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I NTRODUCTION  

The  control  functions  of water tu rbines  have  undergone  far-reach ing  changes  and  at  the  same 
time  gained  i n  importance  during  the  l ast few decades.  Th is  i s  shown  in  the  fact that a  new 
standard  has  been  developed :  i . e .  I EC  61 362.  
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HYDRAULIC  TURBINES –  
TESTING  OF CONTROL SYSTEMS 

 
 
 

1  Scope and  object  

Th i s  I n tern ati on al  Stan d ard  d eal s  wi th  th e  d efi n i ti on  an d  th e  ch aracteri sti cs  of con trol  system s 
an d  i s  th e  basi s  for ten d er d ocu m en ts  an d  tech n i cal  ten d ers.  I t  i s  n ot l i m i ted  to  th e  actu al  
con trol l er tasks  bu t a l so  i n cl u d e  oth er tasks  wh i ch  m ay be  assi g n ed  to  a  con trol  system ,  su ch  
as  for i n stan ce  seq u en ce  con trol  tasks,  safety,  provi s i on  for th e  actu ati n g  en erg y.  

Th e  testi n g  of con trol  system s  for h yd ro  tu rbi n es  can  g en eral l y fu l fi l  th e  fol l owi n g  tasks:  

– veri fi cati on  of system  ch aracteri sti cs  as  per con tract speci fi cati on ;  

– veri fi cati on  of g en eral  proper fu n cti on i n g  i n  th e  worksh op  an d /or on  s i te;  

– tests  to  prove  th e  fu l fi l m en t of g u aran tees;  

– assessm en t of th e  actu al  state  of an  exi sti n g  con trol  system  wi th  reg ard  to  th e  q u esti on  of 
repai r or repl acem en t.  

Th i s  stan d ard  covers  th e  fol l owi n g  system s:  

– speed ,  power,  open i n g ,  water l evel  an d  fl ow con trol  for a l l  tu rbi n e  types;  

– e l ectron i c,  e l ectri cal  an d  fl u i d  power d evi ces;  

– safety d evi ces;  

– start-u p,  sh u td own  d evi ces  etc.  

2  Normative  references  

Th e  fol l owi n g  referen ced  d ocu m en ts  are  i n d i spen sabl e  for th e  appl i cati on  of th i s  d ocu m en t.  
For d ated  referen ces,  on l y th e  ed i ti on  ci ted  appl i es.  For u n d ated  referen ces,  th e  l atest ed i ti on  
of th e  referen ced  d ocu m en t ( i n cl u d i n g  an y am en d m en ts)  appl i es.  

I EC  60041 : 1 991 ,  Field acceptance tests to determine the hydraulic performance of hydraulic 
turbines,  storage pumps and pump-turbines 

I EC  601 93:  1 999,  Hydraulic turbines,  storage pumps and pump-turbines −  Model acceptance 
tests  

I EC  60545,  Guide for commissioning,  operation and maintenance of hydraulic turbines  

I EC  61 362:  1 998,  Guide to specification of hydraulic turbine control systems 

I EC  61 000-4-2,  Electromagnetic compatibility (EMC)  – Part 4-2:  Testing and measurement 
techniques –  Electrostatic discharge immunity test 

I EC  61 000-4-3,  Electromagnetic compatibility (EMC)  – Part 4-3:  Testing and measurement 
techniques – Radiated,  radio-frequency,  electromagnetic field immunity test 

I EC  61 000-4-6,  Electromagnetic compatibility (EMC)  – Part 4-6:  Testing and measurement 
techniques – Immunity to conducted disturbances,  induced by radio-frequency fields 
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I SO  4406:  1 999,  Hydraulic fluid power −  Fluids −  Method for coding the level of contamination 
by solid particles   

3  Terms and  defin i tions,  symbols  and  un i ts  

For th e  pu rposes  of th i s  d ocu m en t,  th e  fol l owi n g  term s  an d  d efi n i ti on s,  sym bol s  an d  u n i ts,  as  
wel l  as  th e  term s  an d  d efi n i ti on s,  sym bol s  an d  u n i ts  g i ven  i n  I E C  61 362,  appl y.   

Sub-
clause  

Term  Defin i ti on  Quanti ty Un i t  
Relati ve  
quanti ty 

3 . 1  G en e ra l  d efi n i ti on s      

3 . 1 . 1  spe ed  d evi ati on  a t  a  co n si d e red  i n s tan t,  th e  d i fferen ce  
be twee n  th e  actu a l  s peed  of rotati on  an d  a  
referen ce  sp eed  

∆n  

∆ω  

∆f 

rev/m i n  

rad /s  

H z  

xn  

3 . 2  P erform an ce  u n d er 
m a j o r d i stu rb an ces  

    

3 . 2 . 1  s ervom o tor 
cu s h i on i n g  ti m e  

e l aps ed  ti m e  d u ri n g  wh i ch  th e  rate  of 
servom oto r travel  i s  retard ed  beg i n n i n g  at  
a  spe ci fi e d  s ervo m oto r p osi ti on  to  fu l l  
cl osed  posi ti on  (s ee  F i g u re  1 )  

Th  s   

3 . 2 . 2  s ervom o tor force  n e t  o pen i n g  an d /o r cl os i n g  fo rce  g en era ted  
by th e  se rvom otor wh e n  s u ppl i ed  wi th  o i l  at  
th e  m i n i m u m  sp eci fi ed  p ress u re   

N O TE  Wh e n  p en stock water p ressu re  i s  
u s ed  to  provi d e  th e  cl os i n g  force ,  th e  h e ad  
at  wh i ch  th e  se rvom otor sh a l l  be  rate d  
sh o u l d  be  stated .  F or sp ri n g  operated  
se rvom otors  i t  i s  th e  n et  force  e xerted  by 
th e  s ervom otor wh e n  th e  s pri n g  i s  a t  i ts  
m axi m u m  exten d ed  pos i ti on  

F N   

3 . 2 . 3  se rvom otor 
capaci ty 

prod u ct  of th e  m axi m u m  s ervo m otor stroke  
an d  th e  force  as  d escri be d  u n d er 3 . 2 . 2  

F ×  YM  mNJ ⋅=   

 

Y/Ymax 

t 

1 , 0 

Tq  

Tf 

Th

 0  

 0 

IEC   036/05 

 

F igure  1  – Servomotor cushioning  time Th  
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Sub-
clause  

Term  Defin i ti on  Quanti ty Un i t  
Relati ve  
quanti ty 

3 . 3  Term s  re l ati n g  to  
th e  con trol l ed  
s ys te m  

    

3 . 3 . 1  co n trol l ed  sys tem  s ystem  con tro l l ed  by th e  g overn i n g  s ys te m  
con s i s ti n g  of th e  h yd rau l i c  tu rbi n e,  i ts  
water su ppl y an d  d i sch arg e  pa ssa g es ,  th e  
g e n erator wi th  vol tag e  reg u l ato r an d  th e  
e l ectri c  p ower n etwork to  wh i ch  i t  i s  
con n ected  

   

3 . 3 . 2  torq u e  d e vi a ti on  power o u tpu t  d e vi a ti on  d i vi d ed  by 
i n stan tan e ou s  an g u l ar s pe ed  

∆M N ⋅m  m 

3 . 3. 3  u n i t  accel e rati on  
co n s tan t  

rati o  of th e  an g u l a r m om e n tu m  of th e  u n i t  
to  th e  g u a ran tee  to rq u e  

Ta  s   

3 . 3 . 4  l oad  accel e rati on  
con s tan t  

rati o  of th e  an g u l ar m o m en tu m ,  cau sed  by 
th e  n etwork referred  to  th e  g u aran teed  
torq u e  of th e  u n i t  

Tb  s   

3 . 3 . 5  tu rb i n e  co n trol  
tra n sm i ssi on  rati o  

At  a  con si d ered  se rvom oto r pos i ti o n ,  th e  
s l ope  of th e  g raph  re l a ti n g  to  th e  tu rb i n e  
torq u e  m t  at con stan t  spe ed  an d  h ea d  to  
s ervo m otor m ove m en t  y  (see  F i g u re  2 )  

y

m

y

MM
e

d

d

d

)(d trt
y ==   

  ey  

3 . 3 . 6  s peed  reg u l a ti on  
g raph  

g raph  sh owi n g  th e  re l a ti ve  s peed  as  a  

fu n cti on  o f th e  re l ati ve  power 
rP

P
p = ,  

wh e n  th e  con trol l er i s  i n  eq u i l i bri u m  an d  
th e  com m an d  s i g n al  i s  con s tan t  

   

 

mt  

1 ,0 

1 , 0 Y/Ymax 

0 

0 

ey  

IEC   037/05  

Figure  2  – Turbine  control  transmission  ratio  
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Sub-
clause  

Term  Defin i tion  Quanti ty Un i t  
Relati ve  
quanti ty 

3 . 3 . 7  perm an e n t  s peed  
reg u l ati on  

s l ope  of th e  s peed  reg u l ati on  g rap h  at  a  
sp eci fi c  poi n t  of ope rati on  

ep  =  
p

n

d

d

x

x
−  

  ep  

3 . 3 . 8  m axi m u m  po wer 
ch an g e  spe ed  
reg u l ati o n  

d i ffere n ce  b etween  th e  re l ati ve  spee d s  
read  from  th e  s peed  reg u l ati on  g ra ph  at  
zero  power an d  rated  po wer 

  es  

3 . 3 . 9  con trol l e d  sys tem  
sel f-reg u l ati on  
factor 

at  th e  s peed  con si d ered ,  th e  s l op e  of th e  
g raph  re l ati n g  to  th e  torq u e  d evi ati o n  to  
th e  speed  at  a  speci fi ed  servom otor 
pos i ti on  an d  a  sp eci fi ed  l oa d  co n d i ti on  of 
th e  n etwo rk.  Th e  torq u e  sh ou l d  b e  refe rre d  

to  th e  rated  torq u e  Pr/ωr  an d  th e  s peed  

referred  to  th e  rated  s peed  ωr   

(see  F i g u re  3 )  

  en  

3 . 3 . 1 0  tu rb i n e  sel f-
reg u l ati on  factor  

com pon en t of en  d u e  to  th e  tu rb i n e  

n

t
t

d

d

x

m
e =  

Pr  an d  ωr  a re  th e  sam e  val u es  as  u s ed  to  
d eterm i n e  en  (see  F i g u re  3 )  

 
 

 

 e t  

3 . 3 . 1 1  l oad  sel f-reg u l ati on  
fa ctor 

com pon en t of en  d u e  to  th e  l oad  

nr

r

n

g
g

d

)(d
  

d

d

x

P/ω

P

ω

x

m
e ×==  

Pr  an d  ωr  a re  th e  sam e  refere n ce  val u es  
as  u s ed  to  d eterm i n e  en  (s ee  F i g u re  3 )  

 
 

 

 eg  

 

m  

mg

mt  

0  0 

en  

eg  

et  

1 ,0 0 xn  

IEC   038/05  

Figure  3  – Control led  system  self-regu lation  factor 
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Sub-
clause  

Term  Defin i tion  Quanti ty Un i t  
Relati ve  
quanti ty 

3 . 3 . 1 2  n e twork l oad  
ch aracteri s ti c  

coe ffi ci en t expres si n g  th e  rati o  of re l a ti ve  torq u e  
va ri ati on  of th e  l oad  to  th e  re l ati ve  speed  vari ati on s .  

Th e  val u e  to  wh i ch  th e  power vari ati on s ,  ∆P,  to  b e  
refe rre d  i s  th e  actu a l  power,  P1 ,  absorb ed  b y th e  
n e twork.  F or practi ca l  pu rposes,  th e  con stan t,  eb ,  i s  
ob tai n e d  from  th e  form u l a:  

eb  =  1
/

n

1 −
∆

x

PP
 

  eb  

3 . 3 . 1 3  pen s tock 
refl ecti on  ti m e  

ti m e  req u i re d  for th e  press u re  waves  to  travel  2  l en g th s  
of th e  p en s tock:  

∑

=
=

n

a

L
T

1i

i2r
i

 

wh ere  

a i  i s  th e  ve l oci ty of wave  propag a ti on  i n  each  secti on  of 
th e  pen stock;   

L i  i s  th e  l en g th  of each  pen stock secti on  

Tr  s   

3 . 3 . 1 4  water i n erti a  t i m e  ch aracteri sti c  ti m e  at rated a )  con d i ti on  d u e  to  i n erti a  of 
th e  water i n  th e  water passag es  d efi n ed  as :  

i

i

1r

r
W

A

L

gH

Q
T

n

i

∑
=

=  

wh ere  

A i   i s  th e  area  of each  secti on ;  

L i  i s  th e  correspon d i n g  l en g th ;  

Qr  i s  th e  rated  d i sch arg e;  

Hr  i s  th e  rated  h ead ;  

g  i s  th e  accel erati on  d u e  to  g ravi ty 

TW  s   

3 . 3 . 1 5  water h am m er 
n u m ber 

(Al l i evi  con stan t)  

rati o  of water i n erti a  ti m e,  TW ,  to  pen stock refl ecti on  
ti m e,  Tr  a t  g u aran teed  con d i ti on s.  

r

W
W

T

T
h =  

  hW  

3 . 3 . 1 6  m axi m u m  
m om en tary 
speed  vari ati on  

m axi m u m  m om en tary ch an g e  of speed ,  wh en  a  
speci fi ed  l oad  i s  su d d en l y ch an g ed  (s ee  I E C  6 0 0 4 1 )  

∆nm a x  

∆ωm a x  

∆fm a x  

rev/m i n

rad /s  

H z  

 

3 . 3 . 1 7  m axi m u m  
m om en tary 
pressu re  vari ati on  

m axi m u m  m om en tary pressu re  vari ati on ,  wh en  a  
speci fi ed  l oad  i s  su d d en l y ch an g ed  (see  I E C  6 0 0 4 1 )  

∆Hm a x  Pa   

a )  Can  be  cal cu l ated  for d i fferen t  con d i ti on s.  
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4 Functions  and  components  of hydro control  systems  

I n  th i s  cl au se,  th e  fu n cti on s  an d  com pon en ts  are  l i sted ,  wh i ch  m ay be  su bj ected  to  tests  an d  
veri fi cati on s.   

N OTE  Ag ai n  referen ce  i s  m ad e  to  I E C  6 1 3 62  for expl an ati on  an d  d efi n i ti on .  

4.1  Control  systems  proper 

4. 1 . 1  Primary modes  

  Standard      Subclause 

Th e  pri m ary m od es  are  th e  fol l owi n g :  

– speed  con trol  (n o- l oad  an d  syn ch ron i si n g ,  I EC  61 362   3 . 1 . 1  
i sol ated  operati on )  

– power con trol  I EC  61 362  3 . 1 . 2  

– open i n g  con trol  I EC  61 362  3. 1 . 3  

4.1 .2  Secondary modes  

Th e  secon d ary m od es  are  th e  fol l owi n g :  

– water l evel  con trol  or posi ti on i n g  I EC  61 362  3 . 1 . 3  
(open i n g )  con trol  

– fl ow con trol  I EC  61 362   4 . 1 5. 4  

– opti m i sati on  con trol  (stati on  con trol )  I E C  61 362  4 . 9  

4.2  Other control  systems  and  transitions  

Th e  oth er con trol  system s an d  tran si ti on s  are  th e  fol l owi n g :  

– su rg e  con trol  I EC  61 362  4 . 1 5. 2  

– pressu re  con trol  I EC  61 362  4 . 1 5. 1  an d  4. 1 5. 3  

– start u p  an d  syn ch ron i sati on  I EC  61 362  4 . 1 3. 1  

– sh u td own s  an d  l oad  re j ecti on s  I EC  61 362  4 . 1 3. 2  

– tran si ti on s  between  d i fferen t con trol  m od es  

4.3  Control  system  components  

Th e  con trol  system  com pon en ts  are  th e  fol l owi n g :  

– e l ectro-h yd rau l i c an d  e l ectro-m ech an i cal  con verters  

– con trol  va l ves  

– servom otors  

– pressu re  o i l  su ppl y system s  an d   I EC  61 362   4 . 1 1    
en erg y storag e  m ech an i sm s    
(accu m u l ators,  wei g h ts,  spri n g s)  

– au xi l i ary power su ppl y for e l ectri cal /e l ectron i cal  system s 

EN 60308:2005

http://dx.doi.org/10.3403/01383541U
http://dx.doi.org/10.3403/01383541U
http://dx.doi.org/10.3403/01383541U
http://dx.doi.org/10.3403/01383541U
http://dx.doi.org/10.3403/01383541U
http://dx.doi.org/10.3403/01383541U
http://dx.doi.org/10.3403/01383541U
http://dx.doi.org/10.3403/01383541U
http://dx.doi.org/10.3403/01383541U
http://dx.doi.org/10.3403/01383541U
http://dx.doi.org/10.3403/01383541U
http://dx.doi.org/10.3403/01383541U


– 12  –  

 

4.4 Safety functions,  4. 1 4  of IEC  61 362   

Th e  safety fu n cti on s  are  th e  fol l owi n g :  

– safety sh u td own  

– overspeed  protecti on  

– i n terl ocks  

– creep  d etecti on  

4.5  Environmental  protection ,  4. 1 6  of IEC  61 362   

For con trol  system s,  th e  fol l owi n g  aspects  are  rel evan t:  

– vi brati on s  

– cl i m ati c con d i ti on s  

4.6  Electromagnetic  compatibi l i ty (EMC)  

For con trol  system s,  th e  fol l owi n g  aspects  are  rel evan t:   

– e l ectrom ag n eti c com pati b i l i ty  I EC  61 362   4 . 1 7  

– e l ectri cal  i n terferen ce  sou rces  

5 Contractual  stipu lations  

5 . 1  Guarantees  and  acceptance tests  

I n  th e  process  of veri fyi n g  g u aran tees  set u p  accord i n g  to  I EC  61 362 ,  th e  fol l owi n g  i s  
recom m en d ed  i n  case  of n ew con trol  system s for n ew pl an ts  as  wel l  as  for exi sti n g  power 
p l an ts:  

– establ i sh  th e  ch aracteri sti cs  of th e  con trol l ed  system ;  

– establ i sh  scope  of con trol  system  tests  to  veri fy g u aran tees  an d  scope  of d ocu m en tati on  
(see  5. 2) ;  

– sti pu l ate  m easu res  to  be  taken  i n  th e  even t of fa i l u re  to  com pl y wi th  g u aran tees.  

I n  th e  process  of veri fyi n g  th e  actu al  state  of an  exi sti n g  con trol  system ,  on l y m easu rem en ts  
wh i ch  a l l ow th e  assessm en t of th e  m ost i m portan t basi c properti es,  for exam pl e  i sol ated  
n etwork operati on  wi l l  be  perform ed .  

A test m an ag er i s  to  be  m ad e  respon si bl e  for th e  test proced u re,  th e  record i n g  an d  
d ocu m en tati on  of resu l ts.  Th e  exten t an d  th e  form at of th e  d ocu m en tati on  are  to  be  ag reed  
u pon  beforeh an d .  

5.2  Documentation  

For every test,  th e  fol l owi n g  sh al l  be  d ocu m en ted :  

– i n stru m en t param eters;  

– l i st  of m easu red  vari abl es;  

– l i m i t  val u es;  

– test con d i ti on s;  

– test proced u re;  

– test resu l ts.  
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Carefu l  d ocu m en tati on  i s  parti cu l arl y i m portan t i f certa i n  tests  are  to  be  repeated  at  g i ven  ti m e  
i n terval s  (for exam pl e  for au th ori ti es,  i n su ran ce  com pan i es,  restarts  after revi s i on ,  etc. ) .  Care  
h as  to  be  taken  i n  ord er to  avoi d  en vi ron m en tal  h azard s.  

Th e  m easu red  val u es  can  be  record ed  an d  processed  e i th er:  

– by u si n g  su i tabl e  record i n g  i n stru m en ts  wi th  su bseq u en t m an u al  eval u ati on ,  or 

– on  l i n e  by a  d i rectl y con n ected  com pu ter wi th  th e  pri n tou ts  form i n g  an  i n teg ral  part of th e  
d ocu m en tati on .  

I n  th e  case  of i n i ti a l  start-u ps,  a  fi n al  report sh ou l d  d em on strate  th at 

– th e  u n i t  i s  operati n g  accord i n g  to  speci fi cati on ;  

– th e  safety req u i rem en ts  are  fu l fi l l ed ;  

– th e  speci fi c con tractu al  g u aran tees  are  fu l fi l l ed .  

6 Control  system tests  

6.1  General  

I n  ord er to  keep  th e  com m i ssi on i n g  peri od  as  sh ort as  possi b l e,  i t  i s  recom m en d ed  th at th e  
l arg est part possi bl e  of th e  req u i red  con tractu al  tests  be  carri ed  ou t i n  th e  m an u factu rer’ s  
works  (worksh op  tests) .  Th e  on  s i te  tests  sh ou l d  be  l i m i ted  to  th e  d em on strati on  of su ch  
ch aracteri sti cs,  wh i ch :  

– are  i n d i spen sabl e  for th e  safety,  an d  

– wh i ch  can n ot be  carri ed  ou t wi th ou t th e  g en erati n g  u n i t  an d  th e  pressu re  su ppl y system .  

I n  th e  fol l owi n g  su bcl au ses,  som e basi c aspects  are  su m m ari sed .  

6.2  Recommendations  on  workshop tests  

Th e  scope  of th e  tests,  th e  best set u p  an d  th e  exten t of th e  d ocu m en tati on  sh ou l d  be  
sti pu l ated  i n  th e  con tract i n  accord an ce  wi th  req u i rem en ts.  Th ereby type  tests,  i n cl u d i n g  EM C 
type  tests  wi th  certi fi cates  sh al l  be  con si d ered .  I t  sh ou l d  be  sti pu l ated ,  wh o  wi l l  wi tn ess  th e  
tests.  

For worksh op  tests,  i t  i s  n ot n ecessary to  set u p  a l l  com pon en ts  i n  a  com pl ete  l oop,  th e  
fol l owi n g  su bsystem s  (wh i ch  m ay be  d i fferen t m akers’  respon si bi l i ty)  can  rath er be  tested  
separatel y:  

– cabi n et wi th  p l u g -i n  u n i ts  for con trol ;  

– servo-posi ti on ers,  con trol  va l ves  wi th  a  test servom otor i f n ecessary;  

– o i l  pressu re  su ppl y system s.  

I n  th i s  case,  s i g n al s  at i n terfaces  between  separatel y tested  eq u i pm en t sh al l  be  cl earl y 
d efi n ed  an d  m easu rabl e.  

I t  i s  appropri ate  to  arran g e  for th e  s i m u l ati on  of s i m pl e  ci rcu i ts  to  test su bsystem s  an d /or to  
em pl oy a  p l an t s i m u l ator i f avai l abl e  to  test th e  com pl ete  con trol  process  for overal l  
perform an ce.  

I n d i vi d u al  testi n g  of com pon en ts  an d /or su bsystem s  m ay n ot be  n eed ed  i n  case  th e  com pl ete  
system  i s  assem bl ed .  
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6.3  Recommendations  on  field  tests  

6.3.1  New control  systems  

For con trol  system s,  th e  fol l owi n g  m easu res  an d  steps  appl y.  

– Safety d evi ces,  d i spl ays,  a l arm s  an d  tri p  setti n g s  sh ou l d  be  veri fi ed  pri or to  con d u cti n g  
fi e l d  tests  of con trol  system s.  

– Com m i ssi on i n g  of th e  com pl ete  g en erati n g  u n i t  h as  to  be  perform ed  i n cl u d i n g  l oad  
rej ecti on  tests  as  per I E C  60041 : 1 991  an d  th e  testi n g  of con trol  system s sh al l  be  co-
ord i n ated  wi th  th e  com m i ssi on i n g  of H yd ro  g en erati n g  eq u i pm en t.  Refer to  I EC  60545.  

For th e  actu al  con trol  system  tests:  

– Th e  rel evan t m od e  to  be  ch ecked  i s  set,  su ch  as  n o- l oad ,  i sol ated  n etwork operati on ,  
freq u en cy-power con trol  or l evel  con trol ;  su bseq u en tl y d efi n ed  test s i g n al s  are  
su peri m posed  an d  resu l ti n g  ch an g es  for th e  speci fi ed  val u es  th rou g h  th e  en ti re  operati n g  
ran g e  are  observed /record ed ,  wh ereby con trol  setti n g s  can  be  opti m i sed  d u ri n g  th e  
process.  Th e  resu l ts  of su ch  tests  can  be  u sed  as  basel i n e  val u es  i n  ord er to  be  com pared  
wi th  th e  resu l ts  of m ai n ten an ce  tests  wh i ch  are  carri ed  ou t d u ri n g  th e  l i fe  of th e  
eq u i pm en t.  

