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SYNTHÈSE:

Lois de certains transitoires, des oscillations de torsion perturbent la'mesure de
vitesse de rotation de la ligne d'arbres d'un groupe turboalternateur. Cependant, il est
important pour le régulateur de vitesse d'utiliser une mesure de vitesse bien filtrée.

Un bon filtre de la mesure de vitesse doit satisfaire deux conditions : il doit
couper les fréquences des oscillations torsionnelles et ne doit pas atténuer ni retarder le
signal dans la bande passante, c'est-à-dire dans une gamme de fréquences plus basses.
A Electricité de France, la mesure de vitesse est utilisée pour mettre en action
l'accéléromètre à seuils aussi rapidement que possible après un court-circuit proche du
groupe (pour le maintien de la stabilité) ou après un îlotage (pour atteindre rapidement
un nouvel équilibre production/consommation).

IL est difficile de satisfaire ces deux conditions en utilisant des méthodes de
filtrage classiques. La solution standard est un filtre du premier ordre : à EDF, la
constante de temps de ce filtre vaut 80 ms. Nous avons décidé d'améliorer ce filtrage
en concevant un nouveau filtre qui coupe les fréquences des oscillations de torsion
sans réduire la bande passante de la mesure de vitesse.

Si on utilise des méthodes classiques pour obtenir un filtre coupe-bande (par
exemple, un filtre de Butterworth, de Chebyshev ou elliptique), il est facile d'obtenir
l'amplitude désirée mais difficile d'obtenir un déphasage proche de zéro dans toute la
bande passante. Par conséquent, nous avons choisi de concevoir ce nouveau filtre en
utilisant la théorie de Kalman. Le bruit de mesure est modélisé comme un bruit coloré,
engendré par un système très faiblement amorti excité par un bruit blanc. Le filtre de
Kalman ainsi obtenu est un filtre coupe-bande très efficace dont la phase reste bien
proche de zéro dans toute la bande passante.

Les simulations numériques ainsi que les tests que nous avons effectués au
Microréseau d'EDF montrent les avantages de ce filtre : le filtrage de la mesure de
vitesse est meilleur en terme d'atténuation et de déphasage. Ainsi, il y a moins de
sollicitations intempestives de l'accéléromètre à seuils. Par conséquent, ce nouveau
dispositif améliore la stabilité en minimisant les risques d'apparition de perturbations
profondes dus à une baisse temporaire de production, ainsi que les risques de perte de
synchronisme en sous-vitesse.

De plus, la solution décrite met en lumière les avantages du filtrage de Kalman
par rapport au filtrage classique quand il est nécessaire d'atténuer fortement un signal à
certaines fréquences sans provoquer un déphasage trop important dans la bande
passante. Une telle solution pourrait être utilisée avec profit dans toutes les
applications où ce type de performance doit être obtenu.
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EXECUTIVE SUMMARY :

The rotation speed of a turbogenerator is disturbed by its shaft torsion.
Obtaining a filtered measure of this speed is a problem of a great practical importance
for turbine governor.

A good filtering of this speed must meet two requirements : it must cut
frequencies of the shaft torsion oscillation and it must not reduce or delay the signal in
the pass-band, i.e. at lower frequencies. At Electricité de France, the speed measure is
used to set in motion the fast valving system as quickly as possible, after a short circuit
close to the unit (to contribute to the stability) or after an islanding (to quickly reach a
balance with the house load).

It is difficult to satisfy these two requirements by using conventional filtering
methods. The standard solution consists in a first order filter : at Electricité de France,
its time constant is equal to 80 ms. We have decided to improve this filtering by
designing a new filter which cuts the frequencies of the shaft torsion oscillation
without reducing the bandwith of the speed measure. If one uses conventional methods
to obtain a bandstop filter (for instance a Butterworth, a Chebyshev or an elliptic
bandstop filter), it is easy to obtain the desired magnitude but not a phase near zero in
the whole pass-band.

Therefore, we have chosen to design the filter by using Kalman's theory. The
measurement noise is modeled as a colored one, generated by a very ligthly damped
system driven by a white noise. The resulting KaLtnan filter is an effective bandstop
filter, whose phase nicely remains near zero in the whole pass-band.

The digital simulations we made and the tests we carried out with the Electricité
de France Micro-Network laboratory show the advantages of the rotation speed filter
we designed using Kalman's theory. With the proposed filter, the speed measure
filtering is better in terms of reduction and phase shift. The result is that there are less
untimely solicitations of the fast valving system. Consequently, this device improves
the power systems stability by minimizing the risks of deep perturbations due to a
temporary lack of generation and the risks of underspeed loss of synchronism.

