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Abstract

In this paper we propose a novel model of the ripple produced in different contexts involving switching power electronics. The
novelty of this model is that the nonsmooth waveform characterizing the ripple is captured by a suitable hybrid dynamics
performing state jumps at the switching instants. In addition to showing that this model is effective at representing the
ripple waveform, we propose two hybrid schemes ensuring asymptotic observation of the ripple waveform, one of them using
knowledge of the switching instants and a second one without knowledge of the switching instants. Simulation results illustrate

the effectiveness of the proposed hybrid observation laws.
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1 Introduction

Many engineering applications require power electronics
in their actuators and often these power electronics are
equipped with converters from AC to DC power supply.
These converters typically arise from switching electron-
ics that automatically select the maximum voltage dif-
ference among the available alternating waveforms, so
to obtain an almost direct current at the output (see,
e.g., the description in Section 2). Similarly, DC motors
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are often equipped with split ring commutators on their
shaft, so that the maximum available torque is gener-
ated by the rotor coils that are instantaneously (almost)
orthogonal to the stator magnetic field. In both these
cases, the desired constant output is affected by a pe-
culiar periodic nonsmooth disturbance, typically called
“ripple”, whose nonsmooth points correspond to the in-
stants of commutation of the electronic components.

Ripple disturbances may have damaging effects on con-
trol design, not only because they affect the actuation
signal (like in a DC motor), but also because they often
affect the power supply, thus possibly affecting all sensor
measurements due to the magnetic coupling. This phe-
nomenon is especially seen in high-power applications
such as Tokamak plasmas control [1]. One of the impor-
tant features of this disturbance is that the frequency of
the ripple is typically a known parameter with little un-
certainty, because it is a multiple of the utility frequency
in the electrical power grid, which is in turn tuned very
finely to the values of either 50 or 60 Hz. Due to this fact,
it appears natural to address the problem of ripple esti-



mation and rejection using linear [2] or nonlinear 3, Ch.
8] regulation theory.

The peculiar non-smoothness of ripple disturbances
however makes it less prone to be addressed with clas-
sical continuous-time approaches and makes it an in-
teresting problem to be tackled using hybrid regulation
theory (see, e.g., the preliminary work in [4] and the
more recent results in [5-8] and references therein).
Those works, as well as the approach that we adopt
here, are based on the novel framework for the descrip-
tion of nonlinear hybrid dynamical systems in [9, 10].
The peculiarity of hybrid regulation theory is that, as
extensively discussed in the above cited works, the state
of the exosystem experiences jumps, therefore the hy-
brid internal model implemented in the regulator (or
in the observer, as in our case) must jump at suitable
times. Two main approaches naturally arise: that one
of the situation where the jump times (or the clock as
mentioned in [11]) is available for measurement — which
in our case would correspond to having access to the
switching instants of the power electronics — and that
one where the jump times are not available. Based on
these two main situations we give here two solutions
to the estimation of the ripple signal, by introducing
suitable hybrid observation laws. Our approach is much
inspired by the recent results in [12] and the machinery
given in [13, Thm 2] (also reported in [14, Lemma 1]
with a notation that resembles more closely the situa-
tion addressed here). We would also like to emphasize
that a hybrid approach to tackle this problem is not
compulsory, because the ripple disturbance is indeed an
absolutely continuous function and one may find ways
to generate with a nonsmooth continuous time approach
(see, e.g., the results in [15] where a continuous-time
exosystem is built that generates the absolute value of
a cosine waveform). Our results are also close in nature
to those reported in [5, §4.2], where a hybrid exosystem
generates the absolute value of a cosine waveform. How-
ever, as compared to that result, we focus here on ripple
signals that perform commutations at phases different
from +7/2. A preliminary version of this paper was
presented in [16]. Here, as compared to [16], we give the
proofs of our two main theorems, and we discuss the
application of the proposed scheme to the experimental
signals of the JET Tokamak, whereas only simulation
results were given in [16].

The paper is organized as follows: in Section 2 we in-
troduce the hybrid model for the ripple generation and
present the estimation problem under consideration. In
Sections 3 and 4 we illustrate the two proposed estima-
tion schemes and state and prove their desirable proper-
ties. Finally, in Section 5 we illustrate the effectiveness
of our schemes by simulations.

