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 A B S T R A C T

With the rising need for flexible energy storage, recent research shows the potential of contra-rotating 
reversible pump–turbines (CR RPT) to enable low-head pumped hydropower storage. This study presents a 
dual variable-speed control architecture for CR RPTs, aimed at providing grid frequency control. The proposed 
control maximizes the efficiency and shapes the power response to minimize the rise time while averting 
excessive fluctuations. The control architecture is experimentally validated on a 45 kW reduced-scale CR RPT. 
The results show that for full reserve activation in frequency containment reserve (FCR), the rise times are 
< 3.92 s in turbine mode and < 0.23 s in pump mode. When scaled to a 10 MW system, with a factor of 1.53 
to 2.46, the rise times remain well below the regulatory limit of 30 s. Furthermore, the power response stays 
within the allowed limits, with root mean square deviations of < 58% in turbine mode and < 39% in pump 
mode, relative to the allowed limits. Additionally, the system effectively tracks the varying power setpoints in 
an actual FCR use case. These findings demonstrate that the proposed control methodology can successfully 
provide frequency control by dynamically varying the power within imposed power constraints.
1. Introduction

In the past decade, the global adoption of renewable energy sources 
has surged, increasing their share of global power generation from 
under 20% in 2010 to 30.2% in 2023 [1]. Wind energy and photo-
voltaic (PV) technologies have experienced the most significant growth, 
with their share of generated electricity rising from 2.8% and 0.6%
respectively in 2013 to 7.8% and 5.4% in 2023. By 2028, their energy 
shares are expected to increase to respectively 12.1% and 12.6% [1]. 
As the penetration of these intermittent and non-dispatchable energy 
sources increases, they partially replace the traditional high-inertia 
and dispatchable energy sources. Therefore, energy storage systems are 
becoming increasingly indispensable for maintaining the reliability and 
stability of power systems. Among the various energy storage systems, 
pumped hydropower storage (PHS) is the most cost-effective [2] due to 
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its long lifetime. It accounts for more than 90% of global energy storage, 
with an installed capacity of 160 GW [3]. In addition to compensating 
for seasonal and hourly fluctuations, dynamic storage systems are 
required to support the grid frequency through frequency reserves. 
Among these, frequency containment reserve (FCR) is a dynamic re-
serve that is applied worldwide. In FCR, the power is automatically 
and linearly adjusted to the grid frequency deviation, with the full 
reserve activation time ensured to be below 30 s [4]. To account for 
this short term storage, mostly grid-scale electrochemical batteries have 
been installed in the last decade, with an installed capacity of 28 GW 
in 2022 [3]. Furthermore, to facilitate the increased penetration of 
renewable energy sources, the installed short-term storage is expected 
to increase by > 400 GW by 2028 [1]. Although it is generally expected 
that batteries will fill this gap, it has been shown that variable-speed 
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PHS systems can also be used to provide frequency reserves, with over 
90% of all FCR performed by hydropower systems during the frequency 
containment project in the Nordic regional group ending in 2016 [5]. 
However, it has to be noted that the dynamic requirements have since 
increased, and grid-scale battery costs have decreased.

This increased necessity for energy storage initiated investigations 
into low-head PHS, which, in contrast to its traditional high-head coun-
terpart, is not restricted to mountainous regions, and can be installed 
in run-of-river systems or shallow seas [6]. In [7], a novel contra-
rotating reversible pump–turbine (CR RPT) was developed. This RPT 
features two runners rotating in opposite directions, which minimizes 
swirl development and allows to retain a high efficiency in low-head, 
high-flow systems. As this RPT has two runners, two degrees of freedom 
with a dynamic coupling through the fluid dynamics are available in 
the control system. Therefore, the question arises as to how the control 
architecture can exploit this dual variable-speed system to participate in 
frequency control. As most traditional hydropower systems use a power 
take-off comprising grid-coupled synchronous machines, the FCR power 
response was initially enabled by inlet vane or governor control, with 
multiple studies on PID-based power control available in literature [8–
11]. Furthermore, recent studies apply a sliding mode controller [12] 
and model predictive control (MPC) [13–15]. However, the implemen-
tation of fully rated converters with variable-speed motor-generators 
allows to increase the dynamic power response, the operating range, 
and efficiency at off-design operating points [16]. In [17,18], a PID-
based power control is proposed through torque control in pump mode. 
However, this methodology cannot be applied in turbine mode, as 
a change in torque inversely affects the rotational speed and power 
(after an initial inertial power response). Multiple studies propose to 
solve this drawback by restoring the rotational speed after the inertial 
response by controlling the flow rate using governor control [19–22]. 
Although the power response is fast, the algorithm does not operate at 
the optimal efficiency point. Furthermore, power stability is guaranteed 
only if the water column and governor inertia are significantly lower 
than the mechanical inertia of the turbine, and the power steps are 
limited [22]. Iterative extremum-seeking control algorithms have been 
developed through perturb-and-observe [23–25], fuzzy control based 
on perturb-and-observe [26], and gradient descent [27,28] algorithms. 
However, their iterative nature significantly limits the dynamic power 
response. Next, in [29], a lookup table based on a 1D Euler model stores 
the rotational speed that reaches the highest efficiency for a range of 
power setpoints, where this rotational speed is realized through PID 
control. However, in this case, the derived dynamic response is not 
optimized and suffers from fluctuations. In [30,31], it is shown how 
variable-speed model predictive control (MPC) of a high-head single-
runner turbine can provide ancillary services to the electrical grid. 
In [32], an MPC controller is developed for a Francis-type pump–
turbine, with the increase in performance of MPC compared to a 
power PID controller analyzed in [33]. However, in MPC controllers, 
the fidelity of the dynamic model significantly affects the controller 
performance and stability [34]. In the used models (based on Euler 
equations [30,31,33]), e.g. viscous effects – comprising flow separation, 
tip clearance effects, and turbulence – are not included, while these 
effects become prominent in dynamic operation, which can result in 
decreased performance and instability.

An overview of the existing variable-speed power control algorithms 
is presented in Table  1. The contributions of this study to the literature 
are threefold:

• First, a novel dual variable-speed lookup table-based control ar-
chitecture is presented that aims to maximize the efficiency and 
power response rise time of a dual rotor CR RPT in a low-head 
PHS system. Existing algorithms such as power PID and perturb 
and observe are not inherently suited for dual rotor systems, while 
gradient descent requires an accurate estimation of the gradient 
to be effective.
2 
Fig. 1. CAD render of the reduced-scale CR RPT.

• Second, a method to shape the power response through torque 
constraints has not been explored. The main novelty of this study 
comprises the dynamic power response shaping, which is imple-
mented using adaptive torque constraints, enabling the system 
to participate in frequency control. Depending on the type of 
frequency control and local regulations, the power can be shaped 
accordingly by tuning the torque constraints.

• Third, although MPC can also constrain the power fluctuations, 
dynamic effects in hydropower pump–turbines are complex and 
computationally expensive to capture in a predictive model. To 
the best of the authors’ knowledge, these algorithms have not 
been validated thus far. In this study, the developed control 
architecture is validated experimentally with the dynamic re-
quirements of FCR on a model scale 45 kW CR RPT in a test-setup 
with two open reservoirs, optimally replicating a real operating 
environment. Although FCR requires a rise time of < 30 s, the con-
trol architecture aims to minimize the rise time without exceeding 
the power constraints.

