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5. Assessment of the trial Iecture

The candidate gave a very clear and well-structured lecture on UAV collision avoidance systems. The lecture was given in very
good English. The candidate was well prepared and clearly knew the content. He overviewed the topic at a nice level of detail,
balancing the level ofa general audience with that oftechjiical experts. The lecture summarized the main sensing and algorithmic
solutions involved in UAV collision avoidance, including state-of-the-art systems. It was inspiring, had excellent logical
progression and a good disposition of time. The candidate responded confidently to the questions from the committee. The level
ofthe presentation was appropriate for a general audience.



6. Explanation ofthe content and assessment of the quality and originality in the thesis

The research topic is vehicie state estimation using inertial measurements and GNSS, an area ofgrowing importance as the
pricing ofthese sensors and computers is now low enough for use in commercial applications. Integration ofmultiple Iow-cost
sensors is essential for smaller unmanned vehicies and numerous other emerging applications. In addition to theoretical
contributions, the thesis also discusses tuning, computational bad, and other implementation aspects. The committee was
impressed that the thesis includes several implementations with experimental results. Working with actual implementations and
experiments constitutes a considerable amount of work.

The work in the thesis begins from an existing nonlinear observer for GNSS-aided inertial navigation and expands in several
directions. The observer has two parts operating at separated time scales. The fast time scale observer estimates the attitude using
IMU with magnetometer and specific force feedback. The slow time scale observer estimates the position and velocity using the
estimated attitude, IMU acceleration and GNSS observables. The thesis considers many different topics within integrated
navigation, including time delays, loosely coupled and tightly coupled integration, and integer ambiguity resolution. These topics
are treated in the framework ofnonlinear observer design and stability results are established.

In Chapter 3, observers for GNSS-aided inertial integration are compared experimentally to the EKF, which is the most
commonly used estimator for such integration. There is always an element of engineering judgement when tuning and comparing
estimators. In this work, the author has put a lot ofeffort into describing implementation and tuning ofthe EKF and observers;
therefore the results are credible and interesting.

For highly-maneuverable platforms, time delay is an important issue. In Chapter 4, a nonlinear observer is extended to account
for time-delayed GNSS measurements. The methods for compensating time delays are evaluated through simulations and
experiments using a small aircraft. Ihe results clearly show the effects of time delay and the importance of its compensation.

In Chapter 5, a tightly coupled nonlinear observer using general range and range rate measurements is implemented and analysed.
In particular, the implementation is compared with the loosely-coupled observer from Chapter 4, with the multiplicative EKF, and
with the nonlinear observer calculating the gains at a Iower rate. The comparison includes accuracy and computational bad using
experimental data from a fixed wing UAV. The experimental results make a convincing case that the modular nonlinear observer
achieves performance similar to the EKF at considerably lower computational cost.

Chapter 6 extends the nonlinear observer results to differential GPS and carrier phase with integer ambiguity resolution. The
implementation requires augmenting the state with the integer estimates, accounting for their uncertainty in the covariance model,
and implementing methods to account for switching from float to integer estimates. Ihe observer is evaluated using experimental
data from a fixed wing UAV.

Overall assessment:
The main contribution of the thesis is the design, implementation, and experimental evaluation of nonlinear observers for
integrated navigation. Ihe thesis hebps bridge the gap between theoretical results and practical implementation. Overall the thesis
has a good structure, states clearly the novel contributions, provides both good discussion and analysis ofthe resubts, and includes
a very interesting and challenging appbication for validation of the developed results. The number of experimental
impbementations included in the thesis is commendable.

The presentation at the defense effectively summarized the main points ofthe thesis. The candidate’s response to the questions
from the committee demonstrated deep background and confidence in the field ofresearch.



7. Assessment of the academic standard of the thesis in relation to the international standard of equivalent doctoral work
at evaluator(s) home institution.

Ihe scientific level ofthe thesis is equivalent to a very good PliD thesis in the USA.

The quality and significance ofthe work is reflected by the publication of:
• i book chapter
• 4 joumal articies (Control Engineering Practice, Control Systems Magazine, ASME Joumal ofDynamic Systems,

Measurement and Controt, Annual Reviews in Control)
• 4 peer-reviewed conference papers
• I submitted journal articie

This number ofpublications is excellent.
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• J. M. Hansen, J. Rohac, M. Sipos, T. A. Johansen and T. I. Fossen, ‘Validation and Experimental Testing ofObservers for Robust GNSS
Aided Inertial Navigation”, chapter 6 in “Recent Advances in Robotic Systems” edited by G. Wang, ISBN 978-953- 51-2571-6. Print
ISBN 978-953-51-2570-9. Inlech. September 9, 2016.
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• J. M. Hansen, I. I. Fossen and I. A. Johansen, “Nonlinear Observer Design for GNSS- Aided Inertial Navigation Systems with Time
Delayed GNSS Measurements”, Control Engineering Practice, 2017.

• I. H. Bryne, J. M. Hansen, R. H. Rogne, N. Sokolova, I. 1. Fossen and T. A. Johansen, NonIinear Observers for Integrated INS/GNSS
Navigation - Implementation Aspects”, IEEE Control Systems Magazine, 2017.

• I. A. Johansen, i. M. Hansen and T. 1. Fossen, “Nonlinear Observer for Tightly Integrated Inertiat Navigation Aided by Pseudo-Range
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• J. Rohac, J. M. Hansen, M. Alam, M. Sipos, T. A. Johansen and T. 1. Fossen. Validation ofNonlinear Integrated Navigation Solutions.
AnnualReviews in Control, 2017.

Conference papers

• J. M. Hansen, I. 1. fossen and I. A. Johansen. Non1inear Observer for INS Aided by Time-Delayed GNSS Measurements:
Implementation and UAV Experiments”, Proc. of International Conference on Unmanned Aircraft Systems, Denver, 2015, pp. 157-166.

• i. M. Hansen, T. A. Johansen. T. I. Fossen, Tight1y Coupled Integrated Inertial and Real-Time-Kinematic Positioning Approach Using
Nonlinear Observer”. American Control Conference. Boston, 2016, pp. 5511-5518.

• K. Gryte, J. M. Hansen, T. A. Johansen, T. I. fossen, ‘Robust Navigation of UAV using Inertial Sensors Aided by UWB and RTK GPS”,
Proc. ofthe AIAA Guidance, Navigation, and Control Conference, 2017.

• I. A. Johansen, A. Cristofaro, K. L. Srensen, J. M. Hansen and T. 1. Fossen, “On Estimation of Wind Velocity, Angle-of-Attack and
Sideslip Angle ofSmalt UAVs using Standard Sensors”, Proc. of International Conference on Unmanned Aircraft Systems, Denver, 2015,
pp. 510-519.

Submitted journal article
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Aided by RTK-GNSS Measurements”, IEEE Iransactions on Control Systems Technology.
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