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Deep reinforcement learning of airfoil pitch control in a highly disturbed
environment using partial observations
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This study explores the application of deep reinforcement learning (RL) to design an air-
foil pitch controller capable of minimizing lift variations in randomly disturbed flows. The
controller, treated as an agent in a partially observable Markov decision process, receives
non-Markovian observations from the environment, simulating practical constraints where
flow information is limited to force and pressure sensors. Deep RL, particularly the TD3
algorithm, is used to approximate an optimal control policy under such conditions. Testing
is conducted for a flat plate airfoil in two environments: a classical unsteady environment
with vertical acceleration disturbances (i.e., a Wagner setup) and a viscous flow model
with pulsed point force disturbances. In both cases, augmenting observations of the lift,
pitch angle, and angular velocity with extra wake information (e.g., from pressure sensors)
and retaining memory of past observations enhances RL control performance. Results
demonstrate the capability of RL control to match or exceed standard linear controllers
in minimizing lift variations. Special attention is given to the choice of training data and
the generalization to unseen disturbances.

DOI: 10.1103/PhysRevFluids.9.093902

I. INTRODUCTION

Large flow disturbances can drastically alter the aerodynamic forces on an airfoil and even induce
flow separation, possibly compromising the safety, performance, and lifetime of aerodynamic
vehicles and energy-conversion systems. Flow disturbances can appear as localized flow features,
or gusts, that are incident on the airfoil, either as discrete instances or as continuous variations, or
they can manifest as unsteady ambient flow, for instance, a varying freestream flow. The interaction
of large-amplitude flow disturbances with an airfoil and the flow response to actuation is generally
characterized by the nonlinear formation and shedding of leading- and trailing-edge vortices and
is not always fully understood for every type of actuation or disturbance. Furthermore, the flow
response during a rapid succession of such actuations and disturbances cannot be simply superposed
[1] and their large parameter spaces [2] complicate the design of a comprehensive control strategy.
This is further complicated by the limited availability of sensor information in practical applications.

Given the control objectives (e.g., lift enhancement, drag reduction, stall delay, etc.), the actuation
method (e.g., pitching, control surface actuation, synthetic jets, plasma actuators, etc.), and the
available measurements (e.g., pressure, velocity, force, torque, etc.), the control of unsteady flows
over airfoils requires the selection of a specific control strategy and design approach. Active control
strategies can be predetermined, feedforward, or feedback control, and the design approach can be
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signal-based, frequency-based, or based on numerical optimization [3]. In the domain of unsteady
aerodynamics, common control systems target the reduction of lift variations due to unstable states
or disturbances using feedback control. Signal-based approaches to such control systems assume
that the unstable behavior or the shape or time profile of the disturbance is known and examples
include the use of a linear quadratic regulator to suppress vortex shedding using point forcing
near the trailing edge [4] and the lift regularization for a flat plate encountering a transverse gust
through pitching based on heuristics [5]. Frequency-based control aims first to shape the open-loop
or closed-loop transfer functions to achieve specific robustness or performance objectives and then
design a controller whose transfer functions approximate those shapes. Examples of such control for
lift mitigation in unsteady aerodynamics include controller designs based on H, synthesis to reject
vertical acceleration disturbances for a flat plate through pitching [6—8] and to reject longitudinal
gusts for semicircular wings using pulsed blowing [9].

The previous examples employed linear controllers that are designed using a linearized model of
the flow. However, for large flow disturbances or a rapid succession of disturbances and actuation,
modeling and controlling nonlinear effects become increasingly important. Simultaneously, the
extensive parameter spaces associated with disturbances and actuation impede the practical applica-
tion of linearized models. Nonlinear controllers can be designed using the numerical optimization
approach, which is witnessing rapid advancement due to contributions emerging from the machine
learning and data science domains. Notable flow control examples include model predictive control
of cylinder rotation to control the wake [10], iterative maneuver optimization to rapidly design pre-
determined nonlinear pitch control for lift regulation during gust encounters [11], and reinforcement
learning, which we discuss next.

Reinforcement learning solves control problems formulated as Markov decision processes by
iteratively learning optimal control through trial-and-error interactions with an environment. In
its early applications, reinforcement learning (RL) relied on tabular representations for the value
of every possible state in a Markov decision process to optimize a control law, or policy, which
is only tractable for modest-dimensional, discrete problems. In the past decade, however, the
successful integration of deep learning into RL (forming deep RL) enabled the approximation of
policies and value functions over high-dimensional continuous spaces using multilayered artificial
neural networks, leading to many breakthroughs in artificial intelligence, especially in the fields of
autonomous systems and controls [12]. Furthermore, the use of policy and value function approxi-
mations extends RL to solving partially observable Markov decision processes (POMDP) [13,14],
i.e., Markov decision processes where the full state of the system cannot be directly measured
and whose exact solutions would be intractable except for the smallest problems. Thanks to these
features, deep RL has been successfully applied to the control or modeling of high-dimensional
fluid flows with uncertainty about the underlying state, e.g., navigating through wakes [15-17]
or vortex shedding suppression [18-20] with limited sensor information or uncertainty about
model parameters, e.g., from turbulence models [21,22]. Similar to the objective of the previously
introduced signal- and frequency-based control problems, Renn and Gharib [23] apply deep RL
to learn airfoil flap control to minimize lift variations on an airfoil positioned downstream of a
vortex-shedding cylinder using only lift measurements.

