, a covariance matrix improve-
ment has been developed in order to match the non-linearities of the system. Moreover,
using an augmented state filter with data from FGE, an unknown sinusoidal and step per-
turbation on the first PF coil voltage have been recovered by the filter. Finally, the £,
and the g4 parameters have been estimated after unknowns 3,-ramp and g4-ramp profiles
impositions in the case of contraints state augmentation.

In the last Chapter, the previous simulations have been extended to several TCV shots.
The plasma position and speed evolutions have been estimated for all these shots and a
vertical error analysis has been performed in order to demonstrate the accuracy of the
method. Moreover, the open-loop performances of the Kalman Filter observer have been
compared to the existing estimates from MGA observer, based on a linear combination
of measurements. The control voltages to vertical position transfer functions have been
shown and discussed demonstrating that the Kalman filter has a robust phase margin and
it is a better alternative to the previous observer also from the frequency point of view.
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Chapter 1

Control oriented modelling of
tokamaks

The physical description of the plasma which has been adopted in this work is summarized
in this section. It is also shown the link between the control coils, the vessel and the plasma
itself by means of Green functions and the model discretization for the coils and the vessel
filaments. The final model that will be derived will account for the force balance equation
given by the Grad-Shafranov equation and for the circuit equation linking all the currents
of the system. For more details we refer to [2], [4], [5], [17].

1.1 Derivation of Grad-Shafranov equation

Magnetic-fusion plasmas are complex self-organized systems with an extremely wide range
of spatial and temporal scales, from the electron-orbit scales (~ 1071t s, ~ 107°m) to the
diffusion time of electrical current through the plasma (~ 102 s) and the distance along the
magnetic field between two solid surfaces in the region that determines the plasma-wall
interactions (~ 102m) [2]. The most straightforward way for describing plasmas would be
the microscopic particle approach: solving the equations of motion for the many individual
particles (both electrons and ions) that form the plasma in externally imposed electromag-
netic fields and in the fields generated by the particles. However, this is computationally
impossible to apply to realistic magnetic-fusion plasmas, which typically contain 10?2 —1023
particles. The second formalism to describe plasma is the so-called kinetic description. It
describes the plasma with a probability density function in the phase spaceE]. It gives a
precise description of the plasma, allowing to describe many nonlinear phenomena and it
is programmable using methods such as particle in cell (PIC) hence very promising in the
field of theoretical computational physics [2]. Finally, the last approach is the so-called
magnetohydrodynamics (MHD) descriptionﬂ It is a fluid description of the plasma com-
bined with the the electromagnetic field evolution. As a fluid description, it also can be
obtained from the kinetic description looking at the first moments of the probability func-
tion distribution.

YIn Hamiltonian Mechanics it consists of all possible values of position and momentum (¢,p).
2The time scales of the MHD model are in the order of the resistive time scale [2].
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2 CHAPTER 1. CONTROL ORIENTED MODELLING OF TOKAMAKS

Definition 1. (Mass bulk fluid velocity) Given the ion mass bulk velocity vy and the
electron mass bulk velocity ue, i.e.,

1
= — u;
i Nz - ik
1
Ue = — u
e Ne §k ek

where N; and N. are the number of particles of species i and e in the volume of plasma
taken into consideration, we define mass bulk fluid velocity as the quantity

Me Ne Ue + Ty N; U4

u=
Me Ne + M N

where ny, and my, k =i, e are the number of particles per unit volume and the mass of the
species respectively.

Since m; > m, we obtain u ~ uj, and if we consider the presence only of electrons and
ions with a single charge the quasi neutrality condition reads n = n. = n;.

Definition 2. (Plasma current density) Given the ion mass bulk velocity u; and the
electron mass bulk velocity ue, the number of particles per unit volume of the species and
the electron charge e, we define plasma current density as the quantity:

Jpl = €N;Uj — €N Ue

If we define the total mass of the plasma m = m; + m. and the total plasma pressure
p = p; + Pe, the total momentum balance equation is the following:

ou .
nm(a—l—u-Vu)—i—Vp:_]ple

We introduce two important time scales in the system:

Definition 3. (Alfvén time) We define the Alfvén velocity as

B
Vo T Ty
which represents the travelling velocity of typical oscillation of ions (hence the bulk mass of

the plasma) in magnetic fields. The Alfvén time T4 is the characteristic time of propagation
of these waves in the system:

VA =

a
TA = —
VA

where a is the minor radius of the torus.

Definition 4. (Resistive time) The characteristic time of momentum transport due to
particle collisions is defined as

_ Mo a?

o

TR

where 1 is the plasma resistivity.



1.1. DERIVATION OF GRAD-SHAFRANOV EQUATION 3

The ratio of the two time scales defines the dimensionless Lundquist parameter S = 7.

In modern fusion experiments S ~ 10% — 10'? meaning that the propagation of the ion-
s/magnetic field oscillations in the system is much faster than the momentum diffusion
from collisions [2]. Since we are interested in phenomena of the order of the resistive time
we can use the parameter ¢ = S~! to look for solutions in which all the time derivatives,

velocities, sources of dissipation and the electric field are of order of € i.e:

0
Therefore we obtain: 5
eznm<a—ltl+u-Vu>+Vp:jp1xB

and since we are interested in phenomena in the resistive time range we obtain the ideal
massless MHD force balance, also called plasma equilibrium equation:

jprxB=Vp

The static free boundary equilibrium problem looks for the magnetic field which satisfies
the MHD force balance equation together with Mazwell’s equations both under the static
condition % = 0. The system of equations is then:

jprxB =Vp
VxB = puoj
V-B =0

where the current density j is composed of the contribution of both the plasma current
density and current densities external to the plasma but present in the domain of validity
of the system (poloidal coilsﬁ and passive structures) i.e. j = jp1 + je Where jo = ja +Jjv is
the sum of contribution from the active coils and the vessel.

Now, as done in [21], if we consider a cylindrical frame (R, Z, ) in the hypothesis of
axisymmetry % = 0 we have that:

_ 10(RBg)  10B, 0By
R OR R dp ' 07

_ 10(RBgr) 9Bz 13(RBgr) 13(RBy)

~ R 0OR 0Z R OR R 0z

V-B

=0

Definition 5. (Poloidal magnetic flux [21]) In cylindrical coordinates called R the
radius from the geometric centre of the torus, called Z the cylindrical height of the system
and identified with (R, Z), the toroidal section, is called poloidal magnetic flux ll»ﬁ mn P,
where P € (R, Z), the total flux of B through the surface S having as its edge the toroidal
ring passing through P, i.e.,

Rp

\I’:—/B-dA:—27T Bz RdR
S 0

Where Rp is the radius value in P. We have immediatly that

1 0¥
By=—— "
R Bz 27 OR

3We will not consider the toroidal coils currents.
“In a simply connected surface we have that V x B = A thus ¥ = R A,.



4 CHAPTER 1. CONTROL ORIENTED MODELLING OF TOKAMAKS

thus
l(‘?(RBR) l&(RBz) B l@(RBR) 1 ov

R OR 'R 0Z R OR  9rROZOR
from which we get

0

1 0w
RBr=35 57

We obtain
1 oU 1 oU

= 57R9Z® 3RoR % T Pece

Definition 6. (Poloidal magnetic field [21]) We call poloidal magnetic field the quan-
tity:
1 oV 1 ov 1

WRIZR T RORZ T onR VT X

We deduce that B - V¥ = 0 so field lines lie on iso poloidal flux surfaces.

Bp ZBR8R+BZeZ =

- magnetic axis

— X flux surfaces

Figure 1.1: Frame of reference, (From [3])

Now, let’s consider Ampére’s law in cylindrical coordinates with the assumption of ax-
isymmetry:

10B; 0B, l(@(RB@ - aBR) 0Br 6BZ)T _

R dp 07 R\ OR dp )’ 0Z ~ OR

_ (_8B<p l@(RBw) aBR _ 8B2>T _ ;Loj
0Z’ R OR ~ 0z OR

In homogeneous and isotropic conditions we obtain:

VXB:<

108,
]R__M_oa_Z
.1 O(RBy)
2= R OR
. 1 /0Br 0By 1 9 ; 0V 0w
J@:%<0_Z_W):_2WOR( @(W) @)

Definition 7. (Poloidal current density [21]) We call poloidal current density the quan-
tity:
1 0B, 1 0(RBy) 1

1 - —~ _v(RrB
w02 BT wR or 2 MORV<R “’>Xe‘P

Jp =JRer t+jzez = —
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Definition 8. (Grad-Shafranov operator) We define the bidimensional elliptical oper-

ator: 5 3 o2
1
A"=R—| =— —
OR (R 8R> T oz
We can now rewrite the last equation:

2
ie = gy (o (o) * 972) = e ™™

The current density is thereby totally defined by the following equation&ﬂ

.. . 1 )
J=Jptipe,= IUO—RV<RB¢> X e, + Jp ey
A*W = =27y R j,

Now, since:
B (jpi xB)=B-Vp=0

and since we are in axisymmetry and so p = p(R, Z), we have that B, - Vp = 0, thus:

1 1
Bp'Vp:mV\Pxe‘p-Vp:ﬁeWVpr\P:O

therefore Vp and VW are parallel vectors, thus p = p(¥).
Focusing in a similar way on the plasma current density, since:

jpl : (jpl X B) :jpl -Vp=0
for axisymmetry, we have that:

jp'szﬁmlng(RB¢) Xeso‘VquolRe@'V(RRp) X Vp =0

therefore V(R Bg,), Vp and V¥ are parallel vectors, thus R B, = T'(¥).

We can finally rewrite the cylindrical plasma equilibrium equation in axisymmetry and with
isotropic pressure:

Jjpr x B = (M}RV<RB¢> X e, +jpl,<peso> X (#V\If ><e¢,+B¢ew> =Vp=
— ('uolR dEEP‘I/) VU x e<p+jpl,<peg0) X (ﬁ VU x e¢+71(R\Il)ew> _ dpd(q\lp)vql

Now, by performing the vector products and deleting the terms VW, we reach the following
equation:

L dT(®) T(Y)  jpe _ dp(¥)
wR d¥ R ' 2nR 4V

If we combine the previous equation with the Poisson’s like equation of above and we con-
sider that je = je,, €y, we obtain the Grad-Shafranov equation:

A" = — 47 <u0 g2 W) | gy )

av av

that is a Poisson’s problem once we fix the boundary conditions |2], [19].

)_2WM0Rje,@ ) (RaZ)GQ:(RaZ)p

5The second equation is similar to a Poisson’s problem so U (R, Z) is totally defined once we know the
source j, (R, Z) and the boundary conditions.



1.1.1

The Grad-Shafranov equation is a non-linear 2-dimensional elliptic PDE that gives ¥ (R, Z)
once we give p(¥), T(¥) and the boundary conditions. First of all let’s define some poloidal

CHAPTER 1.

Boundary conditions

domains [2], [14]:

Q= (R,Z), - poloidal plane

Q. C Q - computational domain

Q, € Q¢ :ju #0 - plasma region

CONTROL ORIENTED MODELLING OF TOKAMAKS

Qe =Q,UQ, CQ - active coil and passive vessel region

Quae = QN Q) - vacuum region inside computational domain

2y
1 = p
i
pl
‘IVBC
i
[
0.5 —
Q
a
limiter
ot X X point
= = =div. legs
[ |-
* F,
-0.5
=1

02 04 06 08 1 1.2
R[m]

Figure 1.2: Domains, (From [2])

The plasma region €2, is contained
within the so-called “last closed flux
surface" (LCFS) which is the out-
ermost closed surface of the nested
flux surfaces at constant W. There
are two possible conditions in a toka-
mak that can define the LCFS [19].
If the plasma touches the limiter
then the LCFS is given by the isoflux
line at the flux value of the contact
point and in these points the flux
reaches its maximum value, i.e.

max WU

Vicrs =
(R,Z)€d9r,

In this case we refer to a so-called
“limited" plasma and with 97 we
indicate the limiter contour. In
the second case the boundary of
the plasma region 0€,, is defined by
the isoflux line at the value of the
poloidal flux of the X point, which
is a saddle point of the flux map
V(R, Z), i.e.

VUrcrs =0 A det Hess (Vrops) <0

In this case we refer to a so-called
“diverted" plasma [19].

In figure () the domains in the poloidal plane of TCV are shown. Now we can distin-
guish two different types of boundary conditions [2], [19]:

e Fixed BCs: we prescribe “a priori" Dirichlet boundary conditions:

U(R,Z)=Tp+ Vo= >

where W is produced by current plasma density jy, (jp,, = 0 outside €2, C ),
U, is produced by je, = jap + Ju,p and where G(R, Z; R, Z') is the Green function

i=pl,a,v Qi

G(R,Z;R',Z")j;(R',Z"YdR'dZ' , (R,Z) € 09,
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connecting the source point (R, Z’) to the target point (R, Z) ﬂ Note that only the
toroidal component of the current density j; enters, due to the toroidal symmetry of
the tokamak.

e Free BCs: determining the plasma boundary is part of the solution of the equilib-
rium reconstruction and this leads to a non-linear numerical problem. In this case
the constraints are:

dp(V) dT ()

* _ 2 2

A* = —4x (,ugR 20 +T(qj)7d , (R, 2) €y
AU =0, (R, Z) € Quac

AT = g(T) , (R, Z)€ Qe

In this work we address to Free BCs since the plasma boundary is unknown and is a part
of the solution of the problem. The Dirichlet boundary conditions holds at every iteration
once the plasma region has been determined.

1.2 Model discretization

In order to give a description of the toroidal plasma current j,; , we need an approximated
approach. First of all the 2-dimensional computational domain 2. is discretized with a
grid of elements of width AR and height AZ. Also the non-zero plasma current region (2,
is discretized in the same WayE]. Let’s give some definitions to present the basis function
discretization [19], [6], [17].

Definition 9. (Magnetic axis) We now define with V4 = Y(Ra,Z4) the value of the
poloidal flux at the plasma axis as the minumum point of the poloidal flux map ¥(R, Z),
1.e€.

VU4 =0 A detHess(Vrcrs) >0

The point (Ra, Z4) in the poloidal plane represents the center of the plasma.
Definition 10. (Normalized poloidal flux) We define the normalized poloidal flux as:
\i/ _ \IJ(R7 Z) - ‘IJA
Yrers — Wa

Definition 11. (Poloidal beta) The poloidal pressure factor [3, is the ratio between the
volume-averaged thermal pressure and the volume-averaged poloidal magnetic field pressure:

Definition 12. (Total plasma current) The total plasma current I, is defined by the
fluz of the toroidal component of the plasma current density in the poloidal cross-section.

1 YLcFrs 0
I:/jpl-dA:/ dv o
Qp 27'(' ‘I’A Bp

SFor the external current density j., instead of continuous distribution in the poloidal plane, we will
consider sets of filamentary currents located at the positions (R;, Z;) with point-wise sections in the poloidal
plane. This is equivalent to consider j,, as a Dirac distribution j; (R — R;, Z — Z;), where (R;, Z;) is the
location of the filament i.

“In our codes we assume at this stage that the plasma current is contained inside a discretized contour
09, where jp # 0, hence we do not consider currents in the scrape off layer [2].
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After an initial ramp-up phase, I,, is maintained stationary and then ramped-down at the
end of the experiment. For the proof of the second equivalence in the previous definition
we refer to [2].

Definition 13. (Safety factor) If we consider the poloidal cylindrical frame (r,9) and
if we call N the number of toroidal turns and M the number of poloidal turns following a
field line around the torus, we call safety factor qa the quantz’tylﬂ :

N 9d¢ r B,

QA= -7 = 30 = 5o

M 09 RB,
Definition 14. (Basis functions representation of the plasma current distribu-
tion) As a direct consequence of the more fundamental representation of p' and TT' as
basis functions, the plasma current is parametrized by a linear combination of polynomial
basis functions g(¥(R, Z)):

| dp(V) | T(W) dT(W) .

Jpl,o :27T(R U + MOR W ) = izaipRgip(\Il(R, Z))—FiZOziTR giT(‘I/(R, Z))
P T

In such a formulation the reconstruction problem consists of finding the coefficients ay =

{ai,, i }. The more basis functions are included, the more coefficients are to find but the

description of the current will be more precise [14], [19].

0 0
0.1 f | 0.1t
02 f | 0.2 f
03 1 0.3
04 | : 0.4 f
<§: <§:
— 05 ~ 05|
Q -
o ()]
0.6 1 0.6 |
07 - 0.7 |
08 | 8 08t
09 7 0.9 |
-1 1 1 L L -1 L L 1 L
0 0.2 0.4 0.6 0.8 1 0 0.2 0.4 0.6 0.8
¥ ¥

Figure 1.3: Example of basis functions as a function of the normalized poloidal flux ¥

As we will see, in FGE-code the number of coefficients oy will be chosen in order to match
exactly the number of parameters in the vector ¢ = [3, I, ga]T [8].

8In conventional tokamaks ga varies from 1 on axis to 3 — 4 on the edge. Since g4 is related to the
number of toroidal turns to complete one poloidal revolution of a given magnetic field line lying on a given
flux surface, it can be shown that on the isobaric surfaces where ga € Q we have periodicity on the plasma
configuration. The ga-profile is related to plasma instabilities and has become a crucial parameter to be
estimated and controlled during plasma operations [2].
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1.2.1 Current discretization
1.2.1.1 Active coils

In tokamaks, coils that are used to generate magnetic fields and to control the plasma
bulk position have toroidal symmetry. This is done in order to keep the 2-dimensional
physical description of the system. We will refer to this set of coils as active, control
or poloidal coils. The combination of physical active coils are connected in seriesﬂ to
form an active circuit that is labeled a. Each coil is discretized into coil ‘winding packs’
consisting each one of n, conductor filamentary windings, since most of the coils in a
tokamak are too large to consist of a single conductor (as shown in figure ([1.5()). In an
independent active coil k, k € {1,...,n,} in which each winding is modeled by a filament
at (R},Z!) ,Vi € {1,...,n,} and that each one carries the in-series current I,,, the flux
generated by all the windings combined is:

Uy(R,Z) =Y M(R,Z; R}, Z}) L, = Mp(R, Z) L,
=1

where the Green function My(R,Z) = > " M(R,Z; R}, Z]) is the mutual inductance
between the entire k-coil and the point (R, Z) of the poloidal plane.

1.2.1.2 Vacuum vessel

The tokamak chamber where the plasma is confined is sorrounded by a low resistivity
metallic structure called vacuum vessel, in order to slow down the vertical instabilities.
Since the vacuum vessel is a metallic structure it has to be accounted that it can carry
toroidal electrical currents induced by the time-varying poloidal magnetic field. Morover,
since the thickness of the vacuum chamber is little, it is modeled as equidistantly spaced
toroidal independent filamentary windings labeled v as in figure ({1.4]). This filamentary
representation of vessels will sometimes also be referred to as passive circuits or passive
structures. The combination of the active circuit current and vacuum vessels stacked
together will be labeled as e, s.t. the number of external circuits is the sum of the number of
independent active circuits and vacuum vessel windings, i.e. n, = ng+n,. The contribution
of a winding current (active circuit or vessels) to the poloidal flux is given by discretizing
the Green function:

Na N
VR, Z) =0 + " = "G(R,Z;Ri, Zi) Io; + Y G(R,Z; R;, Z;) I,; = M I,
i=1 j=1

where M € R"« is the collection of the Green functions M; = G(R, Z, R;, Zz)lﬂ and I, € R
is the external circuit current, both active and passive.

®The poloidal coils of TCV have independent power supplies. They consists of 32 coils (some of them
are connected in series or in anti-series) making up n, = 19 active circuits. In radial position control
the coils at the left (inner part of the poloidal cross-section) of the poloidal plane are in series and with
opposite sign with respect to the right ones (outer part of the poloidal cross-section) in order to counteract
the radial centrifugal force. In vertical position control the coils at the left and at the right of the top of the
poloidal cross-section are connected in series and have opposite sign with respect to the left and right coils
of the bottom of the poloidal cross-section, in order to counteract the vertical displacement instability.

0Because of the symmetry of the Green functions the mutual inductances are symmetric and positive
definite matrices.
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Figure 1.4: Current discretization

If we stack the contribution of the
circuit k, k¥ € {a,v} to the flux
z, € {a,v} in the flux vector
Ulr € R the above expression can
be written as a linear mapping:

Ule = My, I,
Ul = M,, I,
Ule = My, I,
Ul = M, I,

and in a more compact form:

Wle = M, I,
with:
_ Maa Mcw Ne XMNe
Mee = ( Mya My, ) €R

‘Physical’ TCV poloidal coils
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A (72 x 2 windings)

B1-2 (8 x 4 windings)

C1-2 (4 x 3 windings)

D1-2 (2 x 4 windings)

E1-8: (12 x 3 windings)
F1-8: (4 x 9 windings)

G1-6 (1 windings each)
T1-3: Connectors of TF coils

Active TCV coils

OH1: A coil

OH2: B, C, D coils in series
E1-8: individual

F1-8: individual

G: G1-3/G4-6 in antiseries

Figure 1.5: Poloidal coils of TCV, (From [4])
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1.2.1.3 Plasma current

The plasma toroidal current density is modeled by the computational grid as a rectangular
filamentary current of width AR and height AZ. At each position (R, Z) of the discrete
grid €. the filament plasma current is defined as:

Zg:in ag R g,(V(R;, Z;)) ARAZ it (R, Z;) €

I, = Z)ARAZ =
y jpl(R’ ) R { 0 , if (R“ZZ) S QC - QP

where v, = —1if g = ir and vy = 1 if g = i),. Morover, since the plasma current is also a
source of the poloidal flux we have that the plasma contribution to the flux is:
Ul = M, I,

where M., € R"*" is the matrix mutual inductance mapping the plasma current to the
circuit flux s.t. Mey,ij = G(RZ, Zi; Rj, ZJ)

Therefore:
\Ile = \Iléeyly = Mee Ie + Mey Iy

1.2.1.4 Grad-Shafranov operator

The Grad-Shafranov operator is discretized by means of the Finite Difference Method [19]:
1

A*W(R;, Zj) ~ (D qj)ij - AZ2

(‘Pi,j+1 + Vi1t aiVip;+biWic1; — ¢ ‘I’zg)
with:
. _ [ AZ 2 R;
@i = (ﬁ) Ri+AR; 2
b = (M>2 R;
i = \AR) Ri-AR,2
i =2+a;+b

Therefore, if we stack ¥ in a vector of R™, where nn is the number of grid nodes of QCE,
the differential operation becomes a linear matrix multiplication:

AU ~DU

where U = [W1; Wiy ... Uy Uoy ... ¥,,]7 and D is a matrix formed of 5 diagonals. Since
a; # b; the matrix D is not symmetric. The discretized Grad-Shafranov equation is then:

DV, = —2mpug I, (g, Wy) — 2mpo Ry Ie

Ry
ARAZ
where R, is the radial coordinate in the poloidal plane computed in (R,, Z,) € §2,. This
equation can be solved by means of the iterative Picard methodjﬂ once we impose the

boundary condition:
Uy = Mo Io+ Moy In + Moy I, ,(R,Z) € 0Q,

where W, is the discretized flux on the discretized boundary domain 0., {I4, I, I} are
respectively the discretized control coil, vessel and plasma currents vectors, and M,, =
G(Ro, Zo; Ry, Z3) € R™*"= g € {a,v,y} are the discretized Green functions linking the
source points (R, Z;) to the boundary points (R, Z,) € 0S2..

For more details, we refer to [2], [4], [8], [19].

1n this example the computational domain has n x n nodes spaced AR along R and AZ along Z.

2T he iterative Picard method is used in reconstruction codes such as LIUQE where the solution is found
iteratively from measurements in a least square sense once we impose the boundary conditions and we fix
the first iteration of p’ and TT’ (i.e., we impose the first iteration coefficients o). But since the Picard
method presents instability to vertical displacement events the reconstruction problem has been recast into
a zero-finding problem and solved by means of the Jacobian free Newton-Krylov method 2], [8].
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1.2.2 Circuit equation
The evolution of the active and passive circuits follows the Ohm-Faraday law:

dv,
dt

:‘/e_ReeIe

where V, = [V, 0]7 is the voltage applied to the circuit (only the PF coils have a voltage
source), Ree € R™*™ ig a diagonal matrix with entries the resistances of each of the
conducting structure elements [4], [14]. Now, since:

U, = Mee Ie + My I
and since M., and M., are assumed constant in time, we get:

Meeje"’Meyfy_‘/e"i‘ReeIe:Q

1.2.2.1 Vacuum vessel eigenmodes decomposition

Instead of looking at the vessel as a filamentary discretization it is often useful to change
the frame basis and describe the vessel according to its reaction speed to perturbations.
If we consider the linear ODE associated with the PF circuits, the vessel currents and the
plasma currents we get the following linear system [4]:

Va Moo Moy My I, Riw O O I,
0 = Mya My ny I'v =+ O Ry @) 1,
0 My, My L, I, 0 O R, I,

Since from reconstruction codes we know iteratively the plasma boundary 0€),, we can
know the value of the total toroidal plasma current I, and stack the values of the inner
rectangles into a distribution vector I, s.t. the self inductance of the plasma is defined as

2: .
I My, Iy

L, 7
p

The plasma resistance R, € R™*" is a diagonal matrix collecting the resistances of all
the plasma elements (R, is usually defined externally). Now if we consider the second
equation of the system we obtain:

0= Mva ja + Mvv jv + ny fy + va Iv
Let’s pack the external factors as an input such that:
0= Mvvjv —"_R’UUIU +U

Solving the homogeneous equation and since the mutual inductance matrix is symmetric
and positive definite and thus invertible we get the continuous linear system:

I,=—M,' Ry, I,

Now, since ]\4@7}1 and R,, are symmetric and positive definite then —M@_v1 R, is symmetric
and negative definite thus, from the spectral theorem, diagonalizable in R such that:

~M, 'R, =TATT
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where the orthogonal matrix T and the diagonal matrix A are made such as A has decreas-
ing diagonal elements. Now, if we define:

we have that:
I,=TAT"I, — TTI,=AT"I, — I,=AI,

The solution of the linear system is therefore:

Ny

I,(t) = Zvi a; exp(Ait)

=1

where v; € R™ are the eigenvectors of —M&]l Ry, (i.e., the columns of T'), \; are the
eigenvalues of —M_.! R, and a; € R Vi are determined by imposing the initial conditions:
) |7 = 1,(0)

Tloq ... ap,]” =[v1 oo U] [0 ... ap,

Instead of considering all the modes, the fastest decaying ones could be omitted. This
would allow simplifying a lot the system while keeping an accurate description.

