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Abstract

This paper presents a nonlinear mathematical modethe
Francis turbine for a single-machine hydroelecpawver plant.
Several model refinements have been proposed tooirapthe
capability of the existing industry models to siatel the
transient operations of the power station. The meedel is
evaluated by full-scale field tests involving bosteady and
transient operations. Significant improvement ircusacy is
demonstrated. However, there remain some frequdapgndent
discrepancies for short penstock installation thppear to be
associated with unsteady flow within the turbine.

Introduction

The increasing interconnection of individual povggstems into
major grids has imposed more stringent quality i@sme
requirements on the modelling of power plants. Rosystems
are nowadays operated closer to capacity limita thahe past.
Hence, a review of the commonly used models forttyaraulic
systems in the hydroelectric power plant is waednto
accurately identify and minimise transient stapilgroblems.
This is particularly relevant for islanding, loadjection and
black start after power system restoration casesrevitarge
changes in the power output or system frequencegxgrected.

The commercial PSS/E package [5], which is commaisikd to
simulate the behaviour of the hydroelectric powlanp involves

both hydraulic and electrical system componentsudes a
conventional turbine model developed by authoranfrthe

Institute of Electrical & Electronics Engineers HE) [10]. The

current study is specifically concerned with thedtaulic

modelling aspects of the Francis type reaction ibarb
incorporated in the PSS/E package. The IEEE madehproved

to incorporate a nonlinear model, which is useexamine the
transient phenomena associated with changing irrliad to

meet fluctuating system demand.

The present paper will focus on the operation sinaple power
plant with a single Francis turbine and a shortspmek. This
eliminates the need to consider travelling presswave
phenomena in a long waterway conduit and the proldEmore
complex governor and hydraulic interactions thatqérently
occur in multiple-machine stations. Significantmeéants of the
hydraulic model developed here are:

1. nonlinear modelling of Francis turbine charactersst

2. allowance for water column inertia and unsteadywflo
effects in the turbine and draft tube;

3. nonlinear Guide Vane (GV) function for Inlet Guitfane
(IGV) operation;

4. correct allowance for effects of changing turbipeed and
supply head.

Prediction of the original and improved IEEE modeising
Matlab Simulink software will be compared with thesults of

full-scale field tests on the Mackintosh power istatconducted
by Hydro Tasmania. Details of the Mackintosh postation are
illustrated in Figure 1. The plant has a short pmis

unrestricted reservoir and tailrace, and no sutgember. The
turbine flow or power output is controlled by hydliaally

operated guide vanes.

Francis Tirhine

Diyaft Tube
Figure 1: Scheme of the Mackintosh hydro powentpla

Description of the Power Plant Model
Conventional IEEE Model

The linearized equations originally designed fopliementation
on analogue computers are still widely used in puaver
industry. They are suitable only for investigatimihsmall power
system perturbations or for first swing stabilitydies. Nonlinear
simulations have been increasingly utilized frora darly 1990s
[1,2,10] with the availability of greater computipgwer and the
demands of more complex power system distributioitsg
Although a nonlinear IEEE model [10] as shown iguUfe 2 has
been introduced in the time domain simulations, his
oversimplified some important features of the hyticasystem.

For a short-penstock, single-machine station wheagelling
pressure wave (water hammer) effects are relatinsignificant,
the inelastic water column theory using the lineasmentum
equation for incompressible flow is usually appliégd the
waterway conduit:

Q=Y [H,-F-A (1)

where Q = per-unit turbine flow
H, = per-unit static head between reservoir and talra

H = per-unit static head at the turbine admission
H ¢ = per-unit conduit head losses

Tw = water time constant ¥ Q,ateq Li / 9A Ny ated
L; = length of the conduit section

A, = area of the conduit section

g = gravitational acceleration

Q ateq = rated flow rate

hraieq = rated head

The conduit head losses in equation (1) were usigtiored in
the IEEE model for simplicity [10]. These lossealldoeasily
amount to around 5% of the total available heawtad flow and
are not always a constant even for a simple hythotsuch as
Mackintosh. Hence, the inclusion of the conduitséss is
considered desirable [9].



