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INTERNATIONAL ELECTROTECHNICAL COMMISSION 
____________ 

 
GUIDE TO SPECIFICATION OF HYDRAULIC TURBINE  

GOVERNING SYSTEMS 
 
 

FOREWORD 

1) The International Electrotechnical Commission (IEC) is a worldwide organization for standardization comprising 
all national electrotechnical committees (IEC National Committees). The object of IEC is to promote 
international co-operation on all questions concerning standardization in the electrical and electronic fields. To 
this end and in addition to other activities, IEC publishes International Standards, Technical Specifications, 
Technical Reports, Publicly Available Specifications (PAS) and Guides (hereafter referred to as “IEC 
Publication(s)”). Their preparation is entrusted to technical committees; any IEC National Committee interested 
in the subject dealt with may participate in this preparatory work. International, governmental and non-
governmental organizations liaising with the IEC also participate in this preparation. IEC collaborates closely 
with the International Organization for Standardization (ISO) in accordance with conditions determined by 
agreement between the two organizations. 

2) The formal decisions or agreements of IEC on technical matters express, as nearly as possible, an international 
consensus of opinion on the relevant subjects since each technical committee has representation from all 
interested IEC National Committees.  

3) IEC Publications have the form of recommendations for international use and are accepted by IEC National 
Committees in that sense. While all reasonable efforts are made to ensure that the technical content of IEC 
Publications is accurate, IEC cannot be held responsible for the way in which they are used or for any 
misinterpretation by any end user. 

4) In order to promote international uniformity, IEC National Committees undertake to apply IEC Publications 
transparently to the maximum extent possible in their national and regional publications. Any divergence 
between any IEC Publication and the corresponding national or regional publication shall be clearly indicated in 
the latter. 

5) IEC itself does not provide any attestation of conformity. Independent certification bodies provide conformity 
assessment services and, in some areas, access to IEC marks of conformity. IEC is not responsible for any 
services carried out by independent certification bodies. 

6) All users should ensure that they have the latest edition of this publication. 

7) No liability shall attach to IEC or its directors, employees, servants or agents including individual experts and 
members of its technical committees and IEC National Committees for any personal injury, property damage or 
other damage of any nature whatsoever, whether direct or indirect, or for costs (including legal fees) and 
expenses arising out of the publication, use of, or reliance upon, this IEC Publication or any other IEC 
Publications.  

8) Attention is drawn to the Normative references cited in this publication. Use of the referenced publications is 
indispensable for the correct application of this publication. 

9) Attention is drawn to the possibility that some of the elements of this IEC Publication may be the subject of 
patent rights. IEC shall not be held responsible for identifying any or all such patent rights. 

International Standard IEC 61362 has been prepared by IEC technical committee 4: Hydraulic 
turbines. 

This second edition cancels and replaces the first edition published in 1998. It is a technical 
revision. It takes into account the experience with the guide during the last decade as well as 
the progress in the state of the art of the underlying technologies. 

The text of this standard is based on the following documents: 

FDIS Report on voting 

4/270/FDIS 4/272/RVD 

 
Full information on the voting for the approval of this standard can be found in the report on 
voting indicated in the above table. 

This publication has been drafted in accordance with the ISO/IEC Directives, Part 2. 
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The committee has decided that the contents of this publication will remain unchanged until the 
stability date indicated on the IEC web site under "http://webstore.iec.ch" in the data related to 
the specific publication. At this date, the publication will be  

• reconfirmed, 
• withdrawn, 
• replaced by a revised edition, or 
• amended. 
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INTRODUCTION 

While a standard for the testing of hydraulic turbine governing systems had been existing for a 
very long time (IEC 60308 published in 1970)1, a guide for the specification of hydraulic turbine 
governing systems was missing until 1998. The need for such a guide became more and more 
urgent with the fast development and the new possibilities especially of the digital components 
of the governor. 

The current second edition of the guide takes into account the experience with the guide during 
the last decade as well as the progress in the state of the art of the underlying technologies. 

While the first edition was written more or less as a supplement to the already existing guide 
for testing, the objective of the second edition is to be the leading guide with respect to turbine 
governing systems.  

 

 

________ 
1  IEC 60308:1970, International code for testing of speed governing systems for hydraulic turbines. This 

publication was withdrawn and replaced by IEC 60308:2005. 
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GUIDE TO SPECIFICATION OF HYDRAULIC TURBINE  
GOVERNING SYSTEMS 

 
 
 

1 Scope 

This International Standard includes relevant technical data necessary to describe hydraulic 
turbine governing systems and to define their performance. It is aimed at unifying and thus 
facilitating the selection of relevant parameters in bidding specifications and technical bids. It 
will also serve as a basis for setting up technical guarantees.  

The scope of this standard is restricted to the turbine governing level. Additionally some 
remarks about the control loops of the plant level and about primary and secondary frequency 
control (see also Annex B) are made for better understanding without making a claim to be 
complete.  

Important topics covered by the guide are: 

– speed, power, water level, opening and flow (discharge) control for reaction and impulse-
type turbines including double regulated machines; 

– means of providing actuating energy; 
– safety devices for emergency shutdown, etc. 

To facilitate the setting up of specifications, this guide also includes data sheets, which are to 
be filled out by the customer and the supplier in the various stages of the project and the 
contract. 

Acceptance tests, specific test procedures and guarantees are outside the scope of the guide; 
those topics are covered by IEC 60308.  

2 Normative references 

The following documents, in whole or in part, are normatively referenced in this document and 
are indispensable for its application. For dated references, only the edition cited applies. For 
undated references, the latest edition of the referenced document (including any amendments) 
applies. 

IEC 60050-351:2006, International Electrotechnical Vocabulary – Part 351: Control technology 

IEC 60068-2-6:2007, Environmental testing – Part 2-6: Tests – Test Fc: Vibration (sinusoidal) 

IEC 60068-2-27:2008, Environmental testing – Part 2-27: Tests – Test Ea and guidance: Shock 

IEC 60308:2005, Hydraulic turbines – Testing of control systems 

IEC 61000-4-1:2006, Electromagnetic compatibility (EMC) – Part 4-1: Testing and 
measurement techniques – Overview of IEC 61000-4 series 

CISPR 11:2009, Industrial, scientific and medical equipment – Radio-frequency disturbance 
characteristics – Limits and methods of measurement 

ISO 3448:1992, Industrial liquid lubricants – ISO viscosity classification 
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3 Terms, definitions, symbols and units  

For the purposes of this document, the following terms and definitions apply. 

NOTE This guide uses as far as possible the terms and definitions of IEC 60050-351. For clarification, the 
simplified differential equations and transfer functions of the idealized PID-controllers as used in this guide are 
given in Annex A. Additional reference is made to IEC 60308 for purposes of tests of governing systems.  

3.1 General terms and definitions 

3.1.1  
turbine governing system 
technical equipment governing the opening (guide vane, runner blade, needle, deflector 
position) of hydraulic turbines 

Note 1 to entry At the present state of the art, the turbine governing system consists of an oil hydraulic and an 
electronic part, the "oil hydraulic governor" and the "electronic governor". 

3.2 Terms and definitions related to control levels and control modes 

3.2.1  
turbine governing level 
control functions directly related to the governing system of a single turbine 

Note 1 to entry The following control modes are related to the turbine governing level: 

− speed control; 
− power output control; 
− water level control; 
− opening control; 
− flow control (the term flow used in this guide has the same meaning as the term discharge). 

 

Note 2 to entry The scope of this standard is restricted to the turbine governing level. Additionally some remarks 
about the control loops of the plant level and about primary and secondary frequency control (see Annex B) are 
made for better understanding without making a claim to be complete.  