In this work, we apply deep RL for learning airfoil pitch control to minimize lift variations due to
flow disturbances in two types of flow environments that model the flow around the airfoil, demon-
strated in Fig. 1: one type that models the flow purely as a potential flow with small disturbances,
thus allowing us to simplify the system to a classical aerodynamics setup with relatively few states,
and another type that simulates the viscous flow at a low Reynolds number with large disturbances,
necessitating the use of a high-dimensional model of this nonlinear system. We use these environ-
ments to focus on two aspects of this reinforcement learning problem: the partial observability, or
how the performance of the control depends on the type and availability of measurements of the state
of the system, and the generalizability of the trained controller, or how a policy trained on one type
of disturbance performs when faced with different types of disturbances. To apply reinforcement
learning to the control problem, we first formulate it as a (partially observable) Markov decision
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FIG. 1. (a) Diagram of the airfoil’s motion and wake for the classical unsteady aerodynamics environment.
(b) Diagram of the airfoil, wake, freestream, and forcing for the viscous flow environment. The crosses indicate
the positions of the pressure sensors, when used.

process and select an appropriate learning algorithm, described in Sec. II. We then analyze the
performance of the RL pitch control using different training setups in an environment with the
classical unsteady aerodynamics model in Sec. III and compare it with a linear-quadratic-Gaussian
controller for smooth and impulsive vertical acceleration disturbances. In Sec. IV, we perform a
similar analysis of the RL performance in an environment with the viscous flow model for flow
disturbances introduced upstream of the airfoil with a pulsed point force.

II. PITCH CONTROL LEARNING FRAMEWORK

Consider a flat plate airfoil oriented at an angle « with the negative x axis of an inertial reference
frame (positive in the clockwise direction). We describe the kinematics of the airfoil in terms of
the velocity (—U, h) of a pivot point on the chord and the angular velocity ¢ about this pivot
point. We restrict the horizontal motion of the pivot point to a constant velocity with magnitude
U in the negative x direction. Equivalently for a flat plate, we can also analyze the airfoil from the
perspective of a reference frame with the same orientation as the inertial reference frame, centered
at and moving with the pivot point. In this specific moving reference frame, which we will refer to
as the wind tunnel reference frame, the flow around the airfoil from its horizontal motion is modeled
with a constant horizontal freestream velocity U, = U. In this work, we focus on the control of the
airfoil’s pitch by varying the angular acceleration & about the pivot point while the airfoil encounters
disturbances that affect the aerodynamic forces that act on it. The specific disturbances we will
study consist of randomized uniform vertical flow accelerations 4 or vortex structures generated by
a randomized forcing F in the flow upstream of the airfoil. A set of measurements is fed back to the
controller. These can consist of the angle o, angular velocity «, lift f;, pressure p, and the states
encoding the wake evolution in the Wagner model, with the exact combination of measurements
depending on the case.

The control problem is to design the discrete-time feedback controller K in Fig. 2 that pitches
the airfoil such that lift variations about a prescribed reference are minimized and «, «, and & are
limited to prescribed ranges. In this work, we set the reference lift to zero, but the so-called servo
problem of tracking other reference lifts can be explored by straightforward extension.

A. Pitch control problem formulated as a POMDP

We can formulate the control problem as a POMDP framework [13,24] following the agent-
environment structure depicted in Fig. 3. Here, the agent assumes the role of the controller
and the environment contains all the processes that the agent cannot control arbitrarily, i.e., the
aerodynamics model, the disturbance generator, and the reward and observation functions. If we
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FIG. 2. Control diagram for the pitch control problem.

were to consider a nonzero reference lift, the process that generates this signal would also have
to be included in the environment. The aerodynamics model and the disturbance and reference lift
generators together define the probabilistic state transition function that, during each time step k,
advances the environment state S to Si+1 as a result of the latest action Ay = &, of the agent. This
action remains piecewise constant over the time between two agent-environment interactions. The
agent then receives a partial observation Oy of the environment and a reward Ry resulting from
that action, which it maps to its next action A, ;. The POMDP formalizes the sequential decision
making process consisting of the sequence Oy, Ay, ..., O, Ak, Ri+1, Og+1, - . .. For simplicity, we
only study sequences of finite length, with each such sequence called an episode. Solving the
POMDP amounts to finding the optimal policy that maximizes the expected sum of rewards in one
episode, also called the episode return, thus finding a decision-making strategy that selects actions
accounting for potential long-term rewards but also uncertainty about the environment.

The state S; of the environment is composed of the state of the aerodynamics model at time step
k, which in our work comprises the kinematic state of the airfoil, the state of the flow around it,
which can be stochastically altered by the disturbance generator, the previous action A;_; for use in
the reward function, and any variables needed to construct the elements of the measured variables
in z. The initial state of the aerodynamic model at the beginning of every episode is the steady-state
motion of the airfoil at zero angle of attack and the corresponding steady-state flow solution. We
will impose bounds on the environment’s state for training and stability purposes. If these bounds
are violated at any point during the episode, the episode is terminated early and reset to the initial
conditions.

The observation function maps the state and action to an observation for the agent. In our model,
we assume that this is done without additional noise. For the cases in this work, Oy always contains
oy, &y, and the latest available lift f,. Since the lift generally depends on the action at the same
instant (through the inertial reaction of the fluid), we assume that the agent only has knowledge of

Agent

Ry O
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Observation
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Aero model generator

Sk+1
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FIG. 3. Diagram of the POMDP learning framework for the pitch control problem.
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FIG. 4. Behavior of the lift f;, control input &, and angular states & and « during the flow response to an
impulsive & disturbance with output feedback control. The control input is piecewise constant between time
steps and the pitching is applied at the midchord point. The lift output observed by the controller is delayed,
in this case by the same time as the action time step, and the feedback controller’s action at time step k (X) is
therefore based on the lift from the previous time step (O). In contrast, for the control decision at that same
time step, all the RL agents in this work additionally observe the angular states at k ((J) and potentially the
pressure or other wake information (not shown).

the lift from an earlier time instant, creating a delay in the response to a disturbance, as illustrated
in Fig. 4. We will assume that this output delay is also present in other control strategies that we use
for comparison in this paper. Though this delay limits the controller’s performance, it is likely to
arise in practice.! Depending on the studied case, the observation vector may also include the latest
available pressure values at the airfoil or, in one case, the full state of the flow, all from the same
time instant as the lift.

The final element of the environment is the reward function, which maps the new state Sy, and
the last action Ay to a reward signal Ry, used in the objective function to optimize the policy. For
this reason, the reward function should introduce the control objective into the POMDP framework.

