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Abstract:
Online Feedback Optimization (OFO) controllers steer a system to its optimal operating point
by treating optimization algorithms as auxiliary dynamic systems. Implementation of OFO
controllers requires setting the parameters of the optimization algorithm that allows reaching
convergence, posing a challenge because the convergence of the optimization algorithm is often
decoupled from the performance of the controlled system. OFO controllers are also typically
designed to ensure steady-state tracking by fixing the sampling time to be longer than the time
constants of the system. In this paper, we first quantify the impact of OFO parameters and the
sampling time on the tracking error and number of oscillations of the controlled system, showing
that adjusting them without waiting for steady state allows good tracking. We then propose
a tuning method for the sampling time of the OFO controller together with the parameters
to allow tracking fast trajectories while reducing oscillations. We validate the proposed tuning
approach in a pressure controller in a centrifugal compressor, tracking trajectories faster than
the time needed to reach the steady state by the compressor. The results of the validation
confirm that simultaneous tuning of the sampling time and the parameters of OFO yields up
to 87% times better tracking performance than manual tuning based on steady state.
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1. INTRODUCTION

OFO controllers steer a system to a locally optimal op-
erating point without explicitly solving a nonlinear con-
strained optimization problem (Hauswirth et al., 2021a),
thus showing similarities with classic approaches like ex-
tremum seeking (ES) control (He et al., 2023). Instead
of introducing additional perturbations like ES, OFO en-
sures reaching the optimum by exploiting properties of
feedback control and iterative optimization algorithms,
typically based on gradients for fast convergence. Thus,
OFO implementations require tuning of the parameters of
the underlying optimization algorithm, such as the time
step between iterations, the length of a step in a single
iteration, as well as weighting matrices (Hauswirth et al.,
2021a). Successful applications of OFO include electric
grids (Ortmann et al., 2023) and compressor stations
(Zagorowska et al., 2022) where the parameters of OFO
were set experimentally. Gil et al. (2023) proposed an
iterative tuning method for the parameters of OFO in
a distillation system, iteratively adjusting the step length
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and weights with a fixed sampling time until the desired
convergence of OFO was reached. However, the choice of
the sampling time and the proposed tuning method were
based on expert knowledge on the effect of the controller
on the distillation system and thus application specific. In
this work, we propose a method for tuning simultaneously
the time step and the parameters of OFO without using
explicit knowledge about their impact on the responses of
the system.

Tuning of sampling time of controllers is classically done
with respect to the timescales of the controlled system
(Åström and Hägglund, 1984). Gil et al. (2023) chose
the sampling time of OFO so that the controller runs
on a slower timescale than the underlying dynamic sys-
tem, thus ensuring timescale separation (Hauswirth et al.,
2021b). Picallo et al. (2022) and Gil et al. (2023) indicated
that large sampling time may lead to suboptimal perfor-
mance of the controller especially in OFO using gradient-
based optimization algorithms. At the same time, Bel-
gioioso et al. (2022) have applied OFO with sampling
time of minutes in optimization of building climate control
operating on a timescale of hours, showing that OFO
controllers can work without timescale separation. Thus,
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to find a trade-off between ensuring timescale separation
and the performance of OFO based on gradient descent,
we formulate a tuning optimization problem to find a sam-
pling time that satisfies the requirements on the responses
of the system.

In this paper, we analyse the impact of parameters of OFO
on the performance of the controlled system, indicating
that adjustment of the sampling time allows shaping the
response of the controlled system. We develop a tuning
framework for OFO so that the response of the controlled
system has the desired properties with respect to error
tracking and oscillatory behaviour. The performance of
tuning is shown in an OFO controller for tracking suction
pressure in centrifugal compressors without timescale sep-
aration.

The paper is structured as follows. Section 2 presents
the optimization problem for OFO tuning, which is then
applied in Section 3 in a case study of compressor control.
Section 4 analyses the impact of parameters on OFO
performance, while Section 5 presents the tuning frame-
work and validation results for the compressor. Section 6
presents conclusions and directions for future work.