In Section 2, the system and test-setup are outlined in Section 2.1 
and characterized in Section 2.2. Next, the research methodology is 
outlined in Section 3, comprising the control architecture and the 
power response criteria for FCR. Finally, the experimental validation 
of the system performing FCR is outlined in Section 4.

2. System description and characterization

2.1. System description and experimental setup

Fig.  1 shows a CAD render of the CR RPT. This CR RPT is a scaled 
version (1:20.58) with geometric similarity of a 10 MW prototype with 
a diameter of 5.68 m [6]. Here, the affinity laws are applied to scale 
the RPT diameter so that the flow coefficient, head coefficient and 
power coefficient are equal in prototype and model scale [35]. The 
CR-RPT has two variable-speed runners that rotate in opposite direc-
tions, minimizing swirl development and maintaining high efficiency 
in a low-head high-flow system [16,36]. The two runners are highly 
coupled through their interaction with the fluid, as the inlet flow of the 
downstream runner is deflected by the upstream runner. To quantify 
this interaction between the two runners, multiple computational fluid 
dynamics studies have been performed in literature [7,37,38], where 
the influence of nonlinear effects, such as flow separation and swirl 
development between the runners, is highlighted.

Fig.  2(a) provides a schematic overview of the test-setup, which 
comprises two open surface reservoirs [39]. These large reservoirs avert 
the use of a pump to achieve hydraulic head, mitigating the accessory 
impact on flow uniformity and pressure fluctuations. The water levels 
of the lower and elevated tank are respectively ℎs1 = 2.28 m and 
ℎs2 = 10.08 m above the centerline of the RPT, resulting in a steady 
gross hydraulic head of 𝛥ℎ = 7.8 m. The conduit has a diameter of 
50 cm, tapering to 27.6 cm via the two contraction/expansion tubes 
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Table 1
Overview of existing variable-speed power control algorithms for hydropower pump–turbines.
 Algorithm/Reference Power 

response
Power 
fluctuations

Exp. 
validation

Discussion

 Power PID [17,18] Fast Small 7 - Not suitable for turbine mode
 Power PID + Speed PID [19–22] Fast Small 7 - Suboptimal efficiency 

- Possible stability issues based on inertia
- Limited power step. 
- Not suitable for dual-rotor systems

 Perturb and Observe [23–26] Slow Large 3 - Iterative nature limits dynamic response 
- Step size trade-off between power response and fluctuations 
- Not suitable for multiple parameter systems

 Gradient descent [27,28] Slow Large 3 - Learning rate trade-off between power response and fluctuations 
- Accurate estimation of gradient imperative for multiple parameter systems.

 Lookup table-based [29] Fast Large 7 - Requires an accurate (static) model
 MPC [30–33] Fast Constrained 7 - Computationally expensive 

- Requires an accurate dynamic model 
- Model inaccuracies can lead to decreased performance and instability
Table 2
List of the used instrumentation.
 Measurement Instrumentation Range Accuracy  
 Flow — 𝑄 Krohne OPTIFLUX 2000 0–600 l/s 0.20% + 0.2 l/s 
 Pressure — p1,3 Druck Limited PDCR 1830 −0.5–0.35 bar 0.1%  
 Pressure — p2 BD Sensors DMP 321 0–2.4 bar 0.25%  
 Torque — 𝜏s1,2 HBM T22 0–500 N m 0.5%  
 Rot. speed — 𝜔1,2 SICK DBS60 0–9000 rpm 0.015%  
next to the RPT. A butterfly valve, positioned between the elevated 
tank and the RPT is used in start-up and shut-down scenarios. In 
this setup, a steady water level in both tanks is ensured by installing 
spillways that allow water to overflow to an underground reservoir. 
As seen in Fig.  2(b), each runner of the RPT is separately driven by a 
32 kW axial-flux permanent magnet synchronous machine (AF-PMSM), 
coupled to a fully regenerative ABB ACS880 variable-frequency drive. 
This allows independent variable-speed control of the RPT runners. 
To connect the runners to the PMSMs, two sets of bevel gears (ratio 
1:1) are integrated into the hubs on each side of the RPT. Note that 
for the full-scale system, bevel gears are avoided and bulbs inside the 
conduit are proposed instead [40]. To visually assess cavitation, the 
RPT is surrounded by an acrylic glass tube. The sensor locations are 
illustrated in Fig.  2 and their specifications are listed in Table  2 [39]. 
Two pressure probes p1,2 are placed on either side of the RPT, with a 
third probe p3 placed before the conduit contraction at the low-pressure 
side. An electromagnetic flow meter is used to minimize interference. 
The torques and rotational speeds are measured using two torque 
transducers and two incremental encoders, respectively, positioned in 
series with the AF-PMSMs.

To assess whether the dynamic experiments on this reduced-scale 
test-setup can provide an indication of the dynamic performance of 
the full-scale 10 MW system, the two main inertia constants of a 
hydropower system are compared: the mechanical inertia constant 𝐻𝑚
and the water inertia constant 𝐻𝑤 [27]:

𝐻𝑚 = 1
2
𝐽 ⋅ 𝜔𝑁
𝜏𝑁

(1)

𝐻𝑤 =
𝐿𝑐

𝑔 ⋅ 𝐴𝑐

𝑄𝑁
𝛥ℎ𝑁

, (2)

where 𝐽 is the rotational inertia, and 𝐿 and 𝐴𝑐 are the length and 
area of the conduit, respectively. The quantities 𝜔𝑁 , 𝜏𝑁 , 𝑄𝑁 , and 𝛥ℎ𝑁
are the nominal rotational speed, torque, flow rate, and fallhead, 
respectively.

The main parameters for both the full-scale and the reduced-scale 
(1:20.58) systems are listed in Table  3. Here, the rotational inertia 
comprises the runner, shaft, and machine inertia. For all three inertia 
constants, the constants are higher for the full-scale system. The ratios 
𝐻 full−scale∕𝐻 scaled are 1.70, 1.53, and 2.46 for the mechanical inertia 
𝑚,𝑤 𝑚,𝑤

3 
Table 3
Parameters and inertia constants for comparison of the full-scale system (prototype 1 
in [6]) and the reduced-scale test-setup.
 Mechanical Full-scale Reduced-scale (1:20.58)
 Runner 1 Runner 2 Runner 1 Runner 2  
 𝐽 [kg m2] 7.9 ⋅ 104 11.1 ⋅ 104 0.6a 0.55a  
 𝜔𝑁 [rad/s] 6.4 6.4 141 141  
 𝜏𝑁 [N m] 0.7 ⋅ 106 1.2 ⋅ 106 200 200  
 𝐻𝑚 [s] 0.361 0.296 0.212 0.194  
 Hydraulic
 𝐿𝑐 [m] 60 16  
 𝐴𝑐 [m2] 78.5 0.196  
 𝑄𝑁 [m3/s] 130 0.380  
 𝛥ℎ𝑁 [m] 10 7.8  
 𝐻𝑤 [s] 1.01 0.41  
a Measured using a runout test as described in [44].

constant for runner 1 and runner 2, and the water inertia constant, 
respectively. Therefore, the experimental results in this study can give 
an indication of the dynamics of the full-scale system by multiplying 
the power rise time with a factor between 1.53 and 2.46. Note that 
this factor is based only on the inertia constants, with other scaling 
effects not included [41]. Although careful consideration was given to 
these factors during the manufacturing process, a relatively increased 
surface roughness and tip clearance compared to the full-scale sys-
tem are factors that can limit the performance despite the geometric 
similarity [35,42]. In order to limit the viscous effects in small-scale 
test-setups to retain dynamic (and efficiency) similarity with the full-
scale prototype, the Reynolds number (Re) should be high [43]. The 
Reynolds number for the reduced-scale tests are Re = 6.8 ⋅ 105 −1.0 ⋅ 106

in turbine mode and Re = 5.8 ⋅ 105 − 1.0 ⋅ 106 in pump mode, indicating 
that the flow is fully turbulent and viscous effects are limited.