 

3.2.2  
unit control level 
control functions directly related to the overall control of a single unit (turbine, generator, unit 
auxiliaries) including turbine governing, voltage regulation, start-stop-sequencing etc.   

3.2.3  
plant control level 
control functions related to the overall control of a whole plant including the control of several 
units  

Note 1 to entry In automatic unit and plant control operation, the turbine governing system gets its modes and 
setpoints from the unit and plant control level. 

3.2.4  
grid control level 
control functions related to the overall control of the grid as a whole 

Note 1 to entry If required the turbine governing system participates in grid control over the primary and/or 
secondary frequency control mode (see Annex B). 

3.3 Terms and definitions from control theory 

3.3.1  
differential equation 
equation describing the dynamic system behavior in the time-domain, as shown in Annex A 
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3.3.2  
transient response 
system response (output) to a step change of the input 

3.3.3  
frequency response 
dynamic response of the linearized system to a sinusoidal change of the input signal derived 
from the differential equation by applying the Fourier transformation 

3.3.4  
transfer function 
dynamic response of the linearized system to an arbitrary variation of the input signal derived 
from the differential equation by applying the Laplace transformation  

3.4 Subscripts and prefixes 

Sub- 
clause 

Term Definition Symbol Unit 

3.4.1 rated subscript indicating the rated operation point of the system r – 

3.4.2 maximum 
minimum 

subscript indicating maximum or minimum values of any term max. 
min. 

– 

3.4.3 deviation deviation of any term from a steady-state value ∆ – 

3.4.4 guide vanes subscript associating a quantity to guide vane position ga – 

3.4.5 runner subscript associating a quantity to runner blade position ru – 

3.4.6 nozzle subscript associating a quantity to needle position ne – 

3.4.7 Deflector subscript associating a quantity to deflector position de – 

 

3.5 Terms and definitions related to the plant and the machines 

Sub- 
clause Term Definition Symbol Unit 

3.5.1 specific energy 
of machine 

specific energy of hydraulic water available between the high-
and low-pressure side sections of the machine 

E J ⋅ kg–1  

3.5.2 turbine head H =E/g  definition of E, see 3.5.1 
 g = acceleration due to gravity  
    = 9,81 m⋅s–2 (at sea level) 

H m 

3.5.3 flow  volume of water per unit time flowing through any section in 
the system 

Q m3 ⋅ s–1 

3.5.4 rotational 
speed 

number of revolutions per unit time n s–1   a 

3.5.5 frequency cycles per second f Hz 

3.5.6 generator 
power output 

generator power measured at generator terminals PG  W 

3.5.7 moment of 
inertia of mass 

moment of inertia for calculation of fly-wheel effect. 
 I = M D2/4 = MR2 
 (M = mass, D = diameter of gyration, 
 R = radius of gyration) 

I kg ⋅ m2 

a The unit rpm is frequently used.  
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3.6 Terms and definitions relating to the governing system 

Sub- 
clause Term Definition Symbol Unit 

3.6.1 controlled 
variable 

variable which has to be controlled as speed n, output PG, 
water level h, servoposition opening y, flow Q: 

 – absolute, dimensional value 
 – relative deviation from a steady-state 
  value, x = ∆X/Xr 

rotational speed 

power output 

water level  

opening  

flow 

 
 

X 
x 
 

xn 

xp 

xh 

xy 

xq 

 
 

var. 
– 
– 

– 

– 

– 

– 

– 

3.6.2 command 
signal 

a signal which can be set by an external adjustment: 

 –  absolute, dimensional value 
 –  relative deviation from a steady-state value, c = ∆C/Cr 

rotational speed 

power output 

water level 

opening 

flow 

 

C 
c 

cn 
cp 
ch 

cy 

cq 

 

var. 
– 

– 

– 

– 

_ 

_ 

3.6.3 servomotor 
stroke 

stroke of the main servomotor which moves the guide 
vane/runner blades/needles/deflectors 

 –  absolute value 
 –  relative deviation from a steady-state value, y =  ∆Y/Ymax 

Note 1 to entry The effective max. servomotor stroke Ymax 
has to be defined between customer and supplier.  

 
 

Y 
y 

 
 

m 
– 

3.6.4 controlled 
variable range 

adjusting range for the setting of a controlled variable 
(rotational speed in speed control, or water level in level 
control) with an average setting of the permanent droop, if 
applicable (see 3.6.8 and 5.3.2): 

 – maximum value of the controlled variable  
  for Y/Ymax = 0 

 – minimum value of the controlled variable  
  for Y/Ymax = 1,0   

SEE: Figure 1 

 
 

Xmax 
Xmin 

 
 

– 
– 

 

 

Full document details: IEC 61362 2012

http://avadocuments2026.com/doc/iec-61362-2012
http://avadocuments2026.com/doc/iec-61362-2012


 – 12 – 61362 © IEC:2012 

 

 

X 

Xmax. 

Xmin 

0 

1,0 
 Ymax 
 Y 

IEC   383/12 
 

Figure 1 – Controlled variable range 

 
Sub- 

clause Term Definition Symbol Unit 

3.6.5 electronic 
governor output 
signal 

output signal at the electronic governor = input signal of the 
following servo-positioner  

Relative deviation from a steady-state value 

 
 

s 

 
 

– 

3.6.6 output signal of 
a pilot servo-
positioner 

output signal of a pilot servo-positioner = input signal of 
the following main servo-positioner 

Relative deviation from a steady-state value 

 
 

sv  

 
 

– 

3.6.7 droop graph a graph showing the relationship between a relative controlled 
variable (speed n/nr, or in some cases water level H/Hr) as a 
function of the relative servomotor stroke or the relative power 
output under steady-state conditions  

SEE: Figure 2 

  

 

1,0 

 Xr 
 X 

  0 

 bp bs 

 Ymax 
 Y 

 Pr 
 P  , 

IEC   384/12  

Figure 2 – Permanent droop 
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Sub- 
clause 

Term Definition Symbol Unit 

3.6.8 permanent 
droop 

slope of the droop graph (see Figure 2): 

 –  at a specific point of operation, 

 –  defined by the end values of the droop graph 

 

bp 

bs 

 

% 

% 

3.6.9 proportional 
action 
coefficienta  

proportional amplification, defined by the step response of an 
idealized PID-controller with bp = 0, KD = 0 and input signal x = 1 
SEE: Figure 3  

Kp – 

a    In accordance with IEC 60050-351. 

 

 Ti = TI ⋅ Kp 

0 

Kp 
t 

  s  or Y (PI behaviour) 

IEC   385/12  

Figure 3 – Proportional action coefficient and integral action time  
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Sub- 

clause Term Definition Symbol Unit 

3.6.10 integral action 
timea 

time constant of the integral action of an idealized PID-
controller. The reset time Ti in parallel structured PID-
controllers is defined by Ti  = TI ⋅ Kp and Kp/Ti corresponds to 
the slope of the controller step response curve with bp = 0, 
KD = 0 and input signal x = 1  

SEE: Figure 3 

TI s 

3.6.11 derivativeb 

action time  
time constant of the derivative action of an idealized PID-
controller. The transfer function (TD ⋅ p) can practically be 
realized only approximately by a DT1 transfer function, i.e. a 
derivative term multiplied by a first-order lag elementc : 

K1D ⋅ T1D ⋅ p 

1 + T1D ⋅ p 

  

The step response of such a transfer function of an idealized 
PID-controller, the proportional and integral term being zero, is 
shown in Figure 4. 