2. ONLINE FEEDBACK OPTIMIZATION FOR
DYNAMIC SYSTEMS

2.1 Dynamic system

The controlled system is described by nonlinear dynamics:
ẋ(t) = f(x, u) (1)

where f : Rs × R
p → R

s is continuously differentiable.
The inputs u ∈ Rp are constrained by the physics of the
system, −b2 ≤ u ≤ b1, bi ∈ R

p
+, i = 1, 2. The outputs

y ∈ R
n are described by a continuously differentiable

nonlinear mapping y = g(x, u) and g : Rs × Rp → R
n.

We assume that for a constant u, the system (1) reaches a
steady state xs(u) such that f(xs, u) = 0. Then we have:

y = g(xs(u), u) = h(u) (2)
where h : Rs → R

n is a continuously differentiable
nonlinear steady state mapping. We further assume that
the outputs y in (2) are bounded for any bounded inputs u.
We want to design an OFO controller so that the outputs
(2) track a setpoint ysp.

2.2 Online Feedback Optimization

Online Feedback Optimization (OFO) is designed to solve
problems of the form (Picallo et al., 2022):

min
u∈U,y∈Y

Φ(u, y) (3a)

subject to y = h(u) (3b)
where Φ : Rp × Rn → R is a continuously differentiable
cost, and U = {u ∈ Rp : Au ≤ b}, Y = {y ∈ Rn : Cy ≤
d}, where A ∈ Rq×p, b ∈ Rq, C ∈ Rl×n, and d ∈ Rl are
constant matrices (Häberle et al., 2020). Online Feedback
Optimization (OFO) iteratively updates u in (1) to make
y converge to a local optimum of (3), even if Φ is non-
convex (Häberle et al., 2020).

Optimization algorithm as a dynamic system In this
work, we use an OFO controller with a constant step size

α > 0 proposed by Häberle et al. (2020) and successfully
deployed in a distribution grid by Ortmann et al. (2023):

uk+1 = uk + ασ̂α(uk, yk) (4)

where yk is the measured system output at time k∆T with
constant sampling time ∆T and σ̂α(uk, yk) is the mini-
mizer of the constrained quadratic optimization problem:

min
w∈Rp

∣∣∣∣w + G−1H⊤(uk)∇Φ⊤(uk, yk)
∣∣∣∣2

G
(5a)

subject to A
(
uk + αw

)
≤ b (5b)

C
(
yk + α∇h(uk)w

)
≤ d (5c)

where w ∈ R
p is an auxiliary decision variable of size

u and G ∈ S
p
+ is a positive-definite matrix p × p. The

matrix H(uk)⊤ =
[
Ip ∇uh(uk)⊤

]
, and ∇uh(uk)⊤ is called

input-output sensitivity. We assume that the mapping h
is known, and ∇uh can be computed analytically. More
general approaches based on online gradient estimation
were proposed by He et al. (2023). The matrix Ip is an
identity matrix of size p×p. The gradient of the objective
function ∇Φ(u, y) is:

∇Φ(u, y) =
[

∂Φ
∂u1

. . . ∂Φ
∂up

∂Φ
∂y1

. . . ∂Φ
∂yn

]
. (6)

2.3 Online operation and tuning

Physical constraints For tracking, Φ(u, y) := Φ(y, ysp),
and if there are no output constraints, finding minimum
in (5a) allows steering the system to a local optimum. We
assumed in Section 2 that y is bounded for any u, so we
can remove (5c) from (5). We also note that u is a control
signal with physical limits, so we can remove (5b) from
(5a), shifting the constraints from the optimization to the
system. Then the control uk+1

applied is given by a saturation:

uk+1
applied = max{−b2, min{b1, uk+1}} (7)

where uk+1 is obtained from (4) as:

σ̂α(uk, yk) = −G−1H⊤(uk)∇Φ⊤(uk, yk). (8)
The physical constraints on the system transform (5a)
into OFO with the steepest descent algorithm in (8)
(Hauswirth et al., 2021a).