2.2. System characterization through experimental campaign

To characterize the full system, steady-state tests are performed in 
both turbine and pump mode for a range of speed ratios 𝜁 = 𝜔2∕𝜔1, 
where 𝜁 = 0.752 is the design ratio for both modes. In these tests, 
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Fig. 2. Test-setup at Leichtweiß-Institute for Hydraulic Engineering and Water Resources of the TU Braunschweig [39].
the operating range limits of the rotational speed 𝜔1 are defined by 
observation of cavitation in both modes, reverse flow in pump mode, 
and runaway conditions in turbine mode. Each operating point is run 
for 60 s and the steady-state results are averaged over 40 s.

2.2.1. RPT model
In Fig.  3, the measurement results for the CR RPT are shown, 

comprising the flow rate 𝑄, the mechanical power 𝑃 , the RPT efficiency 
𝜂RPT, and the machine torques 𝜏m1,2 for varying rotational speeds 𝜔1
and speed ratios 𝜁 . Here, the machine torques are calculated by adding 
(pump mode) or subtracting (turbine mode) the AF-PMSM friction 
torques 𝜏f1,2 from the torque sensor measurements 𝜏s1,2 in Eq. (3). These 
friction torques were previously characterized on a hardware-in-the-
loop test-setup [44] with a linear model in Eq. (4), where 𝛼1 = 1.26 N m, 
𝛼2 = 1.04 N m, 𝛽1 = 5.14 ⋅ 10−3 N m s, and 𝛽2 = 5.96 ⋅ 10−3 N m s. The 
mechanical power at the electric machines is calculated using Eq. (5). In 
Eq. (6), the RPT efficiency 𝜂RPT is calculated, where ℎRPT is determined 
using the pressure sensors p1,2. Note that this efficiency also includes 
the mechanical efficiency of the PTO.

𝜏m1,2 = 𝜏s1,2 ± 𝜏f1,2, (3)

where 𝜏f1,2 = 𝛼1,2 + 𝛽1,2 ⋅ 𝜔1,2 (4)

𝑃 = 𝜏m1 𝜔1 + 𝜏m2 𝜔2 (5)

𝜂RPT = 𝑃
𝑔 ⋅ 𝜌 ⋅𝑄 ⋅ ℎRPT

(Turbine), (6)

where ℎRPT =
𝑝2 − 𝑝1
𝜌 ⋅ 𝑔
4 
The low-speed limits in turbine mode and high-speed limits in pump 
mode are defined based on visual and acoustic assessment of cavitation 
development. In Fig.  3, the Thoma number is indicated for these 
operating range limits, which is an indicating measurement value for 
cavitating conditions. The Thoma number is defined as the net positive 
suction specific energy (at the pressure sensor p3) divided by the RPT 
hydraulic specific energy [45]. It can be seen that in turbine mode, the 
lowest rotational speeds correspond to Thoma numbers of 𝜎 = 1.96 to 
𝜎 = 2.05. In pump mode, the maximum rotational speeds correspond 
to Thoma numbers of 𝜎 = 1.12 to 𝜎 = 1.20, with an outlier for 𝜁 = 1.0, 
where 𝜎 = 1.29. Based on a study on cavitating flow conditions for 
the reduced-scale RPT [46], the measured Thoma numbers in turbine 
mode correspond to minimal cavitation inception on the leading edge 
of runner 1. In pump mode, the cavitation region encapsulates half the 
blade in runner 1, with limited cavitation inception occurring at the 
leading edge of runner 2 [46]. In Appendix  A, the cavitation inception 
is pictured for four operating points. Apart from cavitation, the high-
speed limits in turbine mode are defined based on the torque of runner 
1 reaching 0, which would lead to unstable runaway conditions. For the 
low-speed limits in pump mode, low-frequency turbulence is assessed 
visually and acoustically, indicating flow separation and reverse flow.

The operating ranges are 52 rad∕s < 𝜔1 < 131 rad/s in turbine mode 
and 99 rad∕s < 𝜔1 < 141 rad/s in pump mode, where this range is highly 
influenced by the speed ratio 𝜁 in pump mode. Contrary to the lower 
speed operating range, the power range in pump mode is larger, reach-
ing from 24.6 kW to 47.3 kW compared with 9.5 kW< 𝑃 <14.8 kW in 
turbine mode. The best efficiency point (BEP) in turbine mode is 85.0%
at 𝜁 = 0.8, 𝜔 = 83.8 rad/s, and 𝑃 = 14.2 kW. In pump mode, the 
1



D.P.K. Truijen et al. Energy 331 (2025) 136753 
Fig. 3. Steady-state measurement results, comprising flow rate 𝑄, mechanical power 𝑃 , RPT efficiency 𝜂RPT, and machine torques 𝜏m1,2 versus rotational speed 𝜔1 for different 
speed ratios 𝜁 , with Thoma numbers 𝜎 indicated for the minimum speeds in turbine mode and maximum speeds in pump mode.
BEP is 88.3% at 𝜁 = 0.9, 𝜔1 = 130.9 rad/s, and 𝑃 = 43.1 kW. Note 
that the discrepancy in power between pump and turbine mode is high 
because of the relatively high conduit losses, which reach up to a head 
loss of 2 m in the experiments, compared to an expected maximum 
0.5 m conduit loss in the full-scale system [47].

In turbine mode, the flow rate 𝑄 increases with increasing rotational 
speed 𝜔1 and speed ratio 𝜁 . Next, with increasing speed, the power 
𝑃  also increases up to its maximum, after which the power starts to 
decrease due to a decrease in the RPT efficiency 𝜂RPT. At low speeds, the 
efficiency is the highest for speed ratio 𝜁 = 1.0, with the optimal speed 
ratio gradually decreasing for increasing rotational speed 𝜔1 towards 
the BEP, after which the lowest speed ratio 𝜁 = 0.7 becomes optimal. 
Finally, the machine torques 𝜏m1,2 give an indication of the influence 
of the rotational speeds on the torque and power distribution between 
the two runners. Here, it is seen that for 𝜔1 > 63 rad/s, the torque is 
inversely proportional to the rotational speed for both runners, which is 
also reflected in 𝜏m2 being higher for lower speed ratios 𝜁 . Inversely, for 
a certain rotational speed 𝜔1 of the first runner, its torque 𝜏m1 increases 
with an increase in the speed ratio 𝜁 , which corresponds to an increase 
of the rotational speed of the upstream runner 𝜔2. This highlights the 
hydraulic linkage between the two runners.