No provision is made in the inelastic model to actofor Damping effects due to head changes are also nedlat the

unsteady flow effects in the turbine and draft tudaeised by existing model. In fact, changing the turbine nead (H) will
changing GV position. Although these effects may be also change the flow rate of the machine (Q). Atoastant
insignificant for a station with a relatively longenstock, they turbine speed (N), this also changes the flow édefit G O
will be more important for station like Mackintosthere the Q/N and moves to a different turbine operating poamd
water column inertia is small. efficiency. The magnitude is similar to the speathgding effect

and must be taken into account in the simulatign [4
In this generic model, the Francis turbine is diggias an orifice

with constant discharge coefficient for a particufmide vane Hence, dimensionless turbine performance curvesilghbe

setting [6,9]. The flow rate through the turbinemsdelled by a employed to correctly represent the hydraulic tueboperation.

simple orifice flow relation: Figure 3 shows a typical efficiency curve for tharkcis turbine.
For incompressible flow, the turbine operation curately

Q=GvH 2 described by the dimensionless relation:

The guide vane (GV) functio® in the existing model [10] is Cy = f(Cy,Re) 4

assumed to vary linearly with the guide vane opgronly. In

reality, the slope of this function will vary witthow coefficient where Cq= flow coefficient =Q/Nd*

and Reynolds number over the full range of turboperations - -
[4] and it should properly be modelled as a norminfenction. A Cyy= head coefficient=gH /N
similar approach is implemented in the 1994 modd®e Jaeger Re= Reynolds number #Q/ 77.d

etal. [1]. d= characteristic turbine diameter

v= dynamic viscosity of water

2d2

The turbine power output for the IEEE model is aatdd from:
Changes withRe are relatively slow and for small variations in

P = AR (Q " )_ be (N " Nraw ) ®3) Re the turbine performance can be approximated by:
- f(CQ\ﬁvhere Py= per_-unit tyrbine power output (5)
A = turbine gain factor
Qp = per-unit no-load flow The net turbine head may vary due to transienthanges in the

supply head. Similar operating conditions,(Cy; constant) with

o i speed-.damp.mg facto_r varying speed require that N2, QO N and therefore @ H®?,
N = per-unit turbine rotational speed as assumed in equation (2). This is incorrect fgower plant
N ateq =PEr-unit rated turbine rotational speed that has been governed to maintain a constant ruspeed in

order to keep the AC frequency constant withinghid, in which

The no-load flowQ,; is used to correct for the bearing friction case g must vary with H for GV fixed.

and the windage losses in both turbine and gerrefajo The
turbine gain factor Aallows for other internal flow losses.
However, the resulting linearized model is not vacgurate [9].
The damping factor D in the IEEE model is introdiite allow
for efficiency changes resulting from varied opiegconditions;
a constant value of D=0.5 has been used for Franeksne
modelling [10].

100 T T T T

a0

@
1=
T

3
T

Best Efficiency ——mm

@
S
T

Problems with Existing IEEE Model

The current IEEE model does not use dimensionlessine
characteristics. Equation (3) is inappropriate andld lead to
significant error when the change in turbine opegatonditions
is large. In particular, the speed-damping faddoused in the 4
model is unrealistic for the Francis turbine operatThe power

(and the efficiency) change with speed may be pesibr 30, P e P = asi
negative depending on the GV position, and theasraf change Pimensional Flow Gorficient

also vary with GV position [4].
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Figure 3: Typical efficiency curvey(~ Co) for Francis Turbine.

=03 106G
T

hain Servo
Position

Integrator

=l ] S Niated) | Py DO Nrated)
N g rares ML bl

Turkine Turhine Damping

Speed

Mrated |Rated Turkine Speed

Figure 2: Block diagram for 1992 nonlinear IEEEbine model [10°



New Features of the Proposed Model

The earlier IEEE model illustrated in Figure 3,hits simplified

turbine and guide vane characteristics, could raeqeaately
represent all the transient behaviour observedénfield tests.
Such simplifications are no longer necessary withdenn

computing power. Thus, additional nonlinear feadunave been
adopted here to improve accuracy of the turbineehod

1. A lookup table is included in the model to impleren
nonlinear GV function. The table combines two noedir
relationships: the GV angle varies nonlinearly witre

main servo movement; and the GV function varies

nonlinearly with the GV movement. A quadratic teisn
introduced to provide a simple non-linear relatimiween
flow and gate opening. This term can be tuned timtoe
observed steady state power output.

