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Introduction  

New European [1], [2] and Nordic [3], [4] grid codes raise the requirements on frequency control, making it harder 

for hydropower plants to qualify for frequency control services. Field tests on a Swedish Kaplan unit showed how 

frequency containment reserve requirements can be difficult to fulfill for Kaplan units in particular. Can faster 

steering of the runner blades alone improve the power response sufficiently and help Kaplan units fulfill the 

frequency control requirements? 

We implemented various runner control improvement measures in a numerical turbine governor model to evaluate if 

faster runner control could help a Kaplan unit fulfill frequency control grid codes. We used field test data from a 

Swedish Kaplan unit and an existing Kaplan turbine model [5] to validate the governor model and to assess how the 

improvement measures would impact frequency control performance. The first improvement measure focused on 

improvements that can be achieved by only reprogramming the runner servo control loop, whereas the second test 

case also assumed improved servo characteristics. The final test case examined how the frequency control is 

improved if the Kaplan unit is always on-cam. Finally, we tested to what extent more system inertia can ease the 

Nordic frequency control stability requirements. 

Overall, improved runner blade steering does not seem to help this Kaplan unit fulfill frequency control grid codes. 

The European grid codes require an activation time shorter than 2 seconds after a change in frequency, which can be 

troublesome for this unit when it is increasing its output power. However, runner control improvements did not 

shorten the activation time. Moreover, the Kaplan turbine model underestimated the activation time considerably, 

which means that field tests are needed to determine European grid code fulfillment.  

The Nordic frequency control services FCR-N and FCR-D have stability requirements which the Kaplan unit 

struggles to fulfill. Improvements to the runner steering mechanism can improve the frequency control performance, 

but not sufficiently to fulfill the FCR-N requirements during high load operation. In its present state, this Kaplan unit 

will not be able to deliver FCR-N during high load operation or any FCR-D at all if the Nordic TSOs base their 

requirements on a low system inertia. The new service fast frequency reserve (FFR) is meant to ease the FCR-D 

requirements, but it is not sufficient. Instead, a sufficient amount of inertia (real or synthetic) in the system could 

help this Kaplan unit fulfill FCR-N requirements at high load operation and FCR-D requirements to a larger extent. 

 

1. Frequency control grid codes  

The European grid codes apply for continental Europe, Great Britain, Ireland-North Ireland and the Nordic syn-

chronous grids. The TSOs can supplement the European grid codes with additional requirements for their respective 

grids. The following subsections briefly summarize the European and Nordic frequency control requirements. 

 

1.1 European frequency control requirements  

Two European commission regulations [1, 2] specify the European requirements on frequency control for generation 

units. The requirements depend on unit size and bus voltage level. The following description applies for larger units 

(type C and D [1]). 

The frequency control should have droop characteristics, i.e., limited static gain. A generation unit with inertia 

should activate its change in output power within 2 seconds after change in frequency. If a unit has longer delays, the 

generation unit owner must supply technical evidence showing why a slower activation is necessary [1]. The 



frequency control capacity should be 50% activated within 15 seconds and 100% activated within 30 seconds after a 

frequency disturbance of 0.2 Hz or larger. The frequency control behavior should be similar for smaller frequency 

disturbances. Each synchronous grid should have a mandatory frequency control prequalification process determined 

by the responsible TSOs. The qualification should be redone every five years, or earlier if requirements or important 

equipment have changed [2].  

 

1.2 Nordic frequency control requirements  

The Nordic grid has two frequency control services for containing the grid frequency close to its nominal 50 Hz. The 

frequency containment reserve for normal operation (FCR-N) operates within the so called normal band from 49.9 to 

50.1 Hz. FCR-N has a capacity of 600 MW, i.e., 6000 MW/Hz. The frequency containment reserve for disturbed 

operation (FCR-D) acts outside of the normal band. FCR-D upwards regulation is active from 49.9 to 49.5 Hz, while 

downwards regulation operates between 50.1 and 50.5 Hz. The FCR-D capacity depends on the system dimensioning 

fault. [3]  

