Metadata, citation and similar papers at core.ac.uk

Provided by Abertay Research Portal

© 2001 IEEE. Reprinted, with permission, from King , D.J.,
Bradley, D.A., Mansoor, S.P., Jones, D.l., Aris, F. C. and Jones, G.R. Using
a fuzzy inference system to control a pumped storag e hydro plant. In:

Proceedi ngs of the 10th I EEE International Conference on Fuzzy Systens,
Mel bour ne, Australia, 2-5 December 2001, Vol . 3. Piscataway, NJ: IEEE.
pp.1008-1011. 2001.

This material is posted here with permission of the IEEE. Such permission
of the IEEE does not in any way imply IEEE endorsem ent of any of the
University of Abertay Dundee's products or service s. Internal or personal
use of this material is permitted. However, permis sion to

reprint/republish this material for advertising or promotional purposes or
for creating new collective works for resale or red istribution must be
obtained from the IEEE by writing to pubs-permissio ns@ieee.org.

By choosing to view this document, you agree to all provisions of the

copyright laws protecting it.


https://core.ac.uk/display/228176437?utm_source=pdf&utm_medium=banner&utm_campaign=pdf-decoration-v1

USING A FUZZY INFERENCE SYSTEM TO CONTROL A PUMPED STORAGE
HYDRO PLANT

D.J.King & D.A. Bradley, S. Mansoor & D. Jones F.C.Aris& G. Jones
The University of Abertay Dundee  The Universit\Wigales; Bangor First Hydro Ltd.
Dundee, Scotland, UK Bangor, Wales, UK Dinorwig RoBtation,Wales, UK

Contact author: D.J. King, School of Science and Engineering, @rsity of Abertay, Bell Street, Dundee,
Scotland, UK, DD1 1HG.

Phone: +44 (0) 1382 308198 Fax: +44 (0) 1382 308261 e-mail: d.j.king@abertay.ac.uk
Keywords: Fuzzy Inference Systems, Control Applications. Technical Area: T4
Abstract

The paper discusses the development of a Fuzzyehde System (FIS) based governor control for apsen
storage hydroelectric plant. The First Hydro Compsuplant at Dinorwig in North Wales is the largestits
kind in Europe and is mainly used for frequencytoarof the U.K. electrical grid. In previous ind&gations, a
detailed model of the plant was developed using MAB®/SIMULINK® and this is now being used to
compare FIS governor operation with the Proportibmzgral-Derivative (PID) controller currently @d. The
paper describes the development of an FIS goveamat,shows that its response to a step increalemdhis
superior to the PID under certain conditions ofdlodihe paper proceeds to discuss the implicatidrtbese
results in view of the possible practical applicatof an FIS governor at the Dinorwig plant.

1 INTRODUCTION

First Hydro Ltd operate the largest pumped storaggroelectric plant in Europe comprising six 313MW
reversible pump-turbines. . Due to its ability éspond quickly to changes in power demand, its gmymole is
frequency control and it is ideally suited to swyppy the power make-up required to maintain system.
frequency under varying load conditions. The currgovernor is essentially a PID controller impletieeh
digitally on Programmable Logic Controllers andsatt control the response of the turbines to charge
frequency. The system frequency error signal istfack to the PID controller, and the individuallyj@stable
proportional, integral and derivative gains detemnthe initial rise time, overshoot and settlingéi of the
power output. There are however significant operai advantages to be gained through an improvenoent
the response produced by the current governoricpktly in respect of the ability to respond tojaraload
changes.

The research uses a MATLABSIMULINK® model of the Dinorwig plant developed at the Unsity of
Wales, Bangor (1) to enable a comparison between bishaviour of the PID governor with the FIS
implementation. It has been shown in other areas Aftificial Intelligence (Al) techniques, such &sizzy
Logic (FL), Artificial Neural Networks (ANN) and Hyids of the two techniques are able to adapt aachlto
model complex, non-linear systems (2-6). Indeedhtrob of a single hydroelectric generator using yérid
FL/ANN approach has been reported (7,8), but tteggalications are not concerned with frequency @bntr
There is also available a significant body of waikned at first replicating, and then improving &iD type
control using FL controllers (9,10). It was themefodecided to evaluate the use of FL techniques as
replacement for the PID governor providing enharedormance.