– Th e  i n sen si ti vi ty of th e  con trol l er can  be  ch ecked ;  th i s  test i s  on l y n eed ed  wh en  th e  power 
stati on  wi l l  be  parti ci pati n g  i n  pri m ary reg u l ati on  of n etwork freq u en cy,  especi al l y  i n  peak 
l oad  power stati on s,  a l so  i n  power stati on s  wi th  a  d i sti n ct req u i rem en t for h i g h  con trol  
accu racy (for recom m en d ed  i n sen si ti vi ti es,  see  4 . 3 . 2  of I EC  61 362 ,  acceptabl e  m easu ri n g  
u n certai n ti es  are  g i ven  i n  Cl au se  7).  

– Con trol l er param eters  can  be  d eterm i n ed .  I f th e  g u aran teed  beh avi ou r i s  n ot ach i eved  an d  
th e  reason  for th i s  h as  to  be  i d en ti fi ed ,  th en  oth er fu n cti on s  i n fl u en ci n g  th e  con trol  system  
beh avi ou r sh al l  be  exam i n ed .  Th ese  fu n cti on s  m ay i n cl u d e:  m asses,  g en erator-l oad  
ch aracteri sti cs  an d  th e  i n fl u en ce  of reg u l ator forces  on  actu ati n g  ti m es.  I n  certa i n  cases,  
th e  d eterm i n ati on  of th e  con trol l er param eters  an d  of th e  tu rbi n e  tran sfer fu n cti on  m ay be  
u sed  to  provi d e  m od el s  of th e  power p l an t,  i n  ord er to  carry ou t an al yti cal  stu d i es  of th e  
d yn am i c beh avi ou r of th e  power system .  

– Th e  tu rbi n e  ch aracteri sti cs  of pu m p tu rbi n es  m ay n eed  to  be  d eterm i n ed  i n  d etai l  i n  ord er 
to  provi d e  a  basi s  for a  rel i abl e  con trol  strateg y.  

6.3.2  Existing  control  systems  

6.3.2 .1  Ind ication  of control  deficiencies  

Defi ci en ci es  i n  exi sti n g  con trol  system s  m ay h ave  th e  fol l owi n g  effects:  

– l on g  settl i n g  ti m es  of th e  con trol l ed  vari abl e;  

– l on g  syn ch ron i sati on  ti m es,  excessi ve  d am pi n g ;  

– d ri fti n g  operati n g  poi n ts;  

– ch an g es  i n  actu ator speed s;  

– u n u su al  osci l l ati on s  ( i n  n o-l oad  an d /or i sol ated  operati on ,  etc. ) ;  

– excessi ve  i n sen si ti vi ti es  an d /or h ysteresi s  effects;  

– excessi ve  l eakag es  (pu m pi n g  peri od ,  o i l  tem peratu re,  etc. ) .  
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6.3.2 .2  Identi fication  of deficiencies  

Th e  fol l owi n g  ch ecks  can  be  m ad e:  

– m easu rem en t of th e  i n sen si ti vi ty;  

– record i n g  of step  respon ses/tran si en t fu n cti on s  (u n i t  step  respon ses)  by appl yi n g  d efi n ed  
s i g n al s  at  th e  i n pu t (com m an d  s i g n al ,  con trol l ed  vari abl e,  freq u en cy,  etc. ) ;  

– i n d exi n g  th e  servom otors;  

– ch ecki n g  th e  ru n n er/g u i d e  van e  re l ati on sh i p  i n  Kapl an  tu rbi n es;  

– ch ecki n g  th e  d efl ector/n ozzl e  rel ati on sh i p  i n  Pel ton  tu rbi n es;  

– i d en ti fyi n g  possi b l e  reson an ces  (d raft tu be,  g en erator etc. ) ;  

– m easu rem en ts  to  ch eck th e  p l an t param eters;  

– ch ecki n g  of th e  overal l  safety of th e  h yd rau l i c  con d u i t  an d  th e  pi pe-i n stal l ati on .  

6.3.2 .3  Decid ing  whether to  replace  or to  repair existing  control  systems  

Th e  above-m en ti on ed  ch ecks  wi l l  i n  a l m ost a l l  cases  g i ve  i n form ati on  on  th e  reason s  wh y th e  
d efi ci en ci es  occu r,  a l l owi n g  to  d eci d e  on  th e  m easu res  to  be  taken ,  su ch  as  for i n stan ce:  

– veri fi cati on  of th e  re l i abl e  operati on  of exi sti n g  eq u i pm en t for reten ti on ;  

– overh au l i n g  of i n d i vi d u al  com pon en ts;  

– repl acem en t of com pon en ts  or of com pl ete  con trol  system s;  

– ch an g es  i n  th e  con fi g u rati on ;  

– ri sks  an d  con seq u en ces  of oi l  l eakag e.  

Besi d es  th e  above-m en ti on ed  poi n ts,  th e  fol l owi n g  facts  m ay a l so  i n fl u en ce  th e  d eci si on  to  
repl ace  or repai r exi sti n g  e l em en ts  or system s:  

– th e  assessm en t of operati n g  costs;  

– th e  assessm en t of repai r costs;  

– th e  operati n g  an d  effi ci en cy i m provem en t poten ti a l  of repl acem en t versu s  repai r;  

– g en eral  safety an d  an y d em an d s  req u i red  by au th ori ti es.  

6.4 Electrical  checks  

6.4.1  General  

Wh ereas  th e  e l ectri cal  com pon en ts  of th e  m ech an i cal  tu rbi n e  con trol l er i n cl u d e  con trol  va l ves,  
servom otors,  pu m p an d  pen d u l u m  (bal l h ead )  d ri ves,  th e  e l ectron i c con trol l er a l read y carri es  
ou t a l l  con trol  fu n cti on s  i n cl u d i n g  p i l ot  con trol .  

E l ectron i c system s  are  sen si ti ve  to  e l ectri cal -m ag n eti c i n terferen ce.  Th erefore,  th e  fol l owi n g  
sh al l  be  g i ven  speci a l  atten ti on :  

– q u al i ty of th e  power su ppl y;  

– overvol tag e  protecti on ;  

– fi l ter an d  sh i e l d i n g  m easu res;  

– i m m u n i ty of th e  com pon en ts  to  i n terferen ce.  
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I f certa i n  basi c safety m easu res  are  taken  an d  g u i d el i n es  ad h ered  to,  testi n g  can  con cen trate  
on  ch ecki n g  th e  con trol  system s  for proper fu n cti on i n g .  E l ectri cal  ch ecki n g  i s  expen si ve  an d  
req u i res  q u al i fi ed  person n el  as  wel l  as  speci a l  testi n g  eq u i pm en t (for exam pl e  for m easu ri n g  
tran si en t overvol tag es,  storag e  osci l l oscopes  wi th  an  u pper cu t-off freq u en cy of 1 00  M H z are  
req u i red ).  E l ectri cal  ch ecki n g  i s  u su al l y perform ed  i n  th e  form  of type  tests.  For speci fi cati on s  
of th e  e l ectrom ag n eti c com pati b i l i ty (EM C)  tests  refer to  I EC 61 000-4-2,  I E C 61 000-4-3  an d  
I EC  61 000-4-6.  

6.4.2  Selection  of test center 

To carry ou t th e  fu n cti on al  ch ecks  on  si te,  a  cen tral l y l ocated ,  q u i et p l ace  (con trol  room )  
sh ou l d  be  sel ected  wh ere  a l l  i m portan t s i g n al s  of th e  process  are  avai l abl e.  

I f th e  con trol l er i s  n ot l ocated  n ear th e  g en erati n g  u n i t,  provi s i on  for l ocal  em erg en cy 
operati on  sh ou l d  be  m ad e.  

6.4.3  Power supply 

Th e  ch eck of th e  power su ppl y wi th  vol t-  an d  am perem eter,  osci l l oscope  or tran si en t record er 
sh ou l d  n orm al l y be  carri ed  ou t i n  th e  worksh op  an d  i s  g en eral l y l i m i ted  to  

– tol eran ce  l i m i ts  an d  ri ppl e  factor;  

– cu rren t i n pu t;  

– test of swi tch -over of th e  su ppl y vol tag e  an d  set-i n  of a  red u n d an t vol tag e  of stored  en erg y 
ti m e  after power fa i l u re  an d  re-cl osi n g  beh avi ou r (for sm al l  an d  s i m pl e  system s,  th ese  
tests  can  be  red u ced );  

– fa i l u re  m on i tori n g .  

6.4.4 Overvol tage  protection  and  suppression  of in terference vol tage  

Th e  fol l owi n g  m ay be  ch ecked :  

– certi fi cati on  of th e  e l ectron i c eq u i pm en t wi th  respect to  EM C;  

– th e  e l ectri c i sol ati on  of th e  power su ppl y u n i t  for wi th d rawabl e  e l ectron i c parts;  

– th e  con tact separati on  of th e  b i n ary an d  an al og u e  s i g n al s  d u ri n g  take-over an d /or tran sfer;  

– sh i el d i n g  of th e  cabl es  to  th e  peri ph eral  d evi ces;  

– th e  ph ysi cal  separati on  of th e  s i g n al  cabl es  from  power l i n es;  

– earth i n g  of i n acti ve  m etal  parts;  

– protecti on  of th e  peri ph eral  d evi ces  ag ai n st overvol tag es  by protecti ve  e l em en ts;  

– wi ri n g  of i n d u cti ve  d evi ces  (rel ay coi l s ,  sol en oi d  val ves)  wi th  exti n g u i sh i n g  e l em en ts  (free-
wh eel i n g  d i od e,  RC com bi n ati on ,  etc. ) .  

G rou n d  con n ecti on s  are  to  be  tested  wi th  oh m m eters.  I n  th e  even t of i n terferen ces,  a  
m easu rem en t i s  to  be  carri ed  ou t at th e  en d s  of th e  si g n al  cabl es  wi th  an  osci l l oscope.  
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6.4.5  Test of the  process  interface  system  

Th e  el ectri cal  s i g n al s  for actu ator posi ti on ,  speed ,  power,  fl ow,  h ead  (u p-stream  an d  ta i l  race)  
sh al l  be  ch ecked  for:  

– open  ci rcu i t  ch aracteri sti c an d  h ysteresi s  (actu ator posi ti on ) ;  

– zero  d ri ft  an d  tem peratu re  sen si ti vi ty;  

– i n terferen ce;  

– fi l teri n g  (power,  fl ow,  water l evel );  

– l i m i t  val u e  acq u i s i ti on ;  

– fau l t  m on i tori n g ,  i f avai l abl e.  

6.5 Test of converters,  ampl i fiers  and  actuators  

6.5.1  E lectrohydrau l ic  and  electromechanical  converters  

6.5.1 . 1  General  

Th e  con verters  d eal t  wi th  h ere  are  th e  con n ecti n g  el em en t between  th e  e l ectron i c an d  th e  
h yd ro-m ech an i cal  part of th e  con trol  system .  Th ey are  of g reat i m portan ce  for th e  overal l  
beh avi ou r of th e  con trol  system .  Th erefore,  sen si ti vi ty,  preci si on  ( i n cl u d i n g  tem peratu re  
stabi l i ty)  an d  a l so  th e  d yn am i c beh avi ou r sh al l  exceed  th e  correspon d i n g  properti es  of th e  
su bseq u en t am pl i fi er stag es.  

6.5.1 .2  E lectro  hydrau l ic  converters  

(E xam pl es:  servo-val ves,  proporti on al  val ves. )  

Th e  m ost i m portan t ch aracteri sti c i s  to  establ i sh  th e  oi l  fl ow rate  as  a  fu n cti on  of th e  
com m an d  s i g n al  an d  of th e  pressu re  d rop.  
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Figure  4  – Oi l  flow Q  function  of input current  I and  pressure  drop ∆p  

Th e  cu rves  of F i g u re  4  sh ou l d  be  m easu red  wi th  vari ou s  pressu re  d i fferen ces  an d ,  i n  ad d i ti on ,  
o i l  tem peratu re  an d  type  of o i l  (vi scosi ty g rad e)  sh ou l d  be  n oted .  Th e  fl ow can  be  m easu red  
by tan k m easu rem en t or by u si n g  a  test servom otor.  

Fu rth er m easu rem en ts  m ay be  taken  to  veri fy th e  d ead  ti m e  an d  th e  d yn am i c ch aracteri sti cs.  
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N O TE  1  M u l ti -stag e  servo-  an d /or proporti on al  val ves  often  h ave  an  ad d i ti on al  posi ti on  con trol l er for th e  secon d  
stag e  an d  can  th erefore  on l y be  tested  as  a  system  i n cl u d i n g  th e  correspon d i n g  e l ectron i c d evi ce.  

N O TE  2  I f an  em erg en cy tri p  an d  fa i l safe  (for exam pl e  sh u td own  i n  th e  even t of power fa i l u re)  are  avai l ab l e,  th ei r 
fu n cti on  sh ou l d  a l so  be  tested .  

N O TE  3  G en eral l y,  to  ach i eve  th e  speci fi ed  perform an ce,  a  vi brati on  (d i th er)  s i g n al  i s  appl i ed ,  wh i ch  m u st  a l s o  be  
ch ecked .  

6.5.1 .3  E lectromechanical  converters  

I n  pri n ci pl e,  th ese  con verters  are  el ectro-m otor d ri ven  (rotati n g  or l i n ear).  For h yd ro  tu rbi n es  
con trol l ed  by su ch  e l ectri c actu ators,  th ey con si st of e l ectri c m otor,  g earbox an d  operati n g  
m ech an i sm .  Th ese  con verters  are,  for i n stan ce,  u sed  for th e  d i rect actu ati on  of th e  reg u l ati n g  
e l em en ts  (g u i d e  van es,  ru n n er b l ad es,  n ozzl e,  d efl ector)  or to  d ri ve  con trol  va l ve  system s .  

Th i s  type  of actu ator d oes  n ot d epen d  on  th e  o i l  pressu re  system .  I t  i s  g en eral l y su i tabl e  for 
sm al l  h yd ro  tu rbi n es,  d esi g n ed  to  wi th stan d  su stai n ed  ru n away operati on ,  i n  th e  even t of th e  
total  fa i l u re  of e l ectri c su ppl y.  Su i tabl e  back-u p  protecti on  sh al l  be  provi d ed ,  to  red u ce  th e  
tu rbi n e  d i sch arg e  to  an  acceptabl e  l evel .  S om e  exam pl es  of th e  protecti on  are  

– cl osi n g  of g u i d e  van es  by sel f-cl osi n g  ch aracteri sti cs;  

– cl osi n g  of i n l et val ve,  wi th  g u i d e  van es  open ;  

– cou n ter wei g h t or spri n g .  

For testi n g  pu rposes,  m easu rem en t of cu rren t i n pu t an d  actu ati n g  ti m es  i s  u su al l y su ffi ci en t.  
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Figure  5  – E lectro  hydrau l ic  converter for h igh  grade  control  system 
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F igure  6  – Output stroke  ∆s  of a  converter versus  input current I 

I t  i s  fu rth erm ore  possi bl e  to  ch eck 

– th e  d ead  ti m e;  

– th e  actu ati n g  forces  as  a  fu n cti on  of th e  o i l  pressu re;  

– th e  d yn am i c ch aracteri sti cs.  

Du ri n g  th ese  ch ecks,  th e  correspon d i n g  vi brati on  (d i th er)  s i g n al ,  o i l  l osses,  o i l  tem peratu re  
an d  oi l  vi scosi ty sh ou l d  be  record ed .  

6.5.1 .4  Two stage  electromechanical /hydrau l ic  control  

I n  som e  con trol  system s ,  e l ectro  m ech an i cal /h yd rau l i c  con verters  can  be  com posed  of an  
e l ectro  h yd rau l i c con verter (see  6 . 5. 1 . 2),  a  sm al l  p i l ot  servom otor an d  a  posi ti on  feed back,  
(see  Fi g u re  5),  th e  p i l ot  servom otor wi l l  th en  actu ate  th e  m ai n  con trol  (d i stri bu ti n g )  val ve.  For 
m easu rem en t,  n o  ad d i ti on al  aspects  h ave  to  be  con si d ered .  

I f th ese  con verters  are  d esi g n ed  as  a  com pact d evi ce  (for exam pl e  as  a  p l u n g er coi l  d esi g n )  
wi th  i n teg rated  h yd rau l i c am pl i fi cati on ,  th e  correl ati on  between  ou tpu t stroke  an d  i n pu t cu rren t 
sh al l  be  establ i sh ed  or sh al l  be  proven  by type  test from  wh i ch  th e  h ysteresi s  can  a l so  be  
seen ,  see  F i g u re  6 ,  

I t  i s  fu rth erm ore  possi bl e  to  ch eck 

– th e  d ead  ti m e;  

– th e  actu ati n g  forces  as  a  fu n cti on  of o i l  pressu re;  

– th e  d yn am i c ch aracteri sti cs.  

Du ri n g  th ese  ch ecks,  th e  correspon d i n g  vi brati on  (d i th er)  s i g n al ,  o i l  l osses,  o i l  tem peratu re  
an d  oi l  vi scosi ty sh ou l d  be  record ed .  
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6.5.2  Hydrau l ic  ampl i fiers  

H yd rau l i c am pl i fi ers  con si st of th e  m ai n  d i stri bu ti n g  val ve,  servom otor an d  feed back.  

6.5.2. 1  Control  valves  

For worksh op  ch ecks,  i t  i s  recom m en d ed  to  con n ect th e  m ai n  d i stri bu ti n g  val ve  wi th  th e  
servom otor.  I f th e  servom otor i s  n ot avai l abl e,  a  test servom otor can  be  u sed  i n  i ts  p l ace.  

I n  ad d i ti on  to  testi n g  th e  sh ortest actu ati n g  ti m es,  th e  fri cti on ,  an d  th e  ti g h tn ess,  th e  
ch aracteri sti cs  of th e  m ai n  d i stri bu ti n g  val ve  sh ou l d  be  establ i sh ed .  Th ey are  record ed  as  a  
fu n cti on  of th e  val ve  spool  stroke  an d  con si st of th e  pressu re  g ai n  cu rve  (pressu re  bu i l d -u p  i n  
th e  con trol  l i n es  wi th  th e  fl ow to  th e  servom otor b l ocked )  an d  th e  fl ow cu rve  (actu ati n g  speed  
of th e  servom otor),  see  F i g u re  7 .  
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Figure  7a)  Pressure  p  curves  in  closed  pipes  versus  d isplacement ∆s  of 
the  valve  spool  (typical )  
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F igure  7b)  –Servomotor speed  versus  d isplacement ∆s   
of the  valve  spool  (typical )  

F igure  7  – Performance curves  of control  valves  

Th ese  m easu rem en ts  are  especi a l l y i m portan t for val ves  provi d ed  wi th  pre-open i n g  n otch es  
on  th e  con trol  ed g es.  From  th e  pressu re  cu rve  wh i ch  i s  on l y affected  by th e  i n tern al  overl ap,  
th e  d i spl acem en t n ecessary to  prod u ce  th e  req u i red  actu ati n g  force  of th e  servom otor can  be  
d eri ved .  Th e  fl ow cu rve  sh ows th e  s i ze  of th e  overl ap  i n  th e  i n d i vi d u al  n otch es.  Th e  wi d th s  of 
th e  n otch es  are  d eterm i n ed  on  th e  basi s  of th e  ch osen  ti m e  con stan ts.  For ch ecki n g ,  th ese  
can  be  re-cal cu l ated  from  th e  i n cl i n ati on  of th e  ch aracteri sti c cu rves.  Th e  ti m e  con stan ts  are  
of i m portan ce  for th e  stabi l i ty an d  th e  d yn am i c perform an ce  (oversh oot an d  settl i n g  ti m e  wh en  
posi ti on i n g ),  wh ereas  th e  overl aps  are  respon si bl e  for th e  con trol  system  i n sen si ti vi ty an d /or 
posi ti on i n g  accu racy.  

I n  som e  Kapl an  tu rbi n es,  th e  l u bri cati on  an d  cool i n g  of th e  ru n n er o i l  su ppl y takes  p l ace  vi a  
th e  ru n n er con trol  val ve.  Wh en  ch ecki n g  th e  val ve,  i t  h as  to  be  m ad e su re  th at th ere  i s  
su ffi ci en t l u bri cati on  i n  th e  stead y state  cen ter posi ti on  of th e  p i ston .  

I f th e  h yd rau l i c am pl i fi er stag e  of th e  p l an t i s  to  be  ch ecked  i n  m ore  d etai l ,  h ere  too,  th e  
am pl i fi er ch aracteri sti cs  m ay be  record ed  as  sh own  i n  F i g u re  7 .  Th e  beh avi ou r of th e  pressu re  
bu i l d -u p  i n  F i g u re  7a)  i s  d eterm i n ed  i n  th e  servom otor en d  posi ti on s.  F i g u re  7b)  sh ows  th e  
speed  beh avi ou r as  a  fu n cti on  of th e  val ve  d i spl acem en t.  H owever,  th i s  m easu rem en t can  
on l y be  m ad e  wi th  spi ra l  casi n g  or d i stri bu tor i sol ated  from  water con d u ctor system .  Th e  
con trol  va l ve  spool  m ay be  overl apped ,  zero-l apped  (cri ti cal  cen tered )  or u n d erl apped .  
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6.5.2 .2  Servomotors  

G en eral l y,  th e  servom otor i s  tested  tog eth er wi th  th e  m ai n  d i stri bu ti n g  val ve.  H owever,  i t  can  
a l so  be  tested  wi th ou t a  con trol  va l ve  wi th  separate  pressu ri sati on .  Th e  m easu rem en t of th e  
fri cti on  forces,  for exam pl e  vi a  a  pressu re  m easu rem en t d u ri n g  n o-l oad  ( i n d exi n g )  i s  
i m portan t.  

6.5.2 .3  Servomotor opening  and  closing  laws  

I n  m an y cases,  th e  cl osi n g  an d  open i n g  m ovem en ts  of th e  servom otors  are  n ot con ti n u ou s  bu t 
take  p l ace  i n  2  or m ore  speed  steps.  

For safety reason s,  th e  actu ati n g  ti m es  an d  actu ati n g  l aws  are  pre-ch ecked  at  m axi m u m  
su ppl y o i l  pressu re  of th e  pl an t pri or to  fi l l i n g  waterways  d u ri n g  d ry testi n g .   

U pon  com m i ssi on i n g ,  th e  p l an t sh al l  i n  an y case  be  retested  an d  ad j u sted ,  i f n ecessary,  i n  
ord er to  be  su re  th at u n acceptabl e  pressu re  vari ati on s  are  avoi d ed .  

Rel ati vel y l on g  actu ati n g  ti m es  can  be  d eterm i n ed  wi th  th e  stopwatch  wh i l st i t  i s  
recom m en d ed  to  record  sh ort actu ati n g  ti m es  an d  actu ati n g  l aws.  

6.5.2.4 Dead  time,  insensitivi ty 

For d ead  ti m e  m easu rem en t,  th e  con trol  va l ve  an d /or th e  con trol  va l ve  spool  or th e  p i l ot  spool  
i s  d i spl aced  abru ptl y i n to  both  d i recti on s  from  th e  cen ter posi ti on .  Th e  ti m e  between  
d i spl acem en t an d  th e  beg i n n i n g  of th e  servom otor m ovem en t i s  record ed .  I t  i s  recom m en d ed  
th at th i s  m easu rem en t be  carri ed  ou t i n  con n ecti on  wi th  a  d ead  ti m e  m easu rem en t of th e  
com pl ete  con trol  system .  

M easu rem en t of th e  con trol  system s  i n sen si ti vi ty i s  of parti cu l ar i n terest for u n i ts  wh i ch  are  
u sed  for pri m ary con trol .  Th e  vari ou s  possi bi l i ti es  are  d escri bed  i n  6 . 6. 3 . 3 .  

Th e  i n sen si ti vi ty of th e  am pl i fi er stag e  i s  d eterm i n ed  by th e  val ve  overl ap,  th e  servom otor 
fri cti on  an d  fri cti on al  forces  of posi ti on i n g  m ech an i sm ;  to  overcom e th ese,  a  correspon d i n g  
pressu re  d i fferen ce  an d  th e  correspon d i n g  val ve  d i spl acem en t (see  F i g u re  7a)  are  req u i red .  
Oi l  l eakag es  a l so  h ave  a  con si d erabl e  i n fl u en ce.  