The biggest difference between the European and Nordic requirements on frequency control is that the latter include 

stability requirements which ensure that individual units do not destabilize the power system. The stability 

requirements differ between FCR-N and FCR-D, but the gist is the same and comes from control theory. The goal is 

to ensure closed loop system stability from load disturbance to grid frequency. The stability is evaluated by studying 

the open loop system which consists of the governor, power plant and grid transfer functions according to 

 
 

𝐺𝑜𝑝𝑒𝑛 𝑙𝑜𝑜𝑝(𝑠) = 𝐺𝑔𝑜𝑣𝑒𝑟𝑛𝑜𝑟(𝑠)𝐺𝑝𝑜𝑤𝑒𝑟 𝑝𝑙𝑎𝑛𝑡(𝑠)𝐺𝑔𝑟𝑖𝑑(𝑠). 
 

(1) 

This method evaluates whether the grid is stable if all FCR capacity was delivered from units with identical 

dynamics as that of the tested unit. [3]  

Rigorous compliance tests must be performed in order to evaluate fulfillment of the stability requirements. The 

governor and power plant dynamics are identified though sine tests, where an artificial grid frequency signal is fed to 

the governor and output power etc. is measured. The artificial signal has different periods (10, 15, 25, 40, 50, 60, 70, 

90, 150, and 300 seconds) to identify system dynamics for both fast and slow events.  The tests are performed at both 

high load and low load operation, and at maximum and minimum droop. The grid transfer function 𝐺𝑔𝑟𝑖𝑑(𝑠) is 

supplied by the Nordic TSOs and they assume a worst case scenario with low system inertia [3]. Their most recent 

official estimate is a kinetic energy of 90 GWs [4]. The unit fulfills the stability requirements if the open loop system 

does not enter the stability margin around (-1,0) in the Nyquist diagram, see Fig. 2. [3] 

The amount of FCR-N a unit delivers depends on its static gain (MW/Hz), but the delivered amount of FCR-D also 

depend on how fast the unit can supply power and energy after a large disturbance. The FCR-D capacity 𝐶𝐹𝐶𝑅−𝐷 

(MW) is calculated according to 

 
 

𝐶𝐹𝐶𝑅−𝐷 = 𝑚𝑖𝑛 (𝛥𝑃𝑠𝑠 ,
𝛥𝑃

0.93
,
𝐸𝑠𝑢𝑝𝑝𝑙𝑖𝑒𝑑

𝑘𝐸

). 

 

(2) 

The steady state power difference 𝛥𝑃𝑠𝑠 (MW) is determined from step response tests in both directions. The power 

difference 𝛥𝑃 (MW) and the extra energy supplied 𝐸𝑠𝑢𝑝𝑝𝑙𝑖𝑒𝑑 (MJ) are calculated from the power response after the 

start of a steep ramp in frequency, where 0.93 and 𝑘𝐸 (s) are scaling factors. The FCR-D stability requirements 

become harder for a unit to fulfill if its FCR-D capacity 𝐶𝐹𝐶𝑅−𝐷 is small compared to 𝛥𝑃𝑠𝑠. [3]  

The Nordic TSOs have formulated the FCR-D evaluation method, but they have yet to decide at what time 𝛥𝑃 and 

𝐸𝑠𝑢𝑝𝑝𝑙𝑖𝑒𝑑 are evaluated after the start of a ramp in frequency and how large 𝑘𝐸 will be. The choice depends on how 

much fast frequency reserve (FFR) the Nordic TSOs decide to procure. FFR is meant to prevent under- and over-

frequencies during large disturbances by supplying a fast power response for a few seconds. A large amount of FFR 

means that the FCR-D does not have to be as fast, which should help more hydro capacity to qualify for FCR-D. The 

Nordic TSOs are currently considering eleven different sets of FCR-D evaluation time and scaling factor 𝑘𝐸. [4] 

 

