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Abstract— In this paper, an attitude control strategy is devel-
oped for a high-speed quadruped trot. The forces in the trot are
redistributed among the legs to stabilize the pitch and roll of the
system. An important aspect of the strategy is that the controller
works to preserve the passive dynamics of quadruped trotting
that are accurately predicted by the spring-loaded inverted
pendulum (SLIP) model. A hybrid control strategy is presented
which allows the quadruped to reach a speed of 4.75 m/s and
turn at a rate of 20 deg/s in simulation under operator control.
The discrete part of the controller runs once per trot step and
outputs a stance thrust energy and hip angles for touchdown.
The stance thrust energy accounts for losses during the step,
especially at touchdown. Both the stance thrust energy and hip
angles dictate the natural dynamics during stance. The force
redistribution algorithm continuously operates during stance to
stabilize the body’s tilt axes, roll and pitch, with minimal effect
on the prescribed natural dynamics. The 1.0 m/s increase in
speed over previously presented work is largely due to the more
dynamically-consistent force redistribution algorithm presented
in this paper. The controller also tracks desired changes in
heading, for which the biomimetic method of banking into a
high-speed turn is also realized.

I. INTRODUCTION

Cheetahs running at high speed over unprepared terrain
and dogs navigating dense wreckage for search and rescue
are only two of the many remarkable performances that
legged robots will emulate in the future, but the problem of
high-speed legged locomotion has proven difficult to solve.
Aside from trying to mimic the small yet powerful actuators
and the precise and high-bandwidth sensing systems that
animals employ, understanding and implementing the control
mechanisms that animals use to robustly navigate uneven
terrain at high speeds remains an unsolved problem.

The goal of this paper is to present a useful control strategy
for a 3-dimensional (3D) running trot. The trot was chosen
because of its observed energy efficiency over a wide range
of running speeds [1] and its widespread use in nature [2].
The trot, as shown in Fig. 1, is a symmetric gait during
which the diagonal forelimb and hindlimb move in unison,
ideally contacting and leaving the ground at the same time.
Bounding algorithms have been studied [3], [4], but very few
animals naturally bound due in part to its higher energy cost
per stride when compared to trotting [5].

Figure 2 shows representative data taken for a dog trotting
at a constant speed [7]. During the periods of foot-ground
contact, which are shaded in the figure, the leg forces supply
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Fig. 1. Trotting stride showing two stance phases interleaved with two
flight phases. The quadruped is largely uncontrollable during flight [6].
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Fig. 2.  Fore-aft and vertical oscillations during steady state running,

adapted from [7]. During periods of foot-ground contact (shaded), the legs
reverse the body’s vertical momentum and supply braking and accelerating
forces in the fore-aft direction.

braking and accelerating forces in the fore-aft direction while
also reversing the body’s vertical momentum. The apex of
the flight phase is labeled as the top of flight (TOF). The
forward and vertical motions of the body’s center of gravity
are in phase during running and are similar to that of a simple
spring-mass system such as a person jumping on a pogo
stick [7], [8]. A linear spring in the leg represents the elastic
characteristics of the musculoskeletal system and the mass is
equivalent to the mass of the animal. The spring-mass model,
or spring-loaded inverted pendulum (SLIP) model, has been
shown to describe and predict the mechanics of quadruped
trotters remarkably well [9], [10].

The SLIP model describes the passive dynamics of a
quadruped running trot. It has been suggested that an active
control law that closely mimics a passive system is likely to
enjoy certain advantages of the passive system such as energy
optimality and stability [11]. Based on this assumption,
the controller presented in this paper seeks to preserve the
passive dynamics of quadruped trotting while running at high
speeds. Although a study of energy optimality will be the
focus of future work, this controller stabilizes the quadruped
trot well enough at high speeds to handle the added difficulty
of turning. The top speed of the quadruped under this control
is 4.75 m/s and the maximum turning rate is 20 deg/s.
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Fig. 3. Body model and leg kinematics.

Raibert [3] employed the use of compliant elements in the
legs to experimentally trot, bound, and pace. The pitch con-
troller could not eliminate a significant nose-down attitude
during steady-state running and only a rough relationship ex-
isted between the desired and actual forward running speeds.
The maximum speed achieved was 2.2 m/s and although
a forward heading was maintained, this algorithm did not
track changes in desired heading. Herr and McMahon [12]
stabilized a trot in numerical simulation by using hip torque
to control both forward velocity and pitch. This system was
planar (no turning) and the controller was only tested at 4
discrete velocities between 2.2 m/s and 4.4 m/s and was
never shown to track regular changes in desired velocity.