6.5.2 .5  Oi l  l eakage 

I t  i s  d i ffi cu l t to  m easu re  th e  oi l  l eakag e  from  th e  con trol  val ve  an d  from  th e  servom otor 
separatel y.  Th e  servom otor l osses  i n  th e  en d  posi ti on s  can  be  m easu red  approxi m atel y as  
fol l ows:  th e  con trol  val ve  spool  i s  d i spl aced  i n to  th e  m axi m u m  open i n g  or cl osi n g  posi ti on  
wh i l e  th e  servom otor i s  i n  th e  en d  posi ti on .  Th e  oi l  d i sch arg ed  from  th e  con trol  va l ve  th en  
m ai n l y ori g i n ates  from  th e  servom otor l eakag e,  becau se  th e  d i spl aced  val ve  i tsel f h as  h ard l y 
an y oi l  l osses  i n  th i s  posi ti on  s i n ce  i ts  m ovem en ts  i n  n orm al  operati on  are  arou n d  cen ter 
posi ti on  on l y an d  m ost of th e  abrasi on  occu rs  n ear th e  con trol  ed g es.   
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6.5.3  Provision  of actuating  energy 

6.5.3. 1  Systems  without accumulator 

a)  Avai l abi l i ty of actu ati n g  en erg y 

 Th e  ch aracteri sti cs  of th e  system  req u i red  for ach i evi n g  th e  am ou n t of th e  actu ati n g  
en erg y are  d escri bed  i n  I EC  61 362 ,  4 . 1 1 . 2 .  

b)  F l ow 

 Th e  fl ow i s  best ch ecked  by m easu ri n g  th e  sel ected  open i n g  an d  cl osi n g  ti m es.  

6.5.3.2  Systems  with  accumulator 

6.5.3.2. 1  Avai labi l i ty of actuating  energy 

Th e  am ou n t of actu ati n g  en erg y avai l abl e  can  be  m easu red  on  th e  basi s  of th e  speci fi cati on s  
as  per I EC  61 362 ,  4 . 1 1 . 1 .  

6.5.3.2 .2  Leakage  

Wh en  u si n g  a  fi xed  d i spl acem en t pu m p,  th e  sh u toff or u n l oad i n g  peri od  sh ou l d  be  con si d ered  
d u ri n g  stead y state  operati on ,  as  a  m easu re  for i n creased  l osses.  

Wh en  u si n g  a  pressu re-con trol l ed  ad j u stabl e  pu m p,  for exam pl e  an  axi a l  or rad i a l  p i ston  
pu m p,  th e  i n crease  i n  n o-l oad  e l ectri c power con su m pti on  of th e  m otor can  be  taken  as  a  
m easu re  for i n creased  l osses.  

6.5.3.2 .3  Ru les  for measurements  on  pressure  accumulators  

G en eral l y,  th e  avai l abl e  effecti ve  o i l  vol u m e wi th i n  th e  speci fi ed  pressu re  ran g e  i s  m easu red  
as  fol l ows:  

Th e  ch eck sh ou l d  be  carri ed  ou t at  operati n g  tem peratu re,  i . e .  at 30  ° C  to  40  ° C.  Th e  g as  
pressu re  sh ou l d  be  ad j u sted  accord i n g  to  th e  g as  tem peratu re  wh i ch  m ai n l y d epen d s  on  th e  
am bi en t tem peratu re,  i n  su ch  a  way th at th e  fi xed  d i spl acem en t pu m p i s  pressu rel ess  or 
swi tch ed  off at  th e  l evel  speci fi ed  by th e  d esi g n .  

Wi th  p i ston  accu m u l ators,  th e  p i ston  fri cti on  wh i ch  occu rs  wh en  pressu re  o i l  i s  d i sch arg ed ,  
sh al l  on l y cau se  a  pressu re  d rop  as  speci fi ed  by th e  m an u factu rer of l ow fri cti on  seal i n g .  

Th e  ch eck sh al l  be  carri ed  ou t at  an  oi l  fl ow correspon d i n g  to  th e  operati n g  con d i ti on s.  
Pressu re  oi l  m ay be  d rai n ed  vi a  a  d rai n  val ve.  

6.5.3.3  F i l tering  (see  ISO 4406)  

For a  rel i abl e  an d  safe  operati on  from  oi l  h yd rau l i c  con trol  system s,  i t  i s  n ecessary to  ch eck 
th at:  

– th e  total  o i l  vol u m e  i s  very wel l  cl ean ed  wi th  off l i n e  or i n - l i n e  fi l ters,  as  speci fi ed  by th e  
eq u i pm en t su ppl i er;  

– th e  e l ectro  h yd rau l i c  con verters  (servo  val ves,  proporti on al  va l ves)  are  protected  by i n -l i n e  
fi l ters  d i rectl y i n  fron t of th ei r su ppl y port as  speci fi ed  by th e  eq u i pm en t su ppl i er.  
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6.6  Si te  tests  of control ler characteristics  

Th e  d i fferen t tech n i cal  d esi g n s  an d  operati on al  tasks  of H yd ro  G en erati n g  p l an ts  sh al l  be  
taken  i n to  accou n t wi th ou t l i m i ti n g  th e  freed om  of ch oi ce  reg ard i n g  th e  test proced u res.  

6.6.1  Main  control ler tasks  

I n  th e  fol l owi n g  parag raph s,  som e ad d i ti on al  i n form ati on  to  I EC 61 362  i s  g i ven ,  n ot d i rectl y 
con n ected  wi th  th e  tests.  

6.6.1 .1  Opening  control  (primary mode)  

Th e  open i n g  con trol  serves  to  posi ti on  th e  servom otor,  e i th er as  a  fol l ow-u p  con trol  i n  m aster 
con trol  operati on s  (for exam pl e  speed  con trol )  or as  an  operati n g  m od e  i n  n etwork con trol .  

Th e  con trol  eq u i pm en t con si sts  of th e  e l em en ts:  open i n g  con trol l er,  e l ectro  h yd rau l i c 
con verter an d  servom otor.  

– I n pu t s i g n al s:  open i n g  set-poi n t val u e,  i f n ecessary speed  d epen d en t wi th  perm an en t 
d roop,  actu al  open i n g  val u e.  

– Ou tpu t s i g n al :  servom otor open i n g .  

– L i m i t val u es:   

•   servom otor open i n g  ram p,  

•   servom otor cl osi n g  ram p,  

•   open i n g  l i m i ter.  

A speci al  d esi g n  of th e  tu rbi n e  con trol  i s  th e  provi s i on  of i n d i vi d u al  g u i d e  van e  servom otors  
an d  e l ectro  h yd rau l i c  con trol s  req u i ri n g  syn ch ron i sati on ,  to  m ai n tai n  a l l  g u i d e  van es  at th e  
sam e  posi ti on .  Th e  syn ch ron i sati on  i s  ach i eved  wi th  th e  h el p  of m ech an i cal  l i n kag es  or 
e l ectron i cal l y,  d epen d i n g  on  th e  system  ad opted .  

6.6.1 .2  Speed  control  (primary mode)  

Th e  con trol  eq u i pm en t e i th er con si sts  of:  

a)  th e  e l em en ts:  speed  con trol l er,  con verter,  h yd rau l i c am pl i fi er,  or  

b)  a  seri es  arran g em en t of speed  con trol l er an d  open i n g  con trol l er 

– I n pu t s i g n al s:   

•   speed  set-poi n t val u e;  

•   actu al  speed  val u e;  

•   i f n ecessary au xi l i ary an d /or d i stu rban ce  param eters  (for exam pl e  spi ral  pressu re,  
water l evel ,  h ead ,  power,  servom otor posi ti on ) .  

– Ou tpu t s i g n al :  servom otor posi ti on .  

– Li m i t val u es:  ad m i ssi b l e  speed  ch an g es  i n  th e  even t of l oad  re j ecti on ;  su rg e,  su cti on  
wave  an d  pressu re  ch an g es  i n  th e  even t of l oad i n g ,  u n l oad i n g  an d  l oad  re j ecti on s;  
m axi m u m  freq u en cy ch an g es  i n  i sol ated  operati on  wi th  d efi n ed  l oad  ch an g es.  
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6.6.1 .3  Power control  (primary mode)  

Th e  con trol  eq u i pm en t e i th er con si sts  of:  

a)   th e  e l em en ts:  power con trol l er,  con verter,  h yd rau l i c am pl i fi er,  or 

b)   a  seri es  arran g em en t of power con trol l er an d  open i n g  con trol l er 

– I n pu t s i g n al s:   

•   d esi red  power val u e;  

•   actu al  power val u e;  

•   speed  d epen d en t on  perm an en t d roop;  

•   i f n ecessary,  au xi l i ary an d /or d i stu rban ce  param eters  (for exam pl e  spi ral  pressu re,  
water l evel ,  h ead ).  

–  Ou tpu t s i g n al :  servom otor open i n g .  

–  L i m i t val u es:   u pper an d  l ower power l i m i tati on  an d  ban n ed  reg i on s  d epen d en t on  
h ead ,  cavi tati on ,  parti a l  l oad  an d  d yn am i c con d i ti on  of th e  system  (for 
exam pl e  su rg e-tan k si tu ati on ).  

6.6.1 .4  Water l evel  control  (secondary mode)  

Th e  con trol  eq u i pm en t ei th er con si sts  of:  

a)   th e  e l em en ts:  water l evel  con trol l er,  con verter,  h yd rau l i c  am pl i fi er,  or 

b)   a  seri es  arran g em en t of water l evel  con trol l er an d  open i n g  con trol l er,  or 

c)   a  seri es  arran g em en t of water l evel  con trol l er,  fl ow con trol l er an d  open i n g  con trol l er 

–  I n pu t s i g n al s:   

•   d esi red  water l evel  va l u e;  

•   actu al  water l evel  va l u e;  

•   i f n ecessary,  au xi l i ary an d /or d i stu rban ce  vari abl es  (for exam pl e  g ate  posi ti on ,  
d i sch arg e  of stati on ,  l ocki n g ).  

–  Ou tpu t s i g n al :   servom otor open i n g .  

–  L i m i t  val u es:   

•   m axi m u m  val u e  of h ead  race  water l evel ;  

•   m i n i m u m  val u e  of ta i l  race  water l evel .  

6.6.1 .5  Flow control  (secondary mode)  

Th e  con trol  eq u i pm en t e i th er con si sts  of:  

a)   th e  e l em en ts:  fl ow con trol l er,  con verter,  h yd rau l i c  am pl i fi er or 

b)   a  seri es  arran g em en t of fl ow an d  open i n g  con trol l er 

– I n pu t s i g n al s:   

•   d esi red  fl ow val u e;  

•   actu al  fl ow val u e  (m ostl y cal cu l ated );   

•   i f n ecessary,  au xi l i ary an d /or d i stu rban ce  vari abl es  (for exam pl e  g ate  posi ti on ,  
water l evel ) .  

– Ou tpu t s i g n al :   servom otor open i n g .  
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– L i m i t val u es:   

•  water l evel ;  

•   su rg e  an d  su cti on  waves  i n  th e  even t of fl ow ch an g es.  

6.6.2  Functional  test  of the  control  system  

Tests  sh al l  be  carri ed  ou t wi th  an  u n d i stu rbed  con trol  system .  Th e  m ost i m portan t steps  are:  

– acti vati on  of th e  respecti ve  con trol  m od e;  

– i n pu t of d efi n ed  test s i g n al s,  i . e . :  

•  com m an d  vari abl es;  

•  set-poi n t ch an g es  of th e  fol l ow-u p  con trol s;  

•  au xi l i ary an d  d i stu rban ce  vari abl es.  

 E ach  of th e  above  d efi n ed  operati n g  poi n ts  sh al l  be  wi th i n  th e  con trol  ran g e  m ai n tai n i n g  
l i m i ts  (for exam pl e  wi th  respect to  pressu re  ran g e,  servom otor speed  etc. ) .  

– d eterm i n i n g  th e  cri teri a  for eval u ati n g  th e  resu l ts  ach i eved  by opti m i sati on  of th e  con trol l er 
setti n g s;  

– accord i n g  to  speci fi ed  cri teri a  of con trol  q u al i ty (for exam pl e  d eterm i n i n g  th e  d am pi n g  rati o  
0 , 8  <  D  <  1 , 1  for a  ti m e  respon se,  m easu ri n g  th e  con trol  area  ( i n teg ral  cri teri on )  etc. ) ;  

– ad h eri n g  to  th e  ad m i ssi bl e  l i m i t  val u es  an d  l oad s  (for exam pl e  m i n i m u m  system  d evi ati on ,  
l i m i tati on  of speed  ch an g es,  pressu re  su rg e,  an d  su rg e  an d  su cti on  waves);  

– u s i n g  recom m en d ed  u n certai n ti es  i n  m easu rem en t accord i n g  to  Cl au se  7.  

N OTE  F or th e  d am pi n g  rati o  D  (or som eti m es  d en oted  as  ζ)  th e  form u l a  D  =  0 , 5  (T1 /T2 )  appl i es,  wh ere by T1  an d  
T2  a re  th e  ti m e  con stan ts  of an  e l em en t of secon d  ord er d e l ay;  D  =  0  i s  zero  d am pi n g  an d  D  ≥  1  i s  aperi od i c 
d am pi n g .  

6.6.3  Determination  of control  system’s  parameters  

6.6.3.1  Step  responses,  transient functions  

Pri or to  th e  test,  th e  fol l owi n g  i s  i m portan t:  

– d eterm i n ati on  of operati n g  states;  

– se l ecti on  of step  am pl i tu d es.  Th e  i n pu t s i g n al s  sh al l  be  su ch  th at th ey can n ot be  
i n val i d ated  by possi bl e  d i stu rbi n g  i n fl u en ces;  

– ch oi ce  of th e  eval u ati on  cri teri a  of th e  resu l ts  for d eterm i n ati on  of th e  param eters,  
parti cu l arl y i f n on -l i n eari ti es  occu r d u ri n g  th e  tests  (for exam pl e  actu ati n g  speed  
l i m i tati on s).  

6.6.3.2  Frequency response  characteristics  

Si n ce  th e  con trol  beh avi ou r can  u su al l y be  better eval u ated  on  th e  basi s  of tran si en t fu n cti on s  
an d  s i n ce,  on  th e  oth er h an d ,  m easu rem en ts  an d  eval u ati on s  are  costl y,  freq u en cy respon se  
m easu rem en ts  sh ou l d  on l y be  m ad e  i n  speci al  cases.  Th e  execu ti on  of su ch  m easu rem en ts  i s  
to  be  sti pu l ated  i n  speci al  ag reem en ts.  Type  test resu l ts  sh ou l d  be  acceptabl e.  
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6.6.3.3  Insensitivi ties  

I n sen si ti vi ty testi n g  i s  on l y to  be  carri ed  ou t on  con trol  system s i n  peak l oad  power p l an ts  an d  
i n  power p l an ts  wi th  respect to  accu racy of freq u en cy con trol .  Su i tabl e  i n pu t an d  ou tpu t 
param eters  (on e  vari abl e  for each )  sh ou l d  be  ag reed  wi th i n  sel ected  open i n g  ran g es.  

For power con trol ,  th e  actu al  power val u e  can n ot be  u sed  as  a  m easu ri n g  vari abl e.  As  an  
i n pu t param eter,  th e  freq u en cy,  wh i ch  vi a  th e  power freq u en cy d roop  i s  a l ways  avai l abl e  as  
an  ad d i ti on al  i n pu t vari abl e,  or th e  power set-poi n t are  ch osen .  

6.6.3.3. 1  Local isation  of insensi tivi ties  

Th e  l ocal i sati on  of i n sen si ti vi ti es  i s  th e  fol l owi n g :  

– Th e  tests  are  started  wi th  th e  servom otor posi ti on  as  an  ou tpu t vari abl e.  I n  som e 
i n stan ces,  for exam pl e  wi th  i n d i vi d u al  wi cket g ate  con trol ,  th e  m ean  val u e  can  be  ch osen  
as  ou tpu t vari abl e.  

– I f sen si ti vi ty i s  i n su ffi ci en t,  step  by step  m easu rem en t of ou tpu t vari abl es  ag ai n st th e  
s i g n al  fl ow,  u p  to  th e  con trol l er ou tpu t.  

6.6.3.3.2  Insensi tivi ty test  wi th  X-Y record ing  

Th e  con trol l er sh al l  h ave  a  sh ort reset ti m e  s i n ce  oth erwi se  th e  i n sen si ti vi ty appears  to  be  
i n creased .  For i n stan ce,  th e  q u oti en t of i n teg ral  acti on  ti m e  Ti  an d  proporti on al -acti on  g ai n  KP 
sh ou l d  be  as  l ow as  possi b l e  ( i d eal l y,  proporti on al  acti on  on l y).  I t  i s  th erefore  n ecessary to  
ch an g e  d u ri n g  th e  test th e  param eters  of th e  con trol l er to  carry ou t th e  test.  

Th e  m ost i m portan t steps  are  

– record i n g  of th e  i n terd epen d en ce  between  ou tpu t vari abl e  an d  i n pu t vari abl e  for sel ected  
operati n g  open i n g s;  

– d eterm i n ati on  of i n sen si ti vi ty ix/2  from  th e  d ead  ban d .  

6.6.3.3.3  Insensi tivi ty test  by means  of transient response  functions  (time 
characteristics)  

Th e  con trol l er sh al l  h ave  a  sh ort reset ti m e  s i n ce  oth erwi se  th e  i n sen si ti vi ty appears  to  be  
i n creased .  For i n stan ce,  th e  q u oti en t of i n teg ral  acti on  ti m e  Ti  an d  proporti on al -acti on  g ai n  KP 
sh ou l d  be  as  l ow as  possi b l e  ( i d eal l y,  proporti on al  acti on  on l y).  I t  i s  th erefore  n ecessary to  
ch an g e  d u ri n g  th e  test th e  param eters  of th e  con trol l er to  carry ou t th e  test.  

Th e  m ai n  steps  i n cl u d e:  

– record i n g  of i n pu t an d  ou tpu t vari abl es  wi th  sm al l  d efi n ed  ch an g es  of th e  i n pu t vari abl e  for 
sel ected  operati n g  open i n g s;  

– d eterm i n ati on  of th e  i n sen si ti vi ty ix/2  from  th e  d ead  ban d .  I f th e  i n pu t vari abl e  i s  
su perposed  by stoch asti c fl u ctu ati on s,  often  on l y th e  sen si ti vi ty of respon se  can  be  
m easu red .  

For th e  recom m en d ed  i n sen si ti vi ty,  see  4 . 3. 2  of I EC  61 362.  Acceptabl e  m easu ri n g  
u n certai n ti es  are  g i ven  i n  Cl au se  7.  
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6.6.3.3.4 Flutter tests  of 2  mechanical  or hydrau l ic  variables  with  X-Y recording  

Th e  fl u tter tests  are  carri ed  ou t wi th  syn ch ron ou s  operati on  of posi ti on ers  an d  serve  to  record  
m ech an i cal  an d /or h yd rau l i c  d i scon ti n u i ti es.  I t  i s  assu m ed  th at i n  th e  stead y-state  con d i ti on  
th e  absol u te  posi ti on s  are  i n  accord an ce  wi th  each  oth er.  

Th e  tests  m ay for i n stan ce  i n cl u d e:  

– th e  posi ti on  of 2  pu m p  tu rbi n e  g u i d e  van es  d u ri n g  l oad  operati on  (ad m i ssi b l e  d evi ati on  
wi th  s l ow ad j u stm en t u su al l y < 1  % );  

– th e  posi ti on  of on e  g u i d e  van e  ag ai n st th e  m ean  val u e  of a l l  g u i d e  van e  posi ti on s  wi th  
i n d i vi d u al  g u i d e  van e  con trol  (ad m i ssi bl e  d evi ati on  u su al l y < 0, 5  % ).  

Th e  m ost i m portan t steps  are  

– sel ecti on  of a  su i tabl e  i n pu t vari abl e;  

– record i n g  of th e  m ovem en t of both  ou tpu t vari abl es  wh en  ch an g i n g  th e  i n pu t vari abl e  i n  
both  d i recti on s  by th e  sam e am ou n t for sel ected  open i n g s;  

– d eterm i n ati on  of m ech an i cal  or h yd rau l i c  d evi ati on s  from  syn ch ron ou s  operati on  (fl u tter 
d i stu rban ces)  from  th e  h ysteresi s.  

6.6.4 Characteristic  parameters  of control led  systems  

I f th e  con trol  perform an ce  d oes  n ot m eet expectati on s  wi th ou t d efi ci en ci es  of th e  con trol  
system  bei n g  n oted ,  th e  ch aracteri sti c parameters  of th e  con trol l ed  system  sh al l  be  ch ecked .  

6.7  Safety tests  

6.7.1  General  

Th e  fu n cti on  an d  th e  scope  of th e  safety d evi ces  are  d escri bed  u n d er I EC  61 362 ,  4 . 1 4 .  
I n  ad d i ti on  to  th e  faci l i ti es  m en ti on ed  th ere,  su ch  as:  

– tri p  (rapi d  sh u t d own );  

– em erg en cy sh u td own ;  

– overspeed  safety d evi ce;  

– i n terl ocki n g ;  

system s for m on i tori n g  th e  con trol  system  an d  braki n g  of th e  u n i t  m ay be  m en ti on ed ,  wh i ch  i n  
a  broad er sen se  a l so  bel on g  to  th e  safety system .  

Th e  safety test i s  m ean t to  prove  th at th e  protecti on  d evi ces  of th e  pl an t an d  th e  person n el  
fu l fi l  th ei r tasks.  Apart from  th e  i n terests  of th e  m an u factu rer an d  th e  u ser,  th ere  m ay be  
obl i g ati on s  of pu bl i c  au th ori ti es  an d  i n su ran ce  com pan i es  wh i ch  sh al l  be  taken  i n to  
con si d erati on .  

U su al l y,  th e  tests  pu t m ore  l oad  on  th e  p l an t th an  u n d er n orm al  operati n g  con d i ti on s  
(overspeed ,  l oad  re j ecti on ,  pressu re  su rg es).  Th erefore,  th e  m an u factu rer,  u ser an d ,  i f 
req u i red ,  pu bl i c  au th ori ti es  sh ou l d  be  i n  ag reem en t on  wh at ki n d  of tests  are  to  be  carri ed  ou t.  
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6.7.2  Test strategy 

G en eral l y,  a l l  s i g n al  rou tes  sh al l  be  ch ecked .  I n  ord er to  l i m i t  th e  n u m ber of l oad  rej ecti on s  
n ecessary for th e  testi n g ,  th e  m on i tori n g  an d  protecti on  eq u i pm en t can  be  ch ecked  i n  
secti on s.  Th i s  m ay be  n ecessary wh en  testi n g  com pl ex protecti on  system s.  Testi n g  of th e  
com pl ete  s i g n al  rou te  i s  to  be  en su red  by ch oosi n g  th e  l east possi b l e  n u m ber of overl appi n g  
secti on s.  

6.7.2 .1  Sensor test 

For th e  cal i brati on  of m easu ri n g  an d  l i m i t  val u e  tran sm i tters,  th ei r fu n cti on  i s  to  be  ch ecked  
u n d er th e  m ost real i sti c  con d i ti on s  possi bl e  (for exam pl e  real  pressu re  red u cti on  i n  th e  
accu m u l ator tan k (pressu re  vessel )  d own  to  th e  tri ppi n g  val u e).  

6.7.2.2  Functional  check 

I n terl ocki n g  con d i ti on s  an d  th e  vari ou s  tri ppi n g  possi bi l i ti es  are  to  be  ch ecked  d u ri n g  stan d sti l l  
(d ry test)  as  far as  possi b l e.  

6.7.2.3  Checking  of the  safety actuators  

Th e  fu n cti on  of th e  i n d i vi d u al  safety actu ators  (tri p,  em erg en cy sh u td own )  sh al l  be  proven  by 
speci fi c tests  on  th e  u n i t  – i f n ecessary d u ri n g  operati on .  

6.7.2 .4 Trips  for the  generating  un i t  

I n  ord er to  l i m i t  th e  n u m ber of actu al  tri ps  of th e  g en erati n g  u n i t  to  a  m i n i m u m ,  proper 
fu n cti on i n g  of th e  com pl ete  safety eq u i pm en t i n cl u d i n g  th e  braki n g  d evi ce,  i f an y,  i s  to  be  
tested  by l i ve  tri ps  wi th  represen tati ve  tri p  cri teri a.  

6.7.3  Test performance 

Th e  scope,  seq u en ce  an d  proced u re  of th e  tests  as  wel l  as  th e  respon si bi l i ty are  to  be  fi xed  
beforeh an d  i n  a  test prog ram m e.  I n  ad d i ti on ,  th e  i n i ti a l  an d  bou n d ary con d i ti on s  (for exam pl e  
h ead ,  power,  fl ow)  h ave  to  be  speci fi ed  for th e  i n d i vi d u al  tests.  

I f n ecessary,  ad d i ti on al  m easu ri n g  an d  record i n g  faci l i ti es  sh al l  be  i n stal l ed .  Th i s  m ay i n cl u d e  
eq u i pm en t to  m easu re:  

– val ve  swi tch i n g  ti m es;  

– d el ay ti m es  of em erg en cy an d  safety sh u td own  val ves;  

– actu ati n g  pressu res  i n  brake  cyl i n d ers;  

– pressu res  i n  th e  water ways;  

– actu ator open i n g s;  

– con trol  o i l  pressu res;  

– tu rbi n e  speed ,  power an d  fl ow.  