For small values of T1D the following approximation applies: 

TD = K1D ⋅ T1D 

TD  s 

a Reset time can also be defined by Ti  = Kp/KI with integral action coefficient KI = 1/TI  (see IEC 60050-351).  

b Rate time is defined in parallel structured PID-controllers by Td = KD/Kp, with derivative action coefficient 
KD= TD (see IEC 60050-351). 

c Realization also by second-order lag element possible. 

 

 

 
0 

T1D 

 

  s or Y (DT1 behaviour) 

t 

 

0,63 KD 

K1D 

IEC   386/12  

Figure 4 – Derivative time constant 
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Sub- 

clause Term Definition Symbol Unit 

3.6.12 dead band the maximum band between two values inside of which the 
variation of the controlled variable does not cause any 
governing action  

SEE: Figure 5 

ix  – 

3.6.13 insensitivity one-half of the dead band ix/2 – 

 

 

0 1,0 

ix 

 Xr 
 X 

 Ymax 
 Y 

IEC   387/12  

Figure 5 – Dead band 

 
Sub- 

clause Term Definition Symbol Unit 

3.6.14 minimum servo-
motor opening/ 
closing time 

the opening/closing time for one full servo-motor stroke at 
maximum velocity, cushioning times disregarded  

SEE: Figure 6 

Note 1 to entry Minimum servomotor opening and closing 
times are the result of hydraulic transient calculations.  

Tg, Tf  s 
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0 

1,0 

 t 

 Ymax 
 Y 

 Tf 

 Tg 

IEC   388/12  

NOTE In case of stepped opening/closing velocities a diagram may be provided. 

Figure 6 – Minimum servomotor opening/closing time 

 
Sub- 

clause Term Definition Symbol Unit 

3.6.15 time constant  
of the servo-
positioner  

the reciprocal value of the slope of the curve showing the 
servomotor velocity dy/dt as a function of the relative deviation 
of the position of the control valve, s, sv , from the zero 
position related to s, sv = 1 (s, sv = 1 theoretical relative spool 
stroke in the absence of feedback)  

SEE: Figure 7 

Ty  s 

 

 

1,0 s,sv 

 Tf 
 1 

 Ty2 
 1 

 Tg 
 1 

 Ty1 
 1 

 dt 
 dy 

IEC   389/12  

Figure 7 – Time constant of the servo-positioner 
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Sub- 

clause Term Definition Symbol Unit 

3.6.16 servo-
positioner 
inaccuracy 

the maximum possible change in the servomotor position 
which can occur for a given constant value of the input 
signal of the servo-positioner  

SEE: Figure 8 

ia  – 

 

 

1,0 s,sv 

Ymax 
Y 

 ia 

  
  

  
  

  0 

1,0 

IEC   390/12  

Figure 8 – Servo-positioner inaccuracy 

 
Sub- 

clause Term Definition Symbol Unit 

3.6.17 control system 
dead time 

time interval between a specified change in speed or 
command signal and the first detectable movement of the 
servomotor  

SEE: Figure 9 

Tq s 

 

  

 ≥ 10 % 

t 

  
     y 

  0 

 Tq 

IEC   391/12  

Figure 9 – Control system dead time 
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Sub- 

clause Term Definition Symbol Unit 

3.6.18 actuating energy required energy for one servomotor stroke under the 
minimum required pressure pR = ER/VS 

ER  N · m 

3.6.19 servomotor 
volume 

oil volume of the servomotors VS  m3  

3.6.20 tripping oil volume oil volume of the pressure tank at the tripping point 
(between pT and pR, see Figure 20) 

VT  m3  

3.6.21 usable oil volume 
(Figure 20) 

usable oil volume between po min and pR  Vu  m3  

3.6.22 residual (not 
usable) oil volume 
(Figure 20) 

oil volume of the pressure tank after a full-load shut-down 
from the tripping point 

Vres  m3  

3.6.23 design oil 
pressure 

design pressure of the oil pressure tank pD  Paa  

3.6.24 operating oil 
pressure 

operating oil pressure under normal operating condition po  Paa  

3.6.25 tripping oil 
pressure 

when the tripping pressure pT is reached a shutdown is 
released, this implies pR < pT < po < pD 

pT  Paa  

3.6.26 minimum required 
pressure 

minimum required pressure in the oil servo system pR  Paa  

a The unit bar is also used. 

4 Control structure  

4.1 General 

In the hydraulic turbine control, various tasks can be specified with varying priority. Realization 
leads to certain typical control system structures and in turn to some basic rules to be adhered 
to. 

Such typical arrangements are compiled for clarification. 

4.2 Main control functions 

4.2.1 General 

In hydraulic turbine control, these major control functions can be distinguished: 

– speed control; 
– power output control; 
– water level control; 
– opening, and  
– flow control. 

In some systems, combinations of these control functions also occur. 
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4.2.2 Speed control 

The purpose of the speed control basically is to maintain constant frequency. In the various 
modes of operation this means that: 

– in the isolated network mode with only one unit (small network), the actual speed and 
therefore the frequency corresponds to the command signal setting; in the isolated network 
mode with more than one unit (medium network), the speed control contributes to the 
frequency control through the permanent droop avoiding oscillation between the units; 

– in the operation on the grid, where the speed is determined by the network frequency, the 
speed control contributes to the network frequency control through the permanent droop 
and the dynamic characteristics of the controlled system; 

– in the no load mode (before synchronization and after separation from the network), the 
actual speed corresponds to the command signal or the existing network frequency with 
some small deviation. 

4.2.3 Power output control 

The power output control with a separate power controller is applied with the unit connected to 
the grid, its purpose is to control the power output of the unit according to a power command 
signal irrespective of head variations. Any frequency variations influence the power level 
additionally via the permanent droop. 

It is noted that in the cases where head variations can be ignored, a closed loop power output 
control, i.e., a power output controller, may not be necessary. In such a case, the calculation of 
the appropriate opening via a linearization may suffice (see 4.3.2). In this case also, any 
frequency variations influence the power level additionally via the permanent speed droop. 

4.2.4 Opening control 

The opening control serves to position the opening of the servomotor according to an opening 
command signal, either as a follow-up control in master control operations (for example speed 
control) or as a specific operating mode in grid control. In that last case, the usual 
configuration includes the permanent speed droop, which creates the relationship between the 
frequency of the grid and the opening of the servomotor, around the opening set-point from the 
unit control system; it is an alternative solution for power control with frequency influence, 
which is the preferred solution using modern digital controllers. 

4.2.5 Water level control 

For run-of-the-river hydropower plants, it is often required to control the water level of the 
upper part of the river, in order to keep it relatively constant or inside a specified range around 
a fixed value. The corresponding water level control is usually operated by an external 
controller of the power plant control system. But in some cases, it can also be managed by the 
turbine governing system itself, especially if there is no need of grid frequency control. 

In the first case, by using an external water level control, the water level controller operates as 
a secondary controller. For that, it compares a water level measurement with a level set-point 
or level limit values, and by a specific algorithm, modifies the command signal of the main 
controller of the turbine governing system (speed or opening or power controller), in order to 
control the water level. Attention should be paid, in case of participation of the unit to the 
frequency control of the grid, that time constant of the water level control has to be enough 
long, in order to allow the action of the primary frequency control, with a duration as required 
by the TSO (transmission system operator) according to the corresponding grid code. 

In the second case, the internal water level controller also compares the level measurement 
with the level set-point or level limit values, and modifies the command signal to the servo-
positioners, or to the opening limiter of the speed controller. If there are several units in the 
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power plant, a level-opening droop (see 5.3.2) has to be implemented in each governor, in 
order to fix the operating point of each unit. 