2 CASE STUDIES

The station model was initially set up so as tklab a system with just one turbogenerator unitraiieg in
frequency control mode and to assess its resporsstep increase in load on a 30GW grid. The sitimd was
set up so that the system was initially balanceé&nwh step increase in load of 0.5pu (150MW) was the
introduced, this being the largest increase of lthed a single unit operating in frequency contkith a base



power setting of 150MW (half-load) is able to pigk. A number of different FIS’s were initially builsing the
MATLAB ® Fuzzy Logic Toolbox (11), enabling the followirfgur cases to be investigated:

Casel - Turbogenerator unit with PID control.

Case 2 - Turbogenerator unit with Fuzzy 1 control.
Case 3 - Turbogenerator unit with Fuzzy 2 control.
Case 4 - Turbogenerator unit with Fuzzy 3 control.

In Case 1, the PID had the following settings:

Proportional gain - 10
Integral gain - 12
Derivative gain - 2

These are the standard settings used at Dinorwifyeiquency control. In addition, a droop settidgeither 4%

or 1% would be included as part of the controltefiinit the increment of power that could be delad by a

single machine. However, during the initial invgation into the use of an FIS to control the getoerahe

effect of the droop was not taken into accountChse 2, the first FIS model, Fuzzy 1, uses a simglat

variable, the frequency erroAfj. For Case 3, the Fuzzy 2 model uses two inputadsgAf and the rate of
change of frequency ffdit). For Case 4, the Fuzzy 3 model uAésnd the output power error sigd? as the
input signals.

2.1 Casel

The simulation was run under the conditions describove and a plot of frequend); generator output power
(Pout) and load power (P derived as shown in Fig. 1. Initially, Rnatches Byr at 150MW, and hence
frequency ) is stable at 50Hz. At 20 seconds into the sinmutathere is a step increase in & 150MW to
which the generator responds by increasing owith, without the inhibitory effect of droop, ajpaiches the
demand load power, reaching 295MW after a furtleséconds.
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2.2 Case?2

After several attempts the Fuzzy 1 model was d@eslaising a set of six fuzzy rules, as shown below:

Rule 1 IFAf is optimal THEN a is optimum.
Rule 2 IFAf is vsmallpos THEN a is vsmallpos.
Rule 3 IFAf is smallpos THEN a is smallpos.
Rule 4 IFAf is medpos THEN a is medpos.
Rule 5 IFAf is largepos THEN a is largepos.
Rule 6 IFAf is viargepos THEN a is vlargepos.

Wherea is the output signal to the guide vane, which aasatthe flow of water through the turbine, and ¢een
the mechanical power into, and the electrical pdwen, the generator.
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Figure 3: Universe of Discourse for a with 0.5 p.u. load incr

member ship functions (Case 2)

The Universe of Discourse and theMembership Functions (MF) for Af anda are shown in Figs. 2 and 3. Note
thata is limited to values between 0.5 and 1. The loiimait coincides with the minimum output power of
150MW set for units in frequency control mode. T#maallest of Maximum defuzzification function was then
used which ensured that the minimum valueofavould be 0.5.