Th e  test s i g n al s  can  be  g en erated  e i th er i n tern al l y or extern al l y correspon d i n g  to  th e  
possi bi l i ti es  from  th e  con trol l er.  
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6.8  Test condi tions  to  be  fu l fi l led  

6.8.1  E lectrical  sources  

I f th e  m easu ri n g  an d /or d am pi n g  system s  are  arran g ed  as  e l ectri cal  i m ped an ce n etworks  fed  
from  a  sh aft d ri ven ,  fi xed  exci tati on  g en erator,  th e  g en erator can  be  repl aced  for th e  tests  by 
an  AC-sou rce  wh ose  freq u en cy an d  vol tag e  correspon d  to  th ose  of th e  fi xed  exci tati on  
g en erator at n orm al  speed .  Th e  vol tag e  d evi ati on  sh al l  be  l ess  th an  5  %  of th e  fu n d am en tal  
u n l ess  oth erwi se  speci fi ed  by con tract.   

Oth er au xi l i ary vol tag es  sh al l  be  m ai n tai n ed  d u ri n g  th e  test wi th i n  ±1 0  %  of th ei r rated  val u es.  

6.8.2  Turbine  

For acceptan ce  tests  perform ed  on  speed  con trol  system s  i n stal l ed  at  s i te,  except as  m ay be  
n oted  h erei n after or oth erwi se  perm i tted  by m u tu al  ag reem en t.  

– Operati n g  h ead  on  th e  tu rbi n e  sh al l  be  wi th i n  th e  l i m i ts  speci fi ed  i n  th e  tu rbi n e  con tract,  
oth erwi se  th e  m eth od  of correcti on  sh ou l d  be  ag reed  u pon .   

– Tai l water e l evati on  an d  power ou tpu t of th e  tu rbi n e  sh al l  be  su ch  th at th e  cavi tati on  factor 

(σ)  i s  n ot l ess  th an  th e  l ower l i m i t  of th e  tu rbi n e  m an u factu rer’ s  g u aran tee  or 
recom m en d ati on .  

– Stead y-state  power ou tpu t of th e  tu rbi n e  sh al l  n ot d evi ate  from  th e  speci fi ed  val u e  by 

m ore  th an  ±1 , 5  %  of rated  ou tpu t.  

6.8.3  Fluctuations  during  ind ividual  test  runs  

For tests  perform ed  u n d er con d i ti on s  of con stan t speed  an d  con stan t o i l  pressu re,  th e  
fl u ctu ati on s  of th e  speed  sou rce  an d  su ppl y o i l  pressu re  sh al l  n ot exceed  th e  fol l owi n g  l i m i ts  
d u ri n g  an  i n d i vi d u al  ru n :  

a)  speed  ±0, 1  %  for m easu rem en ts  u n d er stead y-state  con d i ti on s,  

b)  pressu re  ±1 0  %  of averag e  oi l  pressu re,  

except as  m ay be  n oted  h erei n after or oth erwi se  perm i tted  by m u tu al  ag reem en t.  

6.8.4 Adequate  provision  for test  

I t  i s  recom m en d ed  th at wh en  th e  pl an t i s  bei n g  d esi g n ed ,  atten ti on  be  g i ven  to  provi s i on s  for 
testi n g .  Th e  test con d i ti on s  sh ou l d  be  con si d ered  wh en  th e  i n ten d i n g  pu rch aser,  or h i s  
en g i n eers,  su bm i t an  i n q u i ry to  possi bl e  su ppl i ers.  Th e  exten t to  wh i ch  tests  are  to  be  
perform ed  i n  accord an ce  wi th  th e  req u i rem en ts  of th i s  cod e  sh al l  be  stated  i n  th e  con tract.  

6.8.5  Permissible  deviation  from  specified  values  

I t  i s  i m portan t th at speci fi ed  val u es  stated  i n  th e  con tract,  u pon  wh i ch  stated  g u aran tees  are  
based ,  be  ad h ered  to  as  cl osel y as  possi b l e.  Th e  rel ati ve  d evi ati on s  from  speci fi ed  val u es  
u n d er wh i ch  i t  i s  perm i ssi b l e  to  m ake a  con trol  system  acceptan ce  test are  speci fi ed  i n  6 . 8 . 6 .  
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6.8.6  Deviation  of average  values  from speci fied  operating  conditions  

6.8.6.1  Speed  

I f acceptan ce  tests  can n ot be  perform ed  at  th e  speci fi ed  speed ,  th e  perm i ssi b l e  d evi ati on  
from  th e  speci fi ed  speed  an d  i ts  effect on  th e  acceptan ce  test resu l ts  sh al l  be  ag reed  u pon  
pri or to  tests.  

6.8.6.2  Oi l  hydrau l ic  system  

Th e  acceptan ce  tests  of o i l  h yd rau l i c systems  pertai n  to  th e  fol l owi n g  param eters:  

a)  Pressu re  

 Acceptan ce  tests,  perform ed  on  a  con trol  system  i n stal l ed  on  s i te  wi th  th e  tu rbi n e  ru n n i n g  
or at  a  stan d sti l l ,  sh al l  be  perform ed  wi th  th e  o i l  pressu re  as  speci fi ed  i n  th e  con tract;  for 
tests  perform ed  i n  th e  sh ops  of th e  con trol  system  m an u factu rer,  becau se  of th e  absen ce  
of reg u l ati n g  force  req u i red  by th e  tu rbi n e,  th e  oi l  pressu re  of th e  l ast am pl i fi cati on  stag e  
of th e  con trol l er system  m ay be  red u ced  correspon d i n g l y after d em on strati n g  sati sfactory 
operati on  at th e  speci fi ed  pressu re.  Th i s  red u cti on  i n  o i l  pressu re  sh al l  be  m u tu al l y ag reed  
u pon  pri or to  th e  con d u ct of th e  tests.  

b)  Oi l  q u al i ty an d  tem peratu re  

 Acceptan ce  tests  sh al l  be  perform ed  wi th  an  o i l  q u al i ty prescri bed  by th e  su ppl i er or 
provi d ed  by th e  pu rch aser wi th  th e  approval  of th e  su ppl i er.  

 O i l  tem peratu res  d u ri n g  th e  tests  sh al l  correspon d  to  n orm al  su stai n ed  operati n g  
con d i ti on s  an d  l i e  wi th i n  a  ran g e  i n d i cated  by th e  m an u factu rer.  

 Th e  o i l  tem peratu re  h erei n  referred  to  i s  th at of th e  h i g h  pressu re  oi l  su ppl y m easu red  
wi th i n  or as  cl ose  as  possi b l e  to  th e  con trol  system .  

 Th e  prescri pti on s  of th e  m an u factu rer reg ard i n g  absen ce  of foam  an d  forei g n  m atters  i n  
th e  o i l  sh al l  be  stri ctl y observed .  

6.8.7  Provisions  of instruments  

U n l ess  oth erwi se  speci fi ed  by con tract,  th e  pu rch aser sh al l  be  respon si bl e  for obtai n i n g  th e  
n ecessary i n stru m en ts.  Th e  fi n al  report sh al l  state  th e  m an u factu rer an d  m an u factu rer’ s  seri al  
n u m ber of th e  i n stru m en ts  an d  com pl etel y d escri be  speci a l  d evi ces  or m od i fi cati on s  to  
stan d ard  i n stru m en ts  u sed  i n  con n ecti on  wi th  th e  acceptan ce  test.  

6.8.8  Cal ibration  of instruments  

Al l  i n stru m en ts  wh i ch  can n ot be  cal i brated  on  s i te  sh al l  carry cal i brati on  certi fi cates,  val i d  on  
th e  d ate  of th e  tests,  i ssu ed  by an  offi ci a l  i n sti tu ti on  wh i ch  i s  acceptabl e  to  both  parti es.  Th e  
provi si on  of cal i brati on  certi fi cates  sh al l  be  th e  respon si bi l i ty of th e  party provi d i n g  th e  test 
i n stru m en ts.  U n l ess  om i tted  by ag reem en t,  repeat cal i brati on s  sh al l  be  m ad e  after com pl eti on  
of th e  tests.  E i th er on e  or both  parti es  m ay,  i f th ey so  wi sh ,  wi tn ess  cal i brati on  an d  
recal i brati on  tests.  
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6.9  Isolated  network field  tests  

6.9.1  Precondi tions  

 

N O TE  I sol ated  g ri d  tests  s h ou l d  n ot  be  con si d ered  m an d atory.  

Th e  d eci si on  wh eth er to  perform  an  i sol ated  g ri d  test an d  th e  type  of testi n g  to  be  perform ed  
sh ou l d  be  stated  by stati on  own er/operator at  th e  ti m e  of ten d er.  Th e  fol l owi n g  factors  sh ou l d  
be  con si d ered  by th e  own er/operator wh en  d efi n i n g  th e  scope  of i sol ated  g ri d  testi n g :  

– th e  perform an ce  con strai n ts  of th e  tu rbi n e,  for exam pl e  d u e  to  m axi m u m  open i n g  an d  
cl osi n g  rates;  

–  th e  i n ten d ed  rol e  of th e  m ach i n es  i n  th e  n etwork m an ag em en t ph i l osoph y;  

– cost i m pl i cati on s  l i ke  d i rect costs  (for exam pl e  cost of test an d  eq u i pm en t)  an d  i n d i rect 
costs  (for exam pl e  l ost g en erati on  reven u e);  

– th e  d etai l s  of th e  test sh ou l d  be  based  on  th e  pred i cted  i sol ated  g ri d  con d i ti on s;  

– th e  own er/operator sh al l  co-ord i n ate  wi th  th e  n etwork m an ag i n g  bod y to  d eterm i n e  th e  
d etai l s  of th e  test.  I t  sh ou l d  be  rem em bered  th at th e  respon se  of th e  con trol  system  i s  
affected  by th e  ch aracteri sti cs  of th e  i sol ated  n etwork an d  th e  g en erator.  

Th ree  m eth od s  to  i n vesti g ate  th e  beh avi ou r of th e  pl an t operati n g  on  an  i sol ated  n etwork can  
be  con si d ered :  n u m eri cal  s i m u l ati on  of a l l  com pon en ts  (see  Cl au se  8),  fi e l d  tests  by s i m u l ated  
i sol ati on  an d  fi e l d  tests  on  a  real  i sol ated  g ri d .  

6.9.2  Tests  by s imu lated  isolation  

A very practi cal  test m eth od  i s  on -l i n e  s i m u l ati on  an d  i s  u su al l y su ffi ci en t for m ost cases.  Th e  
stabi l i ty of i sol ated  g ri d  operati on  d epen d s  essen ti a l l y on  th e  opti m u m  sel ecti on  of th e  
d yn am i c param eters  of th e  speed  con trol  system  wh i ch  are  u sed  for th i s  m od e.  Before  th e  
fi e l d  tests,  th e  su i tabl e  val u es  of th ese  param eters  are  g en eral l y cal cu l ated  wi th  opti m i sati on  
speci fi c software,  based  on  m ore  or l ess  accu rate  m od el s  of water passag es,  tu rbi n e,  
g en erator an d  l oad .  

H owever,  real  power p l an ts  are  som eti m es  d i fferen t from  m ath em ati cal  m od el s,  d ata  can  be  
erron eou s,  an d  eq u i pm en t su bj ect to  con ti n g en ci es  an d  m od i fi cati on s  d u ri n g  th ei r l i feti m e:  
th erefore,  th e  q u al i ty of n u m eri cal  cal cu l ati on s  m ay appear rel ati vel y i n ad eq u ate  i n  certai n  
cases.  

For th i s  reason ,  i t  i s  often  d esi rabl e,  before  or i n  p l ace  of carryi n g  ou t real  i sol ated  g ri d  fi e l d  
tests,  to  d evel op  an  i n term ed i ate  m eth od ,  based  on  an  « on -l i n e  i sol ated  g ri d  s i m u l ator» .  

F i g u re  8  represen ts  th e  pri n ci pl e  sch em e of su ch  a  s i m u l ator ( th e  vari abl es  are  i n  rel ati ve  
val u es):  th e  g en erati n g  u n i t  i s  operati n g  i n  paral l e l  wi th  th e  i n tercon n ected  power system  at 
d i fferen t val u es  of power ou tpu t (correspon d i n g  to  th e  d i fferen t operati n g  poi n ts  d esi red  for 
th e  i sol ated  n etwork operati on ).  Th erefore,  th e  speed  of th e  u n i t  i s  h el d  con stan t (or n earl y 
con stan t)  by th e  power system .  

Th e  pri n ci pl e  of th e  s i m u l ator can  be  d escri bed  as  fol l ows:  a  s i g n al ,  represen ti n g  th e  
speed /freq u en cy vari ati on s  wh i ch  wou l d  occu r i f th e  u n i t  were  su ppl yi n g  an  i sol ated  l oad ,  i s  
d evel oped  by cal cu l ati on  from  th e  m easu red  e l ectri cal  power ou tpu t of th e  g en erator.  Th i s  
s i m u l ated  speed /freq u en cy s i g n al  i s  th en  d el i vered  to  th e  con trol l er i n  p l ace  of (or i n  ad d i ti on  
to)  th e  actu al  speed /freq u en cy s i g n al .  
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Th e  s i m u l ated  freq u en cy i s  obtai n ed  by i n teg rati on  of th e  d i fferen ce  between  th e  power ou tpu t 
m easu rem en t an d  an  ad j u stabl e  power referen ce  (su m  of th e  i n i ti a l  va l u e  of th e  power an d  of 
a  test s i g n al );  i t  takes  i n to  accou n t:  

– th e  i n erti a  of th e  u n i t  (u n i t  accel erati on  con stan t Ta) ;  

– th e  i n erti a  of th e  l oad  ( l oad  accel erati on  con stan t Tb ;  th i s  con stan t i s  often  taken  eq u al  to  
zero);  

– th e  con trol l ed  system  sel f-reg u l ati on  factor (en ) ,  wh i ch  i s  th e  d i fferen ce  between  th e  l oad  
sel f-reg u l ati on  (eg )  factor an d  th e  tu rbi n e  sel f-reg u l ati on  factor (et) .  

On e  typi cal  s i m u l ated  i sol ati on  test i s  th e  step-respon se  test:  a  step  s i g n al  i s  appl i ed  to  th e  
ad j u stabl e  power referen ce,  an d  th e  s i m u l ated  speed /freq u en cy s i g n al  fol l owi n g  th i s  step  
ch an g e  i s  record ed  i n  th e  ti m e  d om ai n .  Atten ti on  sh ou l d  be  pai d  to  th e  m ag n i tu d e  of th e  step  
s i g n al ,  wh i ch  sh al l  be  s i g n i fi can t,  bu t wi th  a  typi cal  m axi m u m  val u e  correspon d i n g  to  1 0  %  of 
th e  rated  power ou tpu t.  

I n  th i s  on -l i n e  s i m u l ati on ,  th e  d yn am i c effects  of th e  real  com pon en ts  of th e  h yd rau l i c system  
are  i n cl u d ed ,  i . e .  th e  water col u m n ,  th e  tu rbi n e  (for s i m pl i ci ty,  i ts  d epen d en ce  on  th e  speed  
can  a l so  be  taken  i n to  accou n t by th e  tu rbi n e  sel f-reg u l ati on  factor),  th e  con trol l er,  i n cl u d i n g  
a l l  n on -l i n eari ti es.  

Th e  effect of th e  s i m u l ated  u n i t  speed  ch an g e  to  tu rbi n e  fl ow i n  th ese  tests  i s  n eg l ected  as  
th e  actu al  u n i t  speed  i s  h el d  con stan t,  th erefore  th e  i n accu racy wi l l  be  i n creased  by th i s  
s i m pl i fi cati on .  

On e  parti cu l ar poi n t i s  th e  beh avi ou r of th e  g en erator,  wh i ch  i s  d i fferen t i n  i n ter-con n ected  
n etwork an d  i sol ated  n etworks.  I n  i n tercon n ected  n etwork operati on ,  th e  g en erator can  be  
represen ted  as  a  secon d -ord er system  (n atu ral  freq u en cy typi cal l y between  0 , 8  H z an d  
1 , 5  H z);  th e  power ou tpu t i s  affected  by e l ectrom ech an i cal  osci l l ati on s  at  th i s  n atu ral  
freq u en cy.  I n  m ost cases  (except i n  cases  wi th  fast acti n g  d efl ector con trol  of Pel ton  tu rbi n es)  
th e  respon se  ti m e  of th e  speed  con trol  i s  l on g er,  so  th at th e  i n fl u en ce  of th i s  ph en om en on  can  
u su al l y be  n eg l ected  an d  th e  power ou tpu t of th e  g en erator can  be  assu m ed  eq u al  wi th  th e  
m ech an i cal  power of th e  tu rbi n e  ( l osses  of th e  g en erator n eg l ected ).  

M oreover,  th e  i sol ated  n etwork can  be  m od el l ed  very s i m pl y,  n eg l ecti n g  th e  com pl ex 
d yn am i cal  beh avi ou r of th e  l oad s.  

As  a  precau ti on ary m easu re,  for safety reason s,  i t  i s  n ecessary th at th e  s i m u l ator a l l ows  th e  
con trol l er to  q u i ckl y revert back to  n orm al  operati n g  con d i ti on s  of th e  con trol  system ,  i . e .  to  
th e  m easu red  freq u en cy of th e  i n tercon n ected  g ri d  i n  p l ace  of th e  s i m u l ated  freq u en cy;  th ese  
precau ti on s  are  essen ti al  i n  case  of d i verg en t osci l l ati on s  d u ri n g  th e  test,  for exam pl e  d u e  to  
u n -ad apted  val u es  of param eters  of th e  speed  con trol  system .  

F i g u re  D . 1 6  presen ts  a  fi e l d  record i n g  of su ch  a  step-respon se  by on -l i n e  i sol ated  g ri d  
s i m u l ati on  wi th  a  Fran ci s  tu rbi n e.  
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F igure  8  – Example  of on-l ine  s imulated  isolated  grid  test 

6.9.3  Tests  on  real  i solated  grid  

Real  i sol ated  g ri d  tests  are  u su al l y carri ed  ou t on l y i f th e  g ri d  operator req u i res  th em  
speci fi cal l y.  Th ey can  be  costl y,  wi th  th e  i n vol vem en t of n u m erou s  parti es  (th e  operators  of 
th e  power p l an t,  of th e  tran sm i ssi on  g ri d  an d  of th e  d i stri bu ti on  or of th e  i n d u stri a l  con su m er 
to  be  su ppl i ed  i n  i sol ati on  m od e).  Th ey req u i re  carefu l  p l an n i n g  an d  execu ti on  i n  ord er to  
preven t u n acceptabl e  d i sru pti on  to  th e  i sol ated  n etwork.  

Th e  am pl i tu d e  of th e  l oad  ch an g e  wh en  tran sferri n g  from  th e  i n tercon n ected  g ri d  to  th e  
i sol ated  on e  sh ou l d  be  i n i ti a l l y re l ati vel y sm al l .  Th i s  am pl i tu d e  an d  th e  d yn am i c param eters  of 
th e  speed  con trol  system  can  be  pre-d eterm i n ed  by cal cu l ati on  an d /or on -l i n e  s i m u l ati on .  

Th e  am pl i tu d e  of th e  l oad  ch an g es  can  be  g rad u al l y i n creased  to  d eterm i n e  th e  poi n t at wh i ch  
th e  freq u en cy vari ati on s  becom e u n acceptabl e.  

6.1 0  Role  of control ler for stabi l i ty in  in terconnected  power systems  

Th e  fl u ctu ati on s  of sh aft  torq u e  i n  a  h yd rau l i c mach i n e  can  be  i n d u ced  by:  

a)  vari ati on s  of th e  pressu re  forces  acti n g  on  th e  ru n n er/i m pel l er b l ad es;  

b)  vari ati on s  of th e  e l ectro-m ag n eti c forces  acti n g  on  th e  g en erator/m otor.  
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Pressu re  fl u ctu ati on s  are  a  n atu ral  occu rren ce  i n  h yd rau l i c  m ach i n ery.  Refer to  4 . 3. 1 . 1  of 
I EC  601 93  for a  fu l l  d escri pti on .  Th e  pressu re  fl u ctu ati on s  g en eral l y occu r typi cal l y between  
0 , 2  an d  3  ti m es  th e  ru n n er peri ph eral  freq u en cy.  

Th e  torq u e  fl u ctu ati on s  i n d u ced  by th e  n atu ral  freq u en cy of an  e l ectri c g en erator can  a l so  
occu r.   

N orm al l y th e  freq u en cy of th ese  osci l l ati on s  i s  i n  th e  reg i on  of 0 , 8  H z to  1 , 5  H z an d  i s  
d epen d en t u pon  ch aracteri sti cs  (topol og y,  freq u en cy,  etc. )  of th e  i n tercon n ected  power 
system ,  operati on  poi n t of th e  g en erator (acti ve  an d  reacti ve  power),  an d  param eters  of th e  
vol tag e  reg u l ati on .  

A reson an ce  can  resu l t  at parti a l  l oad s  of a  Fran ci s  tu rbi n e  d u e  to  th e  i n teracti on  of th e  
pressu re  fl u ctu ati on s  an d /or th e  n atu ral  osci l l ati on s  of th e  pen stock an d  th e  n atu ral  freq u en cy 
of th e  g en erator,  con n ected  to  an  i n ter-con n ected  power system .  Th i s  ph en om en on  resu l ts  i n  
th e  fl u ctu ati on  of th e  speed  an d /or power ou tpu t of th e  h yd ro-g en erati n g  u n i t.  

Th e  h yd ro  tu rbi n e  con trol l er m ay n ot be  abl e  to  su ppress  th ese  power swi n g s.  Th i s  can  be  
easi l y ch ecked  by operati n g  th e  h yd ro-g en erati n g  u n i t  u n d er g ate  (wi cket g ate,  ru n n er b l ad e  
or n ozzl e)  l i m i t  con trol ,  wi th  th e  servom otor(s)  i n  th e  stead y-state  con d i ti on .  An y speed  an d /or 
power fl u ctu ati on  i s  d u e  to  th e  tu rbi n e  or g en erator an d  i n tercon n ected  power system .  

Th e  a i m  of th e  m od ern  power system  con trol  i s  to  provi d e  power at  con stan t freq u en cy an d  
vol tag e.  H owever power swi n g s  wi th  associ ated  freq u en cy swi n g s  can  be  experi en ced  d u e  to  
th e  com pl ex n atu re  of g en erati on  an d  tran sm i ssi on  system s.  Power system  stabi l i sers  are  
provi d ed ,  as  part of th e  exci tati on  system ,  to  red u ce  th e  power swi n g s.  Th e  tu rbi n e  con trol l er 
can  a l so  h el p  i n  red u ci n g  th e  power swi n g s.  

I n  oth er cases,  th e  tu rbi n e  con trol l er can  cau se  or worsen  l ocal  h yd ro  tu rbi n e  osci l l ati on  
i n vol vi n g  i ts  water con d u ctor system ,  th at cou l d  i n fl u en ce  or d eteri orate  th e  power system .  An  
exam pl e  i s  th e  tu rbi n e  con trol l er power ou tpu t con trol ,  based  on  “freq u en cy versu s  power”  
perm an en t speed  d roop  ch aracteri sti cs,  on  h yd ro  power i n stal l ati on s  wi th  su rg e  tan ks.  

Overal l  power swi n g s  can  be  experi en ced  i f th e  ad j u stabl e  param eters  of Au tom ati c Vol tag e  
Reg u l ator (AVR)  an d  /or Power S ystem  S tabi l i ser (PS S)  are  n ot opti m i sed .  Th e  acceptabl e  
power swi n g s  on  a  h yd ro  g en erati on  u n i t,  operati n g  i n  an  i n ter-con n ected  power system ,  
sh ou l d  n ot be  m ore  th an  5  %  (peak to  peak)  of th e  rated  power.  

7  Inaccuracies  in  control ler tests  

G en eral l y,  a l l  tests  h ave  errors  u p  to  a  certa i n  exten t.  S ystem ati c errors  can n ot be  e l i m i n ated  
by repeti ti on  of m easu rem en ts,  as  th ey are  d efi n ed  by th e  ch aracteri sti cs  of th e  m easu ri n g  
i n stru m en ts  an d  by th e  m easu ri n g  arran g em en t.  H owever,  ran d om  errors  can  be  red u ced  by 
repeated  m easu rem en ts.  Wi th  con trol l er m easu rem en ts,  ran d om  errors  can  on l y sel d om l y be  
d eterm i n ed  s i n ce  th ese  m easu rem en ts  are  h ard l y ever repeated  several  ti m es.  Wh en  
record i n g  stati c ch aracteri sti c cu rves,  i t  i s  at best possi b l e  to  establ i sh  an  eq u al i s i n g  cu rve  
an d  th en  d eterm i n e  th e  m ean  ran d om  error.  Th erefore,  system ati c u n certai n ti es  are  d eal t  wi th  
i n  th e  fol l owi n g  su bcl au ses.  I f n o  ran d om  errors  are  d eterm i n ed ,  th e  real  u n certai n ty of 
m easu rem en ts  i s  l arg er by an  u n kn own  bu t g en eral l y sm al l  ran d om  porti on .  
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Basi cal l y,  th e  u n certai n ty of th e  appl i ed  m easu ri n g  i n stru m en ts  an d  m easu ri n g  ch ai n s  as  wel l  
as  of th e  m easu rem en t eval u ati on  sh ou l d  correspon d  to  th e  i m portan ce  of th e  m easu rem en ts  
to  be  carri ed  ou t an d  th ei r resu l ts.  Often  i t  resu l ts  from  th e  con tractu al  speci fi cati on s.  

