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Sirius – 4th generation light source
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• Increased brilliance/flux

✓ Smaller sources → Higher stability

✓ Higher flux → Faster processes

• Increased coherence fractions

✓ Coherence-based methods (ptycho)

✓ Higher stability requirements

Beamsizes at LNLS: UVX (2nd gen) vs. Sirius (4th gen)
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Design of high-performance mechatronics at LNLS
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Control design workflow
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1. Mechatronic 
design (DEB)

2. System 
identification

4. Digital 
implementation

5. Test 
performance

Specification 
met?

Can improve 
control?

3. Design 
controllers

Frequency 
response 

ok?

N

N

N

Unmodeled aspects,
bad assembly,

malfunctioning, etc

Saturation, strong 
disturbances, etc
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System design with Dynamic Error Budgeting (DEB)

ICALEPCS 2025 Advanced Control Workshop - Chicago, USA

𝑓 = 500 𝐻𝑧

Fixed feedback control loop 
structure + disturbances

Mode Shapes

Lumped 
Mass 

Model

DEB Framework

Optimum controller bandwidth range :
X/Z = 175 - 200 Hz
Y     = 200 – 250 Hz

Feedback
control analysis

Mechatronic 
design (DEB)

System 
identification

Design 
controllers

Digital 
implementation

Validation
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Non-parametric system identification
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Multi-sine with Schröder phasing
Multi-period signal with 

Tukey windowing

Frequency Response
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𝑥 𝑡 = ෍

𝑘=1

𝑁𝑘

𝐴𝑘 cos 𝜔𝑘𝑡 + 𝜑𝑘 𝜑𝑘 = −
𝑘(𝑘 − 1)𝜋

𝑁𝑘
Start End

Set test 
parameters

Run open-
loop sys. id. 

on each DoF

Average 
periods

Estimate 
FRF, RGA 
and COH

Results ok?
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Validation

Decentralized control for SISO design

• MIMO systems are already designed to minimize crosstalk between degrees-of-freedom, 
envisioning decentralized control

• Homogeneous transformation from sensors (𝑇𝑢) and actuators (𝑇𝑢) position act as the 
steady-state decoupling matrices
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Relative Gain Array (RGA)Frequency Response
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[Schmidt, 2020]
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Loop-gain trade-off

𝑇 =
𝑦

𝑟
=
𝑦

𝑛
=

𝐿

1 + 𝐿

𝑃 =
𝑦

𝑢𝑑
=

𝐺

1 + 𝐿

𝑆 =
𝑦

𝑑
=
𝑒

𝑟
=

1

1 + 𝐿

𝐾 =
𝑢

𝑟
=
𝑢

𝑛
=

𝐶

1 + 𝐿

Design goals trade-off: 

• L large for good reference tracking : 𝑇 → 1 ⇒ 𝑦 → 𝑟

• L small to reject sensor noise at output : 𝑇 → 0 ⇒ 𝑦 → 0

• L large for disturbances rejection : 𝑆, 𝑃 → 0 ⇒ 𝑦 → 0

• C (and L) small to reduce actuator signal : 𝐾 → 0 ⇒ 𝑢 → 0 

𝐿(𝑠)
𝑇(𝑠) 𝑆(𝑠)

Solution – 𝐿(𝑠) has: 

• High gain at low frequencies

• Low gain at high frequencies

[Schmidt, 2020]
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Fixed PID-like structure, formed by 2nd order blocks:

• Intuitive design

• Discretization into Second-order Sections (SOS) for higher numerical stability
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design (DEB)

System 
identification

Design 
controllers

Digital 
implementation

Validation

Feedback controller with loop shaping method

Design specifications:

• Bandwidth : above disturbances (~100 – 300 Hz)

• Modulus margin (S peak) : < 6 dB

• Phase margin : > 30°

• Gain margin : > 6 dB

Manual tuning with ShapeIt for MATLAB
 (Eindhoven University of Technology)

