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Abstract:

Pumped storage power plants compensate for fluctuations in the electricity grid and improve the stability
through grid services. By increasing the flexibility of pumped storage power plants, they could compensate
fluctuations in an even greater extent and thus accelerate the shift to a fully renewable energy system. One
way to do this is to accelerate the switching between operating modes within pumped storage stations. For
this, we propose to apply reinforcement learning (RL) to control the start and stop processes within a hydraulic
machine. RL has been shown to outperform traditional optimal control methods, however, safety concerns are
stalling research on applying RL for process control in safety-sensitive energy systems. To enable the safe
and reliable transfer of the algorithm’s learning strategy from a virtual test environment to the physical asset,
we present a concept for applying RL via a digital twin platform. To demonstrate this concept, we set up a
simulation model for the operating behavior during the start and stop processes of a lab-scale pump-turbine
and validate it with experimental data. On this virtual representation, we test the application of RL to optimally
control the blow-out process within pump-turbines. We present the structure of the deep Q-learning (DQN)
RL algorithm we trained and the necessary problem formulations. Our results show that the DQN algorithm is
suitable for finding the optimal operating strategy to blow-out the pump-turbine runner. We discuss the viability
of our approach for the control of a pump-turbine and outline the next steps to test RL on a lab-scale model
machine.
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1. Introduction

To reach the transition to a clean energy future, renewable energy systems, and especially wind and solar
power technologies, will be expanded massively over the next years [1]. The energy sector is thus confronted
with the growing share of volatile renewable energy systems in the grid. To balance out fluctuations, other
energy sources and storage systems, such as pumped storage power plants, will need to increase not just in
capacity but also in flexibility [2].

An approach to make pumped hydro storage systems more flexible is the acceleration of the switching between
operating modes of pumped hydro machine units. Pumped storage power plants can be equiped with ternary
sets, consisting of a pelton or francis runner and a storage pump, or with reversible pump turbines, where the
machine unit can act as a turbine as well as as a pump. When switching from turbine to pump mode in pump-
turbines, the runner is typically being blown-out, i.e. the water is being displaced by air, to minimize the start-
up torque. This blow-out process is also necessary for both generator types when operating in synchronous
condenser mode, which is used for compensating reactive power in the power grid [3].

To reveal optimization potential for faster changes of operating conditions in general and the blow-out process
in particular, we propose to use a reinforcement learning (RL) algorithm for process control within the machine
unit. RL is a type of machine learning (ML) in which an agent interacts directly with its environment. It aims to
learn an optimal decision policy, guided by a scalar reward signal [4]. The application of RL in industrial control
settings has received a lot of attention in recent years because it has been shown to outperform traditional op-
timal control methods [5]. However, safety concerns limit most use cases to simulated environments [6]. While
research in the areas of robotics (e.g. [7,8]) and manufacturing (e.g. [9]) seems to be leveraging the transition
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of simulated to real-world applications of RL for process control, the implementation of an RL algorithm to
critical infrastructure, such as hydropower systems, is still far from being realized [6].

To enable RL for flexible energy systems, we recently proposed a three-step learning method that uses transfer
learning (TL) to transfer a pre-learned RL algorithm via a digital twin (DT) platform from a simple data model
over the virtual representation of the machine to the real world machine unit [10]. Based on this method,
which will be explained in Section 2.1., we will present the simulation model that was set up to act as the
virtual representation of the lab-scale reversible pump-turbine where we plan to test the control of the blow-out
process through RL in the future. We then describe the structure of the RL algorithm that we used and discuss
our results for implementing the RL agent to control the blow-out process within the simulation model. Finally,
we give an outlook on future research and draw a conclusion.

2. Methods
2.1. Reinforcement Learning on a Digital Twin Platform

When operating critical infrastructure, reliability and safety are crucial. Simultaneously, the replacement of
standard controllers with RL algorithms to control processes is gaining in attention [6, 11, 12], which may be
of interest for continuously revealing optimization potential and automating a flexible operation within energy
systems. Hence, to enable the application of RL for process control within safety-sensitive energy systems,
requirements for the trustworthiness of the RL algorithm need to be established and satisfied. Therefore, we
propose a three-step learning method, that combines the benefits of RL and TL on a DT platform, as presented
in our recent journal publication [10]. Figure 1 shows the concept for applying RL on a DT platform.
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Figure 1: Concept for the application of reinforcement learning (RL) on a digital twin (DT) platform, adapted
from [10].

Firstly, pre-training is done with a basic data model, followed by, secondly, training on an exact simulated
replica of the actual asset. Thirdly, the pre-learned strategy is being adapted to the real machine unit. This
pre-training can substantially reduce technical safety concerns related to learning and operating the actual
power system by efficiently limiting the RL agent’s action space. Figure 2 shows the general concept of a
DT platform, as proposed by Kasper et al. [13], that integrates all three environments for the three-step RL
approach: the historical data model, the virtual replication, and the physical unit, allowing TL to be used as a
service to continuously enhance the RL agent’s strategy.

