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Load Disturbance Rejection in Hydro Turbine Control
Based on Wiener Filtering

Teofana Puleva' and Elena Haralanova?

Abstract — In this paper the task of load disturbance rejection
in a hydro generator speed and power control is considered. The
load change is described as a stochastic process. It is shown that
the problem of random load disturbance rejection can be
formulated as an optimal controller design in sense of minimum
mean-square error (Wiener filter design). Controller structure
based on dynamic compensation as well as on direct design with
rational transfer function by taking into account the plant non-
minimal phase characteristics is obtained.

Keywords — Load rejection, Water turbine speed control,
Wiener filter design.

I. INTRODUCTION

The problem of random load disturbance rejection in a
hydro generator operation in power limited energy system can
be based on the stochastic approach to the control system. The
task of load disturbance rejection is formulated as an optimal
controller design problem in sense of minimum mean-square
error (Wiener filter design) [1-2]. In [3] a robust technique
based on weighted multichannel Wiener filter for speech
processing is considered. It takes into account the speech
distortion due to signal model errors explicitly in its design
criterion. The investigations in this paper can be considered as
a continuation of previous research works related to multiple
model adaptive controller design based on Wiener filtering
[4]. The efforts are focused on the determination of the
simplified single controller structure by more precise
modelling of the stochastic load variation. This approach can
be applied to other control design problems describing the
local network operation of renewable energy sources.

II. CONTROLLER DESIGN BASED ON WIENER
FILTER

The dynamic behavior of a system in which a hydro turbine
unit is connected to a power limited energy system is
investigated. The main function of the hydro turbine governor
in this operation mode is to compensate the unpredictable load
variation in order to keep the frequency on its nominal value.
The load rate change can be described as a stochastic process
that takes random values in particular time intervals. The time
intervals between successive load rate changes can be
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modeled as a stochastic process [1] with an exponential
distribution described by the PDF function

Py = /ueiﬂ‘r‘ . (1)

The reciprocal value of u has a sense of a mean value of
time intervals between successive load rate changes. The
covariance and the spectral density function of this stochastic
process are
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density function can be presented by the following expression

is the load standard deviation. The load spectral
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The turbine-generator system dynamic behavior in presence
of load disturbance can be presented by the equation

y($) =W, (s)u(s)+W,, (s)¥(s) . 3)

The transfer functions with respect to the control signal u and
to the load disturbance v in (3) are:

k(=T,s+1)
W, (s)=

K,
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where T, is the water column time constant; 7, - mechanical
time constant; k& and k, - proportional coefficients with

respect to the control signal and to the disturbance
respectively.

In Fig. 1 the block diagram of the turbine speed control
system in presence of load disturbance and measurement
noise is shown. The system output is compared to the desired
reference transformation W, (s).
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Fig. 1. Load disturbance in speed control of the hydro generator
local network operation

XXX



The spectral density function of the random signal s is
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where 7, = u".

After block diagram algebra in Fig. 1 the topology of the
diagram shown in Fig. 2 can be obtained. The controller will
be designed for small perturbations around the equilibrium
point 7=0.

" ~
W.(s) W, ()

v—> w,(s)

Fig. 2. Moditfied block diagram

The error spectral density function from the general Wiener
problem is

S, =|t-w| s, +wls,, (6)

where W is the closed loop transfer function. Therefore the
problem of random load disturbance rejection in a hydro
generator operation in power limited energy system can be
formulated as an optimal controller design problem in sense of
minimum mean-square error (Wiener filter design). The linear
least-squares filter performs optimal separation of the
measured signal and additive noise, based on their spectral
characteristics. The optimal control system transfer function
in sense of minimum mean-square error is [2, 5-7].

VVOP’(S)ZL|:VVO_SS:| ’ (p¢=SS+S”, SW] :Oa (7)
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where operations of factorization and separation have to be
carried out in order to obtain a causal solution. In case
W,(s) =1 and in presence of measurement noise modeled as a

white noise, the separation in Eq. (7) may be avoided. Hence
the Wiener filter design can be carried out by the formula

W)= (p=5,). 5, =N ®

The factorization of Eq. (8) leads to the following
expression:

_ by’ +bs* +b,s+b,
S(Ts+1)(T,s+1)

)

The coefficients b,, i=0,3 are calculated from the

following relationships:

b,=NI,T;, b =N*(T, +1})+2NI,Th,,  (10)

b} =N’ +2./D, , b, = ko,[2T, ,

where S, =N°, D, =2Tko,.

