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Abstract—Model predictive control (MPC) is an effective
strategy for controlling constrained dynamical systems such
as mobile robots. However, when actuation is distributed into
distinct subsystems such as legs and tails, it is often undesirable
to require this particular controller form for all such subsystems
or to isolate each component entirely. In this work, we present
a sequential distributed MPC for tailed, legged robots that sepa-
rates the controllers of the different components while retaining
communication of task information between them. This scheme
improves the versatility of the tail, allows the reuse of existing
leg controllers, and reduces the required information between the
components. Simulation results show that when a quadrupedal
robot unexpectedly misses foot contact, the sequential distributed
control scheme can retain over 90% of the disturbance rejection
performance of the centralized controller while requiring only a
prediction of the net moment on the body.

I. INTRODUCTION

The challenge of controlling legged robots comes from
the intermittent foot contact, but many recent legged robots
have developed strategies to mitigate this challenge and shown
excellent locomotion performance in relatively smooth terrains
[11, 8, 6, 7, 9]. However, this paradigm can be susceptible to
failure on rough terrain due to missed foot positions or slip-
page on rocky hills. We believe that the biologically inspired
tails can help control body orientation and maintaining balance
to counteract these effects [12].

In order to realize the potential utility of the tail, we
need a controller that can handle fast-changing, highly under-
actuated, and constrained dynamical systems which are caused
by insufficient foot contact force to balance the body. This con-
troller should have the following properties: 1) update control
commands online to account for unstructured environments
and uncertain foot contact failure, 2) have a sufficient pre-
diction horizon to quickly identify future failures, 3) capture
the time-varying and non-linear dynamics of tailed actuation,
and 4) navigate kinematic constraints such as avoiding the
tail contacting the body and limiting the range of tail motion
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Fig. 1. Left: Proposed sequential distributed MPC scheme. According to the
sensor measurements x and reference inputs xref, the leg controller calculates
the GRF f leg and passes information pleg for approximating the net moment
of leg actuation to the tail controller solves the tail motor torque τ tail to
balance the robot. Right: the robot misses the contact of the right rear foot,
uses its tail to maintain balance, and waits for the next gait cycle to resume
the support of both feet.

before falling to the ground to prevent the tail from breaking.
For these reasons, MPC is an ideal control strategy for the tail.
[4] has demonstrated the effectiveness of MPC in actuating
legs and a tail together to reject lateral disturbances in a legged
robot.

However, requiring the leg controller to match that of the tail
has disadvantages. Including the tail within the leg controller
increases the size of the system and the complexity of the
multi-body dynamics. Moreover, forcing the legs and tail to
use the same controller may be undesirable, as many non-
MPC leg controllers have demonstrated remarkable success,
e.g. [10]. Since the tail mainly affects the orientation of the
body while the legs can control translation and orientation, it
is quite reasonable to decouple their control as in [3]. Prior
work in distributed MPC has exploited this type of structure by
separating the control problem into subproblems and solving
them in various orders [2].

In this abstract, we present a sequential distributed scheme
of MPC for tailed robots, summarized in Fig. 1, which allows
the tail to use only a small amount of information to account
for the effect of leg actuation without prescribing a particular
form of leg controller. We apply this method to control a 2-
DOF tail to balance a robot subject to an unexpected loss of
foot contact and show that it has minimal performance loss
compared to a centralized MPC that includes all components
in the same optimization.



Fig. 2. Body roll (blue solid), body pitch (blue dotted), tail roll (red solid), and tail pitch (red dotted) when a foot misses stance. Shading indicates support
by the left front leg and right rear leg (red shaded), by the right front leg and left rear leg (blue shaded), and only by the left front leg (green shaded).

TABLE I
COMPARISON OF DIFFERENT CONTROL SCHEMES

Method Max angle
error (deg)

Arbitrary
leg controller

Centralized MPC 15.1 No
Sequential

distributed MPC 18.0 Yes

Decentralized MPC 26.1 Yes
No tail 48.4 Yes

II. METHODS

As shown at the left of Fig. 1, the sequential distributed
control scheme consists of three stages. First, the leg con-
troller solves for the leg control commands. Second, key leg
information is extracted from these commands, in particular a
prediction of the net moment applied to the body over time.
Third, this information is input into the tail MPC to solve
a nonlinear program (NLP) to balance the robot and obtain
the tail controls. The leg controller implemented in this work
adopts a centroidal dynamics MPC to solve for the ground
reaction force (GRF) which is fed into the tail controller. Note
that this leg controller could be replaced with any existing
controller, as long as the approximate net moment on the
body is known. The required leg information could be GRFs,
the contact sequence, or joint torque commands. In this way,
we can reuse existing leg controllers, reduce the information
required for the tail, and achieve asynchronous parallel control
of the tail and legs.

In order to evaluate the performance of the sequential
distributed MPC scheme, we consider a foot contact failure
scenario, as shown at the right of Fig. 1. The robot is simplified
into a single rigid body and the 2-DOF tail is approximated as
a point mass connected to the back of the body through serial
roll and pitch motors. The ratios of the tail inertia to the body
inertia in the roll, pitch, and yaw axes are 2.37, 0.63, and 0.56
respectively. The leg input is modeled as the GRF applied at
the foot position, and the tail input consists of the torque of two
motors. The robot is commanded to trot in a straight line at a
speed of 2.5 body lengths per second with a gait period of 0.5s.
The foot positions are planned according to Raibert’s heuristic
[10]. In the first half of the second cycle, the rear right foot
misses its position, resulting in no GRF on the foot and thus
highly underactuated dynamics. We make the assumption that
the robot detects this event immediately and is able to resume
double support when the next foot touches down. At the same

time, the other feet maintain the planned foot positions. The
cost function for the tail control is composed of weighted body
orientation error and tail swing amplitude. System dynamics
are modeled in CasADi [1], the NLP is solved by IPOPT [13],
and the dynamics are integrated with CVODES [5] to yield
state trajectories.

In the simulation, we compared the performance of dif-
ferent strategies, namely fully centralized MPC, sequential
distributed MPC (GRF as leg information), and fully decen-
tralized MPC (no information exchange). We simulate this
scenario with no tail as a reference for evaluation. Fig. 2 show
the roll and pitch trajectories of the body and tail. Table I lists
the maximum axis-angle error of the body orientation and the
requirement on the leg controller.

III. RESULTS AND DISCUSSION

The results show that with proper leg information such as
GRF, the sequential distributed control can maintain 91.3%
of the performance (reduction in orientation error) of the
centralized control, while only 67.0% for the decentralized
one. Note that in the case of decentralized control lacking
leg information, the tail response is significantly delayed
compared to the body. This is because the tail controller cannot
predict body motion in this case, so its behavior is similar to
a feedback controller. In general, the results show that the tail
with sequential distributed MPC has good compatibility with
existing leg controllers (such as centroidal dynamics MPC).

Future work will improve the accuracy of net moment
prediction and reduce the amount of information required to
be compatible with existing leg controllers. Secondly, we will
consider how to adapt MPC to handle less predictable leg
controllers such as feedback controllers. More generally, it is
still an open question of how to best use this communication to
allow different components to collaborate more intelligently.
For example, the legs could activate the tail when leg actuation
alone cannot balance the body but otherwise allow the tail to
return to its nominal configuration. Similarly, when the tasks
of the subsystems conflict, such as when the bounding task
of the leg controller does not match the balance task of the
tail controller, the distributed communication network should
be able to perform arbitration. Finally, the distributed MPC
communication network between leg and tail controllers could
be expanded to introduce two-way or iterative communication.
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