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Hierarchical Search-Based Cooperative Motion Planning

Yuchen Wu'2, Yifan Yang!2, Gang Xu'*, Junjie Cao', Yansong Chen', Licheng Wen?, and Yong Liu'*

Abstract— Cooperative path planning, a crucial aspect of
multi-agent systems research, serves a variety of sectors,
including military, agriculture, and industry. Many existing
algorithms, however, come with certain limitations, such as sim-
plified kinematic models and inadequate support for multiple
group scenarios. Focusing on the planning problem associated
with a nonholonomic Ackermann model for Unmanned Ground
Vehicles (UGV), we propose a leaderless, hierarchical Search-
Based Cooperative Motion Planning (SCMP) method. The high-
level utilizes a binary conflict search tree to minimize runtime,
while the low-level fabricates kinematically feasible, collision-
free paths that are shape-constrained. Our algorithm can adapt
to scenarios featuring multiple groups with different shapes,
outlier agents, and elaborate obstacles. We conduct algorithm
comparisons, performance testing, simulation, and real-world
testing, verifying the effectiveness and applicability of our
algorithm. The implementation of our method will be open-
sourced at https://github.com/WY CUniverStar/SCMP.

I. INTRODUCTION

Cooperative path planning, also known as CPP, is a signif-
icant field in multi-agent systems. CPP and formation con-
trol are two complementary algorithms. Formation mainly
focuses on generating control commands to drive multi-agent
to meet their state constraints to maintain the formation shape
[1]. Still, most of them lack high-level decision-making
abilities [2]. However, CPP can overcome this limitation
well. It will generate a collision-free path by considering
the start and end points of the task, environmental con-
straints, and fully consider the constraints of the formation
shape during this process. It’s like CPP adds shape-related
constraints on the foundation of Multi-Agent Path Finding
(MAPF), emphasizing on obstacle avoidance, success rate,
runtime, and average arrival time [3]. CPP can provide a
pre-referenced path for formation control algorithms [4].

The CPP method is currently widely used in the field of
UGV. It is widely used in the military field [2], collaborative
exploration [5], intelligent agriculture [6], etc.

Solutions to CPP problem mainly include the reactive
approach and the deliberative approach [7]. The former is
mainly used when environment information is only partially
known, including the artificial potential field method (APF)
[8]-[10] and optimization-based methods [11]-[13]. The
latter is used for situations where the environment is globally
known, including the evolutionary algorithm (EA) [14], [15]
and the currently less researched search-based method.

1 Authors are with the Institute of Cyber-Systems and Control, Zhejiang
University, Hangzhou 310027, China. 2Authors are with the Polytechnic
Institute of Zhejiang University, Hangzhou 310015, China. 3Author is
with Shanghai Al Laboratory, Shanghai, 200232, China. *Yong Liu and
Gang Xu are the corresponding authors (Email: yongliu@iipc.zju.edu.cn,
wuuya@zju.edu.cn). This work was supported by NSFC 62088101 Au-
tonomous Intelligent Unmanned Systems.

Most of the CPP methods currently use the holonomic
model [12], [13]. However, in UGV applications, most agents
use the nonholonomic Ackermann steering model, and the
above-mentioned holonomic model has minimal practical
applications. Among various CPP methods, APF methods
often encounter problems where the sum of gravity and
repulsion is zero, leading to a local minimum and causing
the entire search process to vibrate [16]. Optimization-based
methods suffer from high computational complexity, long
runtime, and inability to be used for real-time calculations
[17]. EA methods often have convergence problems, and
they can only find approximate solutions [2]. Not only that,
most of the CPP algorithms only consider the planning of
one shape of one group, the their scalability is poor [10],
[14]. In addition, search-based algorithms in CPP algorithms
are rare in current research, although they are characterized
by their fast solution speed and high solution quality. This
scarcity may stem from the substantial memory consumption
of search-based algorithms during operation and a notable
decline in success rates as the number of agents grows [2].
Transforming MAPF to CPP by adding shape constraints
is common in CPP design. Optimization-based methods like
[17], [18] enable practical path planning with kinematic and
avoidance constraints but only facilitate collision avoidance
for collaboration, lacking direct shape constraint integration.
Car-Like robots based on Conflict-Based Search (CL-CBS)
[19], targeting Ackermann agents in MAPF, although not
inherently including shape constraints, offers good potential
for adding shape constraints in CPP and resolving various
conflicts through its hierarchical search framework.
To solve the above problems, we propose a Search-Based
Cooperative Motion Planning algorithm called SCMP, based
on Conflict-Based Search (CBS) [20], which is suitable for
the Ackermann model. Compared with CPP algorithms, the
paths generated by ours not only have the same feasible
properties with shape constraints and no collisions but also
consider the actual collision volume of the agent and the con-
straints of kinematics and dynamics. It has spatio-temporal
properties and can be well applied to the Ackermann model
agents in the real world. Our main contributions are as
follows:
« We propose a leaderless hierarchical search-based coop-
erative motion planning method. The high-level utilizes
a binary conflict search tree to reduce running time,
and the low-level generates a feasible path with shape
constraints that can be applied to Ackermann agents
through our Cooperative Spatiotemporal Hybrid A*
(CSHA®).