B. Agent and the learning algorithm

The agent’s task is to find the optimal policy for its actions, leveraging the rewards and ob-
servations it receives following each action for learning this policy. In the online reinforcement
learning approach, it considers the environment as a black box and learns about its behavior

'In a realistic setup, the measurements at one time instant inform the action at the next. Our setup is similar,
but by providing the controller with the angular information at the time instant of the next control input, these
angular states are assumed to be predicted one time step ahead, which is possible since they only rely on
previous control inputs.
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while simultaneously interacting with it. To balance between exploiting the learned policy to
maximize rewards and exploring new actions to discover potentially better strategies, the agent
often incorporates stochastic behavior during its interactions with the environment.

In a realistic setting, the state of the environment is continuous-valued and usually highly dimen-
sional due to the flow dynamics. The observations rarely encompass the entire flow field, rendering
the environment’s state only partially observable and resulting in the agent receiving non-Markovian
signals. In the POMDP formalism, the agent addresses this uncertainty by maintaining a belief
state—a probability distribution reflecting the true state of the environment [24]. This belief state
informs optimal decision making, with the agent employing a policy that maps these belief states
to actions. Alternatively, effective strategies can take a more straightforward approach, partially
restoring the Markov property by utilizing a fixed-width finite history window of recent observations
fed to a neural network or a recurrent neural network [25,26]. These memory-based approaches to
POMDPs have been applied in recent years with great success using model-free deep reinforcement
learning techniques [27-29] and we adopt here the deep reinforcement learning approach of using
a fixed-width finite history window of recent observations.

Model-free approaches require sampling many interactions with the environment, which can
be computationally expensive for high-fidelity flow simulators. This warrants the use of an off-
policy learning algorithm, which makes more efficient use of each sampled interaction than on-
policy algorithms. Because we also desire a control law for a continuous-valued action, the training
uses the twin delayed deep deterministic policy gradient (TD3) algorithm [30], which we found
in previous work [31] to perform better in this problem than alternative state-of-the-art, off-policy,
continuous-action algorithms, such as soft actor-critic [32]. TD3 employs a deterministic policy
and stochastically explores actions and states during training by adding normally distributed action
noise to the actions chosen by the latest policy. Details of the algorithm’s implementation in this
work can be found in Appendix A.

III. LEARNING IN A CLASSICAL UNSTEADY AERODYNAMICS ENVIRONMENT

In this first example of the control analysis, we consider an inviscid, two-dimensional incom-
pressible flow and disturbances that are either random vertical accelerations 4 of the plate’s pivot
point or, equivalently for a flat plate, random accelerations of a vertical freestream flow. If we assume
the resulting velocities from the disturbance and pitch control are small compared to the forward
velocity, i.e., h <K U and ac < U, then we can assume that the wake’s vorticity is concentrated
in an infinitesimally thin vortex sheet that convects away from the plate’s trailing edge with the
relative velocity U and remains parallel to the plate, illustrated in the top panel of Fig. 1. Under
these assumptions, the theory of classical unsteady aerodynamics as analyzed by Wagner [33] and
Theodorsen [34] is valid and the following linear dependence of the lift coefficient ¢, = 2f,/(oU 2¢)
on the disturbance 4 and control input & can be derived (see Appendix B):

Gerr 0 1 0[aerr| [-2 5(3—61)'%
al=]0 o ollal|+]|o0 1 [] (1)
% wB 0 Al| % 0 0 ¢
Oleff_ i
c=[27D Z C]| & |+[-£% —%][&. )
ﬁ -

Here, aef = —h/U 4+ a + (c¢/4 — d)a /U is the effective angle of attack and (A, B, C, ﬁ) represents
the state-space system that models the wake dynamics using the two-element state vector X. We will
only analyze cases where the pivot point is the midchord point, so d = 0. We note that, in this
configuration, the angular acceleration has no direct contribution to the lift and the lift value could
in principle inform the action value at the same time step. However, for generalizability purposes
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and to create a more challenging and realistic control problem, we let the agent observe the lift with
a time delay 7 equal to the agent-interaction time step.

A. Setup

From now on, we nondimensionalize variables using U, ¢, and p, and the reader should assume
that any variable is dimensionless. The time step T between every agent-environment interaction
corresponds to 0.1 convective times and we simulate episodes of at most 200 time steps with the
discrete-time form of the state-space system (1) and (2). For later purposes, we define a scale Acae =
0.01 for the disturbance and ¢y scae = 0.02 for the lift coefficient. We use a value &, = 0.1 to
limit the control input to the bounds [—& p.x, ¢max], Which is large enough to avoid saturation while
achieving the control objective, except for during the early stages of the training. However, if the
action space were smaller, the nonlinear nature of deep reinforcement learning is expected to deal
adequately with the nonlinear saturation, which might not always be possible with linear control
theory. .

We study the response to two types of & variations, which we will label respectively as impulsive
and smooth and which do not occur simultaneously in the same episode. The value of & over the
period between two action time steps is always piecewise constant. The smooth disturbances are
constructed from a Fourier sine series containing modes 5 through 50, with 2.5 to 25 cycles in one
episode, respectively. The nth mode has an amplitude D/n with D sampled from a standard normal
distribution for each mode. This choice ensures that the variations in & are neither too slow, which
would lead to high &, nor too fast for the controller to react. The signal is then scaled such that
the maximum amplitude is equal to Ag,.. The impulsive disturbances consist of a random number,
uniformly sampled from [0,20], of events, occurring at unique random discrete times between time
steps 0 and 199. An event has equal likelihood of being either a step change or a discrete (finite-
amplitude) impulse. The amplitude of each event is randomly chosen from a uniform distribution
with a zero lower bound and an upper bound that is limited such that || < 0.01 and |k| < 0.7hgcqpe,
chosen to approximately match the uncontrolled ¢; magnitudes from the smooth disturbances.