Tuning The performance of OFO from (4) depends
also on α and G related to the optimization problem
(5a). Assuming G is a diagonal matrix, Gil et al. (2023)
propose an iterative tuning procedure, by increasing α
and decreasing elements of G with a fixed sampling
time until the system starts to oscillate. Thanks to the
transformation from (8), it is sufficient to tune the product
ν := αG−1, reducing the number of tuned parameters to
one. The value of ν affects how the control input changes
from iteration k to k + 1 and corresponds to a step
size in line search algorithms (Hauswirth et al., 2021a).
Thus, a small ν will lead to slow convergence (Bertsekas,
2016) and a sluggish behaviour as the controller will need
multiple iterations to reach the optimum. Conversely, a
large ν may destabilize the system (Häberle et al., 2020;
Hauswirth et al., 2021b).

3. COMPRESSOR CONTROL

We design an OFO pressure controller in a compressor
with nonlinear dynamics (Cortinovis et al., 2015):
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ṗs =
a2

01

Vs

(min − m) (9a)

ṗd =
a2

01

Vd

(m − mout) (9b)

ṁ =
A1

Lc

(Π (m, ω) ps − pd) (9c)

ω̇ =
1
J

(τ − τc) (9d)

where ps and pd are the suction and discharge suction
pressures respectively, a01, Vs, A1, Lc, J are constant
parameters defining the geometry of the compressor, m
is the mass flow through the compressor, ω is the speed
of the shaft of the compressor in rad s−1, τ [Nm] is torque
provided by a flow controller, τc is the reaction torque
of the compressor, given as τc = δωm (Gravdahl et al.,
2002) with δ = 0.00729 capturing the internal geometry of
the compressor (Cortinovis et al., 2015). The compressor
map Π describes the pressure ratio across a compressor
as a quadratic function of compressor mass flow and
speed (Milosavljevic et al., 2020). The value of min and
mout captures the external mass flows on the suction and
discharge side, respectively. The mass flows depend on the
pressures ps and pd, and external pressures pin and pout:

min = 0.4kinAin

√
|pin − ps| (10a)

mout = 0.8koutAout

√
|pd − pout| (10b)

where Ain, Aout, kin, kout are constant parameters (Milosavl-
jevic et al., 2020). The initial condition for (9) is ps(0) =
1.015 bar, pd(0) = 1.868 bar, m(0) = 60.45 kg s−1,
ω(0) = 647.2 rad s−1 and corresponds to a steady-state
torque τ(0) = 323.6 Nm. To obtain the steady state
mapping from (3b), we use ω = τ

δm
(Gravdahl et al.,

2002) in (9c) to get ps = pd

Π(m, τ
δm ) = h(τ, m) where m is

measured and pd is obtained from (10), taking min = mout

for pin = 1.05 bar and pout = 1.55 bar. To put the
compressor control problem in the framework from (3),
we set: u = τ , y = ps. The goal is to follow the desired
suction pressure setpoint psd with the objective function
(3a) formulated as:

Φ(ps) = 0.01(ps − psd)2. (11)
We assume no constraints on the suction pressure ps, Y :=
R. The torque τ is physically constrained by b1 = 1000
Nm, b2 = −300 Nm in (7). The bounds on the torque were
chosen to ensure that the suction pressure is bounded for
the given external conditions.

4. IMPACT OF OFO PARAMETERS

We analyse the impact of ν and ∆T using (6) on inte-
grated squared error over a tuning horizon tF :

ǫ(ν, ∆T ) := γ1

tF∫

0

(ps(ξ) − psd(ξ))2 dξ (12)

scaled by γ1 = 10−8, and on number of oscillations
|F (ν, ∆T )|, based on counting zero crossings (Thornhill
et al., 2003): F (ν, ∆T ) := {tk ∈ [0, tF ] : ps(tk) = psd(tk)}.