¢ Our method can adapt to any shape and any number
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Full-Order State Observer Based Control for LCL-
Filtered Grid-Connected Inverter with Only One
Current Sensor

Yuchen Wu, Jinming Xu, Zihan Ling, Hao Qian, Shaojun Xie
College of Automation Engineering
Nanjing University of Aeronautics and Astronautics
Nanjing, China
xjinming01@163.com

Abstract—For  single-phase LCL-filtered grid-connected
inverter, several control strategies are often used for its better
performance, such as active damping for resonance suppression
caused by the LCL filter, grid voltage feedforward for high quality
of the output current and phase-locked loop (PLL) for grid
synchronization. But these control strategies often require
additional sensors, which can result in higher cost and
unreliability of the whole system. At present, there are some
control strategies to reduce the number of sensors, but usually two
or more sensors are still needed. In this paper, a control strategy
of single-sensor inverter based on full-order state observer is
proposed. By sampling the inverter-side current, other state-space
variables including the grid voltage and the grid current can be
estimated with high accuracy. The simulation results prove that
the proposed method performs well with very small observation
error, and the control strategy can be easily imposed to maintain
the good stability.

Keywords—grid-connected inverter, full-order state observer,
single sensor, LCL filter

1. INTRODUCTION

In distributed power generation systems (DPGSs), the grid-
connected inverters act as the key element in grid integration of
the renewable energies. Currently, compared with other filters
in grid-connected inverters, the LCL filter has been widely used
for its advantages of excellent ability for harmonic suppression,
smaller hardware size and lower cost. However, as a high-order
filter, the LCL filter has a resonant peak, which may lead to
system instability. At present, there are many methods to
suppress the resonance of the LCL filters, which can be
classified into passive damping methods and active damping
methods [1]-[3]. The passive damping methods may weaken the
performance of the LCL filter [4] and introduce additional power
loss, so it is often replaced by the active damping which is
commonly realized by the feedback of the capacitor current.
Moreover, the current controller, grid voltage feedforward and
PLL should be designed properly to make the system perform
well.

However, most of the damping methods mentioned above
and other control strategies require a large number of sensors.

This work is supported in part by the National Natural Science
Foundation of China (No. 51807089, 51877104) and in part by the Natural
Science Foundation of Jiangsu Province (No. BK20180432).
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So, in order to reduce the number of sensors, several literatures
have proposed some methods to reduce the number of sensors.
The Kalman filter is applied in [5] to estimate the grid voltage.
The Luenberger observer in [6] is also proposed to estimate the
state variables of the LCL filter. Although the number of sensors
is reduced, it is still not possible to realize the control of the
entire inverter system with only one sensor. For the control
strategy of the LCL grid-connected inverter in the discrete space
model, [7] applies the state observer and reduced the number of
sensors, but still fails to use only one sensor. Similarly, [8] has
proposed a complete state-space current control method for
three-phase voltage-source grid-connected converter with the
LCL filter, but it still uses inverter-side current and the grid
voltage. In the study on sensor not being used in grid voltage,
[9] estimated the capacitor voltage and grid current on the
premise of ignoring the capacitor current through the calculation
of the overall model of the inverter, but such calculation would
make the noise elimination effect worse [10]. As shown in [11],
the Kalman filter is applied to estimate the grid voltage through
sampling the inverter-side current. However, this method results
in a 14™ order model, which makes the whole system too
complicated.

To sum up, using the traditional control strategies will
undoubtedly incorporate several sensors, and most of the
existing methods above of reducing sensors still exists problems
such as high system complexity, low estimation accuracy and
bad output current quality. However, in [12], a method based on
reduced-order state observer is proposed to realize the single
current sensor control, which is worthy of further study and
optimization. In this paper, the proposed observer can suppress
the harmonic of the grid current and the resonance of the LCL
filter itself by using only one sensor to detect the inverter
current.

This paper is organized as follows. In Section II, the system
modeling and the state-space model of the LCL-filtered grid-
connected inverter is described. In Section 111, the observability
of the system is analyzed and a full-order observer is proposed.
Section IV discusses the control strategy of the grid-connected
inverter based on full-order observer. The simulation results in
Section V show that the proposed single current sensor strategy
can still guarantee the high quality of grid current after the
application of the full-order observer. At last, conclusions are
drawn in Section VL.
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