During training, we terminate the episode early if |c1| > ¢ scale to expedite the learning process;
this reduces the computational time spent on simulating high-lift states that are reached after poor
pitch control. We do not restrict & or «, although this could also be used to optimize the training,
as we will do in the viscous problem in the next section. To train the agent to minimize the lift
variations, the reward after every time step consists of

ler k]

Riyr =1- 3)

CL,scale .
The value 1 assigns a reward for continuing successfully during that time step within the allowed
threshold; the negative part penalizes a lift that is not zero and this penalty increases linearly as
the lift magnitude increases. Even though the positive part of the reward is not required to learn to
minimize lift variations, we found that the training improved if we included it. With a maximum
episode length of 200 time steps, the maximum possible episode return is 200, occurring when the
lift is zero throughout the episode.

In a full viscous environment, even if it were possible to observe the entire flow state, it would
be intractable to train an agent to act on that observation except with some specialized policy
architectures. The classical unsteady aerodynamics environment does not suffer from this same
limitation because it can be accurately modeled using only two states that represent the wake. It,
therefore, allows us to try out and compare the reinforcement learning framework with three types
of agents that observe different degrees of the full flow state. All observe the previous lift ¢z ;—;
and the current angular states o and ¢, but observe different amounts of information about the
wake: one that observes no wake information, one that observes pressure information at the airfoil,
and one that observes all the system states of the state-space system (1), including the wake states
(which we will refer to as “full wake”). For a fair comparison, all the observed values, except
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FIG. 5. Mean and standard deviation (shade) of the average episode length and return for agents observing
no wake information (green), observing pressure (blue), and observing the full wake (violet), with access to
the last one (solid lines) or two (dashed lines) observations. Panels (a) and (b) correspond to agents trained and
evaluated on episodes with randomized smooth and impulsive h variations, respectively.

for « and «, are subject to the same output delay t. The pressure-observing agent observes the
pressure at two points on the plate. This pressure is the sum of the added mass pressure and the
circulatory pressure, computed using Egs. (B4) and (B5) from Appendix B. It follows from those
equations that sensor measurements from two unique positions anywhere along the plate allows
the agent to distinguish the two contributions and that any additional pressure observations do
not introduce additional independent information. To study the effect of memory on the agent’s
performance in this POMDP, we will compare two variants of the previous three types of agents:
one that only uses the most recent observation and one that retains a memory of the two most recent
observations.

B. Training and evaluation

To mitigate variance stemming from initial random actions and policy exploration, we train
each agent variant on both types of disturbance across ten environments initialized with random
seeds, resulting in ten policies for each agent. Each policy is trained with one million environment
interactions. We evaluate the agents at checkpoints that occur after every 10 000 interactions of
training. To evaluate an agent, we simulate ten random episodes of one disturbance type with each
of its ten policies without applying action noise. We average the 100 (= 10 x 10) episode lengths
and returns for each evaluation checkpoint and then create a smoothed training curve by applying a
moving average over ten evaluation checkpoints. These training curves are shown for each possible
combination of agent and disturbance type in Fig. 5 to compare the training progression.

As anticipated, both the extra wake information and memory help to partially restore the
Markovian property and increase the average episode return, with the memory having the largest
effect. In this simplified flow problem, the pressure provides sufficient additional information to
approximately match the performance of an agent that has knowledge of the entire flow at the
previous time step, especially when the agent has a memory of multiple observations, in which case
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FIG. 6. Comparison of the episode return for different agents for 1000 random episodes each of smooth
(solid) and impulsive (dotted) & variations in the classical unsteady aerodynamics environment. The lower and
upper whiskers represent the minimum and maximum values of the sampled episodes, respectively.

their performances become indistinguishable for the chosen environment parameters. This confirms
that the learning algorithm is able to exploit the pressure information for improved performance,
which we will seek to replicate in a viscous environment in the next section, when full-wake
observations are unavailable. Additionally, we note that the difference in performance between the
agents that do retain memory and those that do not is much smaller for the impulsive disturbances
than it is for the smooth disturbances, indicating that there is a fundamental difference for the RL
training between both types of disturbances.

As a benchmark for the performance of the RL policies, we tune a discrete linear-quadratic-
Gaussian (LQG) controller for the discrete-time system of (1) and (2) using output feedback, subject
to the same output delay and assuming no measurement noise, by employing the automated LQG
synthesis tuning feature of MATLAB’s Control System Designer application [35], resulting in a
z-domain transfer function

K 1.1836(z + 0.01069)(z> — 1.826z + 0.8353) 4
@ = @+ 1237z — Dz —08592) ®

Figure 6 compares the cases with no control, LQG control, and RL control using boxplots that
indicate the minimum, first quartile, median, third quartile, and maximum episode returns for a set
of episodes. Each boxplot represents the data of 1000 episodes with randomized disturbances of
one type. For the RL cases, these 1000 episodes are collected by simulating 100 episodes with each
of the ten policies of the agents that observe the full wake with memory. The figure indicates the
ability of the RL control to match the performance of this specific LQG controller for impulsive
disturbances and exceed it for smooth disturbances. This is also apparent from the plots in Fig. 7
of the lift variation during an actual episode with those disturbances. Interestingly, the impulsive
episode results in Fig. 7 indicate that the RL control learns not to react too strongly to impulsive
changes in favor of a longer-term response.

It is important to stress that there are likely to be linear controllers that achieve better and
more robust performance than the one devised here for comparison. The main advantage of the RL
control here is the ability to treat the plant as a black box. It is also important to acknowledge that
the disturbances in this work are functions with random parameters, meaning their values are not
stochastically independent from one time step to the next. Although this should ideally be reflected
by additional states in the environment’s state vector, we have chosen not to model this aspect in our
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FIG. 7. Vertical acceleration (disturbance), angular acceleration (control input), and lift coefficient for a
single episode with (a) smooth disturbances and (b) impulsive disturbances using different controllers: no
control (- - -), LQG control (——), and the best available RL agent (——).

current work, as it remains internal to the environment. Nevertheless, an effective RL agent could
potentially exploit this behavior, as might be the case here if the policy trained on one disturbance
type learned to anticipate that disturbance’s behavior over the next few time steps.