4.2.6 Flow control 

For run-of-the-river hydropower plants, especially in case of several cascade power plants 
along a river (see 5.16.4), it can be required to control the flow across the different turbines in 
operation in the concerned power plant. With that objective, a flow control system can be 
implemented in the power plant control system or inside the turbine governing system.  

In both cases, the usual configuration is as following: the flow controller compares a flow 
"measurement" with a flow set-point, and by a specific flow control algorithm, modifies the 
command signal to the servo-positioners or to the main controller of the turbine governing 
system (speed or opening or power controller). The flow "measurement" is generally an indirect 
measurement, i.e. calculated using characteristic curves from the runner blade opening (in 
case of Kaplan or bulb turbines) or from the guide vane opening, if necessary with a 
dependency on the measured head. 

For Pelton turbines, the flow can be calculated from the position of each needle and the 
measured head.  

In case of participation of the unit to the frequency control of the grid, attention should be paid 
that time constant of the flow control has to be long enough, in order to allow the action of the 
primary frequency control, with a duration as required by the TSO (transmission system 
operator) according to the corresponding grid code. In this case, another solution could be to 
implement a flow controller directly in place of the opening or power controller, with a 
“frequency-flow droop” using the difference between the flow set-point and the "measured" flow 
(calculated as above). 

4.3 Configurations of combined control systems 

4.3.1 General 

In combined systems, each control function can be assigned to a separate controller. However, 
the controllers all actuate the same main servo-positioner through the opening setpoint. 

Thereby, a bump-free switch-over between modes requires attention. In case of separate 
controllers, parameters shall be set according to the respective control loop. Water level and 
power output control, etc, are often incompatible with the maintenance of speed in an isolated 
network. The speed controller always remains functional for safety reasons, e.g., to take over 
in the case of a load rejection. 

4.3.2 Parallel structure 

Two controllers are arranged in parallel and actuate one or several servo-positioners via a 
selector or a summing point. If a selector is applied, it often includes a max./min. function for 
the speed control loop to prevail in the case of a load rejection. 

If a summing point is applied, the switching of signals is avoided, but the power output 
controller (or other controller) influences speed control additionally and shall be set to ensure 
stability.  

The configuration according to Figure 10 is often used in peak-load power stations.  
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Speed controller 

Power output controller 

IEC   392/12  

Figure 10 – Control system with speed and power output controllers in parallel 

Figure 11 shows an arrangement with speed controller and power command signal in parallel 
according to 4.2.3. 

 
  

Speed controller 

IEC   393/12  

Figure 11 – Control system with speed controller 
and power command signal in parallel 

Figure 12 shows a similar arrangement with water level controller. 

 
  

Speed controller 

IEC   394/12  

Figure 12 – Control system with speed controller and water level  
controller in parallel 

4.3.3 Series structures 

Power output controller or water level controller precedes the speed controller. They actuate 
the speed signal setter of the speed controller (Figure 13) or the opening limiter (Figure 14).  

In Figure 13 the power output controller actuates the speed signal setter of the speed 
controller. 
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Power output controller Speed controller 

 
IEC   395/12 

 

Figure 13 – Governing system with power output and  
speed controller in series 

In Figure 14 the water level controller actuates the opening limiter of the speed controller. 

 

Speed  
controller 

 IEC   396/12  

Figure 14 – Governing system with water level controller 
and speed controller in series 

The configurations of Figures 13 and 14 are typical examples. However, there are also 
configurations with the power output controller acting on the opening limiter of the speed 
controller or with the water level controller acting on the speed signal setter. In the power 
output and the water level control mode, the speed controller acts essentially as a positioner. 

The configuration as per Figure 14 is often used in base-load power stations. 

4.3.4 Other configurations 

4.3.4.1 Power output control via the speed controller (power output introduced as 
feedback signal) 

Changeover between control modes is by switching from actual speed signal to the actual 
power output signal (see Figure 15). 

 

Speed 
controller 

 
IEC   397/12 

 

Figure 15 – Power output control via the speed controller 
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4.3.4.2 Water level controller without speed controller 

In simple cases (for example in the case of induction units), the water level controller acts on 
the servo-positioner via a setter (see Figure 16). 

 
 

IEC   398/12  

Figure 16 – Water level controller without speed controller 

4.4 Configurations of servo-positioners 

Depending on the actuating energy required, the main servomotor can be: 

– directly actuated by an electro-hydraulic amplifier; the electronic feedback signal is fed back 
to the governor; 

– actuated via a pilot servomotor; it positions a closed-loop hydro-mechanical follow-up 
system consisting of main control valve, servomotor and mechanical feedback; 

– actuated via a piloted main control valve with parallel feedback signals from main control 
valve and servomotor, etc. 

The type of configuration has a bearing on positioning accuracy and manual control options. 

4.5 Multiple control 

4.5.1 General 

In case of multiple control elements (e.g. dual control of a turbine with controllable guide vanes 
and runner blades), 

– parallel (see Figure 17) and 
– series (see Figure 18)  

arrangements are distinguished. The functional relationship can be defined non-linearly 
through a function generator. Frequently an additional signal is superimposed (e.g. the head 
can be used to influence the guide vane-blade angle relationship). In the case of more than two 
positioners (e.g. individual servomotor control), only parallel control is applied. 
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4.5.2 Parallel structure 

  IEC   399/12  

Key 
s output signal of the electronic governor 
y1 output signal of servo-positioner 1 
y2 output signal of servo-positioner 2 
ca input signal for the functional relation 

Figure 17 – Parallel structure with defined functional relation and 
an additional signal superimposition 

4.5.3 Series structure 

 
 

IEC   400/12  

Key 
s output signal of the electronic governor 
y1 output signal of servo-positioner 1 
y2 output signal of servo-positioner 2 
ca input signal for the functional relation 

Figure 18 – Series structure with defined functional relation and 
additional signal superimposition 

5 Performance and components of governing systems  

5.1 General 

Clause 5 is concerned with the overall performance criteria for a governing system. As the 
performance of a turbine governing system will strongly depend on the characteristics of the 
individual controlled system, some guidance is offered first regarding its modelling and digital 
simulation. 

After that, recommendations are given for the ranges of parameter settings for a PID 
configuration as the most common example for control algorithms in the governor. Other 
control strategies may be applied if suitable or desirable for superior performance in relation to 
PID-controllers. 

Servo-positioners, requirements for signal transmitters and the actuating energy supply are 
also covered with the purpose of guiding the establishing relevant specifications. 
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5.2 Modeling and digital simulation 

In the case of new hydropower schemes, a mathematical model of the total system is valuable 
for an optimization of the control, unless the system is straightforward and/or similar to existing 
plants. The same applies to the modernization of existing plants. The purpose of such compu-
tations can relate to three areas: 

– physical dimensioning of components of the plants; 
– demonstrating the dynamic behavior of the system (resonance phenomena, etc.); 
– control system analysis and optimization. 

These computations shall be based on a representative model of the system components, such 
as: 

– the water passages; 
– the turbine with its mechanism; 
– the essential generator characteristics in the isolated network and the grid mode; 
– the network characteristics; 
– the governing system. 

All the mentioned areas of interest can in principle be served by the same models while the 
mathematical approach can vary. Whilst physical dimensioning of components of the plant 
shall be based on computations in the time domain, the dynamic behavior of the total system 
can also be evaluated in the frequency domain. Control performance can be treated either 

– in the frequency domain with respect to small deviations from the steady state, or 
– in the time domain for large deviations where non-linearities are significant. 

If mathematical investigations of the dynamic behavior in the frequency domain are applied, a 
suitable variable such as the guide vane opening shall be subjected to sinusoidal variations 
(frequency analysis). Thereby all frequency ranges shall be considered at which excitations, 
e.g. suction tube vortices in Francis turbines and/or resonances such as with natural 
frequencies of tunnel, penstock or the generator may occur. Thereby it should be noted that 
calculated natural frequencies of the hydro system may be inaccurate because the wave travel 
speed cannot be determined precisely. 