I n  th e  fol l owi n g ,  recom m en d ati on s  are  g i ven  for th e  ad m i ssi bl e,  system ati c u n certai n ti es  wi th  
respect to  th e  m ost i m portan t m easu red  vari abl es  d epen d en t on  th e  task to  be  carri ed  ou t.  
Th e  u n certai n ti es  a l ways  cover th e  com pl ete  m easu ri n g  ch ai n  from  th e  tran sm i tter to  th e  
d i spl ay an d /or record i n g  i n cl u d i n g  te l econ trol  tran sm i ssi on ,  i f an y.  Su peri m posed ,  d i stu rbi n g  
osci l l ati on s  of th e  m easu red  vari abl es  can  be  fi l tered  ou t.  D u ri n g  th i s  process,  n ei th er a  
percepti bl e  d am pi n g  n or a  m aj or ph ase  sh i ft  of th e  s i g n al  to  be  d eterm i n ed  are  perm i ssi bl e;  
th e  cu t off-freq u en cy of th e  fi l ter sh ou l d  su rpass  th e  essen ti a l  freq u en cy of th e  con trol  process  
by at  l east 1 0  ti m es.  

For al l  m easu red  vari abl es,  th e  d i fference is  to  be  mad e between  plan ts  grou ped  i n  the  
categori es  sh own  i n  Table  1 .  Tabl es  l isti n g  the  speci fi c test prog rams are  presen ted  i n  An n ex B.  

Table  1  – Un i t  and  plant categories  

Level  Description  Remarks  

I  U n i ts  for peakl oad  operati on    

I I  U n i ts  for base  l oad  operati on  

U n i ts  i n  b i g  g ri d s  

S m al l  u n i ts  for i s o l ated  l oad  operati on  

 

I I I  S m al l  u n i ts  wi th  i n d u cti on  g en erators  (pos i ti on  
con trol  an d  ru n  of th e  ri ver proj ects  wi th  g ate  
l i m i ter operati on )  

Tu rb i n e-g en erator sets  i n  separate  n etworks  
h avi n g  m aj or freq u en cy osci l l ati on s  d u e  to  
pe rm an en tl y varyi n g  l oa d  

 

I n  m an y pl an ts,  u n certai n ti es  ran g i n g  between  th e  above  categ ori es  are  a l l owed .  Very often ,  
th e  i n d u stri a l  m easu ri n g  i n stru m en ts  are  su ffi ci en t.  Pri or to  each  m easu rem en t,  th e  ad m i ssi bl e  
m easu ri n g  u n certai n ty sh ou l d  be  ag reed  u pon  d epen d en t on  th e  parti cu l ar m easu ri n g  task.  
Th e  ad m i ssi b l e  val u es  of th e  i n stru m en t u n certai n ti es  for th e  d i fferen t categ ori es  are  sh own  i n  
Tabl e  2 .  
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Table  2  – Admissible  measuring  instrument uncertainties  

I tem  No.  Description  Level  I  Level  I I  Level  I I I  

7 . 1  F req u en cy,  speed     

7 . 1 . 1  I n sen si ti vi ty m eas u rem en ts  

I  fn  I  ≤  

I  ∆f I  ≤   (wi th  fr =  50  H z)  

 

0 , 0 0 2  %  

0 , 00 1  H z  

 

0 , 00 2  %  

0 , 0 0 1  H z  

 

0 , 1  %  

0 , 0 5  H z  

7 . 1 . 2  Freq u en cy/speed  wh en  m easu ri n g  stati c  cu rves  

I  fn  I  ≤  

I  ∆f I  ≤   (wi th  fr =  50  H z)  

 

0 , 1  %  

0 , 05  H z  

 

0 , 1  %  

0 , 0 5  H z  

 

0 , 4  %  

0 , 2  H z  

7 . 1 . 3   S peed  d u ri n g  start-u p  an d  swi tch i n g -off processes

I  fn  I  ≤  

I  ∆f I  ≤   (wi th  fr =  50  H z)  

 

0 , 5  %  

0 , 2 5  H z  

 

0 , 5  %  

0 , 2 5  H z  

 

2  %  

1  H z  

7 . 2  S trokes     

7 . 2 . 1  I n sen si ti vi ty m easu rem en t 

I  fy  I  ≤  

 

0 , 0 5  %  

 

0 , 0 5  %  

 

0 , 5  %  

7 . 2 . 2  F l u tter test  (syn ch ron ou s  operati on )  
m easu rem en ts  (g u i d e  van e  – g u i d e  van e)  

I  fy  I  ≤  

 

0 , 0 5  %  

 

0 , 0 5  %  

 

0 , 5  %  

7 . 2 . 3  S trokes  d u ri n g  start-u p  an d  sh u t  d own  processes,  
n etwork an d  i so l ated  operati on  

I  fy  I  ≤  

 

1  %  

 

1  %  

 

2  %  

7 . 3  P ower 

Al l  percen tag e  d ata  refers  to  m axi m u m  power 

I  fP  I  ≤  

 

0 , 5  %  

 

0 , 5  %  

 

2  %  

 

7 . 4  Pressu re/h ead s     

7 . 4 . 1  Al l  d ata  refer to  th e  pressu re  po  or th e  h ead  ho  i n  
s tead y state,  ca l cu l a ted  for th e  h ori zon tal  cen tre  
l i n e  e l evati on .  

Pressu re/h ead s  d u ri n g  start-u p  an d  sh u t-d own  
processes,  n etwork an d  i so l ated  operati on  

I  fp  I  ≤  

I n  speci a l  cases,  g re ate r val u es  can  be  perm i tted  

 

 

2  %  

 

 

 

2  %  

 

 

2  %  

7 . 4 . 2  Oi l  pressu res  

Al l  d ata  refers  to  th e  n om i n al  pressu re  p1  o f th e  
p ressu re  accu m u l ator 

I  fp  I  ≤  

 

2  %  

 

2  %  

 

2  %  

7 . 5  Water l evel s     

7 . 5 . 1  Water l evel  con trol  
a )

 

I  ∆H I  ≤  

 

–  

 

0 , 5  cm  

 

2  cm  

a )
 P roper protecti on  of tran sd u cer from  i n fl u en ce  of waves.  
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Table  2  (continued)  

I tem  No.  Description  Level  I  Level  I I  Level  I I I  

7 . 5. 2  Water l evel  fl u ctu ati on  i n  s u rg e  tan ks.  

Al l  d ata  refer to  th e  d i fferen ce  between  th e  

h i g h est an d  l owest  water l evel ,  ∆ho  i n  th e  su rg e  
tan k 

I  fh  I  ≤  

 

1  %  

 

1  %  

 

1  %  

7 . 6  Ti m e     

7 . 6 . 1  D ead  ti m es  

I  ∆t  I  ≤  

 

0 , 0 5  s  

 

0 , 0 5  s  

 

0 , 0 5  s  

7 . 6 . 2  Actu ati n g ,  syn ch ron i s i n g  an d  tran si en t  ti m es  

I  ∆t  I  ≤  

 

0 , 2  s  

 

0 , 2  s  

 

0 , 2  s  

7 . 7  F l ow 

Absol u te  fl ow 

I  fQ  I  ≤  

Re sol u ti on  

 

5  %  

1  %  

 

5  %  

1  %  

 

5  %  

1  %  

a )
 P roper protecti on  of tran sd u cer from  i n fl u en ce  of waves.  

 
 

8  Simulation  of governing  and  control  operations  

8.1  General  remarks  

Th e  s i m u l ati on  of ph ysi cal  processes  i s  n ot a  test,  properl y speaki n g .  H owever,  s i n ce  th e  
tests  can  be  su bsti tu ted  an d /or s i m pl i fi ed  to  a  g reater or l esser exten t by s i m u l ati on s,  i t  i s  
u sefu l  to  i n cl u d e  th em  i n to  th e  presen t stan d ard .  

G en eral l y,  th e  s i m u l ati on  of th e  beh avi ou r of com pon en t parts,  p l an ts  or parts  th ereof i n vol ve  
costs.  Th e  m ore  com pl i cated  th e  s i m u l ated  parts  an d  th e  h i g h er th e  preci si on  wi th  wh i ch  th ei r 
beh avi ou r i s  to  be  d eterm i n ed ,  th e  h i g h er th e  expen ses.  Th erefore,  th e  scope  an d  task of a  
s i m u l ati on  i s  to  be  ag reed  u pon  con tractu al l y,  i n  ad van ce.  As  a  ru l e,  a  p l an t s i m u l ator i s  a  
separate  d evi ce.  H owever,  i t  can  a l so  be  d esi g n ed  as  a  separate  prog ram m e secti on  wi th i n  
th e  d i g i ta l  con trol l er.  Th e  ad van tag e  of th e  separate  d evi ce  i s  th at th e  i n terfaces  between  th e  
con trol  system  an d  th e  p l an t s i m u l ator can  be  d esi g n ed  j u st l i ke  i n  th e  p l an t i tsel f.  

Th e  fol l owi n g  tasks  can  be  assi g n ed  to  s i m u l ati on .  

– Pre-exam i n ati on  of th e  com pl ete  pl an t i n cl u d i n g  th e  con trol  system  for sel ecti on  an d  
opti m i sati on  of th e  con trol l er set-poi n t va l u es  (param eters)  an d  – i f n ecessary – of th e  
con trol l er a l g ori th m s  an d  for th e  testi n g  of operati n g  con d i ti on s  wh i ch  can n ot easi l y be  
prod u ced  i n  th e  p l an t (for exam pl e  i sol ated  operati on ).  Th e  com pu ti n g  ti m e  n eed ed  for th i s  
i s  of n o  i m portan ce.  

– Param eter stu d i es  on  th e  i n fl u en ce  of u n pred i ctabl e  p l an t ch aracteri sti cs,  for exam pl e  th e  
power system  (g ri d )  sel f reg u l ati n g  factor.  Th e  com pu ti n g  ti m e  ag ai n  i s  of n o  i m portan ce.  

– Worksh op  acceptan ce  test of th e  con trol  system  tog eth er wi th  th e  s i m u l ated  con trol l ed  
system  (u n i t  accel erati on  ti m e  con stan t Ta ,  water i n erti a  ti m e  con stan t TW,  etc. ) .  I n  th i s  
test,  th ose  parts  of th e  con trol  system  wh i ch  can n ot be  i n cl u d ed  i n  th e  acceptan ce  test 
sh al l  be  s i m u l ated ,  su ch  as  for exam pl e  th e  o i l  pressu re  system  for actu ators  an d  
servom otors.  For th i s ,  a  real  ti m e  s i m u l ator i s  req u i red .  
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– Person n el  tra i n i n g  i n  p l an t operati on  e i th er i n  th e  worksh op  or on  s i te.  I f tra i n i n g  i s  to  be  
carri ed  ou t on  th e  ori g i n al  con trol  system ,  h ere  ag ai n  a  real -ti m e  s i m u l ator sh al l  be  u sed  
for th e  p l an t.  

8.2  Simulator characteristics  

Th e  s i m u l ator i s  m ean t to  reprod u ce  a l l  i m portan t ph ysi cal  properti es  of th e  part to  be  
s i m u l ated  as  exactl y as  possi bl e.  Besi d es  th e  stead y-state  beh avi ou r,  above  a l l  th e  d yn am i c 
properti es  sh al l  be  reprod u ced  correctl y,  i n cl u d i n g ,  i n  d etai l ,  th e  fol l owi n g .  

– I n  p l an t s i m u l ati on s,  a l l  th e  s i g n i fi can t com pon en ts  of th e  water passag e  system  sh al l  be  
d eterm i n ed .  For p i pe  secti on s  su bj ected  to  a  h i g h  d eg ree  of d yn am i c pressu re  vari ati on s,  
th e  water com pressi bi l i ty an d  th e  p i pe  wal l  fl exi b i l i ty sh al l  be  taken  i n to  accou n t.  Su rg e  
tan ks  sh al l  be  carefu l l y m od el l ed ,  parti cu l arl y i f extrem e  water l evel s  are  to  be  d eterm i n ed ,  
wh ereas  d i stri bu ti on  p i pes  an d  s i m i l ar sh ort p i pe  secti on s  can  often  be  s i m pl i fi ed .  

– Ch aracteri sti c d i ag ram s  of h yd rau l i c m ach i n es  an d  oth er rel evan t ch aracteri sti c cu rves  
sh al l  be  en tered  as  accu ratel y as  possi b l e,  at  l east for a l l  re l evan t areas  (m od el  
ch aracteri sti c d i ag ram s  an d  cu rves).  

– Ad j u sti n g  d evi ces  sh ou l d  con tai n  a l l  n on -l i n eari ti es,  for exam pl e  servom otor speed  
l i m i tati on s  or g rad ed  actu ati n g  l aws.  

– I n  separate  n etworks,  th e  l oad  ch aracteri sti cs  are  sel d om  kn own .  Th erefore,  i t  sh al l  be  
m ad e  su re  th at even  th e  m ost u n favou rabl e  cases  are  con si d ered  i n  th e  s i m u l ati on .  

– I n  ord er to  avoi d  d am ag e  d u e  to  i n correct i n terl ocki n g  or con trol  ti m es  d u ri n g  start-u p,  th e  
i n fl u en ce  of th e  forces  on  th e  servom otor ti m es  sh ou l d  be  taken  i n to  accou n t wh en  testi n g  
o i l  an d  water h yd rau l i c  con trol  system s  wi th  i m portan t i n terl ocki n g  fu n cti on s  (for exam pl e  
h ead race-  an d  ta i l race  sph eri cal  va l ve  con trol  system s  i n  con n ecti on  wi th  d i ffi cu l t  pressu re  
su rg e  con d i ti on s).  

– Wh en  s i m u l ati n g  el ectron i c con trol  fu n cti on s  i n  work sh op  tests,  i m portan t i n terl ocki n g  
fu n cti on s  wh i ch  sh al l  operate  re l i abl y ri g h t from  th e  beg i n n i n g  d u ri n g  start-u p,  are  a l so  to  
be  i m pl em en ted .  

8.3  Inaccuracy of plant s imu lators,  calcu lations  of pressure  surge  
and  control  parameters  

8.3.1  General  

Al l  s i m u l ati on s  are  pron e  to  i n accu raci es.  Th i s  appl i es  to  pl an t s i m u l ators,  ca l cu l ati on s  of 
pressu re  su rg e  an d  con trol  param eters  al l  of wh i ch  h ave  th e  sam e e l em en ts.  Th ere  are  
d i fferen t reason s  for th e  i n accu raci es.  I n  th e  fol l owi n g  Su bcl au ses,  th e  u n avoi d abl e  
i n accu raci es  are  l i sted  accord i n g  to  th ei r ori g i n .  

8.3.2  Inaccuracy of input data  

D i sti n cti on  m u st be  m ad e  between  

– u n foreseeabl e  i n accu raci es  of th e  i n pu t d ata,  an d  

– speci fi c s i m pl i fi cati on s  m ad e  i n  i n pu t d ata  processi n g .  
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E xam pl es  of u n foreseeabl e  u n certai n ti es  of th e  i n pu t d ata  are  

– d evi ati on s  of m od el  ch aracteri sti c d i ag ram s an d  cu rves  of th e  tu rbi n es  an d  val ves  from   
th ose  of th e  p l an t;  

– d evi ati on s  of th e  u n i t’ s  m om en t of i n erti a;  

– d evi ati on s  of th e  fri cti on  resi stan ces  an d  th e  resi stan ce  coeffi ci en ts  of i n d i vi d u al   
com pon en ts;  

– d evi ati on s  of th e  actu ator speed s  of wi cket g ates  an d  val ves  d u e  to  h yd rau l i c  forces   an d  
m om en ts.  

Th ese  factors  can n ot be  m easu red  an d  can  resu l t  i n  s i g n i fi can t d i fferen ces  between  
s i m u l ati on  an d  real i ty.  

Wh en  prepari n g  th e  i n pu t d ata,  th e  fol l owi n g  system ati c s i m pl i fi cati on s  are  for i n stan ce  m ad e:  

– s i m pl i fi cati on  of d i stri bu ti n g  con d u i ts,  bran ch es,  con es;  

– ad j u stm en t of th e  parti a l  secti on s  or wave  vel oci ti es  of stag g ered  con d u i t  system s to  th e  
com pu ted  ti m e  i n terval s;  

– g reatl y s i m pl i fi ed  con si d erati on  of th e  m ass  i n erti a  of th e  water m asses  i n  th e  u n i ts.  

G en eral l y,  th e  effects  of th ese  system ati c s i m pl i fi cati on s  can  be  m ai n tai n ed  i n  reason abl y 
con fi n ed  l i m i ts  wh en  bei n g  d eal t  wi th  carefu l l y.  

8.3.3  Inaccuracy of computing  programmes  

Th e  prog ram m es  are  based  on  th e  actu al  kn owl ed g e  of th e  m ath em ati cal  d escri pti on  of th e  
rel evan t ph ysi cal  processes  an d  th e  n u m eri cal  m eth od s  for sol vi n g  th e  eq u ati on  system s.  
H ere  are  som e  exam pl es  of com pu ti n g  si m pl i fi cati on s  wh i ch  resu l t  i n  com pu ti n g  i n accu raci es:  

– u s i n g  th e  stream l i n e  th eory th u s  n eg l ecti n g  m u l ti -d i m en si on al  i n fl u en ces;  

– n eg l ect of th e  speed  en erg y;  

– u s i n g  stead y-state  ch aracteri sti c d i ag ram s  an d  cu rves;  

– cycl e  ti m e  of n on -stati on ary processes  wh i ch  i n  real i ty are  con ti n u ou s.  

Experi en ce  h as  sh own  th at th ese  i n fl u en ces  are  so  sm al l  i n  th ese  rel ati vel y s l owl y evol vi n g  
processes  th at th ey can  actu al l y be  n eg l ected .  

8.3.4 Conclusions  

I n  su m m ary,  i t  can  be  sai d  th at 

– th e  resu l ts  of com pu tati on al  s i m u l ati on s  i n cl u d i n g  p l an t s i m u l ators  are  g en eral l y pron e  to  
fau l ts;  

– a  l ot  of experi en ce  i s  req u i red  to  d eci d e  on  th e  s i m pl i fi cati on s  an d  to  j u d g e  th e  d ocu m en ts  
an d  resu l ts  avai l abl e;  

– experi en ce  g ai n ed  from  cal cu l ati on s  of pressu re  su rg e  an d  con trol  processes,  u s i n g  th e  
sam e  el em en ts  an d  s i m pl i fi cati on s  as  p l an t s i m u l ators,  h ave  sh own  th at wh en  bei n g  d eal t  
wi th  carefu l l y th e  d evi ati on s  from  th e  beh avi ou r i n  th e  p l an t rem ai n  wi th i n  acceptabl e  l i m i ts  
so  th at th e  s i m u l ati on  resu l ts  can  be  u sed  for d i m en si on i n g  th e  p l an t parts,  for j u d g i n g  th e  
con trol  system s  an d  for pre-setti n g  th e  con trol  param eters.  
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Annex A   
( i nform ati ve)  

 
Test procedures  

 
 

A.1  Insensi tivi ty test procedure  

(Speed  con trol )  

a)  Test in  the  workshop 

M easu ri n g  val u es  to  be  record ed :  

– ord i n ate:  actu al  val u e  of speed ;  

– absci ssa:  actu al  val u e  of servo  m otor stroke.  

Test procedure: 

Th e  d esi red  val u e  of speed  h as  to  be  ch an g ed  i n  steps  (wi th  a  d i stu rban ce  s i g n al )  wi th  
d efi n ed  p l u s/m i n u s  steps.  From  step  to  step,  th e  am pl i tu d e  of speed  ch an g e  becom es 
red u ced  u n ti l  th e  servo  m otor sh ows n o  m ore  m ovem en t.   

Th e  correspon d i n g  val u e  of am pl i tu d e  of speed  ch an g e  sh ows  th e  i n sen si ti vi ty from  th e  u n i t  
con trol .  

b)  Test in  the  field  

M easu ri n g  val u es  to  be  record ed :  

– ord i n ate:  actu al  val u e  of speed  or freq u en cy;  

– absci ssa:  servo  m otor stroke.  

Test procedure: 

On e  possi bl e  test proced u re  i s  to  u se  th e  u n i t  con n ected  to  th e  g ri d  wi th ou t ad d i ti on al  
d i stu rban ce  s i g n al .  I n  th e  ran g e  of i n sen si ti vi ty,  wh ere  on l y th e  speed  s i g n al  i s  ch an g i n g ,  th e  
record  sh ows  th e  i n sen si ti vi ty as  a  ban d  wi th  accu m u l ated ,  partl y verti cal  l i n es.  

Th e  i n cl i n ati on  from  th e  ban d  of i n sen si ti vi ty correspon d s  to  th e  ad j u sted  perm an en t speed  
d roop.  

A.2  Dead  time test procedure  

a)  Test in  the  workshop  

M easu ri n g  val u es  to  be  record ed :  

– ord i n ate:  d i stu rban ce  s i g n al ,  actu al  va l u e  of speed  an d  servom otor stroke;  

– absci ssa:  ti m e.  

Test procedure: 

Th e  speed  h as  to  be  ch an g ed  i n  steps  wi th i n  ±1 0  %  of th e  rated  speed .  Th e  ti m e  between  th e   
ch an g e  i n  steps  of actu al  va l u e  of speed  an d  th e  beg i n n i n g  from  th e  m ovem en t of servom otor 
i s  th e  d ead  ti m e.  Th e  stepwi se  speed  ch an g e  of va l u e  eq u al  to  4  ti m es  th e  speci fi ed  d ead  
ban d  wi l l  be  su i tabl e.  
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b)  Test in  the  field  

Th e  sam e  tests  as  i n  th e  worksh op  can  be  carri ed  ou t,  or as  fol l ows.  

M easu ri n g  val u es  to  be  record ed :  

– ord i n ate:  actu al  val u e  of speed  an d  servom otor stroke;  

– absci ssa:  ti m e.  

Test procedure: 

Th e  d ead  ti m e  can  be  d eri ved  from  a  l oad  re j ecti on .  I t  i s  th e  ti m e  between  th e  beg i n n i n g  of 
speed  i n crease  an d  th e  beg i n n i n g  of th e  m ovem en t of th e  servom otor.  

Th e  d ead  ti m e  test can  a l so  be  carri ed  ou t wi th  tri an g u l ar i n pu t s i g n al s  i n stead  of steps.  

A.3  Test procedure  for the  pressure ind ication  from servomotors  

a)  Objective  of the  test 

To d eterm i n e  th e  s i ze  an d  d i recti on  of th e  h yd rau l i c an d  fri cti on al  m om en ts  (open i n g  an d  
cl osi n g )  for refu rbi sh m en t pu rposes.  

Th ese  s i zes  d epen d  on :  

•  m ach i n e  s i ze;  

•  h ead  an d /or fl ow rate;  

•  m axi m u m  open i n g  an g l e  of th e  b l ad es;  

•  fri cti on ;  

•  g eom etri c form  of wi cket g ate  an d  ru n n er.  

M easu ri n g  val u es  to  be  record ed :  

•  ord i n ate:  th e  pressu res  prevai l i n g  on  th e  open i n g  an d  cl osi n g  s i d es  of th e  servom otor po  
an d  pc;  

•  absci ssa:  th e  servom otor's  stroke  an d /or th e  val u e  of th e  correspon d i n g  i n d i cati n g  scal e  ( i t  
sh al l  be  preci sel y d efi n ed  wh at i s  1 00  % );  

•  ad d i ti on al  param eters  to  be  n oted :  

–  th e  correl ati on  an d /or th e  re l evan t attach ed  scal es  for 

servom otor stroke  Yg a  versu s  g u i d e  van e  an g l e  ∅ ;  

servom otor stroke  Yru  versu s  ru n n er b l ad e  an g l e  β2  an d /or tu rn i n g  an g l e  on  th e  p l ate;  

– th e  stati c h ead  H;  

– th e  ta i l  race  l evel ;  

– th e  g en erator power at  fu l l y open ed  tu rbi n e.  

b)  Test procedure  

I f possi bl e,  th e  m easu rem en ts  sh al l  be  p l otted  wi th  a  record er.  