Let’s now find the vessel circuit equation with this new frame instead of the filamentary
description. The vessel circuit equation in Laplace domain becomes:

0= £(0) = £ (Mua Lo + My Iy + Moy Iy + R T,) =
= (Rou 5 Moy ) I+ 5 Mg Lo + 5 Moy T, =
— Ry, <I+3R;U1 Mw> Iy + 5 Myq Io + 5 My, I, =
= Ry (T = sTATTT) Iy 5 Mya Ty + 5 Moy Iy =

= Ron T (T = sA™Y) T Iy 5 My I + 5 Moy T, =

R

= m’T(ruI—sruA_1>TTL,—i—stIa—i—stny:
Ty
R

= 207 (1 T4 D) TT Iy 45 Myg I + 5 Moy I =
Ty
R

= 2T (1 T4 D) T7 L4 5 My Lo + 5 Myy Iy
Ty

where 1, is a positive resistance like term (arbitrary chosen) to give a resistive form to the
diagonalized expression, and D = —r, A~! is a positive definite matrix with deacreasing

-1
diagonal elements. If we multiply the last equation for (%’Z’ T) we obtain:

Ry 1 Ry 1
0= (ruZ+sD) Ly+sTT (T2) My Lo+ sT7 (20) My I, =
Ty Ty

= (R 5 M) T+ 5 Mo T + 5 Mgy

The last equation is the corresponding circuit equation in the basis of vessel eigenmodes in

-1 -1
frequency domain. If we define T3, = (%”;’ T) =77 (%) we obtain the following
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linear tranformations:

( I, =Ty I,
I,=TF I,
Ryy = Tuv Ry Tou
My = Tuw Myy T
Myaq = Tuw Mya
Muy = Tu ny

where T,,, # Tk, , Tt # Tk, and T, = T'L, . The number of eigenmodes will be hereafter
defined as n,, < n, [14].

1.3 Measurements

Reconstruction codes apply also for RFP machineﬁ but in this work the vessel currents
of the TCV tokamak fusion reactor@ are estimated [11]. The Kalman filter method has
been already used in a previous work on a more basic simulated tokamak reactor called
Anamak [5], [14].

Anamak (analytical-tokamak) is a numerical tokamak developed at SPC that can
be configured to produce a circular stable shot (without vertical displacement event)
as well as elongated unstable shots. Anamak consists of n, = 8 control coils, each
one corresponding to an active circuit, ny = 16 flux loops and n,, = 16 magnetic
probes. Additionally the vessels are described by n, = 200 equally spaced toroidal
filaments.

In comparison,

TCYV accounts for 32 control coils (some of them are connected in series or in anti-
series) making up n, = 19 active circuits, 38 flux loops, and 38 magnetic probes.
The D-shaped chamber is allowing to produce elongated plasmas. The vessels are
described by n, = 256 equally spaced toroidal filaments that reduces to nulﬂ most
significant modes (the slowest ones) in the eigenmode description.

An example of a stable shot is given in circular Anamak in figure (|1.6|) on the left while,
on the right, an unstable elongated and limited shot (66872) of TCV is presented.

In TCV plasma parameterﬂ currents, electric and magnetic fields, flux values and its
variations are measured by means of wires and coil@ set all around the tokamak, poloidally
and toroidally. Imposing the force balance equation represented in the poloidal plane by
the Grad-Shafranov equation we can solve the problem of reconstruction of the W-surfaces
in a least square sense using the basis functions. The constant terms of the equations are
the measures of the ¥ values, the B values and the active coil currents I, [5].

The active coils currents are measured and the filamentary discretization has already been
explained so the link between coil currents and measurements is trivially given by:

I,=11,

A flux loop is a wire mounted on the vacuum vessel connected to a voltmeter. Since the

13Such as at Consorzio RFX in Padua, Italy.

1At SPC-EPFL in Lausanne, Switzerland.

The choice on n, depends on the specific application.

For example: poloidal beta Bp, total plasma current I, internal inductance l;, safety factor qa [24].
"For example: Rogowski coil, flux loop, diamagnetic loop, poloidal field probes, Mirnov coils [24].
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Figure 1.6: (From [14])

voltage is given by Vy = U it’s necessary to use an integrator (using operational amplifiers)
to obtain the magnetic poloidal flux:

m@y:AxQuWT

A magnetic probe consists of a small winding with several turns s.t. the magnetic field
is homogeneous inside of it. Coupled to a voltmeter it provides a direct measurement of
the magnetic field time derivative amplitude, i.e. V;, = NS B, where N is the number of
windings, S is the area of the probe. Using again an integrator we obtain a measure of the
magnetic field:

B@%:;Sél%hﬁh

The linear mapping between currents and poloidal flux and magnetic field is made as
usual by Green functions:

{ By, = Ba 1o + B Iy +Bmny
\Iff :Mfafa—f—vaIv—i-Mfny

where By, € R"*" g € {a,v,y} is a Green function made modifying the mutual induc-
tance matrix M,,, simply dividing by N S.

One possible reconstruction of the plasma and external currents from the measurements
devices diagnostics is given solving in a least square sense the system:

1Az — 33



16 CHAPTER 1. CONTROL ORIENTED MODELLING OF TOKAMAKS

where the matrix A represents the linear link between the vector of measurements y =
[Io By Uy I)" and 2 = [I. I, I, ag]T € Rretnytnitnag E The result can be used to
determine the plasma domain and solve the discretized Grad-Shafranov equation previously
presented. Unfortunately this approach is not feasible since to have an accurate solution
in flux surfaces reconstruction it is necessary to have a large number of plasma current
filaments. On the other hand another approach, that is used in post-shot equilibrium
reconstruction code developed on TCV, should be to define a new state = [l ay]? in
order to find the basis function coefficients and then solve for the plasma current I, in a
further step [5], [14], [19].

1.4 Equilibrium codes

A MATLAB-based library of codes called MEQ has been developed at SPC in order to solve
various equilibrium problems. The main codes of such a library are:

e LIUQE:
Inputs: magnetic measurements y
Outputs: {I,, I, g—g, T%, Y(R,Z)}
It solves MERH using least squares estimation by finding the optimals o coefficients.
It is used for post-discharge and real time analysis [19].

e FBT:
Inputs: g—g, T%, o}
Outputs: {I,, Y(R, Z)}
It solves the LIUQE inverse problem i.e. for a given plasma shape and contraints
on the W-functions p’ and TT” it finds the active coils current I, to achieve the
desired equilibrium. It is used for shot preparation and feedforward I,(t) for TCV

operations [12].

o FGS:
Inputs: {j—g, T%, I, I,}
Outputs: {V(R,Z)}
It is the Forward Static Grad-Shafranov solver, it solves a free boundary static prob-
lem for given contraints on the ag4-coefficients. The main differences with respect to
LIUQE are that in FGS I, is assumed known and there are no measurements. Moreover
the algorithm of FGS is based on a root-finding problem [2], [8].

e FGE:
Iputs: {1,(8), A1), a(t), (1), Va(t)}
Outputs: {I4(t), Ln(t), ¥(R, Z,t)}
It is a dynamical solver: for a given initial time condition on the outputs and a
set ¢ of constraints on plasma quantities to constrain oy, it solves Grad-Shafranov
equations coupled with circuit equations. As we will see in the next Chapters, the
code can be used as a simulator for pre-shot preparation and a local linearization of
this system of equations around an equilibrium can be derived and used for linear
plasma position controller and observer design [2], [§].

Since the pourpose of this work is to design a state observer for the vessel current estima-

8The current vector I, represents the vessel currents in the positions of the poloidal flux loops and can

be defined as I, = —R—f where R, is the local vessel resistances matrix.
S

9Magnetic equilibrium reconstruction.
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tion, the FGS solver will be explained more in detail. Some details concerning the other
codes can be found in [2], [§], [12], [19].

1.4.1 FGE - Forward Evolutive Grad-Shafranov solver

FGE is a free boundary dynamical Grad-Shafranov solver. It is based on the time-step
iteration of FGS coupled to time-step dynamical circuit equation. Let’s introduce first
the principle of free boundary Grad-Shafranov equation: given v = {I,, I,, ¢} where for
example ¢ = {I,,(t), B,(t), qa (t)}mis a set of fixed constraints, we aim to find x = {I,, a4}
where ay is the coefficients vector of the polynomial function expansion of p’ and T'T". The
problem is cast as a root-finding problenﬂ

Gri1(z,v) = < 1 ) LimiN ( % > R tnag

6CIchl

The function G is now only function of I, and a4 since v is fixed. The Grad-Shafranov
equation gives n, equations and the constraints equations give n,, equations. The iterative-
step residuals must converge to zero. The plasma current residual is defined as:
_ 7k k+1
Cypr1 — Iy - Iy

where It! is computed from:

Uh = MoeIe + MoyI , (R,Z) € 0

RE
k __ Y k k
D) = _QTWOARAZ Iy —2mpo Ry I

And finally, once the plasma domain Q';j is known from V% 2 € {a, v, y} we obtain:

I/k
TR+ _ >0k R g(Vi(Ri, Zi)) ARAZ ,  (Ri, Zi) € O
y 0 s (RZ', Zi) S Qc — Q];

where vy = —1if g =i and vy = 1 if g = 4.
Moreover, concerning the constraints residual e, 1 if c = ey ... cnag]T is the vector of
constraints and ¢;, 7 € 1,...,nq, is a scalar, there exists a linear map

A:ag—c

linking the ag-coefficients to the contraints, i.e. Aj(ai ... an,, ) = ¢;. For example let’s
take as scalar constraint the total plasma current at time ¢, i.e. ¢; = I,. At the k-th
iteration (referring of course to the same time instant) we have that:

k k k k k k _k
I, = Z Iy = Z Zag R g9(Vy(Ri, Z;)) ARAZ = Apg ag
yeQk yeQk g
In this case we have that €., , = A;j;‘l a’;‘H — 1.
Since the problem is non-linear the solution is not necessary unique and the method might
not converge. FGS is a static solver that allows computing equilibrium plasma flux surfaces

20Tf we consider the polynomial functions described in this work we have that n, ¢ = 3 since we take a
linear function for g;, and a combination of a linear and parabolic function for g;,..
211t is solved using Newton-Krylov method.
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and toroidal plasma current distribution at time ¢, assuming known conductor currents 1.
In reality, the currents are a result of the circuit equations (as it was presented in a previous
subsection), which are ODEs that involve also the movement of the plasma. Therefore a
dynamic solver is needed. FGE is a dynamical solver, based on FGS, that includes the
circuit equations to express the time evolution of the poloidal flux W combined with the
evolution of the conductor currents. We indicate with v* = {It, If, ct}lﬂ the external
currents vector and the constraints vector at time instant ¢ while we indicate the vector of
unknowns at time ¢ with z* = {I, o, I'} since overall I! is unknown (only I, is known
from measurements in specific time instants). The active coils voltages V,(t) are provided
at each time-iteration. The problem is cast as a root-finding problem just as in FGS:

t+1_ t
» De - e _ Vith 4 R It N
+1y = t+1 t+1 t+1
F(z™) U — Mo ITH — My I} —

Gt+1(l‘, V)

where index t+1 means that the quantity is computed at time ¢+ At, with user defined time
step At. Hence if we call N the total number of time-steps and 7" the entire time interval of
interest we have T'= NAt. G-function has already been defined in FGS. Once we know all
the quantities at time ¢, the constraints at time ¢ + 1 and also the controller action on the
poloidal coils V/*1, the solution #!™! can be found. Therefore the problem is solved once
we fix the initial conditions z%, v, V! and we know the values of the constraints and
input voltages step-by-step. The circuit equation has been treated as a DAEJE: the general
method to solve numerically DAEs is called 8-method. In this particular case # = 1 and
the method is then called implicit Fuler ’ﬂ. A typical run of FGE requires firstly to obtain
an initial active coil and vessel configuration for a wanted plasma shape using FBT. The
initial plasma current and poloidal flux could then be obtained using FGS. Once the initial
conditions have been obtained it is possible to run FGE to simulate a plasma evolution.
This procedure is very useful to control design and tuning. For the linearization procedures
we adopted the formalism of [8] and [14].

c RZne +ny +nag

o 1o 1o

1.4.1.1 FGE linearization

In this section the linearization of F-function is performed along an equilibrium plasma
trajectory for FGE, which means a trajectory of I. for which the equilibirum is kept fixed
while inducing the plasma current with external coils [8]. The linearization is computed
assuming a fixed I, currenﬁ. The linearization of the F-function simplifies the formalism
of the current circuit equation and allows to write the problem in state-space. In this way
it is described the evolution of the circuit currents (both active and passive structures)
around a nominal point xg = [Iy,0 le ag0 CO]T that is solution of the operator F':

F(:Eo) :Q

The output equation is obtained instead from the linearization of the measurements, and
will be treated in the next section. We can expand G(xg+dz) in Taylor series and truncate
to the first order and furthermore we aim to find small §z perturbations s.t. G(zo + dz) is
zero at first order:

G(xo + 0x) = G(x0) + VG|, _, 6z + O(0a?)

221n our work ¢! = {I,(t), Bp(t), qa(t)}.

23 Differential algebraic equation.

241t can be proved that the method is asymptotically stable if < %

B The case of a current diffusion equation, valid during the stationary phase, is presented in [2]. In this
case the basis function coefficients must be such that I, matches the I, computed by the CDFE [§].
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where V,G ‘x:mo is the Jacobian of G evaluated in xg. With our hypothesis on small
perturbations we get VmG‘x:méaz =0, ie. dx € ker VxG‘x:xO.

Since G(z) = [Gy(x) Gy(x)]T € R™T™ we can rewrite the previous equation in the
following way:

51,
vaGy‘m:aco G ‘w 0 Gy‘m:mo 0 616 =0
vaGg‘x:xo vl@GQ‘x:xo vagGQ‘z:xo VCGQLC ) 550@

C

where dim Vy, Gy = ny X ny, dimV;, Gy = ny X ne and so on. Since the constraits vector
c doesn’t appear directly in G, we have that V.G, = 0 Va. If c € R"9, i.e. there are as
many constraint equations as basis function coefficients, the matrix V,, Gy has full rank
and so it can be inverted. From the second line of the system is then possible to isolate
the unknown day:

b0ty = (Ve Gyl ) V1, Gl Ol + V1.Gil 01 + VG, O]
Therefore, by replacing it into the first line of the system we obtain:
2101y + Zyoc+ Z361, =0
with:

= Vly yLE :B0+Va9G ‘ _(vagGg‘x:z 1v1yG ‘

ZQ = VagGy} VagG ‘ )71V0Gg‘$:1.0)]
Z3 = [V1,G,| +V%G \z:xo —(vag(;g\xzm )1V LGyl

rxo

T=x0 T= $0

We can then isolate the unknown §1:
31, = Dg* ¢ + Dy Sl

with:
Dl =771 7,
Dy =271 73
01, is now a function only of éc and dI.. Replacing 41, into do; we obtain:
dag = De? be+ DY? 81,

with:

{ DS = —(Va,Gyl,_, )M V1,Gyl,_, D +VeGyl,_, ]
D} = —(Va, Gyl )V, Gyl DI +9..Gy|

zmo

Now since both day and 41, are functions of only dc and 01, we can write:

Qg

D‘; =V, ag‘x_xo
g

D{Te vIeag\x:xO
Y

D(; = VcIy‘x_xo
Y

DIe vlely‘x—xo

Now let’s consider the first two equations in the definition of the F-function:

{ U, =V, — R.I,
U, = Ml + M,I,
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Collecting them together and recalling that the mutual inductances are time-invariant, we
obtain:
Meel, + Meyly =Va— Rl

Since we are linearizing around the fixed nominal point xy we have that:

Thus:

Once again, since the we have linearized around an equilibrium point, the matrices D;’y
and Dﬁ are assumed time-invariant. Therefore, substituting 01, we obtain another set of
equation that are functions only of dc and d1:

Vo — Rele = Meelo + Meyl, =
= MeebI, + Mol =
= (Mee + Moy D! ) 61, + My DE¥ 6
The linearized evolution of I, can be written as:

My, =MyI, + Mséc+V,

with:
My = Mee + My D}
My = —R,
M3 = *MeyDgy

Finally, since c is assumed constant in tim@ and M is invertiblem, we obtain the con-
tinuous LTI state-space representation for the state I.:

I.=AI. + BV,

with:
A= MM,
B=M"!

In order to implement a Kalman filter the previous continuous LTI model must be con-
verted into a discrete one. Using an implicit Fuler’s scheme we obtain:

It — It Actt!
My =———< = My IM + VT 4+ M,
YA 2le a S TAL
where Attt = ¢*1 — ¢ and V/*! are supposed to be known at the next time step

t+1=1t+ At. Therefore:

I = (M) — AtMy) 7Y My IE 4+ At VI 4 My Adt T

26Tf the constraints are not constant in time they can be considered as exogenous inputs in the state
equations.

2"M.,. (and M.y) is invertible since in a magnetic system the energy is defined as We. = IeT Moo I. and
80 Mee (and M.y ) is positive definite. Thus M, is invertible since it is the sum of invertible matrices.
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In the end we obtain the following discrete LTI state-space representation:
1 1
I = AIl+ Bu'"

with:
A= (Ml — AtMg)_l M1 € RMexne

B = [B; By] = (My — AtMy) ™ [AtZ,, Ms] € Rrex(netnag)
ut-i—l — [Vt-i-l Act+l]T € R"e+”ag

since VI = [V VT = Vi QT € Rremnoton,

1.4.1.2 Measurements linearization

The output equation is obtained from the linearization of the measurements relations be-
tween {I,, By, ¥¢} and {I., I}, around a nominal equilibrium point zg = [I,0 Ie,0 g0 co)?.
Since we have proven that I, = I,/(I, c) and oy = ag(Ie, ¢) the equilibrium poin@ reduces
to [Iep cO]T. If we consider a generic measurement at time step ¢ we can write:

yt = yt(fy(fe&% I, ag(Ieac)7 C) = yt(Ie,c)

Linearizing around the equilibrium point yo = y(Ic,0 ¢p) and remembering that no mea-
surement depends explicitly on a4 or ¢ we get:

y' =yl co) + V5.y(Leo co) 0IL + Vi,y(Ieo co) 1,

Now remembering that:
31, = Di* ¢ + Dy b1,

we obtain:
yt = y(Iep Co) + V]ey(fa() C[)) (5]2 + ijy(Ie,O C()) sz 5]2 + V[y@/([aO C()) D({y oct

Assuming constant contraints, i.e. dc! ~ Act ~ 0 @, the equation takes the following
form:

I
y' = y(lepo co) + (Vley(fe,o co) + V,y(Ie0 co) D[:j) 51
that can be written in compact form:
I
8y' =y" —y(lep co) = (Vley(fe,o co) + V5,y(Leo co) le) 81, = C oI,
So, together with the state equation, we reach the following state-space description:

I = ATl + Bu!t!
Syt = C It

Otherwise, if the constraits are time-varying (such as in the general form of the state
equation presented at the end of the FGE linearization), the observer equation is given by:

Syt = CoI' + DAL

with: ,
D =V1,y(leo co) D’ = Vi,y(Ieo co) Vely(Ieo co)

28 An equilibrium point ¢ and an initial condition point z° are different concepts that, at steady-state,
are linked together by a linear relation. For details see [25].
29In this assertion the passage between continuous and discrete formulation is implicit.
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In the case of constant constraints, the magnetic probes relation is:
By, = Byele + By 1y
thus, linearizing around xy we obtain:
Bt = Bpo+ (Bme + By Dé’)é[ﬁ

therefore:
6B}, = (Bume + Buy DY? )31

where By, 0 = Bime Ieo + By Iy 0 is the value at the linearization point.
Similarly, the relation for the flux loops is:

I
60 = (Mye + My, Dy? )OI
And for the active coils, remembering that §IL = [6I% §I]T, we obtain trivially:

015 = [Zn, 0]4L

1.4.1.3 Choice of the frame in the observer equation

In the state-space representation with previously defined matrices A, B, C, D:

IHY = ATl + Bu't!
{ Syt = C It + D At

the state equation of the model is described in a physical frame whereas the output equation
is described in a relative frame with respect to the linearization point. It is possible to
change coordinates and skip to a measurement equation in physical frame:

Syt = C6IL+ DAL
y'=CI'+Dc +Dvt

with:
b=|-c -p 1,]
"= [Ieo co yo]" € RMHH T

As a matter of fact, our transformation is based on the assumption that the total trajectory
of I, does not change the equilibriu ie. % I, is close to zero on the trajectory I.(t).
This transformation holds at steady-state condition and close to the linearization point. Its
validity decreases if is the plasma boundary is changing. Since the estimator is thought to
be coupled to a controller, we will assume that the plasma will be close to its equilibrium.
Otherwise, it is always possible to change coordinates in real time imposing non-constant
nominal trajectories equations to switch from the relative formulation to the physical one.
In this cases the transformation is less trivial but still well defined.

More details about this topic can be found in [25].

39 Weak definition: Equilibrium is defined as the electrical condition on external currents for which forces
are balanced and plasma is stabilized to a certain shape and average current Ip,.
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1.4.1.4 About Controllability and Observability of the system

In order to get structural informations on the previous system we have considered not
varying constraints and we have analyzed two different shots in Anamak: the first stable
with limiter plasma and the other unstable with diverted plasma. Since the dimensions
of the system are big (A € R208%208 B ¢ R208x8 (' ¢ RA0%208) it has been performed
a singular value decomposition of the Gramians of Controllability and Observability. A
similar procedure was used in [7].

Theorem 1. The n-state discrete LTI system z'Tt = Azt + Bu!T! is controllable iff the
Controllability Gramian:

k
WC(]C) _ ZAk—zBBT (AT)k—i c RXn
=0
1s positive definite for some k < oo. In this case W, is the positive definite solution of the

Lyapunov equation:
We(k) = AW, AT + BBT

Theorem 2. The n-state discrete LTI system:

xt+1 — Axt +But+1
yt — C:L’t

1s observable iff the Observability Gramian:

k
Wo(k) =Y (AT CT C (A) e R
=0
1s positive definite for some k < oo. In this case W, is the positive definite solution of the

Lyapunov equation:
W,=ATW,A+CTC

g

In the stable shot, if we look at the 2-norm induced condition number xk = Shax we can

see that both Gramians are very ill-conditioned, indeed x, = x(W,) = 1.7279 - 10'® and
ke = k(W) = 4.2787 - 10?1, Furthermore, we can see that all the eigenvalues of A have
absolute value minor than one and so, even if the Gramians are singular (as we can see
from SVD), the system is both stabilizable and detectable. In the unstable shot there is
an eigenvalue of A which has absolute value major than one. This eigenvalue represents
the vertical instability and it is always present in vertically elongated plasma profiles.

In any case the unstable subsystem is both controllable and observable since there exist
a non singular input actuator and a non singular state-observer for this subsystem. To
check this we have verified that this unstable eigenvalue is not in the null spaces of the
Observability and Controllability Gramians, therefore also in the unstable case we have a
stabilizable and detectable system.

Finally, since we are in the hypothesis of the general DRE convergence theorem, we can
use for these systems both adaptative or asymptotic Kalman filters. The results are shown
in the following figures (|1.7]).
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% Eigenvalues of A
%  Singular values of the observability gramian
O Singular values of the controllability gramian
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Figure 1.7: Stable limiter plasma shot (higher) and unstable diverted plasma shot (lower)



Chapter 2

State observer design

In control theory, a state observer is a dynamical system that provides an estimate of the
internal state of a given real system, from measurements of the input and output of the
real system and using a model of the system. Knowing the system state is necessary to
solve many control theory problems for example, stabilizing a system using state feedback.
In many practical cases, the physical state of the system cannot be determined by direct
observation. Instead, indirect effects of the internal state are observed by means of the
system’s outputs. In our work the building of a state observer is required since the vessel
currents, taking part of the state, are difficult to measure. Vessels currents have great
influence on the plasma behaviour, since they participate, together with active coil currents
and plasma current, to the poloidal flux evolution. Tokamak vessels are also of paramount
importance as their induced currents slow down vertical displacement events [6]. Vessel
currents vector I, is not readily available but can be modeled with a certain degree of
uncertainty. An observer would aim to best estimate I, and this will be done in TCV by
means of a real-time Kalman filter. Moreover, the observer based on Kalman filter is the
optimal linear estimatorlﬂ and it is of foundamental importance in LQG controlﬂ.

Since we have already introduced our state-space model, the notation for the Kalman
filter’s parameters will follow the one of the model in exam.

T >
Kalman ~
filter y
U =— Plant »
f Yt % y
w vV
(process noise) -
(sensor noise)
> Vi

Figure 2.1: Kalman filter block diagram, (From [16])

LIf the noises are white and uncorrelated or if the covariances of the noises are known exactly.
2Thanks to Separation Principle on LQR and LQE.

25
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2.1 Kalman Filter for state estimation

In this section, we will develop the observer of the active coils and vessel currents using
a Kalman filter algorithm. Before starting writing the equations of our specific work let’s
refresh what a Kalman filter does and which formulation has been adopted.