In pump mode, both the flow rate 𝑄 and power 𝑃  increase with 
increasing 𝜔1 and 𝜁 . However, contrary to turbine mode, the operating 
range is highly influenced by the chosen speed ratio. Especially for limit 
speed ratios 𝜁 = 0.7 and 𝜁 = 1.0, the operating range is significantly 
restricted. The RPT efficiency also increases with increasing 𝜔  and 
1

5 
𝜁 , with the exception of the high end speed range 130 rad/s < 𝜔1 <
141 rad/s for speed ratios 𝜁 = 0.752 and 𝜁 = 0.800, indicating the 
nonlinearity of the system. Looking at the machine torques 𝜏m1,2, it 
can be seen that 𝜏m2 increases with increasing speed ratio 𝜁 . Next, 
𝜏𝑚1 is again significantly influenced by the speed of runner 2, which 
is downstream in pump mode, with 𝜏𝑚1 generally decreasing for an 
increasing speed ratio. Finally, for the high-end speed range with 𝜁 =
0.8, the nonlinearity of the hydraulic coupling is also highlighted. By 
increasing 𝜔1 from 131 rad/s to 136 rad/s, the gradients of 𝜏m1 and 𝜏m2
respectively increase/decrease significantly, which is reversed when the 
speed is increased further to 141 rad/s.

Based on the measurement results, the RPT is characterized us-
ing three dimensionless coefficients that fully represent the system at 
variable fallhead and flow rate [47]. These coefficients are the head 
coefficient 𝐶ℎ (Eq. (7)) and torque coefficients 𝐶𝜏1,2 (Eq. (8)), which 
vary with the two tip speed ratios 𝜆1,2 (Eq. (9)) of the two runners.

𝐶h =
𝑔 ℎRPT
1
2 (𝑄∕𝐴)

2
(7)

𝐶𝜏1,2 =
𝜏m1,2

1
2 𝜌 𝑄2∕𝐴 𝑅

(8)

𝜆1,2 =
𝑅 𝜔1,2
𝑄∕𝐴

(9)

Here, 𝑅 and 𝐴 are the runner radius (0.138 m) and runner area 
(0.0482 m2), respectively. These coefficients are independent of flow 
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Fig. 4. Conduit loss coefficients 𝑘 for (a) the low-pressure side in turbine mode and (b) the high-pressure side in pump mode.
rate and rotational speeds, enabling to predict the performance at other 
fallheads. For each coefficient, a 3D third-degree polynomial regression 
model in both 𝜆1 and 𝜆2 is fit over the measurement results.

2.2.2. Conduit losses
Theoretically, the hydraulic losses of a unidirectional flow with 

constant Reynolds number can be described by the major (friction) and 
minor (local) losses, where the losses scale with the square of the flow 
rate 𝑄2. In Eq. (10), the major and minor losses are combined into 
one loss factor 𝑘1 for the low-pressure side losses and 𝑘2 for the high-
pressure side losses, which allows to calculate the head loss ℎL for both 
sides. 

ℎL,𝑖 = 𝑘𝑖
8

𝜋2𝐷4
𝑖

𝑄2

𝑔
(10)

Experimentally, the head losses ℎL,𝑖 (and subsequently 𝑘𝑖) can be 
determined by comparing the total pressure at the reservoir surfaces 
to the total pressure at the RPT boundaries, as shown in Eq. (11). The 
head losses range from 1.24 m to 2.79 m in turbine mode and from 
1.07 m to 3.23 m in pump mode.

ℎL,𝑖 =
|

|

|

|

ℎs,𝑖 −
𝑝𝑖,tot
𝑔 ⋅ 𝜌

|

|

|

|

, (11)

where 𝑝𝑖,tot = 𝑝𝑖 +
1
2
𝜌 (𝑄∕𝐴)2

From these experimental results, it is concluded that 𝑘𝑖 is not constant 
for all rotational speeds 𝜔1 and speed ratios 𝜁 . The greatest variability 
in 𝑘 is observed at the outlet of the RPT (𝑘1 in turbine mode and 𝑘2
in pump mode), due to the differences in, e.g., the Reynolds number 
and amount of flow separation caused by the RPT at different operating 
points. Therefore, 𝑘𝑖 is also characterized versus 𝜆1,2 with a third-degree 
polynomial fit, with the results for the downstream losses shown in Fig. 
4. In turbine mode, loss coefficient 𝑘1, representing the low-pressure 
side losses, is generally higher for high speed ratios and is minimal 
for low tip speed ratios. In pump mode, the discrepancy between the 
different speed ratios is apparent, with the high-pressure side losses 
significantly increasing with 𝜆1 for 𝜁 = 1, resulting in an almost twofold 
increase compared with the average loss coefficient 𝑘2. In contrast, for 
𝜁 = 0.7, the loss coefficient decreases with increasing 𝜆1, illustrating 
the influence of the CR RPT rotational speeds on the flow uniformity.

2.2.3. Power-efficiency dataset
Using the characterization coefficients of both the RPT and the 

conduit, a numerical dataset  is calculated. The dataset  relates two 
input variables, i.e., the two variable DOFs 𝜔1 and 𝜔2 to the two output 
parameters, the mechanical power 𝑃  at the AF-PMSMs and the total 
efficiency 𝜂. 

(𝜔 ,𝜔 ) = [𝑃 , 𝜂] (12)
1 2

6 
The dataset  is populated by numerically varying the inputs over the 
following intervals in turbine and pump mode, respectively:
𝜔1 (rad/s) ∈ [52 ∶ 1 ∶ 131] ∕ 𝜔1 ∈ [−99 ∶ −1 ∶ −141] (13)
𝜔2 (rad/s) ∈ [37 ∶ 1 ∶ 131] ∕ 𝜔2 ∈ [−82 ∶ −1 ∶ −120] (14)

Here, the standard MATLAB® array notation is used, including the data 
increments for each variable, which determine the resulting resolution 
of the dataset .

For each combination of input variables, the flow rate 𝑄 is calcu-
lated by solving the law of conservation of energy for a steady and 
incompressible flow: 
ℎRPT(𝑄) + sign(𝑄) ⋅ ℎL(𝑄) = 𝛥ℎ (15)

In Eq. (15), ℎRPT is the RPT head (Eq. (7)) and ℎL are the conduit losses 
(Eq. (10)). This equation is numerically solved for the full range of 𝜔1, 
𝜔2, using the characterization surfaces for 𝐶ℎ, 𝑘1 and 𝑘2. Finally, the 
mechanical power 𝑃  is calculated using the characterization surfaces 
for 𝐶𝜏1,2 in Eq. (16). The total efficiency in turbine mode is determined 
using Eq. (17).