For a given spectral density function of the random signal s,
the optimal system transfer function is

2
8 +cys+c,

W (s)= ,
w(5) bys’ +bs* +b,s+b,

(11)
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If the optimal system transfer function is already determined
W=Ww

i » the controller transfer function can be obtained:

w

w,(1-w)’ (13

W.(s)=

where W, is the plant transfer function (W, =W, ). The

turbine speed and power controller design takes into account
special features of the plant related to its non-minimal phase
characteristic. The Eq. (13) can not be applied to controller
design when the plant exhibits non-minimal phase behaviour.
In this case another controller structure and design algorithm
can be developed. One approach for solving this problem is to
apply direct design method based on rational transfer
functions description by taking into account plant non-
minimal phase characteristics [8-9] when the desired closed
loop trasfer function is already obtained. The control signal u
is formed by the following polynomial expression:

Ru=Sr-Ty, (14)
where R, § m T are polinomials of s satisfying the
corresponding degree requirements, » and y are the reference
and the output signal respectively. The polinomials R, S and T
can be determined by solving the Diophantine equation

(AR + BT)y(s) = BSr(s), (15)

where the polynomials B and 4 are the plant transfer function
numerator and denominator, and the ratio y(s)/r(s) is the

desired transfer function W, , .

phase characteristics, the numerator is presented as a product
of two components B(s)=B"(s)B (s), where the non-

In presence of non-minimal

minimal phase term is B~ (s). The optimal transfer function
in case of functional constraints is [1-2, 7]

W,ES
Wot(s)=_£ 0 (16)
" Ep| E¢
E=-Ts+1, E=T,s+1, (17)

where the non-minimal fraction E is analytical function in the
left half-plane and E is analytical in the right half-plane.

The factorization of the input signal spectral density
function is @@ =S, +S, , where @ is given by Eq. (9).

The separation determines the causal term which can be
written as:
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where the coefficients d,, i = @ depend on the plant and the
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The hydro turbine model is described by the transfer

function Eq. (4) with k=125, T, =12.85 and T, =1.18s. T e
The shaping filter parameters are: load time constant quug; o

7, =30s and coefficientk, =1.25. The variance fluctuation

interval is O'v2 = [01,11] and the load time constant interval is O T T \Bid\e\"\?agré\m A AL

T, =[20,65] s .

The optimal transfer functions are determined in both cases: z R IR AR,
without functional constraints defined by Eq. (11) and by 2 ol LI L1t (it 1 s L
taking into account non-minimal phase plant characteristics ol LU L i i L
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conditions. The idea is to present the system performance in
the WhOIG Operatlonal range . Although’ hydro turblne LT A A MY I AT (I MV O R AR
generators typically work long time intervals under almost B I NG SRR

Phase (deg)

constant load conditions, such sudden changes in the load A0 AL S L
conditions can accrue. The frequency responses under Frequency (radisec)
variable load characteristics are obtained. In Figs. 3 and 4 the (b)

Fig. 4. Optimal system frequency response with functional
constraints under (a) variable load variance; (b) variable load time
constant

optimal system frequency responses under variable load
variance and variable load time constant are shown.

It can be noticed the optimal system frequency response
ensures a zero steady-state error in the low frequency range up
to 0.1 rad/s that corresponds to the load signal frequency
band.

The load characteristics variation reflects on the natural
frequency in a relatively small range less than half of decade.
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Fig. 5. Controller frequency response under (a) variable load variance
(b) variable load time constant

The both control algorithms use the optimal system
transfer function (Wiener filter) that requires a factorization of
the spectral density function. The direct design with rational
transfer function method avoids the separation Eq. (18) that
makes easily to design the control algorithm.

In Table I some results from the design procedure based
on minimum mean square error method (Wiener filter design)
are shown. It can be noticed the mean square error increases
significantly in case of functional constraints. The controller
structure based on dynamic compensation as well as on direct
design with rational transfer function method is determined.
The both controllers have the same order and an integral term.

TABLE I
OPTIMAL TRANSFER FUNCTION

Without functional constraints | With functional constraints

D, =2, T,=30s

—1.70s° +0.845% +0.425+0.07
1.188 +1.9% +1.245% +0.435+0.07

0.725% +0.345 +0.07
s +0.84s> +0.355+0.07

VVG[JI(S) =

Wapt (s ) =

min mean-square error (72107 min mean-square error 3.51072

In case without functional constraints the controller structure
following the design procedures given by Eqgs. (13) and (14) is:

7.37s* +15.07s> +4.745 +0.62
52 +3.045* +0.1s

W.(s)=

R(s)=0.15* +1.135 +1.39s , S(s)=1.72s> +4.55+0.86
T(s)=4.37s* +10.81s> +4.575s+0.86

The simulation results shown in Fig. 6 show a very good
system performance in tracking the load signal and keeping the
frequency about its nominal value in Fig. 7.

Load ariton tcking

Frequency deiation

Output [%]

| |
1 1
0 20 “ 60 80 1000 1200

Fig. 6. Load variation tracking Fig. 7. Frequency deviation

IV. CONCLUSION

The problem of random load disturbance rejection in a
hydro generator operation in power limited energy system is
formulated as an optimal controller design problem in sense of
minimum mean-square error (Wiener filter design). The
turbine speed and power controller design in case of
functional constraints is investigated. The controller structure
based on dynamic compensation as well as on direct design
with rational transfer function is determined. Simulations with
proposed algorithms are carried out in order to explore the
systems performance. This approach can be applied to other
control design problems describing the renewable energy
sources (RES) operation in electric power system where the
both generated power from RES as well as the load have a
random nature. In case of stochastic characteristics varying in
a wide range an appropriate adaptation procedure applied to
the controller parameters can be carried out [10].
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