Moreover, the described solution points to the advantages of Kalman filtering
in comparison with conventional filtering when it is necessary to substantially reduce a
signal at given frequencies without causing too important a phase shift in the
pass-band. Such a solution could be used with benefit in all applications where this
kind of performance is needed.
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ROTATION SPEED MEASUREMENT FOR TURBINE GOVERNOR
TORSION FILTERING BY USING KALMAN FILTER.

1. INTRODUCTION

Obtaining a good filtering of tbe rotation speed of a
turbogenerator is a problem of great importance for turbine
governor [1], [2], [3]. Hie filtering must satisfy two requirements:
• It most cut frequencies of the shaft torsion oscillation. In this
paper, the first torsion mode is mainly taken into account because
this mode is die most disturbing one.
- It most not reduce or delay the signal in tbe pass-band, i.e. at
lower frequencies.- On the turbines of the Electricité de France
(EdF) thermal units, the speed measure is used to set in motion the
fast valving system as quickly as possible, after a short circuit
close to the unit (to contribute to the stability) or after an
islanding (to quickly reach a balance with the house load).

It is difficult to satisfy these two requirements by using
conventional filtering methods. The standard solution consists in
a first order filter at Electricité de France, its time constant is
equal to 80 ms. We have decided to improve this filtering by
designing a new filter which cuts tbe frequencies of the shaft
torsion oscillation without reducing the bandwith of the speed
measure. If one uses conventional methods to obtain a bandstop
filter (for instance a Butterworth, a Chebyshev or an elliptic
bandstop filter [4]), it is easy to obtain tbe desired magnitude but
not a phase near zero in the whole pass-band.

Therefore, we have chosen to design the filter using Kalman's
theory [5,6]. Tbe shaft torsion oscillation is considered as a
measurement noise, which is modeled as a colored one [6],
generated by a very lightly damped system driven by a white
noise. The resulting Kalman filter is an effective bandstop filter,
whose phase neatly remains near zero in the whole pass-band.
Thus, this somewhat unusual approach is a good one for solving
the type of problems addressed here. Moreover, tbe principles are
validated by numerous digital simulations on différent operating
points and by teste on a Micro-Network Laboratory.

This paper proceeds as follows: Section 2 describes the
practical problem to be solved. The filter synthesis is explained
in Section 3. Section 4 includes simulations. The
implementation of the filter on tbe EdF Micro-Network laboratory
is set out in Section 5. Section 6 contains our concluding
remarks.

2 . DESCRIPTION OF THE PROBLEM

The turbogenerator shaft is a mechanical system with several
resonance modes. For example, with respect to 900 MW units, the
first three mechanical modes are characterized by tbe following
natural frequencies [7], [8]: Fi=63 Hz, F2=12 Hz, F3«16 Hz

Roughly speaking, on the turbines of the EdF thermal units, a
rapid closure of the steam admission valves is controlled by the
fast valving system when the group acceleration exceeds a
threshold equal to 35% of the nominal acceleration [9]. However,
the acceleration value is obtained by differentiating tbe rotation
speed measure, which is disturbed by the torsion modes. The noise
is amplified when differentiating, and therefore untimely
solicitations of the fast valving system can occur when tbe
acceleration value approaches above threshold.

In this study, we are particularly interested in tbe first natural
frequency, which is tbe most disturbing one. We decided to use a
narrow bandstop filter because the torsion oscillation frequency is
known with a good precision. For a 900 MW nuclear unit, the
principal torsion oscillation mode frequency is about 6 Hz:
therefore, one has to stop frequencies near 6 Hz and. let the
electromechanical oscillation pass. This oscillation has a
frequency which can vary between 0 3 Hz and 3 Hz. depending on
the network configuration. It is also necessary not to shift tbe
phase too much at useful frequencies, as was explained in the
introduction.

3 . FILTER SYNTHESIS

In the Kalman filtering approach, the useful part of the signal
(in our case, of the rotation speed) is modeled as tbe output of a
system driven by a white noise. This output is then disturbed by
the measurement noise (in particular, tbe shaft torsion
oscillation). The Kalman filter can be represented as in Figure 1:

Spul
Fig 1 : Structure of the Kalman filter



The Kalman filter essentially consists in a model of the system
with a correction term proportional to the difference between tbe
output measure and its estimate. As it contains a simulation of the
signal to be estimated, this filter does not generate a large phase
shift. With good initial conditions and a good model, the
simulated signal is equal to the signal to be estimated (with respect
to the gain and the phase). If these ideal conditions are not met,
the measure generates the correction term above, which can be
interpreted as a compensation of the errors on initial conditions
and on the model.