This paper is organized as follows. The quadruped model
is presented in Section II, followed by the presentation of
the hybrid control approach for trotting in Section III. The
simulation results of the controller are shown in Section IV,
and are followed by a summary and discussion of future
work.

II. QUADRUPED MODEL

A model of the 3D quadruped system used in this work
is shown in Fig. 3. A dynamic model of the leg is shown in
Fig. 4. The legs each have two actuators at the shoulder/hip
joints, one for abduction and adduction of the leg and another
to swing (protract/retract) the leg. The resultant leg angles
are 6, and 6, respectively. The abduction and adduction
actuators and axes will hereafter be referred to as “ab/ad”. A
third actuator on the thigh adjusts the rest position of a series
spring element. The resulting force acts at the knee to adjust
the virtual leg length, r, during flight and can continuously
adjust the spring length during stance to add or remove
energy from the system. Energy is stored in the spring as
the knee bends during the first half of stance and is returned
to the system as the leg lengthens. The energy conserved by
the spring reduces the effort required to maintain a consistent
height from step to step. The angle of the knee is 6y, and
the angle of the virtual leg with respect to the body normal
is 95.

Figure 3 shows the specific body angles to be controlled:
roll, v, pitch, (3, and yaw, «, along with the forward velocity,
vy, lateral velocity, vé", and height, h = p%, at the top of
flight (TOF). A step starts at a TOF and concludes at the next
TOF, with a diagonal leg pair having contacted the ground
and exerted an appropriate impulse during that time.
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Fig. 4. Dynamic leg model.

The quadruped weighs a total of 68 kg and stands 60 cm
high with the knee springs in their nominal position. The
shoulder separation is 35 ¢m and the shoulder-to-hip distance
is 1.2 m. The dimensions were chosen to match those of a
mid-sized goat. The thigh and shank are modeled as slim
rods of length 35 cm with geometrically-centered masses of
1.0 kg. The spring constant is fixed at 25,820 N/m. A full
set of system parameters is presented in [13].

The control algorithm developed in the next section is de-
signed for a wide range of body scales and leg configurations.
The algorithm solves for knee torques, 7y, swing torques,
Ts, and ab/ad torques, 7,, which can be resolved by many
different spring/actuator configurations on each joint.

ITI. CONTROL APPROACH

A key goal of this work is to develop a controller for high-
speed trotting which preserves the natural dynamics observed
in nature and predicted by the SLIP model. Understanding
the SLIP model leads to heuristic control principles such as
adjusting the touchdown position of the feet with respect
to their hips to control the fore-aft velocity, placing the legs
in scissor-like positions at touchdown to cause yaw moments
during stance, and increasing the magnitude of the leg forces
during stance to raise the height of the body at TOF.

The SLIP model, however, does not yield general princi-
ples for controlling the body’s pitch and roll. Biomechanics
studies show that pitch stability for the quadruped trot is
achieved by redistributing the vertical impulses during stance
between the fore and hind limbs [14]. This principle will
be used in our control approach. In particular, the controller
seeks to redistribute the leg forces to simultaneously stabilize
pitch and roll without affecting the natural dynamics of the
forward, lateral, vertical, and yaw motions.

With two feet in point contact with the ground, no moment
can be exerted on the system about the line connecting the
two feet [15]. Any of the six body motions can be controlled,
but potentially at the expense of the others. The fast response
of the pitch and roll motions during stance require that their
control be given priority to maintain a sustainable gait.

The control system, as shown in Fig. 5, is divided into
two parts: a step controller run once per step which dictates
a nominally passive motion during stance to control forward,
lateral, vertical and yaw motions, and the force redistribution
during stance which stabilizes pitch and roll with minimal

4344



FrD3.4

Discrete | Continuous

’—> Step Control Bc’Bcvyc ’Yc

(with fuzzy)

&.vX,vY,h |

* 0:4,E

Force Redistribution 1 Plant
4o —‘

Fig. 5.

Attitude control system. Yaw rate (&), forward velocity (v?®), lateral velocity (v¥), and height (h) are tracked through the step controller which

runs once per step while pitch (8) and roll () are regulated through continuous force redistribution during stance.