2 A hybrid model for the ripple-induced noise
in measurement signals

In this section we will deal with the modelling of the
ripple through a hybrid system.

Let us consider a simple physical example where the
ripple arises, i.e. the three phase diode bridge rectifier
depicted in Figure 1. This device converts a three-phase
voltage to a mono-phase almost direct voltage, which
can be then applied, for example, to a load resistor. The
resulting voltage is almost direct because the logic of
conversion, which we are going to explain, is such that a
non smooth waveform, the ripple, is superposed to the
ideal direct voltage.

Vo
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g

Figure 1. A three phase diode bridge rectifier for conversion
from AC to DC, which results in a waveform affected by a
ripple.

The valves in Figure 1 are ideal diodes, and the three
phase voltages have the form:
vAG = V4 — Vg = V}sin (wt + 00)
vpe = vB — vg = Vysin (wt+90—2§) (1)
vog = vo — vg = Vysin (wt+90 — 4%),

where G stands for ground. The following lemma is easily
derived.

Lemma 1 Given the supply in (1), the output voltage of
the converter in Figure 1 is

T
vy = V3V max cos (wt + 6o — z§> (2)

Proof. Without loss of generality, we can set 6y = 0
in (1). Then, v, = vp — vy = Upg — Ung can
be determined using the known rules in electron-
ics that establish which diode is conducting among
more than one connected at cathode or anode. We
get then from standard results in circuit theory:



Vo =VpG — UNG =
V’(t'27r> 'V'(t'%)
= ma sin (wt —i— ] » — min sin (wt — j—
= 3 jez |t J 3
2 2
= g}g{vf sin <wt —z?ﬂ) — Vysin (wt —jg)}
:Vf?}%)é{QCOS (wt—(i—b—j)g) Sin((j_i)g)}

=3V, max { cos (wt — (21 + 1)%),cos (wt — (2 + 2)%),

j—i=1 j—i=2
— cos (wt — (20— 1)E>7— cos (wt — (20— 2)E>
3 3
j—i=—1 j—i=—2

= \fSVf max cos (wt — iz),
i€Z 3

where the last step can be carried out via graphical in-
spection. (I

Remark 1 In Figure 2 we depicted the three line-to-
line voltages and their opposites in sign. The maximum
among the six voltages is then exactly the expression v,
in (2) and is represented in Figure 2 by a bold dashed
line. J
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Figure 2. Line-to-line voltages in a three-phase diode bridge

rectifier.

We propose below a different characterization of the rip-
ple, based on a hybrid model. We will notice in Propo-
sition 1 how this formulation can represent the physical
example that we have just introduced. Consider the fol-
lowing hybrid model:

0 —w| |xm
Lr = = Az, .
L} 0 1 L,.g (zr,b)€C (3a)
b=0,
10 X
x;r = el =J,x,
0 -1 Tr2 (LET, b) € Dv (3b)
bt =b,

where sets C and D are specified below, and we use the
following output equations:

yr=en+b=[10]e,+b=Ca+b  (da)
0= Z(zy). (4Db)

Output y, in (4a) is the measured signal and 6 is not
available for measurement (even though we may assume
knowledge of its transition times). Function Z(-) returns
the phase of the vector at the argument, namely for each
x,. # 0 it is the only angle 8 € [—m, ) satisfying z, =

sin(0)
|z.| # 0. Note that function Z(-) resembles the well
known function atan2(-, -) used in the robotics context.

|, | [COS(Q)}, which is well defined for all z, satisfying

The jump and flow sets in (3) are defined as:

K= {(z,,0): 6 < |o,| <A, |b| <A with A >§ > 0}

(5a)
C={(x;b): —7m/6<0<7/6}NK (5b)
D = {(x,,b): 0 =7/6}NK (5¢)

and are depicted in Figure 3, where we added a possible
solution to (3) flowing in C and jumping when it reaches
D. In C and D, we impose the intersection with set K in
order to exclude two extreme situations. (i) We choose
¢ strictly positive, which may be arbitrarily small, be-
cause we need to ensure that the function in (4b) be well
defined; the case § = 0 corresponds to no ripple at all.
(ii) We choose A as a finite upper bound, which may
be arbitrarily large, because we assume the ripple to be
bounded. This allows us to deal with compact sets in
our design and to rely on useful results from [9, Ch. 7].
Nowhere in our design the knowledge of the values of §
and A is required.