2. A lookup table for the efficiency vs. flow coeffait is
used to replace the turbine gain and damping fadtois
procedure incorporates damping effects due to bp#ed
and head changes as well as the losses in thee¢urbhe
lookup table is constructed using a combinationdafa
from full-scale steady-state tests, simulations amabel
test results. No further correction for variatioom rated
head is required with this arrangement [4].

3. A first order filter block (gate time delay) can meluded
to model the unsteady effects associated with gate
movement. It has not been used in the present vmrk,
will be implemented later when adequate data besome
available from computational studies, field tests o
laboratory model tests.

x Power

Figure 4: Block diagram for new proposed turbinev&erway model.

Field Test Procedure

A test program was developed in cooperation withdrdy
Tasmania to evaluate the improved turbine and watgmodel
for the single-machine Mackintosh power station.e Ttests
consisted of frequency deviation tests, Nyquiststeand the
steady-state measurements [7]. The power outpuiy SErvVO
position, generator frequency (or turbine speedyl the static
pressure at turbine admission were recorded dtinegests [8].

The frequency deviation and Nyquist tests give andjtative
measure of the plant behaviour if the generat@muigplying an
isolated load [7]. A large injected signal to thevernor is
applied in the frequency deviation test to causkrge step
change in the guide vane position. A smaller csaitly signal is
injected in the Nyquist test to move the guide vaimeisoidally
about a given average position. This is repeated/aaious
frequencies. Steady-state measurements were caou¢dto
obtain the turbine characteristics with respecth® change in
guide vane position [8]. The test results are usetbmbination
with the model test data to determine the charatiecurves of
the Francis turbine. Due to the influence of thmaimder of the
power system, it was not possible to vary the nrextdipeed

during field tests. Testing these aspects wouldiredaboratory
model tests or a full-scale machine isolated frbendrid.
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Figure 5: Steady state test measurement for Mamdtirpower station.

Modelling and Simulation

A Matlab/Simulink program was used for testing b tnew
turbine model. The Simulink code can readily bedfated into
the Fortran-based PSS/E package used for predictiuegall
power system response to disturbances. Hydrautenmeters for
the original and improved turbine models are listed@able 1.

Description of the Model Parame | Value
Rated flow rate, @eq(ms™) 149.7
Rated power output,q(MW) 79.9
Rated speed, Mg (rpm) 166.7
Rated head, fieq(M) 61
Water time constant,,I(Ss) 3.16
Conduit head loss coefficien, f 0.0004
Damping factor, D 0.50
Turbine Gain, A 1.48
No-load Unit flow, Q 0.16

Table 1: Hydraulic parameters for the original angproved turbine
models of the Mackintosh power station.
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Figure 6: Simulated and measured responses of #ekiktosh power
station. Nyquist tests are performed at test fraqes of 0.02 Hz (low
speed) and 0.2 Hz (high speed) respectively. Abklatatic head is 61m.
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Figure 7: Simulated and measured responses of thekintosh power
station following a step change in the load. Ttetstare conducted at low
and high initial power outputs respectively. Avhalastatic head is 65m.

As shown in Figures 6 and 7, the new model hagbsitulated
the magnitude of power fluctuations when the plargubjected
to a frequency disturbance. The improvements ane mbvious
when the turbine is operating at high load andghiele vane is
moving at a faster rate. However, the new moddl stows a
retraceable phase lag between the measured ansintidated
power outputs, which increases in magnitude witidguwane
oscillation frequency.

The well-tested electro-mechanical model for thevegoor
operation is unlikely to have been a significantisea of error.
The remaining discrepancies are most likely duentsteady flow
effects in the Francis turbine. In general, thevfioattern in the
Francis turbine does not change instantaneously thié gate
movement and thus a time lag in flow establishnterdgugh the
runner and draft tube may occur. The lag may chasyehe
operating condition of the machine changes [4].

This unsteady effect, however, should not be susigaificant
problem for power stations with relatively long wemvay
conduits and high water inertia [4]. The inertifeef of the water
column in such cases is expected to dominate asteady flow
effects of the Francis turbine operation. Hencestesdy flow
studies should be focused on the stations withtivelg short
penstocks. This is the subject of the ongoing resea

Conclusions

An improved nonlinear turbine and waterway modéfasile for
Francis turbine operation has been proposed. Cadsopar
between simulation and full-scale test results haemonstrated
significant improvements in accuracy. However, ¢heemain
some frequency-dependent discrepancies for shomnistpek
installation that appear to be associated with eadst flow
within the turbine.
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