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DAC

Motivation for Ultra Linear DACs in High Precision Applications

Research definition  –  Research methodology  –  Research outcomes

o Hardware construction

o System characteristics 

• Quantization intervals

• Integral non-linearity 

• Transistor distortions

o Delta-Sigma modulation (∆∑)

o Control methodologies

• Model compensation

• Dither and filtering 

• Feedback control? 
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Traditional > OL observer FB!
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MPC > computationally intensive!

Presenter Notes
Presentation Notes
The main reason measurement feedback is not employed in these schemes is mainly due to bandwidth requirements for
the analogue-to-digital converter (ADC) that samples a feedback measurement. 

As DACs typically are high-bandwidth devices, the ADC bandwidth needs to be significantly higher
to get an inter-sample output response of the DAC. 

However, this higher ADC bandwidth is difficult to achieve in practice [8]. Due to DAC inter-sample dynamical effects,
the use of an ADC at the same sampling frequency as the DAC causes aliasing that leads to spurious behaviour. 




Learning Control Applied to a Digital-to-Analogue Converter 2

System Framework

Research definition  –  Research methodology  –  Research outcomes

o Why applying ILC to a DAC

• Phase response of  the Anti-aliasing/ 
reconstruction filter is incorporated as the 
plant (avoids phase margin limitation 
when utilizing ADCs for FB)

• Removes all invariant errors

• Unique gap in the literature allowing the 
use of  classical FB control 

Research question:
Can learning control improve the performance from a digital-to-analogue converter over traditional Delta-Sigma modulation without using 
complex calibrated methods?

o Relative RMSE performance:  ΔΣ + DAC    VS    ΔΣ + DAC + LC.
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Presenter Notes
Presentation Notes
A repetitive form of LC is used to augment standard first-order ΔΣ-modulation for showing directly how measurement feedback improves the performance compared with the simple system models inherent to the standard ΔΣ-modulation scheme. This type of LC is not suitable for arbitrary reference signals, but has important applications, such as when a DAC is used as a function generator outputting a periodic waveform.

The LC type applied operates offline on whole periods of periodic signals and therefore the anti-aliasing filter becomes part of the control design and will not affect stability. Adverse effects that are otherwise difficult or impossible to model can thus be mitigated using measurement feedback.

The problem of matching sample rates could ostensibly be solved by using an anti-aliasing filter. However, the phase response of a typical filter reduces the phase margin significantly, making it difficult or even impossible to render a stable closed-loop system with any significant gain.
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Background information on (I)LC

Research definition  –  Research methodology  –  Research outcomes

o What is (Iterative) Learning Control?

• Technique that operates on complete 
experiment signals: u(j) and e(j).

• Traditional FB or OL experiments are 
run online, and the error trajectory is 
saved for offline data processing.

• As the invariant error trajectories are 
predictable, they can be feedback into 
temporal feedforward control actions.

• This process is performed iteratively or 
repetitively (with or without reset)

y(j)

y(t)

[*]

[*] F. Queißer. Multi-modal Skill Memories for Online Learning of Interactive 
Robot Movement Generation. Bielefeld: Universität Bielefeld, 201
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Implementing Learning Control

Research definition  –  Research methodology  –  Research outcomes

𝐽𝐽 𝑓𝑓𝑗𝑗 =  𝑒𝑒𝑗𝑗𝑇𝑇𝑊𝑊𝑒𝑒𝑒𝑒𝑗𝑗 +  𝑓𝑓𝑗𝑗𝑇𝑇𝑊𝑊𝑓𝑓𝑓𝑓𝑗𝑗 + 𝑓𝑓𝑗𝑗 −  𝑓𝑓𝑗𝑗−1
𝑇𝑇𝑊𝑊Δ𝐹𝐹 𝑓𝑓𝑗𝑗 −  𝑓𝑓𝑗𝑗−1

A norm-optimal feedforward is achieved if  the cost function J is minimised 

𝑓𝑓 𝑗𝑗 + 1 = 𝑄𝑄 ∗ 𝑓𝑓 𝑗𝑗 + 𝐿𝐿 ∗ 𝑒𝑒 𝑗𝑗

𝑓𝑓𝑗𝑗+1  = 𝐼𝐼 (𝐺𝐺𝑇𝑇𝑊𝑊𝑒𝑒𝐺𝐺 +  𝑊𝑊Δ𝐹𝐹) 𝑓𝑓𝑗𝑗 + (𝐺𝐺𝑇𝑇𝑊𝑊𝑒𝑒𝐺𝐺 + 𝑊𝑊𝑓𝑓 + 𝐼𝐼 𝐺𝐺𝑇𝑇𝑊𝑊𝑒𝑒𝐺𝐺 )𝑒𝑒𝑗𝑗

Accordingly, for

𝑄𝑄 𝐿𝐿

𝐼𝐼 = 𝐺𝐺𝑇𝑇𝑊𝑊𝑒𝑒𝐺𝐺 + 𝑊𝑊𝑓𝑓 + 𝑊𝑊Δ𝐹𝐹
−1

Control Law Design Choice: 
Serial Repetitive Lifted-domain Learning Control

Update rule for a reference-augmenting feed-forward element f

𝐺𝐺 𝑠𝑠 ≈
𝜔𝜔𝑐𝑐2

𝑠𝑠2 + 2𝜔𝜔𝑐𝑐𝑠𝑠 + 𝜔𝜔𝑐𝑐2
Due to the linearizing effect of the ∆∑ modulator over the DAC:

Hence the matrix G is obtained as the convolution matrix containing the 
impulse response for the dynamics of each sample in a repeating interval.