Lr2

A

\d

Figure 3. Flow set, jump set and quantities 4, A of set . A
possible trajectory is depicted, with solid arrow for the flow
and dashed arrow for a jump.

Remark 2 If the ripple was not generated by a three
phase system, we would consider a different angle in
(5b) and (5¢) instead of 7/6. For example, for a 6-phase
or a 12-phase system the angle would be respectively
/12 or 7/24. a



The following straightforward result motivates the study
carried out in this paper and hybrid model (3). Notice
that we constrain 6y to be in the set [—7/6, /6] because
any other value of 6y could be shifted to this interval
without changing the resulting value of v, in (2).

Proposition 1 For any value of 6y € [—7/6,7/6] and
Vi > 0 in (2), there exist initial conditions x,(0,0) =
V3V [gﬂ?g(‘f] and b(0,0) = 0 such that the unique so-
lution to (8)—(5) has unbounded domain in the ordi-
nary time direction and satisfies y.(t,J) = vo(t), for all

(t,5) € dom(yy).

Proof. We carry out the proof in polar coordinates that
are globally defined in C U D. First note that from stan-
dard polar coordinates representation of linear oscilla-
tors, output € in (4b) evolves along flows according to
relation # = w. Moreover, notice that the definition of
jump set in (5) and the jump law in (3b) ensures that as
soon as § = 7/6, one has (in polar coordinates):

"
<|$T| [C.OS(W/6)]> = o] lc.os(ﬂ/@]
sin(m/6) sin(7/6)

| [cos(w/G)] ’

sin(—7/6)

showing that |x,| remains constant and 6 changes sign
across jumps. Therefore, each pair of consecutive jumps
witnesses a dwell time of exactly 7/(3w) which is the
time for 6 to flow again from —m/6 to 7/6. This shows
dwell time of all solutions and proves that the domain of
all solutions is unbounded in the ordinary time direction.
Uniqueness of solution follows from the fact that along
flows and across jumps, the flow and jump maps are
Lipschitz single valued functions, in addition to the fact
that no flow is possible from the jump set because the
flow map 6 = w points out of C U D (more formally, its
intersection with the tangent cone to C U D is empty —
see [9, Prop. 6.10]).

Moreover, one easily gets that %|xr\ = 0 along flows.
Combining this relation with the fact that 8 keeps revolv-
ing in the set [—m/6, 7 /6], where cos(#) assumes its max-
imum, we get that all solutions starting from b(0,0) = 0
satisfy:

yr(t’j):xrl (ta .7) = |xr(t>j)| COS(G(th))

_ ;™ (6
=1z,(0,0)] max cos (9(07 0) + wt 23) .

Then it is readily seen from (6) that choosing the initial
conditions z,(0,0) = v3V; [&2°] and 5(0,0) = 0, the

sin 6o

(unique) solution to (3)—(5) satisfies the claim. O

In light of Proposition 1, the goal of this paper can be
formulated as that of asymptotic rejection of the zero-
mean disturbance

27

a(t) = volt) — o A 7 ve(r)dr = vo(t) — @
=y (t.9) ~ B(t.5) — Sl )
so that 5
d(t):xrl(taj)7;|z7“(taj)‘7 (7)

27T
where for the integral we used that 5= [« vo(7)dT =

V3V} cos(wT + bp)dT = @ The intro-

2n _ 9%
6w (120~ @
2 J_ 2x _ %0

12w w

duction of a constant bias b in in (3) and (4) serves the
purpose of modeling the situation where the measure-
ment y,-(t) of a desirable signal o(t) is affected by a dis-
turbance d(t), t > 0. Then equation (7) shows that in
our hybrid ripple model, o is represented by the con-
stant DC component b + 2|x,| while the disturbance d
is the zero mean signal z,; — 2|z, |. In particular, we
may assume signal o to be slowly varying as compared
to the time-scale of d in (7), so that it can be consid-
ered as constant in our analysis, based on the observa-
tions of [10, Corollary 7.27]. We are using precisely this
robustness result in Section 5 when we are considering
JET experimental measurements where a ripple-shaped
disturbance is superimposed to a low frequency signal.