𝑃 =
2
∑

𝑖=1

1
2
𝜌 𝑄2

𝐴
𝑅 ⋅ 𝐶𝜏𝑖 ⋅ 𝜔𝑖 (16)

𝜂 = 𝑃
𝜌 𝑔 𝑄 𝛥ℎ

(Turbine) (17)

3. Methodology

3.1. Control architecture

To provide frequency control with the CR RPT, the authors de-
veloped a lookup table-based control architecture that dynamically 
changes the system power 𝑃 . The control aims to optimize two key 
performance indicators: the total efficiency 𝜂 and the power rise time 
𝑇𝑟. Furthermore, the power response is shaped through adaptive torque 
limitations on both runners, which scale based on the modeled power 
distribution between the two runners and the measured rotational 
speeds. A schematic overview of the control architecture is outlined 
in Fig.  5. A distinction is made between the high-level control, where 
the optimal rotational speed setpoints are selected, and the low-level 
control, where the speed setpoints are converted into torque setpoints.

3.1.1. High-level control
Based on the characterization tests, described in Section 2.2, a 

lookup table  is numerically populated through 2D interpolation of 
the dataset  over the possible power setpoints with a resolution of 
0.1 kW. The matrix  stores all possible combinations of the speed 
setpoints 𝜔̂1,2, together with their characterized efficiency 𝜂∗, steady-
state torque setpoints 𝜏∗m1,2 and power distribution 𝑃 ∗

1,2 for a range of 
possible power setpoints 𝑃 . 
(𝑃 ) = [𝝎̂ , 𝝎̂ , 𝜼∗, 𝝉∗ , 𝝉∗ ,𝑷 ∗,𝑷 ∗] (18)
1 2 m1 m2 1 2
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Fig. 5. Schematic overview of the control architecture.
 

It is important to note that the direct torque control in ABB drives 
causes a small steady-state error between the torque setpoints 𝜏m1,2 and 
the actual (measured) machine torques 𝜏m1,2, as outlined in Appendix  B. 
Therefore, lookup table  is populated with the expected steady-state 
torque setpoints 𝜏∗m1,2 and power distribution 𝑃 ∗

1,2, instead of the actual 
measured torques 𝜏m1,2 and powers 𝑃1,2 during the characterization 
tests. However, for the validation, the measured power response is 
still used. Fig.  6 visualizes the lookup table , where the efficiency 
is plotted over the range of 𝑃  for the different possible speed ratios 
𝜁 . Furthermore, for every power setpoint 𝑃 , the RPT efficiency 𝜂RPT
and rotational speed combination 𝜔1,2 are also shown. Note that the 
total efficiency is significantly lower than the RPT efficiency due to 
the inclusion of the conduit losses. In turbine mode, the efficiency is 
minimal for the lowest power of 9 kW, with a total efficiency of 50.6%. 
The efficiency increases to a maximum of 70.2% at 𝑃 = 14.3 kW, after 
which the efficiency decreases up to the maximum power of 14.7 kW. 
For all power setpoints < 13.5 kW, speed ratio 𝜁 = 0.7 has the highest 
total efficiency, with 𝜁 = 1.0 having an efficiency deficit of 1.4% at 9 kW 
up to 2.1% at 13.5 kW in comparison. The optimal 𝜔1 in this power 
region ranges from 49.8 rad/s to 76.8 rad/s. Interestingly, the optimal 
speed ratio for the RPT efficiency in this region is 𝜁 = 1.0, as shown in 
Fig.  A.13(c). However, because a higher flow rate induces more conduit 
losses, the total efficiency decreases for this speed ratio. For powers 
higher than 13.5 kW, the optimal speed ratio gradually increases to 
𝜁 = 0.82.

In pump mode, shown in Fig.  6(b), the maximum total efficiency 
is 68.9% at a power of 29.5 kW and a speed ratio of 𝜁 = 0.78. This 
efficiency decreases to 66.3% at 𝑃 = 25 kW (𝜁 = 0.83) and to 62.8%
at 𝑃 = 45 kW. Contrary to turbine mode, the optimal speed ratio 
significantly varies in pump mode, with 𝜁 = 0.83 at 𝑃 = 45 decreasing 
to 𝜁 = 0.78 at the maximal efficiency point, after which 𝜁 increases 
to > 0.90 for 𝑃 > 38.1 kW. Finally, for 𝑃 > 43.0 kW, the speed ratio 
decreases towards 𝜁 = 0.78 for the highest power setpoints.

For a given power setpoint 𝑃 , the operating point with the highest 
efficiency is selected, which corresponds to a reduction of  to a 
1D array. With this approach, the overall efficiency is maximized. 
Furthermore, it allows to perform an iterative optimization of the 
reduced lookup table by performing an additional offline test over the 
power operating range to update the actual measured powers in  and 
minimize the steady-state error of the power response.

3.1.2. Low-level control
The low-level control converts the speed setpoints 𝜔̂1,2 to respective 

torque setpoints 𝜏m1,2. These torque setpoints are sent to the ABB 
drives, which use an internal direct torque controller (DTC) to define 
the output voltage vectors [48]. The torque setpoints are determined 
using PI-controllers with clamping anti-windup. Furthermore, in order 
to shape the power response, an adaptive torque limitation is added for 
each runner individually. In this novel approach, 𝑃i,

max
min  are the power 

limits for runner 𝑖, with the power limits for both runners adding up 
to the total power limit 𝑃 max. The torque-setpoint limits are found 
tot,min

7 
by dividing the runner power limit by the current rotational speed, 
ensuring that the power limit is not exceeded in Eq. (19). 

𝜏m𝑖,
max
min =

𝑃i,
max
min

𝜔𝑖(𝑘)
(19)

Although the distribution of the total power limit is application-specific,
it is aided by the power distribution stored in the lookup table
𝑃 ∗
𝑖 (𝑃tot,

max
min ) ∈ (𝑃tot,

max
min ). The specific implementation for FCR oper-

ation is outlined in the following section.

3.2. Frequency containment reserve (FCR)

To validate the dynamic behavior of the developed control archi-
tecture, it is investigated whether the system is able to provide FCR. In 
FCR, the power setpoint is updated at a frequency of 1 Hz, based on 
deviations in the grid frequency. During FCR, the system is running 
at a base power of 𝑃𝑏 and an FCR capacity 𝑃FCR is allocated. The 
exact regulations for FCR depend on the region. Here, the regulations 
for Continental Europe are used, as described in European Regulation 
2017/1485 [4]. If the frequency deviation 𝛥𝑓 = 𝑓 (𝑡) − 50 Hz is within 
the deadband of ±10 mHz, the system keeps operating at the base power 
𝑃𝑏. In case of a larger frequency deviation, the delivered balancing 
reserve scales linearly with the frequency deviation as outlined in 
Eq. (20), where the ± sign represents + in pump mode and − in 
turbine mode. When the frequency deviation 𝛥𝑓 exceeds ±200 mHz, 
the full capacity of 𝑃𝑏(𝑡) ± 𝑃FCR is activated. Full reserve activation 
must be delivered without artificial delay and within 30 s. Furthermore, 
at least 50% is to be delivered after 15 s, with the power response at 
least linear from 15 s to 30 s. These regulations are currently active 
in Austria, Belgium, Denmark, France, Germany, the Netherlands, and 
Switzerland. 
𝑃 (𝑡) = 𝑃𝑏 ±

𝑓 (𝑡) − 50 Hz
190 mHz ⋅ 𝑃FCR (20)