For investigations with the aim of an optimization of the parameter setting of the governor, 
calculations in the time domain offer the advantage of considering non-linearities. Usually an 
integral criterion is applied, e.g. 

∫ |x - xc| × dt = minimum 

or 

∫ t × |x - xc | × dt = minimum 

There are computer programs available which systematically vary the parameters and select a 
set of optimal values. By applying this method to the complete operating range, the setting of 
an adaptive governor may also be determined. 

Optimization of the parameter setting of the governor in the frequency domain requires a 
linearized model. The set of optimal parameters can, for example, be determined by positioning 
the poles, i.e., the roots of the characteristic equation for optimal performance. This requires 
some experience. 

The degree of detail in the modeling of a plant depends on the requirements with respect to 
controllability of the plant. 
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The effort even for smaller systems may be considerable and costly. The following may help to 
make a judgment as to how far the modeling should be carried in individual cases. 

Water passages 

– For the simulation of the water passages, the compressibility of the fluid and the elasticity 
of the penstock material shall be taken into account. For dimensioning and resonance 
studies, this should also be applied on tunnels and on galleries and shafts of surge tanks. If 
in the time domain, the length of a water column changes, then water and walls of this part 
are usually regarded as incompressible and inelastic. 

– A separate analysis of the tunnel–surge tank section and the penstock–machine section is 
desirable to determine extreme values of the surgetank water level and maximum machine 
transient variables such as speed and pressure rises, respectively. System oscillations and 
control system behavior can only be reliably judged on the basis of the total system 
description. 

– In surge tank calculations, energy dissipators such as throttles and the fluid inertia shall be 
taken into account. 

– In low head plants, the inertia of water masses in the head and tailwater housings shall be 
taken into account while the elasticity can be neglected. Also surge phenomena in 
headwater canals can be relevant. 

Turbine, generator, network 

– The turbine characteristics should be defined in the investigation. The speed control of 
Pelton turbines may pose difficulties due to the lack of a negative torque and the non-
linearities introduced by the deflector. For isolated network operation, controlled deflectors 
are needed. 

– For investigations on resonances and the behavior of the unit connected to the grid the 
synchronization and damping factor of the generator shall be taken into account. 

– The stability of frequency control in isolated networks depends on the type of load, such as 
resistor, motor or combined loads. The resistor type load is the most stringent requirement. 

Control concept 

It is to be expected that in the future, PID-controllers will remain in use for many plants for 
speed, power and water level control. Higher order algorithms, e.g., state control schemes will 
be used for the more complex system requirements. These control schemes, while 
necessitating more effort to implement, are justified where superior behavior with respect to the 
magnitude of deviations from steady state and its return to steady state can be achieved. 

It is to be noted that the behaviour of an electronic PID-controller can also be enhanced 
considerably by readily available special means, such as disturbance superposition and the 
feedback of secondary variables. 

This in turn justifies the intention of this guide to use the PID-controller as a basis and 
reference for recommendations relating to system control. The recommended ranges in 
parameter adjustment will suffice in all normal cases. Special conditions – extremely low 
inertias, extremely long penstocks – should in all cases be subjected to digital simulation and 
may require an extension of the recommended parameter adjustment range. 

5.3 Characteristic parameters for PID-controllers 

5.3.1 General 

Subclauses 5.3.2 and 5.3.3 relate to the characteristic parameters of a PID-controller (analog 
or digital) with permanent droop. It does not cover relevant parameters for other higher 
algorithms or control strategies. 
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5.3.2 Permanent droop bp 

For units participating to the grid frequency control, the permanent droop establishes a defined 
relationship between the relative rotational speed variations (i.e. frequency variations), and the 
relative position of the servomotor or power output variations, in the steady-state condition, 
e.g.: xn + bp × y = 0 

– using the relative position of the servomotor, bp is usually defined as “permanent speed 
droop” or “frequency-opening droop”; 

– using the relative power output, bp is usually defined as “power droop” or “speed regulation” 
or “frequency-power droop”. 

Recommended minimum setting range of the permanent droop for frequency control: 0 % to 
10 %. 

For example, with a value of 5 % of power droop, a unit in a grid after a disturbance with a 
steady-state frequency deviation of -1 % (i.e. -0,5 Hz on a 50 Hz power system) will increase its 
power output by 20 % of PGr. 

A principle functional scheme of such a permanent droop using the output power is given in the 
Figure B.1. 

For units participating to a water level control (with a water level controller implemented in the 
governor), the permanent droop - defined as “level-opening droop” - establishes a defined 
relationship between the relative water level variations and the relative variations of the 
servomotor position, in the steady-state conditions, e.g.: xh + bp × y = 0.  

5.3.3 Proportional action coefficient Kp, integral action time TI, and derivative action 
time TD 

The parameters Kp, TI and TD establish the transient response of the governor. The desired 
transient response can be achieved 

– with parallel structure, 
– with series structure, or 
– with feedback structure of the elements. 

The suitable adjustment of the parameters depends on the controlled system and shall be 
selected so as to provide a satisfactory transient response. Depending on the mode of 
operation, different adjustments may be necessary, e.g.  

• with speed control: 
– in no load mode; 
– in an isolated network mode (required only for part load in some cases); 
– in operation on the grid (over the complete power range). 

• with combined power output and speed control, Figures 10, 11, 13 and 15: 
– for speed control (with inoperative power output control); 
– for speed controller acting as positioner (with operative power output control). 

Usually the same parameter selection can be applied for no load mode and operation on an 
isolated network; it may differ considerably from the suitable adjustment for grid operation. 

If necessary an automated changeover parameter adjustment is to be provided (e.g., through 
generator breaker position, or by a detection criterion for the transition to isolated network 
operation, e.g. a large frequency variation or a power step). 

a) Proportional action coefficient Kp (= reciprocal value of the temporary speed droop bt) 
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 Recommended minimum adjusting range: 

– for speed controllers, between 0,6 and 10 2; 
– or power output controllers, between 0,2 and 1. 

b) Integral action time TI 
Recommended minimum adjusting range: between 1 s and 20 s 2. 
(For water level controlling considerably higher values may be applicable) 

c) Derivative action time TD 
 Recommended adjusting range: between 0 and 2 s. 

where the relation T1D/TD = 1/K1D is generally between 0,1 and 0,2. 

Minimum required range between 0 s and 1,4 s. 0 s means deactivation of derivative 
actions is possible. 

5.4 Other parameters of the governing systems 

5.4.1 Command signal adjustments for controlled variables (speed, power output, 
etc.) and load limiter 

a) Command signal ranges 
Recommended adjusting range: 

− for speed controls: –10 % to +10 %. 
b) Command signal setting times 
 The setting times (stroke times) shall be adjusted so as to exceed the shortest servomotor 

stroke times as defined by the limiting orifices (see also 5.4.3). Setting times should usually 
not be smaller than 20 s. 

 Recommended time setting range: 

− speed setting: between 20 s and 100 s, normally between 30 s and 60 s; 

− power output setting: between 20 s and 80 s; 

− limiter: between 20 s and 80 s; 
in each case for the full stroke of the servomotor.  

5.4.2 Governor insensitivity ix/2 

Recommended limits: 

– speed control: ix/2 < 2 × 10–4  

– power output control: ix/2 < 1 × 10–2 

– water level control: ix/2 < 1 × 10–2   3 

– flow control: ix/2 < 1 × 10–2 

In case of less stringent requirements relative to network frequency control, also ix/2 < 2 × 10–2 

is acceptable for the speed control function. This may, for example, apply for networks, in 
which larger frequency variations occur frequently, and also in cases where stability is critical. 