In the next two sections we propose two hybrid schemes
to estimate the disturbance d in (7) from the measure-
ment of y,.. The first scheme addresses the simplified set-
ting where the switching instants of the hybrid model
are known and the second one relies on an estimator of
the output 6 to remove this assumption.

3 Ripple estimation with knowledge of switch-
ing instants

If the switching instants of the ripple generator in (3)—(5)
are known, it is possible to design an estimator consist-
ing in a suitable Luenberger observer during flows and
that performs simultaneous jumps with the ripple gener-
ator (namely, the jump and flow sets remain unchanged
and do not depend on the observer states). This corre-
sponds to a simplified setting for the observer design.
The architecture of the proposed solution is sketched in
Figure 4.

The assumption that the switching instants of the hybrid
ripple generator are available to the ripple observer may
be verified, for example, if the observation algorithm
is somehow connected to the circuitry commanding the
switches of the rectifier in Figure 1, so that the switching
times are known. Another case is that of a torque ripple
generated by a DC motor where one may assume to
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Figure 4. Scheme with generator, filter and hybrid observer
of x, when the switching instants are known.

measure the shaft angle and then compute the switching
times based on the position of the split ring commutator.

Let us introduce the elements of Figure 4. The block
“Signal with ripple disturbance” corresponds to hybrid
system (3)—(5). To eliminate the effect of the bias from
yr, we introduce the band-pass filter:

F(s) = W: (8)

with a double pole at the ripple frequency w/(27) that
helps isolating the dominant modes of the (nonsmooth)
signal to be estimated from the constant bias and the
high-frequency noise.

For the following derivations we use a state-space form
for filter (8), with matrices:

e 0 1 1|0
DT = |~ —2wl1 ] . (9)
Cy 0

w

Then we augment equations (3) with the following flow
and jump equations comprising the observer and filter
dynamics.

{¢f:Afxf+Bf(yr—@r) (z,,0) €C (10a)

T, = Ay, + Ley,
= (2,,5) €D,  (10b)
Ty, e,
B = Jod,

T

where the Luenberger gain is L = [§] and scalar ¢ is
a positive design parameter. We augment equation (4a)
with the other output equations:

ef = Cf(tf

gr = Cri'r (11)

I .3
d=am — |m7“|77
™

where d is the zero-mean estimate of the ripple signal
(7). Notice that the flow and jump sets are unchanged

and only depend on output 6 in (4b). We emphasize that
to implement hybrid observer (10) no measurement of
6 is necessary, but it is necessary to know the switching
times, that is the times when the observer state Z,. should
jump.

To suitably analyze the overall system (3)-(5), (9), (10),
(11), let us introduce the error variable

L)

where Z,. is the error related to the ripple generation and
Zy is a coordinate transformation of the state variables
of the filter chosen to satisfy Asz; = Apxy + Byb. The
output equation

(12)

d—d=[1000[e+ (a1 -ln),  (13)

corresponding to the disturbance estimation error, read-
ily follows from expressions (7), (11) and (12).

It can be readily checked that the (hybrid) error dynam-
ics corresponds to

A, —LC -
- le=Ace, (z.,b)eC (14a)
Jr 0 -
et = e = Jee, (xr,0) € D (14b)
0 I,

thanks to the fact that l_) = 0 and C’fAjlef = 0. Then
we can state the next result.

Lemma 2 Given dynamics (3)-(5), (9), (10), (11), and
the error dynamics (14), for any £ > 0, the selection
L =1[§]in (10a) and (14a) is such that there exist P =
PT > 0and H € R4 such that (H, A.) is an observable
pair and function

V(e) = e’ Pe (15)
satisfies

(VV(e), Ace) < —e"H'He, (x,,b) €C (16a)
V(Jee) — V(e) =0, (z,,0) €D. (16b)

wl
From condition ¢ > 0 it clearly follows P = PT >

0 0

Proof. Consider the diagonal selection P = [0 0 w% ‘ 8 }
0.