2.2. Simulation Model

The virtual entity of our DT platform consists of a simulation model of the pump-turbine test rig at the labora-
tories of the Institute of Energy Systems and Thermodynamics (IET) at TU Wien (see Figure 3). The model
pump-turbine consists of seven runner blades and is equipped with 20 guide vanes and 20 stay vanes. The sim-
ulation model is built using the Simscape language together with blocks from the Simscape standard libraries
within the MATLAB/Simulink environment [14-16]. The model allows for the simulation of various operating
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Figure 3: Test rig with scale reduced model of a radial pump-turbine at the hydraulic lab of IET, from [10].

conditions. The pump-turbine characteristics were modeled following the assumption of the affinity laws for the
behavior of pumps and turbines with variable speeds. Equation 1 describes the linear dependence between
the flow rate Q and the rotational speed n, and the cubic relation between n and the pressure difference built
up by the pump-turbine Apepr.

% =~ V/Bper (1)
> M2

To make up for deviations between the simulated and the measured values for the flow rate Q, a representative
fitting rate n, similar to an efficiency rate, depending on the rotational speed was introduced. The resulting
Equation 2 for the pressure difference Appt therefore comprises the efficiency rate 7(n), the scaling factors kpt
and k,,, all compensating for actual flow conditions in the real machine unit, and the angular speed w.

Apet = n(n)ket(w — k)2 )

For the calculation of the shaft torque, the experimentally captured Tn- characteristics were directly imple-
mented within the simulation model. To account for the influence of the water level in the draft tube cone on the
torque, Equation 3 calculates the shaft torque T by multiplying the measured values Tg,, which are dependent
on the rotational speed n and the the guide vane opening a, with the fraction between the actual water level x
and the maximum water level in the draft tube cone Xmax.

7=-%

Ten(n, a) (3)

Xmax

The simulation model sufficiently replicates the measurements on the real model pump-turbine for the flow rate
Q and shaft torque T for different guide vane openings a and rotational speeds n. Figures 4b and 4a show the
comparison of the simulated curves with the measured data for the Qn- and Th-characteristics, respectively.

The relative error for the simulated flow rate compared to the measured data is shown in Figure 5 for an exem-
plary guide vane opening of a = 30%. The deviations between simulated and measured data are comparable
for other guide vane openings. Overall, the model is able to simulate three of the 4-quadrant characteristics
(pump, pump brake and turbine) within acceptable relative error tolerances of +20%. Only when operating as
turbine break and reverse pump, the relative error exceeds 20%. As our first use case for enabling increased
flexibility within machine operation is on the pump start-up and the operation in synchronous condenser mode,
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Figure 4: Comparison of Qn- and Tn-characteristics from measured data with simulated curves for different
guide vane openings.

the focus of the simulation is on operation as a pump and the blow-out process with speeds from —nmax to
around —0.7nna«. Deviations between the simulated and the experimentally measured data are thus more
accepted in the other operation modes, resulting in non-sufficient representation of the operating range below
the "zero torque” (Tgp = 0), the so called "S”-characteristic, as it can be seen in Figures 4 and 5. Here, the
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Figure 5: Relative error for the simulated flow rate compared to measurement data.

operating condition is not clearly defined and the area should be avoided in real operation. Nevertheless, the
model is easily adaptable and correct representation of all pump-turbine operation modes needs to be ensured
before the model is eligible as the complete virtual entity of the DT platform.

The blow-out of the runner is modeled through the lowering of the water level when air is blown into the draft
tube. The machine is considered as blown-out as long as the water level is below the threshold Xgow_out- If
the water level drops too low, air can leak into the tailwater vessel. Therefore, the water level should never fall
below the critical level xi;. Figure 6 illustrates the relevant water levels in the model pump-turbine, and Table
1 lists the according values.

2.3. Reinforcement learning algorithm
The objective of an RL agent is to interact with its environment to determine the best possible strategy, which is

referred to as the optimal policy [4]. As illustrated in Figure 7, the agent makes a decision on what action to take
at each time step t, resulting in a change in the environment. The environment’s current state S; is passed to
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Figure 6: lllustration of relevant water levels inside pump-turbine.

Table 1: Water level values in draft tube of model pump-turbine.

Xmax 0.807 m
Xplow—out  0.639 m
Xerit 0.227 m

the agent, along with a reward R; that serves as a measure of the state’s quality and provides feedback for the
agent’s learning algorithm. Based on the observation of the new state, the agent determines the subsequent
action. By repeating this sequence, the agent acquires knowledge on how to effectively associate states with
actions, with the objective of maximizing the cumulative rewards obtained over time (also known as return G).
After a sufficient number of training sessions, this process leads to the development of the optimal policy 7*,
with 7(A|S) indicating the probability of selecting action A when presented with state S [10].