Hence Tuning Parameters:

𝑊𝑊𝑒𝑒

𝑊𝑊𝑓𝑓

𝑊𝑊Δ𝐹𝐹

(error compensation)

(actuation level)

(variation in 
actuation)

Presenter Notes
Presentation Notes
Why RC and not ILC: the difference between the two is that RC works on continuous signals (like multiple sinusoid that repeats itself) and ILC works on a signal that is reset (like one sinusoid that is stopped in between). I have chosen to apply RC as it seems more logical for a DAC applications. The implementation difference is only found in stabilization criteria (as a trial (one sinus) for RC can start on different levels (depending on the end of previous trial) whilst ILC is always reset to the same value [so for RC you have to check eigenvalues of the lifted system as was written in the paper]/
 
Why serial: there is not really a feedback controller (only the linearization of delta sigma modulation). Therefore, ILC is applied over the linearized open-loop system. Hence, it will create a compensation signal from the error and input it serially. The alternative parallel implementation would apply an ILC signal as addition after the controller (or delta sigma modulation), but using the linearization is beneficial.
 
Why lifted domain: because it was easier for testing and implementation in LabVIEW. With more time, frequency domain ilc/rc could be tuned better and have a real-time implementation. However, it this took more time than I thought was available because it needs Matlab functions not yet present in LabVIEW (stable inversion) or it was newer to me.


Reconstruction filter cut-off frequency tuning principal: a good trade-off between suppressing high-frequency switching from feedback
and measurement noise. 

In the 1-bit configuration, decreasing the frequency to Fc = 2.5 kHz removed more switching-related distortions whilst learning control compensated for deteriorated reference tracking.
In the 16-bit configuration, increasing the frequency to Fc = 12.5 kHz allowed the control law to learn invariant errors introduced by or after the filter, as switching distortions from the DAC had a lower relative impact in this case.
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System integration and modelling

Research definition  –  Research methodology  –  Research outcomes

Synthesis

Simulation

Learning Control Applied to a Digital-to-Analogue Converter
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Results and Discussions

Research definition  –  Research methodology  –  Research outcomesLearning Control Applied to a Digital-to-Analogue Converter

Presenter Notes
Presentation Notes
Error trajectories during 16-bit ΔΣ-modulation experiments indicate that the RMSE has an initial variance of 27.09 μV. 

In theory, learning control can remove all deterministic errors. In practice, this is not possible because the 16-bit ADC resolution imposes a resolution threshold of 305 μV (). A higher measurement resolution is required to reduce RMSE and improve results further.





7

Experimental Results and Performance Comparison

Research definition  –  Research methodology  –  Research outcomesLearning Control Applied to a Digital-to-Analogue Converter

Presenter Notes
Presentation Notes
An implementation of learning control utilising measurement feedback was presented, and experimental results demonstrated a 95% improvement in RMSE over standard ΔΣ-modulation for both 1-bit and 16-bit DAC
configurations.  This increase in performance can largely be explained by the ability to suppress the measured non-ideal deterministic effects that can not be included in an open-loop observer model used by ΔΣ-modulation.




o Discussion
Limitations:  - 16bit ADC measurement boundary
                       - Extend the study to more DACs
                       - No theoretic on analysis stability 

8Research definition  –  Research methodology  –  Research outcomes

Learning control can improve the performance from a digital-to-analogue converter 
over traditional Delta-Sigma modulation without using complex calibrated methods.

o Conclusion

o Closing words

o Recommendation
Improvement:  - Use DAC in an actual system:
   AFF + absolute + frequency + …
                           - ADC measurement or simulation

Possibilities: - 95% improved RMSE performance
                       - No manual calibration necessary 
                       - Suitable for repetitive signals

Applications: - Digital control performance/cost
                           - High fidelity audio system
                           - Sinusoid linearity tests

1-bit DAC audio example with or without ILC:

Contribution and Future work

Learning Control Applied to a Digital-to-Analogue Converter

Presenter Notes
Presentation Notes
The main contribution of this paper is the implementation of LC that uses a measured DAC output and experimental
results to validate the use of this LC scheme to reduce DAC-errors. 
 
Results indicate that the most easily attainable performance improvements for the presented system can be obtained by improving the quality of the measurements, e.g. by using a higher-resolution ADC.
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References for external resources and visual aids
Resource:
The map of control theory:  
R-2R resistor ladder:
Wafer stage positioning:                               
.
DAC card:                                                          
.
Frequency domain learning:
Audiofile, “thanks for your attention”: 
 

https://engineeringmedia.com/map-of-control
https://www.electronics-tutorials.ws/combination/r-2r-dac.html
https://www.micro-epsilon.com/applications/branch/Halbleiter/Positionierung-
Waferstage/ https://ieeexplore.ieee.org/book/5264508
https://www.artisantg.com/TestMeasurement/94727-1/National-Instruments-PCIe-
7852-PCIe-7852R-Mutlifuction-Reconfigurable-I-O-Device
https://canvas.tue.nl/courses/17897 
https://soundoftext.com/ 

Learning Control Applied to a Digital-to-Analogue 
Converter

https://www.britannica.com/topic/flag-of-the-Netherlands
https://www.britannica.com/topic/flag-of-the-Netherlands
https://www.micro-epsilon.com/applications/branch/Halbleiter/Positionierung-Waferstage/
https://www.micro-epsilon.com/applications/branch/Halbleiter/Positionierung-Waferstage/
https://www.britannica.com/topic/flag-of-the-Netherlands
https://canvas.tue.nl/courses/17897
https://canvas.tue.nl/courses/17897
https://canvas.tue.nl/courses/17897
https://soundoftext.com/
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