Moreover, using A, in (14a), one obtains He(PA,.) =



000 0
[888 h } = —H"H, and H = [00020vZ]. Then
(16a) readily follows. Regarding matrix H, observability
of pair (A., H) can be easily checked by computing the
observability matrix O = [HT (HA.)T (HA%)T(HAZ)T ]T,
whose determinant is —16w?¢2. Finally, equation (16b)
can be checked as follows:

VH -V =V(et) - V(e) = V(J.e) — Vie)
=el'JIPJ.e — el Pe

because JTTJ,. = 1. O

Remark 3 Notice that the proof of Lemma 2 applies for
any selection of the jump instants. Therefore the scheme
in Figure 4 is effective at estimating ripple y, also when
the jump set D is empty, which boils down to a standard
linear disturbance rejection problem with an internal
model. Due to this fact, our scheme can be seen as a
generalization of the last one, much related to the recent
works in [5-8] and references therein. 4

Based on the Lyapunov construction of Lemma 2 we can
now state our first main result establishing asymptotic
estimation of the ripple signal.

Theorem 1 For any ¢ > 0, the selection L = [§] in
(10a) and in (14a) guarantees that the compact attractor

A= {(z,,b, Zr,xf): e=0and (z,,b) € K},

is uniformly globally exponentially stable for the closed-
loop dynamics (3)-(5), (9), (10), (11).

Proof. The result is a direct consequence of [13, Thm
2] (see also [14, Lemma 1] where a parallel formula-
tion to this one is used) with the Lyapunov function of
Lemma 2. ]

Remark 4 Note that in light of the output equation
(13), Theorem 1 implies that for any positive choice of
the scalar parameter ¢, the estimate d uniformly and
exponentially converges to the ripple disturbance d.
Smaller selections of ¢ lead to slower convergence but
are less sensitive to noise, whereas larger selections of
£ lead to faster convergence but larger noise sensitivity
should be expected. a

4 Ripple estimation without knowledge of
switching instants

In most practical cases it is not easy if not impossible to
know the switching instants and the scheme of the previ-
ous section cannot be implemented. To address this sit-
uation, we present here an enhanced estimation scheme,
whose structure is represented in Figure 5. In this new
scheme, we estimate the switching instants by building

an estimate 0 of the unavailable output 6 in (4b).

SIGNAL WITH RIPPLE OBSERVER

RIPPLE DISTURBANCE l;
Yr €r ef
Lr - > BAND-PASS
GENERATOR FILTER

. . EsTiMATION
d=i, —|3,]2 - OF z,
w

RIPPLE A
I

|

L1

ESTIMATE

SWITCHING
INSTANTS

L p ESTIMATION
OF 6

Figure 5. Scheme with generator, estimation of the switching
instants, filter and hybrid observer of z, when the switching
instants are not known.

Remark 5 In the sequel, to keep the notation simple,
we will introduce several coupled dynamical systems
comprising different components of the proposed scheme
and having different jump and flow sets. These jump and
flow sets will be specified in terms of only some state
variables, implicitly meaning that the other state vari-
ables may assume any value in the specified set. With
this simplified notation we refer to the hybrid system
constructed having flow set corresponding to the inter-
section of all the specified flow sets, flow map arising
from stacking up all the specified flow equations (no flow
equations will be repeated thus generating no ambigu-
ity), jump set corresponding to the union of all the jump
sets and jump map corresponding to the union of all the
specified jump maps. a

Using the simplified notation mentioned in Remark 5,
we preserve the main dynamics in (10) by using a jump

rule triggered by the new state 6:

iy =Apxy+ Be(yr — 9r)

by = Ay + Leg 0 e [—%%} (17a)
6 =w,

.r? Zl'f S

at = Jod, 0 c [6’ g] (17b)
0t =0 —7/3,

and preserve the same output equations (11). Note that

the lower bound on 6 in (17a) and the upper bound in
(17b) are coarser than those in (5), because we want to

leave some margin for suitable adaptation of 6.



Clearly, dynamics (17) converges to the right estimate
when 6 = 0. The scheme is then completed by inserting

an additional logic performing periodic updates on 0 in
such a way that it converges to 6. Such convergence will
be established based on the Lyapunov function:

L2
% = in(0—60+i— 18
i arigenznn( —|—23) ) (18)
é::97é+i*g, (19)
A\ — i 5T\ e

Va(6,0) .f%l(e 0+z3) —6.  (20)

In particular, the following lemma will be fundamental
to achieve this convergence property.