I n  g en eral ,  th e  wi cket g ate  an d /or th e  ru n n er sh al l  be  m oved  s l owl y an d  u n i form l y,  on  th e  on e  
h an d ,  to  take  th e  i n erti a  of th e  m easu ri n g  i n stru m en ts  i n to  accou n t,  an d  on  th e  oth er h an d  to  
g u aran tee  s l i d i n g  fri cti on .  At th e  sam e ti m e,  th e  pressu res  i n  th e  open i n g  an d  cl osi n g  s i d es  
sh ou l d  be  m easu red ,  taki n g  care  th at th e  servom otor m oves  d u ri n g  read i n g  (s l i d i n g  fri cti on ).  
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Th e  test sh al l  be  carri ed  ou t i n  2  stag es:  

•  g en erator u n syn ch ron i sed  an d  wi cket g ate  from  n o-l oad  posi ti on  to  cl osed  posi ti on  an d  
vi ce  versa;  

•  g en erator paral l e l  to  g ri d  from  fu l l  open  posi ti on  to  n o-l oad  posi ti on  an d  vi ce  versa.  

A m easu rem en t sh al l  a l ways  be  m ad e  i n  th e  open i n g  an d  th e  cl osi n g  d i recti on .  

c)  Pressure  and  stroke measurement 

M easu ri n g  i n stru m en ts  (m an om eters)  to  m easu re  o i l  or water pressu res  sh al l  be  con n ected  
d i rectl y to  th e  servom otors  an d  n ot to  a  su ppl y p i pi n g .  

On  con trol  d evi ces  wi th  water cl osi n g  cyl i n d ers,  th e  water pressu re  sh al l  a l so  be  m easu red  or 
record ed  over th e  wh ol e  stroke,  s i n ce  th e  pressu re  i s  n ot con stan t becau se  of th e  varyi n g  
pen stock pressu re.  

I f th e  m easu rem en ts  are  n ot carri ed  ou t wi th  a  record er,  th e  fol l owi n g  sh al l  be  observed .  

– Th e  pressu res  sh ou l d  be  read  at  i n terval s  of a  l east every 1 0  %  of th e  stroke.  Care  sh al l  
be  taken  to  see  th at th e  servom otor m oves  s l owl y at  th e  ti m e  of read i n g .  

– Th e  pressu re  can n ot be  read  i n  th e  reversal  poi n ts  ( i . e.  en d  posi ti on s  OPEN  an d  
CLOSED ).  Th erefore,  i t  sh al l  be  m easu red  at  2  %  an d  98  % .  Th e  open i n g s,  wh ere  th e  
pressu res  sh al l  be  read ,  sh ou l d  be  m arked  on  th e  i n d i cator at  th e  beg i n n i n g .  

– Th e  m easu ri n g  i n stru m en ts  sh ou l d  be  cal i brated  before  an d  after th e  m easu rem en t.  

– To  ch eck wh eth er n o  excessi ve  fri cti on  exi sts,  i n d exi n g  sh al l  fi rst of a l l  be  carri ed  ou t wi th  
an  em pty spi ral  case.  

A.4 Procedure for the  measurement of the  pressure  and  flow characteristics  of 
control  valves  

a)  Pressure  characteristic  (see  Figure  7a))  

M easu ri n g  val u es  to  be  record ed :  

−  ord i n ate:  pressu re  i n  th e  worki n g  ports  for open i n g  an d  cl osi n g ;  

−  absci ssa:  val ve  posi ti on .  

Test procedure: 

Th e  worki n g  ports  sh al l  be  cl osed  or th e  servom otor sh al l  be  i n  th e  correspon d i n g  en d  
posi ti on ,  wh ere  th e  servom otor pi ston  can n ot m ove,  wh en  th e  con trol  va l ve  open s.  Th e  
i n cl i n ati on  from  th e  pressu re  cu rve  d epen d s  on  th e  i n tern al  l eakag e  of th e  con trol  va l ve  or 
from  th e  con trol  va l ve  an d  th e  servom otor.  

b)  F low characteristic  (see  Figure  7b))  

M easu ri n g  val u es  to  be  record ed :  

−   ord i n ate:   servom otor speed  (fl ow);  

−  absci ssa:   val ve  spool  posi ti on .  
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Test procedure: 

The  valve  spool  becomes  d isplaced  by a  defined  stroke.  The  i ncl ination  from  the  curve  of the  
servomotor stroke  i s  proportional  to  the  flow under a  speci fied  pressure  d rop.  The  flow can  be  
calcu lated  wi th  the  formu la:  

 Q =  A  ×  v   wi th  the  servomotor area  A  and  the  veloci ty v  of the  servomotor p iston .  

 
t

Y
v =  wi th  the  servomotor stroke  Y and  the  measuring  time  t.  

The  test shal l  be  repeated  for several  va lues  of valve  posi tion .  

The  flow also  depends  on  the  pressure  d i fference  ∆p  a t  the  con trol  va lve.  The  relation  i s  
shown  by the  formu la:  

 pQ ∆≈  
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Annex B   
( i nform ati ve)  

 
Recommendation  for testing  of turbine control lers  

 
 

B.1  General  

Som e of th e  tests,  as  per th e  fol l owi n g  tabl es,  sh al l  be  con d u cted  d u ri n g  th e  pre-start stag e  
pri or to  fi l l i n g  waterways,  com m on l y referred  to  as  d ry con d i ti on .  Refer to  An n ex C.  

Th e  term  N OC m ean s  “N orm al  Operati n g  Con d i ti on s“.  Som e  of th e  tests  m ay be  req u i red  to  
be  perform ed  on  an  exi sti n g  h yd ro-g en erati n g  u n i t  for reh abi l i tati on  stu d i es,  etc.  

Th e  fol l owi n g  ch ecks  sh al l  be  m ad e  for n orm al  operati n g  con d i ti on s:  

– for an  ad j u stabl e  b l ad e  type  tu rbi n e,  th e  b l ad e  con trol  m ech an i sm  sh al l  be  i n  n orm al  
operati on ;  

– i f a  re l i ef val ve  or syn ch ron ou s  bypass  i s  presen t,  th ey sh al l  be  set for n orm al  operati on .  

P l an t con trol  by ord i n ary operati n g ,  record i n g  or i n teg rati n g  i n stru m en ts  or stati on  m eters,  
preparati on  of g raph i cal  l og s  an d  cl ose  su pervi s i on  sh al l  be  establ i sh ed  to  assu re  th at th e  
eq u i pm en t u n d er test i s  operati n g  i n  accord an ce  wi th  th e  i n ten d ed  con d i ti on s.  

Th e  fol l owi n g  Tabl es  B . 1  to  B. 1 2  provi d e  i n d i cati ve  test prog ram m es  for u se  i n  th e  factory or 
on  s i te  for th e  d i fferen t categ ori es  of g rou ps.  
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B.2  Level  1  – Un i ts  for peak load  operation  

B.2. 1  Workshop tests  

Table  B.1  −  Normal  test programme 

Functional  
g roup  

Part  Test  Test  cond i tions  

Hydrau l i c  con trol  un i t  1 )  Shu t down  functi ons  

2 )  Open ing /clos ing  speed  

3)  Manual  functi ons  

4)  Servo/proportional  va l ve  test  

Actual  or dummy servomotor Main  modu les  

Tu rbi ne  con trol l er 1 )  Open ing  con trol  

2 )  Mu l ti  servo  con trol  

3 )  Supervi s i on/a larms  

4)  Other functi ons  

S imu lated  servo-systems  

Oi l  pressure  system  1 )  Pressure  con trol  

2 )  Pump capaci ty 

3)  Power supply range  

4)  Al arm/tri p  s i gnal s  

Sub-modu les  

Speed  mon i tor 1 )  Speed  l evel s  

2 )  Supervi s i on/a larms  

O i l  q ual i ty and  temperatu re  wi th i n  
"normal "  range  
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Table  B.2  −  Comprehensive  test  programme 

Functional  
g roup  

Part  Test  Test  cond i tions  

Overal l  system  Assem bl ed  system  1 )  S en si ti vi ty/d ead  ban d  

2 )  D ead  ti m e  

3 )  C l osed  l oop  con trol  (freq u en cy 
step,  l oad  step)  

4 )  F u l l  l oad  re j ecti on  

Actu al  or d u m m y servom otor 

S i m u l ated  u n i t,  h yd ro  an d  g ri d  
s ystem  

 

S u bs ys tem s  S ervos ys tem  1  

S ervos ys tem  2  

1 )  S tati c  ch aracteri sti c  an d  
accu racy 

2 )  D yn am i c test  (step  or h arm on i c 
respon se)  

Actu al  or d u m m y servom otor 

H yd rau l i c  con trol  u n i t  1 )  D i stri bu ti n g  val ve  ch aracteri sti c

2 )  S h u t d own  fu n cti on s  

3 )  Open i n g /cl os i n g  speed  

4 )  M an u al  fu n cti on s  

Actu al  or d u m m y s ervom otor M a i n  m od u l es  

Tu rbi n e  con trol l er 1 ,  Open i n g  con trol  

2 )  P erm an en t d roop  an d  oth er    
con trol  fu n cti on s  

3 )  S eq u en ces  

4 )  M u l ti s ervo  con trol  

5)  Opti m i sati on  

6 )  S u pervi s i on /a l arm s  

7 )  Oth er fu n cti on s  

Actu al  or s i m u l ated  servosys tem s  

S i m u l ated  u n i t,  h yd ro  an d  g ri d  
s ystem  

Oi l  pressu re  s ystem  1 )  P ressu re  con trol  

2 )  P u m p capaci ty 

3 )  E n erg y storag e  capaci ty 

4 )  P ower su ppl y ran g e  

5)  Al arm /tri p  s i g n al s  

S u b-m od u l es  

S peed  m on i tor 1 )  S peed  l evel s  

2 )  S u pervi s i on /a l arm s  

O i l  q u al i ty an d  tem peratu re  wi th i n  
" n orm al "  ran g e  

.  
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B.2.2   F ield  tests  

Table  B.3  −  Normal  test programme 

Functional  
g roup  

Part  Test  Test  cond i tions  

Overal l  system  Complete  system  1 )  No-l oad  stabi l i ty 

2 )  Load  stabi l i ty 

3)  Load  re j ections  

Normal  operational  cond i ti ons  
(NOC)  

Subsystems  Servosystem  1  

Servosystem  2  

1 )  S tati c  characteri sti c  and  
accuracy 

2 )  Dynam ic test  (step  or harmon ic 
responsea))  

Dry test  

Hyd rau l i c  con trol  un i t  1 )  Shu t down  functi ons  

2 )  Open ing /cl os i ng  speed  

3)  Manual  fu ncti ons  

Ma in  modu les  

Tu rbine  con trol l er 1 )  Open ing  con trol  

2 )  Mu l ti servo  con trol  

3 )  Supervis i on/a l arms  

4)  Other functions  

NOC 

Oi l  pressure  system  1 )  Pressure  con trol  

2 )  Al arm/trip  s i gnal s  

Sub-modu les  

Speed  mon i tor 1 )  Speed  l evel s  

2 )  Supervis i on/a l arms  

NOC 

a)  N ormal l y on l y for type  test.  
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 Table  B.4 −  Comprehensive  test programme 

Functional  
g roup  

Part  Test  Test  cond i tions  

Overal l  system  Complete  system  1 )  No-l oad  stabi l i ty 

2 )  Load  stabi l i ty 

3)  Load  re j ections  

4)  I so l ated  operati on  stabi l i ty test  

NOC 

 

NOC ( i solated )  or paral l e l  
operation  wi th  s imu lated  speed  
deviati on  

Subsystems  Servosystem  1  

Servosystem  2  

1 )  S tati c  characteri sti c  and   
accu racy 

2 )  Dynamic test  (step  or  
harmon ic responsea))  

Dry test  

Hyd rau l i c  con trol  un i t  1 )  Shu t down  functi ons  

2 )  Open ing /clos ing  speed  

3)  Manual  functi ons  

Main  modu les  

Tu rbi ne  con trol l er 1 )  Open ing  contro l  

2 )  Permanen t d roop  and  other 
con trol  functi ons  

3)  Sequences  

4)  Mu l ti servo  con trol  

5)  Optim isati on  

6)  Supervi s i on/a larms  

7)  Other functi ons  

NOC 

Oi l  pressure  system  1 )  Pressure  con trol  

2 )  Al arm/tri p  s i gnal s  

Sub-modu les  

Speed  mon i tor 1 )  Speed  l evel s  

2 )  Supervi s i on/a larms  

NOC 

a)  N ormal l y on l y for type  test.  
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B.3   Level  2  – Un i ts  for base load  operation  

NOTE  Un i ts  i n  b i g  g ri ds.  Smal l  hyd ro  un i ts  for i sol ated  l oad  operati on .  

B.3. 1  Workshop tests  

Table  B.5  −  Normal  test programme 

Functional  
g roup  

Part  Test  Test  cond i tions  

Hydrau l i c  con trol  un i t  1 )  Shu t down  functi ons  

2 )  Open ing /clos ing  speed  

3)  Manual  functi ons  

4)  Servo/proportional  va l ve  test  

Actual  or dummy servomotor Main  modu les  

Tu rbi ne  con trol l er 1 )  Open ing  con trol  

2 )  Mu l ti servo  con trol  

3 )  Supervi s i on/a larms  

4)  Other functi ons  

S imu lated  servosystems  

Oi l  pressure  system  

 

 

1 )  Pressure  con trol  

2 )  Pump capaci ty 

3)  Al arm/tri p  s i gnal s  

Sub-modu les  

Speed  mon i tor 1 )  Speed  l evel s  

2 )  Supervi s i on/a larms  

O i l  q ual i ty and  temperatu re  wi th i n  
"normal "  range  
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Table  B.6  −  Comprehensive  test programme 

Functional  
g roup  

Part  Test  Test  cond i tions  

O ve ral l  system  As se m bl ed  s ystem  1 )  S en si ti vi ty/d ead  ba n d  

2 )  D e ad  ti m e  

3 )  C l os ed  l o op  con trol  (freq u en cy 
step,  l oad  s tep )  

Actu a l  or d u m m y s ervom otor 

S i m u l ated  u n i t,  h yd ro  an d  g ri d  
s ys tem  

S u bs ys tem s  S ervo  sys tem  1  

S e rvo  sys tem  2  

1 )  S tati c  ch a racteri sti c  an d   
  a ccu racy 

2 )  D yn am i c test  (step  o r  
  h arm on i c  res pon se a ))  

Actu a l  o r d u m m y se rvom otor 

H yd rau l i c  con trol  u n i t  1 )  D i str.  va l ve  ch aracte ri sti c  

2 )  S h u t  d o wn  fu n cti on s  

3 )  O pen i n g /cl os i n g  s peed  

4 )  M an u al  fu n cti o n s  

Actu a l  o r d u m m y se rvom otor M ai n  m od u l es  

Tu rb i n e  con trol l e r 1 )  O pe n i n g  co n trol  

2 )  Pe rm an en t d roo p  an d  oth er 
con trol  fu n cti o n s  

3 )  S e q u en ces  

4 )  M u l ti se rvo  con tro l  

5)  O pti m i sati on  

6 )  S u pervi s i on /a l arm s  

7 )  O th er fu n cti on s  

Actu a l  o r s i m u l ate d  s ervo sys tem s  

S i m u l ated  u n i t,  h yd ro  a n d  g ri d  
s yste m  

Oi l  p re ss u re  sys te m  1 )  P res s u re  con trol  

2 )  Pu m p  capaci ty 

3 )  E n erg y s torag e  capaci ty 

4 )  Po wer s u ppl y ran g e  

5)  Al arm /tri p  s i g n a l s  

S u b-m od u l es  

S pe ed  m o n i tor 1 )  S pe ed  l eve l s  

2 )  S u pervi s i on /a l arm s  

O i l  q u a l i ty an d  tem pe ratu re  wi th i n  
" n orm al "  ran g e  

a )  N orm a l l y on l y for type  test.  
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B.3.2   F ield  tests  

Table  B.7  −  Normal  test programme 

Functional  
g roup  

Part  Test  Test  cond i tions  

Overa l l  system  Complete  system  1 )  Load  re j ecti ons  NOC 

Subsystems  Servosystem  1  

Servosystem  2  

1 )  S tati c  characteri sti c  and   
  accu racy 

2 )  Dynamic test  (step  or  
  h armon ic  responsea))  

Dry test  

Hyd rau l i c  con trol  un i t  1 )  Shu t d own  functi ons  

2 )  Open i ng /cl os i ng  speed  

3)  Manual  functi ons  

Mai n  modu l es  

Tu rb ine  con trol l er 1 )  Open ing  con trol  

2 )  Mu l ti servo  con tro l  

3 )  Supervi s i on /a larms  

4)  Other functi ons  

NOC 

Oi l  pressu re  system  1 )  Pressu re  con trol  

2 )  Al arm/tri p  s i gna l s  

Sub-modu les  

Speed  mon i tor 1 )  Speed  l eve l s  

2 )  Supervi s i on /a larms  

NOC 

a)  N ormal l y on l y for type  test.  
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Table  B.8  −  Comprehensive  test programme 

Functional  
Group  

Part  Test  Test  cond i tions  

Overa l l  system  Complete  system  1 )  Load  re jecti ons  

2 )  I so l ated  operati on  stabi l i ty test  

NOC  

NOC ( i so lated )  or paral l e l  
operati on  wi th  s imu lated  speed  
deviati on  

Subsystems  Servosystem  1  

Servosystem  2  

1 )  S tati c  characteri sti c  and   
  accu racy 

2 )  Dynamic test  (step  or  
  h armon ic  responsea))  

Dry test  

Hyd rau l i c  con trol  un i t  1 )  Shu t d own  functi ons  

2 )  Open i ng /cl os i ng  speed  

3)  Manual  functi ons  

Mai n  modu l es  

Tu rb ine  con trol l er 1 )  Open ing  con trol  

2 )  Permanen t d roop  and  other 
con trol  functi ons  

3)  Sequences  

4)  Mu l ti servo  con tro l  

5)  Optim i sati on  

6)  Supervi s i on /a larms  

7)  Other functi ons  

NOC 

Oi l  pressu re  system  1 )  Pressu re  con trol  

2 )  Al arm/tri p  s i gna l s  

Sub-modu les  

Speed  mon i tor 1 )  Speed  l eve l s  

2 )  Supervi s i on /a larms  

NOC 

a)  N ormal l y on l y for type  test.  
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B.4 Level  3  – Un i ts  wi th  induction  generators   

B.4.1  Workshop tests  

Table  B.9  −  Normal  test programme 

Functional  
g roup  

Part  Test  Test  cond i tions  

Hydrau l i c  con tro l  un i t  1 )  Shu t  down  functi ons  

2 )  Open ing /cl os i ng  speed  

3)  Manual  fu ncti ons  

4)  Servo/proporti onal  va l ve  test  

Mai n  modu les  

Open i ng  con trol  device  1 )  Open ing  con tro l  

2 )  Supervi s ion /a l arms  

 

O i l  pressu re  system  

 

1 )  Pressu re  con trol  

2 )  Al arm/tri p  s i gna l s  

Sub-modu l es  

Speed  mon i tor 1 )  Speed  l evel s  

2 )  Supervi s ion /a l arms  

Oi l  q ual i ty and  temperatu re  wi th i n  
"normal "  range  

 

Table  B.1 0  −  Comprehensive  test  programme 

Functional  
g roup  

Part  Test  Test  cond i tions  

Subsystems  Servosystem  1  

Servosystem  2  

1 )  S tati c  characteri sti c  and   
  accu racy 

2 )  Dynamic test  (step  or  
  h armon ic  response)  

 

H yd rau l i c  con tro l  un i t  1 )  Shu t  down  functi ons  

2 )  Open ing /cl os i ng  speed  

3)  Manual  fu ncti ons  

Mai n  modu les  

Open i ng  con trol  device  1 )  Open ing  con tro l  

2 )  Supervi s ion /a l arms  

 

O i l  pressu re  system  1 )  Pressu re  con trol  

2 )  Pump  capaci ty 

3)  Energy storage  capaci ty 

4 )  Power supply range  

5)  Al arm/tri p  s i gna l s  

Sub-modu l es  

Speed  mon i tor 1 )  Speed  l evel s  

2 )  Supervi s ion /a l arms  

Oi l  q ual i ty and  temperatu re  wi th i n  
"normal "  range  
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B.4.2  F ield  tests  

Table  B.1 1  −  Normal  test programme 

Functional  
g roup  

Part  Test  Test  cond i tions  

Overa l l  system  Complete  system  1 )  Shu t down  NOC 

Hydrau l i c  con tro l  un i t  2 )  Shu t  down  functi ons  

3)  Open ing /cl os i ng  speed  

4)  Manual  fu ncti ons  

Mai n  modu les  

Open i ng  con trol  device  1 )  Open ing  con tro l  

2 )  Supervi s ion /a l arms  

NOC  

Oi l  pressu re  system  

 

1 )  Pressu re  con trol  

2 )  Al arm/tri p  s i gna l s  

Sub-modu l es  

Speed  mon i tor 1 )  Speed  l evel s  

2 )  Supervi s ion /a l arms  

NOC  

 
 

Table  B.1 2  −  Comprehensive  test  programme 

Functional  
g roup  

Part  Test  Test  cond i tions  

Overa l l  system  Complete  system  1 )  Shu t down  NOC 

Subsystems  Servosystem   1 )  S tati c  characteri sti c  and   
  accu racy 

Dry test  

H yd rau l i c  con tro l  un i t  1 )  Shu t  down  functi ons  

2 )  Open ing /cl os i ng  speed  

3)  Manual  fu ncti ons  

Mai n  modu les  

Open i ng  con trol  device  1 )  Open ing  con tro l  

2 )  Supervi s ion /a l arms  

NOC  

Oi l  pressu re  system  

 

1 )  Pressu re  con trol  

2 )  Al arm/tri p  s i gna l s  

Sub-modu l es  

Speed  mon i tor 1 )  Speed  l evel s  

2 )  Supervi s ion /a l arms  

NOC  
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Annex C   
( i nform ati ve)  

 
F ield  test of control  systems 

 
 

N O TE  Th i s  an n ex pres en ts  a  n u m ber of on -s i te  tes t appl i cati on  e l em e n ts  wi th i n  th e  fram ework o f th e  
com m i s si on i n g  o f h yd rau l i c  tu rb i n e  com pon en ts  i n  accord an ce  wi th  I E C  6 054 5.  

C.1  Data  on  operating  condi tions  

Th e  fol l owi n g  d ata  sh al l  be  m ad e  avai l abl e  for sati sfactory com m i ssi on i n g  of th e  con trol  
system :  

– g u i d e  van e  open i n g  (or n eed l e  open i n g  of i m pu l se  tu rbi n es)  for n o-l oad ,  starti n g  an d  
cavi tati on  l i m i ts,  as  fu n cti on  of h ead water an d  ta i l water l evel s  a l so,  wh ere  appropri ate,  
ru n n er b l ad e  or d efl ector open i n g ;  

– tu rbi n e  con trol  system  (con trol l ers,  etc. )  an d  servom otor ch aracteri sti cs;  

– ad j u stm en t of overspeed  protecti on  d evi ce;  

– ch aracteri sti cs  of th e  fl u i d  for th e  oi l  pressu re  system ,  fi l ter speci fi cati on s  an d  i n form ati on  
on  pu ri fi cati on  freq u en cy an d  m eth od ;  

– m axi m u m  stead y-state  ru n away speed  an d  m axi m u m  speed  an d  pressu re  vari ati on s  at  
vari ou s  operati n g  h ead s;   

– i n form ati on  on  o i l  pressu res  an d  l evel s  at  wh i ch  th e  pu m ps  an d  accu m u l ator sh ou l d  be  
n orm al l y operated ;  

– m axi m u m  an d  m i n i m u m  pressu res  of th e  oi l  pressu re  system .  

C.2  Pre-start tests  prior to  fi l l ing  waterways  

Step  N o.  1  i s  as  fol l ows:  

– cal i brati on  of scal es  an d  feed back d evi ces  for wi cket g ate  open i n g  an d  wh ere  appl i cabl e,  
for ru n n er b l ad es,  n eed l es  an d  d efl ectors;  

– operati on  of th e  oi l  pressu re  system  con si sti n g  of pu m ps,  accu m u l ator,  au tom ati c an d  
m an u al l y operated  starti n g  an d  stoppi n g  d evi ces  (con trol  va l ves,  i sol ati n g  val ves  etc. )  an d  
s i g n al l i n g  d evi ces;  

– ch eck o i l  l evel s  an d  pressu res  of th e  o i l  pressu re  system ;  

– ch eck protecti ve  d evi ces,  su ch  as  o i l  l evel ,  pressu re  an d  tem peratu re  a l arm s  an d  tri ps,  
wi th  fi n al  ad j u stm en ts;  

– ca l i brati on  of power tran sd u cer;  

– ch eck operati n g  ti m es  of th e  servom otors,  i n d epen d en tl y of th e  con trol  system s,  i f 
possi bl e.  