________ 
2  A range between 1,2 and 10 for Kp and 1 s and 5 s for TI may be sufficient for many applications, e.g. 

rehabilitations without additional performance requirements. 

3  For level control deviating from Figure 5 the following definition applies: ix = ∆X/(Xmax – Xmin). 
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5.4.3 Parameters of servo-positioner 

Input: electrical signal or position of the pilot servomotor. 

Output: relative position Y/Ymax of the main servomotors. 

For all servo-positioners, including those of double regulated turbines, the following applies. 

a) Minimum servomotor opening/closing times Tg and Tf which are separately determined to 
satisfy waterhammer and overspeed limitations 

NOTE 1 The limiting orifices or other suitable devices are dimensioned such that the actual stroke times in 
the presence of the highest supply pressure and the lowest required regulating capacity will not be lower than 
the allowable stroke time. 

b) Time constant of the main servo-positioner Ty 
 This value is used for modeling and digital simulation of the system. 
 Recommended values for Ty: 

– guide vane/needle servo: between 0,1 s and 0,25 s; 
– runner blade servo: between 0,2 s and 0,8 s; 
– deflector: between 0,1 s and 0,15 s. 

 Near the zero displacement, higher values of Ty prevail due to overlap and grooves (see 
Ty1 in Figure 7). 

NOTE 2 If the graph is stepped or if, in a frequency response measurement, the limit velocities of a 
servomotor are reached, an effective time constant (as a function of amplitude) can be used for computations. 

c) Servo-positioner inaccuracy in follow-up arrangement, ia 
 It has a major influence on the dead band ix and shall be kept small. 

 Recommended value: ia < 0,4 % 4 for the complete servo-positioning system. 

d) Governing system dead time Tq 
 The governing system dead time Tq results from a dead time in the electronic controller 

(sampling time in the microprocessor if applicable) and from an overlap in the control valve 
and/or from a series arrangement of several amplifiers. 

 Recommended value: Tq < 0,20 s 4. 

e) Dynamic response of servo-positioner 
 The dynamic response is essentially determined by the time constant of the servo-

positioner. In case of multiple-stage servo-positioners possibly with special transfer function 
(electronic positioning loop), the setting shall yield a response corresponding to a damping 
ratio D between 0,8 and 1,1, where critical damping is defined by D = 1 (see Figure 19). 

 

________ 
4  In the case of small power stations, the values given may be increased to: ia < 0,6 %, Tq < 0,30 s. 
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D < 1 periodically damped case 

D > 1 aperiodic case  

Figure 19 – Time step response and frequency response of the amplifier output  
Y/Ymax to a displacement input sv  

5.5 Functional relationship between servo-positioners 

5.5.1 Dual regulation of turbines with controllable guide vane and runner blade angles 

5.5.1.1 General 

The functional relationship between guide vane and runner blade position is called cam 
relation. The following arrangements are distinguished: 

– parallel control; 
– follow-up control. 

The head H can be arranged to influence the functional relationship additionally. In the follow-
up control, either the guide vane or the runner blade servo can be in the lead. 

5.5.1.2 Implementation 

This can be implemented: 

– electronically through function generators with and/or without the influence of head; 
– mechanically by a cam, designed for the rated head (in the case of small head variations or 

reduced requirements); 
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– mechanically by a profiled cam which is shifted with varying head either: 
a) electrically as a function of head, or 
b) manually. 

5.5.1.3 Adjustment 

The defined functional relationship between guide vane and runner blade angle is generally 
based on specific or series model test results. The relationship may be verified or corrected on 
site by index measurements or measurements of the efficiency or other quantities. 

5.5.2 Dual control of turbines with needles and deflectors 

The deflector´s purpose is to limit the speed increase during load rejections and to control 
speed under isolated network operation when large perturbations occur. The control can be 
accomplished in the following ways: 

– parallel control of needles and deflector; 
– direct control of needles, control of deflector as follow-up control; 
– direct control of the deflector, control of needles as follow-up control. 

The follow-up control can be implemented: 

– electronically by means of a function generator;  
– mechanically by means of a cam in the forward path; 
– mechanically by means of a cam in the feedback path. 

5.5.3 Multiple control 

It is applied in the case of individual guide vane and individual needle control. Individual 
servomotors are very often controlled in parallel. 

5.5.4 Other relationships 

The following examples are related to equipment according to 5.16.1 to 5.16.3: 

– runner blade and guide vane angle and possibly the position of the servomotor of a draft 
tube gate following a load rejection to minimize surge; 

– guide vane angle and the position of a bypass valve following a load rejection to limit 
dynamic pressure variations and speed increases; 

– guide vane angle and bypass position in normal operation and following a load rejection in 
the case of combined operation of a power station with an irrigation scheme. 

5.6 Actual signal measurement 

5.6.1 General 

For the various control tasks, essentially the following variables are measured: 

– rotational speed; 
– power; 
– water level; 
– pressure; 
– stroke. 
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5.6.2 Rotational speed 

5.6.2.1 Methods of rotational speed measurement for electronic governors 
– Hall-generator or toothed disk (if a free shaft end is not available) with impulse transducer; 
– speed measurement at the generator via transducers (utilizing the residual remanence); 
– tachogenerators, especially if a free shaft end is available; 
– others. 

5.6.2.2 Methods of rotational speed measurement for mechanical-hydraulic governors 
– Belt drive of the flyweight head (in simple or existing plants) 
 Additional monitoring means are recommended to guard against breaking or slipping-off of 

the belt (belt guard). 

– Motor drive of the flyweight head 
 The governor head drive-motor is fed from 

a) a permanent magnet generator connected to the turbine shaft; 
b) an additional winding of the main generator; 
c) the winding of the main generator via a transducer. 

In the cases b) and c) the governor head drive becomes effective only with the onset of 
excitation. 

5.6.3 Power output 

The power output is measured via a transducer. The input signal to the governor shall be 
sufficiently filtered, but with care in order to avoid the introduction of an inadequate delay. 

5.6.4 Water level 

The water level is measured electrically (e.g., via an electrode) or mechanically (e.g., via a 
float, a pressure transducer, a pneumatic transmitter or other sensors) and is transmitted to the 
water level controller. 

5.6.5 Actuator position (stroke) 

Position/motions (e.g. feedback signals) are picked up 

− electrically (via rotational or linear transducers), 
or 

− mechanically (via linkage, cable, driving band) 

With electrical transducers these items are important: 

− freedom from backlash in the mechanical components; 

− environmental resistance; 

− adjustability. 

In case of linkages, backlash and undue forces (e.g., in the case of overstroking) shall be 
avoided. In case of cables and driving band, sufficient pre-tension is important. The design of 
the system shall avoid resonance phenomena with suitable margins of safety. 

5.6.6 Signal transmission from electronic transmitters 

For the variables as per 5.6.2 to 5.6.5, usually 0 to 20 mA or 4 mA to 20 mA are used for signal 
transmission from the transmitter to the controller. Signals < 4 mA and > 20 mA are often used 
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for signal monitoring. For signal transmission, shielded or twisted cables are required in order 
to suppress induction noise. The use of optical fibres may be opted for in the case where 
signals are transmitted in digital form. 

5.7 Manual control 

Manual control is understood as a means to set the turbine opening, using the positioning loop 
in the electronic governor or directly via the actuator(s). In any case, the unit’s safety still rests 
at least with the overspeed protection. 