Lemma 3 Consider any hybrid solution to (3)-(5),

(17). The output 0 defined in (19) and the Lyapunov
function Vi in (20) both remain constant along flows
and across jumps.

Moreover, defining® for eacht > 0 the function j*(t) =

max j, the next identity holds:
(t,j)€domb

+55 -
/t 0(r, J*(7)d(r, J* (7))dr = —|2,(0,0)[p(B), (21)

where p is such~ that p(9~)6‘~ s a positive definite function
in the interval @ € (—m/6,7/6) and d is the output at the
third line of (7), corresponding to d = || cos(#) — 2 |z, |.

Figure 6. Graphical proof for § > 0 (left) and < 0 (right).

Proof. The fact that 6 and Vj remain constant along
solutions is readily verified by checking that 0—0=w—
w = 0 along flows and that T = § — Z (and similarly for

0%) so that quantity i* in (18) changes but the minimum
in (20) does not change across jumps.

* Note that the definition of j*(t) is valid for all t+ > 0
because all solutions have unbounded domain in the ordinary
time direction, as established in Proposition 1.

Regarding integral (21), we compute it by dividing the
analysis in the two cases shown in Figure 6. After some
calculations, essentially splitting each integral in two
parts, it is shown that

o(6) = {—61&)<7r — 60 — 2 sin (% — é)) — p,(6)

™

>0
—pp(—0) 0

<

™

so that p(6)f is positive definite in (—7/6,7/6), as to
be proven. O

Remark 6 Note that, as graphically illustrated in Fig-
ure 6, scalar 6 characterized in Lemma 3 is the difference
between 6 and § modulo 7/3, that is, recognizing that
both 6 and  revolve in the set [—7/6, 7/6] one measures
their distance ignoring the jumps so that this distance
remains constant despite the jumps of the two variables.

4

Based on the preliminary result of Lemma 3, we can
now complete the hybrid observer with an additional
dynamics implementing integral (21) and imposing suit-
able jump rules on 6 to ensure its convergence to 6. Let
us consider

Yr =

(22a)

(22b)

where ko, € (0,1] and kg > 0 are two positive gains
to be tuned, and function satz is the scalar symmet-
ric saturation function whose output is limited within
[—7/6,7/6]. Note that this limitation ensures that 6+
will always belong to the set [—7/3, /3], where dynam-
ics (17) ensures existence of solutions.

In (22), state 7 is a periodic timer ensuring that inte-
gral (21) is computed periodically; state g,; integrates
output y, to estimate its average value, whose estimate
is stored in g, (updated at each jump based on the lat-
est estimate) and finally 1 implements integral (21) by
subtracting the (estimated) average value g, from mea-

surement y, and multiplying it by 6.

The overall ripple estimation scheme corresponds to
plant (3)—(5), the estimator dynamics in (17), and the



extra states and jump rules in (22), where the role of
the different jump and flow sets should be intended as
explained in Remark 5. The overall state is then given by

é- = (l"m ba xfa '%7‘7 97 gr7 grfa 7, T)a

where it is emphasized that due to the fact that (z,,b)
belongs to the compact set K and 7 € [0,7/(3w)],
then there exists a large enough scalar M such that
(Ur, Ur1,m,7) € MB*, where B?* is the four-dimensional
closed unit ball. In the next theorem we establish par-
allel results to those of Theorem 1 in terms of stability
properties of the attractor

Ao = A x [-n/3,7/3] x MB*, (23)

where A is defined in (1) and corresponds to the set
where the estimate is correct. Note that Theorem 2 only
establishes local properties of the scheme even though
its results could be strengthened by relying on a more
sophisticated update law for 6 (see, e.g., [17] for global
asymptotic stabilization of dynamics on bounded man-
ifolds like our angles 6 and é) and on global results on
cascaded hybrid systems.

Theorem 2 For any ¢ > 0, any kqy € (0,1] and a small
enough value of kg > 0, the selection L = [§] in (17)
guarantees that the compact attractor A. is uniformly
locally asymptotically stable for the closed-loop dynamics

(3)-(5), (17), (22).