Lastly, Fig. 6 indicates that, while the RL agents perform well on the disturbances they were
trained on, this behavior does not automatically transfer to the other type of disturbance. In one
case, this evaluation led to one of the policies giving unstable results, indicated by the extreme
value of its boxplot’s lower whisker. This points to the important fact that the nonlinear controller
at the heart of the trained deep RL agent is not guaranteed to generalize in the same way that robust
linear controllers do. Therefore, care has to be taken when choosing the training data for a controller
that should be robust to all kinds of disturbances. In line with this guidance, we trained ten additional
policies in an environment with mixed episodes, meaning that the disturbance type for each episode
is randomly chosen to be either smooth or impulsive. Their performance on evaluation episodes of
one type is slightly lower than the policies trained on exclusively that type of disturbance. However,
their worst performance is considerably better than that of the policies trained on one type and
evaluated on the other type.

IV. LEARNING IN A VISCOUS FLOW ENVIRONMENT

In this example, we apply airfoil pitch control in an incompressible viscous flow environment at
Re = 200, which poses a greater challenge to the agent due to its high dimensionality and nonlinear
dynamics. In particular, we study if pressure measurements can improve the agent’s performance as
it did in a classical unsteady aerodynamics environment. The airfoil is again a flat plate that pitches
about the midchord point. Instead of disturbances in the form of / variations, we focus on local flow
disturbances upstream of the airfoil introduced by a localized, transient forcing, resulting in vortex
dipoles that move past the airfoil. This environment is illustrated in the bottom panel of Fig. 1.
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A. Setup

The time step between every agent-environment interaction is reduced to 0.03 convective times
and we simulate episodes of at most 100 time steps. The flow disturbance is a forcing field that
varies spatially and temporally in a Gaussian manner and is described in the wind tunnel reference
frame coordinates as

D., D, —x)? —y)? (=1
F(x,y,t) — ,OUZC (3/2 )) eXp _(-x ;0) _ (y ;]O) _ ( 20) , (5)
T>/20,0,0; 0; oy o/
where tp) = 0.5, o; = 0.2, and xo = —0.5; thus the forcing is applied at a constant horizontal distance

upstream of the airfoil. The other parameters are sampled from uniform continuous distributions as
follows. The spatial widths o, and o, are chosen from the interval [0.04,0.1] and the vertical position
yo from the interval [—0.25, 0.25]. Since the temporal and spatial Gaussian widths are relatively
small, the forcing appears as pulsed point forces, which is how we will refer to them in the rest
of this work. Such a force produces a vortex dipole, which self-propels in the direction in which
the force was applied (in addition to being convected by the background flow). The horizontal
amplitude Dy is sampled from the interval [0,3] and the vertical amplitude D, from the interval
[—3(yo — 0.1)/0.35, —=3(yo + 0.1)/0.35]. These values are chosen so that the vortex dipoles are
aimed towards the airfoil and are strong enough to induce a nonlinear lift response. We will also
investigate the response to two or three of these point force pulses in the same episode, in which
case the forcing field is a superposition of multiple instances of (5), using independently sampled
parameters. To spread the pulses in time, fy of a new pulse is delayed with respect to that of the
previous pulse with a delay uniformly sampled from an interval [0,1.5]; the first pulse remains at
to = 0.5.

The flow simulation is performed using a viscous incompressible flow solver employing an im-
mersed boundary projection method [36] in a body fixed reference frame with a grid cell size Ax =
3c/Re and a time step size At = 0.4Ax/Uy on a domain that spans [—1.25¢, 1.5¢] x [—0.5¢, 0.5¢]
with free-space boundary conditions. The flow solver is vorticity-based and utilizes a lattice Green’s
function for solutions of the Poisson equation, enabling a more compact domain than typical
computational aerodynamics studies. The vortex disturbances remain between the upper and lower
boundaries and freely convect through the downstream boundary. The flow solver time step in
this case equals 0.006 convective times, but we set the agent-environment interaction time step to
0.03 convective times. This limits the controller’s bandwidth, creating a generally more challenging
control problem, but also affects the temporal information available in the observations. The latter
could positively or adversely affect the RL training depending on the characteristic timescale of the
fluid problem and the number of previous observations retained in the agent’s memory, which we
do not explore in this work.

We again define a scale ¢ scale = 0.1 and a maximum control input magnitude &, = 10. In
addition, we also impose the constraints |«| < 607 /180 to avoid unrealistic configurations and
la] < 1.8 to maintain a reasonable viscous flow solver time step and we always terminate the
episode if these are violated. During training only (and not when evaluating a policy), we terminate
an episode if |c. | exceeds 0.8.

We modify the reward function from the previous section with two additions. We add a negative
reward for high variations of & between two time steps to prevent rapid oscillatory behavior and
another negative reward when any of the constraints are violated:

el 2|<'>2k — &l f100, Sk ¢S,
0, otherwise,

Rep1=1— (6)

CL,scale O max

where S is the space of valid values of the environment’s state, when «, ¢, and ¢, are within
their prescribed ranges. With a maximum episode length of 100 time steps, the maximum possible
episode return is 100, again occurring when the lift is zero throughout the episode.
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FIG. 8. Mean and standard deviation (shade) of the average episode return for agents observing pressure
(blue) and not observing pressure (green), evaluated on episodes consisting of one (solid lines), two (dashed
lines), and three (dotted lines) random point force pulses. Panels (a) and (b) correspond to agents trained on
episodes with one and two random point force pulses, respectively.

While it would be possible in a simulation to observe the entire vorticity field (and thus the state
of the flow) and feed this to a convolutional layer in the policy network, no good results could be
obtained with this approach with the TD3 algorithm in our setup. We limit ourselves, therefore, to
the following two types of agents: one that observes the current o, ¢, and the latest ¢;, computed by
the flow solver (with an output delay of one flow solver time step) and one that additionally observes
the latest pressure jump over the plate at seven positions spread equidistantly between 30% and 70%
chord. Both types of agents are implemented with a memory of the last four observation vectors,
stacked together to form the input to their policy. We found that increasing the memory to retain
more than four observations did not significantly increase the performance of the controller for the
size of the neural network used in this work. Lastly, even though the previous action ¢ _; appears
in the reward function, we found that including its value in the observations did not increase the
performance.