(a) Flat turn. (b) Banked turn.

Fig. 6. Turning with and without body roll.

effect on the prescribed passive motion. Both are described
below.

A. Step Control

This aspect of the control system remains largely un-
changed from earlier work [16]. Forward and lateral ve-
locity are controlled by varying the virtual leg angles and
ab/ad angles for touchdown. Yaw rate is controlled by the
difference in touchdown ab/ad angles between the fore and
hind limb. Vertical height is controlled during stance by an
instantaneous thrust when the leg is maximally compressed.
These control principles were successfully used by Raib-
ert [3], but a fuzzy controller is implemented to improve the
performance of the quadruped by computing the leg angles
and thrust values. Once per step, at TOF, the fuzzy controller
receives as its inputs the desired turning rate, ¢y, desired
forward velocity, v7, desired lateral velocity (always zero),
vz, desired height, hg, and the present body state, . The
controller outputs a set of desired leg touchdown angles, 0,
and the amount of energy, F, that will be added to each knee
spring during the next support phase. A formal discussion of
the fuzzy controller is not presented here because of space
considerations, but is described in [13].

The step controller also outputs a commanded pitch, (.,
pitch rate, BC, roll, ., and roll rate, 7., for the body to
achieve during stance. The commanded pitch and pitch rate
are nominally zero, but the pitch can be changed to match
the inclination angle on sloped terrain. Animals have been
observed to bank into turns, as shown in Fig. 6, to keep their
ab/ad angles with respect to the body small. The computation
of this bank angle is described in earlier work [16]. Simply
stated, the body’s roll angle is directly proportional to both
velocity and turning rate.

B. Force Redistribution

The passive motions predicted by the SLIP model will
be called the SLIP motions and include forward, lateral,
vertical, and yaw motions. Tilt motions, roll and pitch, will
be controlled by the continuous force redistribution algorithm
during stance. This algorithm attempts to solve for the joint
torques of the stance legs that servo the body’s tilt motions to
their desired positions without disturbing the SLIP motions.
From Fig. 5, the force redistribution controller calculates the
joint torques, T, to produce the desired body accelerations,
ap. This is a change from our previous work [17], in which
desired body forces were solved for without accounting
for the inertial effects of the legs. This algorithm is more
dynamically accurate and stabilizes the trot at higher speeds
than previously capable.

The torque of leg ¢, 74, consists of the ab/ad, swing, and
knee torque respectively as

Ty = [Te,m Te,s5 Te,k]T {=1,2,3,4. (D

The articulated body (AB) algorithm, outlined in [18], [19],
for the formulation of legged robot dynamics relates the
body’s acceleration, ap = [a}, a%, a%, a%, al%, ax]’

i

as a function of the applied spatial force, fp = [n% fg} ,
by

ap = (I3) 'fp+ PXpa, )

where 1 g‘, is the articulated body inertia of the body, X
is the spatial transform from earth coordinates to body
coordinates, and a, = [0, 0, 0, 0, 0, —9.81]7 is the gravity
vector in earth coordinates.

The applied spatial force, fz, is resolved as a function of

system torque, T = [71, 7L 7T 71T, by

fp=T"T+bp. (3)

where b’é is the articulated velocity-dependent bias term
computed as the sum of the body’s bias term, bp, and each
leg’s articulated bias term, bf:

4
b3 =bp+ > b} 4)
l=1
In Eq. 3,
Jgr=[J", 7, i, Il (5)
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where J; is the dynamically-consistent generalized inverse
of the Jacobian matrix for leg £ [20]. An efficient algorithm
has been developed for computing 7. Its formulation is
not presented here because of space limitations, but will be
included in future publications.

Using Egs. 2 and 3, the acceleration of the body can be
computed from the system’s 12 joint torques. In predicting
the passive dynamics of the system, the SLIP model does
not consider the dynamic effects of the flight legs, which
cause a significant disturbance when protracting forward at
high speed [16]. Further, only axial leg thrusts (knee torques
for our system) of the stance legs are present in the SLIP
analysis; hip torques are assumed to be zero. The SLIP
spatial force, f, of the passive system is based solely on the
knee torques from the passive springs and resulting spatial
forces of the stance legs. Assuming that legs 1 (front left)
and 4 (back right) are on the ground, then the subsequent
body accelerations, ap, can be computed thereafter by

tp = [J7, Ji] [ :1 ] +bg+b+b ,and  (6)

ap=(I3) 't + PXpa,, (7)

where
75 =10, 0, Tzk] {=1,4. )

For a stance leg, 77, is the knee torque produced by the
passive knee spring.