In addition to these minimum requirements, transmission system op-
erators provide additional requirements for the power response shape. 
Fig.  7 shows the main requirements for Frequency Containment Reserve 
(FCR) since June 2022 in Germany [49]. These requirements concern 
the allowed and tolerable fluctuations on the power response during a 
pre-qualification test. In this test, a step response with full FCR capacity 
𝑃FCR is performed, and the response time and power fluctuations are 
analyzed. Two ranges are defined: The ‘allowed’ range, in which > 95%
of the measured power response must lie and the ‘tolerable’ range, 
in which < 5% of the values may lie. The power response is split 
into three phases: the initial stationary period (SP), the power change 
period (PCP), and the transient period (TP). The TP ends 90 s after the 
power setpoint change, reverting back to the SP. All three phases have 
different range limits denoted as a percentage of 𝑃FCR [49], as outlined 
in Fig.  7. In this study, power limits are implemented to comply with 
the requirements for FCR, with Eq. (21) implemented after a power 
setpoint change, and Eq. (22) after the setpoint is reached:
𝑃 max = 𝑃 ∗ [max (𝑃 (𝑘 − 1), 𝑃 (𝑘 )

)]

± 10% ⋅ 𝑃 (21)
i,min 𝑖 min 0 0 FCR
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Fig. 6. Representation of lookup table  in (a) turbine mode and (b) pump mode, with the total efficiency 𝜂 plotted for all possible operating points, and 𝜂𝑅𝑃𝑇  and 𝜔1,2 plotted 
for the operating point with the optimal total efficiency for a certain power setpoint 𝑃 .
Fig. 7. Allowed and tolerable fluctuations during FCR operation [49].

𝑃i,
max
min = 𝑃 ∗

𝑖
[

𝑃 (𝑘0)
]

± 10% ⋅ 𝑃FCR (22)

Here, 𝑃FCR is the reserve capacity and 𝑘0 is the sample at which the 
power setpoint 𝑃  changes, with 𝑃 (𝑘0 − 1) being the previous power 
setpoint.

In Section 4.1, a pre-qualification test is performed, i.e., the power 
response of the CR RPT at full FCR capacity is analyzed, and it is 
validated that the control architecture meets the imposed requirements 
to perform FCR. Finally, the control is validated on multiple 10 min 
frequency patterns in Section 4.2. Here, three historic frequency mea-
surements from the Continental Europe synchronous area are used 
as archived by Netztransparenz [50]. To avoid seasonal influences, a 
dataset is selected from the months June 2023, October 2023, and 
February 2024. From these months, the 10 min intervals with the 
largest deviations in frequency are selected to validate the control. 
As illustrated in Fig.  8, the frequency fluctuations are limited, with a 
maximum 10 minute difference of 0.213 Hz, and a maximum 1 second 
jump of 0.031 Hz, both found from the June 2023 dataset. Therefore, in 
order to validate that the developed control architecture also works for 
future, more volatile frequency patterns, a random frequency pattern 
is generated with values between 49.80 Hz < 𝑓 < 50.20 Hz, where the 
maximum 1 second jump is limited to 0.05 Hz.

4. Results

In this section, the full reserve capacity power response of the 
CR RPT is analyzed in Section 4.1. Furthermore, an FCR use case is 
8 
Fig. 8. Historic frequency data from June 2023, October 2023, and February 
2024 [50], and a random frequency pattern.

performed in Section 4.2, followed by a discussion of the results in 
Section 4.3. The PI-controllers and weighting factors were tuned in a 
hardware-in-the-loop test-setup, described in [44]. The PI controllers 
were tuned by optimally shaping the step response in terms of rise time, 
settling time and overshoot of the speed setpoints, which resulted in 
a bandwidth of > 1 Hz, and a gain and phase margin of respectively 
> 10 dB and > 45◦ over the operating range. The proportional and 
integral factors are respectively 𝐾𝑝 = 7.0 N m s and 𝐾𝑖 = 5.0 N m
for runner 1, and 𝐾𝑝 = 7.4 N m s and 𝐾𝑖 = 10.0 N m for runner 2. 
The power response 𝑃  is again calculated using Eq. (5), including the 
AF-PMSM friction. However, in these dynamic tests, the measured ma-
chine torques 𝜏m1,2 also take into account the acceleration/deceleration 
torque of the AF-PMSMs. 

𝜏m1,2 = 𝜏s1,2 ±
(

𝜏f1,2 + 𝐽 ⋅
𝛥𝜔1,2

𝑡𝑠

)

, (23)

where 𝐽 = 0.53 kg m2 is the rotational inertia of the AF-PMSMs [44] 
and 𝑡𝑠 is the sample time. During the characterization tests, a significant 
fluctuation was observed on both the speed and torque measurements, 
with frequencies 𝑓 = 𝑁 ⋅𝜔∕(2⋅𝜋) [Hz], where 𝑁 ∈ N, indicating a stress 
cycle at each rotation, with multiples also present in the frequency 
spectrum. These fluctuations typically originate from imperfect align-
ment in the mechanics [51]. In the following results, these frequencies 
are specifically filtered out using multiple variable-frequency bandstop 
filters with a bandwidth of 4 Hz. Furthermore, high-frequency noise is 
filtered out using a 50 Hz lowpass filter.

4.1. Full reserve power step response

4.1.1. Turbine mode
The power response of full reserve activation (both upward and 

downward) with 𝑃 = 11.5 kW and 𝑃 = 2.5 kW is shown in 
𝑏 FCR
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Fig. 9. Full reserve activation results in turbine mode.
Fig.  9(a). Here, the limits for the allowed and tolerable ranges are 
indicated. Within the high-efficiency region in turbine mode, power 
and rotational speed are proportionate (see Fig.  6(a)). Therefore, an 
increase in the power setpoint corresponds to an increase in the ro-
tational speed. However, to allow the fluid to accelerate the runners, 
the low-level PI controllers decrease the machine torques. Therefore, 
the machine power momentarily dips before increasing, indicating non-
minimum phase system behavior. For a power decrease, the behavior is 
identical but opposite. Without the novel torque constraints, outlined 
in Section 3.1.2, this initial inverse response to the setpoint exceeds 
the power constraints imposed to provide frequency control. Fig.  9(a) 
shows that, using the adaptive torque limits, the power response 𝑃
mostly stays well within the allowed region, with the exception of the 
initial response, where the power exceeds the ±10% allowed range, but 
does not exceed the tolerable ±20% range.