Let’s consider the following discrete dynamical system:

{ z(t+1) = F(t)z(t) + G(t) u(t) + w(t)
y(t) =H(t)z(t)+v(t) , teZ

where, if 6(¢) indicates the Kronecker delta and the white noises w and v are uncorrelated:

w(t)] =0, Vt
v(®)] =0, ¥t
w(ty) w’ (t2)] = Q(t1) 6(t2 — 1)

v(t1) v (t2)] = R(t1) (2 — t1)
w(ty) v’ (t;)] =0

As we can see in the Appendix (|A.3.2.2,[A.3.3|), the equations for the Kalman one-step
predictor are the following:

ZN+1|N) =F(N)&(N | N —1)+GN)u(N) + K(N)e(N)
gIN+1|N) =H(N)&(N+1]|N)
e(N) =y(N)-g(N [N -1)

El
Ef
Ef
Ef

E[

where e is the innovation and K (N) is the Kalman predictor gain:
K(N)=[FPN)HT|[HP(N)HT + R(N)] !
with covariance matrix of the state predictor error:
P(N) = E[v(N) u(N)[] = Var [v(N)]
solving the DRE. Moreover, we performed the equations of the filter too:
E(N|N)=z(N|N—-1)+ Ko(N)e(N)
where Ko(N) is the Kalman filter gain:
Ko(N) = P(N)HT|[H P(N)HT + R(N)]*

In order to give a coherent and consistent formulation to the problem, accordingly to the
previous works around Kalman filters applications in TCV [I4], let’s rename some of the
main quantities:

Definition 1. (“a priori" estimate) Given a set of N —1 measurements yN 1 = [y(N —
DT L yt)T])T = [y(N — DT .y(1)T]T, where the output at time t is s.t. y(t) = y; € RP,
ke{l,..,N — 1} we call “a priori" estimate of the state x(t) € R"™ the quantity:

iy =2(N|N-1)=E[z(N)|y(N-1), ..., y(1)]
Definition 2. (“a posteriori” estimate) Given a set of N measurements y™ = [y(N)T ...y(tg)T]T =

[y(N)T .. y(1)T]T, where the output at time t is s.t. y(t) =y € RP, k € {1,..., N} we call
“a posteriori" estimate of the state x(t) € R™ the quantity:

i = #(N | N) =E[z (N) [ y(N), .., y(1)
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Definition 3. (“a priori"” estimation error covariance) Given the state prediction
error also called “a priori” estimation error:

ey =V(N)=2(N) = 2(N | N -1) =z(N) - iy

we call “a priori” estimation error covariance the already defined variance matriz
of state predictor error:

Py = P(N) = Var[y(N)] = E [[z(N) — &3] [2(N) — &y]"]

Definition 4. (“a posteriori” estimation error covariance) Given the state filter
error also called “a posteriori” estimation error:

el = =(N) = &(N | N) = 2(N) - &},

we call “a posteriort” estimation error covariance the already defined variance ma-
trixz of filter error:

P]J\; =Var[x(N) — :i"m =E[[z(N) - jm [z(N) — *'%MT]

The covariance matrices of the state and the observer equations will be renamed with @
and R. With the above replacements it is now possible to recast the Kalman filter algorithm
presented in the Appendix into a computationally more convenient set of equations based
on time-update and measurement—updatﬂ. In order to avoid overloading the notation we
will use 2! instead of z(t).

2.1.1 Time-update and measurement-update formulation

We will now develop the filter equations that will be used in the numerical code. The
results are developed in the relative frame and matrices are supposed fixed, nevertheless
the results are the same if we replace X with X;, X € {A, B, C}. In our specific work the
measurement vector at time ¢ can be expressed both in a physical or relative frame, i.e.
yt = y(t) or Syt = dy(t). We referred to [22] (in particular p. 85 and ch. 5-7).

Theorem 1. If we consider the n-state discrete LTI system:

2t = Azt + Bul + Guw'
gt = Cat + ot

with ut deterministic input, wt ~ (0, Qfﬂ)lﬂ and vt ~ (0, R) zero-mean uncorrelated noises
with symmetric and positive definite covariance matrices Vt, the linearﬂ adaptativdﬂ
unbiased miniumum variance estimator is the one who is retrieved by the following

3The equivalence between the one-step Kalman predictor/filter formulation and the time/measurement-
update equations is described in [22].

4@ is the matrix connecting the input noise to the state. For example, if x is a current and w is a
voltage noise, then G is a conductance.

5If the noises are Gaussian then it will be the minimum variance estimator. In this work the noises will
be supposed normally distributed.

SIf we are in the hypothesis of the general DRE convergence theorem it is possible to compute the
steady-state gain of the filter without iterations.
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set of equationsﬂ :
Pr = AP AT+ Q!
K,=pP CTCcP CT +R']!
i =A%, +Bu!
i =d; + Kiep =3, + K¢ [yf — C 2y ]
P =[I-KC|P |I-KC]"+KRK
where e; is the innovation and Q' = G Q, GT, and where the equations for &; and P

are the time-update equations for & and P, whereas the equations for @7 and P;" are
the measurement-update equations for & and P.

Proof. Given the set of measurements Y* = {y!,...,y'} from time ¢y = 1 to time ¢, we look
at the linear estimate of the state 2; which fulfills V¢ the following conditions:

e B[zt —34] =0 Unbiased condition
e &y = argming, E [||z* — &3] Minimum square error condition

Since we do not have any measurement avaible to estimate x(0) since the first measurement
is taken at time t3 = 1, it is reasonable to initialize the algorithm imposing i‘ar as the
expected value of the initial state xop = x(0)|§|:

2(0]0) = &§ = E[xo] Py =E[lzo — &5 ] [xo — &3]
Therefore, supposing to know the “a posteriori" estimate of the state #;” at time ¢, the “a
priori" estimate at time t + 1 given Y is, by induction:
i =E["™ Y] =E[Az'+ Bu' + Gu' | Y] =
=AE[z" | Y]+ Bu' +GEw' | Y] = Ag + B!
Moreover, if we suppose the “a posteriori" estimate of the state ;7 to be unbiased, i.e.
E [2]] = E [z'], then also &, will be unbiased:
E [y, = E[Ad]] + Bu' =
=E[A2' |+ Bu' =
=E[Az + Bu'] = E[2']
The “a priori" estimation error covariance is therefore given by:
- - A T
P =E [+ - Tyyq] [ — Tyl ] =
= AE[[e' - &/] [+ - 2] AT + GE[[w'] [v']"] G =
=APFAT + G QL GT = AP AT + Q'
Since we know #;, ; and P, if we suppose to get a new measurement y' ! we write our

“a posteriori" estimate as a weighted sum of the prediction and the new observation. We
aim to find the gain matrices Lyy; and K;qq s.t.:

N . t+1
Ty = Ly iy + Ky

If we use the physical frame, we must add into the innovation at third equation Duvt (|1.4.1.3|) too.
8Otherwise, we can initialize the algorithm at time to = 1 starting from an “a priori" guess, i.e.:

E(1]0) =2, ==(1) P(1) = P{ =E[[z(1) - 7] [z(1) — &7]"]
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with i"is—l satisfying the unbiased condition and minimizing the conditional square error.
If we take the mean of the “a posteriori" estimate and we use the condition that the “a
priori" estimate is unbiased, we obtain:

E (1] =E[Lipi @y + Ky =
=K [Lt—l—l '%t_—‘rl + K C g t! + K41 ’Ut] =
= Lin B[] + K1 CE[2"] = [Lygy + K1 C]E [
To obtain the “a posteriori" estimate unbiased we must impose that:
Lijw+Ki1C=7 = Liy1=7T—-Ki1C

Thus:

i = Lep1dpy + Ky =

_ a t+1 e A
=Tyq + K [y — Cxt+1] =2y + K e
The “a posteriori" estimation error covariance is therefore given by:

P+1 = E [[«""! 5%23-1] 2" — j;—l]T] =
=E [z — [ - K1 Oy — K g™ [0 = [T - Ky Cldy — K y™1]7] =
=E (""" — [T - Ken1Clagy, — Ken [Ca'™ + 0™ Y[ — [T — K1 Clag, — K [C2' + 01T
=E([[Z — KeniClla™! = 27,] = Ko™ [T = Ko O) 2" — a7 ] = Ko™ 1T] =
= [T - Kit1C) Py [T = Kii O — [T — Kot CJE [[2™ — a7 KL —
— K B[ 2™ =30 )T T = Keni O + Ko E [ 0T K

Using the properties of the noise '™ and since the “a priori" estimation error 2! — ;7
is independent of v'*!, ie. E[v!™ [ — &, ]T] = E[p"* ] E [2' — &, 4] = 0, we obtain:
Phy =TI - KClP, [T - KO + Kyt RV K]

Finally, using the assumption of minimum square error if we define as cost functional:

Jer1 = E 2" = 2 [13) =
-F [[xt-i-l A-‘r ]T [.CL‘H_l A+ H
[

t+ t+1
=E[Tr (2" — &/, =" —2,]7)) =
=TrE[[x o Az——‘,—l] [$t+1 xi}—l] ] = TrPtJ-rs-l

Then:

¢
Kf_fl = arg mln Ji11
Ky

Recalling that, if P is symmetric:
i(Tr (KPKT)> —2KP
oK n

then:
0Ji i1

0Kyy1

== 2 (I Kt+1 C) t+1 ( CT) + 2Kt+1 RtJrl = @
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and since both P, ; and RY1 are symmetric and positive definite we can find the optimal
gain of the filter by matrix inversion:

K = Ky = Py, CT[C PG, O + R

O

Particular attention has to be set in the covariance matrices design and in the filter ini-
tialization. In our work we handled with time-invariant covariance matrices Q! = @ and
R' = R. A common choice in adapltive filtering has been to set P = 10Q), like in [14],
since we maintain a degree of incertitude on the initial condition.

2.2 Filter augmented state

In this subsection will be detailed the stochastic behavior of the system in order to develop
our Kalman filter [14]. In our model Gaussianity for the noises will be assumed. Diagnostic
noise in the the observer equation is represented with an additive white noise v* = v(t) ~
N (0, R(t)) with covariance matrix R; = R(¢). This noise aims to model the measurement
inaccurancies. The value of the covariance matrix R’ can be obtained from the standard
deviation taken from devices references [I8]. Adding noise v’ on the diagnostics has the
same effect on a relative or physical frame description since:

(yt+vt) _yO — 5yt+1)t

On the other hand uncertainties on the active coil and vessel current model are described
by an additive white noise in the state equation wf, = w,(t) ~ N (0, Q%(t)) with covariance
matrix QF = Q%(t) where the state update is the vector zt*1 = I:+1.

Moreover we add an offset unknown disturbance vector in the state equation & = £(t) €
R"™, ng < ne. These disturbances are assumed to be constant on average with white noise
wg = we(t) ~ N(0,Q%(t)) with covariance matrix Qf = Q%(t) added to the evolution
equation of these disturbances.

Finally, the state is augmented to account for time-varying constraint vector clﬂ since it is
never the case that the parameters used as constraints are constant during the shot and
so we want the observer to be able to estimate them too. We consider the discrete-time
derivative of the constraint to be constant on average, i.e. E[Act!] = E[Ac!], where
Act = ¢t — =1 Again a white noise wh, = wa.(t) ~ N(0,Q4¢(t)) with covariance matrix
QP° = Q7°(t) added to the evolution equation of these time derivatives. Another white
noise w!, = we(t) ~ N(0,Q°(t)) with covariance matrix Q¢ = Q°(t) is added as well to the
evolution equation of the vector ¢, i.e. ¢/t! = ¢! + Act + wl.

Furthermore, the state can be augmented also to estimate the input voltage increment §V*
assuming a constant on average evolution of the voltage V! = [V V|1 = [VIT! 0] ¢
Rre=natno gt Yt = V¢ -+ 6V and adding a white noise wh,, = wsy (t) ~ N(0, Q%Y (t))
with covariance matrix Q¢V = Q%" (¢) to the evolution equation of §V*.

We obtain the following state-space set of equations:

9FGE code is built in a way assuming constraints on some of the internal parameters such as Iy, Bp, ls
or ga s.t. dimc = dim ay.
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It = AL+ Bu't! + £+ Gul,
€t+1 — gt 4 wg
Acttl = Act +wly,
At =ct + Act 4+ w!
SV =6Vt +wly,
L 0yt =C 6L+ D Act + ot

Matrices A, B, C, Dlﬂ have already been defined in FGE linearization in Chapter 1
(|1.4.1.1]). As we will see the input vector u!*! = [VI*1 Ac!+1]T € R™ g will be reduced
only to the voltage since the contraints will be part of the state to be estimated. Matrix G
accounts for the fact that process noise may enter in a different form than the state (the
external currents). For example if the process noise appears in the input voltage, we take
G=R]'

Let’s gradually augment the state z = I, = [I, I,]7 € R":

Constant disturbance: Assuming a constant disturbance & € R on the state component
x; € R evolution equation, with process noise w¢. The disturbances are stacked in a vector
& € R™. The disturbance can be added to each elements of the state or to selected parts
of z in which case n¢g < n.. The state evolution at index ¢ and time ¢ is:

it = Ajat + &+ By v

x;;ﬂ — Azt + By, Vi

§i=¢;

where A; is the j-th line of A. In a matrix formulation we obtain:

e )= (o nit ) (e )+ (o )7
= + vt
< £t+1 > < @ng XNe I’ng Xn& gt @ng XNg

where the lines of the matrix A¢ are non-zero only corresponding to the index on which
the disturbance is added. For example, if we consider n, = 4 and ng; = 2 and we add
disturbances on x1 and x3 we obtain:

Ae =

o O O =
o = O O

The observer equation is not affected by these disturbances so:

t
' = (€ Oupnc ) ()

In this way it is possible to account for constant disturbances on the state currents only
in specific coils. By the way in the simulations on TCV shots, since the perturbation is
unknown and can affect every coil, we have set A¢ = Ingxng, with ng = ne.

19D matrix has not been introduced in the previous theorem (written in relative frame) since the stochas-
tic part of the measurement equation is carried by the vector v'. If we had considered D matrix the
innovation would have been different, taking into account for the Ac’ deterministic input. But since Ac’
can be considered as a part of an augmented state of the system, the variables used for the statement are
consistent.
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Constraints: If we define the augmented state as 2! = [I{ Act ¢!]7 € R"T2"g the state
space equations assume a different form with respect to the ones derived after FGE lin-
earizatiorﬂ but keep the same physical meaning. We add the two state update equations:

ACtJrl — Act

M=ty (T — ) = ot + AdH = ¢t + Al

Hence in matrix form we obtain:

JZH_l A B2 (D)nexnag .Tt B
1 t+1
Acttl = @nagxne Inagxnag @nag Xy Act | + < 0 )V +
At o) T T ot 2nag Xna
Nag XNe Nag XNayg Nag XNayg
Zt
t
syt =(C D Onyun,, ) | At
t
c

where B and By are defined inside B matrix in the FGFE linearization section around the
nominal point [Iy g Ico ag0 o]

Constant input voltage perturbation: If we suppose the known input voltage Vit ..
over or underestimated by a factor §V € R™ we can define the augmented state as z! =
[It VYT € R*na. In this case the disturbance is carried directly by the voltages: the
effect is similar to the one induced by the constant disturbances, the main difference is
that it is possible to augment the degree of freedom in the covariance matrix design if we

assume a probability distribution on coils voltage errors. We obtain:
.%'t+1 — A Bl xt + Bl Vt+1
6Vt+1 ©Tba XMNe Ina XMNg 5Vt ©’I'La XMNgq known

t a!
' = (€ Onpn ) (1)

General case: If we define the augmented state[] as:
Xt = [l‘t gt ACt Ct 5vt]T
with 2! = I’ and the vector of process disturbances as:

t

w' = [w!

z I

t t t t
We WAe We Wsy

then the following state-space representation is reached:

Xt = AX ' +BVELL + G
Syt = CoXt+ ot

11n that case the constraints, if present, were interpreted as inputs into the state-equation.
!2Since the measurements are fixed, if we augment the state we could loose degrees of observability [T4].
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with matrices:

A A By O B
O 7 0 0 0
A=10 O Z 0O O
O 0O I 1 0
O 0o 0 0 I
B

@)

B=| O

@)

@)
C=(C 0 D O 0)
G O O O 0

O 7 0 0 0
G=|10 O 7 O 0O
O 0 0O 7 0

O 0O 0 0 71

The state estimation problem of this LTI system can be solved using the time-update and
measurement-update equations of the Kalman filter previously presented in ()H, once
we design the covariance matrices of the disturbances, that in our work will be assumed
fixed in time. In this work we will also assume the noises on the state and the noises on
the observer uncorrelated. A MATLAB function called KALSASS.M has been implemented
to recover all state augmented combinations and it is discussed in (|4.4]).

2.3 Covariance matrix design

In this work we have considered time-invariant covariance matrices both for the process
and the observer’s errors.

First of all, we fix the covariance of the measurements errors: the matrix R is a block-
diagonal matrix where each block is a diagonal matrix collecting the standard deviations of
the diagnostics, respectively of the active currents, of the magnetic fiels and of the fluxes,
ie: oy = w2, € R, g, =w2TI,, €R"m, of = wJ%Inf € R, where {wq, wm,ws} =
{100 A, 1073 T, 1073 Wb} s.t.:

Oa (©)
R = Om

©) oy
The process covariance matrix ) has a block-diagonal structure too i.e.:

Qa @)
Q = Qv
0 Qe

where @), is the covariance matrix of the active currents, @), is the covariance matrix of
the vessel currents and (). is the covariance matrix of the constraints.

13The matrices of the system are assumed time-invariant around the linearization point.
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Since the active coils of TCV have independent power supplies the active currents are
assumed independent, so @), € R™ is diagonal. A practical and well performing choice of
the diagonal terms is to take Q, = (cra)l/2 =weZy,-

In the other hand, since the vessel is modelled with discretized filaments sorrounding the
cross-section, the vessel current are assumed correraled with each others with degree of
correlation decreasing linearly with the distance. The idea has been to give @), € R™
the structure of a Toeplitz matm’z@. Moreover, since the vessel cross-section has a cir-
cular profile, the covariance between filaments k and k + j should be the same between
filaments £ and k& — j and so, giving the filaments an increasing numbering from 1 to n,,
then Covia = Qy(1,2) = Covip, = Qu(1,n,). In particular two different Toeplitz matrices
have been designed: one with continuous decreasing correlation between contiguous fila-
ments and another one in which the correlation decreases linearly until a certain quantity
of filaments, out of them the vessel currents are assumed uncorrelated. The limit distance
between filaments in order to assume uncorrelation introduces a matrix gap between di-
agonalﬁ and can be fixed manually. Degrees of freedom of such a matrix are then the
gaps and the coefficients of the principal diagonal: a possible choice should be to take
Qu(i,1) = T%Qa(k,k),i e {l,...,n,},k € {1,...,n,}. Moreover, if we use the eigenmode
representation of the vessel the matrix @, will transform into @), in the following way:

where T; = T~ is s.t. I, = T I, with I, filamentary vessel currents vector and I, vessel
eigencurrents vector. If we adopt a model reduction in order to take into account only a
reduced relevant subset of slow eigenmodes, then T; = TV is the pseudoinverse of T.

Finally, the matrix block Q. € R™s = R3 can be chosen diagonal supposing the con-
straints independent. The values of the optimal combination of coefficients varies with
the shot that is considered: in order to tune properly this block, several shots of TCV
have been performed with different covariances and compared to LIUQE results. In the
Results Chapter (|4.4]) are reported several combinations of covariance matrices: the esti-
mation behavior changes if we use a diagonal matrix or a not-sparse matrix (. counting
for correlations between contraints errors.

If the filter is extended to account for 6V and Ac quantities, their covariance matrices
should be tuned properly for each shot. If ¢ vector is no longer assumed constant in the
time interval of operations so that the state is augmented to estimate the Ac contraint
variation vector, it is possible to design a coupled block covariance matrix Q.. € R2nag
(a possible design for it can be found in [I4] and will be used in the f,-ramp testcase

(F21).

Finally, if the state is augmented to estimate constant perturbations, the simplest possi-
bility is to define another block matrix Q¢ € R"™, ng < n. to fix into @ € R™*" and
furthermore to choose diagonal this block (i.e. assuming the constant disturbances errors
independent).

In the Results Chapter it will be shown that even if we make this assumption the constant
disturbances are very well recovered by the filter even if the diagonals terms of Q¢ are
chosen small. However, in the restricted case of constant perturbations added only to the
active coils currents (i.e. ng = ng) it has been assumed correlation only between the active

14j e.: square matrix with constant decreasing diagonals from the principal one.

15WWe call gap the fixed number of contiguous vessel filaments that present correlation.
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currents errors and the errors of the constant perturbations referring to the same coils
(4.4.2.1]). If we consider a coil 7, with ¢ € {1,...,n,}, we have imposed thaﬁ:

Coviyie = Q(iyi + ng + nw) = Qi + na + 1, 1) = Covig, = 1/ Qali, 1) Qe(i, 1)

In this case the matrix @) is no longer block diagonal.

In the pictures below the spectra of the vessel Toeplitz matrices in filamentary decom-
position are shown both in the cases continuous and with gap. Finally, it is shown the
spectrum of the process covariance matrix in previuously presented state augmented case
with correlation. The pictures in figure 2.2] refers to Anamak and the vessel is described
by its n, = 8 slowest eigencurrents.

Vessel Toeplitz with gap Continuous vessel Toeplitz
- 10 - 10
8 50 8
100 6
150 4
2
200 E
50 100 150 50 100 150 200
0 ° °
% %
5 % %
° °
% %
10
15
% %
° °
20 % %
% %
25 - -
0 10 20
nz = 96

Figure 2.2: Sparsity pattern of @ with correlation, n, = ny, = ne = 8 A ne = na¢ =
nae = ngy =0

16T this experience we have not estimated the constraints so we do not have the block Q..
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Chapter 3

Filter validation

In this Chapter we discuss three analythical tests that have been implemented in order to
verify the optimality of the filter and the assumptions of Gaussianity of the noises. All
these tests are performed on the innovation residuals e; ([1],[1]) , [14], [7]. Before presenting
the following statement (), we rememeber that this result will remain consistent even if
we consider the relative or the physical frame description, as discussed in ()

o X 104 Estimated innovation residuals

1.5

1

0.5 | I I | i ‘
0 ‘}‘ i \_ |

0 & i ‘ ‘ y i
W“' | i ‘l“‘ \“ | ‘\\“\ Ll il
1
-1.5

2 | | | |
0 0.2 0.4 0.6 0.8 1

t [s]

Figure 3.1: Typical innovation residuals dynamics along a simulation

3.1 Innovation as a white noise process

Proposition 1. If we consider the innovation residuals at time t defined as:
et = 0y — 0y, =o0y—Cox, =
=y—i =y—(Ciy +Dv') =
=(C2"+ DV +v")— (Ci; + Dv') =Ce +0
and iff we use the optimal Kalman gain in the filter equations, then the innovation residuals

are uncorrelated in time and follow a centered Gaussian distribution of covariance matriz

37
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S =CP CT+R e R e

€ ~ N(Q7 St)

Proof. Since the “a priori" estimate is unbiased then E [¢; | = 0 and since v' is white then:
Ele] = CE[e;]CT +E['] =0
Therefore the covariance matrix is given by:

Sy =Elesel | = E[[Ce +0'][Ce; +01]7] =
=CE[le;] e ]"1C" + CE [ ][0']"] + E[[v] [ ] CT + E[[v'] "]T] =
— CE[l] 1] CT + B[] [o']T) = C P CT + R

In order to prove that there is not cross-correlation in the innovation residuals let’s consider
a time instant k < t, thus:

Elerer] = CE[le;] e ]"1CT + CE [l ] [0"] + E[[v'] [ 1] CT + E[['] [o"]"] =
= CE[l][g)"]1C" + CE[[& ] [v"]]

since the v? are uncorrelated in time and since the state estimation is independent of future
output noises. Let’s obtain now the recursive equation of the state estimate error using
Kalman filter equations:

6;_1:xtH—:L't_H:Axt+But+th—A:r?'—But:

=A2'+Guw' — A([T - K Clz; + Kiyf) =

=Ar' +Gu' - A(Z - K; Cloy + K, Ca' + Ky o') =
=A@ —27) - AK,C (2" —2;) + Guw' — AK; o' =
=A[Z - K Cle + (Gu' — AKv') = ®pe; + 0

Therefore, starting from initial condition €, , with & < ¢, then the free and forced evolutions

becomd]:

t—1
Et_ = (I)t,k 6,; + E (I)t,i—i-l s
i=k

where: .

T , t=k
Now, since the forced term is zero mean we can then assert that:

Elle;][e]"] = 26 Ele][e)"] = @ep Py

Moreover E [[e, ] [v*]7] = O: the “a priori" state error estimate ¢, is indeed uncorrelated
to the observer noise. Therefore, since E [[¢°] [v¥]T] = Q if k < i <t — 1, and since w* and

MIf the gain K; = K is constant V¢, then ®; = ® is constant and we can rewrite the evolution of €; as:

-1

- t—k — t—im1 ~i

€ =0 "¢ +E RS
i=k
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v are uncorrelated:
t—1 A
Ell ][0 =E [(urep + Y i 8°) [047] =
i=k

t—1
=B | (3 @01 ') 01| = E[[®4401 6] [0H]7] =
i=k
=E[[@yp1 (Gw' — AR 0" o] = — Py ppy A K B

Since @y j, = Py 41 P we can now rewrite the previous cross-correlation equation for the
innovation residuals as follows:

Elesef] = CE[le ][6]"1CT + CE [l ][0"]"] =
_cq>tk+1[q>kp T — AK, R =
=C® 1 [A[T - KxC) P, CT — AK, RY =
=C® 1 [AP, CT —AK,CP; CT — AK, R"] =
=C® 41 [AP; CT — AKy (C P, CT 4+ RY)]

Finally, iff we use the optimal Kalman gain Kj, = K,Zpt =P, cT [CP CT + RF]71
remove the cross-correlation in the innovation residuals, i.e.:

Elerer] = C®yp1 [AP, CT—AK (CP; CT+R") =C®, )1 [AP, CT-AP; CT] =0
O

Trace of P (FGE case)

108

tr (P)

107 4

109 L

0 0.01 0.02 0.03 0.04 0.05

Figure 3.2: Trace of P;" in Anamak, measurements taken from FGE, indexes from 1 to [
with tolerance § = 0.1

In order to consistently evaluate the stochastic behaviour of the innovation residuals it
should be necessary in principle to perform many runs of filter. We can instead assume the
innovation residuals to be an ergodic processﬂ [14] that after many time steps is statistically
converging and thus perform the tests after each single run of the simulation. The tests
presented below are indeed performed assuming that the filter has converged, i.e. that the

2 A stochastic process {et}+ is said to be ergodic if its statistical properties can be deduced from a single,
sufficiently long, random sample of the process.
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Frobenius normﬂ of the difference of the “a posteriori" estimation error covariance between
two time steps is less than a user-defined tolerance d. If n; is the total number of time
instants then the total amount of time-steps to perform the tests will be N = n; — [+ 1,
with index j =1 s.t:
_ + +
l= arg max HPt(j) - Pt(jfl)HF <90

The convergence is usually very fastly recovered as we can see in figure (|3.2]).