The force redistribution algorithm seeks to preserve the
passive SLIP dynamics by setting the desired body acceler-
ations, adB, to the SLIP accelerations for the forward, lateral,
vertical, and yaw motions:

ay’ = ap ©)
a]yg’d = ay
ay' = @
agyt = A%,

The desired body accelerations for the roll and pitch axes
are servo-controlled to a desired position and rate:

ap? = ky(va =)+ k(g —4) (10)
af? = kg(Ba—B) +ky(Ba—B),

where k., k;, kg, and k/@ are control gains. Expanding
Eq. 3 and substituting into Eq. 2 with the desired body
accelerations now on the left hand side yields

ab =) (97 77 | T
+ 7, Ji] { :% } +b’§> + BXga,. (11)
3

For flight legs 2 (front right) and 3 (back left), 77 consists of
the current applied torques to shorten, protract, and lengthen
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the legs during transfer. Algebraic manipulation of Eq. 11
leads to

T1
T4

il

} =TI} (a% — PXgpa,)
-1 | T ] e 02

This equation computes torques for legs 1 and 4 which will
now include hip torques and an adjusted knee torque. The
actuator on the thigh can adjust the rest position of the series
spring element to deliver the necessary change in torque at
the knee. Note that similar equations can be developed when
legs 2 and 3 are on the ground.

The 6x6 matrix, [71, J[], is ill-conditioned as expected
based upon the previous discussion that only five elements
of body motion can be independently controlled. Singular
value decomposition (SVD) techniques can solve this set of
equations and return values for 7; and 74 that minimize
the errors between the desired and achievable forces [21].
Weights can be integrated into the SVD computation to
prioritize the accuracy of the controller on selected motion
elements. Roll and pitch motions are prioritized to maintain
level trotting, resulting in increased errors of the four SLIP
motions. Only lateral velocity showed any significant effects
from this choice of priorities, but this does not disturb the
system enough to cause instability even at high speeds. It
is expected that the fuzzy algorithm in the step controller
performs better when the body tilt angles are predictable and
repeatable during stance, which is the reason to give priority
to roll and pitch motions.

IV. RESULTS

The control algorithm was tested in RobotBuilder [22], a
robot simulation environment built upon the DynaMechs [23]
dynamics engine for general robotic systems. System
losses are modeled as damping in the compliant ground.
Ground spring and damping coefficients are 75 kKN/m and
2 kN/m/s respectively. Ground static and kinetic friction
coefficients are 0.75 and 0.6 respectively, matching the
properties of rubber on concrete.

Figure 7 shows the response of the quadruped to changes
in desired speed and turning rate. Acceleration is limited
to 0.25 m/s per step, allowing the quadruped to increase
velocity by 1 m/s in four steps. The turning rate can increase
or decrease by 10 deg/s in one step. During the first 50 steps,
the control system accelerates the body to 4.0 m/s. Yaw
rate is well controlled at low speeds, but becomes more
difficult to control at higher speeds. Although the top speed
for straight-line running is 4.75 m/s, turning at significant
rates cannot be controlled at that speed. Turning results are
shown here at 3.0 m/s.

Figure 8 shows selected body states through five steps,
lettered A-E. The shaded areas represent the periods of
support for a diagonal pair. During support phase A, the
velocity and height respond similarly to what is observed in
nature and predicted by the SLIP model, as was shown in
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Fig. 8. The forward and vertical dynamics of the body are similar for
each step, regardless of the pitch and roll correction done during the shaded
support phases.

Fig. 2. The pitch, which is increasing away from zero at the
moment of contact, is controlled back to zero before liftoff
occurs. Neither yaw rate nor roll move significantly away
from their desired values during the first step.