Manual control may be desirable to allow a continuation of power generation in the case where 
the governor control loop or parts of it are out of order. Also manual control may be regarded 
as helpful in the commissioning phase of turbines and for maintenance activities. 

Depending on the degree of impairment of the system, allowable manual control will be 
arranged to bypass an increasing number of functions. Costs rise as more functions are 
bypassed. Also, the use of a proportional setting incurs higher costs than an impulse type 
setting. 

The following general possibilities can be implemented as manual controls. 

a) Manual control using the positioning loop in the electronic governor 
 The positioning loop for manual control is an integral part of the electronic governor, that 

means manual control is only available when the electronic governor functionality is not 
impaired. All supervision functions are active during operation of the turbine.  

 If higher availability of the unit is required, a redundant configuration of the electronic 
governor can be used. After the failure of one of the systems, the redundant one will take 
the control keeping the complete functionality.  

b) Manual control by electronic proportional positioning 
 It sets the independent electronic positioning loop directly bypassing the governor control 

loop. The electronic positioning loop including the feedback is assumed to remain 
functional in this case. An independent power source and other redundancies can be 
arranged to enhance the system availability.  

c)  Manual control by integral or impulse positioning 
 It may actuate the control valve electronically or the (pilot) servomotor directly via separate 

on-off valves. The electronic positioning loop, including the feedback function, is assumed 
to be out of order in this case. 

d) Manual control by mechanical proportional positioning 
 It positions the main control valve mechanically and requires a mechanical feedback. In 

cases where the amplifier arrangement does not include a mechanical feedback, it has to 
be provided for manual control purposes. The impact on costs should be considered. 

5.8 Linearization 

In some cases, it is advisable that a controlled variable follows the input signal linearly, e.g. the 
power output. The relationship between the input (setter) signal and the actuator stroke is non-
linear in such a case. 

Implementation: 

− electronically via a function generator; 

− mechanically via cams. 
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5.9 Follow-up controls 

In case a bump-free transition from one operational mode into another is specified in combined 
control system configurations with selectors (Figures 10 to 13) the command signals of the 
control which is not on the line shall be made to follow the respective controlled variable and/or 
to correspond to it in the instance of change-over. In analog systems especially, follow-up 
controls incur additional costs. 

Examples 

− The power output controller command signal follows the actual power output signal in the 
speed control mode. 

− The speed command signal follows the actual frequency signal in the power output control 
mode. 

− The manual control set point follows the actual actuator position in the various control 
modes. 

− To minimize start-up times (see 5.14.1) the pre-opening can be adjusted to varying heads 
or a separate control loop can be arranged for the start-up phase (e.g., acceleration 
control). 

− In the case of remote control, the respective local controls shall be made to follow the 
respective command signals. 

5.10 Optimization control 

Special control configurations may be provided to optimize the system with respect to the 
overall plant efficiency, the running smoothness or other criteria by means of: 

– a staggered control of multiple needles in Pelton-turbines; 
– a load distribution among several units in a plant; 
– others. 

5.11 Monitoring parallel positioning of amplifiers 

In the case of guide vanes or needles with individual servomotors, monitoring the parallelism of 
the positioning is recommended. For this purpose, the deviation of the position of each 
servomotor from the average of the total is monitored. When the deviation exceeds a given 
limit, a warning or a shut-down is initiated. Also the control deviation of the individual 
positioning loop can be monitored. If it does not return to approximately zero in a given time 
span a warning or a shutdown is initiated.  

5.12 Provision of actuating energy 

5.12.1 General 

The necessary actuating energy is provided predominantly by oil hydraulics. 

The minimum required pressure pR follows from the required regulating capacity ER 5 and the 
volume of the servomotors: 

pR = ER/VS 

There are systems with and without accumulators to be distinguished. 

________ 
5  Friction included. 
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Systems with accumulators are preferred, where quick delivery of large amounts of actuating 
energy is called for (e.g., in the case of power output-frequency control or when stringent 
requirements in frequency control prevail). 

5.12.2 System with an accumulator 

5.12.2.1 Pressure tank (air/oil accumulator) 

For maximum applicable pressure and calculation the respective rules apply (ASME, European 
Directives, etc.). 

 

 Vair 

 

 Voil  Vu 

 Vres 

 VT 

 pD  po min  pT  pR 

 po max 
IEC   402/12  

Figure 20 – Pressure tank content and pressure ranges 

Design pressure, pD 

– Operating pressure range 
 po max to  po min  

 po max = (0,85 to 1,0) pD 6 
 po min = (0,80 to 0,9) pD  
– Tripping pressure (minimal pressure for emergency shutdown) 

 pT (po min > pT > pR)  7 
– Minimum required pressure 
 pR = (0,58 to 0,75) pD 

Recommended usable oil volume 

– Single loop control 
Vu = 3 VS 

– Dual control  

________ 
6  When determining the maximum operating pressure, the rules concerning the opening and final pressure of the 

safety valve apply. 

7  pT is chosen such that pressure after closure does not drop below pR. 
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Vu = 3 VSga + (1,5 to 2,0)VSru 
Vu = 3 VSde + (1,5 to 2,0)VSne 

where 

VS is the oil volume of all servomotors; 
VSga is the total volume of all guide vane servomotors; 
VSru is the volume of the runner blades servomotor; 
VSde is the total volume of all deflector servomotors; 
VSne is the total volume of all needle servomotors. 

In special isolated network operating conditions, higher values may be required. 

Minimum usable oil volume 

If isolated network operation is not required, the usable oil volume can be reduced to a 
minimum, which corresponds to the tripping oil volume VT  according to: 

VT = VS + q l × t l + Vres 

where 
q l is the leakage of the whole oil supply system; 
t l is the time available up to ensuring a mechanical locking of the servomotors or closing 

time of inlet valve;  
Vres is the volume reserve in the lower part of the pressure tank, including a safety margin 

and some volume to prevent air flowing into the system. 

5.12.2.2 Piston accumulators 

Commercial piston accumulators with a hermetic separation between oil and inert gas (mostly 
nitrogen) allow the application of higher pressures than those which national codes set as limits 
for air/oil accumulators. A residual oil volume and an automatic gas replenishment do not have 
to be provided. 

For the design of the volumes of the piston accumulator system, the range of ambient 
temperature in the area of the accumulator has to be considered, in order to assure that 
extreme low or high ambient temperatures do not lead to situations related to the position of 
the piston, in which the closing safety of the turbine is not guaranteed.  

Design pressure, pD 

– Operating pressure range 
 po max to  po min  

 po max = (0,80 to 1,0) pD 8 

 po min = (0,75 to 0,9) pD 
– Tripping pressure (minimal pressure for emergency shutdown) 

 pT (po min > pT > pR) 9  
– Minimum required pressure 

________ 
8  When determining the maximum operating pressure, the rules concerning the opening and final pressure of the 

safety valve apply. 

9  pT is chosen such that pressure after closure does not drop below pR. 
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 pR = (0,5 to 0,75) pD 

Recommended usable oil volume 

– Single loop control 
Vu = 3 VS 

– Dual control  
Vu = 3 VSga + (1,5 to 2,0)VSru 
Vu = 3 VSde + (1,5 to 2,0)VSne 

5.12.2.3 Bladder accumulators 

As in this case the oil/gas volumes cannot directly be supervised, bladder accumulators may 
not be used if the safe closing of the unit depends on the amount of storage energy in the 
accumulator. If closing of the turbine is guaranteed by other means (e.g. closing weight, closing 
spring) bladder accumulators can be allowed.  

