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Abstract

In the case of Kaplan turbines the consideration of the efficiéncy para-
meter is critical from the'control strategy synthesis viewpoint. As it
is not essential in hydro system analysis,.explicit efficiency parameter
relationships have not been deployed to date for linearized Kaplan mathe-

matical models used in control deéign.

The 'efficiency tr;nsient control' concept is developed herein. Basically,
this approach éurports to optimize transient behavior by controlling so as
s
to decrease efficiency during the early transient poftion of load rejection
and likewise maximizing efficiency for the load acceptance case. For each
pettuibation this method leads to minimal flow change and,.therefore, mini-
mal ovet;-br under-pressures. As applied to a dominant gate ﬁiéh blade
foildw-up control scheme, the 'efficiency tramsient control'.céncept pre-
scribes the apprgpriate delay to be employed for optimum performance within
the constraint of a follow-up device. Where the early transient deviates
from best efficiency operation, a return to steady-state or "cam' operation

occurs as the follow-up.

The standard equations describing Kaplan turbine operation in linearized
form by partial derivatives have been revised to include the efficiency para-
meter explicitly and now present a comprehensive and intelligible approach

to Kaplan turbiﬁe control synthesis,

The effect of the 'efficiency transient control' upon system stability is
analyzed and recommendations are made for desirable deployment. Application

to nonlinear system operation is discussed.



The 'efficiency transient control' is compared with present day control
schemes to assess their effectiveness, It is determined that a delay
imposed upon the blades for the load-on case is suboptimal performancewise.

The one-to-one gaie-to-blade control is o§t1m31 in that case.



Introduction

ﬁith growing national concern for energy conservation and the advent and

. increased utility of low head insgaliations, the Kaplan turbine with its
versatility as a reasonably constant effiéiency generator is becoming
increasingly important in the U,S.A. as well as throughout the world.

This turbine further boasts ease of adaptation to changes in reservoir
level. Many studies have been carried out to date and much effort has
been expended in the areas of modeling, éimulation, analysis, and control
synthesis for optimization of performance of hydroelectric system com-
ponents and composites. The work has been directed to the general control
problem as well as specifically to the Kaplan 1nsta11atioﬁ}f Adequate
fepresentation of turbine characteristics has been a topic of continuing
interest (l)z, (2), (3) and recognized as a critically important aspect

in system modeling. The notable works of Ransford, Arnaud, and Rottner (4),
(5) correlate Kaplan turbine efficiency with optimal frequency regulation
takiné account of the grid inherent stability of the interconnected network
and assuming fixed blade setting. Eilken #nd Lein (6) consider efficiency
in their analysis of the conventionally controlled Kaplan tur§ine system,
Borel (7), (8) anélyzes the speed control process in Kaplén turbines. The
theoretical efforts have been complemented by field observations of tran-
sient behavior for dynamic response and stability analysis (9). The work
presented here pﬁrports to synthesize the optimal Kaplan turbine }ontrol
program by consideration of the efficiency characteristic and within the

constraint of a gate-dominant with blade follow-up servo system.

2Underlined numbers in parentheses designate References at the end

of the paper.



'Analxsisa

1. The Kaplan Turbine Contrcl

Raplan turbine characteristics relate the functional dependence among
speed, torque, flow, pressure, efficiency,‘or perhaps power, and the
cbntrcls. Fig. 1 exhibits a typical set giving turbine output power as

a function of g&te'opening and blade position at constant speed and
pressure. The line for steady-state operation has been superimposed on
this.plot and operation on the line represents the mﬁximum effiéiency
condition. This figure is particularly useful for depicting the gate-
dominant with blade follow-up type of control. The transfer function for
this often‘used control mode is given in block diagram fo}mfin Fig. 2.
The cam for scheduling steady-state operation is included, and the system
neglects nbnlinearities caused by valves aﬁd servos. The various system
components are as foliows:

1. fraportional plus Integral Speed Controller ~ relating
nondimensionalized gate servo position (z) to nondimen-
sionalized speed deviation (n),

z = (a+ b/D) n, with 'a' and 'b' as the proportional (1
and integral governor gain settings respectively.

2. Blade Follow-up Cam ; relating the steady-state position
of blades (5)_:0 gaterposition fér best efficieﬂcy,
aD

nondimensionalized.