The Kalman filter uses the state-variable approach and includes
a system of equations to be solved: difference equations in the
discrete-time case and differential ones in the continuous-time
case. In this paper, we chose to design a continuous-time filter in
a first step, and then to approximate this filter by a discrete-time
one. It is also possible to directly design a discrete-time filter. In
practice, the two approaches give (more or less) equivalent results.

3.1 Modeling
Our aim is to calculate the optimal estimate of tbe useful part of

the signal y knowing its measure y m , essentially disturbed by the
first torsion mode which is a large periodic noise bj . Tbe noise
angular frequency is about 40 rad/s.

The speed signal, the torsion oscillation and the measure, that
is y, b\ and y m have to be modelized.

The speed y can be considered as a signal consisting mainly of a
low-frequency component yi (with a time constant x = 20s) and a
sinusoidal component, y2, modeling the electromechanical
oscillation. The angular frequency COQ of this component is about
6 rad/s. These two parts of the signal are modelized as the outputs
of two systems: a first-order one and a second-order one, excited
by two white noises v\ and V2 (see Fig. 2).
v 1 , v 2 . y ) , v 4 : hdepcndal wHte mi les | v ,
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Fig 2 : Signal and noise modeling

We want to substantially reduce the torsion amplitude: b\ is
therefore modelized as the output of two second-order transfer
functions in series, excited by a white noise V3. Moreover, the
filter we want to design must not be too selective. By making
some simulations, we have noticed that the filter stop-band must
be at least 10 rad/s wide and centred on 45 rad/s. That is why we
have chosen for the angular frequency values a>i and 003 of the two
second-order transfer functions 39 and 50 rad/s respectively, with
sufficiently small dampings.
The filter we design must cut the first torsion mode but of course
should not amplify the other torsional modes and the high

frequency noises. In order to achieve this aim, i t is necessary to
modelize an additional high frequency noise 02- b2 is represented
as the output of a first order transfer function (with a time constant
xi = 0.01 s) excited by a white noise V4.

The measure y m can now be expressed as: y m = y + b l + b 2 + v 5 '
where the white noise V5 is introduced to make the Kalman
filtering problem non singular.

3.2 Filter design
Firstly, the state-space equations corresponding to the previous

representation based on transfer functions have to be written.
Let y be the useful part of the signal, y m the measure, X the

state of the whole system (generating y as well as y m ) and v\, V2,
V3, V4, V5 white noises as introduced in §3.1. It is well known
that the eighth-order system presented in Fig 2 can be described by
the following state equations:

(1)(
dt
ym=CX+V5
y=DX

where v =(vi t V2, V3t V4 ) T

X is an eight dimension vector. A, G, C and D are matrices with
the respective dimensions (8,8), (8,4), (1,8), (1,8).

It is assumed that white noises v and V5 are gaussian and not
correlated. Their covariance functions are denoted as:

E[v(t)vT(t-x)] = QS(x)
E[vs(t)vJ(t-x)] = RS(x)

where S is the Dirac distribution and E[.] denotes the expectation;
matrices Q and R are symmetrical, real, positive semi-definite and
positive definite respectively.

The Kalman filtering problem can be summarized as follows:
find the optimal estimate X of the state X, in the mean-square
sense, knowing the measures ym(x), x<t. It can be proved [10]
that this estimate is equal to the conditional expectation:

X=E{X(tyym(i),T<t} (2)
According to Kalman's theory, X can be calculated by solving

the following differential equation, where K is the so-called
Kalman filter gain:

Note that this equation is the mathematical fonnulation of Figure
1, Section 3.

The filter can be presented as in Figure 3 :

v5(t) I

Model of tbe System and thenvasure KsJnun filter

Fig 3 : Filter representation
What we are looking for, however, is the optimal estimate y of

the rotation speed y. This can be expressed as
y(t)=E{y(tyym(x),x<t} (4)

As the conditional expectation is linear, one obtains by (1),
(2), (4) y(t)=DX(t) (5)

The transfer function between the estimated rotation speed y and

- 2 -



the measured speed ym (i-e- the transfer function of the designed
filter) can now be calculated. One obtains

where L denotes the Laplace transform and I denotes the identity
matrix of dimension eight Hence, this transfer function is an
eighth-order one.
Remark: The most important design parameters are the
coefficients of the covarianee matrices Q and R, which can be seen
as synthesis parameters. Intuitively, an increase in R means that
the measurement noise becomes greater. It is then necessary to
reduce the correction term K^m(t)-CX(t)]- This is why this
increase corresponds to a reduction in gain K. Moreover, an
increase in Q means that the state noise has a greater intensity. In
this case, it is necessary to increase the correction term. This
corresponds to an increase in K.