4.1 Impact on performance

To show the relationship between ν and ∆T , we analyse
the contour plots of the error and the number of oscil-
lations obtained for the constant pressure setpoint, with

no setpoint for the torque as functions of the parameters
(right column of Fig. 1). The white line indicates where
the error and the number of oscillations are equal. We also
get that the smallest error is obtained for ν = 250 and
∆T ≤ 0.005 (bottom right corner in Fig. 1c) which corre-
sponds to the largest number of oscillations (bottom right
corner in Fig. 1f). Conversely, a small ν and a large ∆T
give no oscillations (top left corner in Fig. 1f), but increase
the error (top left corner in Fig. 1c). The values annotating
the intersection line indicate that similar performance can
be obtained for ν ∈ [75, 175] and ∆T ∈ [3, 9] s, with both
error and oscillations approximately 7.2, which suggests
that the parameters should be tuned simultaneously.

4.2 Impact on system

Figure 1 shows the impact of parameters ∆T (Fig. 1a)
and ν (Fig. 1d) on the performance of the OFO controller
for a constant setpoint. The oscillatory trajectories in
Fig. 1 show the numerical connection between ν and the
derivatives in (8). From (8), we see that:

uk+1 − uk = −νH⊤(uk)∇Φ⊤(uk, yk). (13)

The parameter ν = 1 in Fig. 1a, so the controller
reaches steady state when the optimum is reached and
H⊤(uk)∇Φ⊤(uk, yk) becomes close to zero (vanishing
oscillations for ∆T ≤ 0.05 in Fig. 1a). If ν < 1, the
derivatives are mitigated, ν‖H⊤∇Φ⊤‖ ≤ ‖H⊤∇Φ⊤‖, and
the controller increments in (13) are small, leading to
sluggish behaviour (ν ≤ 0.1 in Fig. 1d). Conversely, ν > 1
intensifies the effect of the derivatives, ν‖H⊤∇Φ⊤‖ ≥
‖H⊤∇Φ⊤‖, leading to oscillatory behaviour (ν ≥ 10 in
Fig. 1d), in line with the interpretation as a step size in
line search algorithms (Bertsekas, 2016, p.31).

5. TUNING AND VALIDATION

5.1 Optimization problem

To tune OFO, we solve the optimization problem:

max
ν,∆T

∆T (14a)

subject to: ǫ(ν, ∆T ) ≤ β1 (14b)
|F (ν, ∆T )| ≤ β2. (14c)

The objective (14a) promotes a large sampling time so
that the underlying dynamics reaches the steady state
within ∆T . The constraint (14b) reinforces the reference
tracking in OFO from (11) by restricting the time horizon
to tF . The constraint (14c) enforces desired properties
of the controller without affecting reference tracking.
Both constraints are adjusted by choosing β = [β1, β2],
as suggested by Fig. 1 (right-most column), with β1

as a threshold for the error and β2 for the number of
oscillations. To solve (14), we use a constant setpoint
pconst

sd = 0.925 bar and two trajectories: a truncated
sinusoidal signal:

psine
sd (t) = max{0.94, 0.95 + 0.05 sin(0.04t)} (15)

and a step signal

pstep
sd (t) =





0.93 bar if t ∈ [75, 125] s
0.98 bar if t ∈ [0, 75) ∪ (125, 150] s.
0.95 bar if t ∈ (150, tF ] s

(16)
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Fig. 1. Impact of parameters ν and ∆T (in s) on the performance of OFO with the objective (11) and the corresponding
control inputs, and a trade-off between the error and the number of oscillations as functions of parameters