- c (z), with 'C' the cam function and B and z 2 1 (2

3.. Follow-up Delay - permitting a dominant gate control
during transient followed by a slow shift to the steady-

state schedule,

3See List of Symbols at end of paper.



B = [a/(a + D)] Bps  with the delay 1/ : 3
between actual and desired blade positionm, BD.

4, FKaplan Turbine - relating flow (q) and torque (m) to speed
(n) and pressure (h) and ﬁhe controls z and B,
m= f1 (n, h, z, B) and %
q=f, (@ b, z, )  with £ and £, it
to be found on a linearized basis later in the analysis.

The control strategy is depicted in Fig. 3 which is an enlargement of Fig. 1.
On this figure path 1) represents the case with a long delay 1/@. Here a
change in load demand, an increase from operation at levei"A' to level 'B',
is satisfied mainly by gate action during ghe early transient. Then, in the
followfup period, as the blades' contribution to output is realized, the gate

retreats to the new steady-state position from an originally large overshoot,

Path .3) represents quick blade follow-up with the del;y parameter 1/« compa-
tible with gates' operational speeds. In this case the operating path is
prescribed by the cam and steady-state line throughout the transient rather
than just at the end points as was true with path 1).  Intermediate ;alues
of 1/a will result in path; of type 2). In tﬁe following paragraphs the
linearized turbine equatioms corfesﬁonding to Eqs, 4) and 5) are presented
explicitly and are employed for the proposition of a rational procedure for

optimal selection of the follow-up delay factor i/d.

2. RKaplan furbine Characteristics and Mathematical Modeling

Though the manner in which Kaplan characteristics are presented in Fig. 1 is
convenient for control mode analysis and appreciatiom, not sufficient infor-

mation is present for complete determination of the turbine operation states.



.Eor example, flow information is not available there. A more appropriate
layqut of characteristics is given ;n'Fig. 4, Here the speed function (N)
and the moment function (M) of flow (Q) are given for variable gate. The
plot is for constant b}ade which signifies that a set of these plots, each
_for a different but.constant blade Fetting, is required. The unity head
coﬂ&ition is typicai for model characteristics and is accommodated through
the similitude relatioms. (Se; Appendix A.) The choice of independent
variables is inconsequentiai from the viewpoint of definition of the charac-
teristics' "solid" (consider several blade plots). He;ce moment (M) and
flow (Q) will be made to depend upon speed (N), gate posit;pn (Z) and blade
position (B). Having chosen a reference point of operati&n,vthe appropriate
partial derivatives are computed directly from Fig. 4 and Egs. 4) and 5)
may be written explicitly for the unity head conditiom, -

m = (3m/3n) n + (9m/dz) z + (°m/3B) B NCE

H‘- (B@/Bn) n + (§qléz) z + (9q/3B) B , where lover (7
éase letters denote the nondimensionalized_deviation from reference of the
associated quantities. By taking pressure into account through the similitude
relations for the ;tepup from model to prototype, the turbine description
becomes, (See Appendix A.) ' : . A

m= Gu/dm) 0+ @afdz) z + (u/dB) B + (M A - (1/2) Gufew) b (8

q= (afw) 0+ qfR2) z + (Ra/®) B+ /2 [Q'/, - GaRm)|n (9
where the subscript (R) denotes the point of reference while the prime(')
denotes the point of operation about which linearization is made. For
coincidence of operation with reference and assuming stanﬁard partials,

dm/on = -1 ’ (10

3q/en = 0 ' : (11



the Eqs. 8) and 9) reduce to

m= (3m/3z) z + (3m/3B) B - n + (3/2) h (12

q = (3q/32z) z + (3q/3B) B + (1/2) h 13
The simplification is justified inasmuch as the aﬁalysis concentrates on
the effect of the controls z and q . For the sake of completeness the
conduit equation i; included as

-h = T Dq " where tﬁe‘nondimensionalized flow (14
derivative (Dq) is related to pressure (h) through ﬁhe water time constant
wa And finally, ‘

L L = TmDn relates system acceleration (Dn) to t?g . (15

net torque, developed (m) minus load (4 ); through the tbtof time con-

stant, Tm’

3. Introduction of the Efficiency Parameter

The equations given in the preceeding paragraphs are sufficient for modeling
the system for simulation and analysis. Indeed, they represent a natﬁtal
‘approachito the control analyst. Unfortunately, an important pétameter,
efficiency (E) is not explicitly present..vclearly efficiency is a factor
in the flow parameter, but even there it is implicit within‘che characteris-
tic functions of Fig;.4. The efficiency parameter will be introduced expli-
citly in the linearized turbine model in the next paragraph. At this time
the.ctiterion for selection of appropriate délay 1/a¢  should be éxaminéd.
Following load demand change there exists a torque imbalance, m - £.