Agent

State Reward Action
St Rt At

A

Environment

Figure 7: Agent-environment interaction within an RL algorithm, adapted from [4].

During training, an RL algorithm needs to balance between exploring the state space through selecting random
actions and exploiting of actions that have already proven to yield high rewards. Only through exploiting on past
actions, the agent’s performance can be improved. However, prematurely focusing on exploitation may lead
to the algorithm settling on a sub-optimal policy [17]. Therefore we use epsilon-greedy exploration following
an epsilon decay function. In this way, the exploration probability ¢ decreases continuously during training,
ensuring that the agent explores the whole state space in the beginning, but still manages to converge to the
optimal policy when training progresses.

For our use case, we use a deep Q-network (DQN) training algorithm, which is a value-based RL algorithm
that trains a so-called critic Q(S, A; ¢) with parameters ¢ to predict the return for a given state S and action
A. During training, the agent adjusts the parameters in ¢. When training is finished, the optimal policy can
be derived from the trained value function approximator, the critic Q(S, A), with now tuned parameter values
¢ [18]. The general training algorithm for a DQN agent is described in Algorithm 1.
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Algorithm 1 Deep Q-Network (DQN) Training Algorithm [18]

Initialize critic Q with random parameter values ¢
for each episode do
for each training time step do
With probability € select a random action A
otherwise, select the action, for which the critic value function is greatest:
A =argmax, Q(S, A; ¢)
Execute action A. Observe the reward R and the next state S’
Store the experience (S, A, R, §’) in the experience buffer
Sample a random mini-batch of M experiences (S;, A;, Ri, S;) from the experience buffer
if S; is a terminal state then
Set value function target y; = R;
else
Set Vi= R+ ymaxa Q(Sl/, A, ¢)
end if
Update the critic parameters ¢ by one-step minimization of the loss L across all sampled experiences:
L= 4 S0y — QS A 9)
Update the probability threshold e for selecting a random action based on the e-decay rate

end for
end for
3. Results

The goal of our use case is to have the RL algorithm control the blow-out process for pump start-up within the
virtual model of our scale reduced pump-turbine in the lab of IET. In doing so, we seek to demonstrate how RL
can enhance the flexibility of hydropower systems, by training the agent to minimize the usage of compressed
air while blowing out the machine as fast as possible.

As RL algorithm, a DQN agent from the MATLAB Reinforcement Learning Toolbox [18] with the default vector
Q-value deep neural network as critic was used. The DQN agent has a discrete action space, A = [0,1]. If
the action A = 0, no air is blown into the draft tube and if action A = 1, air gets blown into the draft tube with a
constant pressure of p,;;. At each time step, the agents receives the state of the environment S = [x(t), A(t—At)]
through a continuous value for the current water level x and the binary value for the previous action A. This
informs the agent whether the water level is rising or falling, allowing it to make an informed decision on the
next action. The reward at each training step is calculated with a reward function that consists of four weighted
terms, as described in Equation 4. Hereby, Ryaterievel iS positive if the water level x is between Xpjow—out @and
Xqrit and negative otherwise. Ry accounts for the penalty the agent receives every time A = 1, indicating that
air is blown into the draft tube cone. Rsuitching €NCOUrages mores stable operation through penalizing the agent
whenever it switches the air valve. If the compressor’s limit is reached, i.e. if the total mass flow of air blown
into the draft tube during the whole training episode reaches the limit of rny, = 1kg, the agent receives a high
penalty Reompressor and the episode is aborted.

R = w1 Ryaterlevel — Wa Rair — W3stitching - W4Rcompressor (4)

The final cumulative reward, the return, for one training episode can be calculated by summing up over the
reward received during each training time step t (Equation 5).

lend

G=) R (5)
i=1

All the important parameter and hyperparameter settings for the training of the DQN agent are listed in Table
2. Note that the guide vane opening a = 1mm and not 0, as it would be expected during the blow-out process.
This intentional gap between the guide vanes should indicate leakages, as they are common in real world
constructions, leading to air dissipating and therefore the need to repeatedly blow air into the draft tube to
remain in blown-out condition.