3.1.1 Test n°1 - 10 gate test

For this test we have partitioned the innovation of the measurements at each time-step ¢
in this way:

er = {et,a etm et,f]T € RW = Rna+nm+nf

In order to verify if the residuals follow the distribution A (0, S;) as proven in ([I]), instead
of looking at all the covariance elements of S; the check has been done only on the diagonal
terms of S; with respect to the diagonal elements of the estimator defined below:

1 . T n
5 y XNy
q N tg_l ere; €R

The mean in time of the e; components defines the center of the 1o gate, where o is defined
as the distance between the mean in time (from t(l) to ¢(n;)) of the standard deviations
of each innovation (i.e. the mean of the square roots of the diagonal elements of S;) from
the mean in time of the innovations..

If the innovations follow a normal distribution, the 68% of each innovation index will
stand inside the 1o gate after the running time of the test simulation. We will see in the
Results Chapter 4 () how this test performs in Anamak. The previous estimator can
be implemented in real time too. Supposing to know ¢ = % Ele e etT at time k we can
achieve recursively the estimator at the next time step:

| kAl Lk i erite
. T _ T T O\ _ . k1
Bh+1 k+1;et€t k+1;(et6t +€k+1€k+1) rrl T T

3.1.2 Test n°2 - Cross-correlation test

With this test we aim to prove that the estimated cross-correlation of the innovation
residuals is zero or close to zero, as proven in () The estimator we performed is the

following:
1 ng—T1

d el eRW™ V7 =H{0,1,2, .., 100}
t=lI

= ——

N-—71
However, in order to have a scalar function of the discrete time index 7 we performed the
trace of the above estimator, i.e.:

ng—T
1

TSNS ; ef erir=Tr7 €R , Vr={0,1,2, .., 100}

’If A € K™*" then ||Allr = />0, >y laii|?> = VIrAAT = VTr AT A = Z;":i’l‘{m’"} o2, where o;
is the i-th singular value of A. If A € R™*" then AT = AT.
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If the innovation residuals are uncorrelated in time then it should be:

_ 1, 7=0
"= 0, 7>1

We can see that if 7 = 0 we are computing the trace of the first estimator ¢: dividing this
trace by the mean of the diagonal elements of ¢ we reach the normalized unitary value,
which shows that the innovation (if Gaussian) can be correlated only at the same time
instants ([4.1)).

3.1.3 Test n°3 - x? test
Let’s first of all introduce the following Theorem:

Theorem 1. Ife; ~ N (0, S;), with Sy = C P CT+R! € R™*™  then el S; ' e; ~ X%y Vi,
where the quadratic form e} S; 'e; is called the normalized innovation.

Proof. If {~;(t)}i=1,..n are independent, standard normal aleatory variables s.t. Vt, Vi
t:l,...,nt

7i(t) ~ N (0,1), then the sum of their squares I'; follow a chi-squared distribution with n
degrees of freedom Vit = 1,...,ny:

n
I = va(t) ~ X2 Vt=1,..,n
i=1

Moreover, thanks to the additivity property:

ne

ne n
P=)"Tr=> Y %) ~ Xoxn,
t=1

t=1 =1

Now, since S; is a covariance matrix it is symmetric positive definite and so its inverse S; !
is well defined and it is symmetric positive definite too. By Spectral Theorem S; and S; !
are both diagonalizable with orthogonal change of basis matrices:

St = VAtVT = At = VTStV
Sl=(aVH)T =VATVE & AT =VISTTY

Hence we obtain:

etT St_let = er At_lvTet = y?A{lyt =

. _ ny Yei \2
= ;ym M) yin = Z(\/E>

=1

where in the last step we used the fact that S; > 0 A S;' > 0 an so their eigenvalues
are always positive, i.e. A\r; > 0Vi = 1,...,n,. Moreover, using the property of Gaus-
sianity conservation under linear transformationsﬂ if ¢ ~ N (0,S;) then y; = VTe, ~
N (0, VTS, V) =N (0,A;). Therefore, Vi = 1,...,n, we have that:

Yri ~ N (0,\i) < L; ~N(0,1) = el S7le ~ X%y Vi=1,..,n
ti

)

*See Theorem 3 of Appendix ()
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Finally, we obtain that:

nt ng Ny
Zlef ZZ( Atl> X%yxnt
t=

t=1 i=1

For this test we have defined the following normalized estimator:

where [-index and the total amount of time-steps N = n;—I[+1 has already been discussed.

The estimator 5 is the sample mean of the normalized innovations: we aim to show that
Ns§ ~ . in order not to refuse the hypothesis of e; ~ N (0, S¢) which arises from the
optlmahty of the filter.

We defined 1ndeed the null hypothesis H? as the hypothesis that the normalized estimator
Ns follow a Xn o distribution with probability 1 — «, and significance level o = 0. O5E|
We defined the confidence interval s.t.:

rira) = [, v (@/2), X2, v (1= a/2)] | P(Ns €[, ma] | H) = 1-a

If the estimator is not within this interval the null hypothesis can be rejected and we
can assert with 1 — « confidence that the normalized residuals are not following a X%y
distribution, which in turns means that the filter is not performing optimally. Otherwise,
if the estimator is within the confidence interval it doesn’t mean that the normalized
residuals are following a X%y distribution. In order to show that the residuals are following
a X%y distribution we should define a null hypothesis saying that the residuals are not
following the distribution and then reject this null hypothesis. Details on the computation
of the x? inverse cumulative distribution function can be found in [I5].

However, these tests have been performed only to check faults in the filter, which may
arise from various reasons: first of all the noise level included in the model may be wrong.
Moreover, in the Kalman filter derivation, white noises on the process and measurements
equations have been assumed and it is not necessarily the case.

If those tests fail, we ensure the filter is not following the good statistics while otherwise,
if they are successful, they do not give certainty on the probability distributions of the
innovation residuals. In this sense they are properly called rejection tests rather than
validation tests [14]. By the way these tests give a powerful instrument to best tune the
covariance matrices in order to ensure the innovation residuals not to follow the wrong
statistics. The outcomes of these tests are shown in the Results Chapter 4 ([4.1]).

5For the sake of completeness: if the p-value is less than the level significance level, then the null
hypothesis is rejected. The lower the p-value is, the more significant will be the result. In our case we aim
just not to reject the null hypothesis, and so the results of this test will not give us statistical informations.
Otherwise if the null hypothesis is rejected (and the statistical significance increases if the p-value decreases
with respect to «) we can conclude that the filter is not optimal.



Chapter 4

Anamak results

A good orientation for this chapter was following what has been done in [I4] where the
statistical tests have been used with typical induced perturbations. Starting from this, in
this work an augmented state Kalman filter has been implemented by means of KALSASS.M
function that permits changements in the filter design with respect to the encoutered prob-
lems. In the next Chapter this full augmented state Kalman filter, designed on Anamak,
is then tested on existing TCV shots and a comparison with the previous implemented
MGA observer is detailed in the frequency domain ([5.2]). For the filter’s design, in this
Chapter all the tests have been run on a stable shot of Anamak (similar to the one in
the left in figure ) where n, = 8, n, = 200, n,, = 16 and ny = 16. The simulation
run-time has been set from 0 s to 1s with equally spaced time-steps of Ts = 1 ms. For test
performances comparison, eigenmodes decomposition of vessel currents has been set with
n, = 20, whereas for FGE vs linearized FGE comparison as well for the sinusoidal PF001
voltage and f3,-ramp perturbation it has been set n, = 8.

4.1 Test performances

In this section the performances of the filter with different process covariance matrices are
discussed. The measurements are taken from a simulation of linearized FGE afer known
perturburbations in the model. In the observer equation white noises have been added
to the measurements with amplitudes matching exactly their standard deviations. The
diagnostics covariance matrix R is therefore kept constant during the simulations. In
the linear model equations the only source of perturbation has been set onto the active
coil voltages, adding a known white noise disturbance. Moreover, we have assumed the
constraints to be time-invariant i.e. Act =0 V¢ and for filter’s design pourposes the state
has been limited only to the external currents, i.e. x! = I% Vt.

The process equation is the following:

It = ALl + B V!

with:
Vi =V, +wi eR™

where wl, ~ N (Vaerr, Qv ), Vi = Vo and Qv = V2., Ty, xn, - We have set Vg erp =
10 V. Therefore, the correct process covariance matrix of the system is:

Qv = By Qv BT ¢ R+t

43



44

CHAPTER 4. ANAMAK RESULTS

We have compared the three tests ([3.1.1],3.1.2],/3.1.3]) using:

1. A correct process covariance matrix, i.e. Q = Qy

2. An underestimated process covariance matrix by a factor 10, i.e. Q = 0.1 Qy

3. A overestimated process covariance matrix by a factor 10, i.e. Q = 10 Qv

4.1.1 Correct process covariance matrix

The 1o gate test is presented in the following figures () For each measurement, we can
see that the innovation residuals stay inside their theoretical averaged standard deviations

with probability of 68 %, like in perfect normal distributions (|4.2).
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Figure 4.1: 1o gate test for all the innovations @) = Qv
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In the following pictures are also presented the cross-correlation test and the 2 test
(,). We can see that in the case 1. the statistical behaviour of the innovations
is well respected, since we have set the correct covariance matrix matching exactly the
covariances of the imposed noises on the system. In all these tests the filter’s statistical
assumptions cannot be rejected, as expected.
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Figure 4.2: Computing of the percentage of innovations which belong to the 1o gate
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Figure 4.3: Residual cross-covariance test: we can see that only for 7 = 0 we have 7 = 1,
while for all other time instants # = 0 as expected with Gaussian innovations (|3.1.3|)
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%0 Normalized residuals
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Figure 4.4: y?-test to check the Gaussianity on e; pdf

Finally the state estimates are shown, in comparison to the linearized FGE results: the sum
of active currents estimates is shown in figure (|4.5), while in figure ([4.6]) and in figure
(H) the slowest and the fastest eingencurrents estimates are shown respectively.

L %107 Sum of active currents
e ‘ ‘ Kalman
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Figure 4.5: Sum of active currents, @ = Qv
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Figure 4.6: 1st eigencurrent, Q = Qv
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Figure 4.7: 20th eigencurrent, Q = Qv

4.1.2 Underestimated process covariance matrix

We present now in figures (,,,) the three tests in the underestimated case.

First of all, for instance, only the plot of the 1o gate of the Active coils innovations is
displayed () since all the innovations follow approximately the same behaviour. The
1o test and the y? test fail ([4.9],[4.11]) as expected even if the cross-covariance ([4.10))
remains around zero for each time step except 7 = 0. Since the filter is putting a lot
of trust in the model with respect to measurements, it is missing up some informations
from the measurements. This leads to higher values on the residuals, as we can see in
the normalized residual distribution plot (j4.11]). Once again the state estimates have
been computed, in comparison to the linearized FGE results but, since the estimates are
really well performed by the filter, as in figure (4.7]), even in the underestimated or in the
overestimated case the plots are not shown, since they don’t give additional informations
to the reader.
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Figure 4.8: 10 gate test for the Active coils innovations with @ = 0.1 Qy
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Figure 4.9: Computing of the percentage of innovations which belong to the 1o gate
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Figure 4.10: Residual cross-covariance test: we can see that only for 7 = 0 we have # = 1,
while for all other time instants 7 = 0 as expected with innovations uncorrelated in time
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Figure 4.11: y2-test to check the Gaussianity on e; pdf

4.1.3 Overestimated process covariance matrix

Finally, we present the three tests in the overestimated case in figures (|4.12f,}4.13[,}4.14],}4.15]).
The 1o test and the y? test fail (,) as expected even if, one more time, the cross-
covariance remains around zero for each time step except 7 = 0 ([4.14]). In this case
too many residuals are within the 1o gate and the normalized innovations are too low.
Therefore in this case, like in the underestimated one, the innovations are no longer white
noises with covariance matrix Sy Vt = t(l),...,t(nt). One more time the state estimates
are computed, in comparison to the linearized FGE and the estimates are well retrieved by
the filter despite the overestimation on Q).

Active coils

Figure 4.12: 1o gate test for the Active coils innovations with @ = 10 Qv
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Figure 4.13: Computing of the percentage of innovations which belong to the 1o gate
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Figure 4.14: Residual cross-covariance test: we can see that only for 7 = 0 we have 7 = 1,
while for all other time instants # = 0 as expected with innovations uncorrelated in time
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Figure 4.15: y?-test to check the Gaussianity on e; pdf
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In both the three situations the estimates match with the measurements. This is due to
the fact that, in Anamak, measurements are directly provided by linearized FGE, which
is the state space-model we adopted. Moreover, the measurement noise has been assumed
“a priori" known and therefore the only fault has been in the guess on Q. In any case, in
this particular and very limited case, the wrong choice on @ doesn’t affect too much the
estimation performances.

4.2 Comparison between linearized FGE and non-linear FGE

In this Section the same tests as before have been performed. The model is still the
linearization around an equilibrium point in the state-space of the FGE equations. The
divergence of the measurements evolution in the linearized case with respect to non-linear
FGE is shown in figures ([4.16|).

) Magnetic field of probe 1 without measurement noise Poloidal flux of loop 1 without measurement noise
T T T T 0.1 T T T

FGElin
FGE

0.08 |-

-0.125 +

Bm001
Ff001

-0.13 |-

-0.135

——FGElin

I I I FGE L L I I
0 0.2 0.4 0.6 0.8 1 0 02 0.4 0.6 0.8 1

-0.14

24 «10*Active current coil 1 without measurement noise

-3.6

-3.8

PF001
=

-4.2 +

44 ——FGElin
——FGE
4.6 . . .

0 0.2 0.4 0.6 0.8 1

Figure 4.16: Divergence from the equilibrium point between FGE and linearized FGE

Test validations and estimation performances are compared in the cases in which measure-
ments are taken from the linearized version of FGE (as before) or in which they are taken
directly from a run of the non-linear FGE solver. The process covariance matrix ) has been
chosen equal to @y in order to match exactly the imposed voltage perturbation. Finally,
the noises on the observer equation have been assumed “a priori" known and so the R ma-
trix is well defined and time-invariant. All the tests are shown in figures (|4.17],[4.18],|4.19)).
We can see that in the non-linear case we loose the hypothesis of white innovations. This
is due to the fact that we should have modelled the non-linearity as an additional noise
and we should have taken it into account in the @)-design. Contrary to the linearized case,
the disturbance does not have the structure associated with one particular input, therefore
it cannot be classified as an input disturbance but as a structural disturbance arising from
a modeling error [7]. The x? test and the 1o gate test give the confirmation of such a
behaviour since their failures are similar to the ones of the previous underestimated case
(,,). Nevertheless, the cross-correlation tests give almost the same results in

both cases as we can see in (4.19]). In figures (4.20/,[4.21]) the main estimates are compared

in the two cases.
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Active coils (FGElin case)
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Figure 4.17: 1o gate test, diagnostics from linearized FGE
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Active coils (FGE case)

Magnetic probes (FGE case)
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Figure 4.18: 1o gate test, diagnostics from non-linear FGE: we can see some perturbations
on the magnetic probes and flux loops innovations due to the amplification of the voltage
perturbation in the non-linear model
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Figure 4.19: 1o gate test, cross-correlation test, x? test comparison between the cases of
measures taken from linearized FGE and from non-linear FGE
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Figure 4.20: Post-processing measurements estimations and sum of active currents com-
parison using data from linearized FGE and from non-linear FGE
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Figure 4.21: 8st and 1th eigenmodes comparison using data from linearized FGE and from
non-linear FGE
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4.3 Covariance matrix tuning for non-linear FGE

In this Section we have performed the Kalman filtering on the same perturbed system as
before, but trying to account also for the non-linearities of the system in the design of the
process covariance matrix ). We can distinguish three main cases:

L Q@=Qv

where @, is the block diagonal matrix presented in Chapter 2 (|2.3]), with a diagonal block
for the active currents and a Toeplitz block for the vessel currents.

4.3.1 Case Q = Qv

As we have already anticipated in the previous section, if we impose:

Q=Qv =B1QvBf =V, BiB
in the non-linear FGE, there will be a lack in the estimation performance and a fault in the
tests since we are missing the non-linearities of the system, which should be modelled as
additionals noises. Let’s see the tests (|4.22]):

lo gate Normalized residuals
100 ‘ : : : 140 : -
_ a=vl S
00 I Coils = = =5 =mean(qx)
S I Magnetic probes - = =X2 (25— 97.5%)
“ [ Flux loops 120 - X (25— 975%)
70 R - - =l 68% 100 -
= 60
£ 50 80
3 I
40 1 ]
oo LMPING BT
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L Residual cross covariance
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7 = tr(r)
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0.2 . . . .
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Figure 4.22: As we have already stressed, the main faults affect the 1o gate test and the x?
test. We can see big spikes in the normalized residuals distribution and an underestimated
process covariance matrix behaviour
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4.3.2 Case Q =Q,

We introduce now a block diagonal matrix in order to properly account for non-linearities
in the system. The structure of such a matrix has already been presented in ([2.3)). Let’s
see in ([4.23|) the test performances, perturbing the system with the same voltage noise.

lo gate %10% Normalized residuals
100 ' I Coils 4 ' ' a = vl S
90| I Magnetic probes 25 - -52: mean(qg)
[ Flux loops 990 - - = =X»,(2.5—97.5%)

= = =X, (25— 97.5%)

Ratio [%]
g

5 10 15 20 25 30 35 40
Measurements index

L Residual cross covariance
| !

0 2‘0 46 60 86 100

Figure 4.23: Of course all the tests fail: we have indeed imposed a voltage noise that we
didn’t account for in the design of the process covariance matrix. An intuitive solution
is to combine the information around input voltage noise from the )y matrix with the
covariance matrix ), which models the random contributions in the state equation due to
linearization and external currents additional perturbations

4.3.3 Case Q = Qv + Q.

If we suppose that the noise due to voltage perturbation and the noises due to external
currents perturbations and non-linearities in the system are independent, we can define the
covariance matrix of their sum as the sum of their covariance matrices, i.e. @ = Qv + Q.
Since the cross-correlation test gives a value around 0 V7 # 0, we have presented here
below only the 1o gate test and the x? test (,) As we can see, even if the tests
are not perfectly performed, in the x? test the averaged value of the sample mean of the
normalized residuals has decreased since the spikes in their distribution have disappeared.
Moreover, in the 1o gate test we are no more in a underestimated situation.

Finally, the time evolutions of the state estimates in all the different cases are shown in

figures ([4.26,[4.27)).



4.3. COVARIANCE MATRIX TUNING FOR NON-LINEAR FGE 99

lo gate
100 T T T Tg

I Coils

90 I Magnetic probes
[ Flux loops

80

= 68 %
60

Ratio [%)]

20
10

0
) 10 15 20 25 30 35 40

Measurements index

Figure 4.24: 1o gate test with Q = Qv + @
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Figure 4.25: x? test with Q = Qv + Q.
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Figure 4.26: Kalman 1 : @ = Qy; Kalman 2 :

(2 = C?z

As we can see in figure ([£.26]) the
slowest and fastest eigencurrents
and the sum of active currents are
computed in the cases of Q = Qv
and Q = Q. We can see that the
estimation given by @) = @), doesn’t
follow the right dynamics since the
perturbation is given essentially by
an external voltage noise. We must
take into account this behaviour in
our filter design, since in real-time
applications, there should exist
a voiltage noise in the system.
Considering Q = @Qy we can see
that the difference with respect to
FCE is less significant.

In figure (}4.27]) the slowest and
fastest eigencurrents and the sum of
active currents are computed in the
cases of Q = Qy and Q = Qv + Q.
The introduction of @, + @y with
respect to only @Qy is giving a
significant improvement to the filter
in the statistical level and in the
estimates dynamics of the slowest
eigencurrent. The other quantities
are well estimated in both cases
since the voltage perturbation is the
principal cause of perturbation and
both noises due to linearization and
external currents perturbations are
almost negligible with respect to it.

As a conclusion, in real-applications
we should always account for white
noise in the voltages adding to the
covariance matrix of the process
a diagonal covariance matrix with
user defined diagonal elements or,
to avoid the hypothesis of indepen-
dence between state errors, account
for a voltage covariance block matrix
using an augmented state Kalman
filter. This topic will be discussed
in detail in the next section.
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: Kalman 1: @ = Qy; Kalman 2 : Q = Qy + Q.
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4.4 Filter augmented state for non-linear FGE

In this Section we present the situation in which the system is perturbed without giving
this information to the Kalman filter. In order to recover this unknown perturbation one
strategy was to augment the process covariance matrix in order to improve the contribution
of the measurements giving less faith to the model. The problem in this case is that the
estimate is very noisy, even if it follows the correct unknown perturbation profile. In order
to tackle this issue, a filter with augmented state has been implemented.

In some particular simulations n¢ additionals state components have been added to all
the components of the previous external current state vector, s.t. ng = ne = ng + ny.
Therefore, the augmented state has doubled its dimension: for large state-space systems,
like in TCV with filamentary vessel currents, the state augmentation could cause a lack
in observability since the measurements could no longer be sufficient to recover all the
components of the state vector. By the way in the next Chapter we have checked that
this doesn’t happen for the TCV shots taken into account but we have noted a decrease
on estimation performance due to state dimensionality, as we can see in figure (|5.27])).
In the sinusoidal case two different covariance matrices for the additional disturbances are
discussed: the first with correlation with active currents and the second one uncorrelated
with active currents. In this particular cases the number of additional states has been set
equal to the number of active currents, i.e. ng = n,.

4.4.1 KALSASS.M function

The MATLAB function kalsass.m providing all possible state augmented Kalman filter’s
linear state spaces, following what described in (), has been implemented and has
been called into the environmental MATLAB script kal stateaugmented.m accounting
for different testcases, each one with its particular state extention and properly designed
covariance matrices. The KALSASS.M function requires as inputs: the simulation time ¢,
the linearization structure given by the FGEL.M function, the linear state space model
(with state: I, inputs: {V, ¢, %} and outputs: {I,, B, Ft}) given by FGESS.M and
then six logical entries which can characterise all the state’s components combinations of
the Kalman Filter. Furthermore an extra logical input defines if the state space will be
in continuous time or in discrete timd¥. The KALSASS.M function gives as output the
extended state space structure kalsass. If 6V = AV? the generalized n. equations for the
external currents are:

I = AL+ Ae €'+ Occ + Ang AE' + By Act + By (Vigoun + AV') + G, =
‘ Ag’
= AI; + (AE OC) <§t) + (AAE By Bl) Ac' | + By Vi(tnown+Gw§e =
AV?
- AIE + Zl (Pt + ZQ A(I)t + Bl Vifnown + Gw.tfe

where we have introduced the vectors ¢! = [¢! ¢!]T with dim ¢! = n, = ng + n. Vt and
AD! = [ALt Act AVYT with dim A®! = nag = na¢ +nac +nay Vit Since nay = ny =
Na, if we impose for exemple A¢ = T, xn, and nag = ng = ne we have ng = ne = ng + Ny,
therefore ny, = ng +ny +ne and nae = 2n4 +ny +ne, whereas if nag =0 A ng = n, then

'If we consider simulations with regular time stepping At = T, we have that Ac = % Ts. The model

can be easily written taking into account Ac’ or de simply by multiplying or dividing the related matrix

dt
blocks by T%.
2In this work discrete time formulation has always been adopted.
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Ny = Ng + Ny + ne and nae = ng + ne. The matrices we imposed are defined here below:

Zy = (A§ Oc) = (Inexne (O)nexnc)
Zy=(Aae B2 Bi) = (Op,xnne B2 Bi)

Now imposing an averaged constant behaviour for £ and AV? and a linear track for ¢! we
obtain that n. = na. and the following n¢ + 2n. + ny equations:

t+1 _ et t
=+ A+l
Actt = Act + thc
AV = AV 4 thV

that have been rearranged into the following n, + nae equations:

' = Zy ! + Zy AP+ Quuwl,
AP = Z5 AD' 4+ Qrg whe

with white noise vectors wf, = [w!

we wi? and wh g = [w’fA5 wh, why |7 and matrices defined

©
here below:
Z3 _ an XTg (O)ng XNe
@nc Xng NeXNe

Z4 — < ZE (O)TLEXHC ©n§><nv> — <@n§><nA§ ©n§><nc ©TL5><TL‘/)
@nanAg chxnc (O)TLCXTLV

@nanAg I’nanc @nc Xny

AL
Z5 @"AE XM (O)TLAEXTLV (O)nAanAg (O)nAanc (O)nAanV
Zs = (O)nc XnAg Inc XMNe @nc Xny = (O)nc XNAg Inc XMNe @nc Xny
(O)TLV Xnag ©TLV XNe ITLV Xny (O)nv XMAg (O)nv XMNe ITL\/XTZV

If we want to impose a linear track for £ it is sufficient to set Zf = Z5A£ = Ingxng and in

this case ng = nae. If we didn’t deal with A&' the matrices Q, and Qag are simply:

QSO — <In§><n§ @HEX’I’LC)

()nC XMg InC XN

@ng XMng @ng XMNe @ng Xny
QA@ = @nc XM InC XTe (O)nc Xny

(D)nv X1g (O)anTLC Inv Xny

Once defined the augmented state E| as 2t = [It o' AT, with dim 2! = ne +ny, +nae

we have obtained the following generalized state space model:

t+1 t t t __
Z - Aau T+ Bau anown + QEC Wy =

It A Zy 7 It By G O O
= ¢t | =10 z3 2z e |+ Onpxne | Vo + |0 Qp O | wh
AP+ 0 0 Z) \Adt Onppxna 0O O Qas

3The filter behaviour has been validated with the previous rejection tests considering only the external
currents as state vector components: i.e. with n, =0 A nas =0.
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t t t

with white noise vector w;, = [w}e (A qu)]Tlﬂ. The KALSASS.M function computes also

the matrices which appear into the generalized observer equation. In physical frame, if we
define the equilibrium state as xeq = [le,eq ceq]T we get:

yt:(Jllé—FCgct—FCgAct—Fyo

~ - [z
y=DU=D ("
Y <yeq>

Since &g = Abeqg = Aceg = AVeg = 0, then U = I ¢q Ceq yeq]T, thus:
D = (_Cl _02 Inyxny) = (_C -D Inyxny)

with ny, = ng +ny, +nyp = dim y'. We therefore obtain:

' =Caua! + DU =

t t
I I Ie,eq
= B;En = (Cl M N) (;Ot + (_Cl —Cs Inyxny) Ceq
F]’Z AD! Yeq

with matrices:

M = ((O)nyxné 02) - (@”yxnﬁ D)
N = ((D)nyang Cs @nyxnv) = ((D)nanAg @nanAC @nyxnv)

4.4.2 Sinusoidal perturbation

A sinusoidal perturbation has been added to the first PF coil voltage V,1:
Vi =V +at +uwl

where V1 < 0 is the constant voltage of the first PF coil after an unperturbed run of FGE,
x1 is the sinusoidal disturbance defined by:

iL'tl =—k ﬁVaLRMS sin(27 ft)

with k£ = 0.01, Vo1, rms = [Vai| and f = % = m =1Hzsince T = 1s.