2. Field tests 

In June 2018, we performed field tests on a Swedish 52 MW Kaplan unit with 34 m nominal head and 1.5 s water 

time constant. The station has two units and their waterways are at first separate (penstocks, draft tubes, and gate 

shafts) before joint together (surge gallery and tail race tunnel). The tested unit was refurbished a few years earlier 

and the current runner servo hydraulics operate at 160 bar. The field tests followed the Nordic frequency control 



prequalification test program which includes sine, step, and ramp (±0.3 Hz/s) tests [3]. Measured signals included 

guide vane opening, runner blade angle, artificial grid frequency, output power, and gross head. The test program 

required a full working day—excluding measurement equipment set up and removal as well as governor tuning. The 

step and ramp response data were used in previous works [5]. 

 

3. Governor and Kaplan turbine model 

Simulating how faster runner blade angle steering affects the frequency control performance requires both a turbine 

governor model (from grid frequency to guide vane opening and runner blade angle) and a Kaplan turbine model 

(from guide vane opening and runner angle to active power output).  

Fig. 1 shows a simplified block diagram of the turbine governor model (anti-windup, saturations, and guide vane rate 

limiters excluded). Table 1 explains the model signals and parameters. The servo speeds are based on measurements 

from the supplier. The guide vane servo speed saturates at +0.074 pu/s and –0.112 pu/s, whereas the runner servo 

speed saturates at ±0.042 pu/s. The backlash and first-order filter after the runner servo control loop compensate for 

simplifications in the runner control model and enhance agreement between measured and simulated 𝛼𝑚𝑣. 

We used the same Kaplan turbine model as introduced in a previous work [5], which is a modified version of the 

model presented by Brezovec et al. [6] including steering mechanism backlash [7]. The model [5] accounts for 

acceleration of water, waterway losses, and varying turbine efficiency. Additionally, it uses index test data to relate 

guide vane opening and runner blade angle to turbine net head and flow. Our implementation uses smaller steering 

mechanism backlash than the original model [5] (0.15° for both guide vane opening and runner blade angle) for 

better agreement between measured and simulated sine test output power 𝑃. 

Fig. 2 (left) shows measured and simulated results for the sine tests at high load operation. Fig. 2 (right) shows the 

open loop Nyquist diagram for measured and simulated results for both high and low load operation (with FCR-N 

grid properties and stability margin). The simulated results have too high gain and too much phase shift during high 

load operation. Also, the measurement results show increased negative phase shift for the 15 second period caused 

by mass oscillations between gate shaft and surge gallery. The models do not account for these dynamics. However, 

the chosen evaluation method partly compensates for these model limitations, cf. section 5. 

 

 
Fig. 1. Block diagram of the turbine governor model without any improvement measures implemented. 

Table 1. Turbine governor signals and parameter values. All signals are in per unit. 

Signal Explanation Parameter Value Explanation 

𝛥𝑓  Grid frequency deviation 𝐾𝑝 [pu/pu] 5 Proportional frequency control gain 

𝑌𝑠𝑝  Guide vane setpoint 𝐾𝑖 [pu/(pu·s)] 0.6 Integral frequency control gain 

𝑌𝑠𝑠𝑝  Guide vane servo setpoint 𝐸𝑝 [pu/pu] 0.04 Frequency control droop 

𝑌𝑚𝑣   Measured guide vane opening 𝐾𝑝,𝑌 [pu/pu] 10 Guide vane servo gain 

𝛼𝑠𝑒𝑡   Runner setpoint from combinator 𝑇𝑌 [s] 0.05 Guide vane servo delay 

𝛼𝑠𝑠𝑝  Runner servo setpoint 𝑅𝛼 [pu/s] ±0.0296 Runner rate limiter 

𝛼𝑚𝑣  Measured runner blade angle 𝐾𝑝,𝛼 [pu/pu] 15 Runner servo gain 

ℎ𝑔𝑟𝑜𝑠𝑠  Gross head over turbine 𝑇𝛼1 [s] 0.41 Runner servo delay 

  𝐵𝛼 [pu] 0.0021 Runner servo backlash 

  𝑇𝛼2 [s] 0.7 Runner servo filter constant 

 



 

 

Fig. 2. Evaluation of model performances. (Left) Time plots of input grid frequency 𝑓 and simulation results compared to 

measurement data for guide vane opening 𝑌𝑚𝑣, runner servo setpoint 𝛼𝑠𝑠𝑝, runner blade angle 𝛼𝑚𝑣, and output power 𝑃. (Right) 

Nyquist plots of the open loop system for simulated and measured results for both high and low load operation. 