The power rise times 𝑇𝑟 during the PCP and relative root mean 
square deviations (RMSD) during the TP and SP are listed in Table  4. 
Here, the rise time is defined from 0% to 100% of the step. The relative 
RMSD 𝜖𝑝 is defined as the root mean square deviation of the measured 
power divided by 10% of the reserve capacity: 

𝜖𝑝(𝑃 ) =

√

1
𝑛
∑𝑛

𝑖=1
(

𝑃𝑖 − 𝑃𝑖
)2

10% ⋅ 𝑃FCR
(24)

Here, 10% ⋅ 𝑃FCR = 250 W in turbine mode. The rise times are consid-
erably faster than the 30 s limit imposed when providing FCR. The rise 
times for steps 1 and 2 (11.5 kW↔ 14 kW) are considerably longer than 
for steps 3 and 4 (11.5 kW↔ 9 kW), as the magnitude of the rotational 
speed steps is almost double in the first case. The relative RMSDs for 
the four steps (during TP and SP) are between 48% to 58%, which is 
well within the allowed ±10% (250 W) interval. Step 2, having the 
longest rise time, is highlighted in Fig.  9(b). Here, the torque and speed 
response of runner 1 and runner 2 are shown. Note that in these graphs, 
contrary to the power graphs, the limits are applied to the torque 
setpoints 𝜏m1,2, instead of the measured torques 𝜏m1,2, as explained 
in Appendix  B. In this downward power step, the speed setpoints are 
reduced for both runners. Simultaneously, the minimum torque limit is 
reduced according to the decrease in power setpoint. However, to avoid 
exceeding the tolerable power range, the maximum power limit (and 
thus torque limits 𝜏m𝑖,max) remains unchanged. In order to decrease the 
rotational speeds, the torque setpoints 𝜏m1,2 increase to the maximum 
limit. As the power limits remain constant in the PCP, the torque limits 
evolve with the rotational speeds during the deceleration, allowing for 
higher torque to further increase the deceleration. At 𝑡 = 83.92 s, the 
PCP ends, which tightens the maximum power (and torque) limits.
9 
Table 4
Power response rise times 𝑇𝑟 and relative root mean square deviations 𝜖𝑝 during TP 
and SP for full reserve activation.
 Step nr. Turbine Pump

 𝑇𝑟 𝜖𝑝 𝑇𝑟 𝜖𝑝  
 1 2.57 s 48% 0.18 s 39% 
 2 3.92 s 51% 0.19 s 26% 
 3 1.29 s 41% 0.23 s 16% 
 4 1.51 s 58% 0.23 s 38% 

4.1.2. Pump mode
In pump mode, the full reserve activation with 𝑃𝑏 = 35 kW and 

𝑃FCR = 10 kW is shown in Fig.  10. In contrast to turbine mode, at 
an increase in power and speed in pump mode, the PI controllers also 
increase the machine torques to accelerate the runners, averting the 
initial dip in the power response. This is reflected in the rise times, 
which are only 0.18 s to 0.23 s. Furthermore, the power response 𝑃
always remains well within the allowed region, even during the initial 
response. The relative RMSDs for the four steps are between 16% to 
39% relative to the ±10% ⋅ 𝑃FCR = ±1000 W allowed region. Note 
that, in pump mode, the power setpoint is always reached before the 
speed setpoints are reached. Therefore, the torque limits are tightened 
when both rotational speeds have reached their setpoint. Note that the 
power limits in Fig.  10 remain as outlined by the FCR requirements, 
and the power response remains within the allowed (green) region. 
In Fig.  10(b), step 2, going from 45 kW → 35 kW, is highlighted. 
In this downward power step, the speed setpoints are reduced for 
both runners. Simultaneously, the minimum torque limit is decreased, 
according to the decrease in power setpoint, with the maximum torque 
limit unchanged. In order to decrease the rotational speed, the torque 
setpoints 𝜏m decrease to the minimum limit. At 𝑡 = 82.81 s, the torque 
limits are tightened.

4.2. FCR scenario

4.2.1. Turbine mode
In Fig.  11, FCR is performed with 𝑃𝑏 = 11.5 kW and 𝑃FCR = 2.5 kW

for the random frequency pattern (see Fig.  8). It is shown that the 
control manages to track the fast-changing power setpoint. During the 
10-minute test, an overall relative RMSD of 𝜖𝑝 = 149% relative to the 
10% ⋅ 𝑃FCR is found, as listed in Table  5. Note that in this FCR case, 
the 10% ⋅ 𝑃  value is not a limit, but only gives an indication on the 
FCR
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Fig. 10. Full reserve activation results in pump mode.
Table 5
Measurement results for an FCR case with a random frequency set, where 𝜂 and 𝜂RPT
are the average total and RPT efficiency, respectively.
 Random June 2023 Oct. 2023 Feb. 2024
 Turbine Pump Turbine Pump Turbine Pump Turbine Pump 
 𝜖𝑝(𝑃 ) 149% 55% 64% 42% 53% 37% 60% 37%  
 𝜖𝜔(𝜔1) 1.7% 1.0% 0.4% 0.4% 0.3% 0.3% 0.2% 0.6%  
 𝜖𝜔(𝜔2) 1.7% 1.5% 0.5% 0.7% 0.3% 0.3% 0.3% 0.7%  
 𝜂 57% 66% 58% 66% 57% 66% 60% 67%  
 𝜂RPT 75% 80% 77% 81% 75% 81% 79% 80%  

dynamics. However, it is seen in Section 4.1 that relative RMSD values 
up to 𝜖𝑝 = 58% are also present in steady state. Therefore, the relative 
RMSDs of the rotational speeds are also listed, as they are negligible 
in steady state. Importantly, contrary to those of power, the relative 
RMSDs of rotational speeds (𝜖𝜔) are calculated relative to the average 
of the setpoints: 

𝜖𝜔(𝜔) =

√

1
𝑛
∑𝑛

𝑖=1
(

𝜔𝑖 − 𝜔̂𝑖
)2

1
𝑛
∑𝑛

𝑖=1 𝜔̂𝑖

(25)

In the random frequency case, 𝜖𝜔(𝜔1) = 𝜖𝜔(𝜔2) = 1.7%. Finally, the flow 
rate 𝑄, total efficiency 𝜂, and RPT efficiency 𝜂RPT are also plotted in Fig. 
11, with average efficiencies of 𝜂 = 57.3% and 𝜂RPT = 75.2%. In addition 
to the random frequency pattern, the results for the historic frequency 
datasets are also listed in Table  5. Here, it is shown that the power 
response is able to follow the historic frequency fluctuations more 
closely, through a significant reduction in the RMSDs of the power (53%
to 64%) and rotational speeds (0.2% to 0.5%). Note that June 2023 has 
the highest variability in the frequency (see Fig.  8) and correspondingly 
has the highest RMSD values among the historic frequency datasets.

4.2.2. Pump mode
The results for the FCR case in pump mode for the random fre-

quency dataset are outlined in Fig.  12, with 𝑃𝑏 = 35 kW and 𝑃FCR =
10 kW. The control also manages to accurately track the power setpoint 
in this mode, with a relative RMSD of the power response of 𝜖𝑝 =
55%. The relative RMSDs of the rotational speeds are 1.0% and 1.5%, 
respectively. Finally, the efficiencies in pump mode fluctuate less than 
in turbine mode, with average values of 𝜂 = 66.0% and 𝜂RPT = 79.9%. 
Similarly to turbine mode, the less volatile historic frequency datasets 
cause the power setpoint to be followed more closely, with relative 
10 
RMSD values of the power between 37% and 42%. The RMSD values 
for the rotational speeds of runner 1 and runner 2 are reduced to 
0.3%–0.7%.