We added to this perturbation a white noise w; too, with amplitude Vi1 ¢ = 0.2V.
Finally, a global white noise of amplitude k has been added to all the voltage components.
For the covariance matrix design the active currents block (), has been chosen diagonal with
diagonal elements equal to Q4 (i,7) = 100. For the vessel block @, it has been implemented
a continuous Toeplitz algorithm with main diagonal elements equals to @Q,(i,7) = 10. A
change of basis then sent @), to @, since we adopted the eigenmode representation with
n, = 8. Finally, the process covariance matrix has been set block diagonal with blocks @,
and Q.

In order to show that an increasing process covariance matrix improves the estimation of
unknown perturbations in the system, both cases ) and 10(@Q have been considered. In
the state augmented case we assumed that the additional state components enters in all
the components of the external current state. The initial condition of these perturbations
has been fixed to zero and their stochastic dynamics is driven by the sum of an additional

4In any case the stochastic addendum Q. w? is not computed by KALSASS.M since for Kalman Filters
models the predictive equation takes only the deterministic contributions.
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unitary white noise. Therefore, the block Q¢ € R™ = R" " has been chosen diagonal
with diagonal elements Q¢(4,7) = 1. Since we have assumed the external currents to be
independent of the & Vi =1,...,n¢, the global state augmented process covariance matrix
is the block diagonal matrix of blocks @ and Q¢. In figures (|4.28),14.29|,4.30[,}4.31|) the
estimation performances of the fastest and slowest eigencurrents estimates, the sum of the
active currents estimates and the first PF coil current are depicted, in the cases of process
covariance matrices @ and 10Q or in the augmented state case. As we can see, we can
recover the unknown perturbations simply by augmenting the process covariance matrix.
However, this increases a lot the quantity of measurement noise in the system. In the state
augmented case the tracking is more accurate and not very noisy.

Referring to the KALSASS.M function, we have compared the simplest state with n, =
0 A nae = 0 with the simple augmented state with n, = ng = n. A nage = 0. We can
see in figure ([4.32]), the normalized Power Density Spectrum of the £ disturbances. This
plot has been implemented first of all computing the FFTEl of the &; and then multiplying
each transformed component with its complex conjugate. We can see that most of the &;-
disturbances have an high amplitude in the Fourier space at 1 Hz, which is the frequency
at which the first PF coil has been perturbed.
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Kalman with Q
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Figure 4.28: 1st and 8th eigencurrents, sum of active currents with @, n, = nae =0

®Fast Fourier Transform: Fq (&) =Y pt, &i(k) exp(—]i—’fr kt) , t=1,..,n, Vi=1, .. ne.
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Figure 4.29: 1st and 8th eigencurrents, sum of active currents with 10Q, n, = nae =0
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Figure 4.30: 1st and 8th eigencurrents, sum of active currents with augmented state @,
Ne =neg =ne N nagp =0
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Figure 4.31: First coil current estimates comparison with sinusoidal unknown perturbation
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Figure 4.32: Normalized Power Density Spectrum of the £ disturbances

Finally, we presented the augmented state case in which n, = ne =n. A nage = ny = ng,
with covariance matrix block Qsy of the 1 € R state component, matching exactly the
input white noise imposed in all the coils, i.e. Qsy = k2T, xn,. In this way the filter is
able to predict the state taking into account multiple sources of perturbation (in this case
constant disturbances on the currents and on the input voltages, with random evolutions
driven by the measurement-update equations) that participate to the state evolution. We
obtained a further improvement in the estimation performance since in this case the signal is
closer to the sinusoidal input even though it is a bit more noisy. In figures (|4.33,/4.34],14.35)
the first poloidal coil currents are compared together with the sparsity patterns of the
covariance matrices () in all the three situations.
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4.4.2.1 Correlated and uncorrelated comparison

So far we have not considered correlation between the noises on & and the noises on the
active currents. In this subsection we have fixed n, = n¢ = nq A nae = 0 and we have
tried to study, by imposing correlation between perturbation noises and active current
noises of the same index, whether there would have been estimation improvements with
respect to the previous uncorrelated state augmented case. The cross-covariances have
already been defined in the Chapter 2 ([2.3]) and have been chosen as the geometric mean
of the covariances of the i-th noises of £ and I,,.

Like before the main estimated quantities are presented in both cases in figures (|4.38]).
With this specific perturbation the performances are almost the same, except for the very
initial time-steps of the estimation, as we can see looking at the first coil current estimation
in figure (|4.36)).

«10* First coil current, Q with augmented state
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5239
S
~
-3.92
-3.94 J
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Figure 4.36: Correlated and uncorrelated comparison for first coil current estimation
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Figure 4.37: Correlated and uncorrelated global process covariance matrices sparsity pat-
terns
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Figure 4.38: Slowest and fastest eigencurrent, sum of active currents with correlation (red)
and without correlation (blue): as we can see the performances are almost the same in
both cases
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4.4.3 Step perturbation

In this subsection a noisy step perturbation affects one more time the first PF coil voltage
Veai: .

Vi =V +al +wl
where V1 < 0 is the constant voltage of the first PF coil after an unperturbed run of FGE
and where z; is the step disturbance from 0.4 s to 0.6 s defined by:

t—0.5>

xi = rect (
5

i.e. the unitary rectangle centered in ¢ = 0.5 s and with length of 0.1 s. Moreover, w; is
a white noise over all the time domain with amplitude & = 0.01 ([4.40)). Finally, a global
white noise of amplitude k£ has been added to all the voltage components. For the process
covariance matrix design we adopted the same approach of the sinusoidal case. In figures
(4.39],4.41],14.42],/4.43]) are exposed the differences between the main estimated quantities
both with @, 10@ and in the augmented state case with n¢e = n, + n,. Referring to the
KALSASS.M function, we have compared the simplest state with n, =0 A nae = 0 with
the simple augmented state with n, = ne =n. A nae =0.

4 4 10 4 -
384 X10 Q 384 X10 Q 384 X10 Quug
-3.86 -3.86 -3.86
< -3.88 < 3.8 < .3.88
I 3 ]
=~ = =
3.9 3.9 3.9
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0 0.5 1 0 0.5 1 0 0.5 1
t [s] t [s] t [s]

Figure 4.39: Active current estimates of the first PF coil
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Figure 4.40: Stochastic step input voltage perturbation of the first PF coil



72 CHAPTER 4. ANAMAK RESULTS

1st eigencurrent
1000 ‘ ‘

100

5 Sum of active currents
1795 L0 ‘ ‘
1.8} 1
-1.805 L L L I
0 0.2 0.4 0.6 0.8 1

Figure 4.41: 1st and 8th vessel eigencurrents, sum of active currents with @
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Figure 4.42: 1st and 8th vessel eigencurrents, sum of active currents with 10 Q
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Figure 4.43: 1st and 8th vessel eigencurrents, sum of active currents with Kalman filter

augmented state

As we can see, we can recover the unknown perturbations simply by augmenting the process
covariance matrix but, once more, this increases the quantity of measurement noise in the
system. In the state augmented case the tracking is improved allowing to estimate more
accurately while remaining less sensitive to noise, compared to the case without state
augmentation. This can be ascertained looking at the active current estimates of the first

PF coil in all the three cases (4.39)).

4.4.4 Constraints estimation

In this subsection we have extended the state in order to estimate the internal plasma
constraints evolution £,(t) and ga(t) after an unknown perturbation of their derivatives.

In particular we have performed the estimations in these two cases:

e Monotonically increasing g4-ramp

e Monotonically decreasing and increasing f,-ramp with % discontinuity

For both cases we extended the state in order to impose n, = n. A nae = Nac = Ne.
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4.4.4.1 qgp-ramp

First of all we have perturbed the system introducing a monotonically increasing q4-ramp
which has been computed by integrating its time derivative %4 which is a 0.2 constant
with an extra white noise perturbation of amplitude & = 0.5-107%. Then we add a
tiny amount of white noise to all the voltages in order to let the dynamics of the system
been excited essentially by the ga-perturbation. We set for Anamak the TCV standard
measurement noises {wg,wm,ws} = {100 A, 10737, 1073 Wb} and then we reattempted
the estimation with a 10-times lower measurement noises. We set initial condition of the
estimation error covariance matrix Py = 10Q and we imposed Q., QA submatrices as
diagonal uncorrelated blocks. The process covariance matrix is varying with time-step At

and it is equal to:

Q O O

Q=10 Q. O

0 0 Qac

with:
Ato, 0 0 0 0 0
0 Atog, 0 0 0 0
Q. O\ _| 0 0 Atog, 0 0 0
(@ QAC)_ 0 0 0 3$A#oar 0 0
0 0 0 0 IAB oag, 0
0 0 0 0 0 TAB opg,

In the simultation ¢ ranges from 0 to 1 s with At = 1073. We have chosen {o1,, 08,, 044} =
{105, 1, 107°} and {oAaz,, 0ag,, oaq.} = {10%, 1, 1072} and we imposed the right initial
condition on Cg—g‘. At the end of the subsection the estimations of {g4, fp}-ramps and their

derivatives are presented both with standard and reduced measurement noises (|4.45|,/4.46/).

4.4.4.2 [Bp-ramp

First of all we have perturbed the system introducing a monotonically increasing 3,-ramp
from ¢ € [0, 0.5] s and a monotonically decreasing f,-ramp from ¢ € [0.5, 1] s, which
has been computed by integrating its time derivative % which presents a discontinuity at
t = 0.5 s and a symmetrical jump of amplitude 8-107°. Then we add a tiny amount of white
noise to all the voltages in order to let the dynamics of the system been excited essentially
by the [p-perturbation. We set, in a first moment TCV standard measurement noises
{wa,wm,wr} = {100 A, 1073 T, 1073 Wb} and then we retrieved the simulation with a
lesser measurement noise i.e. {wg,wm,ws} = {104, 1074 T, 107* Wb}. We have seen that
the tracking is less oscillating if there is less measurement noise. In any case the estimation
of B, is really hard to recover with high precision since the initial condition over dd—’%’ is
given wrong and equal to 0. In order to increase the estimation performances a big initial
condition onto the estimation error covariance matrix has been set, i.e. Py = 200(. Like in
the ga-ramp case we have imposed @)., Q. submatrices as diagonals without introducing
correlation between these two blocks. In a further step we have tried to introduce some
correlation through a new block Q. A but without seeing great improvements in the results.
The process covariance matrix is varying with time-step At and it is equal to:

Qe O O

Q = @) Qc Qc,Ac
O QC,AC QAC
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with:

0

< Qc Qc,Ac) o 0
QC,AC QAC N 0
0

0

or, if there is correlation, it is equal to [14]:

AtO'[p
0

( Qc Qc,Ac) _ 0
QC,AC QAc %AtZ oI,

0
0

0 0 0 0 0
Atog, 0 0 0 0
0 Atoy, 0 0 0
0 0  1At3oa, 0 0
0 0 0 TAB opp, 0
0 0 0 0 TAB opg,
0 0 iAoy, 0 0
Atog, 0 0 %AtQ ag, 0
0 Ato,, 0 0 A oy,
0 0 A oaL, 0 0
%AtQ 03, 0 0 %At?’ OAB, 0
0 A oy, 0 0 TAB opg,

In the simultation ¢ ranges from 0 to 15 with At = 107®. We have chosen {07y, 04,, 04, } =
{10%,7-107%,107%} and {oar,, oag,, oaq,} = {10°, 10°, 1076}
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Figure 4.44: First coil current after
Bp-ramp perturbation; sparsity pat-
tern of covariance matrix @, with c-
Ac correlation but without I - ¢ cor-

relation

If the measurement noise is set low it is possible to se-
lect a higher process covariance matrix (with respect to
measurements covariance matrix R) so that the filter
will be able to easily adapt to quick changes such as a
discontinuity in the time derivative of a component of
its state. On the other hand, if the measurement noise
is set high, keeping the process covariance high as well
all the measurement noise will enter in the estimates
(,). Therefore in this case it is necessary to
lower the process covariance matrix, renouncing to the
possibility of recovering fast changes of the parameters.
An intersting estimation improvement would be to an-
alyze in depth the relationships between the parame-
ters and the active and vessel currents. In order to do
so it will be necessary to reduce the perturbation on
the voltages letting the state evolution being a direct
consequence of B,-perturbation. An intersting further
covariance matrix design improvement would be to fill
some correlations between the errors of 3,, the first
vessel eigenmodes (the slowest ones) errors and the
active coils errors. The estimated first coil current af-
ter B,-ramp perturbation and the sparsity pattern of
Q) introducing correlation between ¢ and Ac are shown
in figure ([4.44]). We can see that the estimation of first
coil I, retrieved by the Kalman filter follows the FGE
profile and reduces the noises of the measurements.
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4.4.5 Plasma position estimation

In this subsection the post-processing plasma vertical and radial position estimates are
presented. The position of plasma is computed directly from the estimated state and the
measured total plasma currentlﬂ We will see in the next Chapter () that it is possible
to compute the baricentral positions rl, and zI, of the plasma by multiplying the state
x of the system (I or [I. ¢]*) by % aﬂ” and 8zi" (see block diagrams in ﬂ - The
radial and vertical positions are then computed by multiplying these quantities by I,,.

In figures ({4.49,[4.50,[4.51),[4.52,[4.53|) the radial and vertical plasma positon evolutions
are computed in a stable circular shot of Anamak over a 1 s time window of simulation.
The following perturbations have been used:

1. Sinusoidal voltage perturbation (first coil)

[\

. Step voltage perturbation (first coil)

3. White noise voltage perturbation

4. ga-ramp constraint perturbation

ot

. Bp-ramp constraint perturbation

In the case 3. the white noise has been injected with amplitude of 4 V' to all the n, voltages,
whereas for the other cases the disturbance is the same as that presented in the previous
subsections.

Several combinations of the state augmentation have been set using the KALSASS.M func-
tion which have given some improvements in the plasma position estimation. In any case,
even if we set n, = nae = 0 and we refer to the simplest state accounting only for the
external currents, neglecting the constraints contributions and using a reduced substate
that takes into account only the slowest n, = 8 vessel eigencurrents, the plasma position
is still well recovered in Anamak for all these induced perturbations test-cases.

In the first part of the next Chapter () the full augmented state design of the Kalman
filter is maintained and tested on several shots of TCV. The stress has been put in the
evaluation of the plasma position estimation, like it was done this Section with induced
perturbations. Moreover, in Section ([5.1.4]) the z-error with respect to a plasma recon-
struction solver (in that case LIUQE) has been compared for different typical TCV shots.

5Tt is possible to estimate I,, too and make the computation with all estimated quantities.
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Figure 4.49: Case 1.: from top to bottom (1) — (3): (1) ny, =ng A nas =0,

(2) ny=ng A nas =nag, (3) Ny =ng A nas =nag +nav
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Figure 4.50: Case 2.: from top to bottom (1) — (3): (1) ny, =0 A nas =0,
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Chapter 5

TCV results

In this Chapter the filter performs in the TCV framework with n, = 19, n, = 256,
Ny, = 38 and ny = 38. The measurements are taken from the plasma reconstruction code
LIUQE (we refer to|l.4]and to [19] for further details) and the vessels are described by their
slowest n,, = 20 eigenmodes. Moreover, to account for three unreliable flux loops sensorsE],
a mask has been imposed to reduce n; to 35. As a remark, all these simultations are
achieved in an open-loop while, during real working operations, the observer is assumed
to be implemented onto a controlled closed-loop network.

5.1 Simulations

In this subsection the filter has been tested onto experimental data from several TCV shots
with various typical configurations. The shots presented are numbers: 61400 (diverted),
69293 (limited), and 69393 (negative triangularity). The linearization of FGE has been set
at the beginning of the flat-top zonesﬂ. In order to recover all the plasma profiles as well
as possible, a unique filter has been implemented for all these tests. The full extended
state has been used and particular attention has been put in covariance matrix tuning.
The choices adopted for the augmented blocks are the following:

Q£ =K Ing
Q. = diag (TS 101 10° 108]T)
Qae = Q¢

T3
On. = diag (3 10t 1072 10—1]T>

2
Qsv = Va,err In,

with ng = ne = ng +ny = 39 and where kK = Ve, =1 [V] and T = 1073 [s].

5.1.1 Shot 61400 - Diverted

In this particular shot two different linearizations have been set at the beginning of two
flat-top zones. The ending part of the first flat-top is affected by a fast increase of (3,

Wi, Uprr, Uyio.
2The filter performs less good in the ramp-up since the hypothesis of constant I, is no longer valid. A
solution should be to add a CDFE and perform several closer FGE linearizations.
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while in the beginning of the second flat-top there are fast variations both on 3, and in ga.

TCV#61400 0.5990s/16

1,2<0.894,+0.184m+0.5mm:525 The shape of plasma is shown in fig-
Ip=-187KA bp=0.43 li=1.13
p=167KA bp=043 I1.13_

ure ([5.1]) at time ¢ ~ 0.6 s among
02 the first interval of simulation. The

full interval of simulation of shot
025 61400 started at time t = 0.1 s and

ended at t = 2s. Hereafter the lin-
s earization criterium has been shown
in a plot dividing the two subinter-
vals of simulation (|5.2|). Moreover,
using the augmented state Kalman
Filter, the estimation plots of the
main quantities are shown: the es-
timated plasma position, the most
significant estimated currents and
the estimated constraints are com-
pared to the ones retrieved by LIUQE

-0.5

code.
Figure 5.1: TCV 61400 shot, time 0.5990 s
Lo % 10° SHOT 61400
R : : v
—-1.6F 1 1 1 1
= 180 1 1 1 1
~ -2 1 1 1 1
-2.2 1 1
_24 1 1 1 1 1 1 1
0.5 1 1.5 2
t [s]
2 T T T T T T T
1 1 1 1
oS 1 1 1
1 1
OF 1 1 1 1
1 1 1 1 1 1 1
0.5 1 1.5 2
t [s]
2

u
I

Figure 5.2: Full interval of magnetic reconstruction of shot 61400
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5.1.1.1 First flat-top

The first observer simulation has been set in the first flat-top, from time ¢ = 0.2 s to time
t = 0.9s. The FGE linearization has been set at time ¢ = 0.2s. In figures ([5.3),[5.4]) we
can see that, with this particular choice of the covariance matrices of the process, the most
critical remarks can be set on 3,, g4 and the fastest eigencurrent trackings which diverge
approximately at the middle of the simulation. Moreover, the first eigencurrent estimate
is affected by a amplification of its oscillating behaviour. The sum of active currents, the
radial and vertical position estimations are performed very well by the filter (an analytical
description will be carried in subsection (|5.1.4])). However, even though some estimates
are not fully precise the results are very satisfactory since the state-space model retrieved
from the linearization of FGE carries the vertical instability of the system. This means
that thanks to the measurement-update equations the filter reaches the good information
from the measurements to handle its inbuilt unstability. Moreover in all these simulations
we have considered only n, = 20, and we will see in Section (/5.2]) that the Kalman filter
has an higher phase margin if we increase the number of vessel eigenmodes. Improvements
can be achieved also reducing the sample time T5.

x 104 1st eigencurrent

Kalman with augmented state
LIUQE

4 s
0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9
t [s]

) «10* 20th eigencurrent
1k
0 v bl ke N
_1 L L L L L L
0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9
t [s]
. « 10 Sum of active currents

0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9

Figure 5.3: From top to bottom (1)-(3): slowest (1) and fastest (2) eigencurrents, sum of
active currents (3)
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Constraints
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Figure 5.4: From top to bottom (1)-(5): I, (1), Bp (2), ga (3), radial (4) and vertical (5)

plasma position
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5.1.1.2 Second flat-top

The second observer simulation has been set in the second flat-top, from time ¢t = 1.2 s
to time ¢t = 1.9s. In this case the FGE linearization has been set at time t = 1.2s. In
figures (,) we can see that, with this particular choice of the covariance matrices
of the process, the most critical remarks can be set on 3,, g4 and the fastest eigencurrent
trackings. In this case the constraints results are affected by some offsets which are tiny
for I, and impact basically on 3, and g4 evolutions. The 20th eigencurrent estimate starts
at a wrong working point and then converges to the correct values after At ~ 0.25s. The
sum of active currents and, most of all, the vertical position estimation are very close to
the reconstructed ones (the difference is in the order of mm or lesser ([5.1.4])).

%104 1st eigencurrent

Kalman with augmented state

4 1 1 1 —— LIUQE
1.2 1.3 1.4 1.5 1.6 1.7 1.8 1.9
ts]
20th eigencurrent
10000

Figure 5.5: From top to bottom (1)-(3): slowest (1) and fastest (2) eigencurrents, sum of
active currents (3)
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5 X 10° Constraints
21k
_22 | | | | | |
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Figure 5.6: From top to bottom (1)-(5): I, (1), By (2), g4 (3), radial (4) and vertical (5)
plasma position
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5.1.2 Shot 69293 - Limited

89

The observer simulation has been set during flat-top, from time ¢ = 0.5 s to time t = 1.6 s.

This time region presents slow-varying constraints.

TCV#69293 0.5990s/18
1,2=0.897,+0.001m-0.0mm:615
Ip=336kA bp=0.22 1i=1.07

The shape of plasma is shown in fig-
ure (/5.7]) at time ¢ ~ 0.6 s. The full
interval of simulation of shot 69293

0ss started at time ¢t = 0.1 s and ended
0s at t = 1.8s. In figure ([5.8)) the lin-

earization criterium has been shown
in a graph that identifies the range
of the simulation. Moreover, using
the augmented state Kalman Fil-
0 ter, the estimation plots of the main
05 quantities are shown: the estimated
plasma position, the most signifi-
cant estimated currents and the es-
timated constraints are compared to
the ones retrieved by LIUQE code.
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Figure 5.8: Full interval of magnetic reconstruction of shot 69293
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As already said, the simulation has been set in the flat-top region, from time ¢t = 0.5 s to
time ¢t = 1.6 s. In this case the FGE linearization has been set at time t = 0.5 s. In figures
(,) we can see that, with this particular choice of the covariance matrices of the
process, the most critical remarks can be set on g4 and the fastest eigencurrent trackings.
In this case the g4 estimation evolution is affected by both offsets and uncorrect slope.
The 20th eigencurrent estimate starts at a wrong working point and then converges to the
correct values after At =~ 0.25s. All the other estimation quantities are performed very
close to the reconstructed ones. We will see in ([5.1.4)) that for this shot we have the best
z-error performances, since the plasma is less vertically elongated and the constraints are
varying slowly. This implies that the divergence from equilibrium is less significative with
respect to the other shots taken into account.

A x10% 1st eigencurrent

ud L0l -
Kalman with augmented state
9 | | — LIUQE
0.6 0.8 1 1.2 1.4 1.6
t [s]
20th eigencurrent
4000 T T T T T

2000

) % 10% Sum of active currents
0F i
2L |
-4 1 1 1 L I
0.6 0.8 1 1.2 1.4 1.6
t[s]

Figure 5.9: From top to bottom (1)-(3): slowest (1) and fastest (2) eigencurrents, sum of
active currents (3)
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Figure 5.10: From top to bottom (1)-(5): I, (1), Bp (2), ga (3), radial (4) and vertical (5)
plasma position



92

CHAPTER 5. TCV RESULTS

5.1.3 Shot 69393 - Negative triangularity

The observer simulation has been set during flat-top, from time ¢ = 0.9 s to time ¢ =
1.5s. This time interval presents slow-varying constraints since the negative triangu-
larity is imposed by the sorrounding magnetic configuration around instant ¢ ~ 0.3s.