4. Improvement measures 

This study uses three test cases with different improvement measures to investigate how changes to the runner angle 

steering impact the frequency control performance. The first test case is called “improved control” and it focuses on 

runner control improvements through changes to the turbine governor programming alone. This included changing 

the input signal to the combinator from 𝑌𝑚𝑣  to 𝑌𝑠𝑠𝑝 and increasing the runner rate limit 𝑅𝛼 by 50%. This way, the 

runner steering is not delayed by the guide vane servo control loop and not as limited during large changes in 

frequency. The runner servo gain 𝐾𝑝,𝛼 remained at its nominal value as higher values often led to limit cycles in the 

runner control loop. 

The second test case is called “improved control and servo” and it uses the same governor programming 

improvements as the first test case, but also assumes improvements to the actual runner servo. The runner servo 

delay 𝑇𝛼1 is halved and the runner servo speed improved by 50%, meaning a gain of 1.5 is inserted between the 

runner servo speed block and the integral in Fig. 1.  

The third and final test case is called “on-cam control”. It uses 𝑌𝑚𝑣  as input to the combinator and neglects the whole 

runner control loop, meaning that 𝛼𝑠𝑒𝑡  is directly used as input to the Kaplan turbine model. This means that the unit 

always operates on-cam, which is unfeasible but interesting as a limiting case study. 

 

5. Evaluation method 

Fig. 2 (right) shows that the models cannot always simulate gain and phase of the Kaplan unit in an accurate way. 

The improvement measures evaluation method partly compensates for these model limitations by estimating relative 

improvement. For example, an improvement measure that causes 2% increase in simulated amplitude is assumed to 

increase the amplitude by 2% in the real world too. This can be expressed as 

 
 

𝐸𝑠𝑡𝑖𝑚𝑎𝑡𝑒𝑑 𝑣𝑎𝑙𝑢𝑒 = 𝑀𝑒𝑎𝑠𝑢𝑟𝑒𝑑 𝑣𝑎𝑙𝑢𝑒 ·
𝑇𝑒𝑠𝑡 𝑐𝑎𝑠𝑒 𝑠𝑖𝑚𝑢𝑙𝑎𝑡𝑒𝑑 𝑣𝑎𝑙𝑢𝑒

𝐵𝑎𝑠𝑒 𝑐𝑎𝑠𝑒 𝑠𝑖𝑚𝑢𝑙𝑎𝑡𝑒𝑑 𝑣𝑎𝑙𝑢𝑒
, 

 

(3) 

where “test case simulated value” refers to results from simulation of an improvement measure and “base case 

simulated value” comes from simulation results without any improvement measures implemented. We used (3) to 

estimate how an improvement measure impacts the amplitude changes in the different sine tests, as well as the 



changes in power and energy delivered after a steep ramp in frequency. Changes in phase were estimated according 

to  

 
 

𝐸𝑠𝑡𝑖𝑚𝑎𝑡𝑒𝑑 𝑝ℎ𝑎𝑠𝑒 = 

𝑀𝑒𝑎𝑠𝑢𝑟𝑒𝑑 𝑝ℎ𝑎𝑠𝑒 + (𝑇𝑒𝑠𝑡 𝑐𝑎𝑠𝑒 𝑠𝑖𝑚𝑢𝑙𝑎𝑡𝑒𝑑 𝑝ℎ𝑎𝑠𝑒 − 𝐵𝑎𝑠𝑒 𝑐𝑎𝑠𝑒 𝑠𝑖𝑚𝑢𝑙𝑎𝑡𝑒𝑑 𝑝ℎ𝑎𝑠𝑒). 
 