Figure 8 shows the training progress of the DQN agent for learning how to control the blow-out process while
balancing between rapidly reaching and remaining in blown-out operation mode and, simultaneously, minimiz-
ing the air mass blown into the draft tube. The large fluctuations for the first 200 training episodes represent
the exploration phase of the learning algorithm, during which the agent chooses many random actions to ex-
plore the state space and evaluate the value function. As training progresses, the exploration probability e
decreases and the average return converges. The drops in the episode return curve in episodes 315 and 433
come from further random action decisions, as the probability for selecting a random action over the action for
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Table 2: (Hyper-)Parameter settings for training of the DQN agent.

parameter symbol value
simulation options

maximum simulation time lsim 120 s
air pressure Pair 8 bar
guide vane opening a 0.001 m
rotational speed motor-generator n 0rpm
agent options

exploration probability € 0.5
minimum exploration probability €min 0.001
exploration probability decay rate €decay 0.0001
learn rate ~y 0.01
discount factor « 0.99
mini batch size M 64
training options

maximum episodes 1000
averaging window length 20
stop training criterion = average return 91

which the critic value function is greatest, never decreases to 0 but converges to a minimum value ey = 0.1%.
During numerous previous training sessions it was discovered that the highest achievable return is limited to
Gmax = 93. Therefore, a return of Ggsiop = 91 averaged over 20 training episodes was chosen as termination
criterion. After the 542 training episodes, this criterion was reached and training was stopped.
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Figure 8: Episode and average return over training episodes.

The simulation results for the blow-out process when controlled by the trained DQN agent are shown in Figure
9. The rotational speed of the motor-generator was set to n = Orpm, for simulating the machine at standstill.
Since a leakage between the rotational guide vanes of a = Tmm was assumed, the flow rate Q is not 0, but
a constant water flow of roughly 18 I/s was calculated by the simulation model. The final strategy of the RL
algorithm for controlling the blow-out process can be seen in the sub-figures for the action, the mass flow
rate and the water level over time. Air gets blown into the draft tube for a certain amount of time (A = 1).
Subsequently, the air valve is being closed again (A = 0) and the water level rises again due to leakage effects.
When the threshold xy0w_out iS reached, the valve opens again (A = 1). This sequence is repeated until the
maximum simulation time of &, = 120s is reached.
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Figure 9: Simulation results for the blow-out process.

4. Discussion

The control of the blow-out process within the simulation model of a model pump-turbine through a DQN
RL agent was successfully implemented. However, the algorithm’ optimal policy does not yet reveal much
optimization potential. Nevertheless it results in a rather logical blow-out sequence that could have also been
achieved easily by a simple hysteresis controller. The results therefore show that the DQN agent and our RL
problem formulation is suitable for finding the optimal blow-out operation strategy.

Considering that the current water level in the draft tube of the model pump-turbine at our lab facilities is hard to
be measured directly, future research will deal with finding a solution for representing the blow-out conditions
in the simulation model more accurately. Then, the control of the process will most probably increase in
complexity and the optimal policy won’t be as straightforward. We assume TL to be beneficial in transferring
the DQN agent’s policy to handle model adaptations.

Further, in this work we only considered the blow-out process during machine downtime. Blowing out a rotating
runner, as it is being done for operation in synchronous condenser mode, may result in different findings.
Investigations of different operation parameters are thus recommended and will be a part of our future research.

5. Conclusion

We presented a method to enable the use of RL for process control in pumped hydro storage systems. Con-
cerns for letting a ML algorithm interact with safety-sensitive industrial equipment are among the biggest re-
search barriers for RL for process control. We argue that through the transfer of a pre-learned RL algorithm
through the use of a DT platform, safety concerns can be reduced and reliability of the RL algorithm’s policy
can be increased. In this paper, we showed the first results for the training of a DQN RL agent on a simulation
model of a reversible pump-turbine, which acts as the virtual entity of our DT platform. The model was fitted to
represent the behavior of a lab-scale model pump-turbine, which is located at the laboratory of the IET at TU
Wien with satisfactory accuracy. Training of the RL algorithm was successfully carried out. The results confirm
the expected optimal operation of the blow-out process. Future research will address increasing model com-
plexity, exploration of different action and state spaces for the learning of the agent and, ultimately, the transfer
of the RL algorithm to the model machine in the lab and use the autonomously learned optimal strategy to
control the blow-out process.
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IET Institute of Energy Systems and Thermodynamics, TU Wien

3225 https://doi.org/10.52202/069564-0289



ML

Machine Learning

RL Reinforcement Learning

TL Transfer Learning
Nomenclature

a guide vane opening, m

A action

G return

kpr fitting constant, Pas?/rad?

k, fitting constant, rad/s

L loss

M mini batch size

m  mass flow rate, kg/s

n  rotational speed, rpm

p  pressure, bar

Q flow rate, m3/s

R reward

S state

t  time step, s

tsim Simulation time, s

T  shaft torque, Nm

Tep torque factor, 1

w  weighting factor

Xx  water level, m

y  value function

Greek symbols

(%

€

€decay €xploration probability decay rate

> e = 3

w

discount factor

exploration probability

efficiency
learn rate
Q-learning parameter
difference

angular speed, rad/s

Subscripts and superscripts

air

air

blow-out blow-out condition
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ch characteristic
crit critical

max maximum
min minimum

PT pump-turbine
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