TCV#69393 0.2640s/9 TCV#69393 0.3340s/19
1,2=0.896,-0.025m-0.1mm:540 1,220.907,-0.058m-0.3mm:470

Ip=-224kA bp=0.231i=1.09 Ip=212kA bp=0.26 i=1.02 The Shape of plasma is shown in ﬁg-

\ N ure ([p.11]) at times ¢t ~ 0.3 s, just
\
|

before and after the change of trian-
gularity. The full interval of simu-
lation of shot 69293 started at time

. t = 0.2s and ended at ¢t = 1.6s.
In figure ([5.12]) the linearization cri-
oss terium has been shown in a graph
that identifies the range of the sim-
07 ulation. Moreover, using the aug-

mented state Kalman Filter, the es-
timation plots of the main quantities
are shown: the estimated plasma
position, the most significant esti-
mated currents and the estimated
constraints are compared to the ones

Figure 5.11: TCV 69293 shot, times 0.2640 s retrieved by LIUQE code.

and 0.3340 s

%107 SHOT 69393

T T T T

o -
1

Figure 5.12: Full interval of simulation of shot 69393
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As already said, the observer simulation has been set in the flat-top region, from time
t =0.9s to time t = 1.5 s. In this case the FGE linearization has been set at time ¢ = 0.9 s.
In figures (,) we can see that, with this particular choice of the covariance matrices
of the process, the most critical remarks can be set on 3,, g4 and the fastest eigencurrent
trackings. In this case the 3, and g estimation evolutions are affected by some spikes
induced by the filter amplification of the measurement variations. In any case the aver-
age values of the estimated constraints perfectly center the required profiles. The 20th
eigencurrent estimate starts at a wrong working point and then converges to the correct
values after At =~ 0.1s. All the other estimation quantities are performed very close to the
reconstructed ones.

0 x 104 1st eigencurrent
2
Kalman with augmented state
4 1 1 ——LIUQE
0.9 1 1.1 1.2 1.3 1.4 1.5
¢ [s]
20th eigencurrent
2000 T T T T T
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HJ‘LL ’ A \ .( el ,1‘ ."““‘}d‘ .1
f |
22000 | N
-4000 ! L L | .
0.9 1 1.1 1.2 1.3 1.4 1.5
t [s]
A % 10% Sum of active currents

0.9 1 1.1 1.2 1.3 1.4 1.5

Figure 5.13: From top to bottom (1)-(3): slowest (1) and fastest (2) eigencurrents, sum of
active currents (3)
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«10° Constraints
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Figure 5.14: From top to bottom (1)-(5): I, (1), Bp (2), ga (3), radial (4) and vertical (5)
plasma position
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5.1.4 Error analysis

In this subsection a vertical position error analysis has been done. In table () are
reported the means, the minima and the maxima errors in the z-position estimation with
respect to LIUQE for all the shots taken into account. As we will see in (|5.27]), if we
increment the number of vessel eigencurrents the estimation performance doesn’t change
too much if we adopt the same parameters in the covariance blocks design. This is due
to the significative increase in the size of the augmented state of the system. In figures
(,) the z-error evolutions of the shots presented in ([5.1]) are shown. We can see,
as reported in figures (,), that the estimation of the z-position is diverging at the
end of the interval of simulation, since at the end of the flat-top there is a fast increase
in the 3, parameter, i.e. the plasma pressure is fastly changing. The mean values of the
errors are in the order of [mm] except for the limited shot in which the mean is of the
order of tenths of a millimeter.

z error - 61400 shot first flat-top

T

0.025

Augmented state Kalman with nu=20’

0.02 - 4

0.015

0.01 - 1

0.005 - 1

0 i ! 1 ! A !
0.2 0.3 0.4 0.5 0.6 0.7 0.8

t s]
z error - 61400 shot second flat-top

0.01

T

Augmented state Kalman with nu:20’

0.008 - 1

0.002

Figure 5.15: Diverted first and second flat-top z-error evolution
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g X107 z error - 69293 shot
’ Augmented state Kalman with nu=20’

1.6 +

14+

Augmented state Kalman with nu=20

0.9 1 1.1 1.2 1.3 1.4 1.5
t [s]

Figure 5.16: Limited and Negative Triangularity z-error evolution

The maximum values of the errors are still in the [mm] range except for the diverted case,
escpecially in the 1st flat-top where the error reaches the [em] range. As we can see in
() the elongated shape of the plasma leads to a fast unstability the more we are far
from the equilibrium. A solution should be to retrieve many close linearizations of FGE
for high elongated plasmas. The minimum values of the errors range from tenths of a
millimeter (shot 69393) to tenths of a micrometer (shot 69293).

z-errors [mm)|
| 61400 1st flat-top | 61400 2nd flat-top | 69293 | 69393
Mean of z-error || 4.3 2.0 0.39794 3.4
Max of z-error || 20.1 9.1 1.7 5.8
Min of z-error || 0.025876 0.0074226 0.00050041 0.83672

Table 5.1: Table of z-errors for different shots in the [mm] scale
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5.2 Observers comparison in the frequency domain

In this section the open-loop performances of the Kalman Filter observer have been com-
pared to the previous implemented observer’s ones. This observer is called MGAE| and it is
based on a linear combination of measurements obtained by solving a linear least-squares
problem, fitting a plasma current distribution on the plasma domain using Finite Elements
Method (for further details we refer to [11] and [23]).

The control voltages to vertical position transfer functions have been shown and discussed
in the frequency domain. The stress has been put at first on three specific coils: F4, G1
and E4. Then, due to the particular choice of the simulation interval, we have considered
only slow coil F7 and fast coil G1 since they where the closest to the plasma under analysis
and so their responses are more significant. As a remark, in TCV there is only one series
connected fast coil circuit called G1, as we can see from figures ([1.4],[L.F)).

First of all we have compared the V; to zI, frequency responses taken from FGES@ in
continuous time and in discrete time. As we can see from the following Bode diagrams
([p.17)), the responses diverge only in close proximity to the Nyquist frequency. In order
to reach a better understanding of the observer responses the sample time has been set at
T, = 1075 s in order to increase the Nyquist frequency of the system.

Bode diagram (V, to zI, tf)

From: Va EOO4 To: zlp
T T

8 1
3z 0 Continuous time Va_FE4 n
3 Continuous time Va_F4 ]
% i Continuous time Va_G1 I
<3 50|~ _ _Discrete time Va_E4 B
s — — —Discrete time Va_F4 bt :\Z\\
— — —Discrete time Va_G1 =
-100 L 1 I
90 T
> 0
)
= 90
1)
[}
&
£ -180 - |
1072 10° 10 10* 10°

Frequency (rad/s)

Figure 5.17: 'V, to zI, frequency responses in continuous and discrete time from FGESS,
T, =10"5s

Since until now the Kalman filter has been developed mainly in discrete time, this descrip-
tion has been retained for the next diagrams. Connecting properly the state spaces of the
model given by FGESS with the state space model of the state augmented Kalman Filter
given by KALSASS, the tranfer function of the Kalman Filter between the V, input and the
estimated 2/ p output has been compared with the transfer function between the V, input
and the output zI, of the model given by FGESS (,) As we can see in the next
Bode diagram (|5.18)), it has been proven that the the Kalman Filter frequency response is
exactly the same of the one of the model V K € R™*™ where in our case K is the Kalman
gain given by the Riccati equation. The frequency analysis computations have been made
taking into account a state with only external currents s.t. n, = n. = ng + n, = 39, and
with external currents and constraints s.t. n, = n. + n. = 42.

3Tt takes its name from the method on which it is based: MGA i.e Measurements Green’s Analysis.
4This function computes the state-space model based on FGE linearization.
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This result is detailed and proven in the following statementﬂ.

Proposition 1. Given the following state-space linear model of the system:

t=Ax+ Bu
y=Cx

with Y(s) = L(y(t)) = W(s) U(s) = [C(sT — A)"'B] U(s) and with n, = dimz,
Ny £ dimy, and given the following state-space model of the observer:

i =Ai+Bu+K((j—Ck)=
(A KC)i+[B Kl " =

ify=y |§|, then V K € R™*™ we obtain that W(s) = W(s), with tranfer function W(s) =
V(s)
Us)’

Proof. Since:
G=(A-KC)i+[B K][u g~

then:

[C(sT—(A-KC))T'B K] U W' =
C(sIT-A+KC)'BU+C(sT-A+KC)'KY =
C(sI-A+KC)'BU+C(sT-A+KC)'K[C(sI-A)'BlU=
[C(sT-A+KC) ' I+KC(sI—-A)'|BU

The statement is proven iff:
C(sT-A+KC)'I+KC(sIT-A)'|B=C(sT—-A)"!
If K = O it is trivially proven since:
C(sT—-A+0C) ' [T+0C(sT—-A)YB=C(sT—-A)'B
If K # O the statement is proven if we impose that:

(sT—A) ' =(sT-A+KC) ' I+KC(sT-A)']=
= (sST—A+KC) '+ (sI-A+KC)'KC(sZT—-A)™!

If we multiply right-hand side and left-hand side by (sZ — A) at right, we get:

IT=(sI-A+KC)  (sIT-A)+(sI-A+KC)'KC=
=(sZT—-A+KC) ' [sT-A+KC]

5The statement has been proven in continuous time.
5i.e. the second component of the input of the observer is exactly the output of the model.
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Moreover since the transfer functions are equivalent VC' € R™*"= this in particular implies
that:

X(s) _ X(s)
Uis)y Uls)
Therefore, since zI, = F'x and 21 p=F ic we obtain:
ZAIP(S) 22(3) X(s) _ zLp(s)
P = F = = F =
(s) Uis) — Uls) Ul

In order to graphically validate the previous statement the frequency responses of FGESS
and of the Kalman filter are shown in figure ([5.18]). Only for these plots we have considered
a generic interval of the flat-top zone of the shot 69393. In this case E4, F4 and G1 coils
responses have been computed.

Bode diagram (V, to zI, tf)
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Figure 5.18: V, to zAIp frequency responses in discrete time from FGESS and from the
Kalman filter; From top to bottom (1-2): with ny = n. (1) and with ng, = ne +n. (2). We
can see that the frequency responses of FGESS and of the Kalman filter are the same V K
and are not changing so much if the state is augmented

f = I. then F = %, ifx =l C}T then F = [%Zlip Bgi” .
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As we can see, E-coils and F-coils have similar frequency responses both in the magnitude
and in the phase diagram. On the other hand the frequency response of the fast coil
G1 has a higher bandwidth and presents a bigger phase margin with respect to the slow
coils. The reason of such a difference in the responses is that E and F-coils have a bigger
inductance and therefore their response is affected by a higher time constant. Whereas, in
the case of G-coils we have a bigger promptness due to the fact that these in-series wings
have a smaller inductance and because these coils are placed inside the vacuum chamber
and so the response is not affected by the attenuation and phase lag caused by the vessel’s
eddy-currents.

For the frequency analysis comparison of the observers (MGA and Kalman Filter) the
simulation is carried on a subinterval of the second flat-top zone of shot 61400, i.e. t €
[1.35,1.5] s. Since in this time interval the plasma position is quite high, only fast coil G1
and slow F7 are considered, since they give the most significant contribution in vertical
stabilization. The open-loop frequency responses of the MGA observer are computed in
continuous time and then compared to FGESS and to the discrete time Kalman filter.

MGA estimator computes the plasma vertical position directly form a combination of mea-
surements. It takes the measurements of I,, B;,, ¥y and Iy which represents the vessel
current of 38 segments relating to the 38 poloidal fluxes measuring the loop voltages. This
quantities will be multiplied to a block of matrices I,. 7, Ip.m, Ipzq and I, giving the con-
tributions on z1, calculatlonlﬂ In order to evaluate the frequency responses of MGA two
methods have been developed to account for I;. The first one, called MGA-Tj,,, consists in
a direct mapping from the vessel eigencurrent I, passing directly from the plant (FGESS) to
the 38-dimensional I, current vector distributed as the poloidal flux loops, s.t Iy = Tjys 1.
In this case the influence of the first eigenmode on the global frequency response has been
detailed. The second one, called MGA-W #, (which is the most realistic, since I,, is not
accessible and it is only predlctable) consists in the computation of I directly from the
knowledge of the emf \lff s.t. Iy = —\I'f/RS, with Rs local vessel resistances matrix. In this
case the computation has been done using a one-step derivator in discrete time or a high
pass filter in continuous time. Since a perfect derivator in continuous time is a not-causal
system, a good solution is to create an HPF as a not strictly proper tranfer function, and
set an high cut off frequency f. with respect to the simulation frequency (at least Nyquist
one) so since D = =°— and f. = %, the time constant 7 has been set to 1076 s in order
to have a cut frequency at 1 MHz The block diagrams describing the block connections in
the two MGA approaces are shown in figures ([5.19],[5.20]).

FGESS fr

YYVYVYY

FGESS KALSS

A 4

» 2lp

Figure 5.19: Block diagrams of FGESS and Kalman filter tranfer functions

8To have a detailed description on how these matrices have been computed we refer to [23].
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Figure 5.20: Block diagrams of MGA tranfer functions in the cases of (1) Iy = Tius I, or
(2) I, = —\I/f/Rs

In the next plots we compare the frequency results of MGA in the cases of considering only
the slowest eigenmode with respect to the full vessel eigencurrent for the I; contributions
(p.21]). The case with n,, = 1 represents the situation where one measurement of the loop
voltage, together with an estimation of the global vessel resistance, is used to estimate the
total vessel current, without taking any spatial dependencies into account.

On the other hand we have computed the W y-derivative for the I; calculation () both
in discrete time and in continuous time. The MGA results are compared to the continuous
time FGESS responses, which are very close to the discrete time Kalman filter responses.

Bode diagram MGAMS-Tivs vs FGElin ct (V, to zI, tf)
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Figure 5.21: V, to z}p frequency responses in continuous time from FGESS and from the
MGA-Tj},s observer in the cases of n,, = 1 and n, = n, = 256

We can see that in the T;,s-case the frequency response of MGA with n, = 256 is almost
equivalent to the FGESS response. In ([5.22]) we see that the derivators produce almost the
same responses in the discrete or continuous cases and the divergence occurs only in the
proximity of the Nyquist frequency. As we will see in figures (,), these responses
are very close to the ones of MGA-T},s with n, = 1.
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Bode diagram MGAMS-E (V, to zI, tf)
From: Va F1707 To: Out(1)
| T 1 T
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Figure 5.22: V, to zAIp frequency responses in continuous time from FGESS and from the
MGA-W ¢ observer in the cases of discrete time derivator and continuous time derivator

Let’s now present the frequency responses of the Kalman filter in discrete time con-
sidering the slow F7 coil and the fast G1 coil. We have considered the cases n, =
1; 20; 50; 100; 200; 256: we can see from (,) that in the case n, = 256 the fre-
quency response is exactly equal to the discrete time FGESS, as expected. The phase
margin grows up with the number of eigenmodes. In order to get the maximum efliciency,
in feedback-control the optimal choice is to run the Kalman filter with n, = n, = 256 but
for the %((5)) frequency responses it is sufficient to take to set n,, > 50 to augment the phase
margin on F'7 while to see significant improvements on G1 n, should be close to n,. In any
case we have seen in Section () that the vertical position estimation is accurate, with
errors in the mm range or lesser (see table (|5.1])), even if we consider n,, = 20. Moreover,
in figure ([5.27]) we can see in the error plot that we can obtain better performances if we
consider a lower n, since the augmented state will reduce its dimensionality.

Bode diagram Kalman F7 (V, to zI, tf)
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Figure 5.23: V, to Z:Tp frequency responses of the Kalman filter in discrete time with
increasing n,,, F7-coil
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Bode diagram Kalman G1 (V, to zI, tf)
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Figure 5.24: V, to zAIp frequency responses of the Kalman filter in discrete time with
increasing n,,, Gl-coil

In the next plots shown in ([5.25],[5.26]), the Bode diagrams of the MGA-T;,s with n, = 1,
and both continuous time and discrete time MGA-W ¢ derivator blocks are compared to the
Kalman filter case with n, = 1 and to FGESS. We have already shown in ([5.21|) that
the continuous time frequency response of FGESS is almost equivalent to the MGA-Tj,s
frequency response with n, = 256. In figures (,), we can see that the MGA-Tj,s
response due to the slowest eigenmode (n, = 1) has almost the same frequency response
of the continuous time MGA-U ¢ response using the HPF block, which considers 38 vessel
currents.

Bode diagram MGAMS vs Kalman - F7
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Figure 5.25: V, to zAIp frequency responses of MGA and of the Kalman filter with n, = 1,
F7-coil
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Bode diagram MGAMS vs Kalman - G1
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Figure 5.26: V, to z}p frequency responses of MGA and of the Kalman filter with n, = 1,
G1-coil

Moreover we can see that, since the real MGA takes directly the measurements of ¥y to
determine I, the MGA observer has a lower margin phaseﬂ with respect to Kalman, which
is exactly equivalent to FGESS and only diverges close to the Nyquist frequency. However,
this improvement is reached when the Kalman filter works with n, = 256 since in the
n, = 1 case the phase margin is lower in Kalman with respect to MGA.

In the last figure ([5.27|) the plasma vertical position estimation is shown using MGA (the
implemented one i.e. MGA-¥ ) or the full augmented state Kalman filter and it is compared
to LIUQE. We have compared the cases in which the Kalman filter performs with n, = 20
and n, = 256. We have proven that even if the phase margin of the Kalman filter V, to
21, frequency response reduces when n, reduces, for the vertical position estimation the
estimates are better for the majority of the time instants if we consider n,, = 20 as we can
see in the error plot. This is due to the fact that considering n, = 256 means consider a
covariance matrix @ of order ng +ny +n, +nae = 194256 + (194256 + 3) + (19 + 256 +
3+ 19) = 850 while if n,, = 20 we obtain dim Q = ng + 1y + 1y +nae = 142. In this case
we should put particular attention in the choice of the parameters in the blocks: tuning
properly the covariances in the case with n, = 256 should be more accurate than the case
with n, = 20 since the filter more degrees of freedom for the model design. In any case
the results are very similar: we can see that MGA has a vertical distance error with low
variance and a mean value approxilately around 3.5 mm, while in the Kalman filter the
variance of the error is higher with maxima around 3 mm, minima in the order of tenths
of a millimeter and mean value approximately around 2 mmlﬂ

From the error analysis ([5.1.4]) and error plot (|5.27]) we can conclude that, for the vertical
position estimation, the augmented state Kalman filter performs better than MGA in almost
all the time instants regardless of the number of selected vessel eigencurrents. We have
therefore validated the Kalman Filter method for vertical position and speed estimation
in the TCV tokamak.

9These transfer functions can be easily stabilzed using a simple P-controller in the case of G-coils or
using a PD-controller for the E and F-coils.
10The error plot is contained in a 1 cm interval in the y-axis.
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Figure 5.27: State augmented Kalman filter with n, = 256 and n, = 20, and MGA—\iff
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Conclusions and Outlook

In this thesis a Kalman filter based observer has been designed. The open-loop simulations
have been firstly carried onto a stable shot of Anamak and then brought onto unstable
plasma configurations of already existing TCV shots. Statistical methods to test the cor-
rectness of the filter implementation have been developed. Moreover, the state has been
augmented in order to recover some internal parameters of the plasma as well as particular
unknown perturbations in the system. Finally, the open-loop frequency responses of the
Kalman filter have been compared to the ones given by MGA observer. The Kalman filter
is not decreasing the robustness of the responses and it is giving more accurate estimates
with respect to the existing observer MGA, which allow to have a real-time understanding
of the state of the system and of global plasma parameters. The next step will be the real-
time implementation of the Kalman filter and its test on TCV shots. The filter should
be coupled with a controller in order to be able to better perform with elongated unstable
shots.

Improvements can be done if the filter will be set on multiple equilibria linearizations dur-
ing the shot. To do so, a faster way of linearizing FGE should be found. The filter should
be tested also on RzIP code [§] to decrease the time of the computations. An improved
modeling and understanding of plasma physics would allow for a more accurate and de-
tailed description of the system, in particular in covariance matrix tuning and avoiding the
hypothesis of uncorrelation of the state components. More advanced stochastic descrip-
tions of the system should be taken into account, especially considering cross-correlation
between respectively active and vessel currents with their augmented pairs and trying to
figure out the stochastic link between currents and constraints. Current Diffusion Equa-
tton must be add to avoid the assumption of constant I, and so to make the Kalman filter
ready also for ramp-up and slow-down phases [2]. Other possibilities can be tested as well,
like Particle filters to avoid the Gaussian hypothesis on process noises and in the posterior
pdf. Another approach, that would directly deal with the full non-linear system, can be
considered. For this task an Unscented Kalman filter should be designed and, in order not
to loose the real-time objective, tested on faster approximated non-linear solvers like for
example RzIp.
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Appendix A

Elements of Linear Estimation

The following Chapter will give the mathematical background used in this thesis: the
probability concepts and the predicition theory have been mainly taken from [I] but also
from [20] and [I3]. The main structural features of linear systems for the asymptotic
predictor theorems formulation have been taken from [9].

A.1 Concepts of Probability and Statistics

Definition 1. The first element to consider is the set of all possible results of a phe-
nomenum: these will be called outcomes and their set will be indicated with S (Possibility
space).

The set S should be both finite or infinite. We call events combinations of outcomes of
S, they are substets of S.

An event A is verified if an outcome s € A C S.

If we call F the set of all possible events, F must respect:

1.if AcFthenA=S—-AcF
2. if A; e F,i=1,..., N, with N both finite or infinite, also

N
UAi eF
=1

Definition 2. When a set F respects conditions 1. and 2. it is called a o-algebra.
From 1. and 2. we necessarily obtain that:

e )CF

e SCF
Definition 3. We call probability the function

P:F—[0,1]]CR
A P(A)

The probability function has the following properties:
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1. P(S)-1

2. given a family {4;}; of events, A; € F, i = 1,..., N, with N both finite or infinite,
s.t. A; N A; =0 for i # j we must have that:

N N
P( U AZ-) =3 P(4))
=1 =1

A random experiment C, also called stochastic process, is fully defined by our previous
definitions, so we can write C = {S,F, P(-)}.

Definition 4. We call v real aleatory variable on experiment C the variable v = (s),
with p : § — R.

Given a subset V' C R we can define the probability that v belongs to V' as Prob(v € V)
and so Prob(v € V) represents the probability of the subset K C S of the outcomes s
st p(s) € VVs € K D From our previous definition of probability it is natural that
¢ 1(V) € F, so the subset K is an event. If the last condition holds then:

Prob(veV)=P(p L(V))

Definition 5. If we take ¢ € R we call probability distribution function (PDF) of
the aleatory variable v the function of g:

F(q)=Prob(v<q)=P(o " (]-00,q])

In general I’ has the following properties:
o F(—o0)=0
o [(+00)=1
e it is monotonic and not decreasing

e it is continous or at least discontinuous but a numerable number of discontinuity
points (in these points the right limit of F' is well defined)

e it is differentiable and the derivative is defined everywhere except in a null-measure
set of points.

It contains the probabilistic informations of v such that:
Pla<v<b)=F((")—F(a)

is the probability that v belongs to [a,b] € R.
Definition 6. We define probability density function (pdf) the function of q:

p(q) = diléq)

1To be more precise, the definition of real aleatory variable requires first the introduction of the o-
algebra R generated by the intervals [a,b] of R. R is the smallest o-algebra containing intervals [a, b] of
R. A real aleatory variable is an application from S to R s.t. ¢~ '(V) € F, VV € R. These elements V of
R are called borelians.
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If we consider a point ¢ € R and an infinitesimal interval [¢, g+dg], then the area underneath
the function p in this interval represents the probability that the aleatory variable v assumes
values between ¢ and g + dg:

p(q)dg= Prob(qg <v < q+dg)

Definition 7. We call expected value of an aleatory variable the function:

p=E] = /+Ooqp(Q)dq

—0o0
If p is symmetric around ¢ then E [v] = q.
Definition 8. We call variance of an aleatory variable the function:

o2 =Var] = /+Oo(q —E[v])*p(q) dg

— 00

In general the k-moment my [v] of an aleatory variable is defined as:
+o0
my [v] = / _d'pla)dg
We easily obtain that:
o if £ =0 then mg[v] =1
o if £ =1 then m; [v] = E [v]

e if £ =2 then mg [v] = Var [v] + (E [U])2

If we consider a real aleatory variable v and a function g: R — R such that w = g (v) is
a new variable we can proove that w is a real aleatory variable too and its expected value
can be predicted from the knowledge of the probability density p, of v:

Bl = [ ane@do= [ o@pa)dy

—0o0 —00

The expected value is a linear operator, i.e. E[av) + fva] = aE[vi] + SE [v2], in fact if
the map ¢ is linear, i.e. w = av, a € R we get

Efw] =E[av] = /maqpv(q) dg=a /+Ooqpv(q) dg = aE[v]

—00 —0o0

Definition 9. The vector v = [v1 v2 ... v, is called a R-vector aleatory variable if

Jp: S =R s.t. o (w1 <qr,v2<q2, v < qn) €EF,Vq=|q1 @2 ... ¢u]T € R".

The function F(q1 g2 ... qn) is defined by:
F(q1 g2 ... qn) = Prob(v1 < ¢1,v2 < @2, ..,0n < qn) , i ER,Vi=1,...m

All the inequalities must be verified at the same timeﬂ such that F: R” — [0,1] is well
defined and it is a multivariate distribution called joint probability distribution.