Thiﬁ fact suggests controlling Eq. 12) to.null the imbalance as quickly as
possiblé.‘ However, too fast a control action would cause a quick change

in flow through Eq. 13) and thus overpressure, Eq. 14). Can the delay

parameter be used effectively for optimizing generated torque deviations



subject to pressure constraints?

Consider net turbine output (P). This quantity may be evaluated in terms
ofvépeed (N)' and net torque (M) or in term; of pressure (H) and flow Q)
with appropriate efficiency (E). Thus, .
P = MN = HQE (16
With given assumptions (Appendix B{ the above equation linearizes to,
m=q+ T ,h relating tﬁe previously . (17
defined torque (m) and flow (q) nondimgﬂsionalized deviations to that
newly defined for efficiency (7). Repeating Eq. 13)5and substituting
Eq. 17) into Eq. 12) the resulting form is,
m = (3q/3z) z + (3q/3B) B + (3N/3z) z + (3N/2B) B. - n+ (3/2) B (18
q = (3q/%z) z + (3q/3B) B + (1/2) h (19

"4, The 'Efficiency Transient Controlf Concept

These last equations contain the effi;ié;:; partial derivatives explicitly
thus permittiqg insight as to selection of the optimal control strategy with
relation to choice of the follow-up delay l/o . Inéeed for the case of load
rejection 1/ o should be chosen so as to minimize 37/3z and 37/38. Thus

a torque decrease‘is achieved by a combination of a minimum flow decrease

and a maximum efficiency decre;se. On the contrary, load acceptance is
controlled so as to maximize 3T /3z and 37 /38 . Here a minimum flow increase
18 accomplished thtbugh a maximum efficiency increase. 1In all cases the
follow-up terminates on the steady-state line thus guaranteeing an eventual

return to good operating efficiency.

5. Application of therEfficiency Trénsient Control to Small Load Perturbations

In the remaining discussion the 'efficiency transient control' concept presented



above will be applied to a typical set of Kaplan characteristics and dis-
cussed for various operative modes. As efficiency is now of prime interest
for transient control the form in which turbine characteristics are presented
should include thaﬁ parameter, Fig, 5 is an especially useful display.

Here the model efficiency is plotted as a function of power output with

gate and blade settings as variable parameters. The line joining the peaks
of thg various constant blade curves represents the fﬁllow-up cam schedule

or steady-state operation. To facilitate control synthesis an enlargement
of Fig. 5 near reference is shown in Fig. 6. The load rejection case will

be considered first and then the load acceptance.

Consider steady-stgte operation at level A followed by a step load-off
demand of magnitude A - B.  Paths 1), 2); and 3) on Fig. 6 represent
éossible contfol modes dependent upon the follow-up delay 1/o. Path 1)
represents a large delay with operation following a constant blade path
during the early portion of the transient. " Eventually, blade action will
shift the operation to the new power level on the steady-state curve. On
the other hand, if biading control is sufficiently responsive, the transient
occurs with controls following the steady-state line. This is path 3) and
an intermediate value of delay is repreQented Sy path 2). And these éaths
are 1denticai to the three paths of Fig. 3. However, on the latter plot
the app;oprié:e control strategy is evident in view of prior analysis.