3.3 Result
We choose the values of these design parameters in order to get

a good compromise for our filtering problem. Then, the solution
of the Kalman problem yields the value of K and, as a consequence,
an eighth-order filter. In our case, this eighth-order filter can be
reduced: one of the eight poles of the filter is equal to one of its
zeros and after cancellation, a seventh-order filter is obtained.

To sum up, this seventh-order filter is a system of differential
equations and can be represented as follows:

Fig 4 : Structure of the designed filter
where x is the state of the filter (in our case, x is a seven
dimension vector), and where F, G, H are matrices with the
respective dimensions (7,7), (7,1), (1,7). Its Bode diagram
(module and phase) is shown in Figure 5.

10» 10»

injulir frequency Crad/i)
10»

angular frequency (lad/s)

solid line : Kalman filter
dashed line : current filter

Fig 5 : Bode diagram (gain and phase angle)
Notice that the filter attenuation and the phase shift are

negligible in the whole range of useful frequencies. On the other
hand, the filter very effectively cuts frequencies near 6 Hz: the
reduction varies between -1-20 and +40 dB. Note that the filter is
low-pass: as a consequence, high frequency phenomena and all the
torsion modes are sufficiently attenuated owing to the fact that
their magnitude is small in comparison with the first torsion
mode.

Remark: Knowing the above solution, an equivalent result may be
obtained by using conventional linear filtering techniques (for
example, with the same complexity, a seventh-order elliptic low-
pass notch filter can be designed with approximately the same
performance). Now, without this knowledge, it is very difficult to
design a filter with a small phase shift in the whole pass-band ;
another difficulty consists in choosing the right order of the filter
and the suitable parameters.

4 . SIMULATIONS
Firstly, the synthesized continuous filter was tested with

EUROSTAG, a time simulation software for stability studies
described in [11]. The tested device is set out in Figure 6:

estimated speedSeventh-
order
Kalman filter (used by the steam vive controller)

derivative
(ffltecd)

icceleraticion
(Used by
the fast val ving
system)

Fig 6 : Filter implementation
A representative illustration of simulation results is given in

this section: Figures 7 and 8 show the behaviour of a 900 MW
turbogenerator in a constrained radial network situation after a
90 ms short circuit near the unit. For this scenario, two
simulations were carried out with a precise model of the steam
turbine, the governor and the fast valving system presently used at
EdF:
- the first simulation was carried out using ithe current filter of the
rotation speed measurement (see Fig 7).
- the second simulation was carried out using the Kalman filter,

just as described in Fig 6 (see Fig 8).
The measured speed, the filtered speed, the acceleration, the

logical output of the fast valving system and the HP and LP valves
positions can be seen in Figures 7 and 8.

With the current filter, the speed is badly filtered, which implies
that the acceleration is excessively disturbed. Several
solicitations of the fast valving system are obtained and these
actions close totally both the HP and LP steam valves. As regards
the proposed filter, the 'rotation speed is much better filtered, the
fast valving solicitations are reduced to what is strictly necessary
to preserve stability and the LP valves remain partially opened
(with an opening of 50% at least). To sum up, the solicitations of
the fast valving due to the current filter are not satisfactory for the
electrical system (because of a lasting decrease in power) and
disturbing for the unit (because the balance between the boiler and
the turbine is upset).

All the simulations made with EUROSTAG show that the
Kalman filter is much more effective in reducing the torsion
amplitude. Moreover, the phase shift created by this filter in the
whole pass-band is equivalent and even smaller than the phase
shift created by the current filter consequently, the first action of
the fast valving system is not delayed .

5. T E S T S O N T H E E D F M I C R O - N E T W O R K
L A B O R A T O R Y

The tests we describe in this section were conducted in order to
study the effect of analog-to-digital conversion on .the filter
performances and the feasibility of the device. Moreover, in a
practical situation, any filter will have to cope with noises,
saturations, non-linearities, computational delays: all these
elements are well simulated on the Micro-Network laboratory.
This is the reason why these simulations can give a good idea of
the practical conditions of insertion in the current speed governor.