4.3. Discussion

The results of this study demonstrate the effectiveness of the pro-
posed dual variable-speed control architecture in dynamically shaping 
the power response of a contra-rotating pump–turbine for frequency 
containment reserve (FCR) applications. The rise times for full reserve 
activation are < 3.92 s and < 0.23 s in turbine and pump mode, 
respectively. When scaled to the full-scale 10 MW system with a factor 
of 1.53 to 2.46 based on the inertia constants, these rise times would 
become < 9.64 s and < 0.57 s, which is still significantly lower than 
the < 30 s limit imposed in Europe. Furthermore, it is found that the 
power response stays well within the allowed range, with the only 
exception being the initial dip/peak at a respective power setpoint 
increase/decrease in turbine mode, which stays within the tolerable 
range. After the power setpoint is reached, the power response has an 
RMSD of < 58% in turbine mode and < 39% in pump mode, relative 
to the allowed range. Further validation based on both historic fre-
quency measurements and a highly volatile frequency patterns confirms 
that the control architecture can accurately perform FCR, in which 
the power setpoint is updated at 1 Hz. For the latter, most volatile 
frequency pattern, relative RMSD values for the rotational speeds are 
1.7% for both runners in turbine mode, and 1.0% and 1.5% in pump 
mode for the respective runners, indicating precise control.

Contrary to direct power PID control through the runner torques 
(see Table  1), this model-based control ensures optimal efficiency 
at different power setpoints. Furthermore, it allows for large power 
steps and does not require a large turbine inertia. Unlike iterative 
search algorithms and existing lookup table-based control, the power 
response is fast, while power fluctuations are limited through adaptive 
torque constraints. Finally, although MPC also allows to optimally 
shape the power response, the proposed methodology does not require 
a dynamic model of the RPT and has a low computational cost. The 
proposed power shaping methodology can also be applied to traditional 
pump–turbines to increase their share in grid services.

5. Conclusions

This study presents a novel control architecture for a CR RPT to 
enhance the performance of low-head PHS systems in grid frequency 
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Fig. 11. Frequency containment reserve case with a random frequency pattern in turbine mode.
Fig. 12. Frequency containment reserve case with a random frequency pattern in pump mode.
control. The proposed dual variable-speed control optimizes the ef-
ficiency while dynamically shaping the power response to minimize 
the rise time and constrain power fluctuations. The power shaping is 
achieved through the runner torques, leveraging the modeled power 
distribution between the two runners and real-time rotational speed 
feedback. The torque constraints can be tuned to meet various fre-
quency control requirements and local regulations. Experimental tests 
on a 45 kW reduced-scale (1:20.58) CR RPT show that dual variable-
speed operation allows to increase both the operating range and the 
efficiency over that operating range, with maximum efficiencies of 
85.0% in turbine mode and 88.3% in pump mode.

The validation of the developed control architecture shows that the 
full reserve activation rise times are < 3.92 s and < 0.23 s in turbine and 
pump mode, respectively. When scaled to a full-scale 10 MW system, 
11 
the rise times are still significantly below the < 30 s allowed limit to 
perform FCR in Europe. Furthermore, the power response remains well 
within the allowed limits, with deviations within the tolerable range 
occurring only during the initial power setpoint response in turbine 
mode. Further validation using both historical and highly fluctuating 
frequency patterns confirms that the control architecture can accurately 
perform FCR. For the most volatile frequency pattern, the relative 
rotational speed RMSD is 1.7% and ≤ 1.5% in turbine and pump mode, 
respectively, indicating precise tracking of the dynamic power setpoint.

These findings demonstrate that the proposed control methodology 
manages to track a dynamically varying power setpoint at optimal 
efficiency within imposed power constraints with a dual variable-speed 
CR RPT. This enables low-head PHS systems to provide frequency 
control services, such as FCR. Therefore, the implementation of these 
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Fig. A.13. Pictures of the RPT in pump mode with visible cavitation inception for four operating points.
Table A.6
Operating point (OP) measurement values for the illustration of cavitation inception.
 𝜔1 𝜔2 𝜎 ℎRPT 
 [rad/s] [rad/s] [–] [m]  
 OP1 107 90 1.46 8.5  
 OP2 119 93 1.39 8.9  
 OP3 124 101 1.32 9.4  
 OP4 139 109 1.20 10.2 

low-head PHS systems can allow to increase the share of intermittent 
renewable energy sources. As these systems can be installed in rivers 
and shallow seas, they can complement the existing high-head PHS 
and electrochemical battery systems in order to further the energy 
transition. Finally, the proposed power shaping methodology can also 
be applied to traditional pump–turbines to further their grid services. 

As potential avenues for future research, the authors foresee three 
key aspects. First, participation in frequency reserves leads to increased 
wear and fatigue in the RPT and the conduit. Although multiple studies 
have described this effect for high head systems [52,53], the dynamic 
loads of a low-head CR RPT can differ significantly because of the 
relatively high flow rate and runner interaction. These findings can 
allow the identification of critical components, which can be modeled 
and monitored for predictive maintenance [54]. Second, an economic 
analysis on the balance between the revenue of frequency reserves 
and the increased cost of maintenance can provide insights into the 
optimal operation of the system. Finally, the authors plan to develop 
a model predictive controller for the CR-RPT to investigate whether 
the variable-speed ratio between the two runners can be further ex-
ploited to shorten the rise time in turbine mode. The measurement data 
acquired in this study can be used to create a dynamic model of the 
RPT.
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Appendix A. Cavitation in pump mode

In pump mode, cavitation is pictured for four operating points. 
These operating points, together with their net head ℎRPT, are listed 
in Table  A.6. The pictures are shown in Fig.  A.13. Note that runner 1 
and runner 2 are on the right and left side of the picture, respectively. 
It can be seen that with increasing rotational speed, the Thoma number 
decreases, and the cavitation region increases. For OP1, with 𝜎 = 1.46, 
a small region of cavitation inception is observed at the leading edge of 
runner 1, with a minimal region detected at the leading edge of runner 
2. Reducing to 𝜎 = 1.39 for OP2, only a small increase in the blade 
coverage is found. However, when reducing to 𝜎 = 1.32, the cavitating 
region on runner 1 has noticeably extended, with minimal indications 
of tip leakage cavitation observed. These effects increase for OP4 at 
𝜎 = 1.20, where over half the blade surface of runner 1 is covered 
by a cavitating layer and the tip leakage cavitation is significant. The 
observations are in line with the computational fluid dynamics study 
in [46], although an increase in cavitation for lower Thoma numbers 
is not observed for runner 2.
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Appendix B. Direct torque control error

In the ABB variable-frequency drives, direct torque control (DTC) is 
used to convert the torque setpoints 𝜏m1,2 to the corresponding voltage 
vectors. An important module in the DTC controller is the estimator, 
which consists of an internal motor-generator model. Based on voltage 
and current measurements, this module estimates the machine torque 
and stator flux to compare it to their respective setpoints [48]. Due to 
inaccuracies in the internal model used in the drives, a small steady-
state error exists between the torque setpoints 𝜏m1,2 and the actual 
(measured) machine torques 𝜏m1,2. In [44], it is found that the error 
𝜖 = |𝜏m − 𝜏m| is a function of both the magnitude of the torque setpoint 
and the rotational speed, with the errors being the highest in generator 
mode. Therefore, lookup table  (see Section 3.1) is populated with 
the expected steady-state torque setpoints 𝜏∗m1,2 and power distribution 
𝑃 ∗
1,2, instead of the actual measured torques 𝜏m1,2 and powers 𝑃1,2 during 
the characterization tests. However, for the validation in Section 4, the 
measured power response is still used.

Data availability

Data will be made available on request.
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