The initial results from this model were not as d@s those with the PID governor. Efforts were thexde to
improve the response by moving the MF’s and chantieir widths, but with little effect. It was theealised
that the value foAf was not reaching its nominal maximum value and @&salt, the rules governing the higher
values ofa were not being fired. The next move was to thesefo reduce the maximum valueZdff When this
was done, the results were as shown in figure 4.pdwer output falls short of the 300MW load valdence
the final frequency value is only 49.963Hz. Howevhke initial response of the FIS is much bettantthe PID,
reaching its final value within 10 seconds. of th&turbance. It was noticed that although the Bnfdr Af had
been reduced, the rule governing the maximum vialua was still not being fired. This was because tHee/a
of Af decreases as the frequency gets closer to 50ldzhanefore it can never reach the maximum valuk an
fire the rule governing maximui. It appeared that it was not possible to make nfucher improvement by
usingAf as the only input to the FIS.
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Figure 5: Fuzzy Associative Memory map for Case 3.
2.3 Case3

As stated, this case involves the use of the tywatinariableg\f and d/dt. After experimentation with different
rules, MF’s and defuzzification functions the FuZzynodel was developed. Tl@izzy Associative Memory
(FAM) map covering the 15 rules for this model ah®wn in Fig. 5. The FIS based on this FAM wadtbui
using similar shaped MF’s to those used in Cagdsh, for the fuzzy logic operations tipeoduct AND fuzzy
logic operators were used, as opposed to the mswal minimum AND as used in Case 1. Th@&entroid
defuzzification function was also used, this is thest widely used in FIS applications as it teralgite a
smoother output. Several attempts were made to oweprthe output from this FIS with significant
improvements achieved by changing the limits ferAhinput while the slopes of the MF's were steepeted
stop oscillations caused by different rules firiddter much tinkering the best result is shown igufe 6. As
can be seen, the final valuefdfas improved to 49.974Hz. This FIS was tested f&tep increase of 0.3 p.u. to
compare the response, and the results are shokig.if.

Using this model, a final value féiof 49.997Hz. is achieved although the output highisbscillations on it. As
a comparison a simulation was run for the same isienease in load with the PID controller, the résuf

which are shown in Fig. 8. This shows that the &S improved on the PID governor’s rise time, algiothe
latter’s output is much smoother.



[ Load Power (PL) — Generated Power (POUT) — Freauency (0] [F="Load Power (PL) — Generated Power (POUT) — Frequency ()]

350 50,001 50.001
300 499% 49.99
250 49991 0 49.997
§200 49985g gm 49995,%
gw v 49981 % g 4999 é”
100 49976 49.991
49.966 49.987
0 10 20 30 40 50 60 0 10 20 30 40 50 60
Time (sec) Time (sec)
Figure 6: Plots of power and frequency Figure 7: Plots of power and frequency
for Case 3 with 0.5 p.u. load increase for Case 3 with 0.3 p.u. load increase

Using this model, a final value féiof 49.997Hz. is achieved although the output highisbscillations on it. As
a comparison a simulation was run for the same isienease in load with the PID controller, the réesuf

which are shown in Fig. 8. This shows that the &S improved on the PID governor’s rise time, algiothe
latter’s output is much smoother.
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2.4 Case4

While trying to improve the output in the previateses it was realised that it was difficult to tyet FIS to fire

the rule governing the highest value tarAs previously mentioned, this is because thetigognal toAf gets

smaller as the output gets closer to 50Hz. Howefogra step increase in load of 0.5 pAR must stay at
150MW if the output power is to match the load. fEfiere, AP could be used in conjunction witi as inputs to
the FIS to ensure that the rule governing the

maximum value fora is fired. After several

tries the Fuzzy 3 model with 11 rules we () Fous e

developed as shown in the FAM of Fig. 9. v -

49.991
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highest output from the FIS was to make st _
that AP was at its maximum wheaf was Figure 10:Plots of power and frequency for Case 4 with 0.5

reduced. An effort was therefore made p.u. load increase.
simplify the number of rules by saying that:



Rule 1 IfAf is optimal ORAP isoptimal THEN a is optimal
Rule 2 IfAf is largepos ORAP islargeneg THEN a is largepos