The tuned values from solving (14) were compared with
a default OFO controller, with ∆T = 47.5 s ensur-
ing timescale separation and corresponding to the set-
tling time of the compressor from (9) (within 5% of
the final value (Bagge Carlson et al., 2021)) linearized
around the operating points for τ = 323.6 Nm. The
system (9) with the controller (7) was simulated us-
ing OrdinaryDiffEq.jl (Rackauckas and Nie, 2017).
The derivatives ∇h and ∇Φ for solving (5a) were ob-
tained using Zygote v0.6.66 (Innes, 2018). The opti-
mization problem was implemented in an open source pro-
gramming language, Julia 1.9.0, with Windows (x86_64-
w64-mingw32) CPU: 8 × 11th Gen Intel(R) Core(TM)
i7-1165G7 @ 2.80GHz. The unconstrained optimization
problem (5a) was solved using OSQP v0.8.0 (Stellato
et al., 2020). To overcome potential non-differentiability
(Bachtiar et al., 2016) when solving (14) with respect
to the sampling time, we use a derivative-free solver,
with a Julia interface NOMAD.jl (Montoison et al., 2020)
to NOMAD 4.3.1 (Audet et al., 2022). The parameter
ν ∈ [0, 103] is bounded for scaling purposes, and ∆T ∈ [5×
10−3, tF /2] reflects the physical setup of the compressor
defining the smallest and the largest sampling time avail-
able. An analysis of the impact of number of iterations
tf /∆T on the performance of OFO was done by He et al.
(2023). We chose tF = 200 s to reflect typical operating
times of centrifugal compressors (Cortinovis et al., 2015).

5.2 Results for tuning

The results of tuning OFO for the compressor (9) are
shown in Fig. 2 with the initial guess for parameters
∆T = 50, ν = 0.1 in red, the setpoint in dashed black
(top row), and the bounds for the torque in black (bottom
row). The initial guess for ν and ∆T was chosen following
the recommendation from Gil et al. (2023), as indicated
in Table 1. The values corresponding to the default OFO
controller are in solid black lines. To achieve the desired

performance, the values of β in (14) were applied in
decreasing order, starting from β = [150, 50], as suggested
by Fig. 1. Figure 2 shows that for β1 = 150 and β2 = 50,
the constraints on the error and the number of oscillations
have little impact on shaping the response (∆T = 99 in
Table 1), and lead to a sluggish controller (β2 = 150 in
Fig. 2d). Putting higher priority on the oscillations with
β2 ≤ 25, and decreasing β1 from 37.5 to nine allows
achieving better tracking with damped oscillations, at
the expense of decreased sampling time (∆T ≤ 12 in
Table 1). The oscillatory behaviour of the control signal
in Fig. 2d confirms the importance of preserving the
bounds on control signal in (7). Restricting the number
of oscillations, β2 = 12, yield a less aggressive response
(Fig. 2d), at the expense of increased error.

5.3 Results for validation

To validate the tuning results, we track two trajectories for
psd: a sinusoidal trajectory and a step trajectory (dashed
black in Fig. 3) reflecting possible setpoints for centrifugal
compressors. The three sets of parameters for validation,
Set 1, Set 2, and Set 3 from Table 1, correspond to the
smallest error obtained for constant setpoint, the smallest
number of oscillations with the error below 10 for the
step setpoint, and the largest ∆T and decreased error
for sinusoidal tuning trajectory, respectively. The manual
tuning for constant setpoint was also chosen because it
gave the largest decrease in the error and zero oscillations
compared to manual tuning with the step or sinusoidal
setpoints. The initial condition for validation was set to
ps(0) = 0.91745 bar, pd(0) = 2 bar, m(0) = 80 kg s−1,
and ω(0) = 700.5 rad s−1.

The results of validation are shown in Fig. 3 and Table 2
and confirm that solving (14) to find optimal parameters
allows shaping the response of the system. Comparing the
impact of the timestep ∆T on the performance, we see
that a large value allows avoiding oscillations (Set 3 and
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Table 1. Tuned values for the three setpoints, with parameters in bold chosen for validation.
The error ǫ is reported as absolute value and improvement from to the manual tuning

Constant setpoint Step setpoint Sinusoidal setpoint
β ν ∆T [s] ǫ |F | ν ∆T [s] ǫ |F | ν ∆T [s] ǫ |F |