2There is a link between the joint probability distribution F(q), g € R™ and the marginal probability
distribution F;(q;) i.e. Fi(q) = F(400, 400, ..., i, ..., +00).
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Definition 10. We define joint probability density the function of g € R™:

(@ g o ) = 201 @2 - dn)
! 0q10¢s...0qy,

Like in the univariate case the quantity p (¢1 ¢2 ... ¢») dq1dge...dg, represents the probabil-
ity that ¢; < v; < ¢; + dg; holds Vi = 1, ...,n and so we obtain the link between marginal
and joint probability density:

+00 “+oo
pi (¢i) :/ / p(q1 2 - qn)dqi...dgi—1dqit1...dgy

Definition 11. (Ezpected value in R") If v = [v1 va ... v, then

E[v] = [E[v1] E[vg] ... Efv,]]"
Definition 12. (Covariance matriz) If v = [vy v ... v,|T and ¢ € R™ then

Covo] = / (a—E[o])(a —E[o])7 pla) da

Defining w £ q — E [v] we obtain
Cov[v] = E [ww”]
with the following properties:
1. it is symmetric: Cov;; [v] = Covj; [v]
2. it is positive semi-definite, in fact if we consider the quadratic form:
e Covp]e = 2" Eww! )z =E 2T ww’ 2] = E 27 w (2T w)T] = B [(z” w)?] >0

since z € R" is a constant for E[] and 27w € R

3. the elements on the main diagonal are the variances of the univariate real aleatory
variable v;:

Covj; [v] = Var [v]

and the off diagonal terms represent the covariances of v; and v;:
Covj [v] =E [(vl —E [UZ]) (vj —E [v]])]

4. E[vvT] = Cov [v] + E [v] E [v7]

We see that if v is a White Noise aleatory signal its expected value is zero, and so:

Cov[v] =E [vvT]

Definition 13. (White noise) A vector aleatory variable w is called white noise iff:

oy = E[w] =0

Cov[w] = E[ww?] = ¢°T
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Definition 14. (White process) An aleatory process w(t), t € R is white iff:

Hu(t) = Efw(t)] = 0
E [w(tl) w(tg)] =0 (5(t1 — tg)

with §(t) Dirac’s delta.

Definition 15. If we consider a 2-vector aleatory variable v = [vy v2]T we call correlation

coefficient the real number

Covis [’U] . E [(Ul -E [Ul}) (02 —E [U2])]

B V/Covyy [v] Covas [v] VVar o] Var [vg]

p

Since the covariance matrix is positive semi-definite, therefore
2
(E [(v1 — E[v1]) (v2 — E[v2])])” < Var [v1] Var [vo]
so p € [—1,+1]. We say that two variables are uncorrelated when p = 0,
ie. E [(vl —E [Ul]) (1)2 —E [Ug])] =0.
Theorem 1. Necessary and sufficient condition to have uncorrelation between two aleatory

variables v1 and vy is that E [v1 vo] = E [v1] E [vs]

Proof. Using linearity:

E [(’Ul —E [’1}1]) (’1)2 —-E [1}2])] =K ['1}1 vy — v E [’Ug] — o E [’Ul] +E [Ul] E [’UQH =
E [1}1 ’Ug] —2E [Ul] E [UQ] +E [Ul] E [UQ] =
E

[vl ’02] —E [vl] E [vg] =0

Zﬁ E [’Ul 2}2] =E [’Ul] E [Ug}. O

Definition 16. If we consider a 2-vector aleatory variable v = [v1 v2]T we say that their

components are stochastically independent if p,(q1 g2) = Pv, (q1) Dv, (g2)-

Theorem 2. If two aleatory variables vi and ve are independent from each other, they are
also uncorrelated.

Proof. From the definition:
+o0o +o0
E [v1 va] = / / q1 g2 P12(q1 q2) dq1 dgo
—0oQ — o
For the independence of the variables:
+o0 +oo
E [v1 2] :/ / q1 g2 p12(q1 q2) dg1 dgz =
—00 —0o0

+00 +oo
- / g1 p1 (a1) day / 4 12(2) dgo = E [01] E [v5]

—00 —0o0



114 APPENDIX A. ELEMENTS OF LINEAR ESTIMATION

Definition 17. We say that an aleatory variable is normal when its probability density
follows a Gussian distribution i.e.:

_ 1 (¢ —E[v)?
pla) = V2 Var o] eXp(‘ 2War [v] )
In this cases we write v ~ N (E [v], Var[v]).

Theorem 3. Gaussianity is conserved for linear transformations.

Proof. We know that a normal variable v under the linear transformation w = o + v is
still an aleatory variable with:

Ew]=E[a+ pv] =a+ FE v
Var [w] = Var[ja+ v] = 2 Var [v]

so w ~ N (E[w], Var [w]). O

If we take the linear transformation w = (Var [v]) !} (v—E [v]) we obtain a standard normal
variable s.t. w ~ N (0, 1).
If v € R™, v is normal if its density probability is:

1 1 -
P@) = G g (2@ - E)T(Covl) (g - EbD)

We say that a set of n aleatory variables is jointly Gaussian if the n-vector aleatory variable
obtained putting in column the variables is normal. We have the following properties:

o if vi...v, are jointly Gaussian then each v; si normal
e if v; is normal and independent Vi then v = [v1 ... v,]T is normal
o if vy...v, are jointly Gaussian and uncorrelated then they are also independent

o if v ~ N (py,Cov|v]) and w = Av + b, with A € R™*" maximum rank, b € R™,
then w ~ N ( piy, Cov [w] ) with u, = A i, + b and Cov [w] = A Cov [v] AT

e if normal scalar variables are jointly Gaussian then their linear combinations are
normal scalar variables

Theorem 4. (Law of large numbers) Given a set of independent aleatory variables
{viti i =1,...,N, if we define the sample mean as

1 N
.’L‘NZN;W

then:
lim oy —Ef[zn] =0
N—oo

Theorem 5. (Central limit theorem) Given a set of independent aleatory variables {v; };
i =1,...,N, with the same probability distribution and with E[v;] = u and Var [v;] = o2,
if we consider the sample mean xy as defined in the previous theorem we have that

E[zy] = p and Var [xny] = 0. If we define the standard variable of xn as:

VN (zy — )

g

YN =
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then:
lim =0
N—oo YN

with v ~ N (0,1)

Definition 18. (Kolmogorov definition of conditional probability) Given two events
A and B from the o-algebra F, with the (unconditional) probability of B being greater than
zero i.e. P(B) >0, the (conditional) probability of A given B, P(A | B) is the probability
of A occurring if B has already happened. The conditional probability of A given B is the
quotient of the probability of the joint intersection of events A and B, P(ANB) = P(A, B)
which represents the (joint) probability of A and B occurring together (not necessarily at
the same time) and the probability of B:

P(ANB)

P(A|B) =~

Definition 19. We call likelihood the joint probability of the observed data as a function
of the parameters. Let X be an aleatory variable with probability density p depending on a
parameter 8. We call likelihood the function:

L(O]x)=po(zr) = PX =x]0)

considered as a function of 0, given the outcome x of the aleatory variable X. The likelihood
s equal to the probability that a particular outcome x is observed when the true value of
the parameter is 6.

With no event (no data) £ (6 | z) = 1, any non-trivial event will have a lower likelihood
[10].

Theorem 6. (Bayes’ theorem) Given two events A and B with P(B) # 0 then:

P(B|A) P(A)

P(A|B)= PB)
with:

e P(A | B) is a conditional probability: the probability that the event A occurs by

the assumption that B has already occured. It is also called the posterior probability
of A given B

e P(B | A) is a conditional probability: the probability that the event B occurs by
the assumption that A has already occured. It can also be interpreted as the likelihood
of A given a fized B since P(B | A) =L (A | B)

e P(A), P(B) are the probabilities of observing A and B respectively without any given
conditions. They are marginal probabilities also called prior probabilities

Proof. From the definition of conditional probability:
P(ANB)

P(A|B)= [ P(B)#0
P(B|A):W,P(A)7AO

and since P(ANB) = P(BN A). O
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A.2 Bayes Estimation

Sometimes we have “a priori" informations about the unknown of an estimation problem.
These informations can improve the estimation and compensate for random errors in the
data. In Bayes estimation the unknown 6 is seen as a vector aleatory variable. The density
of probability of  without any data (“a priori" density probability) summarises the “a
priori" informations. A possible estimation is the expected value and the variance will be
the “a priori" uncertainty. As data is received, the probability density is updated: this
changes the expected value with respect to the “a priori" one and variance is expected to
decrease. Formally there are two random experiments C'; and Cs, C7 generates 8 and Cy
the data set d. The joint random experiment C x Cy will generate the joint outcome vector
s = (s1,s2). A generic estimator is a function of data i.e. § = h(d), and the most it will
be close to the vector aleatory variable 8 to estimate the better it will be the estimation.
If we take the following cost functional

J(h(d)) = E[||0 — h(d)||)
we call optimum Bayes estimator the function h°(-) s.t.

J(h(d)) = E[10 — h°(@)II") <E[16 - A(d)[*] , Vh(")

Proposition 1. The optimum Bayes estimator which minimizes J(h(-)) is:
h=E[0|d=z]

where x s the current variable for the data d. h° is the expected value of 8 conditioned to
the fact that data have assumed the value x.

Proof. (Scalar case) In the expression:
E[|0 — h(d)|[*] = E[6° — 20 h(d) + h(d)’]

we define g(d, 0) = 62 — 20 h(d) + h(d)? s.t.:
E (16~ h(d)|F) = Blo(d,6)) = [ gle.v)p(o.y) dody
x,Y

where z and y are the current variables for d and 6 respectively, and p(d, @) is the joint
probability density of d and 8. From the definition of conditional probability it is automatic
to get the following relation for the probability densities:

p(z,y) = ply | =) p(x)
B(10— b)) = [ g y)plog)dody = [ | [ ge.mpty | 2)dy ] pla)da

where:

/ o(e,y)p(y | £)dy = E[g(d,0) | d = a]

Replacing g(d, §) we obtain:

Elg(d,0) |d=2] =R[6?|d=2] —2E[h(d)0 | d=z] + E[h(d)? | d = z]
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When d = x, h(-) is no longer a function of an aleatory variable and becomes a deterministic
function. In such a case the expected value of h(x) corresponds to h(z) and we obtain:

Elg(d,0) |d=2] =E[0* |d=2] —2h(z)E[0 | d = z] + h(x)?
Adding and substracting E[f | d = 2]? we obtain:
Elg(d,0) |d=a] = |[E[0 |d=2] - h(@)|* +E[* |d=2] ~E[0 | d = 2]
therefore:

E(16 - b@)|F) = [ [IE6] d =]~ ha)|* + E* | d =] ~E[6 | d = o] ple) dx =

— [[1B61d=a)~ b+ Var 6 | d = 1] plo) ds
Finally, since Var [0 | d = z] > 0 we get the minimum with:
h(z) =E[0|d=x]

O

We will call Bayes estimator the function 6(d) = h°(d) and Bayes estimation the value

A~

0(x) = h°(x) where x is the value of data d corrispondent to a particular outcome s.

If d and @ are jointly Gaussian i.e.:

(o)~ ((0)- (o 3 )

their joint probability density will be:

_ 1 Maa Aao \ [ d )Y _ 1 Xe p S Aed L o
p(d,@)—Kexp(Q(d 9)(% )\99> <9>>—Kexp<—2)\2()\ddd 2/\ddd9+9))

with A2 = Agg — 3 and K € R,
The density probability of d is: p(d) = K'exp (—%) so the density probility of
conditioned by d is:

_p(db) K 1 Aod 2
p(0]d) = o) —Eexp<——(9—)\—ddd) )

SO

A
MM®~N§%M%

We can now calculate the Bayes estimator and evaluate its performances.
We obtain:

Q(x):ho(x):E[Gld:x]:ifljx
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Since by hypothesis E [d] = 0, then E [f] = 0 thus E [ — 6] = 0.

Therefore:
Var[d— 6] =E[(6 - 6)*] =E[(6 — @d)ﬂ =
Add
C B0 - 2 R [ 1 N R (2] —
Add A2,
)‘gd 2
S

If d and 6 are vector aleatory variables and if their expected values are not null, i.e.

E[d] = dmn, E[0] = 0,,, we can easily extend the formalism:

0 =0+ Nog Ay} (d — din)
VCLT [9 — é] = Ag@ — Agd Agdl Adg

In the absence of any measure (“a priori”), the only information available on the unknown
is its expected value 0,,. In the posterior estimation to the expected value 6,, is added the
quantity Agg A(;dl (d —dp). Let’s take dimd = dim6 = n. If Agg = Ogimoxdimd = Onxn
the knowledge of d does not alter the "a priori" estimation since d — d,,, and 6 — 6,,
are uncorrelated and so it is not provided any additional information on the unknown.
Otherwise if Agg # Oy «p, there is a relation between 6 and d and therefore an improvement
in the estimation. If Agy is positive definite this means that the components of the vectors
d — d, and 0 — 6,,, have on average opposite sign so if [d — dp,]r > 0 then [0 — 0,,] < 0.
Morover, supposing Agg fixed, and having defined the standard matrix 2-norm, high value
of ||Agall]2 means that the data is affected by considerable uncerainty, and is therefore
unreliable. In the evaluation of the unknown, a big value of ||Ag4]|2 gives less weight to the
information provided by the data.

For the variance discussion, let’s take the scalar case for simplicity:

A A2 A2
Var[&—@]:)\gg—)\—fljz)\gg(l—m%>

and remembering that the correlation coefficient is:

Aod

p=—20_ c[-1,+1
V Aoo Add | ]

we obtain:

Var[d— 0] :)\gg(l—p2>

Since |p| < 1 the posterior variance is always inferior or at least equal to the “a priori"
variance Agg. If p = 0 the “a priori” and the posterior variances coincide.

A.2.1 Geometrical interpretation of Bayes Estimation

The following results can be applied in a deeper formalism into Hilbert space L? thanks to
Riesz representation theorem. The scalar case is considered for first.

Let’s consider the set H of all 1-vector aleatory variables with null expected value i.e.
v eH = E[v] =0. Since H is closed to linear combinations of its elements it is has a
structure of vector space, i.e. if v1(s), va(s) € H then av;(s) + Sva(s) € H, with o, 8 € R
, Vs outcome. The “zero" element of H is the variable s.t. the set of outcomes s for which



A.2. BAYES ESTIMATION 119
the corresponding variable cancels out is an event with probability equal to 1. Such a
variable has zero variance. We can equip H with an internal product so defined:

(v1,v2) = E[v1v2] = Cov [v1v9]
Therefore:

02} = (v2, 1)
v,V >:Var[v] >0

v,v) =0 < v~ N(0,0)

avy + Bug,v3) = a(vy,v3) + B (va, v3)

{01
{
{
{

We can then introduce the induced norm:

loll = V{v,0) = VVar [v] =

thus:
<U1, ’U2> . E [’Ul UQ] _
[oal[ lv2]l o102
In such a case two vectors of H will be orthogonal iff their corresponding aleatory variables
are independent. They will be aligned when p = 1 and opposite when p = —1.
If A\;1 = Var[v1] and Mg = Cov [v1v2] then from Bayes we have that:

cos p =

A2 E [v1v2] (v1,v2)
E = — = — — —
[vg | v1] T Var il vy e v
(v1,v2) vy

[[oal[ vz} [lvr]]

= [[va]] = |lval| cosp —

So if v; = d and vy = 6 the conditional expected value 6(d) = E [0 | d] is the projection of
6 on d.

>

\4

|§..V

E[6] d] d

=

The posterior variance of estimation error of § known d is the length of § —E [# | d]. Using
Pitagora’s formula we obtain:

Var [0 —E[0 ] d]] = 0] — |E[6 | d]||* = A — NG/ Aaa

where Agg = Var [0] is the “a priori” variance.

If we consider n-vector aleatory variables the vector space structure of H is conserved since
v EH=E[v] =0nx1,VEk=1,...,n. In this case if we take two vector aleatory variables
v and w with null expected value we can generate the subspace V' (v) = span{v} from the
components of v that are elements of H. It’s easy to proove that E[w | v] is a vector
with dimE [w | v] = dimwv in which the k — th-component is the aleatory variable of H
obtained from the projection of the k — th-component of w on V' (v). The difference vector
w — E [w | v] is orthogonal to the subspace V' (v).
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A.3 Kalman Filter

Let’s take the following discrete LTI dynamical system:

{ z(t+1) = Fa(t) +w(t)
y(t) =Hz(t)+v(t) , tekZ

where the state z(t) = [x1(t) ... 7,(t)]T € R™ and the output y(¢) = [y1(t) ... yp(t)]T € RP.
F and H are deterministic matrices while the disturbances w(t) € R™ and v(t) € R? are
described in a probabilistic way assuming them uncorrelated and white noise Gaussian
signals. Indicating with Q € R™*" and R € RP*P the coviariance matrices of these signals
we can write w ~ N (0,Q) and v ~ N (0, R). In particular:

[
)] =0, vt

[w(i)w" (N =0, Vj#i

@) v ()] =0, ¥j#i

[w(i)v" ()] =0, Vji

Another element of uncertainty is the initial state x(tg), to € Z. The problem we want to
face is the estimation of the state at time N + k, k, N € Z from the observations of the
ouput until the instant N. The solution of the problem in case k = 1 (one-step prediction)
will be derived for first. From this solution the problem of multi-step prediction (k > 1)
and filtering (k = 0) will be easier to solve.

x(t) and y(t) are vector aleatory variables since w(t) and v(t) are described in a probabilistic

way. The problem can be seen as a Bayes estimation problem with 8 = z(¢) and d =
[y(N) y(N — 1) ... y(to)]¥, therefore:

F(N+k|N)=E[a(N+k) | y(N), y(N = 1), .., y(to)] =
=2 (N +k)m + Myvinya gy (d—dm)
where (N + k), = Efz (N + k)] and d,, = E[d]. Agq is the covariance matrix of d
and Ay (nyr)q is the unknown-data covariance matrix. Since the disturbances have null

expected value and are Gaussian, the state and the output will have null expected value
and will be Gaussian too, so:

BN+ k| N)=AovimyaAyg d

is the optimum Bayes estimator of the state.
Let’s find now a recursive formulation for the estimation, that is essential for real-time
data processing.

A.3.1 Recursive Bayes Estimator and Innovation

Let’s consider the scalar case for first. Furthermore let’s take d = [d(N) d(tp)]? =
[d(2) d(1)]7 s.t.:

0 0 Ao Ao1 Aoz
a) | ~N ([ o) [ de e de ))
d(2) 0 2o A21 A2
where \;; = E[ij]. The optimum Bayes estimation of 6 given d(1) is:
A
E[6 | d(1)] = {7 d(1)

IOV
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while the optimum Bayes estimation of 6 given d(1) and d(2) is:
—1
A1 A2 d(1) )
E0|d(1),d?2)]=( A1 A ;A2 = A
B 1aw.ae] = (o e ) (3032 ) (55 )0 de =

2
If we define A2 = Agp — i—ﬁ then we get:

1 1
E[6]d(1),d(2)] = SWSY] (—Ao1 21 + Ag2A11) d(2) + N2 (Ag1A22 + Ag2Ai2) d(1) =
11 11
1 A12 1 A22 A2 9 Mgl g1
O = et 22)d(2) 4 = (e 22 g 22 N2 2% g1y 4 20 g
sz (Ao2 = Aoy >\11) (2) + 33 (o SR >\11) (1) o (1)
o1 1 A12 A12
= 200 1) 4 — (hae — A 22)[d(2) — 22 g1
L 41) + 55 O — a1 52 [d02) - 32 d(1)

Definition 1. (Innovation) Given two aleatory variables d(1) and d(2), we call innova-
tion of d(2) with respect to d(1) the quantity:

A12
e = d(2) ~E[d(2) | (V)] = d(2) - T2 d(1)
The main properties of e are the following:
1. E[ej=0
_ _ A 2] _ 2
2. Aee = Varle] =E[(d(2) — Ve d(1))] =X
3. Mge = E[0(d(2) — 32 d(1))] = A2 — A1 32
4. A =E[(d(1) (d(2) — 32 d(1))] = M2 — A y2 = 0
Thanks to these definitions we obtain:
o1 1 A12 A12
E0]d1),d2)] = —d(1)+ — (Ag2 — A1 —) [d(2) — —d(1)] =
01 d(1).d(2)] = 32 d(1) + 55 (o — A 312) () — 32 (1)
A Age
= 20 gy £ e e R0 d(1)] +E[0] €]
)\11 )\ee

If d(1) and d(2) are uncorrelated then E [d(2) | d(1)] = 0 and so e = d(2). In this case we
get:
E[0]d(1),d(2)] =E[0 | d(1)] +E[0]d(2)]

The optimum Bayes estimation from d(1) and e is thus obtained by:

-1
E[9]d(1),e] = (Ao A92)<§z il) (d(el)):IE[0|d(1)]+E[0|e]

since, from 1. and 3., d(1) and e are uncorrelated. We observe that the estimation from
d(1) and e is equal to the estimation from d(1) and d(2):

E[0]d(1),d(2)] =E[0 | d(1),¢]

Innovation represents the part of d(2) that cannot be predicted from d(1).
Generalising to the multivariate case let’s take:

0 Om Ao Mg Ag2
d(1) NN( dD)m || A A A2 )
d(2) d(2)m Agg A1 Aga
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In this case defining
¢ = d(2) ~E[d(2) | d(1)] = d(2) — Ani AT d(1)
we obtain:

E[0]d(1),d(2)] = O0m + Ag1 AL (d(1) — d(1)m) + AgeAt e =
=E[0|d1)]+E[0] €] — b

All the properties of e in the scalar case are valid in the multivariate case too.

It is possible to give a geometrical interpretation of the recursive Bayes estimation, where
every aleatory variable is a vector of a normed vector space H and the estimation of
0 from d is the projection of the vector # on d. If we consider 6, d(1) and d(2) with
null expected value and jointly Gaussian they belong to H. If we consider the subspace
H[d(1),d(2)] = span{d(1),d(2)} the optimum Bayes estimation of d(2) from d(1) is the
projection of d(2) on d(1). The innovation e belongs to H [d(1), d(2)] and it is orthogonal to
d(1) since it is given by the difference between d(2) and the projection of d(2) on d(1). The
optimum Bayes estimation of 6 from d(1) is the projection of # on d(1) and the optimum
Bayes estimation of 6 from e is the projection of 6 on e. Since:

(e, d(1)) =0

then:
(E0|d1),E[0]|e]) =0

and so:
E[0[d(1),d2)] =E[0|d1)]+E[0]e]

o
EL6]d(1)] d(1)
= —
) / k4
e\&\ﬁ\é /Ie
El0]e] d(2)

Feld1) d2)y
-

(From [1])

A.3.2 One-step Kalman Predictor

In the one-step state prediction problem at time N+1 , the data consists of the observations
of the output y from instant tg = 1 to instant N s.t.:

y =) y(N -1y
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In the vector space H of the aleatory variables, the components of 4V generate a subspace
H [yV] = span{y™} called subspace of the past.
The innovation of y(N + 1) with respect to ¢ is defined as:

e(N+1)=y(N+1) —E[y(N +1) | y"]

with dime(N + 1) = p.
Since E [y(N +1) | "] is the projection of y(N +1) on H [y], the innovation is orthogonal
to the subspace H [y"]. We say that the innovation is orthogonal to the past.

Definition 2. (State prediction error) We call state prediction error the quantity:

VIN+1)=2(N+1)-Ez(N+1)|y"] =
=2(N+1)—&N+1]|N)

We have that dimv(N + 1) = n and the state predictor error is orthogonal to the past.

The optimum one-step prediction of the output is given by:
GIN+1[N)=E[y(N+1) | y"]
and using the state-space equation of the ouput we get:
GIN+1|N)=E[Hz(N+1)+o(N+1)|y"] =
= HE[z(N +1) | y"+E[p(N +1) [4"] =
= HE[z(N +1) | yV]

since from state-space equations ¥ = f(w™ !, z(1),v") and since vV is independent of
v(N +1) because v(t) is a white noise, we have that v(N + 1) is independent of 4™V and so

E[o(N +1) | yN] = E[o(N +1)] = 0.

Proposition 2. The recursive expression of state prediction is given by:

FN+1|N)=F&N|N-1)+ K(N)e(N)

with:
K(N)=[FPN)H"][HP(N)HT + R
and
P(N) =E[v(N)v(N)]"] = Var [v(N)]
Proof.

#(N+1|N)=Elz(N +1) [ y"] =
—E[z(N+1) |V y(N)] =
=Ez(N+1) | ¢V 4+ E[z(N +1) | e(N)]

with e(N) innovation of y(IN) with respect to y™V 1.