B. Training and evaluation

We train the policies of the two types of agents over 500 000 interactions on two types of training
episodes: one type consisting of a single force pulse disturbance and one consisting of two force
pulse disturbances. Each force pulse has new random parameters for every new episode. Each case
is run with ten environments initialized with random seeds, resulting in ten policies for each of
the four possible combinations of agents and training data. To evaluate the policies and study their
generalization to unseen cases, we also use a third type of episode, consisting of three random force
pulses, which results in higher disturbed flows with increased nonlinear vortex interactions.

Figure 8 compares the training curves of the different agents, using the same evaluation and
averaging procedures as in the classical unsteady aerodynamics environment. The average episode
length during training is not shown but rapidly increases to its maximum possible value after ap-
proximately 20 000 interactions. This indicates that agents quickly learn to avoid the large negative
rewards associated with the early episode termination when permissible bounds are violated. After
this initial stage, the reward gradually increases as more experience is obtained and processed in the
training.

Training an agent with two-pulse episodes instead of one-pulse episodes provides richer training
data, including experiences with disturbances that interact with each other. The training curves show
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FIG. 9. Comparison of the episode return and lift norm for different agents for 100 random episodes each
of one (solid), two (dashed), and three (dotted) point force pulses. The lower and upper whisker represent the
minimum and maximum values of the sampled episodes, respectively.

that this only has a small effect on the performance of the agents that do not observe pressure. How-
ever, it significantly increases the performance of the pressure-based agents, which then, on average,
consistently outperform the agents that do not observe pressure. This increased performance also
results in a higher average episode return for single-pulse episodes compared to the agents trained
exclusively on single-pulse episodes, for the number of interactions in this training.

To evaluate the performance of the agents after the training, we compare them to proportional
control (& /0y = —K,CL/CL scale, SUbject to the same output delay), first using episodes with
randomized force pulses and then with two deterministic episodes. The results of the former are
presented in Fig. 9, which displays (as boxplots) the distributions of the episode return and the
1-norm of the lift coefficient over 100 episodes of the three kinds of random evaluation episodes.
For the RL agents, these 100 episodes are divided equally over their ten policies. For the comparison
with deterministic episodes, we define a representative episode, consisting of two pulses, each
with yo = —0.125 and all their other parameters set at the average value from their distributions,
visualized on the left side of Fig. 10. We also define an extreme episode with three pulses, visualized
on the right side of the figure, which creates a much higher disturbed flow than any of the training
episodes and can be used to assess how well an agent generalizes to such a flow. These pulses appear
at fp equal t0 0.5, 0.8, and 1.1 and y, equal to —0.25, 0.25, and —0.25, respectively. Their amplitudes
are set to the strongest values from their distributions and their spatial widths to the lowest value
of 0.04. Figure 11 displays the values of the control input, pitch, and lift coefficient during these
two episodes, while Table I lists the return, the 1-norms of the lift coefficient and control input, and
the average value of the power coefficient cp = 2md /(pU?3c), where m is the moment about the
midchord point.
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(@ (b)

FIG. 10. Snapshots of the vorticity field contours for the best available RL agent (colored contours) and
without control (------ ) at different time instances of (a) a representative episode with two average point force
pulses and (b) an extreme episode with three strong force pulses. The uncontrolled airfoil is displayed in white
and the controlled airfoil in dark gray. The vorticity contours are drawn in both cases for the values —200, —15,
-9, -3, 3,9, 15, and 200.

For the proportional control, Fig. 9 indicates that a higher gain results in higher episode returns
and lower lift norms. However, once the gain is approximately one or higher, the control input
displays rapid oscillations (visible in Fig. 11) that are eventually stabilized by the control input
bounds. This results in lower episode returns because the reward penalizes fast control input vari-
ations. Additionally, we found that proportional control augmented with integral and derivative
control (PID control) performs only marginally better than proportional control when averaged over
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FIG. 11. Angular acceleration, angle of attack, and lift coefficient for (a) a representative episode with two
average point force pulses and (b) an extreme episode with three strong force pulses using different controllers:
no control (- - =), proportional control with K, = 0.25 ( ), 0.5 ( ), 0.75 (——), and 1.0 ( ), and the
best available RL agent (——).

randomized cases. For cases with stronger gusts, like the extreme case defined above, PID control
could sometimes perform better than proportional control, depending on the exact strength and
directions of the gusts, but requires retuning for each case. For these reasons, we did not include
PID control in the results.

For the RL control, Fig. 9 and Table I illustrate that the episode returns for the random and rep-
resentative deterministic episodes are on average considerably higher than those achieved without
control or with proportional control. However, the lift norm is approximately the same magnitude,

TABLE I. Comparison of different agents for a representative episode with two average point force pulses
and an extreme episode with three strong point force pulses.

Double-pulse RL  Double-pulse
No P-control ~ P-control ~ P-control  P-control pressure info pressure info
control (K,=0.25) (K,=0.5) (K,=0.75) (K,=1.0) policy without RL policy with

Return 58.8 70.6 76.5 73.8 63.1 79.4+34 845+1.3
Two average ||cr||1 0.247 0.144 0.082 0.062 0.057 0.077 £0.021 0.056 £ 0.008
force pulses  [léix |l 0.00 3.64 422 4.96 6.20 3.9740.24 3.50+0.27
p (x1073)  0.00 4.15 4.11 4.26 4.43 3.56+0.14 3.53+0.16
Return —-77.2 —-90.9 —82.8 —-79.9 —209.0 0.1+10.5 —263+11.1
Three strong ||cr|]1 1.063 1.032 0.965 0.925 0.787 0.489 £0.055 0.637 £0.067
force pulses  [|dx ||y 0.00 18.65 20.60 21.34 38.27 14.4241.33 16.04 +1.01

cp (x1073)  0.00 102.52 116.04 118.22 115.14 7421 £6.34 86.71£6.71
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indicating that RL can achieve similar lift mitigation performance with less control input variation.
On the other hand, the extreme deterministic episode shows the superior performance of the RL
control compared to the proportional control in lift mitigation and control expenditure. Figure 10
shows that the strong vortex dipoles in this episode interact significantly with the leading edge of
the plate, the wake of the airfoil, and the previous vortex dipoles. Such strong flow interactions
exhibit substantial nonlinear behavior, further compounded by their nonlinear dependence on the
pitch variations. This complexity severely compromises the effectiveness of proportional control,
leading to inferior performance compared to the uncontrolled scenario. In contrast, the RL control
performs markedly better than the uncontrolled case, underscoring its capability of controlling the
nonlinear dynamics. For both deterministic episodes, Table I shows that the RL control requires
less power for better lift mitigation, even though the reward function does not consider energy
expenditure.