- 3 -
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time (in t)

Fig 7 : Short circuit with the current filter
(digital simulation)

S.I A brief description of the Ed F Micro-
Network laboratory

The Micro-Network laboratory is a real small-scale model of the
power system [12]. Behaviour agreement with the real network is
obtained by respecting some electric, magnetic and mechanical
conditions of similitude. The Micro-Network is a hybrid simulator
in which a digital control system drives six analog
micromachines, enabling the behaviour of turbines, regulators and
excitation systems to be simulated. An analog model of the first
shaft torsion mode also exists.

S.2 Filter discretization
The digital filter we want to design must have the same

10 11 12 13 14 IS 16 17

10 11 12 13 14 15 16 17

-4-

17

Fig 8 : Short circuit with the Kalman filter
(digital simulation)

frequency characteristics as the continuous-time filter described in
the previous sections. One of the best methods consists in using
the bilinear transformation with prewarping [13]. In fact, the
bilinear transformation is a mathematical mapping of variables: it
is a standard method of mapping the s (analog) plane into the z
(digital) plane. Frequency prewarping forces the digital frequency
response to match exactly the analog frequency response at a
given frequency, called the prewarped frequency.

S3 Filter implementation in the Micro-
Network laboratory

One of the Micro-Network computers allows the speed
governor, the turbine, the voltage regulator and the excitation
system to be simulated. The step size is 3 ms.



Tests carried out on the Micro-Network Laboratory
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The filter equations given in §5.2 are written on another
computer, with another step size (5 ms), in order to simulate as
correctly as possible the practical conditions of insertion in the
current speed governor. The filter is inserted in series in the speed
governor by means of I/O connections. Moreover, an antialiasing
filter (with a cut-off frequency of 100 Hz) is present

5.4 Results
Representative results are given Figures 9, 10, 11 and 12, where

we can observe the behaviour of a 900 MW turbo-generator, in a
medium-length radial network situation, after a short circuit Two
cases are studied : a 110 ms short circuit and a 210 ms one. As in
Section 4, two simulations have been carried out: the first
simulation with the current rotation speed measurement filter, the
second simulation with the Kalman filter. The measured speed, the
filtered speed, the logical output of the fast valving system and the
mechanical torque can be seen for each case in Figures 9, 10, 11, '
and 12.

Figure 9 shows the behaviour of the current filter after a 110 ms
short circuit: it is clear mat the speed is not well filtered and this is
the reason why several useless solicitations of the fast valving
system are observed. As a consequence, the mechanical torque
decreases significantly. In Figure 10, we observe the behaviour of
the unit equiped with the Kalman filter: the threshold of the fast
valving system is not reached and the mechanical torque does not
vary. In this special case, it was not necessary to rapidly close the
valves to preserve stability.

It is interesting to compare the behaviour of the two filters for a
longer fault See Fig 11 and 12, for a 210 ms short circuit Once
again, the tests show that the Kalman filter is more effective in
terms of reduction of the torsion amplitude. The first fast valving
order is not due to the shaft torsion but, on the contrary, is useful
to preserve stability. In fact, in this case, the fault duration is
very near the critical clearing time and the angular oscillations are
very wide. However, the other two fast valving orders are due to
the threshold device.

Note that irrespective of the filter used, the critical clearing time
is between 210 and 230 ms: the proposed filter does not prevent
the mechanical torque from being reduced when it is necessary for
the power system stability.

To sum up, the tests on the Micro-Network laboratory show that
the Kalman filter enables the initial problem presented in Section
2 to be solved: it reduces the shaft torsion oscillation, it does not
delay the speed measure in the pass-band, it makes it possible to
avoid many spurious solicitations of the fast valving system and
at the same time, does not decrease the stability margins.

6. C O N C L U S I O N
The digital simulations and the tests carried out with the EdF

Micro-Network laboratory show the advantages of the rotation
speed filter we designed using Kalman's theory. With the
proposed filter, the speed measure filtering is better in terms of
reduction and phase shift. The result is that there are less untimely
solicitations of the fast valving system. Consequently this device
improves the power systems stability by minimizing the risks of
deep perturbations due to a temporary lack of generation and the
risks of undêrspeed loss of synchronism.

Moreover, the described solution points out the advantages of
Kalman filtering in comparison with conventional filtering when
it is necessary to substantially reduce a signal at given frequencies
without causing too great a phase shift in the pass-band. Such a
solution could be profitably used in all applications where this
kind of performance is needed.
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