(4) 

We evaluated the impact of improvement measures on step response activation time through visual inspection of the 

simulation results. 

 

6. European grid code results 

The results showed that the tested Kaplan unit has no problem fulfilling some European frequency control 

requirements, while others are more difficult. The easy requirements are 50% activation within 15 seconds and 100% 

activation within 30 seconds. The most challenging requirement is activation within 2 seconds after a change in 

frequency. Fig. 3 shows measured and simulated output power after 0.4 Hz steps up and down in frequency. The 

maximum activation time of 2 seconds is marked by a dashed red line. The measurement activation time is clearly 

shorter than 2 seconds when the unit is decreasing its output power, but it is close to the limit for the power increase.  

Fig. 3 also shows how the runner control improvement measures does not lead to faster activation times. This is 

visible from the simulated output power from the base and test cases. The base case simulated output power shows 

non-minimum phase behavior at two instances—the first caused by changes in guide vane opening and the second by 

changes in runner blade angle. The two non-minimum phase behaviors starts to overlap as the runner blade angle 

steering becomes faster, which further delays the activation time. For example, compare the simulated output power 

for the base case scenario with the test case improved control and servo in Fig. 3. 

Also, there are significant differences between the measured output power and base case simulation results. First, the 

Kaplan turbine model underestimates the activation time. Second, the measured response does not show the typical 

non-minimum phase behavior which is common in hydropower modeling, as noted previously [5]. 

 
Fig. 3. Results for the European frequency control requirements. 

6.1 Discussion  

The differences between measured and simulated step response behavior raise the question of how reliable the results 

are. The simulation models are optimistic concerning activation time (compare base case simulation results with 

measurement data in Fig. 3), which means field tests seem necessary for evaluating European grid code fulfillment of 

Kaplan units. However, we do not know if the simulation results are optimistic or pessimistic regarding how much 

impact the improvement measures have on activation time. The simulations show more pronounced non-minimum 

phase behavior for faster runner control, but whether this would happen in reality is a question that calls for 

additional measurements. However, based on the simulation results it is not likely that the actual activation time 

could be shortened by faster runner control. 

 

7. Nordic FCR-N stability requirement results 

Fig. 4 shows the Nyquist plot of the FCR-N stability requirements results. The unit fulfills the stability requirements 

for low load operation today, as the measurement line does not cross the stability margin. The improvement 



measures improve the dynamics further. However, the requirements are unfulfilled for high load operation regardless 

of improvement measures. On-cam control improves the dynamics considerably, but not sufficiently. Note that there 

is little difference between only improving the control and improving both control and servos. 

 
Fig. 4. Nyquist plot of the Nordic FCR-N requirements results. The requirements are unfulfilled if the stability margin is crossed. 

7.1 Discussion  

The FCR-N results are more reliable as the Kaplan turbine model performs better for sine tests compared to step and 

ramp response tests (compare Fig. 2 and Fig. 3). Also, the relative evaluation method increases reliability. The 

results show that there is great potential for improvement—the stability is improved significantly for on-cam control. 

However, this potential seems hard to realize as easy-to-implement changes to the runner control give limited 

stability improvement. Not even better control and servos come close to the improvements of on-cam control.  

 

8. Nordic FCR-D stability requirement results 

Table 2 shows the measurement and test case FCR-D results for the different requirement implementations 

considered by the Nordic TSOs. The kinetic energy is 90 GWs for each scenario as FFR does not contribute with 

synthetic inertia. This Kaplan unit struggles to fulfill the FCR-D requirements regardless of what requirement 

implementation the Nordic TSOs decide upon. Only on-cam control can pass the FCR-D requirements, and then only 

during low load operation. The FCR-D capacity 𝐶𝐹𝐶𝑅−𝐷 is always limited by how much energy 𝐸𝑠𝑢𝑝𝑝𝑙𝑖𝑒𝑑 the unit 

deliver within the first seconds after a ramp in frequency. 

