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This research can be seen as a transdisciplinary study that establishes a bridge between multi-agent
control theory and motion control of multi-rotor.

Besides, it contributes a brick to the development of flying vehicle society, international

collaboration, and education in Japan.

This study has been established the background for glocal motion control of
multi-rotor flying vehicles (MRFVs). This study shows that to properly design the controller, the
MRFV should be modelled as a multi-agent system, in which each propeller physically interacts with
each other via the MRFV body. Based on this philosophy, several approaches have been developed with
disturbance observer and fault tolerant control. A generalized frequency variable approach was
proposed to guarantee the stability of the landing control system. A robust altitude control system
was designed with absolute stability analysis considering the nonlinear thrust characteristic. The
trade-oft between the global performance (attitude control) and local performance (propeller speed
control) was clarified based on a nominal model set to be shared between the upper- and
lower-layers. A dual-propeller test-bench was developed for not only proposed method validation but
also advanced motion control education.
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Flying vehicles (FVs) have always been a dream for research and commercialization. In recent years,
this concept is expected to speed up a mobility revolution by covering the gap between aircrafts and on-
road vehicles. In Japan, the Ministry of Economy, Trade, and Industry has proposed the road map towards
FV in 2030s. FV has various advantages and merits for the society. It reduces the cost to develop
infrastructure such as tunnels through the mountains. It reduces the traffic jam and hence, improving the
social welfare. It makes the travel to be seamless, since the requirement to change the means of
transportation is reduced. As can be seen from Fig. 1, FVs are multi-rotor mechatronics systems with the
capability of vertical take-off and landing.
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Figure 1. Multi-rotor flying vehicle as a multi-agent system.

As shown in Fig. 1, MFV is actually a multi-agent system (MAS), in which each agent is a locally
controlled propeller. The agents physically interact with each other to generate the global motion of the
vehicle body. Note that, the thrust force has a nonlinear relationship with the rotational speed of the propeller.
In addition, the propeller thrust has a certain saturation value. In long-term operation, this value reduces in
accordance with the battery voltage, which depends on the battery state-of-charge. It turns out that: First,
controlling MFV is to control a complex MAS with physical interaction and nonlinearity. Moreover, MFV
always suffers unknown disturbances, actuator faults and time-delay in sensor measurements. Consequently,
stabilization of MFV control system is a theoretical challenge. Second, controlling MFV is to
simultaneously attain several global performances and several local performances. For instance, the global
performance is to maintain the accurate trajectory tracking, while the local performance is to guarantee
accurate thrust generation.

2. WFEEOEM

Studies on MFVs, including drones and unmanned aerial vehicles (UAVs), has been conducted by
researcher worldwide [R1]. However, almost the previous works neglected the propeller actuators and their
interaction. For instance, Lyu et al. applied a robust control tool, namely disturbance observer (DOB) to
hovering control of UAV [R2]. Unfortunately, they merely treated the MFV as a mass point moving in the
three-dimensional Euclidean space, and the nonlinearity are treated as norm-bounded perturbation.
Recently, Tran et al. introduced negative imaginary theory to position control of drones [R3]. To utilize the
theory, it is required to obtain nominal transfer function of the drone dynamics via parametric identification.
As pointed out by Sariyildiz et al. [R4], the aforementioned approaches, which do not capture the real
nonlinear dynamics of the controlled plant, cannot guarantee system stability rigorously. To the best of the
applicant’s knowledge, there is still a lack of theoretical results and motion control approaches to deal with
the complex MAS in Fig. 1.

With respect to the above discussion, this study is to propose a novel framework to design and analyze
the motion control methods for multi-rotor flying vehicles (MFVs) to simultaneously attain several global
and local performances, and robustly operate under strict conditions, such as unknown disturbance, actuator
fault, sensor delay, and the reduction of energy source’ voltage in long time operation.
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The research methodology of this study can be summarized as follows:

Research questions: With respect to the complexity of the MFV dynamics, it is necessary to consider
the following questions. First, how to rigorously guarantee the stability and robust stability of the control
system by a practical procedure? Second, does the trade-off exist between the global and local
performances?

Modeling: The MFV is modelled as a multi-agent system, in which each local agent is a locally
controlled propeller. This model is named “global/local model,” as it can describes both the global behavior
of the MFV body dynamics, and the local behavior of the propeller dynamics.

Control design and system analysis: This study utilizes the robust control techniques to design the
controller. Disturbance observer is used to deal with the external disturbances, including the global
disturbance to the MFV body and local disturbance to the propeller. Besides, multi-rate state observer is
used to implement state estimation by the fusion of different sensors (GPS, onboard vision system, inertia
measurement unit). The control system is designed with the hierarchical decentralized configuration,
including the upper-layer controller to attain the global objective, and lower-layer controller to attain the
local objective of the propeller. The system is analyzed in term of robust stability performance. Besides,
this study performs absolute stability analysis with respect to some nonlinearities in the MFV dynamics,
especially the nonlinear characteristics of the relationship between propeller thrust and propeller speed.

Validation: The proposed methods are evaluated by both simulation and experiment. To this end, the
simulator that captures the global/local behavior and nonlinearity of the MFV is established. For the sake
of safety, a multi-rotor-test-bench is developed to perform the control algorithms. The wind tunnel is
utilized to imitate the strong disturbance in real operation scenario.

4. WFFERCR

This research can be seen as a transdisciplinary study that establishes a bridge between multi-agent
control theory and motion control of multi-rotor. Besides, it contributes a brick to the development of flying
vehicle society, international collaboration, and education in Japan. The main achievements are summarized
as follows.

Scientific contribution: This study has been established the background for glocal motion control of
MFVs. This study shows that to properly design the controller, the MRFV should be modelled as a multi-
agent system, in which each propeller physically interacts with each other via the MRFV body. Based on
this philosophy, several approaches have been developed with disturbance observer and fault tolerant
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Figure 2. Propeller test-bench developed under the project. Figure3. Experimental results obtained by the test-bench.
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Figure 4. International education-research collaboration (Drone-to-vehicle data integration for enhancing vehicle motion control).



control [1]. A generalized frequency variable approach was proposed to guarantee the stability of the
landing control system [3]. A robust altitude control system was designed with absolute stability analysis
considering the nonlinear thrust characteristic [2]. The trade-off between the global performance (attitude
control) and local performance (propeller speed control) was clarified based on a nominal model set to be
shared between the upper- and lower-layers. A dual-propeller test-bench was developed for not only
proposed method validation but also advanced motion control education (see Fig. 2 and Fig. 3).

International collaboration: The project investigator conducted joint study with the researchers from
Technical University of Ilmenau (Germany) to develop a drone-to-vehicle data integration to enhance
vehicle motion control by accurately estimating the road condition. The joint study is a project under the
support of the OWHEEL project (Marie Sklodowska-Curie Actions RISE) (see Fig. 4 and [6]). Besides,
another joint-study was conducted with the researcher from Conservatoire National des Arts et Métiers
(CNAM, France) to develop a state observer for nonlinear systems [7]. The application of the state observer
to drone and multi-rotor has been considered as a future work.

Education: The project investigator has participated into the supervising and teaching of the students
at Toyota Technological Institute and The University of Tokyo. The investigator has advised some students
to do research on multi-rotor motion control ([8], [9], [10]) as well as multi-motor vehicle motion control
([11], [12]). Especially, the absolute stability analysis, which was originally developed for altitude control
of multi-rotor [2], has been extended to driving force control of in-wheel-motor vehicle [11]. The multi-
rate Kalman filter developed for drone position control [10] was also utilized for electric vehicle position
control [12].
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