Path 1) presengs the optimal choice in tﬁat early transient efficieney
decreases most, Thus flow change will be minimal and likewise overpressure.
For the case of load acceptance, operation at level A followed by a demand
for a‘c - A increase in power, the 'efficiency transiént control' concept

selects path 5) in Fig. 6 as optimal over path 4) and all other intermediate



paths., Thus for load-on cases a one-to-one blade-to-gate control along the
best efficiency line assures minimum flow increase and least under-pressure,
Ituéhould be noted that this analysis is not valid whfle operating within ‘
the "maximum output" fegion of Fig. 5 whicg is beyond the best efficiency

line,

6. A Note on System Stability

The effect on system stability resulting from deployment of the 'efficiency
transient control' is examined here. Pertinent equat?ons are Egs. 1), 2),

3), 12), and 13). For small perturbations Eq. 2) may be linearized to,

fy=cCz which results in (20

B = [a/ (a + D) ] cz when substituted (21
into Eq. 3). Equation 21) is now substituted into Eqs. 12) and 13),

m = (am/az)g + C (3m/3B) |a/(x + D)]z -n+(3/2) h (22

q = (3q/3z) z+ C (3q/38) [a/(a + D)]z +(1/2) h (23

It is concluded that stability will be affected to the extent of the delay.
opérator. For the load rejection case, the long folléw-up delay, (@ = 0),
nulls the blade contriﬁution to tutﬁine gains, rendering effecgive gains 3m/dz
and 3q/3z. respectively. For the load-on case, the quick follow-up (¥=®)
results in total gains ( ®m/3z + C Om/3B ) and (aqléz + C 3q/3B)

respectively. It is clea; that this gain differential dirgctly affects system
stability. The proper design procedure will :hen.be to ;djust the governor
constants 'a' and 'b' to differing values depending upon the direction of

load chaﬁge, with the load-off settings being the same as those for steady-

state operation.



7. Application of the Efficiency Transient Control to Large Load

Perturbations
Where changes in load demand exceed some predetermined value (approximately
10%), governor Eq. 1) is no longer valid and operation shifts to a non-
linear mode. Here gate control speed is held at some feasible value.
The phenomenon is one of gate speeh saturation, With a sufficiently large
transient the blade velocgty will likewise saturate. For this type of
operation the folloﬁ-up delay 1/ is not an effective parameter because
of the relativeiy long transient time. The more reasonable parameter to
assess is that of blade timing: Blade timing refers to the time required
fo;'a full blade excursion and is the inverse of relative blade travel
rate during saturation. The control problem here is to degermine the appro-
priate blade timing giveﬁ a specified gate tiﬁing, or determination of a
timing ratio. The answer is readily,aﬁailable in consideration of the
fefficiency transient control' concept. ‘' For tﬁe case of load rejectisn a
quick efficiency drop is desired. Fig. 5 indicates that a slow blade
timing or high ratio will take operation along a constant blade curve to
achieve optimal results within the éonstraint.of the follow-up device.
‘Clearly, the load-on case demands responsive blade action with a oﬁe-to-

one blade-to-gate schedule for optimal performance.

8. Evaluation of Present Day Kaplan Control Deployment

In concluding it is of interest to.evaluate present day control practice in
view of the ‘efficiency transient control' method. The Qccepted standard
icontrollef for Kaplan turbines today is the gate direct control governmor with
a slower rate blade follow-up. This approach agrees with the efficiency

control prediction for the case of load rejection. It is clear that any



operation of control other than along the cam schedule will decrease
efficiency and beiter response, For the load-on case delayed blading
operation is suboptimal. Some attempﬁs have been made at speeding up
blade action for load acceptance. Any delay whatsoever will detract from
system performance, and the operation should be carried out élong the
best efficiency line within the limitation of the servo installation. The
standard control at low power output leyéls is ﬁ gate control at locked
blade. 1Interestingly enough this type of operation is quasi-optimal for
.both load-on and load;off cases. Constant blade setting curves exhibit
-high slope on the efficiency versus output power plane (réference Fig. 5).
This fact results in a power demand change being accommod;ted to a great
extent through change in efficienéy with a minimum flow change and an
accoQ;anying minimum pressure peak. Finally, for opér;tion within the
maximum outﬁut region of Fig. 5, blocked blade operation will result in
poor performance, If it is essential that control be exercised within
the region, aﬁd often it is not, a better approach can be achievéd by

employing an additional cam specifically designed for the operation.