𝐶 𝑠 = 𝑘𝑏𝑤 ∙
𝑠 + 𝑧𝑖
𝑠

∙
𝑠 + 𝑧𝑙
𝑠 + 𝑝𝑙

∙
𝜔𝐿𝑃
2

𝑠2 + 2𝜉𝜔𝐿𝑃𝑠 + 𝜔𝐿𝑃
2 ∙

𝑠2 + 2𝛼𝜉𝑛1𝜔𝑛1𝑠 + 𝜔𝑛1
2

𝑠2 + 2𝜉𝑛1𝜔𝑛1𝑠 + 𝜔𝑛1
2 ∙

𝑠2 + 2𝛼𝜉𝑛2𝜔𝑛2𝑠 + 𝜔𝑛2
2

𝑠2 + 2𝜉𝑛2𝜔𝑛2𝑠 + 𝜔𝑛2
2 ⋯
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Reference feedforward for trajectory tracking
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Ideal feed-forward by model inversion:

Mechatronic 
design (DEB)

System 
identification

Design 
controllers

Digital 
implementation

Validation

𝑇 𝑠 =
𝑦

𝑟
=
𝐹𝐺 + 𝐶𝐺

1 + 𝐶𝐺

𝐹 𝑠 = 𝐺−1 𝑠 ⇒ ቊ
𝑇 → 1
𝑦 → 𝑟 

• Most of control effort comes from feedforward effort

• Feedback deals with steady-state error and disturbance rejection

• Inversion is not possible for strictly proper system (practically all 
physical systems), requiring additional poles to 𝐹(𝑠)

• Robust performance limited by model uncertainty
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Reference feedforward for trajectory tracking
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Method 1: S-curves trajectory files

• Smooth motion by reducing high frequency energy

• Parametrization from physical aspecs (max velocity, etc)

• Direct feedforward effort, given all derivative terms

𝐶𝑓𝑓 𝑠 = 𝑘𝑗𝑠
3 + 𝑘𝑎𝑠

2+ 𝑘𝑣𝑠+ 𝑘𝑝

Method 2: Periodic references

• Periodic trajectory is generated from fundamental and desired harmonics

• Gain and phase for each component from inverse of measured frequency response 
(complex numbers) 

• Work-in-progress: online estimation of gain and phase response

Square wave 
approximated 
by harmonics

Lookup Table

From system identification

Generated feedforward effort



13

Digital implementation
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Feedback controller discretization

• 20 kHz sampling frequency

• Each block of the “PID” controller is discretized separately to 

improve numerical stability

• Tustin discretization (pre-warping on notch filters)

Implementation in NI CompactRIO platform

• Double-precision floating-point arithmetic (64 bits)

• Custom TF solver for LabVIEW FPGA

• Reconfigurable Direct Form II IIR filters in series for each DoF

• System identification and acquisition functionalities for 

validation and experimental usage

Mechatronic 
design (DEB)

System 
identification

Design 
controllers

Digital 
implementation

Validation

. . . . . .𝑒[𝑘] 𝑢[𝑘]

𝐶(𝑧): Second-order sections
IIR filters in series
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Applications in beamline systems 
at LNLS/Sirius
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High-Dynamic Double Crystal Monochromator (HD-DCM-Lite) 
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1.75 Hz, 13º (p2p) 10 Hz, 0.3° (p2p)

Fast energy scans (sinusoidal)

Short-stroke scan error (2 Hz)

Short-stroke (In-position)
cumulative amplitude spectrum

θ (Bragg’s angle):
selects energy

Incident
beam

Monochromatic
beam

Short-stroke – keeps H constant
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SAPOTI Cryogenic Sample Stage (CARNAÚBA)
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8x speed

𝑥, 𝑦, 𝑧

(𝑦, 𝑅𝑥, 𝑅𝑧)

Sample position 2D raster fly-scan (3 x 3 µm²) – 104 seconds
3

0
 n

m

Histogram of RMS error per pixel
(27 positions)

Sample stage (in-position stability) - Cumulative amplitude spectrum

Stability spec
(1 nm-rms)
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Quarter-Wave Plate for XMCD experiments (EMA)
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Ry: selects light 
polarization

New QWP for EMA beamline

* Results with prototype
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