After a leg finishes its support phase and breaks contact
with the ground, torque is applied to its swing axis to protract
the leg forward to the touchdown position. This torque exerts
a positive (nose-down) pitching moment on the body, which
goes unopposed because the body is largely uncontrollable
during flight. The legs must begin protracting forward during
flight because only a limited amount of time is available
before the leg must be in position for its next touchdown.
The pitch motion can be observed diverging from zero
between support phase A and support phase B. The flight
legs continue to swing forward during support phase B, but
the force redistribution algorithm overcomes this disturbance
to control the pitch back to zero. Raibert observed the same
nose-down pitching due to protracting legs [3], but his pitch
control algorithm during stance was unable to fully eliminate
the error.
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During the flight period between support phase B and
support phase C, the user changes the desired yaw rate to
10 deg/s. The desired roll angle immediately changes to
the bank angle corresponding to that forward velocity and
turning rate. During support phase C, the force redistribution
algorithm simultaneously corrects roll and pitch without
much disturbance to the forward and vertical dynamics. The
change in yaw rate is a function of the ab/ad angles at
touchdown, which are outputs of the fuzzy controller. During
support phase D, a faster turning rate dictates a larger bank
angle, which is maintained during the following support
phase E. Notice that the forward and vertical dynamics are
similar for each of the five steps, mostly impervious to the
changes in stance control effort for roll and pitch motion.

Figure 9 shows the fundamental value of this control
algorithm. The system is initialized at three different pitch
values at TOF: 4.0 deg, which is significantly larger than
what the controller expects to correct during normal trotting,
1.0 deg, which is the expected pitch correction for a typical
step, and 0.0 deg, which requires minimal correction during
stance. The quadruped trot exhibits minimal pitch oscillations
in nature, so another gait or foot sequence may be used
when tilt errors above 4.0 deg occur. During the support
phase (shaded), the pitch is controlled to zero in all cases.
The forward and vertical motions during the steps are also
shown. Pitch motion is prioritized to achieve its goal, but at
the expense of forward velocity. The dynamics of a passive
system as predicted by the SLIP model are displayed during
the case of minimal pitch correction.

The force redistribution algorithm is capable of eliminat-
ing the 4.0 deg of pitch error, but the velocity during this step
deviates from the passive system. The loss of velocity can be
corrected during the next step, during which more reasonable
pitch error will exist. Figure 8 shows the expected pitch error
for one step to be approximately 0.5 deg, so the pitch error
of 1.0 deg in Fig. 9 is more likely, and is eliminated without
significantly affecting the body’s forward motion. In neither
case was the body’s vertical motion disturbed, revealing that
vertical motion does not have much dependency on pitch
motion. Roll and lateral velocity have a similar dependency
to what is observed here between pitch and forward velocity,
but the body’s lateral sway remains manageable during high-
speed running and turning.

V. SUMMARY AND FUTURE WORK

Simulation results are presented for the control of a 3D
quadruped running trot. The controller attempts to preserve
the nominal passive dynamics of quadruped trotting. In
doing so, it is expected (although not proven here) that
this controller enjoys energy optimality over controllers
that overpower the natural dynamics. The controller was
shown to perform well accelerating the quadruped to and
maintaining high running speeds, and was stable enough
to handle the added difficulty of turning. A hybrid control
strategy is presented which allows the quadruped to reach a
speed of 4.75 m/s and turn at a rate of 20 deg/s under
operator control. The discrete part of the controller runs
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Fig. 9. Pitch, velocity, and height variation over one step for three different
values of initial pitch error.

once per trot step and outputs a stance thrust energy and hip
angles for touchdown. Both the stance thrust energy and hip
angles dictate the natural dynamics during stance. The force
redistribution algorithm continuously operates during the
support phase to stabilize the body’s tilt axes, roll and pitch,
with minimal effect on the prescribed natural dynamics. The
controller also tracks desired changes in heading, for which
the biomimetic method of banking into a high-speed turn is
also realized.

Simulation of robotic systems is useful for the hardware
and control system design of experimental robots. Control
algorithms can be analytically studied and easily modified in
simulation to identify useful control principles or to verify
the viability of a control method. Once a proof of concept
is completed for an algorithm, some of the computational
complexities of the algorithm can be simplified to run on a
real-time system. This paper verifies the effectiveness of the
controller, but the computation of the dynamically-consistent
generalized inverse of the Jacobian matrix for leg /¢, 7,
may be too complex to compute in real time. Computing
the standard Jacobian requires less computation and can be
inserted into the algorithm without a significant reduction in
the controller performance. Results in this area will be the
subject of future publication.

Further work will also investigate the energy optimality of
this control method when compared to other methods being
used. Verifying that biomimicry has energetic advantages
would be a significant contribution to the study of high-
speed legged locomotion. The effectiveness of this control
algorithm over irregular terrain will also be studied.
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