Proof. The scheme can be represented as the cascade of
three hybrid dynamical systems.

The lowermost system corresponds to the dynamics re-
stricted to the set

Ag={¢:0=0},

which is clearly forward invariant because the dynamics
of 8 coincide with that of . Using the result of Theorem 1

it is readily seen that the dynamics restricted to Ay is
UAS (actually UES) to A,.

The intermediate system corresponds to the dynamics
restricted to the set

Ay =165 = 00,00+ Zln 0,0}, (24)

which is once again forward invariant because one can
easily derive from (7) that given any solution to the ex-
osystem (3)-(5), the scalar b(0,0) + 2[x,.(0,0)| is the av-
erage value of y,(t,7*(t)) (notice that both b and |z, |
remain constant along solutions). Then we may prove
that set Ay is uniformly (locally) asymptotically stable
for the dynamics restricted to Ay. To establish this fact

we may use the Lyapunov function Vj in (20) that re-
mains constant along flows (as established in Lemma 3).
To analyze the change of Vj across jumps, first note that
in Ay we have that d = y, —¥,. Then, due to periodicity
of timer 7 in (22) and due to the results of Lemma 3, we
have before each jump in (22b) that n = —|z,-(0,0)|p(6).
Therefore, across all such jumps, the quantity in (19)
satisfies

(6+)2 = (9 — 0t (i*)+§)2

. T\ 2
< (979++i*§)
— (8- sat (koler (0,0)(6))) .

where the inequality follows from the fact that * in
(18) is a minimizer. Then from uniform boundedness

of |x,(0,0)| and positive definiteness of p(6)60 in the set
(—m/6,7/6), it is ensured that function Vp is (locally)
strictly decreasing as long as kg > 0 is sufficiently small.
For all other jumps triggered by the jump sets in (5)
and (17), function Vjy remains constant as established in
Lemma 3. Since jumps in (22b) are periodic from peri-
odicity of 7, then asymptotic stability of Ay follows from
persistent jumping and [9, Prop. 3.24].

The uppermost system corresponds to the dynamics
starting anywhere in the allowable set of initial condi-
tions, which clearly converge to the attractor in (24)
because at each jump triggered by (22b) it holds that
39y,1 is the average b(0,0) + 2|z,(0,0)| of y,, so that
the update law at the first equation in (22b) leads to
uniform convergence to zero of the Lyapunov function
Vy = (b+ 2|z,|)? (once again we apply [9, Prop. 3.24]
and persistent jumping to establish this fact). Recall
that b and |z,| remain constant along solutions so that
V, remains constant along flows.

Once the three above nested or cascade-like results
are established, the uniform (local) asymptotic sta-
bility of the innermost attractor given by A, in (23)
can be established applying iteratively the reasoning
in [10, Corollary 19] by intersecting the flow and jump
sets with sufficiently large compact sets. O

Remark 7 Notice that one could choose k,, = 1 in
(22b) thereby obtaining finite time convergence of g to
the (constant) average of y,.. However, smaller choices of
kq» may be desired to suitably filter possible noise affect-
ing the measurement. Similarly, k¢ should be selected
small in such a way to ensure that Theorem 2 applies and
that suitable noise rejection is obtained. In general, the
tuning of the three parameters kg, kg and ¢ should be
carried out based on the cascaded structure of the proof.
Indeed, to experience a graceful transient performance,
it is reasonable to pick gain kg, as the most aggressive



one, kg in such a way to induce an intermediate speed of
convergence, and ¢ as the one that induces the slowest
transient. This type of tuning procedure was adopted in
the simulation examples of Section 5. a

5 JET experimental measurements

In this Section we apply the scheme in Figure 5, Section 4
to experimental data collected from the JET Tokamak
[18]. For simulations that confirm the effectiveness of
the method presented in Section 4 in the case of ideal
nonsmooth signals, we refer the reader to the Simulations
Section of [16] while here we focus on the application of
the scheme to noisy signals.