Where optimal and largepos farwould have to be as close to 0.5 and 1.0 as ges$tle 1 ensures that the
output power is kept to 150MW when required, wilde 2 makes sure thatis kept to a maximum for a large
value ofAP, even whef is reduced. More rules would be needed to giveabklgia values for power changes
between those limits. In the event there was onky additional rule added:

Rule 3 IfAf is medpos AND AP ismedneg THEN a is medpos
N
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member ship functions (Amended Case 4) Figure 14: Plots of power and frequency for

amended Case 4 with 0.5 p.u. load increase
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Figure 15: Plots of power and frequency for
amended Case 4 with 0.3 p.u. load increase

MF’s for Af, AP anda were developed as shown in Figs. 11, 12 and 1t&r Abme minor modifications of the
basic MF’s, to avoid oscillations between ruleg, thsults for a step change in load of 0.5 p.u.GaBg.u. are
shown in figures 14 and 15 respectively. Figureshidws that for 0.5 p.u. step increase in load teguency



recovers to 50Hz and the output is very smootHigure 15, although the output is noisy for the p.8. load
increase, the frequency also recovers to a finalkevef just over 49.99Hz.

3 CONCLUSIONSAND FURTHER WORK

It can be seen from all the above cases that inpecison with the PID controller, the FIS governoade a
significant improvement to the initial responsedmysiderably reducing the rise time. However, totge best
results took a lot of manipulation and ‘tuning’tbe shape, position and type of MF's used, and @égended
on the number of fuzzy rules and which logical epers were used as well as on which defuzzificafimetion

was used. There were therefore a lot of factorsdbald be changed for any given case and thus af iime

was taken up trying to find the optimum solution.

As already mentioned, there was a particular probilevolved in building an FIS governor based solety
changes in frequency. This was due to the factabahe frequency returned to the nominal valuefrdquency
error signal was reduced, making it difficult tosare that the rule governing the maximum outpuhé&guide
vane was fired. Although the MF’s could be adjusiedyet the required result, this would make th& Fry

inflexible, and unable to respond correctly forfeliént loads. Including the rate of change of feguy did

help, but it was very difficult to get the balan@ght between the sensitivity of the output to tiwe inputs and a
smooth response without oscillations.

Using a combination of the frequency error signad ¢he power error signal gave the best resulthad-1S
could be set up so thAP could fix the output to the correct value ofdéhas returned to a small value. Even
S0, as seen in Fig. 15, when the load step waseédthe FIS had difficulty in giving a smooth auttpnd thus
more tuning was needed. This leads to the pogsiltilat it may not be feasible to get a good respdbor all
possible load values and that further rules mayelogired to get a better response over a wide rahdmad
conditions.

It has been shown that for a given step increadeait the FIS can be set up to give an excellesgaese. A
possible strategy may therefore be to have sel#®d set up to respond to various load increaSeme form
of pre-processor, possibly an ANN, could then beduto select the appropriate FIS for given opegatin
conditions. However, setting up the individual FH$06 respond as required to the step increase deedeecat
deal of adjustment to factors such as the sizapestand position of the MF’s, the type of defuzzfion
function used, the number of fuzzy rules and thHeevaf the limits on each individu&lniverse of Discourse.
Therefore a strategy involving some form of sewgitianalysis, to identify which changes have nefétct on
the output, could reduce the time taken to devéhapFIS. In this respect some form of Taguchi tiityi
analysis using orthogonal arrays may be advantag@d).

Alternatively, it may be possible to develop an Ei&t is more flexible by introducing extra fuzayles, and by
identifying other input variables which are sensitto changes in system frequency. Also, the respofi the
FIS could be improved by making it predictive/adedto changes in system variables. The effectrodpl will
also have to be incorporated into the final design.

The FIS will have to be tested under more compl@ntpoperating conditions, rather than just a sngl
turbogenerator unit in frequency control mode. Atbe FIS will need to be implemented in hardwaréest its
effectiveness practically on the real plant. Howeteis paper shows that there is potential forrompng the
response of the turbogenerator governor by usinteEhniques.
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