Step  N o.  2  i s  as  fol l ows:  

– operati on  of con verters  (servo-val ve,  proporti on al  va l ve,  etc. ) ,  ch eck of i n pu t e l ectri cal  
s i g n al  versu s  servom otor speed ;  

– operati on  of e l ectron i c con trol l ers,  an al og u e  e l ectron i c i n terface  d evi ces  an d  el ectri cal  
con trol  system s.  
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C.3  Test after fi l l ing  waterways  

Au tom ati c protecti on  d evi ces  wh i ch  actu ate  th e  wi cket g ate  (or n eed l es/d efl ectors  for i m pu l se  
tu rbi n es)  sh al l  be  ch ecked .  

C.4 In i tial  run  

Th e  operati on  of a  h yd ro  g en erati n g  u n i t,  u n d er th e  con trol  system  (con trol l er,  etc. ) ,  sh al l  be  
perform ed  i n  ag reem en t wi th  th e  test/com m i ssi on i n g  co-ord i n ator.  

C.5 No-load  tests  

Th e  g en erati n g  u n i t  sh al l  be  kept u n d er m an u al  con trol  at  or above  th e  starti n g  speed  
(d epen d i n g  on  th e  d esi g n  of th ru st beari n g  an d  oth er beari n g s).  I n crease  th e  m ach i n e  speed  
to  th e  rated  val u e,  en su ri n g  th at th e  g en erator h as  been  bal an ced  by th e  com m i ssi on i n g  
en g i n eer respon si bl e  for g en erator an d  tu rbi n e  com m i ssi on i n g .  

I n i ti ate  sh u td own  by operati n g  th e  stop,  fi rst by m an u al  operati on  an d  th en  by au tom ati c 
operati on  by s i m u l ati n g  a  fau l t.  

After th e  beari n g  ru n ,  th e  g en erati n g  u n i t  sh al l  be  started  u n d er au tom ati c con trol .  Ch eck th at 
th e  con trol  system  con trol s  th e  g ate  (wi cket g ate  or n eed l e)  as  per th e  speci fi ed  con trol  
seq u en ce  an d  th at th e  stead y state  speed  i s  atta i n ed  wi th ou t excessi ve  speed  oversh oot.  

Opti m i se  th e  con trol l er param eters  for u n syn ch ron i sed  speed  n o-l oad  operati on .  Ch eck th e  
perform an ce by varyi n g  th e  speed  by at l east 5  %  fol l owed  by th e  au tom ati c con trol  system  to  
stabi l i se  th e  speed  at  th e  rated  val u e.  

Carry ou t con trol  system  tests  as  per th e  ag reed  proced u re.  

Perform  m ach i n e  tri ps,  e i th er by s i m u l ati n g  fau l ts  or by creati n g  fau l ts,  en su ri n g  th at th e  fau l ts  
created  are  n ot d etri m en tal  to  th e  g en erati n g  u n i t.   

C.6  Load  and  load  rejection  tests  

Ch eck th e  fu n cti on  of th e  con trol  system s (con trol l er,  etc. )  for l oad  acceptan ce,  l oad  vari ati on ,  
an d  opti m i se  th e  con trol l er param eters  for stabl e  operati on  i n  th e  g ri d .  

Re-ch eck th e  operati n g  ti m es  of th e  servom otors.  

Determ i n e  th e  m om en tary speed  ri se  an d  pressu re  ri se  d u ri n g  l oad  rej ecti on  tests,  to  be  
perform ed  at 2 5  % ,  50  % ,  75  %  an d  1 00  %  of th e  rated  l oad .  

For safety testi n g ,  extrapol ate  resu l ts  as  a  fu n cti on  of l oad  i n  d i ag ram s  d u ri n g  testi n g .  Th at 
m akes  i t  possi bl e  to  see  th e  tren d  before  n ext l oad  step.  
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C.7  Measurement and  recordings  

The  commission ing  eng ineer shal l  measure  and  record  the  fol lowing  variables  during  the  
above  mentioned  tests:  

– headwater and  ta i lwater l evels;  

– power  output;  

– servomotor open ing ;  

– pressure  at tu rbine  i n let;  

– pressure  i n  d raft  tube;  

– un i t  speed ;  

– pressure  of the  o i l  pressure  system;  

– any add i tional  con trol  system  variables  usefu l  for i n terpretation .  
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Annex D   
( i nform ati ve)  

 
Control  system  test examples  

 
 

Overview 

Th e  fol l owi n g  exam pl es  refer to  speci al  p l an ts  wi th  d i fferen t con trol  system s an d  
req u i rem en ts.  Th erefore,  th ey can n ot be  tran sferred  d i rectl y to  oth er p l an ts.  Th e  test scope,  
th e  ad m i ssi b l e  val u es  as  wel l  as  th e  type  an d  exten t of th e  represen tati on  m ay d i ffer 
con si d erabl y i n  i n d i vi d u al  cases.  Th e  exam pl es  sh ow h ow to  proceed  i n  d eterm i n i n g  th e  
val u es  of th e  vari ou s  param eters.  

D.1  Insensi tivi ty test under speed  control  with  X-Y recording  
(exam pl e  referri n g  to  4 . 1  an d  6. 6. 3. 3. 2)  

6-j et Pel ton  tu rbi n e,  Hr =  1  2 60  m ,  PG r  =  2 60  M W;  el ectron i c PI  speed  con trol l er;  m ach i n e  i n  
n etwork operati on ;  m i n i m u m  con trol l er reset ti m e,  m axi m u m  am pl i fi cati on ;  i n sen si ti vi ty of a  j et 
n eed l e  to  freq u en cy vari ati on s.  

a)  Measuring  record ing,  see  Figure  D. 1  

– Ord i n ate:  power  system  freq u en cy,  taken  from  wal l  socket,  fi l tered  ( l ow-pass  fi l ter,  
freq u en cy 55  H z).  

– M easu ri n g  i n stru m en t:  cycl e  m easu ri n g  i n stru m en t wi th  0 , 000  25  H z resol u ti on  wi th i n  2  s 1 )  

i n teg rati on  ti m e.  

– M easu ri n g  u n certai n ty:  

 |  fn  |  =  1 0 –5  =  0 , 001  % ,   |  ∆f |  =  0 , 000  5  H z.  

– Absci ssa:  n eed l e  stoke  Yn z   i n  percen t.  

– M easu ri n g  i n stru m en t:  capaci ti ve  an g u l ar tran sm i tter,  resol u ti on  approxi m atel y 0 , 01  m m  
n eed l e  stroke.  

– M easu ri n g  u n certai n ty:  

|  fy|  =  0 , 01  %  n eed l e  stroke.  

b)  Resu l t  and  evaluation  

– D ead  ban d  (verti cal  d i stan ce  of th e  en vel ope  l i n e):   0 , 01 1  1  H z or rel ated  to  50  H z i t  g i ves  

2 , 2  ×  1 0 –4 .  

– I n sen si ti vi ty:  1 , 1  ×  1 0 –4  (setpoi n t va l u e  accord i n g  to  I EC  61 362 :  2  ×  1 0 –4 )  correspon d i n g  
to  0 , 005  5  H z.  

– Perm an en t speed  d roop:  

 [ ]
maxznnz

p
50Hz

YY

f
b

∆

∆
= ×  1 00  %  ∼  4  % .  

– Th e  g u aran tee  for a  peak-l oad  power p l an t i s  fu l fi l l ed .   

 

——————— 

1 )  P oss i b l e  i n  a  sm ooth  g ri d /m u st  be  red u ced  i n  a  rou g h  g ri d .  
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D.2  Insensi tivi ty test under power control  wi th  time characteristics  
(exam pl e  referri n g  to  4 . 1  an d  6. 6. 3. 3. 3)  

6-j et Pel ton  tu rbi n e,  Hr  =  1  2 60  m ,  PG r  =  2 60  M W;  e l ectron i c PI  power con trol l er;  m ach i n e  i n  
n etwork operati on ;  su peri m posed  speed  d roop  swi tch ed  off;  i n sen si ti vi ty of a  j et  n eed l e  wi th  

abru pt power set-poi n t step  ch an g e;  m i n i m u m  step  am pl i tu d e  ±3  m V correspon d i n g  to  1 60  kW 
or 0 , 06  %  of total  l oad .  

a)  Measuring  record ing,  see  Figure  D.2  

– Ord i n ate:  n eed l e  stroke  Yn z   i n  m V as  u n i t  step  respon se.  

– M easu ri n g  i n stru m en t:  capaci ti ve  an g u l ar tran sm i tter,  resol u ti on  approxi m atel y 0 , 01  m m .  

– M easu ri n g  u n certai n ty:  I  fy  l  =  approxi m atel y 0 , 01  %  n eed l e  stroke.  

– Absci ssa:  ti m e.  

b)  Resu l t  and  evaluation  

– Cl ear respon se  to  a  set-poi n t step  ch an g e  of ±0, 06  %  of fu l l  l oad .  

– I n sen si ti vi ty:  iX/2  <  6  ×  1 0 –4  (set-poi n t val u e  accord i n g  to  I EC  61 362 :  iX/2  <  1  ×  1 0 –2 ) .  

– Th e  g u aran tee  for a  peak-l oad  power p l an t i s  fu l fi l l ed .  

D.3  Flutter test of 2  regu lated  quanti ties  wi th  X-Y recording   
(exam pl e  referri n g  to  6 . 6. 3. 3. 4)  

Pu m p tu rbi n e,  Hr  =  350  m ,  PG r  =  275  M W.  

E l ectron i c speed  an d  power con trol l er wi th  power pre-con trol  ch aracteri sti c cu rve  i n  tran sfer 
ci rcu i t.  

I n d i vi d u al  g u i d e  van e  con trol .  

S l ow ad j u stm en t of g ate  l i m i ter i n  th e  ran g e  between  50  %  an d  80  %  g u i d e  van e  open i n g .  

a)  Measuring  recording,  see  Figure  D.3  

– Ord i n ate:  i n  each  case,  stroke  of g u i d e  van e  N o.  1 2 ,  Y1 2 g a   i n  percen t.  

– Absci ssa:  stroke  of g u i d e  van es  N os.  2  an d  20,  Y2 g a ,  Y2 0 g a  i n  percen t.  

– M easu ri n g  i n stru m en ts  for ord i n ate  an d  absci ssa:  

 An g u l ar tran sm i tter (feed back tran sd u cer) ,  resol u ti on  approxi m atel y 0 , 005  %  of fu l l  g u i d e  
van e  an g l e.  

– M easu ri n g  u n certai n ty:  |  fy |  =  0 , 01  %  of fu l l  g u i d e  van e  an g l e.  

b)  Resu l t and  evaluation  

– Fl u tter perform an ce:  l arg est d evi ati on  approxi m atel y 0 , 1 2  %  between  g u i d e  van es  1 2  an d  
20,  an d  approxi m atel y 0 , 1 5  %  between  g u i d e  van es  2  an d  1 2 .  

– Th e  syn ch ron ou s  operati on  of th e  g u i d e  van es  i s  g ood .  

– Th e  real  d i fferen ces  can  be  a  l i ttl e  sm al l er d u e  to  th e  effect of th e  am pl i fi ers’  d el ay.  
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D.4 Measurement of a  un i t  step response wi th  PID  speed  control ler 
 (exam pl e  referri n g  to  4 . 1 ;  6 . 6. 1 . 2 ;  6 . 6. 3. 1 )  

Pu m p tu rbi n e,  Hr  =  430  m ,  PG r  =  1 54  M W.  

E l ectron i c PI D  speed  con trol l er wi th  perm an en t speed  d roop,  i n d i vi d u al  g u i d e  van e  con trol ,  
actu ator l aws  are  preset e l ectron i cal l y at  th e  con trol l er ou tpu t.  

U n i t  i n  g ri d  operati on ,  con trol l er speed  i n pu t open ,  con trol l er m od e  “ i sol ated  operati on “ .  

I n pu t of a  fi cti ti ou s  speed  step  of + 1  % .  

a)  Measuring  recording,  see  Figure  D.4 

– Ord i n ate  1 :  percen tag e  scal e  for speed  con trol l er ou tpu t Y1 ,  am pl i fi er i n pu t Y2 ,  (accord i n g  
to  actu ator l aws),  m ean  val u e  of servom otor stroke  Yg a ,  g en erator actu al  power val u e  PG ,  
tri g g er s i g n al  (wi th ou t scal e).  

– Ord i n ate  2 :  h ead  on  pressu re  s i d e  ∆H i n  m .  

– M easu ri n g  i n stru m en ts:  i n d u stri a l  m easu ri n g  i n stru m en ts.  

– M easu ri n g  u n certai n ty (esti m ati on ):  

 For a l l  percen tag e  val u es  rel ated  to  th e  n om i n al  ran g e,  approxi m atel y ±1  %  absol u te;  for 

th e  h ead  ±2  m .  

– Absci ssa:  ti m e.  

b)  Resu l t  and  evaluation  

– Th e  speed  con trol l er ou tpu t sh ows a  cl ear PI D  beh avi ou r.  

– Du e  to  th e  l i m i tati on  of th e  actu ati n g  speed ,  th e  d eri vati ve  acti on  at  th e  am pl i fi er i n pu t can  
h ard l y be  recog n i sed .  Th e  sam e appl i es  to  th e  servom otor m ovem en t.  Th e  d eri vati ve  D-
term  m ai n l y serves  for com pen sati n g  d el ays  an d  i n sen si ti vi ti es.  

– Th e  averag e  servom otor m ovem en t starts  d el ayed  by Tq  ≈  0 , 2 5  s.  

– Th e  power ch aracteri sti c cl earl y sh ows  th e  i n fl u en ce  of th e  pressu re  su rg e;  power on l y 
starts  ch an g i n g  i n  th e  correct d i recti on  after approxi m atel y 3 , 6  s  (n on  m i n i m u m  ph ase  
beh avi ou r).  

D.5 Measurement of a  un i t  step response wi th  speed  control  for determination  
of PID  control ler parameters  
(exam pl e  referri n g  to  4 . 1 ;  6 . 6. 1 . 2 ;  6 . 6. 3. 1 )  

2-j et Pel ton  tu rbi n e,  Hr  =  71 4  m ,  PG r  =  30  M W;  d i g i ta l  speed  con trol l er wi th  PI D  a l g ori th m  an d  
perm an en t speed  d roop;  u n i t  i n  g ri d  operati on ;  speed  con trol l er i n pu t open ;  m od e  of speed  
con trol l er -  “ i sol ated  operati on “ ;  i n pu t of a  fi cti ti ou s  speed  step  of –0, 42  % .  

a)  Measuring  record ing,  see  Figure  D.5a)  

– Ord i n ate  1 :   speed  n  i n  percen t.  

– Ord i n ate  2 :  pen stock pressu re  H i n  m .  

– Ord i n ate  3 :  percen tag e  scal e  for speed  con trol l er ou tpu t Y,  n eed l e  stroke  Yn z  an d  
g en erator power ou tpu t PG .  
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– M easu ri n g  i n stru m en ts  for ord i n ates:  i n d u stri a l  m easu ri n g  i n stru m en ts.  

– M easu ri n g  u n certai n ty (esti m ati on ):   

 For a l l  percen tag e  val u es  rel ated  to  th e  n om i n al  ran g e,  approxi m atel y ±1  %  absol u te;  for 

th e  h ead  ±2  m .  

– Absci ssa:  ti m e.  

b)  Measuring  record ing ,  see  Figure  D.5b)  

Th e  con trol l er ou tpu t Y an d  th e  n eed l e  stroke  Yn z  are  p l otted  scal ed  u p.  

c)  Resu l t  and  evaluation  

– Th e  speed  con trol l er ou tpu t sh ows PI D  beh avi ou r.  

– Con si d eri n g  th e  su d d en  freq u en cy ch an g e  of x i  =  –0, 21  H z =  –0, 42  %  th e  fol l owi n g  
con trol l er param eters  resu l t  wi th  referen ce  to  th e  con trol l er ou tpu t:  

•  proporti on al  g ai n :  35 0,01 2 
2 0,004

1
p =×=K  (servom otor stroke:  1 , 25  % );  

•  i n teg ral  acti on  ti m e:  Ti  ∼  6 , 5  s  (su b-tan g en t);  

•  perm an en t speed  d roop:  % 4% 1 00 
0,1 06

2 0,004
p =×=b  (servom otor stroke:  1 0, 6  % ).  

– Th e  u n certai n ty of th e  eval u ati on  – m ai n l y d u e  to  read i n g  errors  –  i s  esti m ated  to  be  

 |  ∆Kp  |  ≈  0 , 2 ;  |  ∆Ti  |  ≈  0 , 5  s ;  |  ∆bp  |  ≈  0, 1 6  %  (4  %  of bp  =  4  %).  

– Th e  D -part at  th e  speed  con trol l er ou tpu t can  be  cl earl y recog n i sed ;  i t  i s  practi cal l y 
e l i m i n ated  by th e  l i m i tati on  of th e  posi ti on i n g  speed  of th e  servom otor.  

D.6 Measurement of a  un i t  step response in  isolated  operation  
(exam pl e  referri n g  to  4 . 1 ;  6 . 6. 1 . 2 ;  6 . 6. 3. 1 )  

2-j et Pel ton  tu rbi n e,  Hr  =  71 4  m ,  PG r  =  30  M W.   

D i g i tal  speed  con trol l er wi th  PI  – a l g ori th m  an d  perm an en t speed  d roop;  i sol ated  g ri d  
operati on  wi th  l oad  from  pu m ps.  

Load  step  –4, 6  M W =  –1 5, 3  %  PG r.  

a)  Measuring  record ing,  see  Figure  D.6  

– Ord i n ate  1 :   speed  n  i n  percen t.  

– Ord i n ate  2 :  percen tag e  scal e  for pen stock pressu re  H an d  d efl ector stroke  Yd e.  

– Ord i n ate  3 :   percen tag e  scal e  for speed  con trol l er ou tpu t Y,  n eed l e  stroke  Yn z  an d  
g en erator power PG .  

– M easu ri n g  i n stru m en ts  for ord i n ates:  i n d u stri a l  m easu ri n g  i n stru m en ts.  

– M easu ri n g  u n certai n ty (esti m ati on ):  

 For a l l  percen tag e  val u es  re l ated  to  th e  n om i n al  ran g e  approxi m atel y ±1  %  absol u te;  for 

th e  h ead  ±2  m .  

– Absci ssa:  ti m e.  
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b)  Resu l t  and  evaluation  

– Th e  freq u en cy ri ses  tem porari l y by approxi m atel y 3  %  cau si n g  th e  d efl ectors  to  en g ag e.  
After a  sh ort u n d ersh oot,  th e  freq u en cy reach es  th e  n ew fi n al  va l u e  after approxi m atel y  
45  s .  

– Th e  speed  con trol l er ou tpu t overri d es  i n  th e  cl osi n g  d i recti on .  

– Th e  n eed l es  cl ose  for abou t 7  s  wi th  m axi m u m  vel oci ty u n ti l  speed  d ecreases  ag ai n  an d  
reach es  th e  n ew fi n al  val u e  after abou t 30  s .  

– Th e  pressu re  vari ati on s  d i e  ou t re l ati vel y q u i ck,  a  sm al l  pressu re  osci l l ati on  rem ai n s  

correspon d i n g  to  a  respecti ve  power fl u ctu ati on ,  d ou bl e  am pl i tu d e  ∼0, 5  % .  Freq u en cy 
vari ati on s  can  h ard l y be  n oti ced .  

– Th e  con trol  ci rcu i t  i s  stabl e.  

D.7  Measurement of un i t  step responses  wi th  power control  
(exam pl e  referri n g  to  4 . 1 ;  6 . 6. 1 . 3;  6 . 6. 3. 1 )  

2-j et Pel ton  tu rbi n e,  Hr  =  71 4  m ,  PG r  =  30  M W.  

D i g i ta l  power con trol l er wi th  PI  a l g ori th m  an d  perm an en t speed  reg u l ati on  wi th ou t power pre-
con trol  ch aracteri sti c;  u n i t  con n ected  to  th e  g ri d  wi th  power con trol l er.  

I n pu t of fi cti ti ou s  freq u en cy steps  of ±0, 42  %  at  th e  power con trol l er freq u en cy i n pu t.  

a)  Measuring  recording ,  see  Figure  D.7  

– Ord i n ate  1 :   speed  n  i n  percen t.  

– Ord i n ate  2 :   pen stock pressu re  H i n  m .  

– Ord i n ate  3 :  percen tag e  scal e  for con trol l er ou tpu t Y,  n eed l e  stroke  Yn z  an d  g en erator 
power PG .  

– M easu ri n g  i n stru m en ts  for ord i n ates:  i n d u stri a l  m easu ri n g  i n stru m en ts.  

– M easu ri n g  u n certai n ty (esti m ati on ):  

 For a l l  percen tag e  val u es  rel ated  to  th e  n om i n al  ran g e  approxi m atel y ±1  %  absol u te;  for 

th e  h ead  ±2  m .  

– Absci ssa:  ti m e.  

b)  Resu l t  and  evaluation  

– Th e  power con trol l er ou tpu t sh ows  PI  beh avi ou r.  

– Th e  l i m i tati on  of th e  cl osi n g  vel oci ty can  cl earl y be  n oted .  

– I n  each  case,  th e  n ew l oad  i s  reach ed  after approxi m atel y 35  s .  

– Perm an en t speed  d roop  referred  to  th e  power bp  ≈  3  % .  

 

D.8  Measurement of un i t  step responses  wi th  power control  
(exam pl e  referri n g  to  4 . 1 ;  6 . 6. 1 . 3;  6 . 6. 3. 1 )  

 

Pu m p  tu rbi n e,  Hr =  350  m ,  PG r  =  275  M W.  

E l ectron i c power con trol l er wi th  power pre-con trol  ch aracteri sti c.  

I n d i vi d u al  g u i d e  van e  con trol .  

U n i t  con n ected  to  th e  g ri d  wi th  power con trol .  

Abru pt ch an g e  of th e  power set-poi n t.  
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a)  Measuring  recording ,  see  Figure  D.8  

– Ord i n ate  1 :  pen stock pressu re  H i n  bars.  

– Ord i n ate  2 :   percen tag e  scal e  for g u i d e  van e  posi ti on  Yg a   an d  g en erator power PG .  

– M easu ri n g  i n stru m en ts  for ord i n ates:  i n d u stri a l  m easu ri n g  i n stru m en ts.  

– M easu ri n g  u n certai n ty (esti m ati on ):  

 For a l l  percen tag e  val u es  re l ated  to  th e  n om i n al  ran g e  approxi m atel y ±1  %  absol u te;  for 

th e  h ead ,  ±0, 2  bar.  

– Absci ssa:  ti m e  (feed i n g  from  ri g h t to  l eft).  

b)  Resu l t  and  evaluation  

– U n d er th e  effect of th e  pre-con trol  cu rve,  th e  wi cket g ate  m ovem en t i s  a l m ost l i n ear u p  to  
th e  fi n al  posi ti on .  S i n ce  power i s  d el ayed ,  th e  wi cket g ate  overri d es  a  l i ttl e .  

– U n d er th e  i n fl u en ce  of th e  pressu re  su rg e,  th i s  power ch an g es  i n  th e  fi rst m ovem en t by 
approxi m atel y 1  %  to  th e  opposi te  s i d e  an d  su bseq u en tl y fol l ows  th e  wi cket g ate  posi ti on  

wi th  a  ti m e  d el ay of ∼1 , 5  s  wh en  cl osi n g  an d  ∼3  s  wh en  open i n g .  

D.9  Measurement of a  un i t  step response wi th  power control  for determination  
of PI -control ler parameters  
(exam pl e  referri n g  to  4 . 1 ;  6 . 6. 1 . 3;  6. 6. 3. 1 )  

Pu m p tu rbi n e,  Hr  =  430  m ,  PG r  =  1 54  M W.  

E l ectron i c PI  power con trol l er wi th  power pre-con trol  ch aracteri sti c.  

I n d i vi d u al  g u i d e  van e  con trol .  

Actu ati n g  l aws  are  pre-set e l ectron i cal l y at  th e  con trol l er ou tpu t.  

U n i t  con n ected  to  th e  g ri d ,  con trol l er i n pu ts  for th e  actu al  speed  an d  power val u es  are  open ;  
i n pu t of a  fi cti ti ou s  su d d en  power vari ati on  at  an  ad d i ti on al  con trol l er i n pu t (power pre-con trol  
cu rve  n ot acti ve).  

a)  Measuring  recording,  see  Figure  D.9  

– Ord i n ate  1 :  percen tag e  scal e  for power con trol l er ou tpu t Y,  m ean  val u e  of th e  servom otor 
strokes  Yg a ,  g en erator power PG ,  ( tri g g er s i g n al  wi th ou t scal e).  