The stabilization of the unstable plasma vertical posi-
tion at JET facilities is achieved by changing the radial
magnetic field produced by current flow on dedicated
coils. Such a current is regulated by the Vertical Sta-
bilization (VS) system by means of a current amplifier
named FRFA (Fast Radial Field Amplifier), that is in-
deed equipped with the rectifiers discussed in Section 2.
The VS system acts on FRFA requesting a desired cur-
rent IrRFA,des that is obtained as the sum of two term,
the “fast” velocity loop that reacts suddenly to plasma
vertical displacements and the “slow” current loop that
aims to regulate Irrpa to a given set point value (usu-
ally zero). The ripple generated by the FRFA affects the
feedback signal Zpp, which is an estimate of the plasma
vertical velocity obtained by combining suitable mag-
netic measurements (from Mirnov coils). We define the
signal

yr(t) = alprra(t) + Zpp(t) (25)
where Irgpa (t) is the current flowing within the poloidal
coil and the scaling factor « is equal to 4 - 10* m/s/A.

All these quantities are depicted in Figure 7 where the
effect of the ripple is evident on y,..

100

I I I I I I
17.7 17.705 17.71 17.715 17.72 17.725
Time [s]

Figure 7. Experiment data from JET Tokamak: current
IrrFa, estimated vertical velocity Zpp of plasma and mea-
sured signal y,..

To obtain a ripple-free signal, we apply the scheme in
Figure 5 where we discard the “Signal with ripple dis-
turbance” block and we inject directly into the “Ripple
observer” block the signal y, in (25). As a matter of fact
we have no longer a constant signal over which the rip-
ple disturbance is superposed, but a signal that varies
slowly with respect to the frequency of the ripple. Never-
theless, since we are taking compact sets and sufficiently
regular data in the hybrid system formulation, we can
rely on the robustness results of [9, Ch. 7], as we stated
earlier in this paper.

The experimental data we consider are only a 20 second
portion of the out of the 80 seconds available in pulse
#78000 because the remaining 60 s do not correspond
to relevant experimental data. For these 20 seconds we
zoom towards the end of the simulation (at about 17.70
s), as in Figure 7. Although we test our hybrid observer
on offline experimental data, we would like to point out
that it could be used for estimating the ripple on-line,
which would allow to improve the quality of the mea-
sured signal and thus the performance of the vertical
stabilization loop.

In [16] we noted that we should implement slightly in-
flated versions of flow and jump sets C and D in (5) to
force the simulated maximal hybrid solutions to be also
complete [9, Ch. 2.2 and 2.3]. Otherwise we may simu-
late maximal solutions that terminate prematurely (are
not complete) because the numerical perturbations force
them to fall outside C U D. In the current case of JET
measurements we no longer have a ripple generator, and
for the flow/jump sets in (17) and in (22) we only inflated
the jump set {{: 7= 7=} as {§: 55 <7 < 1.00557 }.

We choose the values £ = 7.5, ko, = 0.9, kg = 1 as
parameters of our hybrid observer described in (17) and
(22) and we initialize it with 7,.(0) = —0.5-10%, ,; = 0,
T}(O) = 017-(0) = 070 = O,ZEf(O) = [8}71?7"(0) = [9'66105]'

Analogously with the results in Section 4, we use as es-
timated signal & = y, — (i:rl — %|§:T|) At the bottom of
Figure 8 we have both y, and ¢ on the full time scale.
In the above part, we have a zoom at the beginning of
the time history on the left, and at the end of the time
history on the right (same zoom as in Figure 7). The red

vertical lines correspond to the instants when 0 jumps
and it is shown clearly that at the beginning they are
not in phase with the original signal y,- while at the end
they are, so that the hybrid observer effectively removes
from g, the ripple disturbance d depicted in the middle
part of Figure 8.

6 Conclusions

We proposed a hybrid system to model the ripple phe-
nomenon that arises in different contests such as power
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Figure 8. Original signal y,, signal 6 deprived of the ripple
and ripple d estimated by the hybrid observer in different
time scales.

electronics. We discussed the effectiveness of the pro-
posed hybrid model characterizing its (hybrid) solutions,
flow /jump dynamics and flow/jump sets. We proposed
two hybrid schemes able to asymptotically estimate the
state of the hybrid model that generates the ripple wave-
form both when the switching instants are known and
unknown. The proposed methodology was applied to re-
construct the ripple disturbance affecting experimental
data of the vertical stabilization system at JET facilities.
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