 
Table 2. Results for the Nordic FCR-D requirements. Fulfilled/unfulfilled requirements are indicated by pass/- respectively. 

Kinetic energy (GWs) 90 90 90 90 90 90 90 90 90 90 90 

Evaluation time (s) 5 6 7 8 9 10 11 13 14 15 16 

Scaling factor 𝑘𝐸 (s) 2.3 2.8 3.3 3.9 4.4 4.9 5.4 7.0 7.5 8.0 8.6 

F
C

R
-D

 

Measurement 
Fails requirements regardless of high or low load operation and up- or 

downwards regulation 
Improved control 

Improved control & servo 

On-cam 

control 

High load Fails requirements regardless of up- or downwards regulation 

Low 

load 

Up pass pass pass pass pass pass pass - - pass pass 

Down pass pass pass pass pass - - pass pass pass pass 

 

8.1 Discussion 

The Nordic TSOs want FFR to both prevent under- and over-frequencies during large grid disturbances and ease the 

FCR-D requirements for more hydro capacity to qualify [4]. Unfortunately for this Kaplan unit, FFR does not ease 

the requirements sufficiently. This raises the question of whether this Kaplan unit is fast or slow, and how other 

Kaplan units might fare against the FCR-D requirements. One reasonable assumption is that Kaplan units with 

similar or slower governor and similar or longer water starting time will struggle with these requirements.  

 

 



9. Nordic requirements with more inertia 

So far, the results show that this Kaplan unit struggles with the FCR-N stability requirements at high load operation 

and with any FCR-D stability requirements—regardless of low or high load operation, and evaluation time. Both 

FCR-N and -D requirements assume a worst case scenario with low system inertia, which raises the following 

question: can the Kaplan unit fulfill the requirements if the system has more inertia (real or synthetic [8])? As 

opposed to FFR, inertia can allow both longer evaluation times and higher kinetic energies. We re-calculated the 

results with kinetic energies, evaluation times and scaling factor 𝑘𝐸 from the Nordic TSOs [4] to find out if more 

inertia could help this Kaplan unit fulfill the FCR-N and FCR-D requirements.  

Table 3 shows what requirements the Kaplan unit could fulfill if the Nordic TSOs base their requirements on a 

system with more inertia. For comparison, the Nordic grid had 125 to 240 GWs kinetic energy in 2015 [9]. Fulfilled 

requirements are marked with “pass”, whereas unfulfilled requirements show “-”. Table 3 shows that higher 

dimensioning kinetic energy can help the unit fulfill the FCR-N requirements during high load operation (the 

requirements are fulfilled in all cases for low load operation). Note that higher dimensioning kinetic energies also 

ease FCR-D requirement fulfillment. Also, downwards regulation is easier than upwards regulation and low load 

operation fulfills more requirements than high load operation. The improvement measures help with fulfilling some 

requirements, especially for high dimensioning kinetic energies. Not even on-cam control can make the unit fulfill 

the FCR-D requirements during high load operation for low kinetic energies. 
 

Table 3. Results for the Nordic FCR-N and FCR-D requirements for a grid with more inertia (real or synthetic). 

Fulfilled/unfulfilled requirements are indicated by pass/- respectively. 

Kinetic energy (GWs) 100 120 140 160 180 200 220 240 260 280 300 

Evaluation time (s) 5 6 7 8 9 10 11 13 14 15 16 

Scaling factor 𝑘𝐸 (s) 2.3 2.8 3.3 3.9 4.4 4.9 5.4 7.0 7.5 8.0 8.6 

F
C

R
-N

 

H
ig

h
 

lo
ad

 

Measurement - - - - - pass pass pass pass pass pass 

Improved control - - - pass pass pass pass pass pass pass pass 

Improved control & servo - - - pass pass pass pass pass pass pass pass 

On-cam control - - pass pass pass pass pass pass pass pass pass 

F
C

R
-D

 