Currentlyvused methods for Kaplan turbine hydro system analysis are adequate
for system modeling but should be improved for utilization in control syn-
thesis. The turbine.efficiency parameter is often buried within flow in-
formation and not expressed explicitly, Effiéiéncy can be made to appear
explicitly by modeling the turbine linearly in terms of the nondimensionalized

deviations of its parameters as given in Eqs. 18) and 19). Examination of
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these equations indicates that it may be feasible to 'efficiency transient
;ontrol' for best system performance.. On a gate primary control with blade
foilow-up,the 'efficiency transieut.control' concept can be used to select
follbw-up time delay 1/« for optimal respbnse. This concept proposes

that operation be momentarily shifted to lower efficiency during rejection
and be held at maximum efficiency Huring load acceptance. .In either case,
flow change and thus pressure peaks will be minimal, For the rejection
case, return to peak efficiency is effected as the follow-up. For the léad-
on case the controls remain on the steady-state line :throughout the tran-
sients, It is noted that basically the same control approach is predicted
for optimal performance for nonlinear system operation féIléwing large power
demand perturbations. Here, the relative blade timing is.of major signifi-

cance as opposed to the follow-up delay for linear operation.

Analysis of system stability shows a shift in turbine gain depending upon
the follow-up delay value, This shift can be completely compensated for

by appropriate choice of governor gaims.

As for present day practice, tﬁe gate-dominant with slower follow-up blade
timing controller is optimal for the load rejection operation and for opera-
tion at low power levels for both load-on.ana load-off. At 1ntermediate-to-.
high power outp;fs a conﬁrol schedule that permits dephasing of gate-to-blade
for load acceptance transients is performancewise suboptimal. The rational
control strategy will permit follow-up delays for load rejection while
implementing a quick and responsive blade action for loaa acceptance, This
control scheme willlbe optimum within the constraints of the blade follow-up

approach and of a linearized analysis. The 'efficiency transient control’
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LIST OF SYMBOLS

Turbine speed of rotation
Net power output

Net torque output

Flow

Pressure

Gates position

Blades position

Turbine efficiecny
Change in torque, flow, etc.

Nondimensionalizea load demand
Nond;pen§ionalized torque output
Noﬁdimensiohalized speed deviaéion
Nondimensionalized flow deviation
Nondimensionalized pressure deviation
Nondimensionaliz;d gates deviation
Nondimensionalized blades deviation
Nondimensionalized efficienéy deviation
Derivative operator

Pa;tial deviative operator
Proportional gain of governor
Integral gain of governor

Blades follow-up cam function

Blades position servo delay

Conduit total water time constant

Rotor total time constant
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concept is applicable for the evaluation of control in the case of both

liqeir and nonlinear operation,
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APPENDIX A

The constant head, static turbine characteristics.are described linearly
as follows: .

q = (3q/3n) ﬁm + (3q/3z) z + (3q/3B) B (24

o = (®m/%n) o+ (®m/3z) z + (3m/3B) B, with the m subscript (25
identifying model quantities.  Corresponding prototype relations exhibiting
head dependence are establ‘ished thru consideration of ‘the similitude relations
with the subscrip;ted (R) denoting reference conditions and the prime (')
denoting thé point of operatiom:

A. Moment (valid for model at unity head)

Me Mmll (26
M= kM H (27
u/uR = (ku HR/MR) (M, /M ) (H/HR) (28

ML+ MO/ = [(u' + oy )/MmR] [ + AH)/B.R] (29
since, mRHR/% (30
then,

m = (M;R/MmR) h + mm. o . C © (31
‘considering Hﬁ = HR‘ d ‘ (32

Likewise for speed and flow,

. B. Speed
n =n-h/2 ' _ (33

C. Flow
9, = - 1/2 (Qg/qp) b ~ (34

Elimination of Qs T and nm from Eqs. 24) and 25) thru Eqs. 31), 33),

and 34) establishes Eqs. 8) and 9).
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APPENDIX B

Equation 16) relates net power output (P) to torque (M), speed (N),
pressure (H), flow (Q), and efficiency (E). Repeated for convenience,
it is:

P = MN = HE (35

This expression in linearized in terms of the nondimensionalized devia=-

tions as follows:

Gt + 8 (N + AN = (H + 8H) (Qp + 8Q) (B + 4E), (36
and,

MNy (AM/M.R + AN/NR) = HQuEy (AH/H.R + AQ/QR + AE/ER), (37
or,

m=h+q+TM-n - (38

Eq. 38) is used to substitute into the Om/dz term of Eq. 12). Hence, the

h and n terms of Eq. 38) need not be considered, and Eq. 17) results.
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