– Ord i n ate  2 :   ch an g e  of pen stock pressu re  ∆H i n  m  on  pressu re  s i d e.  

– M easu ri n g  i n stru m en ts  for ord i n ates:  i n d u stri a l  m easu ri n g  i n stru m en ts.  

– M easu ri n g  u n certai n ty (esti m ati on ):  

 For a l l  percen tag e  val u es  re l ated  to  th e  n om i n al  ran g e  approxi m atel y ±1  %  absol u te;  for 

th e  h ead  ±2  m .  

– Absci ssa:   ti m e.  

b)  Resu l t  and  evaluation  

– Th e  power con trol l er ou tpu t h as  an  al m ost pu re  PI  beh avi ou r.  

– Th e  averag e  servom otor m ovem en t starts  wi th  a  d el ay of Tq  =  0 , 27  s;  th e  l i m i tati on  of th e  
cl osi n g  vel oci ty can  cl earl y be  seen .  Th e  real  servom otor d ead  ti m e  i s  probabl y l ess  s i n ce  
th e  con trol l er ou tpu t s i g n al  i n i ti a l l y g oes  i n  th e  wron g  d i recti on  wh en  swi tch i n g  over 
becau se  of th e  sh ort i n terru pti on  of th e  i n pu t s i g n al .  

– Con si d eri n g  a  fi cti ti ou s,  re l ati ve,  5  %  powe r vari ati on  on  th e  actu al  power val u e,  th e  
fol l owi n g  con trol l er param eters  resu l t  re l ated  to  th e  con trol l er ou tpu t:  
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– Proporti on al  g ai n :  0,497 0,024
0,05

1
P =×=K  (servom otor stroke  =  2 , 47  % ).  

– I n teg ral  acti on  ti m e  Ti  =  4 , 2  s  (su b-tan g en t).  

– Th e  m easu ri n g  u n certai n ty i s  esti m ated  to  be:  |  ∆Kp  |  ≈  0 , 1 ;  |  ∆Ti  |  ≈  0 , 5  s .  

– Th e  power cu rve  cl earl y sh ows  th e  i n fl u en ce  of th e  pressu re  su rg e.  

D.1 0  Measurement of a  un i t  step response with  head  race  level  control  
(exam pl e  referri n g  to  4 . 1 ;  6 . 6. 1 . 4;  6 . 6. 3. 1 )  

Pl an t wi th  2  Fran ci s  an d  2  Pel ton  tu rbi n es,  Hr  =  1 90  m .  

For each  tu rbi n e  PG r  =  6  M W,  Qr =  3 , 5  m 3/s.  

Eq u al i s i n g  basi n  of approxi m atel y 2  000  m 2  su rface.  

M ech an i cal  tu rbi n e  speed  con trol l er wi th  su peri m posed  d i g i ta l  l evel  con trol l er acti n g  on  th e  
open i n g  l i m i ters  of th e  4  m ech an i cal  tu rbi n e  con trol l er vi a  a  th ree-posi ti on  con trol l er;  i n pu t of 

a  0 , 5  m  set-poi n t step  ch an g e  wh en  operati n g  a  Pel ton  tu rbi n e  wi th  PG  ∼  4 , 9  M W.  

L i m i ts:  m i n i m u m  l oad  1  M W,  

           m axi m u m  l oad  5, 9  M W.  

a)  Measuring  record ing,  see  Figures  D.1 0a)  and  D.1 0b)  

Figure 10a)  

– Ord i n ate:  h ead  race  l evel  set-poi n t an d  actu al  val u e  i n  m .  

– Absci ssa:  ti m e.  

Figure 10b)  

– Ord i n ate  1 :  vari ati on  of pen stock pressu re  ∆H i n  m .  

– Ord i n ate  2 :  g en erator power PG  i n  M W.  

– Absci ssa:  ti m e.  

M easu ri n g  i n stru m en ts:  i n d u stri a l  m easu ri n g  i n stru m en ts,  d i g i ta l  record er.  

M easu ri n g  u n certai n ty (esti m ati on ):  l evel  ±0, 02  m ;  l oad  ±0, 1  %  of n om i n al  l oad .  

b)  Resu l t  and  evaluation  

Th e  actu al  l evel  val u e  m oves  i n to  th e  n ew posi ti on  by way of d am ped  osci l l ati on ;  th e  l arg est 
oversh oot i s  approxi m atel y 0 , 1  m ,  th u s  rem ai n i n g  bel ow th e  ad m i ssi b l e  d evi ati on  of 0 , 2  m .  I n  
ord er to  keep  th e  i ce  of th e  basi n  as  l ow as  possi b l e  i n  wi n ter ti m e  (on e-u n i t  operati on )  a  
s l i g h t ten d en cy to  l evel  osci l l ati on  i s  wel com e.  

Tem porari l y,  th e  tu rbi n es  are  reach i n g  both  l oad  l i m i ts.  

D.1 1  Measurement of the  un i t step responses  wi th  head  race level  control ,  in  
mu l ti -un i t operations  
(exam pl e  referri n g  to  4 . 1 . 2 ;  6 . 6. 1 . 4 ;  6 . 6. 3. 1 )  

Pl an t wi th  2  Fran ci s  an d  2  Pel ton  tu rbi n es,  Hr  =  1 90  m .  

For each  tu rbi n e  PG r  =  6  M W,  Qr  =  3 , 5  m 3/s.  

Eq u al i s i n g  basi n  of approxi m atel y 2  000  m 2  su rface.  
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M ech an i cal  tu rbi n e  con trol l er wi th  su peri m posed  d i g i ta l  l evel  con trol l er acti n g  on  th e  open i n g  
l i m i ters  of th e  4  m ech an i cal  tu rbi n e  con trol l ers  vi a  a  th ree-posi ti on  con trol l er.  

P l an t operati n g  2  Fran ci s  an d  1  Pel ton  tu rbi n e.  

1 1 : 20  h  – i n pu t of a  –0, 5  m  set-poi n t step  ch an g e,  

1 2 : 03  h  – i n pu t of a  + 0, 5  m  set-poi n t step  ch an g e,  

1 2 : 50  h  – u n i t  3  swi tch ed  off from  l evel  con trol  an d  m ach i n e  l oad  red u ced  to  1  M W.  

Li m i ts:  m i n i m u m  l oad  – Fran ci s  tu rbi n e  – 2  M W,  

           m i n i m u m  l oad  – Pel ton  tu rbi n e  – 1  M W,  

           m axi m u m  l oad  – 5, 5  M W.  

a)  Measuring  record ing,  see  Figure  D. 1 1 a)  and  Figure  D.1 1 b)  

Figure D. 11a)  

– Ord i n ate:  h ead  race  l evel  set-poi n t an d  actu al  val u e  i n  m .  

– Absci ssa:  ti m e.  

Figure D. 11b)  

– Ord i n ate  1 :  vari ati on  of pen stock pressu re  ∆H i n  m .  

– Ord i n ate  2 :  tu rbi n e  l oad s  i n  M W.  

– Absci ssa:  ti m e.  

– M easu ri n g  i n stru m en ts:  i n d u stri a l  m easu ri n g  i n stru m en ts,  d i g i ta l  record er.  

– M easu ri n g  u n certai n ty (esti m ati on ):  l evel  ±0, 02  m ;  l oad  ±0, 1  %  of n om i n al  l oad .  

b)  Resu l t and  evaluation  

– Th e  actu al  l evel  val u e  reach es  th e  n ew set-poi n t val u e  after an  oversh oot.  Th e  oversh oot 
i s  approxi m atel y 0 , 1  m ,  th u s  rem ai n i n g  bel ow th e  ad m i ssi b l e  d evi ati on  of 0 , 2  m .  

– Sm al l  con trol  m ovem en ts  of th e  u n i t  are  g u aran teed .  

– Tem porari l y,  th e  tu rbi n es  are  reach i n g  both  l oad  l i m i ts.  

D.1 2  Measurement of a  load  rejection  wi th  transi tion  into  no-load  operation  
(exam pl e  referri n g  to  4 . 2 ;  6 . 6. 1 . 2)  

Kapl an  tu rbi n e,  Hr  =  2 , 75  m ,  PG r  =  1  395  kW.  

E l ectron i c PI D  speed  con trol l er.  

G en erator separated  from  th e  g ri d  at PG  =  1  360  kW.  

a)  Measuring  record ing ,  see  Figure  D. 1 2  

– Ord i n ate  1 :  ru n n er servom otor posi ti on  Yru  i n  percen t.  

– Ord i n ate  2 :  wi cket g ate  servom otor posi ti on  Yg a  i n  percen t.  

– Ord i n ate  3 :  speed  n  i n  percen t.  

– M easu ri n g  i n stru m en ts  for ord i n ates:  i n d u stri al  m easu ri n g  i n stru m en ts  assi g n ed  vol tag e  
s i g n al s  from  th e  speed  con trol l er.  

– M easu ri n g  u n certai n ty (esti m ati on ):  for a l l  percen tag e  param eters  approxi m atel y ±1 , 5  %  i n  
rel ati on  to  th e  n om i n al  ran g e.  

– Absci ssa:  ti m e.  
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b)  Resu l t  and  evaluation  

– I n  ord er to  avoi d  a  speed  u n d ersh oot after th e  oversh oot,  th e  wi cket g ate  cl oses  stepwi se,  
i n  each  case  at  m axi m u m  vel oci ty.  

– At approxi m atel y 1 03  %  speed ,  th e  wi cket g ate  reopen s  wi th ou t h avi n g  reach ed  th e  cl osed  
posi ti on .  

– Th e  ru n n er cl oses  at  th e  val u e  d eterm i n ed  by th e  wi cket g ate/ru n n er correl ati on .  I n  th e  n o-
l oad  ran g e,  i t  d oes  n ot i n terfere  wi th  th e  con trol  to  ach i eve  better stabi l i ty.  

– Th e  speed  reach es  th e  n om i n al  val u e  a l m ost aperi od i cal l y.  

D.1 3  Measurement of a  load  rejection  wi th  l imit  control  of surge and  suction  
waves  and  wi th  transi tion  in to  no-load  operation  
(exam pl e  referri n g  to  4 . 2 ;  6 . 6. 1 . 2)  

Kapl an  tu rbi n e,  Hr =  2 , 75  m ,  PG r  =  1  395  kW.  

E l ectron i c PI D  speed  con trol l er.  

G en erator i s  d i scon n ected  from  th e  system  at PG  =  1  300  kW.  

a)  Measuring  recording ,  see  Figure  D.1 3  

– Ord i n ate  1 :  ru n n er servom otor posi ti on  Yru  i n  percen t.  

– Ord i n ate  2 :   wi cket g ate  servom otor posi ti on  Yg a  i n  percen t.  

– Ord i n ate  3 :  speed  n  i n  percen t.  

– M easu ri n g  i n stru m en ts  for ord i n ates:  i n d u stri al  m easu ri n g  i n stru m en ts  assi g n ed  vol tag e  
s i g n al s  from  th e  con trol l er.  

– M easu ri n g  u n certai n ty (esti m ati on ):  for a l l  percen tag e  param eters  approxi m atel y ±1 , 5  %  i n  
rel ati on  to  th e  n om i n al  ran g e.  

– Absci ssa:  ti m e.   

b)  Resu l t  and  evaluation  

– Con trary to  exam pl e  D. 1 2 ,  th e  ru n n er i s  fi xed  at  th e  so-cal l ed  “su rg e-open i n g “  for 
l i m i tati on  of fl ow ch an g e  an d  th u s  su rg e  an d  su cti on  waves.  Wh en  th i s  state  i s  reset 
(rel eased ,  rem oved ,  can cel l ed ),  th e  ru n n er s l owl y cl oses  to  th e  n orm al  cam  posi ti on .  

– I n i ti a l l y,  th e  wi cket g ate  cl oses  at  th e  m axi m u m  posi ti on i n g  speed ,  bu t i s  th en  stopped  at  a  
rel ati vel y l arg e  open i n g .  So  wh en ,  for i n stan ce,  reach i n g  th e  n om i n al  speed ,  th e  wi cket 
g ate  i n creases  th e  open i n g  u p  to  th e  l arg er n o-l oad  posi ti on  correspon d i n g  to  th e  ru n n er 
posi ti on .  

– Du e  to  th e  tu rbu l en t su rg e  operati on  (d raft tu be  vortex),  th e  wi cket g ate  perform s  l arg e  
con trol  m ovem en ts  i n  ord er to  be  abl e  to  m ai n tai n  a  stead y speed .  Th e  speed  sh ows s l i g h t 
vari ati on s.  

– Th e  m axi m u m  speed  i n crease  i s ,  d u e  to  th e  l arg er ru n n er open i n g ,  sm al l er th an  i n  
exam pl e   D . 1 2 .  

D.1 4 Measurement of a  start-up  process  under load  
(exam pl e  referri n g  to  4 . 2)  

6-j et Pel ton  tu rbi n e,  Hr  =  1  260  m ,  PG r  =  260  M W.  N eed l e  N o.  6  i s  con trol l ed  to  open  for start-
u p,  wh en  reach i n g  2 0  %  of n om i n al  speed  th e  n eed l es  1  to  5  open  tem porari l y i n  ad d i ti on  for 
faster accel erati on  of th e  u n i t.  
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a)  Measuring  recording,  see  Figure  D. 1 4 

– Ord i n ate  1 :   h ead  ch an g e  ∆H i n  m .  

– Ord i n ate  2 :   percen tag e  scal e  for n eed l e  posi ti on s  1  to  6  Yn z ,  setpoi n t g en erator l oad  
PG  s et,  actu al  g en erator l oad  PG  act,  speed  n .  

– M easu ri n g  i n stru m en ts  for ord i n ates:  i n d u stri a l  m easu ri n g  i n stru m en ts.  

– M easu ri n g  u n certai n ty (esti m ati on ):  for a l l  percen tag e  param eters  approxi m atel y ±1  %  

absol u te  i n  re l ati on  to  th e  n om i n al  ran g e;  for h ead  ch an g e  ±4  m .  

– Absci ssa:  ti m e.  

b)  Resu l t  and  evaluation  

– 80  %  of th e  n om i n al  speed  i s  reach ed  after t0 , 8  =  38  s  ( I EC  61 362 ).  

– Read i n ess  for syn ch ron i s i n g  reach ed  after tS R  ≈  70  s  =  1 , 84  ×  t0 , 8 .  

– Syn ch ron i sati on  after ts  ≈  71  s  =  1 , 87  ×  t0 , 8  (set-poi n t accord i n g  to  I EC  61 362  ts/t0 , 8  =  1 , 5  
to  5 , 0).  

– Read i n ess  for syn ch ron i sati on  an d  syn ch ron i sati on  perfectl y fu l fi l s  th e  req u i rem en ts.  

– Th e  l oad  i n crease  i n  th e  u pper l oad  ran g e  cou l d  be  faster i f th e  power con trol l er was  
eq u i pped  wi th  a  power pre-con trol  ch aracteri sti c.  

D.1 5 Measurement of changeover from  fu l l  turbine load  to  synchronous  
condenser operation  
(exam pl e  referri n g  to  4 . 2)  

6-j et Pel ton  tu rbi n e,  Hr  =  1  260  m ,  PG r  =  260  M W.  

Th e  6  n eed l es  cl ose  at  m axi m u m  posi ti on i n g  speed .  

a)  Measuring  recording ,  see  Figure  D.1 5  

– Ord i n ate  1 :  h ead  ch an g e  ∆H i n  m .  

– Ord i n ate  2 :  percen tag e  scal e  for n eed l e  stroke  Yn z ,  actu al  g en erator l oad  PG  act,  speed  n .  

– M easu ri n g  i n stru m en ts  for ord i n ates:  i n d u stri a l  m easu ri n g  i n stru m en ts.  

– M easu ri n g  u n certai n ty (esti m ati on ):  for a l l  percen tag e  param eters  approxi m atel y ±1  %  

absol u te  i n  re l ati on  to  th e  n om i n al  ran g e;  for h ead  ch an g e  ±4  m .  

– Absci ssa:  ti m e.  

 
b)  Resu l t  and  evaluation  

– Li n ear ch an g e  of n eed l e  an d  l oad  set-poi n t va l u es  (n ot sh own  i n  F i g u re  D . 1 5).  

– Th e  n eed l e  m ovem en t i n  th e  u pper open i n g  ran g e  i s  n on -l i n ear as  a  resu l t  of th e  effect of 
th e  h yd rau l i c forces.  

– Cl osi n g  i n  steps  for sm al l  n eed l e  open i n g s  i s  n ecessary d u e  to  th e  pressu re  su rg e.  N eed l e  
N o.  6  cl oses  som ewh at faster (see  start-u p  process  i n  F i g u re  D . 1 4).  

– Th e  m axi m u m  h ead  i n crease  i s  1 1 2  m ,  far bel ow th e  ad m i ssi bl e  val u e.  
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D.1 6 Measurement of a  power step-response in  on-l ine  simulated  isolation  test 
(exam pl e  referri n g  to  6 . 9)  

Fran ci s  tu rbi n e,  Hr  =  90  m ,  PG r  =  1 3  M W;  servom otor stroke  Ym ax  =  2 73  m m .  

E l ectron i c PI D  speed  con trol l er;  g en erator i n  paral l e l  wi th  th e  i n tercon n ected  g ri d ,  con trol l er 
con n ected  to  th e  on -l i n e  i sol ated  g ri d  s i m u l ator.  

S i m u l ati on  of a  power step-respon se  wi th  th e  fol l owi n g  ch aracteri sti cs  of th e  s i m u l ated  
i sol ated  g ri d :  

– i n i ti a l  power ou tpu t PG 0  =  1 0 , 5  M W,  

– u n i t  accel erati on  ti m e  con stan t Ta  =  7 , 2  s ,  

– l oad  accel erati on  ti m e  con stan t Tb  =  0 ,  

– con trol l ed  system  n et sel f-reg u l ati on  factor en  =  1  (wi th  power an d  freq u en cy expressed  i n  
“per u n i t” ) ,  

– i n crem en tal  power ∆PG  =  2  %  PG r.  

a)  Measuring  record ing,  see  Figure  D. 1 6  

–  Ord i n ate  1 :  s i m u l ated  freq u en cy.  

–  Ord i n ate  2 :  e l ectri cal  power ou tpu t.  

–  Ord i n ate  3 :  servom otor posi ti on .  

–  Ord i n ate  4 :  m ech an i cal  power.  

–  Absci ssa:  ti m e.  

– M easu ri n g  i n stru m en ts  for ord i n ates:  i n d u stri a l  m easu ri n g  i n stru m en ts  (excepted  th e  
torq u e  m eter com bi n ed  wi th  a  rem ote  tran sm i ssi on  for th e  m easu rem en t of th e  m ech an i cal  
power),  d i g i ta l  record er.  

–  M easu ri n g  u n certai n ty (esti m ati on ):  l ess  th an  ±1  %  for a l l  vari abl es  rel ated  to  th e  n om i n al  
ran g e.  

b)  Resu l t  and  evaluation  

– Th e  s i m u l ated  freq u en cy h as  a  stabl e  beh avi ou r,  s i m i l ar to  th e  resu l t  of n u m eri cal  
s i m u l ati on ;  th e  u n d ersh oot reach es  abou t 0 , 8  %  of th e  n om i n al  freq u en cy for a  power step  
of 2  %  of th e  rated  ou tpu t.  

– Th e  servom otor open i n g ,  th e  m ech an i cal  power an d  th e  e l ectri cal  power com es  cl ose  to  
th ei r fi n al  val u es  i n  l ess  th an  3  s .  

– Th e  el ectri cal  power ou tpu t i s  affected  by e l ectrom ech an i cal  osci l l ati on s  at  a  n atu ral  
freq u en cy between  1  H z an d  2  H z;  th e  am pl i tu d e  of th ese  osci l l ati on s  i s  rel ati vel y sm al l ,  
an d  wi th  an  ad apted  fi l ter on  th i s  m easu rem en t of power,  th e  cal cu l ati on  of th e  si m u l ated  
freq u en cy i s  n ot d i stu rbed .  

EN 60308:2005



– 70  –  

 

 

 
 

49,975 Hz    

F
re

q
u

e
n

c
y
 

  

∆  f 

∆Ynz  

50 Hz  
Deadband 
0,01 1  1  Hz 

0, 5 % needlestroke Ynz

IEC   045/05  

Figure  D.1  – Insensi tivi ty test under speed  control  wi th  X-Y recording  
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Figure  D.2  – Insensi tivi ty test under power control  wi th  time characteristics  
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F igure  D.3  – F lutter test of 2  regu lated  quanti ties  wi th  X-Y record ing  
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Figure  D.4  −  Measurement of a  un i t  step  response  with   PID  speed  control ler 
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Figure  D.5  – Measurement of a  un i t  step  response  wi th  speed  control  for determination  
of PID  control ler parameters  
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Figure  D.  6  – Measurement of un i t  step  response in  isolated  operation  
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 F igure  D.7  – Measurement of a  un i t  step  responses  with  power control  (Pel ton  turbine)  
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Figure  D.8  −  Measurement of un i t  step  responses  wi th  power control  (pump turbine)  

EN 60308:2005



 

 

                    –
 7
8

 –

 
1 00 

50 

0 

–50 

–1 00 

60 

50 

40 

30 
0 5 1 0 1 5 20  

t   s  

C
h

a
n

g
e

 o
f 

p
e

n
s

to
k

 p
re

s
s

u
re

  
 m

  

P
o

w
e

r 
c

o
n

tr
o

lle
r 

o
u

tp
u

t,
 m

e
a

n
 v

a
lu

e
 o

f 
g

u
id

e
 v

a
n

e
 

s
e

rv
o

m
o

to
r 

s
tr

o
k

e
s

  
 %

 

 

Y 

Yga  

PG  

∆H 

∆Yga  =  2,47 % 

Triggering signal  

Ti  =  4, 2 s 

 

 

 

 

IEC   054/05  

Figure  D.9  – Measurement of a  un i t  step  response  wi th  power control  for determination  of  PI -control ler parameters  
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Figure  D.1 0  – Measurement of a  un i t  step  response  wi th  head  race  level  control  
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Figure  D.1 1  – Measurement of the  un i t  step  responses  wi th  head  race  level  control  in  mu l ti -un i t  operations  
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Figure  D.  1 2  – Measurement of a  load  rejection  with  transition  in to  no-load  operation  
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Figure  D.1 3  – Measurement of a  load  rejection  with  l imi t  control  of surge  and  suction  
waves  and  with  transi tion  in to  no-load  operation  
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Figure  D.1 4 – Measurement of a  start-up  process  under load  
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Figure  D. 1 5  – Measurement of changeover from  fu l l  turbine  load  to  synchronous  condenser operation  
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Figure  D.1 6  – Measurement of a  power step  response in  on-l ine  s imu lated  isolation  test 
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Annex ZA  
(normative)  

 
Normative references to  i nternational  publ ications  
wi th  their corresponding  European  publ ications 

The fol lowing referenced documents are indispensable for the application  of th is document.  For dated 
references,  only the edition  cited  appl ies.  For undated  references,  the latest edition  of the referenced  
document (including  any amendments) applies.  

NOTE Where an international  publ ication  has been modified  by common modifications,  indicated  by (mod),  the relevant 
EN/HD applies.  

Publ ication  Year Ti tle  EN/HD Year 

IEC 60041  (mod)  1 991  Field  acceptance tests  to determine the 
hydrau l ic performance of hydraul ic 
turbines,  storage pumps and  pump-
turbines 
 

EN  60041  1 994 

IEC 601 93 1 999 Hydraul ic turbines,  storage pumps and  
pump-turbines  -  Model  acceptance tests  
 

EN  601 93 1 999 

IEC 60545 -  1 )  Gu ide for commissioning,  operation  and  
maintenance of hydrau l ic turbines 
 

-  -  

IEC 61 362  1 998 Guide to  specification  of hydrau l ic turbine 
control  systems 
 

EN  61 362  1 998 

IEC 61 000-4-2  -  1 )  E lectromagnetic compatibi l i ty (EMC) 
Part 4-2:  Testing  and  measurement 
techniques -  Electrostatic d ischarge 
immunity test 
 

EN  61 000-4-2  1 995 2)  

I EC 61 000-4-3  -  1 )  Part 4-3:  Testing  and  measurement 
techniques -  Rad iated,  radio-frequency,  
electromagnetic field  immunity test 
 

EN  61 000-4-3  2002  2)  

I EC 61 000-4-6  -  1 )  Part 4-6:  Testing  and  measurement 
techniques -  Immunity to  conducted  
d isturbances,  induced  by rad io-frequency 
fields  
 

-  -  

ISO 4406 1 999 Hydraul ic flu id  power -  Flu ids  -  Method  for 
cod ing  the level  of contamination  by sol id  
particles  
 

-  -  

 

 

                                                      

1 )  Undated  reference.  
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