Surprisingly, the data presented in Table I shows that the performance of the agent that does
not observe pressure during the extreme episode is better than that of the pressure-observing
agent. Similarly, in Fig. 9, the increased range of its boxplot for the three-pulse episodes suggests
poorer performance by the pressure-observing agent, despite its higher median performance. This
phenomenon may be attributed to a faster convergence during training for the agent that does not
observe pressure, as opposed to the pressure-observing agent, whose training may not have fully
converged. This discrepancy could primarily affect performance during generalization and extreme
cases.

When analyzing these results, one should remember that the RL agents are conditioned through
the reward function to find a trade-off between low lift magnitude and small control input variations.
This trade-off is further affected by a conservative policy near state thresholds that would result in
high negative rewards if exceeded. Designing reward functions with different weights for these
contributions (or including different terms) can significantly impact the policy, which we do not
explore in this work.

V. CONCLUSIONS

In this work, we studied the use of deep reinforcement learning and the role of partial observabil-
ity in designing an airfoil pitch controller to minimize lift variations in randomly disturbed flows.
In most scenarios, a practical controller would only be able to sense the flow through force and
pressure sensors. This information is often not enough to observe the entire state of the flow, which,
together with the disturbances, determines the exact lift response of the airfoil. From the perspective
of reinforcement learning, the pitch controller is an agent that receives non-Markovian observations
from the environment and the control problem can be viewed as a partially observable Markov
decision process (POMDP). Deep reinforcement learning has proven to be a viable approach
for approximating an optimal control policy for a given reward function in such conditions. We
specifically apply deep RL using the TD3 algorithm to learn pitch control of a flat plate and study
agents with and without a memory of earlier observations and with different degrees of environment
observations.

We tested our reinforcement learning setup in two types of environments. The first environment
modeled the flow and disturbances in a Wagner/Theodorsen setup: the flow is a potential flow
with a flat vortex sheet wake and the disturbances are random vertical accelerations of the plate.
When analyzing the results in this classical unsteady aerodynamics environment, we confirmed that
(1) augmenting the observed information with pressure and wake states or (2) retaining a memory
of the two most recent observations both increase the performance of our RL control. This was
expected because both aim to restore the Markovian property of the POMDP. We found that our RL
control can generally match or exceed the performance of an LQG controller when minimizing the
lift variations. Both the RL control and LQG can be further fine-tuned for specific performance
metrics, which we did not consider in this work. Finally, we found that training on smooth
disturbances does not guarantee adequate performance on impulsive disturbances and vice versa,
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even though the underlying problem is linear. This can be explained by the nonlinearity of the RL
policy and should be taken into account when designing a robust controller.

The second environment was a viscous flow model where flow disturbances are introduced by
pulsed point forces upstream of the airfoil. When analyzing the results in this environment, we found
that the RL setup can again take advantage of pressure information in the observations to obtain
better policies for lift mitigation. The performance of the RL control improves when two force pulse
disturbances instead of one are included in each training episode, in which case the RL control also
generalizes better to episodes with three force pulse disturbances. This can be explained by the fact
that these two-pulse episodes contain much richer training examples that include the interactions
between disturbances. Experience with those interactions is valuable also when acting in situations
with more than two disturbances. When comparing the performance with proportional control, we
found that the RL control can achieve similar performance with less control input variation for
moderate episodes and significantly outperform the proportional control for an episode with very
strong disturbances, in which case the flow behavior is strongly nonlinear.

The problem setup in this work can be further explored in multiple ways. First, all of the examples
in this work can straightforwardly be extended to the servo problem where the lift has to track
a nonzero reference value. Secondly, the two-dimensional viscous simulations in this work are
performed at a relatively low Reynolds number. Environments with a higher Reynolds number or
three-dimensional flows could become too computationally expensive in which to train a TD3 agent.
In these cases, a more sample-efficient algorithm, such as a model-based one, could be a more viable
RL approach. Finally, while the exact specification of the reward function has a critical effect on
the performance of the RL control, we have not yet explored its connection with the optimality or
robustness of the trained control policies.

All the computational results can be reproduced with the code available at [37] and [38].
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APPENDIX A: REINFORCEMENT LEARNING ALGORITHM DETAILS

The reinforcement learning implementation used in this work is the Stable Baselines3 [39]
implementation of the twin-delayed deep deterministic policy gradient algorithm (TD3) [30]. The
TD3 algorithm utilizes six neural networks: one policy, or actor, networks, two state-action value
(Q-function) approximation, or critic, network, and their target networks. These networks all have
the same feedforward architecture: an input layer whose size depends on the observations, two fully
connected hidden layers with 400 and 300 rectified linear units (ReLU), respectively, and an output
layer representing the action in the case of an actor network or the state-action value in the case of
a critic network. The target networks are copies of the actor and critic networks with weights that
lag behind their counterparts’ weights through polyak averaging as ¢arger = 0.005@arger + 0.995¢.
Their purpose is to provide a fixed target when updating their counterpart networks, which prevents
training instabilities due to the recursiveness of the underlying Bellman equation.