Measurement 

High 

load 

Up - - - - - - - - - - - 

Down - - - - - - - - - - pass 

Low 

load 

Up - - - - - - - pass pass pass pass 

Down - - - - - pass pass pass pass pass pass 

Improved 

control 

High 

load 

Up - - - - - - - - - - pass 

Down - - - - - - - - - pass pass 

Low 

load 

Up - - - - - - pass pass pass pass pass 

Down - - - - - pass pass pass pass pass pass 

Improved 

control & servo 

High 

load 

Up - - - - - - - - - pass pass 

Down - - - - - - - - pass pass pass 

Low 

load 

Up - - - - - - pass pass pass pass pass 

Down - - - - pass pass pass pass pass pass pass 

On-cam control 

High 

load 

Up - - - - - - - pass pass pass pass 

Down - - - - - - pass pass pass pass pass 

Low 

load 

Up pass pass pass - pass pass pass pass pass pass pass 

Down pass pass - pass pass pass pass pass pass pass pass 

 

9.1 Discussion 

More inertia eases the Nordic frequency control stability requirements considerably. The improvement measures 

help further, but, regardless, a rather large amount of inertia is needed for this Kaplan unit to fulfill the stability 

requirements.  

Note that the Kaplan unit is better at decreasing its output power than increasing it. This is visible in the step 

response plots in Fig. 3 and FCR-D requirements fulfillment in Table 3. This can be explained by thinking of the 

guide vanes and runner blades as two valves in series that together control the flow of water through the turbine. 



Only one valve (guide vanes) needs to be closed rapidly to quickly decrease the flow, whereas both valves (guide 

vanes and runner blades) must be opened rapidly to quickly increase the flow. 
 

10. Conclusions 

Overall, improved runner blade steering does not seem to help this Kaplan unit fulfill frequency control grid codes. 

The European grid codes require an activation time shorter than 2 seconds after a change in frequency, which can be 

troublesome for this unit when it is increasing its output power. However, runner control improvements did not 

shorten the activation time. Moreover, the Kaplan turbine model underestimated the activation time considerably, 

which means that field tests are needed to determine European grid code fulfillment.  

The Nordic frequency control services FCR-N and FCR-D have stability requirements which the Kaplan unit 

struggles to fulfill. Improvements to the runner steering mechanism can improve the frequency control performance, 

but not sufficiently to fulfill the FCR-N requirements during high load operation. In its present state, this Kaplan unit 

will not be able to deliver FCR-N during high load operation or any FCR-D at all if the Nordic TSOs base their 

requirements on a low system inertia. The new service FFR is meant to ease the FCR-D requirements, but it is not 

sufficient. Instead, a sufficient amount of inertia (real or synthetic) in the system could help this Kaplan unit fulfill 

FCR-N requirements at high load operation and FCR-D requirements to a larger extent. 
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Errata 
Correction added 10 May 2021 
The measurement data in the Nyquist plots in Fig. 2 (right) and Fig. 4 differ. The error is due to the FCR-N requirements having 

been implemented with different assumptions on grid inertia. The results in Fig. 2 (right) are based on 120 GWs inertia, which is 

the value used in the 2017 draft requirements [3]. In contrast, the results in Fig. 4 use 90 GWs inertia, which comes from the 2019 

additions to the FCR requirements [4]. For consistency, 90 GWs should also have been used for Fig. 2 (right). The error did not 

affect any of the other results in the paper or the conclusions of the paper. Fig. 5 (left) shows the Nyquist curves with 120 GWs 

inertia from Fig. 2 (right) marked with a red cross to indicate that it is incorrect. Fig. 5 (right) shows an updated version of the 

Nyquist curves in Fig. 2 (right), now implemented with 90 GWs inertia. 

 

  
Fig. 5. (Left) The incorrect Nyquist curves based on 120 GWs inertia from Fig. 2 (right). (Right) Corrected plot of the Nyquist 

curves from Fig. 2 (right), now with 90 GWs inertia instead of 120 GWs. 

 
 

 