L Ez(N+1)|yV 1 =E[Fa(N)+w(N)|yN 1=
= FE[z(N) |y " +E[w(N) |y" ] = FE[z(N) [yV '] = F#(N | N - 1)
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2. E[e(N +1) | e(N)] = Ap(vi1ye(v) Ay ey €(Y)

e Calculation of the covariance matrix Ay(n41)e(n):

Agvnyeyy =E[2(N + 1) e(N)] =
=E[z(N +1)[y(N) = (N | N - 1)]"] =
=E[z(N +1)[H (z(N) - &N | N = 1)) + v(N)]"] =
=E[[Faz(N)+w(N)][H ((N) = &N | N =1)) +o(N)]"] =
= FE[z(N) [(&(N) = 2(N | N = 1)1 H" + FE [2(N)v(N)"]+
+E [w(N) [H (¢(N) = &(N | N = 1)) + o(N)]"]

x(N) and v(N) are independent since v(t) is independent of w(t) and initial data.
Therefore the expected value of their product is equal to the product of the expected
values and it is null since v(NN) is a white noise, thus FE[2(N)v(N)?] = 0.
Morover, the third term of the last equation is:

E[w(N) [H (z(N) = 2(N | N = 1)) + o(N)]"] =
E[w(N)z(N)JHT —E[w(N)Z(N | N - )T HT + E[w(N)v(N)T] =0

for the properties of the white noises w and v.
Thus:

Apviryeny = FE[2(N) [(z(N) = 2(N | N = D)) HT + FE[2(N) o(N)"]+
E[w(N)[H (&(N) = (N | N = 1)) +v(N)]"] =
= FE[ (N) [(z(N) = &(N | N =)' HT =
= FE[[z(N) = 2(N | N = 1)] [((N) = 2(N | N = 1))]T] H" +
+FE[#(N|N -1)[((N)—2(N | N-1)]"1H" =

= FE[v(N)v(N)]"]HT + FE[#(N | N - 1) »(N)T]HT
Now, since the state predictor error is orthogonal to the past v(IN) is orthogonal to
H [yN—1] = span{yV~'}. v(N) is thus orthogonal to #(N | N —1) since the predictor
#(N | N —1) € H[y™~!] is based to data of the past until N — 1 and so we have

E[#(N | N —1)v(N)T] = 0. Finally, calling P(N) = E[v(N)v(N)]T] = Var [v(N)]
the variance matrix of the state predictor error, we obtain:

Apni1yeny = F P(N)HT

e Calculation of the variance matrix of the innovation A,y e(n):

Acnyevy = E[e(N) e(N)'] =
= HE[v(N)v(N)THT + R+ HE[v(N)v(N)T] + E[v(N)v(N)TTHT

directly from the definitions of e and v. With a similar calculation as for Ay (ny1)e(v)
we can proove that the last two terms of the equation are null so we obtain:

Aenye(vy = HP(N)HT" + R
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The recursive expression of state prediction is then:

E(N+1|N)=E[z(N+1) |V N+ E[z(N+1) | e(N)] =

E
= F2(N | N = 1)+ Agvr1)e(v) Ay oy V) =
F

(N |N—1)+[FP(N)HT|[HP(N)HT + R] ' e(N)
Therefore, deﬁningﬂ
K(N)=[FPN)H"][HP(N)HT + R

we get:
EZ(N+1|N)=F&N|N—-1)+ K(N)e(N)

A.3.2.1 Riccati Equation

There is a recursive way to calculate the variance matrix of the state predictor error
P(N) € R™*™. Since:

VIN+1)=z(N+1)—E[z(N+1)|yV] =

we can compute:

P(N+1) = Var[ (N+1D)]=E[v(N+1)v(N+1)]"] =
( )

w( ) KE(N)"]+
E[wv(N)"[F — K(N) H]"] -
E[K(N)v(N)v(N)" [F — K(N) H]"]

We can proove that the last five addenda of the last equation are null, therefore:

P(N +1)=E[[F - K(N)H]v(N)v(N)' [F - K(N) H*] +

= [F—K(N)H]P(N)[F - K(N)HT+Q+ K(N)RK(N)T

3K (N) is well defined because H P(N) H” + R is symmetric and positive definite and so invertible, since
H P(N)H” is symmetric and positive semi-definite and R is symmetric and assumed positive definite.
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And since:

[F— K(N)H]P(N)[F - K(N)HT+Q+ K(N)RK(N)T =
= FP(IN)F' —K(NYHP(N)FT —FP(N)HT K(N)T +

+ K(N)HP(N)H'K(N)T + Q+ K(N)RK(N)*

Morover, if we sum together the fourth and the sixth addenda and then we collect K (V)
both left and right, we obtain:

K(N)HP(N)HT K(N)' + K(N)RK(N)" = K(N)[H P(N)H" + R| K(N)T
and using the definition of K(N) on the first K(N) of the last equation:
K(N)=[FP(N)HT|[HP(N)HT + R]!
we get:
K(N)[HP(N)HT + R|K(N)T = FP(N)HT K(N)T
and so the sum of the fourth and the sixth addenda cancels out with the third addendum.
We can finally derive four equivalent formulations of the recursive variance matrix of the
state predictor error:
P(N+1)=FP(N)FT -~ K(NYHP(N)FT +Q =
= FP(N)FT —[FP(N)HT|[HP(N)H' + R 'HP(N)FT +Q =
= FP(N)FT —K(N)[HP(N)H" + RJK(N)" +Q
By means of this matrix equation, called the Riccati Equationﬂ the variance matrix of the
state prediction error can be updated. This matrix P(N + 1) is symmetric and positive

semi-definite if the equation is initialized with a symmetric and positive semi-definite ma-
trix.

Initialization: With the hypothesis that {p = 1 and using the multivariate posterior
variance of the Bayes estimator, if we call § = x(2), 0 = (2| 1) and d = y(1) we obtain:

P2)=Var[z(2)—z(2|1)] =Var[v(2)] =
=E[[=(2) — 22| 1) [x(2) —&(2| 1)]"] =
= M@ 2(2) ~ M@ y(1) Ayty yn) Au1) 22)

If we define P; = Var [z(1)] the variance matrix of the initial state, we obtain of course a
symmetric and positive semi-definite initializing matrix, so from:

A@yazy =E[[Fz(1) +wD][Fz(l) +wD)]"]=F P F' +Q
Mmm>=FﬂH§

%mw>:HﬂﬂﬁR

Ayyaey =HPF

we obtain:
P2)=FP FT+Q-FP H' [HP H' + R 'HP FT

In conclusion the initialisation can be put at the at time 1 if we impose P(1) = P;. This
result can be interpreted by holding that at instant 1, when you do not have past output

Tt will often be called with the acronym DRE (Difference Riccati Equation).
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measurements, the optimum prediction of the state Z(1 | 0) coincides with the expected
value of the variable z(1), which is null. In the absence of information, the most reasonable
prediction is the expected value, consequently the state prediction error (1) coincides with
x(1) whose variance is precisely P;.

Concerning the initialization of the recursive expression of state prediction we have that :

2(2]1) = E[2(2) | y(D)] = Apyy) Ay ¥(1) =
= FP HY[HP HT 7 y(1)

since e(1) = y(1). In conclusion the initialisation can be put at time 1 if we impose

#(110)=0[]

It is shown below the block diagram of the optimum one-step Kalman predictor:

"" """"""""""""""""""""" 1

! vl(n) vz(n) !

" +H+

U X(N+L) %(N) ‘
= H — y()
o+ :

: !

f F !
e 1

E o) e(N) éé :.

i o

' |

4+ A 2 l

! W X(N+1/N) == X(N/N-1) ' .

! z H —> y(N/N-1)
|+ :

1 t

E F !

A.3.2.2 Time-varying systems with exogenous input

We can generalize the previous theory to time-varying linear systems with emogenousﬁ
input u(t) and with correlated disturbances between state and output. We consider the
following discrete dynamical system:

{ z(t+1) = F(t)z(t) + G(t) u(t) + w(t)
y(t) Ht)z(t)+v(t) , teZ

°Tf the initial condition is E [2(1)] = 21 then (1] 0) = 1.
Si.e. a variable with a completely known trend
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where, if §(¢) indicates the Kronecker delta and Vi3 = Cov [wv], we obtain the following
properties for w(t) and v(t):

w(t)] =0, Vt

[v(t)] =0, Vt

[w(ty) w’ (t2)] = Q(t1) 8(t2 — t)

[v(t1) v" (t2)] = R(t1) 6(t2 — t1)

[w(t1) v" (t2)] = Via(t1) 6(t2 — 1)

with the hypothesis that R(t) = Var [v(t)] is positive definite V¢ € Z. The initial condition
x(tp) = x(1) is probablistically described as follows:

E &8 &8 &8 &

Elz(1)] = z1(t)
E [[z(1) — 21()] [2(1) — 21(t)]"] = P

with the assumption that the disturbances and the initial condition are jointly Gaussian
and uncorrelated, i.e.:

E[v;(t) [2(1) — 21 (0)]F] =0, Vi=1,2
In this case the equations for the Kalman one-step predictor are the following;:

ZN+1|N) =F(N)&(N | N —1)+GN)u(N) + K(N)e(N)
gIN+1|N) =H(N)&(N+1]|N)
e(IN) =y(N)—g(N [N -1)

where the Kalman gain is:
K(N) =[F(N) P(N) H(N)" + Via(N)] [H(N) P(N) H(N)" + R(N)] ™!
and P(N) solves the DRE:
P(N +1) = F(N) P(N) F(N)" = K(N) [H(N) P(N) H(N)" + R(N)| K(N)" + Q(N)

The initializations are then:
z(1]10) =2

P(1)=P

A.3.3 Multi-step Kalman Predictor and Optimum Kalman Filter

Let’s for first consider the following discrete LTI dynamical sistem:

{ z(t+1) =Fux(t)+w(t)
y(t) =Hz(t)+v(t) , teZ

where w(t) and v(t) are white noises eventually correlated, i.e.:
Evi(t1) v] (t2)] = Vijd(t2 —t1) 4,5 =1,2

The multi-step predictor of the state in k > 1 steps, with k € Z, has the task of estimating
the aleatory variable (N + k) from the data up to N, that is from the observation of
y(N),y(N —1),.... The optimal predictor (N + k | N) will be given by:

E(N+k|N)=E[z(N +Fk)|y"]
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and since x(N+k) = Fx(N+k—1)4+w(N +k—1) and since w(N +k — 1) is uncorrelated
to yv ﬂ we have that:

E(N+k|N)=F&(N+k—-1|N)=F-1&N+1|N)

Furthermore, since v(N + k) is uncorrelated to 3"V the optimum k-step prediction of the
output is:
gIN+k|N)=Hz(N+k|N)

With regard to filtering, that is the problem of estimating x(/N) from the data y(N), y(N —
1), ..., it is necessary to reset the calculation of the estimation:

B(N|N)=E[z(N) [y*] =E[z(N) | y* " y"] =
[2(N) | y" ]+ E[z(N) | e(N)] =

.f(N ‘ N — 1) + A:Jc(N)e(N) Ae_(%V)e(N) e(N)

Il
= &

The variance matrix of the innovation A(yye(n) had already been calculated, while for the
coviariance matrix A, (n)e(n) the calculation is similar to the one done for A,y 1)e(v) and
gives rise to:

Ay(vye(vy = P(N)HT

where, as usual, P(N) is the variance matrix of the one-step prediction error of the state.
Therefore:

Z(N|N)=z(N|N—-1)+ Ko(N)e(N)
with Ky(/N) Kalman filter gain defined by:

Ko(N)=P(N)HT [HP(N)HT + R}

Morover, if F' is invertible and disturbances w(t) and v(t) are uncorrelated, we obtain that
E[w(N) | y¥] = 0 and so:

#(N+1|N) [Fz(N)+w(N) | yN] =

=E
— F&(N | N) +E[w(N) | y¥] = F&(N | N)

thus:

E(N|N)=F1'#N+1]|N)
Definition 3. (Variance matrix of filter error) The variance matriz of filter error
x(N)—&(N | N) is easily obtained from the variance matriz P(N) of the prediction error.
We have:

Var[z(N) —&(N | N)]= P(N)— P(N)HT [H P(N)HT + R"' H P(N)

We can hence give an alternative formulation of the DRE:

P(N+1)=FVar[z(N)— &N | N)]F' +Q

"The vector of data ™ depends on w(t) until t = N — 1 and on v(t) until t = N.
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A.3.3.1 Asymptotic Predictor

On our previous LTI dynamical system we will suppose that the disturbances w(t) and v(t)
are independent and their variance matrices are constant in time. We note that, despite
the time invariance of the system, the predictor is time variant since the gain K(N) is not
constant as it depends on the solution of the Riccati equation. The prediction problem
can be solved in a sub-optimal way, with an invariant predictor, whenever the following
condition holds:
lim K(N)=K
N—o00

K is called steady-state gain and the corresponding predictor is called asymptotic predictor.
Since:

K(N)=FP(N)HT[HP(N)HT + R}

the convergence of K (N) is ensured if the solution of the Riccati equation converges asymp-
totically, i.e.:

lim P(N)=P
N—o00
with positive semi-definite limit matrix P ﬂ If we initialize the DRE with P, the solution
will be P, indeed defining P = P(N + 1) = P(N) we obtain:

P=FPFT —FPH'HPHT + R 'HPFT +Q

that is an algebraic equation called Algebraic Riccati Equation (ARE) with matrix
unknown. P is the positive semi-defined solution of ARE from which we obtain the steady-
state predictor gain):

K=FPH'[HPH" + R|™!

Remember that the solution of the Riccati Equation is the variance matrix of the state
prediction error. The convergence of this matrix indicates the predictor’s ability to provide
predictions of state variables with a limited probabilistic error.

Morover, since:

#(N+1|N)=F&(N|N—-1)+Ke(N) =
— Fa(N | N—=1)+ K [y(N) = §(N | N = 1)] =
— F#(N|N-1)+K[y(N) - Hi(N | N - 1)] =

=[F-KH|Z(N|N-1)+ Ky(N)
the stability of the asymptotic predictor depends on the eigenvalues of the matrix:
[F-KH| =F-FPH'[HPH' +R|"'H

From the Schur’s condition the asymptotic predictor is stable iff the eigenvalues are strictly
inside the complex circle of radius 1.

A.3.3.2 Asymptotic stability

If we consider the solution of the state equation of the mechanism of generation of data

x(t+1)=Fax(t) +w(t)

8The limit of a succession of positive semi-definite matrices is a positive semi-definite matrix.
9The steady-state filter gain is simply given by Koo = F~ ' K.



A.3. KALMAN FILTER 131

it is a sequence of aleatory variables, i.e. a stochastic process. If we apply the expected
value operator we get:

Ez(t+1)] = FE[z(t)]

therefore:
Elz(1)] =21 — E[z(2)] = Fz; — E[z(3)] = F?2; — Ez(4)] = F3z ...

If the system is stable the eigenvalues of the powers of F' become smaller and smaller as
the exponent grows. F* tends to zero with k. Therefore E [z(t)] also tends to zero V.
Morover if F¥ = Q,,x, with finite ¥ € Z then F is a nilpotent matrix and the system of
generation of data is a dead-beat stochastic process. Let’s consider the variance matrix of

x(t):
Varz(t+ 1] =E[[z(t+1) —Bz@t+ 1] [z@t+1) —Ez(t+1)]"] =
=E[[F[z(t) —E[z(t)]] + w] [F [2(t) = E[z(t)]] + w]"] =
= FE[[z(t) = E[z(t)]] [2(t) = E[z(®)]]"] FT + Q

since w(t) is uncorrelated to the past as it is a white noise. We obtain the so called
Difference Lyapunov Equation (DLE):

Var[z(t+1)] = FVar[z(t)]FT +Q =
= At+1)=FA®)FT +Q

therefore:
Var[z(1)] =P, — Var[z(2)] = FP,FT+Q — Var[z(3)] = F2 P, [FT]P+FQFT+Q ...

and finally:
Var[z@®)] = [Z+ F? + ...+ F?=2]Q + F2t=1) p,

If F is stable then the matrix sum converges and so Var [x(t)] V P;. Hence, if we define A
the asymptotic limit solution of the DLE, it will be the positive semi-definite solution of:

A=FAFT +Q

that is called the Algebraic Lyapunov Equation (ALE).

Summarizing, if the system is asymptotically stable, the data generation mechanism pro-
duces a stochastic process with expected value and variance matrix both convergent, i.e.
produces asymptotically a stationary stochastic process. If we use the optimum predictor
instead of the trivial one (based on the expected value estimation) the prediction error will
be smaller and, for all the above considerations, it is therefore reasonable to expect that
the prediction error cannot have, in such circumstances, divergent variance. We will now
give some important results of stability theory for linear systems and optimal control.

Theorem 7. (First DRE convergence theorem) If the data generation mechanism is
stable, then:

1. the solution of the Riccati Equation converges asymptotically to the same limit matriz
P, ¥ positive semi-definite matriz Py

2. the asymptotic predictor is stable
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The stability of the data generation mechanism is a sufficient condition for predictor con-
vergence but it is not a necessary condition.
Let’s now refresh some important results from System Theory (proofs can be found in [9]):

Definition 4. (Indistinguishable states in the future) Given a discrete state space

model:
z(t+1) = Fux(t)+ Gu(t)
{ y(t) =Huzx(t) , teZ
with x € R", u € R™ and y € RP, we say that two states x1 and xo are indistinguishable
in [0,k] ={0,1,....,k} k > 0 if Vu(0),u(1),...,u(k — 1) € R™, calling y1(t) and ya(t) the
outputs of the system given the input and the initial conditions x(0) = z1 and x(0) = x2
we obtain y1(t) = ya(t) Vit € [0, k]. Since:

{ yi(t) =yut) +yip(t)
Ya(t) = wyault) +y2r(t) teZ

and the forced responses coincide yi(t) = yar(t) since the input is the same we obtain that
x1 is indistinguishable from xo iff the free evolutions coincide yy(t) = yo(t) i.e.:

HF'z;=HF'z, Vtecl0,k
We will then write x1 ~ xﬂ

Definition 5. (Observability) A state zo € R™ is called not observable in [0, k] if xo ~ 0,
i.e. iff yi(t) =0 Vt €0,k]. Formally:

[H|HF|..| HFF 20 =020 =10]0]... | 0]"

where O, = [H | HF | ... | HF*T is the k-steps observability matriz. Thus o is
not observable in [0,k] iff zg € ker O, C R™. If g € ker Opi1 then xy € ker O so
ker Op41 C ker Oy, thus:

{0} C...CkerOf C ... Cker Oy C ker O; C ker Oy C R"

Morover, if ker Oy, = ker Oy then ker Op41 = ker Ok-&-ﬂ-

Theorem 8. (First criterium for observability) Defining the observability matrix
O=[H|HF|..|HF"T, we say that (F,H) is observable iff ker O = {0} i.e. iff
rank O = n.

Theorem 9. (Popov-Belevitch-Hautus criterium for observability) Given F €
R™"  H € RP*" we say that (F, H) is observable iff rank[\T — F | HIT =n VX € C,
where NI — F | H|T € R"P)X" js the PBH matriz of observability. If (F,H) is not
observable the PBH matriz loses rank in correspondence to all and only the eigenvalues of
the not observable subsystem.

Theorem 10. If (F,H) is observable, then the ARE admits at least one positive semi-
definite solution.

This final theorem suggests that even in the hypothesis that the pair (F, H) is observable,
it may happen that the ARE admits more positive semi-definite solutions. A simple way
of imposing that the ARE admits a single solution is to require that the noise that disturbs
the state actually affects all the state variables.

101’5 easy to proove that ~ is an equivalence relation.
1This result can be proved using the Cayley-Hamilton theorem.
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Definition 6. (Square root of a matrixz) Given the state equation:
z(t+1)=Fux(t) +w(t)

with w ~ N (0,Q) n-vector aleatory variable, it is possible to define the square root of
the matriz Q as the matriz G s.t. GGT = GZGT = Q. The system equation is now:

z(t+1)=Fax(t) + Gu(t)

with the following properties:
e such as w(t) also u(t) is a white noise i.e. E[u(t;)ul (t2)] = 0 iff t1 # to
o Varfu(t)| =17, Vt.

In order to characterize the action of the noise state w(t) let’s consider the equation of
state in the convenient form:

z(t+1) = Fx(t) + Gu(t)

Making the assumption that the initial state at time 5 = 1 is deterministically known and,
for example, null:

z(1)=0

then:
z(2) = Gu(l)

m

By indicating with uy (t), u2(t), ..., um (t) the elements of the vector u(t) and by ¢!, g2, ..., g
the columns of G, we obtain:

The state z(2) is therefore a linear combination of the columns of the matrix G. The
coefficients of this combination are the elements of the aleatory vector u(t). As evidenced
by the variance matrix (the identity) of u(t) these elements are uncorrelated aleatory
variables with not null variance. Considering all possible values they can assume, x(2) can
describe all possible linear combinations of G-columns. We can thus conclude that noise
at time 1 affects all states belonging to the set [G]. At time 3 we have that:

z(3) = FGu(l) + Gu(2)

Taking into account that u(t) is a white noise, u(1) and u(2) are uncorrelated. We can
conclude saying that noise at times 1 and 2 affects only all states that can be obtained
as linear combinations of the G-columns and F'G-columns, i.e. all states belonging to the
set [G | F G]. Iterating this reasoning, we can conclude that noise at instants 1, ...,k has
influence on the set [G | FG | ... | F¥=1 G]. We can proove that this set is a subset of the
state space. Let’s introduce the concept of reachability:

Definition 7. (Reachability) Given a discrete state space model:

{ z(t+1) =Fux(t)+ Gu(t)
y(t) =Huzx(t) , teZ
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with x € R™, uw € R™ generic input vector and y € RP, we say that a state x is reachable
at time k if 3u(0),...,u(k — 1) € R™ that brings the state from x(0) =0 to x(k) = xy i.e.

k—1 k—1
vp=a(k)=Frz0)+ ) FF1"Gult) =Y F*'""Gu(t) =
t=0 t=0

= [G|FG| .| F*'G] [u(k — 1) u(k — 2) ... w(0)]T =
= Ry [u(k — 1) ulk —2) ... u(0)]”

where Ry, =[G | FG | ... | FF=1G] is the k-steps reachability matriz. Thus x is reachable
at time k if x € ImRy.

Theorem 11. (First criterium for reachability) Since ImRy; C R"™ and ImRy C
ImRyy1, and since:

1. if ImRyg = ImRyy1 then ImRy, = ImRypyy VI >0
2. k=ming{ImRy = ImRyp41} <n

then, defining the reachability matriz R =[G | FG | ... | F" 1G], we say that (F,G) is
reachable iff rankR = n.

Theorem 12. (Popov-Belevitch-Hautus criterium for reachability) Given F €
R™" G € R™™, we say that (F,G) is reachable iff rank[A\Z — F | G] = n VA € C,
where AT — F | G] € R s the PBH matriz of reachability. If (F,G) is not
reachable the PBH matriz loses rank in correspondence to all and only the eigenvalues of
the not reachable subsystem.

IfXeCANX¢O(F) then det [A\Z — F] # 0 and so rank [AZ — F' | G] = n since the first n
columns of [A\Z — F' | G] are linearly independent, therefore the PBH matrix can loose
rank only if A € C A X € O(F), where ©(F) is the spectrum of F.

Corollary 1. Necessary condition to get (F,G) reachable is that the inputs are linearly
independent, i.e. m > ¢ where ¢ = max;eqy . 3 Mg(Ni) is called cyclicity index of F', m
is the number of columns of G, r is the number of different eigenvalues of F and mg(\;)
1s the geometrical molteplicity of the eigenvalue X;.

In the case of feedback systems we have the following:

Proposition 3. Given F € R™"™ and G € R™™™ then VK € R™*"™ and Vi € Z, i > 0
we have that:

Hence if i = n we have that (F,G) is reachable iff (F + G K, G) is reachable.

It is not difficult to prove that a pair (F, G) is reachable iff the pair (F, GGT) is reachable.
For this reason, in the context of the prediction or filtration problem, the hypothesis (F, G)
reachable is also found in the literature in the equivalent statement (F, Q) reachable.

Theorem 13. (Second DRE convergence theorem) If the data generation mechanism
is such that the pair (F, H) is observable and, for a square root matriz G of the disturbance
variance matriz Q influencing the state, the pair (F,G) is reachable, then:

1. the solution of the Riccati equation converges asymptotically to the same limit matriz
P, Y positive semi-definite initial condition P(1)
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2. the limit matriz P is positive definite
3. the asymptotic predictor is stable

Note that the reachability mentioned in the previous theorem is the reachability of the
state from noise. Thus, if the equation of state is:

z(t+1)=Faz(t)+ Bw(t) + Gult)

where w(t) is an exogenous variable, the recheability of the pair (F, B) has no influence on
the problem of convergence of the Riccati equation. There exists a weacker formulation of
the problem that uses the concepts of stabilizability and detectability instead of reachabil-
ityﬁ and observability. Since not all systems are reachable ImR C R™ we can decompose
the state space R" into two orthogonal subspaces:

R" — ImR & (ImR)L

1
where <Im R) is the not reachable subspace.

Theorem 14. (Hautus Lemma for stabilizability) Given F' € R™*", G € R"*™ the
following assertions for a discrete LTI system are equivalent:

1. the pair (F,G) is stabilizable iff 3K € R™ ™ s.t. F 4+ G K is asymptotically stable

2. the pair (F,G) is reachable or otherwise, the matriz of the not reachable subsystem
15 asymptotically stable

3. rank[ANL —F |Gl=n, VAeC st [N\ >1

Dually, we can derive similar considerations for the concepts of detectability and observ-
ability:

Theorem 15. (Hautus Lemma for detectability) Given F € R™ ", H € RP*" the
following assertions for a discrete LTI system are equivalent:

1. the pair (F, H) is detectable iff AL € R"*P s.t. F + L H is asymptotically stable

2. the pair (F, H) is observable or otherwise, the matriz of the not observable subsystem
1s asymptotically stable

3. rank[ANT —F | H|T =n, YA€ C st [N\ >1.

Theorem 16. (General DRE convergence theorem) Let’s take the following discrete
LTI dynamical system.:

y(t) =Hzx(t)+v(t) , telk

with white noises w ~ N (0,Q) and v ~ N (0, R) uncorrelated and with positive definite
variance matriz R s.t. det R # dﬂ If the data gemeration mechanism is such that the pair
(F, H) is detectable and, for a square root matriz G of the disturbance variance matriz Q
influencing the state, the pair (F,G) is stabilizable, then:

12Reachability implies controllability.
131f det R = 0 we obtain a singular case in wich it is necessary to introduce pseudo-inverse matrices to
solve both DRE and ARE.
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1. the solution of the Riccati equation converges asymptotically to the same limit matriz
P,V positive semi-definite initial condition P(1)

2. the asymptotic predictor is stable

When the two noises are correlated the convergence theorem no longer holds. Intuitively,
this can be understood by observing that if V12 # 0 then it is possible to obtain information
on the state of the system starting from the observation of the output even in the case of
H =0 i.e. even if the system is totally unobservable.

The estimation error variance matrix Var [z(t) — &(t | t)] converges iff the prediction error
variance matrix P(t) = Var [z(t) — Z(t | t — 1)] converges.
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