The training algorithm stores agent-environment interactions in a standard first-in-first-out replay
buffer, which can store up to 1 000 000 interactions. Each interaction consists of the current
observation, the chosen action, the resulting subsequent observation, and the corresponding reward.
Once 10 000 interactions have been generated with a random policy, the training starts and the
algorithm switches repeatedly between performing a training step and simulating a new episode with
the latest trained policy to further update the replay buffer. During each training step, the networks
are updated multiple times using stochastic gradient descent combined with the Adam optimization
algorithm using a learning rate of 0.001. Each stochastic gradient descent update uses a batch of
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256 randomly sampled interactions from the replay buffer. The critic networks and their targets are
updated as many times as there were steps in the last generated episode and the actor network and
its target are updated during every second update of the critic networks using the same batch of
interactions. The training uses a discount factor of 0.98 for future rewards and applies target policy
smoothing using zero-mean Gaussian noise with a standard deviation of 0.1. This noise is added to
the action generated by the target policy network and regularizes the Q-value approximations of the
critic networks. Lastly, the algorithm adds zero-mean Gaussian noise with a standard deviation of
0.1 to the actions of the policy when collecting training data to promote the exploration of the state
and action spaces.

APPENDIX B: CLASSICAL UNSTEADY AERODYNAMICS MODEL

Wagner [33] and Theodorsen [34] analyzed the aerodynamic response of an infinitesimally thin
flat plate airfoil to specific flow disturbances under the following assumptions. The flat plate has
chord length ¢ and is at a small angle of attack o, where || <« 1. Its main motion is a constant
velocity U in the negative x direction. Any other motions are perturbations of the angle of attack
with an angular velocity « applied at a pivot point at a coordinate (d, 0) in the body-fixed reference
frame positioned at the center of the airfoil with its ¥ axis along the chord and the vertical motion
h of that pivot point. These perturbations are considered small compared to the forward velocity of
the plate, i.e., || < U/c and |h| <« U. The wake is assumed to lie along the ¥ axis of the body and
the wake vorticity convects with the velocity U away from the airfoil.

Classical unsteady aerodynamics theory [40] provides an expression for the bound vortex sheet
strength when the Kutta condition is applied at the trailing edge under the previously mentioned
assumptions:

® (& +c/2)1? o
/ mys(x)dx -, .
c/2 —
where the quasisteady circulation I'®® := —mcU asr depends on the effective angle of attack
_h + +<C d)d N
RNV VAT

Assuming that the wake convects with the velocity U and Eq. (B1) has to be satisfied at any
instant of time, the wake strength can be determined. Furthermore, the classical theory also provides
a general expression for the lift on the plate:

. 1 = x
fi= — Zpt(h+da —Ud) — pUT® — ‘pUC/ rots) ipdis. (B3
4 2 o2 (%% — c?/4)
B am i
added-mass lift f quﬁgs;ﬁldy wake lift £

The last two terms (the quasisteady and wake lift) together form the circulatory lift, or ffirc =
>+

The distributions of the pressure jump across the plate corresponding to the added-mass and
circulatory lift were first derived by Neumark [41] and are for rigid-body motion given by

[Pt @) = —2p(h + di — Ua)(c2/4 — 55)", (B4)

. U
[P 1  (xp) = (—2PU205eff + L (B3)

* ys(®s) ts (c/2 —xp)'/?
b c/2 ()NCé _ 02/4)1/2

(c/2+ %)

The full pressure is then [p]f = [p™]F + [pf]F. Note that the first factor in parentheses in
Eq. (BS) is equal to —2f/mc and thus the circulatory pressure at any point along the airfoil
linearly scales with the circulatory lift.
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For an arbitrary, smoothly varying o, a more practical expression can be obtained for the circu-
latory lift if we formulate it as the convolution of the rate of change of I'®® with the nondimensional
lift response to a step change in I'**, known as Wagner’s function ® [33], plus the contribution of
the initial value of ' times Wagner’s function evaluated at the current time:

fy = "™ — pUT*(0)®(t) — ,OU/ I'%(1)®(t — 7)dr. (B6)
0

There is no analytical form of Wagner’s function available, but several approximations exist,
including one proposed by Jones [42] that is expressed as

O(t) ~ 1 —0.165¢ 01 _ (.335¢706, (B7)

The circulatory lift in (B6) can be formulated in the Laplace domain as a multiplication of a
transfer function with the quasisteady lift:

L{f} = =pUT®(O)L{®) — pU L{P}L{I®) (BY)
= —pUsL{D}L{I'¥} (B9)
= sﬁ{d)}ﬁ{qus}, (B10)

where s is the Laplace variable. The transfer function C(s) = s£{®} based on the Wagner function
approximation (B7) was also derived by Jones [42] and can be expressed as

C(s) = s/w ®(1)e"dr (B11)
0

__ 0.55 +0.56165 + 0.0546
T2+ 0.6915 + 0.0546

(B12)

Furthermore, Jones [42] noted, like Garrick [43] before him, that C evaluated on the imaginary
axis, i.e., its steady-state behavior for a purely oscillatory, quasisteady circulation, is equivalent to
Theodorsen’s function [34].

To design a controller or RL policy based on (partial) state feedback, we seek the state-space
representation of (B11) and express the lift in terms of the lift coefficient ¢, = 2f,/(pU 2¢). The
controllable canonical state-space representation for C(s) is

%] [-0.691 —0.0546] [ 1 g
Y —
A B
¢ =[0.2161  0.0273] Bl] +10.5] ¢}, (B14)
2
Y —~
C D

The response of this system to a unit step increase of ¢ is shown in Fig. 12.

Following Brunton and Rowley [6], we can use (B11) to create a multi-input, single-output
transfer function for the complete lift expression by applying the Laplace transform to (B6) for
each input:

G(s) = [Gji(s) Gy(s)] (B15)
TC 21 we (1 d 1 1 /¢
= |:_2_U2_EC(S) E(E—FU) +271<s—z+m<4—t —d))C(s)i|, (B16)
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FIG. 12. Unit step response of the circulatory lift coefficient and the states of the controllable canonical
state-space representation for the Wagner transfer function by Jones [42].

where Gj, and Gy are the transfer functions that give the response of the output ¢, to the input
signals & and &, respectively. We can also cast this result into a minimal state-space realization:

ef 0 1 0] [oer] -+ (-4 3
a |=1 0 0 0 a |+ 0 1 |:] (B17)
% wB 0 Al % 0 0 *
A B
Oleff_ h
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