Initial 0.1 50 163.4 (-297%) 0 0.1 50 85.47 (-85%) 0 0.1 50 60.06 (-99%) 0
150, 50 40 99 136.03 (-231%) 0 0 99 86.29 (-87%) 0 0 99 60.75 (-101%) 0
37.5, 50 196.1 45.89 37.5 (9%) 0 183.1 74.95 37.3 (19%) 2 85.1 99 37.26 (-23%) 0
18.75, 25 202.1 22.88 18.7 (55%) 1 200.1 22.79 18.75 (59%) 4 199.1 80 18.69 (38%) 0 S3
9, 12 223.1 10.9 8.96 (78%) 9 207.1 12.88 8.97 (81%) 9 229.1 10.37 9 (70%) 5 S2
6, 20 468.1 5.78 6 (85%) 18 237.1 7.63 5.96 (87%) 12 278.1 7.52 6 (80%) 9 S1
Manual 150 47.5 41.13 (-) 0 300 47.5 46.76 (-) 2 175 47.5 30.21 (-) 2 SM
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Fig. 2. Results of tuning for different setpoints
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Fig. 3. Validation of the tuning parameters corresponding to constant tuning trajectory (Set 1), step tuning trajectory
(Set 2), and sinusoidal tuning trajectory (Set 3) for two different setpoint trajectories

Manual in Fig. 3a). Thus, the parameters obtained from
(14) for the sinusoidal setpoint (Set 3) are comparable
with the manual tuning preserving timescale separation.
At the same time, a large ∆T leads to a sluggish controller
and introduces delays (Fig. 3c). The performance for the
parameters in Set 1 and Set 2 is further defined by the
value of ν. The oscillatory behaviour is due to including
the setpoint in the calculations of the gradients in (4).
From (11), we have ∂2Φ/∂y∂ysp = −0.02ysp and thus a
large change in the setpoint ysp corresponds to a large
change in the gradient ∂Φ/∂y in (8). In Set 1, combining
the large change in the gradient due to the setpoint with a
large ν in (4) leads to the controller changing significantly

within a small ∆T and introduces oscillations. At the
same time, the parameters from Set 1 allow following
the sinusoidal trajectory with the smallest error (first row
in Table 2) because there are no abrupt changes in the
setpoint trajectory.

5.4 Discussion and recommendations

The results confirm a nonlinear relationship between the
sampling time ∆T and the step size ν in (5), suggested
by Belgioioso et al. (2022). Instead of iterative tuning
by adjusting directly ∆T and ν, which do not have
explicit interpretation in terms of the responses of the
system, solving the optimization problem (14) enables
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Table 2. Error (12) for the validation trajec-
tories, as absolute values and percentage im-

provement w.r.t. manual tuning (SM)

Tuning
Validation

Step Sinusoidal

Set 1 (S1) 29.98 (75%) 5.63 (94%)
Set 2 (S2) 41.51 (65%) 17.94 (80%)
Set 3 (S3) 201.07 (-69%) 139.51 (-53%)
Manual (SM) 119.2 (-) 91.27 (-)

adjusting the thresholds β1 and β2 directly related to
the error and the number of oscillations. As a possible
choice of β1, we can take the error (12) obtained for
the initial steady state and a chosen tuning trajectory,

β1 = γ1

tF∫
0

(ps(0) − psd(ξ))2dξ. The initial value for β2

can be chosen with respect to the tuning horizon tF , for
instance tF /2, allowing one zero crossing per two time
units. Then both β1 and β2 can be decreased until the
desired performance is reached.

6. CONCLUSIONS AND FUTURE WORKS

Online Feedback Optimization (OFO) controllers have
already been shown to work well in practice, with design
and implementation tailored to specific applications, with
parameters usually chosen on a case-by-case basis. In
this paper, we propose a framework for tuning Online
Feedback Optimization controllers, finding a trade-off
between the tracking performance of the system and
sampling time constraints. We validated the framework in
a pressure controller in a centrifugal compressor, achieving
up to 87% times better tracking than the approach based
on steady-state tuning. However, the tuning process in
this work required multiple iterations. Thus, there is
potential in using other methods, for instance based
on surrogate optimization or safe learning algorithms,
especially in safety-critical applications.
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