As a breakage of the bladder cannot totally be prevented, this case including the consequent 
transport of gas dissolved in the oil to the rest of the system has to be considered. In parts of 
the system with lower pressure levels the gas will be released in form of bubbles. The gas 
bubbles may collect in some points of the system or flow through valves and orifices. Both 
situations may lead to a malfunction of the positioning (instabilities, vibrations or irregular 
partially too fast movements of the servos). Therefore specially in case of critical configurations 
regarding water hammer (e.g. Pelton turbines with long penstocks) the use of bladder 
accumulators should be avoided or only be allowed after having carried out detailed 
investigations.  

5.12.2.4 Other systems 

For shutdown safety, weight or spring-loaded accumulators (low-head turbines) and water 
pressure taken directly from the penstock (high-head turbines) partly in combination with oil 
pressure systems (combined systems) are used. 

These systems are to be dimensioned in such a way that the turbine can be shut down safely, 
i.e. also in the case of failure of the oil pressure supply in combined systems. 

The opening is in most cases effected with oil pressure. 

5.12.2.5 Pumps for accumulator systems 

Two induction motor driven pumps are normally foreseen, each with a capacity of one 
combined servomotor volume of turbine per minute or with a capacity which can refill the oil 
volume ranging from po min to po max within one minute. As a general rule the smaller pump 
capacity of both criteria will be valid.  

For combined oil hydraulic pressure units for both turbine and inlet valve, the combined 
capacity of both pumps shall allow to open the inlet valve within 1 min. Such oil hydraulic 
pressure units are safe, if the closing of the inlet valve is performed by a closing weight or by 
water pressure from the penstock.  

In case of higher requirements regarding the starting time of the unit and/or the regulating 
activity bigger pumps should be used.  

In special cases (e.g. to provide a start-up capacity without external supply), the drive of a 
second pump can be by d.c. motor, a small turbine in high head plants or by the turbine shaft. 
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In some cases, a pump to handle leakage losses and normal regulation only may be selected 
in addition to the main pumps, or instead of the second large capacity pump. 

5.12.2.6 Oil sump tanks 

The recommended layout is as follows: 

− the sump tank shall be designed to allow drainage of the complete hydraulic system into 
the tank; 

− it shall also be designed to allow a complete emptying for maintenance purposes and to 
remove dew-point water, e.g. by providing a slightly inclined bottom plate. 

5.12.2.7 Auxiliary equipment 

− Cooling and heating 
 Cooling of the system oil is normally only required for large and medium size units in 

tropical zones and in the case of Kaplan turbines with servo-oil distribution through a shaft 
bearing. 

 Cooling/heating can be desirable to limit oil viscosity variations. 

− Oil mist exhaustion 
 All tanks shall be equipped with at least a vent with filter insert and oil trap. 
 Under unfavorable conditions (e.g. underground power stations with closed loop air 

conditioning systems), separate oil mist exhaust equipment is desirable. 

5.12.2.8 Provision of pressurized gas 

a) For pressure tank 
 The pressurized air supply is usually provided by compressors. The design pressure of 

these shall be chosen to exceed the design pressure of the hydraulic system pD. The 
capacity of the compressors shall be sufficient to achieve the desired loading times taking 
into account the resistance of the piping arrangement of the system. 

 Recommended time for the first filling of the tank: 

−  between 6 h and 12 h. 
 Appropriate steps shall be taken to provide a drying of the air. 
 An automatic air replenishing requires the following additional equipment: 

− a float switch in the pressure tank; 

− a pressure switch at the pressure tank; 

− a compressor-control module. 
b) For accumulators 
 Gas bottles and a special loading device are needed. 

5.12.3 Systems without accumulator 

5.12.3.1 Constant flow systems 

These systems are characterized by the use of constant displacement pumps. In the steady-
state condition, the excess oil is discharged via a pressure control valve or a bypass. 

In order to reduce the system’s consumption, several pumps of different capacities may be 
used, especially in the case of large capacity hydraulic systems. 
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The hydraulic pumps shall have enough capacity to achieve the desired turbine opening and 
closing times in the presence of the respective leakage rates. In case additional accumulators 
are provided (combined systems) only the opening time applies. The dissipation losses shall be 
handled by the cooling system.  

5.12.3.2 Variable flow systems 

− Open-circuit systems 
 In these systems (Figure 21) variable displacement pumps are used. The pump discharge 

in this case is adapted to the momentary flow requirement by means of a pressure control. 
Pumping power is therefore saved in comparison with a constant flow system. Also, cooling 
requirements are reduced. The pump capacity is determined according to 5.12.3.1. 

 A small accumulator is recommended to avoid momentary pressure drops.  
 A safety valve shall be provided.  
 

 
 

M 

IEC   403/12  

Figure 21 – Open-circuit system 

− Closed-circuit systems 
 These systems are characterized by the fact that the pump flow and its direction are both 

controlled. The pump therefore combines the function of producing and distributing 
hydraulic energy. A control valve is not needed, as the pump is directly actuated by the 
positioning signal of the governor. 

 Both servomotor sides shall be protected by safety valves which should preferably 
discharge into the opposite servomotor side. 

 In order to cover internal leakages and/or to accommodate for servomotor area differences, 
means of replenishment via check valves shall be provided. 

 These systems additionally require a small constant displacement pump to cover the need 
for pilot oil pressure. 

5.12.4 Direct electric positioner 

For small size turbines, guide vane operating systems driven by an electric servomotor are 
sometimes applied. Shutdown safety can in this case be provided by a parallel inlet valve 
closing circuit and/or by a separate power source. 
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5.12.5 Recommendation for hydraulic fluid selection 

In water turbine installations, the same oil is sometimes used for both governor system and the 
lubrication of main and auxiliary machinery bearings. 

The oil viscosity is selected to suit the type and design of the turbine and also the prevailing 
operating temperatures.  

In normal cases an oil without additives is sufficient. Oils with additives are chosen in order to 
increase the lifetime specially in case of high operating pressures. 

Concerning specifications, refer to ISO 3448. 

5.13 Power supply for electronic control systems 

The power package of the governor is to be connected to the station d.c. battery or an internal 
battery pack and to the station a.c. supply. 

An automatic change-over in the case of a voltage drop in either system is recommended. 

DC range: +10 % / –20 % 10  

AC range: +5 % / –10 % 11  

Fault monitoring is recommended.  

5.14 Operational transitions 

5.14.1 Start-up and synchronization 

During the start-up phase (See Figure 22), the speed versus time curve is at first mainly 
determined by the characteristics of the installation such as the unit acceleration constant, the 
allowable guide vane or needle opening rate with regard to waterhammer, etc. Later, when 
approximately 80 % of rated speed is reached, the governor mainly determines the speed 
versus time curve. In this phase, its objective is to reach synchronization readiness within an 
acceptable time span. This time span may be considered to gauge a governor´s performance 
in this function. The performance of the synchronizer is not included in this consideration. 

NOTE 1 Synchronization readiness is achieved, when the speed change rate dx/dt does not exceed a given value 
within the synchronization band. 

NOTE 2 t0,8 is the time at which 80 % of rated speed is reached. 

NOTE 3 tSR is the time at which synchronization readiness is reached. 

NOTE 4 tS is the time at which the generator is switched on line. 

NOTE 5 Recommended values:  

Synchronization band (0,995 to 1,01) fnetwork 

Speed change rate for synchronization dx/dt = 0,003 s–1 

tSR/t0,8 = 1,5 to 5,0 

Steady state of network frequency is presupposed. The lower values of tSR/t0,8  apply to peak load power stations 
with favourable hydraulic conditions, the higher to base load installations. In the presence of pronounced surge tank 
influences and/or other hydraulic oscillatory phenomena, higher values are tolerated. 

________ 
10  –15 % can be specified by mutual agreement. 

11  For direct supply from the generator, these values may be higher. 
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